T Available online at www.sciencedirect.com
ADVANCES IN

ScienceDirect SPACE

RESEARCH
(a COSPAR publication)

ELSEVIER Advances in Space Research 73 (2024) 4922-4936

www.elsevier.com/locate/asr

Spatiotemporal variability of the coastal circulation in the
northern Gulf of Cadiz from Copernicus Sentinel-3A satellite
radar altimetry measurements

R. Mulero-Martinez ™*, J. Gémez-Enri®, L. De Oliveira Jainior°, E. Garel®, P. Relvas®,
R. Mananes®
& Department of Applied Physics, Faculty of Marine and Environmental Sciences, University of Cadiz, Puerto Real, 11510, Spain

b Centre for Marine and Environmental Research (CIMA), University of Algarve, Faro 8005-139, Portugal
¢ Centre of Marine Sciences (CCMAR), University of Algarve, Faro 8005-139, Portugal

Received 29 November 2023; received in revised form 24 February 2024; accepted 27 February 2024
Available online 8 March 2024

Abstract

This study presents a generalised characterisation of the surface circulation over the northern shelf of the Gulf of Cadiz, based on
4 years of high-resolution satellite altimetry data from Sentinel-3A and wind model data. The altimetry-based surface zonal currents,
adjusted for bottom-drag and wind effects, are compared with a generic CMEMS product and validated against in-situ ADCP measure-
ments. The proposed altimetry product demonstrates superior performance than the CMEMS product, accurately reflecting surface cir-
culation direction compared to in-situ measurements (r = 0.77, RMSE = 0.10 m/s, bias = 0.01 m/s). The use of the bottom-drag and
wind-corrected/uncorrected altimetry product for spatiotemporal analysis of the shelf circulation revealed the distinct contributions of
wind-driven and geostrophic components in different basin sectors. The results show that over the western basin, positive (eastward) sur-
face currents were predominantly driven by westerly winds, while only occasionally, westward flows coincided with easterly winds, sug-
gesting a higher control of the geostrophic component over the westward flows. In contrast, over the eastern basin, both eastward and
westward flows were found to be primarily driven by favourable winds. Additionally, the analysis of Absolute Dynamic Topography
(ADT) values along the whole basin showed the presence of ADT gradients both along-shore and cross-shore over the shelf, contributing
to geostrophic flows. Finally, the seasonal analysis showed that eastward circulation tends to dominate during the spring and summer
months, related to the upwelling season in the Gulf of Cadiz and associated westerly winds. Westward flows prevail during the winter
months, related to easterly winds and the rebalancing of the along-shore sea level gradient during relaxed upwelling conditions. The find-
ings demonstrate a significant improvement in the use of satellite altimetry data to study complex oceanographic dynamics in coastal
areas, where both spatial and temporal variability are high. Moreover, the similarity of our results to those obtained from in-situ systems
supports the use of altimetry data and publicly available wind models to support oceanographic studies in remote or resource-limited
areas.
© 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords: Coastal altimetry; Coastal oceanography; Sentinel-3; Gulf of Cadiz; Surface circulation; Wind speed

1. Introduction
* Corresponding author.
E-mail addresses: roberto.mulero@uca.es (R. Mulero-Martinez), jesus. The use of satellite altimetry had a transformative
gomez@uca.es (J. Gémez-Enri), lojunior@ualg.pt (L. De Oliveira Junior), impact on the discipline of physical oceanography by

cgzlrcl(gz/;uzllg.pt~ (E. Garel), prelvas@ualg.pt (P. Relvas), rafael.salinas@ providing a Comprehensive global perspective on ocean
uca.es (R. Mananes).

https://doi.org/10.1016/j.asr.2024.02.054
0273-1177/© 2024 COSPAR. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.asr.2024.02.054
http://creativecommons.org/licenses/by/4.0/
mailto:roberto.mulero@uca.es
mailto:jesus.gomez@uca.es
mailto:jesus.gomez@uca.es
mailto:lojunior@ualg.pt
mailto:egarel@ualg.pt
mailto:prelvas@ualg.pt
mailto:rafael.salinas@ uca.es
mailto:rafael.salinas@ uca.es
https://doi.org/10.1016/j.asr.2024.02.054
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2024.02.054&domain=pdf

R. Mulero-Martinez et al.

topography from space (Fu et al., 2010). This advancement
has made significant contributions to our understanding of
large-scale circulation patterns and processes in the open
ocean through the application of geostrophic approxima-
tion methods. Studying ocean dynamics becomes notably
complex in coastal arecas and smaller sub-basins where
the geostrophic approximation by itself might not be
enough to explain the circulation due to local phenomena
and non-geostrophic factors like complex variations in
wind fields, shallow bottom topographies, river discharges,
and interactions between different water masses (Criado-
Aldeanueva et al., 2006; Mulero-Martinez et al., 2021).
Nonetheless, more in-depth knowledge of the ocean
dynamics over coastal areas (including the potential effects
of sea level rise) has significant socio-economic and envi-
ronmental implications, potentially improving the manage-
ment of activities such as fisheries, offshore energy or
navigation-related risks.

