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The Azores Current System from a meridional section at 24.5°W
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[1] High spatial resolution hydrographic data, including Lowered Acoustic Doppler
Current Profiler (LADCP) measurements, were acquired along a meridional section at
24.5°W in October 2009. The data are analyzed in detail with the purpose of definitively
defining and quantifying the zonal Azores Current System. The Azores Current and
Azores Countercurrent are delimited, each extending meridionally for 110 km. The Azores
Current is located between 33.5°N and 34.5°N, flanked to the north by the Azores
Countercurrent (35.25°-36.25°N). Vertically, both currents reach the +, = 27.975 kg m >
level (~2000 m depth), their mass transports ranging across thermocline as well as
intermediate layers. The Azores Current transports 13.9 Sv (1 Sv=10°m?>s' =~ 10° kgs ™)

eastward with its maximum associated with the Azores Front (33.75°N). The Azores
Countercurrent flows below the surface, transporting 5.5 Sv westward. This contributes
to a net eastward flow of 8.4 Sv across the section. At intermediate layers, the Azores
Countercurrent transports mixed Mediterranean Water to the west, and the Azores
Current transports mixed Sub-Arctic Intermediate Water to the east. Shipboard ADCP
and satellite-derived geostrophic velocity are used to confirm the transports revealed

by the hydrographic data.
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1. Introduction

[2] The Azores Current (AzC) is the northernmost current
of the North Atlantic subtropical gyre (NASG). It originates
as a branch of the Gulf Stream, heading southeastward and
crossing the Mid-Atlantic Ridge south of the Azores [Kdse
and Siedler, 1982; Gould, 1985]. The AzC flows eastward
as a zonal jet, associated with the Azores Front (AzF), and
divides into three main branches that turn southwards
[Stramma and Siedler, 1988; Klein and Siedler, 1989]. The
easternmost branch feeds the Canary Current (CC) that flows
across the Canary Islands [Stramma, 1984; Stramma and
Miiller, 1989; New et al., 2001; Machin et al., 2006]. The
three branches feed the North Equatorial Current that flows
to the west closing the NASG [Herndndez-Guerra et al.,
2005].

[3] The eastward mass transport of the AzC has been
reported to be about 10-12 Sv (1 Sv=10°m’s '~ 10° kgs "),
mainly through the upper 1000 m of the ocean [Gould, 1985;
Sy, 1988; Stramma and Miiller, 1989]. Its formation and
variability have been studied both through historical data sets
and circulation models [Paillet and Mercier, 1997; Pingree
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et al., 1999; Alves et al., 2002; Pérez et al., 2003]. There
are two hypotheses about the driving mechanism of the AzC.
The first one is that the Azores Current is driven by the wind
stress curl [Kdse and Krauss, 1996]. The second AzC for-
mation mechanism is believed to imply a water mass trans-
formation associated with the Mediterranean outflow in the
Gulf of Cadiz [Jia, 2000; Ozgékmen et al., 2001], relying on
the dynamical concept of S-plumes. A combination of both
has also been considered by Lamas et al. [2010], providing
higher transport estimates (16.5 Sv for the first 1500 m from
Argo data). The AzC variability seems to depend mainly on
the magnitude of the exchange through the Strait of Gibraltar.

[4] Some studies have also demonstrated the presence of
a recirculation as a westward counterflow adjacent to the
AzC, called the Azores Countercurrent (AzCC) as defined
by Onken [1993], who attributes the existence of the AzCC
to a feature in the meridional gradient of the wind stress curl.
[Cromwell et al., 1996] used altimetry and hydrography
data to indicate that such westward flow north of the AzC
appears to be a persistent feature of the circulation in this
region. In line with the AzC formation, two mechanisms
have been suggested to drive the AzCC. Alves and Colin de
Verdiere [1999] supported an eddy-driven mechanism,
which is expected to form two westward countercurrents,
north and south of the AzC due to geostrophic turbulence
rectification. In contrast, the second hypothesis suggests the
formation of a single westward countercurrent to the north
of the AzC, due to the aforementioned topographic S-plume
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Figure 1. (a) Location of the CTD stations occupied at the
Azores Current System during the ORCA cruise in the fall
of 2010. For reference, 200-, 1000-, 2000-, 3000-, 4000-
and 5000-m isobaths are shown [Smith and Sandwell,
1997]. (b) ©-S diagram. NACW, SAIW, MW (dark gray,
stations 41-43), NADW and LSW (light gray, stations 39
—43) are shown.

