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Abstract Five pressure inverted echo sounders (PIES) have been deployed north of the Canary Islands at a
nominal latitude of 29°N for 1 year to estimate a time series of volume transport of the Canary Current (CC) and
the Lanzarote passage (LP) using the gravest empirical method (GEM). The GEM method even detected a
Mediterranean eddy flowing through one of the PIES. The absolute geostrophic velocity at the eastern islands is
predominantly southward, while at the western islands, the velocity fluctuates between southward and
northward. The highest absolute geostrophic velocity occurs in the LP, gradually decreasing significantly
offshore. Both the CC and the LP exhibit strong variability, with mean southward volume transport of
—1.4+ 1.6 Svand —0.4 = 1.1 Sv, respectively. The CC shows a consistent southward volume transport across
all seasons, with stronger flow in summer (—2.5 £ 1.4 Sv) and autumn (—2.1 £+ 1.0 Sv), when the CC flows
across the entire archipelago. The CC is weaker in spring (—0.3 = 1.4 Sv) and winter (—0.8 * 1.1) flowing
through the eastern Canary Islands with a northward recirculation along the western islands. The LP exhibits a
southward volume transport in spring (—1.1 £ 0.8 Sv) and winter (—0.9 £ 1.0 Sv), with a northward
recirculation of the CC in summer (0.2 £+ 1.0 Sv) and autumn (0.1 = 1.0 Sv). Volume transport estimates from
historical hydrographic cruises generally agree with those obtained from the PIES data. A cross-correlation of
0.71 shows that the seasonal cycle in the LP corresponds well with the seasonal cycle of the Atlantic meridional
overturning circulation.

Plain Language Summary The Canary Current flows along the African coast and through the
Canary Islands, forming the eastern boundary of the North Atlantic subtropical gyre. It connects with the Gulf
Stream to the west, the Azores Current to the north, and the North Equatorial Current to the south This study
presents the first-ever time series of the Canary Current. Furthermore, we have identified a strong correlation
between the seasonal cycle of the Canary Current through the western islands and the seasonal cycle of the
Atlantic meridional overturning circulation.

1. Introduction

The Canary Current system (CCS) is a weaker current flowing southward within the thermocline, at an
approximate depth range of 0-700 m. It flows along the eastern boundary of the North Atlantic subtropical gyre
(NASG), which is formed by the Azores Current (AC) in the north and the North Equatorial Current (NEC) in the
south (Stramma, 1984; Stramma & Isemer, 1988). The main water mass transported in the CCS is the North
Atlantic central water (NACW) (Harvey & Arhan, 1988).

The AC flows to the east south of the Azores archipelago, with a net mass transport of approximately 8.5 Sv
(1 Sv = 10° m*/s ~ 10° kg/s; the positive/negative sign indicating a northward/southward or eastward/westward
flow), accounting for its countercurrent (Comas-Rodriguez et al., 2011). It splots into several southward-moving
branches (Kise & Siedler, 1982; Tychensky et al., 1998). The easternmost branch feeds the CCS, which flows
parallel to the African coast and through the Canary Islands (Herndndez-Guerra et al., 2005; Pérez-Hernandez
et al., 2013). Then, the CCS turns westward, feeding the NEC as the southern boundary of the NASG (Fiekas
et al., 1992). Previous studies have divided the CCS into two main flows based on the different dynamics in each
region: the primary flow through the islands, referred to as the Canary Current (CC), and the flow through the area
between Lanzarote-Fuerteventura and the African shelf, known as the Lanzarote passage (LP) (Hernindez-
Guerra et al., 2017; Machin et al., 2010; Vélez-Belchi et al., 2021).
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Machin et al. (2006), through a series of four hydrographic cruises conducted in each season during 1997-1998,
found a southward mean mass transport of —2.1 £ 0.9 Sv through the Canary Islands and —0.6 £ 0.1 Sv across the
LP. They also observed a seasonal shift in the path of the CC, with the current migrating from the eastern islands
to the western islands between autumn and spring. This circulation pattern also varies interannually. For instance,
Pérez-Hernandez et al. (2023) processed four surveys carried out in 2015, one per season, and observed the CC in
its easternmost position during winter and its westernmost position during autumn, with the current flowing
through the entire Canary Islands in spring and summer. Across the LP, these studies have consistently reported a
southward flow in every season except in autumn, where a northward recirculation, ranging from 0.8 to 1.9 Sv,
has been observed as previously measured with XBT data and current meters moored in the LP (Fraile-Nuez
et al., 2010; Hernandez-Guerra et al., 2002, 2003). This pattern of a weak CC flowing to the south through the
Canary Islands and the LP, except in autumn, has been repeatedly confirmed with in situ data and models
(Casanova-Masjoan et al., 2020; Hernandez-Guerra et al., 2017; Laiz et al., 2012; Mason et al., 2011).

As a result of the blockage caused by the Canary Islands on the CC and the persistent southward trade winds,
cyclonic and anticyclonic eddies are generated downstream of the islands (Hernidndez-Guerra et al., 1993;
Pacheco & Hernandez-Guerra, 1999; Sangra et al., 2009). In addition, upwelling filaments, characterized by
lower temperature and higher chlorophyll concentration, extend from the northwest African upwelling system to
waters south of the Canary Islands (Barton et al., 1998; Borges et al., 2004; Van Camp et al., 1991). The
mesoscale eddies generated south of the islands are present year-round. However, the occurrence of upwelled
waters in the northwest African upwelling system and, therefore, the upwelling stretching to south of the islands,
presents a seasonal behavior linked to the meridional displacement of the Azores High (Mittelstaedt, 1983). The
most favorable season for upwelling in area of the Canary Islands is summer in which the Azores High is in its
northernmost location (Hernandez-Guerra & Nykjaer, 1997; Marcello et al., 2011; Nykjer & Van Camp, 1994).
Therefore, we decided to deploy our instruments north of the islands to avoid the influence of these patterns,
which are responsible for the seasonal high kinetic energy detected south of the Canary archipelago (Barcel6-
Llull et al., 2017; Sangra et al., 2009).