Recent advancements in radar altimetry have greatly
enhanced the accuracy and resolution of sea surface height
(SSH) measurements along the satellite’s tracks, allowing
the study of coastal ocean circulation by providing obser-
vations at short spatial scales critical for coastal regions
(Morrow et al., 2017; Raney, 2012). In particular, Synthetic
Aperture Radar (SAR) Delay-Doppler altimetry achieves a
resolution which is an order of magnitude finer compared
to conventional radar altimetry. The Sentinel-3A (S3A)
satellite altimeter currently provides SAR-mode data in
the whole ocean enabling the application of this innovative
data processing approach to coastal ocean studies (Feng
et al., 2023). Besides, satellite altimetry continues evolving
and represents a fast-developing technology, exemplified by
the recent launch of the Surface Water and Ocean Topog-
raphy (SWOT) mission that will collect data across a
120 km wide swath (Srinivasan and Tsontos, 2023).

This study aims to present the capacities of S3A SAR
mode datasets for assessing coastal sea surface circulation
over the Gulf of Cadiz. In addition, the study shows how
the value of such a dataset, characterised by its enhanced
and consistent time and spatial coverage, can be improved
when accounting for the effect of ageostrophic factors such
as the bottom-drag effects and the wind-driven surface cir-
culation. On a final basis, this work aims to contribute to
achieving a level of understanding of ocean circulation in
coastal zones from altimetry similar to that of the open
ocean (Troupin et al., 2015), even in areas with a lack of
either in-situ measurements or local hydrodynamical mod-
els. The overarching goal of this study is to complement
regional coastal oceanographic studies by providing the
highest quality altimeter measurements of Absolute
Dynamic Topography (ADT) and ADT-derived geos-
trophic current (V,), over the northern GoC coastal zone.
This objective entails an investigation into the quality of
different altimetry-based products but also about the differ-
ent mechanisms affecting the sea surface circulation over
the continental shelf of the GoC along its sub-basins. The
approach relies upon previous coastal oceanographic stud-
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ies (Manso-Narvarte et al., 2018; Mulero-Martinez et al.,
2021) based on altimetry and local oceanographic studies
(Garel et al., 2016; De Oliveira Janior et al., 2021; De
Oliveira Junior et al., 2022) based on various measurement
devices such as high-frequency radar (HFR) and Acoustic
Doppler current profiler (ADCP).

The paper is organized as follows. Section 2 provides a
concise overview of the study region and presents recent
research findings about the ocean circulation in the area.
Section 3 describes the datasets and methods applied,
including the detailed filtering strategy applied to the raw
altimetry data and the approach to obtain estimates of
the geostrophic velocity. Results and discussions are pre-
sented in Section 4, starting with the comparison of
altimetry-derived surface current velocity from different
products with in-situ ADCP measurements. Next, the
GoC shelf circulation is characterised based on current
velocity estimated with the most accurate product from
the previous comparison with ADCP, including the assess-
ment of the alongshore ADT gradients, the different contri-
butions of both the bottom-drag corrected geostrophic and
the wind-driven circulation to the total circulation and the
spatiotemporal variability of the circulation over the shelf.
Finally, the summary and conclusions are presented in
Section 5.

2. Study area

The GoC is located between the northwestern coast of
Africa and the southwestern tip of the Iberian Peninsula.
The northern shelf spans from the eastern Strait of Gibral-
tar to Cape San Vicente (CSV) in the west. It is divided by
Cape Santa Maria (CSM) into a narrower western shelf
and a broader eastern shelf (Fig. 1). The complex dynamics
of the surface circulation in this region are influenced by
factors such as bathymetry, wind patterns, river discharges
and water mass exchanges through the Strait of Gibraltar
(Criado-Aldeanueva et al., 2006; Garcia-Lafuente et al.,
20006).

The wind field along the GoC is influenced by various
factors, including topography, atmospheric flows, and tem-
perature variations between land and sea (Carvalho et al.,
2014; Mulero-martinez et al., 2022a, 2022b). The wind pat-
terns in the GoC exhibit alternating flows known as
Ponientes (westerly) and Levantes (easterly). These winds
can occur consistently throughout the year with a periodic-
ity of approximately 2-3 days (De Oliveira Junior et al.,
2021) but generally respond to a seasonal cycle forced by
the seasonal displacement of the Azores high (Criado-
Aldeanueva et al., 2009; Ortega et al., 2023). During the
winter and autumn months (December to February and
September to November, respectively), there is a high
degree of variability in wind direction accompanied by fre-
quent intense weather events, including strong Levantes. In
spring, northwest winds become less dominant, occasion-
ally giving way to stronger eastward winds. Summer expe-
riences predominantly calm winds with a prevailing
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Fig. 1. (a) Study area along with the Sentinel-3A tracks (red lines indicate the sectors considered over the continental shelf, with depth < 200 m) selected
for the study and the location of the Armona ADCP. The main geographical characters are also presented: Cape San Vicente (CSV); Cape Santa Maria
(CSM). (b) Representative scheme of the surface circulation in the northern margin of the GoC based on (De Oliveira Junior et al., 2022), where the GCC
remains stable almost all year round, while over the shelf, the blue lines represent the circulation under favourable upwelling conditions and the red lines
represent the circulation under weakened upwelling conditions and/or strong Levantes.

northwest component (De Oliveira Junior et al., 2021).
Northerly winds along western Portugal rotate anti-
clockwise from CSV, providing the conditions for local
upwelling along the southern coast. East of Cape Santa
Maria, the intensity of the wind-related upwelling events
decreases due to the widening continental shelf being
non-significant by the middle of the eastern basin (De
Oliveira Junior et al., 2022).