[Kida et al., 2008; Volkov and Fu, 2010]. According to
these studies, the resulting principal current flows westward,
transporting 2—7 Sv. Also, Fiekas et al. [1992] observed that
the initial eastward-flowing 12 Sv registered in the upper
700 m were reduced to 7 Sv when considering the adjacent
counterflow. However, most of the literature focuses on
modeling or limited sets of data.

[s] Several pending questions about these currents, like
the observational verification of their vertical extension and
the horizontal structure, demand further in-situ measuring
efforts. To fulfill this objective, an extensive hydrographic
data set that can be used to verify the conclusions drawn
from modeling has been missing. This paper provides a high
spatial resolution synoptic survey expressly designed to
measure both the AzC and AzCC and resolve the mesoscale.
The main aim of the present study is to delimit (both hori-
zontally and vertically) and estimate the Azores Current
System (ACS) transport across a meridional section using
hydrographic data. We present a quantitative study that
constitutes a reference in the hydrographic description of the
water column in the region while providing a new insight
into the meridional horizontal structure of the system. The
paper is structured as follows. After presenting the collected
hydrographic data and describing the methodology in
section 2, the water mass distribution and circulation in the
Azores Current System is thoroughly studied in section 3.
Our final discussion is given in section 4.

2. Data and Methods

[6] The ORCA cruise was carried out between 15 October
and 11 November 2009 onboard the BIO Hespérides. The
survey comprised three large-scale sections, two zonal
sections at nominal latitudes of 29° and 37°N, joined by a
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meridional section at the longitude of 24.5°W. In order
to locate the AzC and the AzCC, we will focus on this
meridional section between latitudes 37° and 33°N (stations
39-55, see Figure la), as will be later justified. These 17
SeaBird 911+ CTD stations were carried out with a spatial
separation of 15 nm (~28 km) between 26 October and
1 November 2009. The location and spacing of these sta-
tions allow the quantification of the flow across the section.
A teach cast, dual sensors of temperature and conductivity
acquired data from the surface down to 15-20 m above the
bottom. The temperature and pressure sensors were cali-
brated before the cruise at the SeaBird facilities, whereas
the conductivity sensor was calibrated on board with bottle
sample salinities (hereinafter salinity is expressed in the
Practical Salinity Scale). Additionally, neutral density (v,)
is computed following Jackett and McDougall [1997].

[7] The Lowered Acoustic Doppler Current Profiler
(LADCP) system was mounted on the rosette and deployed
at each CTD cast. The LADCP consists of two 300 kHz
Teledyne/RDI Workhorses (WH) run in master/slave mode.
The data are processed using the Visbeck software devel-
oped at Columbia University [Fischer and Visbeck, 1993].
Continuous current measurements were also made in the
upper 700 m using a 75 kHz Ocean Surveyor Shipboard
ADCP (SADCP). These data are properly calibrated and
GPS-referenced, as well as processed with the CODAS
(Common Ocean Data Access System) processing toolbox.
The Visbeck software adjusts the shallowest LADCP data
to the SADCP data and the barotropic tidal component
is removed from the ADCP data. Continuous temperature
records were also acquired using an SBE-21 thermo-
salinometer and averaged onto a 1/10° grid. The altimeter
data come from the Aviso global near-real time Ssalto/
Duacs merged product, which use Jason-1, Envisat, GFO,
ERS-1, ERS-2 and Topex/Poseidon data. Absolute geo-
strophic velocities, computed from absolute dynamic
topography, have been acquired on a 1/4° grid along the
24.5°W meridional section (averaging the data provided
by Aviso at 24.75° and 24.25°W from 26 October to
1 November). Ocean surface wind stress data used to obtain
Ekman transport come from the QuikSCAT scatterometer.