The seasonal cycle of the Atlantic meridional overturning circulation (AMOC) is connected to the density sea-
sonal cycle at thermocline and intermediate layers along the eastern boundary (Chidichimo et al., 2010; Kanzow
et al., 2010). During spring and autumn, the AMOC experiences maximum positive and negative density
anomalies, respectively, leading to a decrease of the AMOC in spring and an increase in autumn, with an
amplitude of 5.2 Sv, dominating the 6.7 Sv peak-to-peak seasonal cycle of the total AMOC. Pérez-Herndndez
etal. (2015, 2023) and Vélez-Belchi et al. (2017) found that this seasonal behavior of the AMOC is linked with the
seasonal flow at the LP at the thermocline and intermediate layers. The increase of the AMOC in autumn is
attributed to the northward recirculation of the CC across the LP (Herndndez-Guerra et al., 2017). They concluded
that the seasonal cycle of the AMOC is primarily driven by the dynamics of the eastern boundary current system,
specifically, to the circulation and recirculation patterns along the LP.

Most of these studies, with the exception of 9 years of current meter data in the LP, have been conducted using
hydrographic stations at specific months and years. In November 2022, five pressure inverted echo sounders
(PIES) were deployed north of the Canary Islands to obtain a continuous time series of volume transport for the
entire CC. PIES are bottom-mounted instruments that provide continuous measurements of bottom pressure and
acoustic travel time (7) to the sea surface, enabling the reconstruction of dynamic height profiles and geostrophic
velocity estimates when combined with historical hydrographic data. PIES typically emit narrow band acoustic
pulses at 12 kHz, balancing the signal range and resolution. To isolate the surface return, the instruments use
short-duration pulses and apply time windowing to filter out spurious reflections, including those from sidelobes
or internal layers. Echo detection algorithms identify the first arrival corresponding to the sea surface. These
features allow PIES to operate autonomously for extended periods, making them well suited for observing large-
scale variability in boundary current systems. This study provides the first year of new data from PIES down-
loaded via telemetry at the eastern boundary of the NASG, as outlined in Section 2. Section 3 details the gravest
empirical mode (GEM) method used to estimate temperature and salinity time series from round-trip acoustic
travel times. Sections 4 and 5 describe the geostrophic velocity and the absolute volume transport of the CC and
the LP. The results are discussed, and conclusion are provided in Section 6, along with suggestions for future
research.
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Figure 1. PIES locations in the Canary Islands. Every PIES is labeled with a letter and a corresponding color. The color of the
dots represents hydrographic profiles used for the GEM calculations associated for each PIES. For improved clarity, the
positions of the RAPROCAN CTD stations have been shifted 0.5° northward.

2. Data

In November 2022, five PIES were deployed north of the Canary Islands (Figure 1). Data were collected via

acoustic telemetry during RAPROCAN hydrographic cruises in April and December 2023. Hydrographic stations

at the location of the PIES were conducted to calibrate the PIES instruments. PIES measures the round-trip

acoustic travel time (7) and bottom pressure. Since 7 is a function of the sound velocity, which depends on

temperature and salinity throughout the water column, we can estimate these thermodynamics properties of the

water column using the GEM procedure. Once these temperature and salinity fields are estimated, we can

calculate the baroclinic component of geostrophic velocity. The barotropic contribution will be derived from the

bottom pressure gradient and an estimation of the velocity at the reference layer. PIES data have been successfully

applied in various oceanographic regions to determinate the local circulation (Book et al., 2002; Donohue
et al., 2010; Meinen & Luther, 2003; Meinen & Watts, 2000; Meinen, Johns, et al., 2013; Meinen, Speich,
et al., 2013; Meinen et al., 2018; Park et al., 2005; Rodrigues et al., 2010; Sun & Watts, 2001).

The specifications of the PIES deployed are detailed in Table 1. PIES A and B are positioned on the LP at depths
of approximately 803 and 904 dbars, respectively. PIES C through E are strategically deployed to capture the flow
of the CC through the Canary Islands. PIES C reaches a depth of about 2,133 dbar and is located only about 20 km
away from Lanzarote Island due to the short continental shelf, a characteristic of the volcanic origin of the Canary

Table 1
Position and Depths of the PIES Deployed North of the Canary Islands

PIES Latitude Longitude Depth (dbar) CTD (<1,900) CTD (>1,900)

A 28°40.7" —13°05.2’ ~803 331 —
B 28°48.1" —13°42.3’ ~904 231 —
C 28°52.5" —14°06.1 ~2,133 90 80
D 29°09.9" —15°30.1 ~3,695 304 237
E 29°10.0" —18°29.2’ ~4,309 48 143

Note. PIES A and B are situated in the Lanzarote passage (LP) while PIES C
through E are located north of the Canary. The CTD column indicates the
number of CTD casts shallower and deeper than 1,900 dbar used in the GEM
method.

Islands. PIES D is located north of Gran Canaria Island at the Canary Islands
Ocean Time Series Station (ESTOC) at an approximate depth of 3,695 dbar.
The westernmost instrument, PIES E, is positioned west of the western Ca-
nary Islands at a depth of about 4,309 dbar.