The large-scale (>100 km) sea surface circulation in the
GoC generally displays a south-eastward background cir-
culation superimposed on the anticyclonic pattern delin-
eated by the presence of the Gulf of Cadiz Current
(GCC) that is strongest in summer (Criado-Aldeanueva
et al.,, 2006; Garcia-Lafuente et al., 2006; Garel et al.,
2016; Séanchez and Relvas, 2003). Shifts to north-
westward flow can be observed throughout the year, but
predominantly in late autumn and early winter, particu-
larly in December and January (Folkard et al., 1997
Sanchez and Relvas, 2003). Over the continental shelf,
the flow is alongshore, alternating between eastward and
westward at a time scale of 2-3 days, following a similar

4924

pattern to the wind field. The alongshore velocities, mostly
zonal due to the coastline orientation, can reach up to
approximately 0.4 m/s, while cross-shore (meridional)
velocities, mainly dominated by tidal forces, are one order
of magnitude weaker (Garel et al., 2016; De Oliveira Junior
et al., 2021). The shelf circulation along the GoC is highly
linked to the southward flows along Portugal’s western
coast and its upwelling system. Eastward cold-water flows
along the GoC shelf originated either under northerly
winds, due to the rotation of the poleward Portugal’s cur-
rent around CSV or locally under westerly wind conditions
(Folkard et al., 1997; De Oliveira Junior et al., 2022). In
contrast, westward coastal flows, commonly expressed as
Coastal Counter Currents (CCC) (Garel et al., 2016; Laiz
et al., 2019; De Oliveira Junior et al., 2021, 2022; Teles-
Machado et al., 2007) due to their opposite direction to
the characteristic south-eastward slope of the GCC,
develop along a relatively narrow strip spanning up to
15-20 km off the coast (De Oliveira Junior et al., 2021).
Recent studies of surface currents derived from High-
Frequency Radar (HFR) and numerical model simulations
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found the coastal margin of the westernmost side of the
Strait of Gibraltar as the initiation point of the CCCs
events (Sirviente et al., 2023). Opposite to the eastward
flows, CCCs tend to increase coastal temperatures during
summer through the transport of warm water from areas
surrounding the mouth of the Guadalquivir River and
Cadiz Bay marshes (Relvas and Barton, 2002). Such trans-
port does not only affect water temperature but also nutri-
ent availability and the transport of pollutants throughout
the basin, playing a key role in the biogeochemistry of the
area (Laiz et al., 2019). The occurrence of CCCs has been
associated with an unbalanced along-shore pressure gradi-
ent during periods of weakened upwelling-favourable
winds (Garel et al., 2016; De Oliveira Junior et al., 2021,
2022). In addition to local wind stress, it is crucial to take
into account the impact of remote factors such as wind
forcing over the Alboran Sea and the eastern side of the
Strait of Gibraltar. A recent study also suggested a poten-
tial relation with the sea level atmospheric pressure forcing
over the Ligurian Sea (Sirviente et al., 2023). However,
understanding the primary driving mechanisms for CCCs
in this region is challenging since those events result from
various intricated factors that vary spatially and
temporally.

Considering the different features that characterise the
GoC circulation, a generic glimpse of the ocean surface cir-
culation can be defined as a predominant anticyclonic sys-
tem, regarding the open ocean circulation, with episodic
inversions to north-westward circulation under strong
and persistent easterly winds. The shelf circulation is char-
acterised by the presence of two transient cyclonic cells
over the eastern and western basins, driven by CCC events
in the north and delimited by the GCC in the south
(Criado-Aldeanueva et al., 2009).

3. Data and methods
3.1. Satellite altimetry data from Sentinel-3 A

This study is based on high-resolution along-track ADT
obtained from Sea Level Anomaly (SLA) measurements
from 4 different Sentinel-3A tracks crossing the continental
shelf of the GoC (Fig. 1), during the period: 2017-2021.
Each track has a repeat cycle of 27 days and is identified
by its specific relative orbit number: S3A-385, S3A-265,
S3A-057 and S3A-322.

The synthetic aperture radar altimeter (SRAL) instru-
ment onboard Sentinel-3A can measure in two different
modes, namely, low resolution (LRM) and synthetic aper-
ture radar (SAR). The latter mode, SAR, is renowned for
its high-resolution along-track capabilities and is widely
utilised across the global ocean. Additionally, the data
from the SRAL instrument on Sentinel-3A can be post-
processed to generate level-2 data at frequencies of 1 Hz,
20 Hz and 80 Hz for the Ku and C bands. Detailed infor-
mation regarding these data can be found in the Sentinel-3
Altimetry Document Library, accessible at https://sentinel.
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esa.int/web/sentinel. Sentinel-3A level 2 data for this study
were accessed through the ESA Earth Console Parallel
Processing Service (P-PRO) SAR versatile altimetric
toolkit for ocean research and exploitation, known as P-
PRO SARvatore (https://ui-ppro.earthconsole.eu). These
data were processed using the predefined setup designed
for coastal zones. In addition, the retracking process was
based on the SAR Altimetry MOde Studies and Applica-
tions (SAMOSA++) model (Dinardo et al., 2021). The
product extracted consists of SLA measurements at a fre-
quency of 20 Hz, yielding an along-track spatial resolution
of approximately 330 m. Finally, a set of range and geo-
physical corrections, presented in Table 1, are applied fol-
lowing the recommendations in (Feng et al., 2023;
Fenoglio-Marc et al., 2015; Goémez-Enri et al., 2018;
Mulero-Martinez et al., 2021), including a sea state bias
(SSB) correction based on 5 % of the significant wave
height (SWH), as suggested by (Fenoglio-Marc et al.,
2015; Gémez-Enri et al., 2018).

