Journal of Marine Systems 174 (2017) 25-39

-
Contents list ilable at Sci Direct
ontents lists avallable a clencebirec m
: =
Journal of Marine Systems

journal homepage: www.elsevier.com/locate/jmarsys

Recirculation of the Canary Current in fall 2014

@ CrossMark

Alonso Hernandez-Guerra **, Elisabet Espino-Falcén ?, Pedro Vélez-Belchi ®, M. Dolores Pérez-Hernindez *<,
Antonio Martinez-Marrero ?, Luis Cana ®

2 Instituto de Oceanografia y Cambio Global, IOCAG, Universidad de Las Palmas de Gran Canaria, ULPGC, Canary Islands, Spain
b Centro Oceanogrdfico de Canarias, Instituto Espaiiol de Oceanografia, Santa Cruz de Tenerife, Canary Islands, Spain
€ Woods Hole Oceanographic Institution, Woods Hole, MA, United States

ARTICLE INFO

ABSTRACT

Article history:

Received 28 October 2016

Received in revised form 3 April 2017
Accepted 8 April 2017

Available online 13 May 2017

Keywords:

Canary Current

Recirculation of the Canary Current
Intermediate Poleward Undercurrent
Lanzarote Passage

Hydrographic measurements together with Ship mounted Acoustic Doppler Current Profilers and Lowered
Acoustic Doppler Current Profilers (LADCP) obtained in October 2014 are used to describe water masses, geo-
strophic circulation and mass transport of the Canary Current System, as the Eastern Boundary of the North At-
lantic Subtropical Gyre. Geostrophic velocities are adjusted to velocities from LADCP data to estimate an initial
velocity at the reference layer. The adjustment results in a northward circulation at the thermocline layers
over the African slope from an initial convergent flow. Final reference velocities and consequently absolute circu-
lation are estimated from an inverse box model applied to an ocean divided into 13 neutral density layers. This
allows us to evaluate mass fluxes consistent with the thermal wind equation and mass conservation. Ekman
transport is estimated from the wind data derived from the Weather Research and Forecasting model. Ekman
transport is added to the first layer and adjusted with the inverse model. The Canary Current located west of
Lanzarote Island transports to the south a mass of —1.5 4 0.7 Sv (1Sv = 10°m?s~! ~ 10° kg s~ ') of North At-
lantic Central Water at the surface and thermocline layers (~0-700 m). In fall 2014, hydrographic data shows that
the Canary Current in the thermocline (below at about 80 m depth to ~700 m) recirculates to the north over the
African slope and flows through the Lanzarote Passage. At intermediate layers (~700-1400 m), the Intermediate
Poleward Undercurrent transports northward a relatively fresh Antarctic Intermediate Water in the range of 0.8
+ 0.4 Sv through the Lanzarote Passage and west of Lanzarote Island beneath the recirculation of the Canary

Current.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Subtropical gyres are comprised of intense western boundary cur-
rents flowing poleward and slower interior ocean currents flowing
equatorward. The southward flowing Canary Current (CC) is the eastern
boundary current of the North Atlantic Subtropical Gyre. Historical hy-
drographic data were used for the first studies of the CC (Stramma,
1984; Stramma and Isemer, 1988; Stramma and Miiller, 1989;
Stramma and Siedler, 1988). These authors estimated the seasonal var-
iability of the geostrophic transport in the Eastern Subtropical North At-
lantic, observing a change in the gyre's structure: In summer, the Canary
Current approaches the African upwelling system and the Azores and
North Equatorial Currents move south and north, respectively. In the
second half of the 90’s under the CANIGO project (Parrilla, 2002), specif-
ic cruises were carried out in the eastern branch of the CC that flows
through the Lanzarote Passage (LP) (Fig. 1). Hernandez-Guerra et al.
(2001, 2002) were the first to describe the northward flow at the
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thermocline and intermediate layers in fall in the LP. This pattern of cir-
culation through the LP was later confirmed with current-meter data
(Fraile-Nuez et al, 2010; Hernindez-Guerra et al., 2003;
Pérez-Hernandez et al., 2015) and various hydrographic cruises
(Hernandez-Guerra et al., 2005; Machin et al., 2006; Pérez-Hernandez
et al.,, 2013) also extending to the west of the LP sampling the main
path of the CC.