Figure 2 displays the measured and filtered 7z and the measured, detrended,
and filtered bottom pressure from PIES D (similar plots for the other PIES are
shown in Figures S1 in Supporting Information S1). As shown in Figure 2a, 7
oscillates between 4.816 and 4.818 s, except in April 2023, when it decreases
to 4.812 s. This minimum 7 is caused by a Meddy passing over PIES D. A
Meddy is a mesoscale feature characterized by high temperature and salinity,
which results in a higher sound velocity and, therefore, lower 7. Bottom
pressure may show exponential and/or linear drifts that must be removed
before applying filters (Donohue et al., 2010). For PIES D, the data reveal a
single linear trend across the entire record. Figures 2a and 2c present both the
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Figure 2. (a) Original and filtered (Butterworth filter with a 72-hr cutoff period) acoustic travel time (z, in s), (b) original
bottom pressure (P, in dbar), and (c) detrended and 3-day cutoff filtered bottom pressure (P, in pascal) for PIES D from 23
November 2022 to 8 December 2023. Figures S1 in Supporting Information S1 presents similar plots for PIES A, B, C, and E.

original and filtered data, processed using a Butterworth filter with a 72-hr cutoff period. The filtered records were
then subsampled at 24-hr intervals.

The historical CTD data used in the gravest empirical method (GEM) to estimate temperature and salinity profiles
from PIES data are obtained from two main sources: hydrographic sections surveyed routinely around the Canary
Islands since 1996 and float data from the Argo program (Table 1). Only CTD profiles with appropriate potential
temperature (#)—salinity characteristics were selected from Argo data. Each PIES is associated with a large
number of CTD profiles for GEM analysis. For each month, several CTD profiles are available for each PIES, so
that the seasonal cycle can be removed. The hydrographic sections reach depths close the ocean floor, while Argo
profiles only extend to 1,900 m depth, as shown for PIES C, D, and E in Table 1.

The volume transport estimated by the PIES data is compared with the volume transport derived from the CTD
stations sampled during cruises north of the Canary Islands, primarily through RAPROCAN cruises. These
stations are shown in Figure 1, with their positions shifted 0.5° northward for a better visualization. Additionally,
at the LP, 9 years of volume transport have been estimated using a mooring installed in the middle of the passage
(Fraile-Nuez et al., 2010; Herndndez-Guerra et al., 2003).

3. The Gravest Empirical Method

A gravest empirical method (GEM) method has been applied to the PIES data to estimate the relationship between
7 and the vertical profiles of temperature and salinity using a two-dimensional lookup table (Meinen &
Watts, 2000; Watts et al., 2001). The GEM method consists in the use of historical CTD profiles collected near the
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PIES location to infer this relationship. For the GEM to function effectively, sufficient historical hydrographical
casts must be available to cover the entire range of the PIES 7 in order to encompass the variability recorded by
each PIES deployed in the Canary Islands area.

As seen in Figure 1, the hydrographic profiles used for PIES A, B, and C form a rectangle region, while those for
PIES E are distributed within a circle with a radius of 100 km. In contrast, the CTD profiles associated with PIES
D are more widely scattered because a Mediterranean eddy (Meddy) crossed the area of this PIES. Consequently,
all CTD profiles showing evidence of the Meddy were included to ensure that the lookup table captured the full
range of 7 values observed by PIES D.

Table 1 summarizes the number of CTD profiles shallower than 1,900 dbar, derived primarily from Argo float
data, and those deeper than 1,900 dbar for PIES C, D, and E. The number of CTD profiles for each PIES is
substantial.

The GEM has been applied in various oceanographic areas where a smooth curved relationship between tem-
perature/salinity and 7 is observed, indicating the presence of distinct water mass at each specific depth (Mei-
nen, 2001; Meinen, Johns, et al., 2013; Meinen, Speich, et al., 2013; Watts et al., 2001).

For the GEM, the CTDs corresponding to each PIES are used to adjust temperature and salinity at each pressure
level (every 10 dbar) to a curve as a function of the simulated z (Figure 3 for PIES D; similar plots for the
remaining PIES are shown in Figures S2 of Supporting Information S1). Following the approach described by
Meinen and Watts (2000), this adjustment is performed using a cubic smoothing spline from the surface to the
bottom of the ocean. The values from the spline are extracted to a regular grid of = with a resolution of 0.5 ms
(Ims=10"35), matching the resolution of the PIES, across the entire range of the simulated z (Figure 3). This
process results in smooth grids of temperature and salinity as function of pressure and 7.

An exceptional case occurs in PIES D, where large 7 values are observed due to the Meddy measured in April
2023. This may introduce a bias by attempting to fit an event that occupies only a small portion of the time series
using a single cubic smoothing spline. To reduce this bias, one approach is to use two cubic smoothing splines:
one for the low-7 region, associated with high Mediterranean water (MW) content due to Meddies and another for
the remaining 7 values. In any case, this method must be carefully implemented to avoid discontinuities between
the two splines in the overlapping 7 range.

The root mean square (RMS) error at each pressure level, indicated in the title of each subplot, is generally low,
except near the surface (Figures 3a and 3i). This suggests that the GEM fields effectively capture a significant
portion of the variance across all depths. Consequently, the GEM method is expected to provide reasonably
accurate estimates of temperature (T) and salinity (S) when applied to PIES data.

The surface layer (<150 dbar) undergoes seasonal warming and cooling, causing 7 to exhibit seasonal variability.
To account for this, the CTD profiles associated with each PIES are distributed across the year, and the seasonal
cycle is removed following the methodology of Tracey and Watts (1986). Using the CTD profiles collected
throughout the year, the monthly mean temperature at different depths is calculated. The depth at which tem-
perature does not exhibit a seasonal cycle—150 m in our case—is selected to determine 7z for each month. The
relative differences between the minimum 7 and the 7 values for the other months are then subtracted from each
monthly value to remove the average seasonal cycle.

The resulting seasonally corrected GEM is calibrated using simulated 7z from CTDs collected during the
deployment period of the PIES. These CTDs were gathered in November 2022 and April and December 2023
coinciding with telemetry sessions for data retrieval. The 7 time series are subsequently converted into 7 time
series at 700 and 800 dbar for PIES A and B, respectively, and at 1,900 dbar from PIES C to E. This conversion is
based on the smooth curved relationship between 7 integrated from the surface to the ocean bottom and 7 inte-
grated from the surface to these specific depths, as described by Meinen and Watts (1998). Thus, the lookup tables
for temperature and salinity will be indexed by 7 integrated from the surface to 800, 900, and 1,900 dbar for PIES
A, B, and C-E, respectively. These depths are chosen because they lie below the thermocline layer, where ocean
currents in the regions are most prominent, and they include a substantial number of float profiles from the Argo
program.