3.1.1. Sea level anomaly (SLA) filtering strategy

To obtain valid SLA data up to 3 km from the coast over
the GoC, 20-Hz along-track SLA data from 4 different
Sentinel-3A relative orbits over the area for the period
2017-2021 were edited as follows: Firstly, raw SLA values
closer than 3 km to the coastline were rejected to maintain
a distance of good quality. This criterion is based on
Aldarias et al. (2020), which suggested that good quality data
can be obtained within S3-A tracks up to 3 km from the
coast in our study area. Secondly, values larger than three
times the standard deviation of the SLA were removed and
replaced by linearly interpolated values; this process was
applied 10 times to remove most outliers in SLA estimates
(Bouffard et al.,, 2010; Meloni et al, 2019; Mulero-
Martinez et al., 2021). Finally, a LOESS (locally weighted
smoothing) filter (Cleveland and Devlin, 1988) was applied
along each track segment individually to filter out high-
frequency noise (Manso-Narvarte et al. 2018b); this is a com-
mon and proven valid processing procedure for the study of
oceanic mesoscale phenomena (Morrow et al., 2017; Mulero-
Martinez et al., 2021). After applying this procedure, the
resulting SLA is suitable for being used for oceanographic
purposes. Fig. 2 shows an example of track S3A-057 before
(Fig. 2a) and after (Fig. 2b) the filtering process.

3.1.2. Absolute dynamic topography (ADT) and surface
circulation

Absolute dynamic topography (ADT) profiles were esti-
mated by adding the mean dynamic topography (MDT)
to the SLA. Though the ADT can also be computed by
extracting a geoid model from the sea surface height
(SSH), the MDT-based approach has been found to provide
the best estimates when used to calculate derived geos-
trophic velocities, as it is exposed in Section 4.1.1. The
DTUISMDT model (Knudsen,Andersen,and Maximenko,
2016) was used to calculate the final ADT. This MDT model
has been previously used by (Mulero-Martinez et al., 2021)
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Range and geophysical corrections applied to the original Sea Level Anomaly (SLA) measurements.

Range corrections Geophysical corrections

Atmospheric Tidal

Ocean surface

Dry Tropospheric
Wet Tropospheric
Tonospheric Ocean Loading Tide
Solid Earth Tide

Geocentric Polar Tide

Ocean Tide (TPXO8-atlas model)
Long-Period Equilibrium Tide

Dynamic Atmospheric Correction
Sea State Bias (5 % Significant Wave Height)
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Fig. 2. Latitude-time variability of the SLA from S3A-057 before (a) and after (b) applying the filtering strategy.

over the eastern basin of the GoC for estimating geostrophic
currents from CryoSat-2 satellite altimetry data with good
results. While the MDT data were interpolated from the
original model grid to the satellite’ tracks positions, the
EGM?2008 (Pavlis et al., 2008) and EIGEN6C4 (Forste
et al., 2014) geoid models data tested in Section 4.1.1 were
extracted along with the raw altimetry data from the P-
PRO SARvatore service, at the same 20 Hz posting rate.
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Given that the ADT characterises the dynamic signal
denoting displacement relative to the equipotential surface
(geoid) influenced by interactions involving the atmosphere
and the topographical features of the ocean floor and its
boundaries, it is feasible to derive an estimate of the abso-
lute surface geostrophic circulation using altimeter mea-
surements. This estimation relies on analysing the spatial
fluctuations in ADT while accounting for the impact of
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the Earth’s rotational motion, represented by the Coriolis
force. Briefly, it is possible to obtain estimates of the abso-
lute geostrophic component of the surface circulation
(Vgaps) normal to the satellite tracks using the following
Eq. (1):

—g 94DT
S oy

where g (m-s™?) is the gravitational acceleration; y (m) is
the along-track distance; f (s~') is the Coriolis parameter
(f = 2Qsing, where Q is the angular rotation velocity of
the Earth and ¢ the latitude). The along-track ADT (m)
gradient (slope) is estimated by using the optimal filter
developed by (Powell and Leben, 2004). In addition,
(Mulero-Martinez et al., 2021) suggested that, in coastal
areas, the effect of both the wind-induced velocity compo-
nent and the bottom friction must be considered to
improve estimates of the surface circulation. Following
(Mulero-Martinez et al., 2021), Eq. (2) and Eq. (3) provide
an estimation of the bottom-drag corrected surface geos-
trophic velocity (Vgq, m-s~') and the zonal surface wind-
driven velocities (Vy, m-s™'), respectively:
-8

04DT
)
V, =0.03-U-cos (10°)

(1)

I/gAbs =

Vea = (2)

3)

where r = (0.35C,;)/d (m™") is a depth-dependent parame-
ter, using a typically accepted value of C;, = 2.0 10
(Bowden, 1983), and Uy, (m-s™') is the zonal component
of the wind speed at 10 m above the mean sea level.