Pelegri et al. (2005) suggested that the dynamical processes
explaining the CC are different than those that explain the flow through
the LP. The dynamic of the CCis presumably explained by the curl of the
wind stress through the Sverdrup theory (Fraile-Nuez and
Herndndez-Guerra, 2006; Mason et al., 2011; Roemmich and Wunsch,
1985). On the other hand, the circulation through the LP is apparently
linked to the upwelling dynamics off northwest Africa and is named
the Canary Upwelling Current (CUC) following Laiz et al. (2012) and
Pelegri et al. (2006). The persistence and strength of the northwest
Africa upwelling is linked to the Azores High that provides the Trade
Winds flowing along the African coast (Wooster et al., 1976). The Azores
High presents a seasonal variability with its northernmost position in
summer. The upwelling favorable winds in the Canary Islands are
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Fig. 1. Studied region. Dots correspond to the geographical location of the stations in Raprocan 1410 carried out in October 2014 (Tel et al., 2016). P stands for La Palma, H for El Hierro, G for

La Gomera, T for Tenerife, GC for Gran Canaria, F for Fuerteventura and L for Lanzarote. The Lanzarote Passage between the Lanzarote Island and the African coast is shown. Bathymetry in m
(Smith, 1997).

developed during the whole year but are stronger and more persistent Machin et al. (2006) used four cruises carried out in 1997 and 1998 to

during summer (Benazzouz et al, 2014; Hernandez-Guerra and estimate the average circulation of the CC and CUC and their seasonal be-

Nykjaer, 1997; Marcello et al., 2011; Nykjaer and Van Camp, 1994). havior. The mean CC flows to the south with a transport of —2.1 + 0.9 Sv
25 r - i i T i o T . T . T o |

20

0] S R R -. ..... -

Potential Temperature (°C)

1-10; 30-51
11
12-22
23-29

I

1 | | |
35 35.5 36 36.5 37
Salinity

Fig. 2. Potential temperature/salinity diagram for all stations. The main water masses are shown with their corresponding acronyms. Blue dots correspond to stations 1-10 and 30-51;
green dots correspond to station 11; red dots correspond to stations 12-22 and black dots correspond to stations 23-29. Plotted white lines are the isoneutrals y" = 27.38 and
27.82 kg/m> which roughly divide the water column into surface-central, intermediate and deep waters.
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Fig. 3. Vertical sections of potential temperature (in °C) for the western section (upper subplot), northern section (middle subplot) and southern section (lower subplot). Note that x axis
represents latitude for the western section and longitude for northern and southern sections.

carrying North Atlantic Central Water (NACW) in the thermocline
layers (~0-700 m depth) (hereafter negative transports refer to south-
ward and westward flows). The mean CC flows throughout the entire
Canary Archipelago. The CC presents a seasonal variability with a change
in intensity and location. The CC transports — 2.8 + 0.8 Sv southward

through the western Canary Islands in spring, and —2.9 + 0.8 Sv
southward through the whole Canary Archipelago in summer. In fall
and winter, the CC almost disappears through the Canary Islands.
During these seasons, the CC presumably flows west of the Canary
Islands as described in Pérez-Hernandez et al. (2013). They applied an
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Fig. 4. Vertical sections of salinity for the western section (upper subplot), northern section (middle subplot) and southern section (lower subplot). Note that x axis represents latitude for

the western section and longitude for northern and southern sections.

inverse model to a cruise carried out in fall 2009 that extended west of
the islands. They observed a strong CC transporting —6.2 + 0.6 Sv
south, west of the Canary Islands. This high transport is presumably
due to the merging of the CC transport and a second branch from the
Azores Current (Comas-Rodriguez et al., 2011). This pattern of the sea-
sonal variability of the CC has been also reproduced in the frame of a Re-
gional Oceanic Modeling System (ROMS) (Mason et al., 2011). They
determined that the variability of the CC is mediated by the westward
passages of baroclinic Rossby waves generated by the nearshore wind
stress curl variability.

The average transport of the CUCis — 0.6 4 0.1 Sv to the south with
small seasonal variability (in the range 0.7-1.2 Sv to the south) except in
fall where a northward circulation of 1.8 £ 0.1 Sv is present (Machin et
al., 2006). The northward transport of the CUC in fall was previously
suggested by Stramma and Isemer (1988) and Stramma and Siedler
(1988) south of the Canary Islands from historical data. Mason et al.
(2012) also describe the northward circulation through the LP from
the stream functions computed in the frame of a 7.5 km ROMS model.
This relatively intense flow reversal was also found by Laiz et al.
(2012) in November over several years. They suggested that the flow
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reversal is probably the result of a late fall intensification of the CUC
north of the Canary Islands followed by instabilities and offshore flow
diversion. This would lead to the formation of a large cyclonic circula-
tion that can be extended around the islands and a poleward flow thor-
ough the LP as previously speculated by Pelegri et al. (2005).