The GEM field for temperature and salinity corresponding to PIES D is shown in Figures 4a and 4b, along with
the root mean square error (RMSE) between the CTD measurements and the estimated profiles (Figures 4c and
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Figure 3. (a)-(h): Scatterplots of temperature (T, °C) versus acoustic travel time (z, s) integrated from the surface to 1,900 dbar at several pressure levels every 500 dbar
for PIES D. Each dot represents data from hydrographic profiles at locations shown in Figure 1. At each level, a cubic smoothing spline (red curve) is fitted to the data
from the surface to the bottom every 10 dbars to generate a lookup table. (i)—(p) Scatterplots similar to (a)—(h) but for salinity. Root mean squared (RMS) differences are
indicated in each subplot. Figures S2 in Supporting Information S1 presents similar plots for PIES A, B, C, and E.
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Figure 4. (a) Two-dimensional lookup table of temperature for various simulated travel times (7) between the surface and the
depth of PIES D using the GEM method, (b) same as (a) for salinity, and (c) and (d) root mean squared (RMS) differences for
temperature and salinity, respectively, computed by comparing in situ CTD or Argo data with the corresponding GEM
estimations. Figures S3 in Supporting Information S1 presents similar plots for PIES A, B, C, and E.

4d). Similar plots for the other PIES are provided in Figures S3 in Supporting Information S1. The GEM tech-
nique offers the full-water-column estimates of temperature and salinity for each z. Higher or lower values of =
correspond to colder/fresher or warmer/saltier waters, respectively. Consequently, the intermediate layers at the
right and left sides of Figures 4a and 4b represent Antarctic intermediate waters (AAIW) and Mediterranean
waters (MW), respectively, indicating that the GEM captures water mass variability in the Canary Islands region.
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Table 2

Standard Error (Sv) of the GEM Method Based on a Monte Carlo Approach

Using the Estimated RMSE

While the temperature and salinity profiles estimated by the GEM method are
not as precise as actual CTD measurements, they successfully incorporate the
major water masses.

Standard error (Sv) Figures 4c and 4d illustrate the accuracy of the temperature and salinity

LP Pies C-D Pies D-E  profiles through the dispersion between the original observations and the

Time-mean 031 051 0.56 values from the lookup table for PIES D. It is important to note that this
Spring 0.16 026 027 dlfferffnce df)es' .nOt represent the standard error of the me:fm- but rather the
oceanic variability around the mean temperature and salinity. The GEM

Summer 0.15 0,25 0,28 method estimates the temperature (salinity) with a higher RSME of 1.83°C
Autumn 0,14 0,23 0,25 (0.10) at the surface (50 dbar) and 0.25°C (0.07) at the intermediate layers
Winter 0,15 0,26 0,28 (1,000 dbar). The RSME decrease in the thermocline, reaching 0.20°C (0.03)

at 500 dbar, and in the deep layers, dropping to <0.10°C (0.02) at depths
greater than 2,000 dbar.

The high RSME values at the surface and intermediate layers are also observed across all the PIES. Near-surface
high RSME values for both temperature and salinity are attributed to seasonal variability, which the GEM method
does not account for. At intermediate layers, elevated RSME values arise from the variability of temperature and
salinity within the AAIW and MW water masses, which coexistent in these depths. Additionally, for very short z,
no CTD data are available at depths below 1,900 dbar, as this corresponds to the limit of Argo data availability.

To estimate the error of the GEM method, we have applied the Monte Carlo approach, following a methodology
previously used by Hernandez-Guerra et al. (2002) to quantify the uncertainty in mass transport estimates derived
from XBT data. For each pressure level, we generated 1,000 random pairs of temperature and salinity values (Ti
and Si), assuming both variables follow normal distributions centered on their mean values at that pressure level
(T and S). The variability around these means was defined using the root mean square error (RMSE and RMSEg,
respectively), so that

e Ti~ N(T, RMSE;)
e Si~ N(S, RMSEy)

Each pair (Ti and Si) was then used to compute a corresponding value of volume transport. The resulting dis-
tribution of 1,000 volume transport estimates allowed us to assess the standard error as shown in Table 2.

4. Geostrophic Velocity

Figure 5 displays the results of 7 data from PIES D, converted into GEM-derived mean profiles of temperature and
salinity, alongside the corresponding time series of temperature and salinity anomalies. The time series clearly
highlights the presence of a Meddy around April 2023, characterized by higher temperature and salinity
anomalies at intermediate layers than the rest of the series. Anomalies of temperature and salinity at depths greater
than 2,000 dbar are minimal, consistent with observations from PIES C and E, as shown in Figures S4 in Sup-
porting Information S1. Consequently, the velocity shear between PIES C and D, as well as between PIES D and
E, is expected to remain approximately zero from about 2,000 dbar to the bottom of the ocean.

The baroclinic and the barotropic anomaly contributions of the total geostrophic velocity are estimated using
PIES data (Meinen, Johns, et al., 2013; Meinen, Speich, et al., 2013). The time series of baroclinic component is
derived from specific volume anomaly profiles, calculated using the time series of temperature and salinity
estimated by the GEM, as shown in Figure 5. The geopotential height anomaly (A®) is then obtained by vertically
integrating the specific volume anomaly profiles vertically.

From each PIES pair, the A® profiles are subtracted to find the component of the relative velocity perpendicular
to the line connecting the PIES, using the standard dynamic method. The resulting velocity time series are
referenced to an assumed level of no motion, set at 870 dbar for PIES pair A-B and 1,900 in PIES pairs C-D and
D-E.