[8] Mass transport is calculated by dividing the water
column into 14 neutral density layers, following the criteria
proposed by Ganachaud [2003] for the Atlantic Ocean, but
with a slight modification for central waters. Thus, each
layer corresponding to thermocline waters covers roughly
a depth range equivalent to the other layers. Geostrophic
relative velocities are obtained using the thermal wind
equation. To integrate this equation, the reference level of
no-motion has been located at ~,, = 28.072 kg m > (roughly
3000 m). An estimation of the absolute velocity is obtained
using LADCP data [McDonagh et al., 2008] following the
procedure described by Comas-Rodriguez et al. [2010].
This methodology involves the calculation of a reference
velocity by comparing the geostrophic estimates to direct
velocity measurements.

3. Results

3.1. Water Mass Distribution

[v] Potential temperature (©) and salinity (S) data
obtained during the cruise allow water mass identification as
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Figure 2. Vertical sections for (a) © (°C), (b) salinity and (c) , (kg m ). Note the different vertical scales
in Figures 2a and 2b. The black dots mark the location of the AzF as suggested by Pérez et al. [2003].

shown in Figure 1b. In this ©-S diagram, the five main vertical sections. Central waters extend to a density level of
water masses present at the section are marked. A slight ~, < 27.38 kg m> (roughly 700 m), and define the ther-
scattering is seen above the seasonal thermocline, due mocline layer, occupied by North Atlantic Central Water
to heating, precipitation and evaporation that take place (NACW). The AzF is found near station 52 (~33.75°N,
at shallow depths. Figure 2 shows O, salinity and 7, marked by a black dot in Figures 2a and 2b), corresponding
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Figure 3. (a) Full-depth averaged and (b) mean surface velocities from the SADCP. For reference,
locations of the CTD stations and main isobaths are shown.

to the 16.2°C isotherm and 36.2 isohaline at 150 dbar as
suggested by Pérez et al. [2003]. In these vertical sections,
temperature and salinity gradients can be seen where the
AzF is located. Therefore, the AzF is associated with the
maximum baroclinic velocities registered in the Azores
Current. In contrast, other frontal zones such as the Cape
Verde Frontal Zone (CVFZ), although known for their
characteristic fluctuations of isolines [Martinez-Marrero
et al., 2008], are not associated with maximum velocity
values. Below the central waters, at intermediate layers
(27.38 < 7, < 27.922 kg m >, roughly 700-1600 m), rela-
tively warmer and saltier (>35.7) Mediterranean Water
(MW) is found between stations 41 and 43 (dark gray in
Figure 1b). In Figure 2b, this MW core (36.5°-36°N) is
located at approximately 1000 m, whereas values above
35.6 spread horizontally up to station 49 (34.5°N). Between
stations 50 and 53 (34.25°-33.5°N) relatively cooler and

fresher (>35.5) mixed Sub-Arctic Intermediate Water
(SAIW) is also found, approximately in the 700-900 m
range. The upper limit of the SAIW domain is defined by
Arhan [1990] at the 27.3 isopycnal, but ‘pure’ SAIW tem-
perature and salinity values are much lower than those shown
here. The deep layers, from approximately 1600 m to the
ocean bottom (7, > 27.922 kg m °), are composed of North
Atlantic Deep Water (NADW) and Labrador Seawater
(LSW). LSW is found from stations 39 to 43 (light gray in
Figure 1b, 37°-36°N in Figure 2). The presence of LSW is
evidenced by the rise of isohalines (Figure 2b) and bending
of isoneutrals (Figure 2c) below 2000 m, as well as © values
above 2°C and salinity around 34.9 [van Aken, 2000].