At intermediate layers (~700-1400 m), two water masses are com-
monly found in the Canary Islands area, the Mediterranean Water
(MW) and the Antarctic Intermediate Water (AAIW) and they are easily

detected by their respective salinity signatures (Hernandez-Guerra et
al., 2001, 2003). Through the LP, a remarkable content of AAIW is ob-
served due to the northward flow of the Intermediate Poleward Under-
current (IPUC) (Pérez-Hernandez et al., 2015). The IPUC transports
AAIW meridionally along the African slope. This water mass expands
northward during fall as a core, propagating and stretching progressive-
ly along the 27.5 kg/m’ isoneutral with contributions that reach to
32.5°N (Machin and Pelegri, 2009; Machin et al., 2010). This poleward
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Fig. 6. Velocity at 100 m depth from a SADCP. L stands for Lanzarote island and F for Fuerteventura island.

transport of AAIW during fall is also observed and compared to the
CANIGO model in Knoll et al. (2002).

As outlined, the previous studies have measured a southward CC and
a northward flow through the LP in fall. The main purpose of this study
is to establish the circulation pattern in the Canary Basin in fall 2014 and
to estimate from hydrographic data that the northward flow through
the LP is a recirculation of the CC. To pursue this objective, an inverse
box model is carried out together with water masses determination.
The study is presented in the following outlines: Data and methods
are presented in Section 2; Section 3 describes the water masses in
the region using potential temperature/salinity diagram and vertical
sections of potential temperature, salinity and neutral density; in
Section 4, a description of the flow over the African slope and through
the LP is carried out; in Section 5, the initial geostrophic velocity and
LADCP velocity data are compared and geostrophic mass transport esti-
mations are presented; Sections 6 and 7 describe the inverse model
used and present the final geostrophic mass transport, respectively.
Finally, a discussion and conclusions are provided in Section 8.

2. Data and methods

The data corresponds to a cruise that took place on board of the R/V
Angeles Alvarifio in fall 2014 (from 13 to 23 October), a season charac-
terized by relatively weak Trade Winds. The Ekman transport was
102 Sv in the north and west transect, and 2- 10~ 2 Sv in the south tran-
sect. The cruise consisted of 51 hydrographic stations closing a box as
shown in Fig. 1. At each station, conductivity, temperature and pressure
were measured with redundant temperature and salinity sensors from a
Seabird 911 + CTD together with velocities from Lowered Acoustic
Doppler Current Profilers (LADCP) data. Data were acquired at each sta-
tion from the surface down to 10 m above the sea floor. Distance

intervals between stations were approximately 50 km except over the
African slope and LP in which stations which were 4-5 km apart. The
temperature and pressure sensors were calibrated at the SeaBird labora-
tory before the cruise. On board salinity calibration was carried out with
a Guild-line AUTOSAL model 8400 B salinometer with a precision better
than 0.002 for single samples.

Velocity data were acquired from two LADCPs Workhorse consisting
in a hybrid system (150 kHz and 300 kHz) attached to the rosette and
from a 150 kHz Ship mounted ADCP (SADCP) that reaches down to
200 m depth. The LADCP system was run in a master/slave mode,
with the 150 kHz LADCP looking downward (master) and with the
300 kHz LADCP looking upward (slave), using a shared battery pack.
The processing of LADCP data contains SADCP data in the shallowest
layer. The LADCP were processed according to (Fischer and Visbeck,
1993) and SADCP data were processed with CODAS software (http://
currents.soest.hawaii.edu/docs/doc/), which requires conducting a test
of the return signal as recommended by (Firing and Ranada, 1995).
LADCP and SADCP are based on the doppler effect to estimate directly
velocity within the water column. However, these instruments have a
high noise level and, consequently, the water transport cannot be di-
rectly calculated from them. Thus, LADCP is used to estimate a velocity
in the assumed layer of no motion by comparing the LADCP velocity
profile with the geostrophic velocity profile as suggested by Comas-
Rodriguez et al. (2010).

Wind data are estimated using the Weather Research and Forecast-
ing (WRF) model (version 3.4.1), developed at the National Center for
Atmospheric Research. In contrast with climatological models, this
model has the advantage of obtaining wind data with increased tempo-
ral as well as spatial resolution in order to take into account wind vari-
ability during the cruise. A complete description of this model can be
found in Skamarock et al. (2008). For our simulations, we set for our
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Fig. 7. Comparison between the initial geostrophic velocity profile (black lines) and the LADCP velocity (blue lines). The red lines represent the adjusted initial velocity to LADCP data.

simulations a horizontal grid spacing of 0.125° and 45 terrain-influ-
enced coordinate levels. Spacing between levels ranged from 60 m
near the sea floor, about 300 m in the middle and upper troposphere
and 400 m towards the top. Finally, data from the operational analysis
performed every 6 h at 1° horizontal resolution at the National Center
for Environmental Prediction (NCEP final analysis), were used as initial
and boundary conditions for the simulations. These data were used to
estimate the Ekman transport and introduced in the first layer for
each section. Hernandez-Guerra and Talley (2016) found no difference
in the results after applying the inverse model using a wind averaged
over one year prior to the cruise or using wind averaged over the time
spanning the cruise. We use the Ekman transport corresponding to
the time of the cruise.