The variability of the barotropic component is estimated from the pressure gradient in each PIES pair from the
geostrophic equation (Meinen & Watts, 2000). This approach provides the fluctuations in barotropic geostrophic
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Figure 5. (a) Vertical profile of mean potential temperature for PIES D, (b) time series of potential temperature anomalies for
PIES D, derived using the GEM lookup table applied to the 3-day cutoff filtered acoustic travel time (z) for PIES D, and
(b) and (c): same as (a) and (b) but for salinity. Figures S4 in Supporting Information S1 presents similar plots for PIES A, B,
C,and E.

velocity but not the time-mean velocity due to the well-known leveling problem, which arises from the uncer-
tainty in the vertical positioning of each PIES relative to a constant geopotential surface (Donohue et al., 2010).

In this study, the time-mean velocity is estimated using in situ and model results, following the method outlined
by Meinen et al. (2012). For PIES pair A-B, the time-mean velocity is derived from the 9 years of current meter
data at the LP, yielding a value of 0.9 cm/s at 870 m (Fraile-Nuez et al., 2010; Herndndez-Guerra et al., 2003). For
PIES pair C-D and D-E, the time-mean velocity is obtained from the average velocity at 1,900 m depth based on
29 years of GLORYS numerical modeling result. At this depth, PIES C-D and D-E have lower velocities of
7.9 x 1072 ecm/s and 3.9 x 1072 cm/s, respectively.
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Figure 6. Absolute geostrophic velocity (cm/s) perpendicular to the section connecting the following PIES pairs: (a) A-B,
(b) C-D, and (c) E-D. It should be noted that the scale in panel (a) exceeds that of panels (b) and (c) by more than a factor
of two.

As a result, the full-water-column time series of absolute velocity perpendicular to the line connecting PIES pair
A-B, C-D, and D-E is estimated (Figure 6). The highest absolute geostrophic velocity in PIES pair AB (~—24 cm/
to the south) is more than double that of the highest velocity in PIES pair C-D (~—10 cm/s), which, in turn, is
higher than the maximum velocity in PIES pair D-E (~—3 cm/s).

The LP (PIES A-B), as shown in Figure 6a, exhibits a predominantly southward flow from January to November,
with a brief period of northward flow during the first/second fortnight of July/August. Recirculation of the flow in
the LP is observed in December 2022 and November 2023. The LP shows a smaller average southward absolute
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0 geostrophic velocity of —3.5 cm/s at 10 dbar, although it spans a considerable
range, with a maximum southward velocity of —24.2 cm/s and maximum
500 - northward velocity of 15.4 cm/s velocity at the same depth.
The CC (PIES C-E) exhibits considerably lower velocities than the LP
-1000 - (Figures 6a and 6b). The mean velocity at 10 dbar for PIES pair C-D is
—3.1 cm/s, while for PIES pair D-E is —0.1 cm/s. The influence of the Meddy
1500 passing through PIES D is evident in the high southward and northward
S velocities observed in April in PIES pair C-D and D-E up to ~1,000 dbar,
E:_: respectively. Velocity at the PIES pair C-D is predominantly southward,
§_2000 I whereas the velocity at PIES pair D-E shows greater variability, alternating
&) between southward and northward flows.
2600 At 10 dbar, the maximum southward velocity for PIES pair C-D is —9.8 cm/s,
attributed to the Meddy. Despite the Meddy crossing the area around PIES D,
-3000 - this maximum velocity remains lower than that in the LP. The maximum
southward velocity for PIES pair D-E is —2.5 cm/s. The maximum northward
-3500 - velocity for pair PIES C-D and D-E are 1.2 and 2.8 cm/s, respectively. This

-4 -85 -3 25 -2

Velocity (cm/s)

Figure 7. Vertical profile of the time-mean absolute geostrophic velocity
(cm/s) for the Canary Current (CC, PIES C-E) and the Lanzarote passage
(LP, PIES A-B). The transition depth between southward (negative) and

northward maximum velocity for the PIES pair D-E is also attributed to the
Meddy.

o

-5 -1 -05 0.5 1
Figure 7 shows the estimated time-mean velocity for the LP and the offshore
CC. Both profiles align with the expected patterns: a weak southward flow in
the shallower layers (<4 cm/s); a northward transport in intermediate layers in

northward (positive) velocities occurs at approximately 480 dbar in the LP the LP; and a weaker, almost barotropic northward flow the in deeper layers

and 810 dbar in the CC.

of the CC. The transition depth between southward (negative) and northward
(positive) velocities occurs at approximately 480 dbar in the LP and 810 dbar
in the CC.

Previous studies carried out in the Canary Islands have chosen y" = 27.38 kg/m® as the boundary separating
NACW from Antarctic Intermediate Water (AAIW) defining the thermocline layer. This layer is located at about
740 dbar (see, e.g., Pérez-Hernandez et al. (2023)), closely coinciding with the transition depth of northward/
southward velocity in the CC. However, in the LP, the y* = 27.38 kg/m® layer is deeper than the observed
transition depth.

If we only consider the southward component of the LP velocity time series, excluding the recirculation of the CC
in the LP, the transition depth increases to 690 dbar, closely aligning with the boundary of the thermocline layer. It
is important to note that y” = 27.38 kg/m> was selected as the reference layer for integrating the thermal wind
equation with an initial null velocity, but it does not necessarily represent the final transition reference depth after
applying an inverse model that corrects the velocity at the reference level for achieving mass balance.

The transition depth estimated in the Canary Islands area is shallower than those estimated at 26.5°N (~1,100—
1,160; Cunningham et al. (2007)) and at 34.5°S (~1,170 dbar; Meinen, Johns, et al. (2013) and Meinen, Speich,
et al. (2013)).