3.2. The Azores Current and Countercurrent System

[10] In order to horizontally delimit the AzC and AzCC
domains, velocity from the SADCP is shown in Figure 3.
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Figure 4. Reference level velocities (cm s~ ) obtained from
LADCP bottom-track (stars) and full-depth (dots) profiles.

Velocity averaged over nearly the 700-m depth range
reached by the instrument (Figure 3a) and averaged velocity
up to 50 m (Figure 3b), are plotted separately for compar-
ison. Figure 3 clearly reveals a cyclonic recirculation at the
southern part of the section, at latitudes south of 33°N
(station 55). Al already mentioned, this study only covers
stations 39 (located at the northernmost point of the section)
to 55. In the following, the transect is divided into four
different sectors. From station 39 (37°N) and up to station
42 (36.25°N), a westward velocity is present which, as we
will show, belongs to an anticyclonic recirculation located
north of the section. Between stations 42 and 46 (36.25°—
35.25°N) we find the westward-flowing AzCC at subsurface
levels, unnoticeable at the surface, as shown by the lack
of flow in Figure 3b. To the south, enclosed by stations 46
and 49 (35.25°-34.5°N), there is a cyclonic recirculation,
apparently forced by the strong horizontal shear in this
transition area. Finally, the AzC can be identified between
stations 49 to 53 (34.5°-33.5°N), flowing eastward in the
surface layer and below (Figures 3a and 3b).

[11] Figure 4 shows the reference velocity obtained for the
section, replacing the zero-velocity at v, = 28.072 kg m°.
Each value, corresponding to a station pair, represents the
velocity applied to the geostrophic profile to match the
LADCP data. As described by Comas-Rodriguez et al.
[2010], either bottom-track or LADCP full-depth profiles
are used when referencing the geostrophic calculations.
Reference velocities included in the corrected transport
estimates are quite small (see Figure 4). Figure 5 shows the
accumulated mass transport along the section, considering
surface (7, < 27.38 kg m°), intermediate (27.38 < , <
27.922 kg m ) and deep (v, > 27.922 kg m °) layers sep-
arately. Ekman transport has been added to the shallowest
layer. Both initial (dashed lines) and LADCP-referenced
(solid lines) geostrophic accumulated transports are shown
separately. The latter is calculated using the absolute veloc-
ities obtained by including the reference level velocities
provided by the LADCP data. A large water volume is
comprised between 7, = 27.922 kg m > and the bottom (from
approximately 1600 m to almost 5000 m depth). This causes
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the transport in the deep water layers to be modified by
the new reference velocity, magnifying its contribution. In
the following, we will discuss the flow resulting from the
LADCP-referenced mass transport estimates.

[12] Figure 5 presents a quantification of the flow within
the AzC and AzCC. The negative (westward) flow from
stations 39 to 42 (37°-36.25°N) is caused by the westward
part of an anticyclonic recirculation, as will be discussed
later. Concerning the AzCC domain, between stations 42
and 46 (36.25°-35.25°N), a prominent westward flow is
noticeable at surface and intermediate layers. Mass transports
at both the surface (3.4 Sv) and intermediate (—2.1 Sv)
layers contribute to the AzCC, with a westward flow of
5.5 Sv. The cyclonic recirculation located south of station
46 (35.25°N) spans until station 48 (34.25°N), thereafter the
mass transport is nearly zero (from surface to v, =27.922 kg
m ) until station 49 (34.5°N). Between stations 49 and
53 (34.5°-33.5°N), the AzC transports a total of 13.9 Sv
(10.7 Sv carried at thermocline layers and 3.2 Sv at inter-
mediate depths) eastward. With the above mentioned results,
an eastward net mass transport of 8.4 Sv flows across
the meridional section at 24.5°W. Figure 5 confirms that the
widths of the AzC and AzCC are about 110 km each. The
maximum eastward flow of the AzC is associated with
the AzF, which is located near station 52 (~33.75°N) as
placed in Figure 2.