Finally, Eq. (4) allows the estimation of a more com-
plete along-track total surface velocity (V,), accounting
for the main geostrophic component derived from altime-
try and corrected for the bottom friction and wind drag
effects on the surface circulation, as proposed by
(Mulero-Martinez et al., 2021).

-8

g oapr
I

where r is a depth-dependent parameter and Uj, is the
zonal component of the wind speed. An in-depth develop-
ment of Eq. (2) can be found in (Mulero-Martinez et al.,
2021). In addition, the resulting cross-track velocities are
rotated to obtain the zonal component of the current.
Fig. 3 summarizes the complete methodology from the
original raw SLA measurements to the final V, product.

v, +0.03- Uy - cos (10°) 4)

3.2. Model wind data

Wind data used to compute the wind component of the
circulation for the period 2017-2021 was extracted from
the National Center for Environmental Prediction (NCEP)
operational Global Forecast System (GFS) with 0.25 (ap-
proximately 25 km) of grid resolution and 6 h of temporal
sampling (https://rda.ucar.edu/datasets/ds084.1/). A previ-
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ous study on the GoC found the NCEP-GFS model as a
reliable source of wind data, obtaining the best results in
terms of error and correlation, for both wind speed and
direction, when assessed against in-situ measurements
and compared with other equivalent publicly available
models (Carvalho et al., 2014). NCEP GFS wind data
was used for the estimation of the wind-driven surface cur-
rent in Section 4.2. However, for the detailed evaluation of
surface current velocities from different altimetry-based
products against ADCP measurements during the period
2020-2021, presented in Section 4.1, an alternative source
with higher spatial and temporal resolutions, and locally
calibrated, was used to accurately reproduce the wind con-
ditions, though with a higher computation cost. Specifi-
cally, the wind data for the study was obtained using the
Weather Research and Forecasting (WRF) model v.4.2
(Skamarock and Klemp, 2019), which is a mesoscale non-
hydrostatic model. The WRF model was used to produce
dynamically downscaled hourly 10 m wind speed and direc-
tion over the complete GoC area. The 3 km resolution
domain was one-way nested within a larger parent domain
with a resolution of 9 km. The initial and boundary condi-
tions were provided by the NCEP-GFS model described
earlier and applied to the parent domain. The dynamical
set-up of the simulations follows the scheme presented in
(Mulero-martinez et al., 2022a,2022b), as it was proved
to successfully reproduce the wind conditions in the area.

3.3. In-situ ADCP measurements

Acoustic Doppler current profiler (ADCP) measurements
were obtained from Armona coastal station (37.0108°N,
7.7413°W) (Fig. 1), where the water depth is 22 m. For
the data collection a Sentinel V 500 kHz ADCP, manufac-
tured by TRDI, was bottom-mounted 4 times for periods
ranging from January 2020 to December 2021. The instru-
ment recorded hourly velocities in cells of 0.5 m thick along
the water column. The resulting data was de-tided by apply-
ing a low-pass filter of a 40-h cut-off period. This study was
based only on the spatial average of the two uppermost
valid cells (Garel et al., 2016), typically within the initial 2
to 3 m from the water surface. For the comparisons against
satellite altimetry data, presented in Section 4.1, 72 h aver-
ages of ADCP measurements previous to the satellite pass
were used. Using 72 h averages is suggested in (Mulero-
Martinez et al., 2021; Roesler, Emery, and Kim, 2013) for
comparisons with altimetry data since it is representative
of a synoptic circulation, similar to the estimates using
altimetry data, mainly based on geostrophic processes.

3.4. CMEMS gridded product

Gridded absolute geostrophic current velocities were
gathered from the Copernicus Marine Environment Mon-
itoring Service (CMEMS). The gridded product is based
on multi-mission satellite altimetry (including Sentinel-
3A) SLA measurements. The final gridded data is esti-
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Fig. 3. Schematic representation of the complete methodology for editing satellite sea level anomaly and calculating the along-track total surface velocity.

mated by optimal interpolation, merging the level-3 along-
track measurement from the different altimeter missions
available and providing daily estimates with a 1/8°x1/8°
spatial resolution. A more detailed description of the devel-
opment and quality of the products can be found in
https://doi.org/10.48670/moi-00142.

4. Results and discussion

4.1. Comparison and validation with in-situ current
measurements

The S3A-057 satellite track passes over the GoC south-
bound (descending track), covering a narrow part of the
continental shelf east of the CSM (Fig. 1). The Armona
ADCP was moored 15 km from this track. Different sur-
face current estimates from S3A-057 altimetry measure-
ments and gridded CMEMS products were compared
with in situ measurements from the ADCP moored at
Armona station.

4.1.1. Evaluation of ADT constructions

Results of the comparison between ADCP surface zonal
velocities and the three different S3-V, products, computed
with ADTs from the different approaches (S3-V\MDT, S3-
V.EGM and S3-VEIGEN), are presented in Fig. 4. The
comparison of different methods yielded the best result in
terms of Pearson’s correlation and root mean square error
when using S3-VIMDT (correlation coefficient = 0.77;
RMSE = 0.10 m/s). The S3-V.EGM and S3-V EIGEN esti-
mates also performed well but had slightly lower correla-
tion coefficients and larger RMSE compared to S3-
V:MDT. This finding aligns with a previous study (Feng
et al., 2023) conducted in the Northwest Atlantic Shelf,
particularly in the Gulf of Maine, which also concluded
that constructing ADT based on MDT provides more
accurate results when used for geostrophic current estima-
tions, mainly due to increasing geoid errors near the coast.