3. Water masses

A potential temperature/salinity (6/S) diagram (Fig. 2) and vertical
sections of potential temperature (Fig. 3), salinity (Fig. 4) and neutral
density (y") (Fig. 5) are used together to identify water masses and
their associated spatial and density/depth distribution. The neutral den-
sity of Jackett and McDougall (1997) is used as the density variable
throughout this paper. The small range of latitude and longitude ranges
of this area allows us to show the isoneutrals in the 6/S diagram.

Surface Water (SW), NACW, AAIW, MW and North Atlantic Deep
Water (NADW) are found in the studied area as shown in the 6/S dia-
gram (Fig. 2). The 6/S diagram has been represented indicating the sta-
tions where higher content of AAIW (1-10; 30-51), AAIW and MW
mixture (11; 23-29) and higher content of MW (12 — 22) is found at in-
termediate layers. Two selected neutral densities, y* = 27.38 and
27.82 kg/m>, have been superimposed to roughly divide the water col-
umn into surface-central (thermocline layers), intermediate and deep
waters as in Hernandez-Guerra et al. (2005).

SW-NACW are present in the upper levels (roughly 0-700 m depth)
corresponding to the thermocline layer (y" < 27.38 kg/m?). SW is locat-
ed above the seasonal thermocline (approximately 80 m) and is charac-
terized by a scattering of potential temperature and salinity values due
to the seasonal evaporation and precipitation, as well as to the cold and
low-salinity waters advected by upwelling filaments from the upwell-
ing area off northwest Africa (Borges et al., 2004; Nykjaer and Van
Camp, 1994; Van Camp et al., 1991). NACW is found below the seasonal
thermocline. In every section, the isotherms and isopycnals slopes are
quasihorizontal resulting in a small geostrophic velocity shear. Close
to the African coast, on both the northern and southern transects, the
isotherms (Fig. 3) and isopycnals (Fig. 5) present a little or a slight up-
ward trends in the upper 300 m, while below this depth the slope
along the two lines is upwards in the north and downwards in the
south. This will result in a convergent flow.

Below the central waters, the intermediate water mass consists of a
fresher (<35.3) AAIW and a warmer and saltier (>35.4) MW (Fig. 4).
These water masses are found in the range 27.38 < y" < 27.82 kg/m>
(roughly 700-1400 m depth). Spatial distribution of AAIW and MW is
well defined: the AAIW signature is stronger in the southern section
while the MW signature is stronger in the northern section around sta-
tions 11-23. This suggests that a gradual northward/southward contri-
bution of AAIW/MW is present, which can be observed in the western
section of Fig. 4. This transition of water masses occurs over a wide lat-
itudinal range. It is noteworthy the high content of AAIW found in the LP
with the 35.2 isohaline clearly observed (Fig. 4). This occurrence is also
observed in the stations 1-10 in the 6/S diagram. Station 11 located west
of the LP still has a contribution of AAIW. In Fig. 5, isoneutrals in the
northern and southern sections over the LP and African slope (around
stations 6-10 and 45-51, respectively) present negative slopes at inter-
mediate layer, resulting in a northward geostrophic velocity shear of
AAIW along the African slope.
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Deep layers from approximately 1400 m depth to the sea floor
(y" > 27.82 kg/m?) are composed of NADW (Hernandez-Guerra et
al., 2005). As shown in Fig. 2-5, NADW appears roughly between 1 <
<6 °Cand 34.8 <S<35.2. The slope of the isotherms and isopycnals cor-
responding to this water mass is approximately flat in every section
resulting in a constant geostrophic velocity in these layers. Deep waters
will not be further mentioned.

4. The thermocline layers of the Lanzarote Passage and over the Af-
rican slope

In Fig. 5, isoneutrals in the LP present a shoaling in the thermocline
layers, resulting in a negative (southward) geostrophic velocity shear
that could be related to the CUC (Pelegri et al., 2005, 2006). The mass
transport through the LP is to the south at a rate of — 2.5 Sv with a ref-
erence layer at y" = 27.38 kg/m>. In contrast, isoneutrals of the south-
ern section over the African slope (around stations 45-51) present a
deepening, which results in a positive (northward) geostrophic velocity
shear. The mass transport over the African slope in the southern tran-
sect is 3.1 Sv to the north with a reference layer at y" = 27.975 kg/m°>.
This discrepancy in flow direction will be addressed using LADCP data
once the velocity at the reference layer is estimated.