[13] Figure 6 reveals the vertical structure of the AzC and
AzCC from SADCP data (Figures 6a and 6b) and the cal-
culated mass transports (Figures 6¢ and 6d). Both the geo-
strophic (dashed line) and LADCP-referenced (solid line)
estimates are shown (see caption in Figure 6). A very small
vertical shear in the westward velocity corresponding to the
AzCC (Figure 6a) is seen between 150 m and 650 m depth,
with a slight maximum registered just below the surface.
Integrated mass transport in this same area (Figure 6¢) show
that the highest transport is located roughly between 500
and 700 m (27.162 < ~,, < 27.38 kg m ). Figure 6b shows a
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Figure 5. Accumulated geostrophic mass transport (Sv) for
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50f9



C09021 COMAS-RODRIGUEZ ET AL.: ACS FROM A MERIDIONAL SECTION AT 24.5°W C09021

Azores Countercurrent Azores Current
0 0
a : b :

-100 : ; : -100
__-200 : i -200
g 1 1
= -300 : : -300
..5- [} [}

& -400 . 1 -400
1 1
-500 : ! -500
1 1
-600 ! 1 -600
1 1
-20 -10 0 10 20 -20 -10 0 10 20
SADCP velocity (cm s'1)
surface surface
c d
26.85 - FooA 180
27.0354 1 F oA 330
27.162 FoA - 490
27.38 Foo 690
27.62 FooA 900
= :
= 27.82 FooA 71200.9'_
o)) >0
X 27.9221 FoA -1590 =
>T 27.9751 - 1960 —
28.008 - FooA 2240
28.044 - FoA 2630
28.072 oA 3070
28.0986 oA -3940
28.11 r A - 4340
bottom bottom

25 5 -5 -2.5
Mass transport (Sv)

Figure 6. SADCP averaged velocities (cm s ') corresponding to the (a) AzCC and (b) AzC domains.
Geostrophic mass transport (Sv) per layer for the (¢) AzCC and (d) AzC. Dashed lines show the geo-
strophic mass transport, and solid lines stand for the LADCP-referenced mass transport.

6 of 9



C09021

39 40 41 42 43 44 45 46
| 1 | 1 1 1 1

COMAS-RODRIGUEZ ET AL.: ACS FROM A MERIDIONAL SECTION AT 24.5°W

C09021

47 48 49 50 51 52 53 54 55
| 1 I 1 1 1 1 |

w
o
|

—_
6]
I

o
|

EN
[é)]
|

24

23

22

21

(Do) @anreIadWa) JB1eWouleSOwlay |

Zonal velocity (cm s‘1)

—— ADCP Surface Velocity

— - Absolute Geostrophic Surface Velocity

|
@
w©
N

35 34 33

Latitude (°N)
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(solid) and altimeter (dashed). Note the different y-scales.

baroclinic eastward flow corresponding to the AzC, as
also seen in Figure 6d. Figures 6¢ and 6d show significant
mass transport up to approximately 2000 m, including the
thermocline as well as intermediate layers (up to ~, =
27.975 kg m ). The eastward flow seen at the deepest
layers in Figure 6¢ is probably associated with the presence
of LSW on the northern margins of the AzCC domain, also
observed in Figure 1b, which flows across the section in
the deepest layers.

[14] It can be appreciated in Figure 7 how the SADCP
velocity measurements in the shallowest layer roughly fol-
low the pattern provided by the satellite-derived geostrophic
velocity. The AzC location is clearly observed between
stations 49 and 53 (34.5°-33.5°N) and the AzF remains
coincident with the peak located near station 52 (33.75°N),
although the altimeter geostrophic velocity presents a
shift to northern latitudes. Whereas the first layer properly
reproduces the AzC, the AzCC (stations 4246, 36.25°—
35.25°N) is not shown, as observed by Barbosa Aguiar
et al. [2011], due to the fact that the main AzCC flow
takes place at subsurface depths. On the other hand, tem-
perature records show the anticyclonic eddy signal at the
northern part of the section, up to station 43 (36°N), fol-
lowed by a lack of recognizable structures to the south. The
AzF can be associated with the steep slope observed at
station pair 52-53 (33.75°-33.5°N).