5. Absolute Volume Transport

PIES data have proven to be valuable for estimating volume transport (Meinen, Johns, et al., 2013; Meinen,
Speich, et al., 2013; Meinen & Watts, 2000). Absolute volume transport is calculated based on the absolute
geostrophic velocity, and the area comprised by the distance between the PIES and the vertical sampling interval
(10 dbar). As a result, it is directly proportional to the absolute geostrophic velocity. Additionally, time series of
Ekman transport, derived from ERAS winds, are incorporated to the shallowest layer.

The integration of absolute volume transport from the surface down to 810 dbar for the CC and 690 dbar for the
LP provides the respective time series of the CC and the flow through the LP. Both the original volume transport
data and the 10-day Butterworth-filtered series are presented in Figure 8. Volume transport referred to below
corresponds to the filtered time series data.

HERNANDEZ-GUERRA ET AL.

11 of 18

a '8 'S202 'T62669TC

wouy

35UBD17 SUOWIWIOD BAIRER1D) 3|ed! dde au Aq poueob ake DI WO (38N J0 S3INJ 10} ARld 17 8UIUO AB]IA UIO (SUO N IPUOD-PUB-SLUBI WD AB | 1M AL.1q] 1 BU1|UO//SAIY) SLORIPUOD PUe SW L 8U) 385 *[G202/L0/0€] U0 A1 8UIUO AB|IM *eleueD LeID ad Sewfed Se19d PePSRAILN - YHYIND-ZIANTB00NENYIH OSNOTV AJ 6052200S202/620T OT/10p/Wod" M| Im



A7

A\I Journal of Geophysical Research: Oceans 10.1029/2025JC022509
4 a) Canary Current (PIES C-E)
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Figure 8. Original and 10-day filtered volume transport time series for (a) the Canary Current (CC), (b) the Lanzarote passage
(LP), (c) the section between PIES C and D, and (d) the section between PIES D and E. In situ mean volume transport
measurements, along with their standard deviations, for various months from all RAPROCAN cruises are included in each
subplot. Additionally, the 9-year volume transport mean for the Lanzarote passage (LP) is shown.

As shown in Figure 8a, the CC (PIES C-E) exhibits significant temporal variability, with a mean southward
volume transport of —1.4 + 1.6 Sv during the year of study (Table 3). The maximum southward transport occurs
in August, reaching —4.6 Sv. On several occasions, the CC flows northward, with maximum transports of 2.6 Sv,
occurring in May.

The mean transport of the CC is primarily concentrated in the eastern part of the region, between PIES C and D
(Table 3 and Figures 8c and 8d). The mean transport in PIES C-D is —1.4 &+ 1.3 Sv, while the mean transport in
PIES D-E has zero mean (0.0 = 1.4 Sv). The observed northward transport in the CC during certain months is
attributed to northward circulation in PIES D-E. The presence of a Meddy is evident, with maximum southward
and northward volume transport of —6.0 and 4.0 Sv observed in April 2023 in PIES C-D and D-E, respectively.
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Table 3 In the LP, variability in volume transport is also observed (Table 3). The
Time-Mean and Seasonal Averages of the Volume Transport for the Canary mean volume transport is also southward (=0.4 + 1.1 Sv), with maximum
Current (CC) and Lanzarote Passage (LP) Derived From PIES Data southward and northward volume transport of —3.5 and 2.4 Sv in February

Volume transport (Sv)

and in August, respectively (Figure 8b). Northward volume transport

exceeding 1 Sv in the LP is recorded during autumn 2022 and 2023, as well

CC LP Pies C-D Pies D-E
e e as summer 2023.

Time-mean —-14+16 04+ 1.1 -14+13 00£14
Spring 03414 —11+08 —ld+14 11408 Fig-ure.S also includes the in situ volume transport from the RAPROCAN
cruise in each subplot, as well as the 9-year mean volume transport for the
Summer —2eE 222 10 L2l —Ooe il LP (Figure 8b). The volume transport of each RAPROCAN cruise has
Autumn —21£10 01+10 -10£12 -L1+10 been estimated using the thermal wind equation for each station pair
Winter —0.8 £ 1.1 -09+10 -15%14 07+14 (Figure 1) and then summing the results for all station pairs corresponding

to each PIES pair. The same reference layer velocity and Ekman transport
have been applied. To ensure consistency, the vertical integration of the
volume transport has been chosen in the same way as for the PIES data.

In both the CC and the LP, the composite volume transports estimated by the RAPROCAN cruises generally
overlap the time series of the volume transport from the PIES in each month, considering the high variability of
the volume transport calculated from the RAPROCAN data (Figures 8a and 8b). This pattern is also observed in
the volume transport for PIES segments C-D and D-E (Figures 8c and 8d). However, some differences arise when
comparing these results to the 9-year mean of volume transport (Figure 8b).

The 9-year mean transport was derived from data collected by a mooring deployed in middle of the LP, with the
shallowest current meter at a depth of 150 m depth (Fraile-Nuez et al., 2010; Herndndez-Guerra et al., 2003).
These mean transports were estimated by comparing the data from the central mooring with transport mea-
surements obtained using four moorings equipped with a total of 19 current meters, which spanned the entire
passage during the two first 2 years of study. For the thermocline layer, a regression coefficient of R* = 0.57 was
obtained, which could explain the differences between the volume transport time series estimated from PIES and
from the current meters.

Table 3 presents the seasonal volume transport for the CC and the LP based on the PIES data. The mean flow of the
CC is to the south in every season. Significant southward volume transport is observed during summer
(—2.5 = 1.4 Sv) and in autumn (—2.1 £ 1.0 Sv). The volume transport across PIES C-D and D-E provides the
pathway of the CC. In autumn, the CC flows across the entire Canary Islands (through PIES C-D and D-E), whereas
in summer, it primarily flows through the eastern islands (PIES C-D). During spring and winter, the CC flows along
the eastern islands (PIES C-D), with a northward transport occurring through the western islands (PIES D-E).