4.1.2. Inter-products comparison

The comparison presented in Fig. 5 shows the current
velocity estimated from several altimetry-based products
against in-situ ADCP surface current measurements.
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Specifically, the altimetry-based products are the bottom-
friction corrected geostrophic current (V,q), the total cur-
rent velocity accounting for the bottom-friction corrected
geostrophic and wind components (V,), generated from
both high-resolution altimetry data along S3A-057 (S3-
Vg4 and S3-V,) and the CMEMS product (C-Vgq and C-
Vy). The wind information used for the estimation of the
V. was extracted from the high-resolution locally down-
scaled WRF model. The statistical parameters resulting
from the comparison (r-correlation, RMSE, and bias) used
to quantify the performance of the different products are
presented in Table 2.

The comparison with in-situ measurements shows that
the C-Vyq product produced the worst results (r = 0.10,
RMSE = 0.14 m/s, Bias = —0.01 m/s), which is expected
considering that it mainly represents the geostrophic cur-
rent, corrected only for the bottom friction, in addition
to the low resolution and high smoothing of both the final
product and altimetric data (1 Hz) used for its develop-
ment. The CMEMS product improved when applying an
estimate of surface wind current (C-V,), (r = 0.62,
RMSE = 0.12 m/s, Bias = 0.01 m/s), especially in terms
of correlation. This improvement is due to the greater sim-
ilarity between the compared variables, resulting from the
important role of the wind on the surface circulation of
the GoC (Mulero-Martinez et al.,, 2021; De Oliveira
Junior et al., 2022).

The best results of the comparison derive from the use of
the products generated with high-resolution altimetric mea-
surements (20 Hz), S3-V,q and S3-V,. S3-V,q showed a
higher correlation than C-V,, even without the application
of wind current estimation (r = 0.67, RMSE = 0.11 m/s,
Bias = 0.03 m/s). The higher spatial resolution of the alti-
metric data used to generate this product allows for a bet-
ter representation of nearshore circulation along the
continental shelf. However, the lack of a wind component
penalizes the results of this comparison in terms of bias.
Finally, the S3-V; product provided the best representation
of the surface circulation, with the best results for all calcu-
lated statistics (r = 0.77, RMSE = 0.10 m/s, Bias = 0.01 m/
s). The S3-V, product not only has the advantage of being
generated with high spatial resolution altimetric data but
also includes the variability provided by the estimation of
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Table 2

Statistical results (correlation coefficient, r; root mean square error,
RMSE; and bias, Bias) from the comparison between altimetry-based
current velocities (S3-Vq, S3-V(, C-Vgq, C-V,) and in-situ ADCP Armona
surface current velocities.

Product r p-value RMSE (m/s) Bias
(m/s)
C-Vgq 0.10 0.742 0.14 —0.01
C-V, 0.62 0.018 0.12 0.01
S3-Vga 0.67 0.009 0.11 0.03
S3-V, 0.77 0.001 0.10 0.01

the wind-induced current component. The high variability
of the zonal circulation in the continental shelf sector dur-
ing the analysis period can be observed. This variability,
which is highly dependent on the wind field in the area, is
well represented by the S3-V, product, which correctly
reproduced the ADCP current direction more than 70 %
of the time, even considering weak flows that might be pro-
duced by surface gradients of low magnitude, difficult to be
resolved by altimetry (Marechal et al., 2020).

Despite the good results, it should be noted that the
comparison shows current values obtained independently
and in various ways. The ADCP measures at a single point
and directly measures the total circulation that is taking
place at each moment, while the altimetric products esti-
mate the geostrophic component of the circulation based
on the elevation gradient of the ocean surface along the
satellite track (Feng et al., 2023). In addition, the distance
between the satellite track and the ADCP could also affect
the comparison. Such differences stand a limitation when
performing this kind of comparison and should be consid-
ered when interpreting the statistical results. These results
demonstrate the benefits of including the wind effect in
the estimation of the surface circulation from altimetry.

4.2. Characterisation of the GoC shelf circulation

Since S3-V, showed the best validation results, the same
methodology has been extended to tracks S3A-385, 265,
and 322, in addition to the already mentioned 057, for a
longer period: 2017-2021. The use of different satellite tracks
along the area allows for analysing the spatiotemporal vari-
ability of the surface circulation along the continental shelf in
the GoC. It is worth mentioning that unlike in the previous
section, the S3-V, products analysed in this section, have
been generated with an estimation of the wind-induced sur-
face current (V,,) based on lower resolution data from
NCEP-GFS instead of the locally calibrated WRF downscal-
ing, due to computation limitations. Since the NCEP-GFS
was used as boundary conditions for the WRF model, they
were found to equivalently represent the synoptic conditions.