Fig. 6 shows the SADCP velocity at about 100 m depth in the eastern
sampling area. This figure presents velocity data for the LP, the southern
section over the African slope and a middle section. In these three sec-
tions northward velocities are observed. The three sections present an
overall cross-sectional northward flow at 100 m depth with a mean ve-
locity of 7.5, 10.9 and 12.7 cm s~ ! in the north, middle and south sec-
tions, respectively. Fig. 6 suggests that the main northward flow takes
place along the continental slope off the African coast with a maximum

cross-sectional northward velocity of 20.0, 27.5 and 34.2 cm s~ ' in the
north, middle and south sections, respectively.

The velocity from LADCP data can be used to estimate the velocity at
the reference layer (Joyce et al., 2001). From the thermal wind equation,
the density field between two adjacent stations is used to compute the
relative geostrophic velocity normal to the vertical plane formed by
both stations. The relative geostrophic velocity depends on the selected
reference layer. The simplest model would set the reference level as no
motion and calculate the geostrophic velocity field referenced to that
level. In this study, we have used a zero-velocity reference layer at y"
= 27.38 kg/m° (roughly 700 m depth) in the LP (stations 1-10) and
in the southern section over the African slope (stations 45-51), and at
y* = 27.975 kg/m> (roughly 1700 m depth) in the remaining stations.
This layer of no motion in the LP has been used in previous studies
(Herndndez-Guerra et al., 2001, 2005; Pérez-Hernandez et al., 2013).
The layer of no motion at y" = 27.975 kg/m’ is located in the deep
layers with an approximately flat isoneutral slope. Comas-Rodriguez
et al. (2011) noticed that the adjusted geostrophic transport to LADCP
data has a zero velocity and an opposite velocity direction at this neutral
density. Near the African shelf, where the deepest common depth is
shallower than the reference level, the bottom is considered as the ref-
erence layer. Below the deepest common level of each station pair, ve-
locities are considered to be constant.

Comas-Rodriguez et al. (2010) describe the procedure used to adjust
the initial geostrophic velocity to LADCP-derived velocities from the two
adjacent stations. A possible complication of using LADCP data is that
velocities may not be geostrophically balanced, especially near the sur-
face. Therefore, the first surface meters of the ocean have not been cho-
sen for the velocity field comparison. A depth interval over which the
vertical structures of LADCP velocities were similar to the geostrophic
velocity profile is used to estimate the geostrophic reference velocity
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for each station pair. This procedure has been applied to the entire
cruise. We specifically want to point out the results of the LP and to
the southern section over the African slope due to the opposite initial
flow in both transects.

Fig. 7 shows four profiles of LADCP-derived velocity and geostrophic
velocity in the LP and southern section over the African slope. The oscil-
latory behavior of the LADCP profiles are probably due to the high fre-
quency, ageostrophic movements. However, the shapes of the
geostrophic velocity are similar to the LADCP velocity shapes. After a vi-
sual inspection of the profiles, we select a depth interval to match the
geostrophic velocity profile with the LADCP profiles. The reference ve-
locities are usually positive although they can also be negative as in sta-
tion pair 48-49 (Fig. 7c) but these are much smaller than the positive
velocities. Thus, the adjusted velocities provide the northward flow
through the LP at a rate of 1.4 Sv in the thermocline layers and also in
the southern transect over the African slope with a mass transport of
2.8 Sv.

5. Relative geostrophic transport

We have previously described how to infer the velocity at the refer-
ence layer using the geostrophic velocity profiles and LADCP velocity.
Thus, two integrated mass transports per isoneutral are computed, the
initial and the LADCP-adjusted geostrophic mass transports (Fig. 8).
Both transports present a certain imbalance: — 6.7 Sv for the initial
transport and 6.6 Sv for the LADCP-adjusted transport. The structure
of the imbalance changes when the LADCP-adjusted velocities are
used. The initial mass transport imbalance mainly occurs in the surface
and thermocline layers (layers 1 to 4). In contrast, the imbalance in

these layers reduces in the LADCP-adjusted mass transport and in-
creases in the intermediate and deep layers with opposite divergence.