In the LP, the mean volume transport is to the north during summer (0.2 £ 1.0 Sv) and autumn (0.1 = 1.0 Sv),
whereas in spring (—1.1 = 0.8 Sv) and winter (—0.9 £ 1.0 Sv), it is southward with higher mean values. As
discussed previously, the northward flow results from the recirculation of the CC.

6. Seasonal Cycle of the Atlantic Meridional Overturning Circulation

The Atlantic meridional overturning circulation (AMOC) exhibits a seasonal behavior. Chidichimo et al. (2010)
identified a seasonal cycle in density at the eastern boundary, with maximum negative anomalies in autumn,
corresponding to peak AMOC transport, and minimum transport in spring. Kanzow et al. (2010) established that
the eastern boundary plays a key role in controlling the seasonal variability of the AMOC.

These findings, based primarily on observational data from the RAPID program, have been further supported by
modeling studies (Duchez et al., 2014; Mielke et al., 2013; Yang, 2015; Zhao & Johns, 2014). These studies have
proposed distinct mechanisms to explain the AMOC's seasonal behavior, ranging from wind stress curl at the
eastern boundary to a seasonal redistribution of water mass volume driven by both local and remote wind stress.

Another plausible mechanism for the seasonal behavior of the AMOC is the flow at the LP, as first described by
Pérez-Hernandez et al. (2015). Pérez-Hernandez et al. (2023) and Vélez-Belchi et al. (2017), using results from
inverse models applied to a combination of hydrographic data, the mooring installed in the LP, and altimetry data,
indicated a seasonal cycle across the LP that aligns with the seasonal cycle of the AMOC. The range of both
seasonal cycles are approximate similar (Casanova-Masjoan et al., 2020).
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Standerized Volume Transport (Sv)

-15 !

Figure 9 presents the seasonal cycle of the AMOC derived from the Rapid
Data spanning from 2 April 2004 to 11 February 2023, alongside the seasonal
cycle of the volume transport in the LP using the PIES data. Both time series
have been standardized. Standardization is a common technique used to
normalize time series data. The most widely used method involves sub-
tracting the mean and dividing each data point by the standard deviation. This
transformation centers the data around zero and scales it to have a standard
deviation of one, making the data easier to analyze by placing it on a
consistent scale.

The correlation between both standardized time series is strong, with a value
of 0.71, despite having only 1 year of volume transport data available for
the LP.

7. Discussion and Conclusions

T T T T
Jan Feb Mar Apr  May Jun

Figure 9. Seasonal cycle of standardized transport (Sv) of the Atlantic

A e Oct Mov Dee There is no single standard for selecting CTDs to be used in the GEM method.

In this study, CTDs were chosen around each PIES to minimize the likelihood

meridional overturning circulation (AMOC) obtained from the RAPID- of mixing different water masses that may overlap at the same depth. For
MOCHA array, compared with the volume transport across the Lanzarote example, AAIW has a stronger influence in the LP region, whereas MW is

passage (LP) estimated using PIES A-B.

more dominant around the western islands. However, this approach could not

be applied to PIES D due to the presence of a Meddy. In this case, all his-
torical CTD profiles that had observed a Meddy near the Canary Islands were used for the GEM method applied to
PIES D.

Volume transport for 1 year north of the Canary Islands has been estimated using PIES data. The PIES were
strategically deployed north of the islands to avoid interference from cyclonic and anticyclonic eddies generated
south of the islands (Pacheco & Hernandez-Guerra, 1999). These eddies, formed by the interaction of the CC and
trade winds with the islands, carry substantial kinetic energy comparable to that of the CC itself (Sangra
et al., 2009).

It is important to acknowledge that the volume transport of the CC estimated from the PIES maybe influenced by
cyclonic or anticyclonic eddies passing through the easternmost PIES E. In this context, Herndndez-Guerra
et al. (2005) identified a significant number of mesoscale eddies in a section carried out north of the Canary
Islands, although these were smaller and less energetic than those formed south of the islands. These eddies can
lead to an overestimation or underestimation of the CC transport in the D-E transect. A case in point is the Meddy
observed passing through PIES D, which, along with the CC, resulted in a combined volume transport of —6.0 Sv
southward across C-D and 4.0 Sv northward across D-E. This yields a net southward volume transport of —2.0 Sv,
which aligns closely with the mean CC transport. If PIES D had been the final instrument, the estimated CC
transport in April would have appeared strong.

Earlier studies in the Canary Islands region have estimated mass transport instead of volume transport. For the
data obtained from the PIES, we opted to compute volume transport instead. This approach avoids the need to
estimate density from the temperature and salinity profiles derived from the GEM method, which would introduce
a degree of uncertainty into the mass transport calculations. Although this limits direct comparison with previous
studies, the density of seawater is close to 1,000 g/m®, making mass transport roughly equivalent to volume
transport. Another factor to consider when comparing our results with those from previous studies is that the
earlier studies conducted cruises lasting approximately 13 days per season. However, the mass transport derived
from box inverse models in those studies was assumed to be representative of the entire season.

The volume transport derived from PIES data, from hydrographic data collected during RAPROCAN cruises
north of the Canary Islands, and from currentmeter data installed in the LP show strong agreement in magnitude
despite differences in timing and the locations of the shallowest currentmeter (Figure 8).

The CC transport ranges from —4.6 Sv southward to 2.6 Sv northward, with a mean southward transport of
—1.4 = 1.6 Sv. This is consistent with the —2.1 £ 0.9 Sv reported by Machin et al. (2006) from four hydrographic
sections north of the islands in 1997-1998. Similarly, Pérez-Herndndez et al. (2023) estimated a lower but
comparable mean mass transport of —0.5 + 1.4 Sv using data from four cruises in 2015.
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In spring, the CC volume transport derived from PIES (—0.3 + 1.4 Sv) is lower than previous estimates
(—2.8 £ 0.8 Sv by Machin et al. (2006) and —2.1 £+ 0.7 Sv by Pérez-Hernandez et al. (2023)). This discrepancy is
likely due to strong interannual variability, as noted by Casanova-Masjoan et al. (2020), who reported a transport
of —0.7 £ 0.2 Sv in the spring of 2016 and —3.9 + 0.4 Sv in the spring of 2017. In this season, the main path of the
CC is through the eastern islands (—1.4 + 1.4 Sv) with a northward flow (1.1 £ 0.8 Sv) across the western islands.