4.2.1. Contribution of the geostrophic and wind components
The different timeseries presented in Fig. 6 show the
along-track average zonal circulation along the continental
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shelf of the GoC, from tracks S3A-385 (a), 265 (b), 057 (c)
and 322 (d), respectively. Specifically, estimates of the total
current (V;), the bottom-friction corrected geostrophic
components (V,q) and the wind component (Vy,) of the sur-
face circulation are presented to provide a comprehensive
understanding of how the different components contribute
to the alongshore circulation in the GoC northern shelf.
Tracks S3A-285, 265 and 057 (Fig. 6a—c) present similar
characteristics regarding the contribution of V44 and Vy, to
V.. Positive flows are mainly driven by westerly winds, as
indicated by the correspondence of positive V, and V,,
agreeing with the wind field over the area, since west of
CSM  westerly and north-westerly winds dominate
(Folkard et al., 1997; De Oliveira Junior et al., 2022), while
easterlies are less recurrent and weaker than over the south-
ern part of the eastern basin (Mulero-martinez et al.,
2022a, 2022b). In contrast, westward V, flows are likely
to occur along with both westward Vg4 and Vy, but also
just linked to Vg4, suggesting that westward flows, such
as CCCs, are not necessarily linked to strong easterly
winds, but also to geostrophic adjustments. Marked events
(El, 2, 3, 4 and 5) in Fig. 6a represent the different scenar-
ios detected with track S3A-385 along the western basin
regarding the contribution of both V44 and V,, to the west-
ward flows. Events E1 (21-Apr-2017), E4 (25-Feb-2019)
and E5 (23-Feb-2021) show V, negative flow events driven
by both westward V4 and V,,, while during events E2 (30-
Sep-2017) and E3 (6-Dec-2018) the V, flows directed to the
west are purely controlled by a negative Vo4 flow. Several
authors have suggested the existence of an alongshore pres-
sure (sea level) gradient over the shelf that is likely to pro-
mote westward flows without favourable winds and would
explain most of the flow variability during CCCs events in
the western basin (Garel et al., 2016; De Oliveira Junior
et al., 2021, 2022). The new findings show that the cross-
shore gradients may contribute as well to these events.
The actual presence of both sea level gradients (i.e.,
cross-shore and alongshore) over the shelf is further anal-
ysed in Section 4.2.2. Regarding track S3A-322 (Fig. 6d),
crossing the eastern basin of the GoC, both V4 and V,,
components agree on most of the occasions on the direc-
tion of the circulation, aligning with V. This observation
suggests that in contrast to the western basin, both east-
ward and westward flows along the shelf in this region
are predominantly driven by favourable winds as suggested
by previous studies using ADCP measurements (Criado-
Aldeanueva et al., 2009). These winds also contribute to
the development of cross-shelf sea level gradients through
the piling up or down of water at the coast by Ekman
transport, as previously reported in nearby areas
(Gomez-Enri et al., 2019), which enhances the total flow
through the additional contribution of a geostrophic com-
ponent. The different Vo4-V,, interplays along the different
basins are reassured when comparing with ADCP measure-
ments with the correlation coefficients for Vg4-V,, being
0.12 for S3A-385 (western basin) and 0.46 for S3A-322
(eastern basin). It can be also observed that, on average,
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Fig. 6. Time series of shelf average V4 (red lines), V,, (blue lines) and V (black lines) from tracks S3A-385 (a), S3A-265 (b), S3A-057 (c) and 322 (d).

the wind-driven flow is eastward for all the tracks, due to
the dominance of westerly winds over the area, while the
geostrophic flow tends to be westward along the whole
basin.

4.2.2. Alongshore and cross-shore sea level gradients

The 5 years average (2017-2021) of ADT for the conti-
nental shelf sector traversed by the different tracks is pre-
sented in Fig. 7. The results show the existence of ADT
gradients both alongshore and cross-shore, the former of
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much larger amplitude. Alongshore ADT average differ-
ences reach up to 4 cm between the easternmost and the
westernmost tracks. This result is in line with previous
studies, such as (Relvas and Barton, 2002; Sanchez et al.,
2006), that estimated an average slope of 5 ¢cm/100 km
for the same area based on tide gauges. This difference in
ADT along the basin implies the existence of an unbalance
in the along-shore pressure gradient. To be rebalanced,
such alongshore gradient would lead to a westward flow
(Garcia-Lafuente et al., 2006; De Oliveira Junior et al.,
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Fig. 7. Along-track ADT average for the period 2017-2021 over the continental shelf of the GoC.

2021) during periods of weakened westerly winds and
would be enhanced under easterly wind conditions. Addi-
tionally, the cross-shore sea level gradients would also sup-
port the westward circulation over the shelf, as for the
physical basis of this research, a north-south ADT gradi-
ent (higher ADT values close to the coast and lower off
the coast) would develop a westward geostrophic flow.
Such interpretation of the potential effects of the along-
shore and cross-shore sea level gradients (ADT gradients)
matches with the previously analysed contribution of the
different components to the total shelf circulation at the
different locations. The results also agree with several stud-
ies that suggested the existence of an alongshore pressure
gradient as the main factor driving the commonly known
coastal countercurrent (CCC) over the GoC shelf during
weak wind conditions (Garel et al., 2016; De Oliveira
Junior et al., 2021,2022) and with the observations from
(Sirviente et al., 2023) of sea surface height across-shore
gradients directed seawards for days when the CCC in
the GoC is present. The average net geostrophic flow
resulting from the existence of the ADT gradients pre-
sented in Fig. 7 can be summed up as a westward flow in
the absence of any other components. Such a flow would
support the circulation represented by red lines in Fig. 1.