4. Discussion and Conclusions

[15] In order to identify and quantify the counter-flowing
zonal large-scale currents south of the Azores archipelago,
this study analyzes a hydrographic data set acquired
between 37° and 33°N at 24.5°W during the ORCA cruise.
Our results reveal a surface intensified AzC flanked to the

7

north by the westward counterflow of the AzCC (as named
by Onken [1993]). The presence of a single counterflow
supports the topographic (-plume formation mechanism
suggested in previous studies. We show that the AzCC
spans the intermediate water depths (up to ~2000 m),
reaching a greater depth than those reported by Klein and
Siedler [1989] (800 m), Fiekas et al. [1992] (700 m),
Arhan et al. [1994] (700 m) and Paillet and Mercier [1997]
(800 m); and close to the results obtained by Sy [1988]
(1500-2000 m) or Tychensky et al. [1998] (2000 m). We
also find a horizontal extension of the AzCC that is similar
to the AzC, both extending for about 110 km. Tychensky
et al. [1998] reported the same horizontal extension for
the AzC.

[16] The AzC transports 13.9 Sv to the east, matching that
obtained by the above mentioned studies in the region. On
the other hand, the AzCC carries 5.5 Sv to the west,
reducing the net eastward transport across the section to
8.4 Sv. Recent model estimates suggest that a westward
transport of 6.8 Sv is associated with the AzCC [Volkov and
Fu, 2010], reaffirming the results obtained from the quality
data set used here. Considering that both currents flow
across the section, occupying up to ~2000 m, the observed
MW is transported by the AzCC to the west (as found by
Peliz et al. [2007]). In contrast, the SAIW that is found
above 1000 m depth is transported to the east by the AzC.
Future surveys in the region could be carried out to
accomplish complementary sections that confirm the sus-
pected pattern to be followed by the currents studied here.

[17] Figure 8 provides an additional view of the flow
pattern of the AzC and AzCC. Accumulated mass transports
per station pair are shown as bar diagrams for thermocline
(7, < 27.38 kg m ), intermediate (27.38 < v, < 27.922 kg
m °) and deep (7, > 27.922 kg m °) waters (Figures 8a, 8b,
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Figure 8. Vertically integrated mass transport per station
pair for (a, d) thermocline, (b) intermediate and (c) deep
layers. The thick black line marks the vessel path. At the
surface layer, arrows represent the satellite absolute geo-
strophic velocity during the cruise (Figure 8a) and the mean
annual circulation (Figure 8d).

and 8c). The thick solid black line marks the vessel
path and we have included one extra station pair, which
corresponds to the end of the northern ORCA section. The
quasi-barotropic anticyclonic recirculation located north of
36.25°N is now revealed at each depth range. Southward
of 36.25°N, the AzCC flows to the west (up to 35.25°N)
occupying surface and intermediate layers, as seen in
Figure 6¢c. The cyclonic recirculation south of 35.25°N
is confirmed in Figures 8a and 8b. The AzC is enclosed
between 34.5° and 33.5°N with an eastward mass flow
down to 7, = 27.975 kg m >, as suggested in Figure 6d. As
expected, the maximum flow is associated with the AzF,
located near 33.75°N. The altimeter geostrophic velocity
shown in the surface layer during the time of the observations
(Figure 8a) clearly reveals the AzC but not the AzCC
because it flows below the surface [Onken, 1993; Paillet and
Mercier, 1997]. The mean annual circulation, obtained from
altimeter absolute geostrophic velocities, is observed in
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Figure 8d, confirming the patterns described by the hydro-
graphic meridional section carried out at 24.5°W.
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