6. Inverse model

As seen in Fig. 8, the mass transport presents a certain imbalance
(about 6 Sv). Thus, an inverse model is applied in order to estimate
the velocities at the reference layer that conserve mass transport. The
inverse model was firstly introduced by Wunsch (1977) and has been
extensively applied in different oceanographic areas (for further infor-
mation see Wunsch (1996)). Ekman transport is also adjusted in our in-
verse model as in Ganachaud (2003) and Hernandez-Guerra et al.
(2014). An underestimated set of equations comprising the thermal
wind equation and mass conservation composes the inverse method.
The inverse box model assumes a time independence of the data. The
cruise was carried out over 10 days which is presumably shorter than
the time scale variability of the flow field in the ocean interior. In
order to apply the inverse model, the closed ocean volume is divided
into 13 layers by means of the neutral densities y" as previously carried
out in the Canary Islands area (Hernandez-Guerra et al., 2005;
Pérez-Hernandez et al., 2013). The inverse box model takes into account
mass conservation per layer and the total mass without considering
diapycnal interchanging. Ekman transport has been added to the
shallowest layer. Thus, the inverse model solves the following equation:

Ifpb dx dz = —[fpv; dx dz—Tg (1)

where p is the density of the ocean, b are the velocities at the reference
layer at each station pair and the adjustment of the Ekman transport per
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section (the unknowns), x is the horizontal coordinate along the sec-
tion, z is the vertical coordinate and T is the initial Ekman transport.

As we consider mass conservation equations for each layer and the
total, the following matrix equation has to be solved:

AXx+n=—Y (2)

where A is a M x N matrix, where M is the number of transport con-
straints and N the number of the unknowns, n is a column vector
whose elements are the noise of each equation, Y is a vector
representing the mass transport initially imbalanced in each layer, and
x is the column vector containing the unknown of the system:

((b,‘JiET‘.E.ANﬂ 3)

where b; is the reference velocity in each station pair that adjust the
mass transport, Np,ir is the number of station pairs and AT is the adjust-
ment of the Ekman transport.

In this study, the same inverse model has been applied to both the
initial mass transport and the mass transport adjusted to the refer-
enced velocities estimated from LADCP data. In both cases, the in-
verse model consists of 14 equations containing mass conservation
per layer and total, and 52 unknowns, the velocities at the reference
layer and the adjustment of the Ekman transport for each section. To
solve this underestimated system of equations, the Gauss-Markov
method which produces a minimum error variance solution from
initial estimations of the unknowns is used. The preliminary vari-
ances of the reference-level velocity are (8 cm s~ ')? for the station
pairs located in the LP (stations 1-10) and over the African slope
(stations 46-51) and (2 cm s~ !')? for open ocean station pairs. A
high preliminary variance is given to the LP and over the African

slope as the LADCP presents very high velocities in these regions.
The preliminary values of Ekman mass transport from wind data
are —0.01 Sv, 0.01 Sv and 0.02 Sv through the north, west and
south sections, respectively. Wind data during the time of the cruise
present a very high variability and therefore their corresponding
preliminary variances are kept high (90% of the initial Ekman trans-
port). The inverse model do not change the initial values of Ekman
transport in both models.

The preliminary uncertainties for the equations are (0.1 Sv)? for each
layer and (1 Sv)? for overall mass transports. Gauss-Markov method
provides a solution (the velocities at the reference layer per station
pair) and an uncertainty of the solution. Thus, an uncertainty of the
mass transport is also estimated.

7. Final geostrophic transport

Fig. 9 shows the adjusted velocities from LADCP (top plot) and the
velocities in the referenced layer after the inverse model using the initial
geostrophic mass transport and the transport adjusted to LADCP data
(bottom plot). Fig. 9a shows that the velocities in the ocean interior ad-
justed to LADCP are very small, in the range of &1 cm s~ . Velocities are
higher in the LP (station pairs 1-9) and in the southern transect over the
African slope (station pairs 46-51). Velocities in the LP are predomi-
nantly positive (to the north) which will turn the initial southward
transport in the passage to the north. In contrast, velocities in the Afri-
can slope of the southern transect are mainly negatives that will de-
crease the initial northward transport. These high velocities as found
from LADCP data are the cause for the high preliminary variance
allowed in the inverse model in the LP and over the African slope of
the southern transect.

Fig. 9b shows that the velocities in the reference layer after the in-
verse model has been applied have similar structure for both solutions.
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They are small and not significantly different than zero in the ocean in-
terior while they become higher in the LP and over the southern tran-
sect African slope. This modifies the adjusted velocities although the
pattern is not changed: The velocities in the layer of reference have dif-
ferent directions resulting in an increase and decrease of the northward
flow in the LP and in the African slope of the southern transect,
respectively.