The strongest southward volume transport of the CC (=2.5 £ 1.4 Sv) occurs in summer, consistent with the
previous estimations of —2.9 + 0.8 Sv by Machin et al. (2006) and —2.0 = 0.6 Sv by Pérez-Hernandez
et al. (2023). During this season, the main path of the CC is through the eastern islands (PIES C-D:
—1.9 = 0.9 Sv), although a significant volume is also transported through the western islands (PIES D-E:
—0.6 = 1.2 Sv), as reported in earlier studies.

In autumn, PIES data indicate southward CC transport (—2.1 = 1.0 Sv), comparable to the —2.7 + 0.4 Sv reported
by Machin et al. (2006). However, Pérez-Hernindez et al. (2023) observed a northward transport of 2.0 + 0.6 Sv
in 2015. This discrepancy maybe attributed to significant CC meandering and zonal shifts during autumn. For
instance, Machin et al. (2006) observed the CC flowing across the eastern islands with a mass transport of
—2.7 £ 0.4 Sv, while Pérez-Hernandez et al. (2013) reported a mass transport of —6.2 &+ 0.6 Sv west of the outer
western islands. This high mass transport is likely due to the westward migration of the CC and its convergence
with another branch of the Azores Current (Stramma & Siedler, 1988). The northward flow detected in autumn
maybe also associated to a northward recirculation of the CC flowing west of the archipelago. Additionally,
Hernéndez-Guerra et al. (2017) estimated a mass transport of —1.5 = 0.7 Sv in 2014 across the entire Canary
Islands. This observation is also reflected in our results, as the volume transport across the eastern islands
(—1.0 = 1.2 Sv through PIES C-D) is comparable to that across the western islands (—1.1 £ 1.0 Sv through PIES
D-E).

In winter, the PIES data estimate a transport of —0.8 £ 1.1 Sv, which is similar to the —0.7 £ 0.6 Sv reported by
Machin et al. (2006). Pérez-Hernandez et al. (2023) estimated a northward volume transport of 0.2 = 0.8 Sv,
which is consistent with our time series because the volume transport from the PIES data is northward in January
2023. During this season, the CC flows across the eastern islands (—1.5 £ 1.4 Sv) with a northward recirculation
through the western islands (0.7 £ 1.4 Sv).

At the LP, the mean southward volume transport is —0.4 = 1.1 Sv, comparable to the —0.8 £ 1.1 Sv reported by
Hernandez-Guerra et al. (2003) and the —0.8 = 1.5 Sv reported by Fraile-Nuez et al. (2010) based on four and
9 years of current meter data in the LP, respectively.

Volume transport from PIES data at the LP shows southward flow in spring (—1.1 = 0.8 Sv) and winter
(—0.9 £ 1.0 Sv) and northward in summer (0.2 £+ 1.0 Sv) and autumn (0.1 = 1.0 Sv) (Table 3). This pattern agrees
with previous studies (Casanova-Masjoan et al., 2020; Herndndez-Guerra et al., 2017; Machin et al., 2006; Pérez-
Hernandez et al., 2023; Vélez-Belchi et al., 2017), though summer transport is usually southward, with exceptions
like the summer 2003 estimates of 1.1 £ 0.5 Sv (Hernandez-Guerra et al., 2005).

In autumn, the LP exhibits a northward flow of 0.1 £ 1.0, a feature consistently observed in the region. Stronger
mass transport has been reported in previous studies, including 2.9 £ 0.5 Sv in 2014 (Hernandez-Guerra
etal., 2017),3.3 £ 0.3 Svin 2016, and 2.5 = 0.4 Sv in 2017 (Casanova-Masjoan et al., 2020). However, weaker
mass transport was observed, including 1.8 £ 0.1 Sv (Machin et al., 2006), 1.7 £ 0.4 Sv in 2013 (Vélez-Belchi
et al., 2017), and 0.5 + 0.1 Sv (Pérez-Hernandez et al., 2013).

The smaller transport estimated by the PIES data in autumn maybe attributed to the seasonal variability of
transport in the LP. The GEM method eliminates potential seasonality in volume transport by removing the
seasonality variations in temperature and salinity in the shallowest layers (<150 dbar). Similarly, the time series
of volume transport from the mooring in the LP as shown in Figure 8b faces a similar limitation, since the
shallowest current meter was installed at a depth of 150 m (Fraile-Nuez et al., 2010; Hernandez-Guerra
et al., 2003).

The northward flow observed at the LP during autumn is attributed to the recirculation of the CC, as evidenced by
hydrographic data (Herndndez-Guerra et al., 2017), numerical models (Mason et al., 2011), and altimetry data
(Pérez-Hernandez et al., 2015). Moreover, Pérez-Hernandez et al. (2015, 2023) and Vélez-Belchi et al. (2017)
proposed that the seasonal behavior of the Atlantic meridional overturning circulation (AMOC) is circulation in
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the LP. Although only 1 year of PIES data are available, our findings support the conclusion that the seasonal
cycle of the AMOC is linked to the flow along the eastern boundary.

PIES data have proven to be a significant improvement in the quantification of the time-mean and variability of
the circulation at the eastern boundary of the North Atlantic subtropical gyre. Maintaining the monitoring system
may help assess the interannual variability of the AMOC. To achieve this, the next step involves processing the
PIES data collected at the western boundary at 26.5°N as done by Meinen and Garzoli (2014), alongside the PIES
data from the eastern boundary.
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