Fig. 10 shows the integrated final geostrophic mass transport per
isoneutral layer obtained as result of inverse models. As already men-
tioned, it has been estimated without and with LADCP-adjusted veloci-
ty. Comparing both results, the mass transport shows a very similar
pattern for each transect and the model estimations adjust the imbal-
ance being now indistinguishable from zero: the total imbalance in

mass transport is 0.1 4+ 0.7 Sv and 0.3 £ 0.7 Sv without and with
LADCP-adjusted data, respectively.

Results from the inverse model not using the LADCP adjusted veloc-
ities will be referred as initial inverse. When results for both inverse
models are indistinguishable taking into account their uncertainty, the
LADCP-adjusted mass transport only will be indicated. Fig. 11 shows
the integrated mass transport for different groups of layers correspond-
ing to the thermocline shallowest layer (layer 1), thermocline layers
(layers 2-4) and intermediate layers (layers 5-6).

In the LP, the shallowest layer presents a southward flow of
—0.3 £ 0.1 Sv for both solutions. The thermocline layers (2-4) show
a northward transport of 2.1 4= 0.5 Sv in the initial inverse model solu-
tion and 2.9 4 0.5 Sv in the LADCP-adjusted inverse model solution (Fig.
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Fig. 12. Map of Absolute Dynamic Topography (MADT) as obtained from a mean (13-23 October 2014) of merged altimeter data. The points indicate the hydrographic stations.

11a). Both results are not significantly different due to their uncer- model and — 1.5 £ 0.7 Sv in the LADCP adjusted model estimations.
tainties. Northward currents in the LP have been observed previously In contrast, Machin et al. (2006) describe a Canary Current that flows
in autumn with a mooring consisting of five current-meters deployed close to the Lanzarote island with a mass transport of —2.7 4+ 0.4 Sv

in the passage (Fraile-Nuez et al., 2010; Hernandez-Guerra et al., to the south.

2003; Pérez-Hernandez et al., 2015). A previous classical inverse In the western transect, there are two relatively large mesoscale

model carried out by Hernandez-Guerra et al. (2005) has also provided eddies, with a radius of approximately 120 km. An anticyclonic eddy lo-

of a northward, although weaker transport in the LP of 1.1 + 0.5 Sv. calized in the central part of the section with a rotating transport of 3.9
Southward flow starts west of the Lanzarote island, defining the CC 4+ 0.4 Sv and a cyclonic eddy in the southwestern corner of our survey

comprising layers 1 to 4. This southward mass transport is not signifi- with a rotating transport of 4.2 4- 0.3 Sv. The existence of the southwest-

cantly different than zero (—0.2 4+ 0.7 Sv) in the classical inverse ern eddy hinders the transport estimation in the western section. The
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Fig. 13. Accumulated mass transport for layer 1 (initial and LADCP-adjusted) as result of the inverse model and accumulated mass transport estimated from Sea Surface Height (SSH) from
altimetry for the whole cruise.
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Fig. 14. Schematic diagram of the Canary Current (CC) and the Intermediate Poleward UnderCurrent (IPUC) in fall 2014. Red arrows stand for the CC flowing at thermocline layers and its
recirculation and blue arrows stand for the [PUC. Estimated mass transport from inverse model for each arrow are shown. The North is indicated by way of the wind rose. The arrow width

is proportional to the current.

net mass transport seen in Fig. 11a in the boundary between the west-
ern and the southern transect is presumably due to the cyclonic eddy
and therefore the net mass transport in the western section is indistin-
guishable of zero. The integrated mass transport at the southern section
also contains two adjacent eddies: an anticyclonic eddy and a cyclonic
eddy whose rotating transports are 2.6 + 0.3 Svand 5.1 &+ 0.3 Sv with
radii of 180 and 250 km, respectively. These mesoscale eddies in the
western and southern sections are generated downstream of the islands
as aresult of a Von Karman street phenomena (Hernandez-Guerra et al.,
1993; Pacheco and Hernandez-Guerra, 1999; Sangra et al., 2007). As
seen in Fig. 11a, the eddies located in the western and southern sections
are more energetic than the eddies found in the northern section. The
presence of the Canary Islands perturbs both the atmospheric and the
oceanic flow. With this eddy signal it is complicated to estimate the
path of the CC south of the islands that matches the — 1.5 + 0.7 Sv
transported through the northern section. The signal of the CC is pre-
sumably embedded within the signal of the eddies.

In the eastern boundary of the southern section (from station 45 to
the African shelf), the inverse model solution shows a non-significant
transport in the first layer (0.1 + 0.2 Sv) and a northward transport of
0.7 £ 0.5 Sv from the classical inverse model and 1.7 £ 0.5 Sv from
the LADCP-adjusted model (Fig. 11a). This northward transport
matches the transport through the LP.

Fig. 12 shows the Map of Absolute Dynamic Topography (MADT) for
the time of the cruise. This map roughly resembles the mass transport of
the first layer (Fig. 11a): A southward transport in the northern section
and energetic eddies in the western and southern sections are clearly
visible in the Sea Surface Height (SSH) (Fig. 12). In order to check the re-
lationship between the SSH from altimetry and the mass transport from
hydrographic data, Fig. 13 compares the accumulated mass transport for
the first layer with the estimated from altimetry following the proce-
dure described in Vélez-Belchi et al. (2013). The correlation coefficient
between both data is 0.81 resulting in a high and positive correlation be-
tween them.

Fig. 11b shows integrated the mass transport for the intermediate
layers (layers 5-6). The mass transport through the LP is 0.8 + 0.4 Sv
to the north for the LADCP-adjusted solution and not significantly differ-
ent than zero for the initial solution (0.3 4 0.4 Sv). The eastern bound-
ary at the southern section (stations 43 to 51) presents a non-significant

northward transport for both inverse model solutions (0.4 4 0.5 Sv).
The current associated with this northward transport is called IPUC car-
rying AAIW to the passage (see Fig. 4).

8. Discussion and conclusions

The ocean circulation in the Canary Basin from a cruise carried out in
October 2014 has been inferred. The initial geostrophic mass transport
has been estimated with and without LADCP data as an estimate for
the velocity at the reference level. An inverse box model has also been
applied in both initial mass transports to estimate new velocities at
the reference level that conserve mass. Both solutions converge giving
confidence of the inverse model.

Fig. 14 summarizes the estimated circulation in the Canary Basin in
fall 2014. The CC flows to the south in the thermocline layers (0-
700 m) transporting NACW at a rate of — 1.5 4 0.7 Sv west of Lanzarote
Island. The classical inverse model describes a CC that is not significantly
different than zero as in previous results that apply initial inverse
models to hydrographic data collected in fall (Pérez-Hernandez et al.,
2013). This result emphasizes the use of LADCP data to estimate a veloc-
ity in the reference layer before the inverse estimations (Joyce et al.,
2001). The exact path of the CC is difficult to infer due to existing meso-
scale features in the northern section and longer eddies shed by the
islands in the western and southern sections. These cyclonic and anticy-
clonic eddies located downstream of the islands have been extensively
studied as result of a mass island effect (Aristegui et al., 1994; Sangra
et al,, 2005, 2009). Their clock/counterclockwise transport doubles the
transport of the CC.

The isoneutrals in the thermocline layers through the LP and over
the African slope present opposite inclination resulting in a geostrophic
shear flow convergence. The adjustment of the geostrophic velocity
profile to the LADCP velocity profiles provides the northward circulation
across the LP and over the African slope at 27°N except in layer 1. The
northward mass transport over the African slope is 1.7 £ 0.5 Sv at
27°N increasing to 2.9 + 0.5 Sv through the LP. Thus, the southward
CC recirculates to the north over the African slope and through the LP
as inferred from hydrographic data. In the maps of dynamic height
from altimetry data presented by Pérez-Hernandez et al. (2015), the
northward flow through the LP is apparently a northward branch of
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the CC. They also suggested that the large eddies shed from the islands
observed in the southern section can reinforce the cyclonic circulation
south of the Canary Islands as also observed in Mason et al. (2011), lead-
ing to the recirculation of the CC. It has been speculated that the CUC is
due to the upwelling dynamics off northwest Africa: An upwelling front
results in an upwelling jet that originates the CUC. The northward flow
through the LP in fall is a recirculation of the CC with apparently no link
to the upwelling dynamics as suggested by Mason et al. (2011). The CUC
would be the southward transport of — 0.3 4 0.1 Sv in the shallowest
layer.

At intermediate layers, warmer and saltier MW and fresher AAIW
are found at 29°N and 27°N, respectively. The LP is the only location
where a higher content of AAIW is measured at 29°N as originally de-
scribed in Herndndez-Guerra et al. (2001). On this occasion, relatively
fresh water corresponding to AAIW is also observed west of Lanzarote
island resulting that the northward flow of the IPUC is broader than
the LP. Low salinity waters just west of Lanzarote Island are also seen
in Pérez-Herndndez et al. (2013). Machin and Pelegri (2009) were the
first to demonstrate that intense Ekman pumping localized near the
tropical African coast elevates the upper isoneutrals, stretching the in-
termediate water column. Due to conservation of potential vorticity,
this results in a northward flow along the African slope (Machin et al.,
2010).

In conclusion, fall 2014 provides the first evidence, from in situ ob-
servations, of a recirculation of the CC through the LP and of an IPUC
that flows northward at intermediate layers extending to the west of
Lanzarote Island.
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