4.2.3. Spatio-temporal variability

The spatial and temporal variability of the zonal compo-
nent of surface circulation along the GoC is evaluated by a
Hovmoéller (HM) diagram (Fig. 8). The figure shows an
HM diagram of the satellite total zonal velocity (V) vari-
ability against latitude and time for the tracks S3A-385
(a) and S3A-322 (b), representing the western and eastern
basins, respectively. Tracks S3A-265 and S3A-057 are not
presented due to the narrowness of the shelf at these loca-
tions. The use of time-latitude HM diagrams enables qual-
itatively identifying the alternance among periods
dominated by either eastward or westward circulation, in
addition, to providing the latitudinal variability of the
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main flows. Even though the different tracks are not con-
temporary, it is possible to appreciate a generic and com-
mon winter-summer seasonality.

For track S3A-385 (Fig. 8a), the HM diagram shows
some intense westward events extending along the entire
transect (E1, E4 and ES). Those events can also be identi-
fied in Fig. 6 and seem to be the result of the joint action of
both V,, and V44 west-bounded components. These events
are not limited to the shelf section but extend further off-
shore, potentially due to the action of Levantes along the
whole basin. Additional westward events can be found
more limited to the northern section and the shelf (i.e.,
E2 and E3), agreeing with the expected configuration of
intense CCC events. As can be observed in Figure 6, E2
and E3 are mainly explained by the V.4 flow, suggesting
that westward flows due to geostrophic forces might result
in narrower coastal flows than those where also the V,, con-
tribute. Considering that the wind-driven flows would be
due to a homogeneous wind field blowing toward the west
all over the GoC, they can be expected to cover an exten-
sion as wide as the mentioned wind field. On the other
hand, the extension of westward flows caused only or
mainly by geostrophic forces could result in narrower
extensions due to constraints such as bathymetry. The
southern half of the HM diagram in Fig. 8a presents the
highest positive flow velocities mostly limited up to 36.6°
N, agreeing with the spatial characteristics of the GoC Cur-
rent (GCC). Results from track S3A-322 (Fig. 8b) show
remarkably high-intensity negative flows over the southern
section of the analysed transect, which most of the time
extend up to the northern limits. As previously mentioned,
(De Oliveira Junior et al., 2022) performed a similar anal-
ysis based on HFR data over the GoC, and, for the eastern
basin found that negative flows tend to occur mostly over
the outer shelf, in line with these results that show how
the most intense negative flows tend to occur more
detached from the coast. Such setup of the circulation
might be explained by the proximity to the Strait of Gibral-
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Table 3

Monthly percentage of occurrence of westward and eastward circulation and zonal wind over the continental shelf of the GoC from Sentinel-3A tracks
#385, #365, #057, #322 and NCEP-GFS wind model. Periods coloured in blue represent the dominance of eastward circulation, while those coloured in

red stand for the dominance of westward circulation.

S3A Tracks V,Direction Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
4385 Westward  42.86  50.00 40.00 = 80.00 42.86 = 20.00 - 16.67 57.14 60.00 33.33 42.86
Eastward  57.14 50.00 60.00 = 20.00 57.14 80.00 8333 42.86 40.00 66.67 57.14

4365 Westward ~ 66.67 60.00 42.86 60.00 20.00 16.67 2857 40.00 40.00 50.00 83.33 66.67
Eastward 3333 40.00 57.14 40.00 80.00 8333 7143 60.00 60.00 50.00 16.67 33.33

4057 Westward ~ 66.67 66.67 40.00 40.00 33.33 33.33 40.00 60.00 50.00 66.67
Eastward  33.33 3333 60.00 60.00 66.67 66.67 60.00 40.00 50.00 33.33

4322 Westward = 75.00 60.00 33.33 40.00 16.67 28.57 20.00 60.00 60.00 83.33
Eastward | 25.00 40.00 66.67 60.00 8333 7143 80.00 40.00 40.00 16.67

Zonal Wind Direction  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
Westward  47.52 52.66 45.97 40.67 37.16 1833 1516 24.68 41.00 50.81 43.67 5097

Eastward  52.48 4734 54.03 5933 62.84 81.67 84.84 7532 59.00 49.19 5633 49.03

tar where ecasterly winds are canalised into the GoC and
would drive the surface circulation since, as previously sta-
ted, is mainly controlled by the wind component over the
eastern basin.

The percentage of occurrence of positive and negative
flows over the different months, as estimated from the differ-
ent tracks for the shelf section are presented in Table 3. This
table provides a global perspective of the temporal and sea-
sonal variability of the dominant flow direction along the

year. For all four tracks, eastward circulation prevails dur-
ing May, June, July and August. The prevalence of eastward
flows during the spring-summer months agrees with the
upwelling season, though such seasonality over the GoC is
not clearly defined, during these months westerly winds
are most likely to drive the surface circulation over the area
(Garel et al., 2016; De Oliveira Junior et al., 2022; Sanchez
and Relvas, 2003). The opposite situation is observed for
winter months, from December to February, when the cir-
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culation is predominantly westward. More prevailing west-
ward flows during winter months are associated with strong
easterly winds and the effect of the along-shore sea level gra-
dient during relaxed upwelling conditions. The resulting all-
year percentages for all tracks are mainly balanced, agreeing
with the results presented in (Teles-Machado et al., 2007),
and with the latest study over the area (Sirviente et al.,
2023) which, based on HFR measurements and numerical
model simulations, found that for summer months west-
ward flows are of smaller amplitude, and greater amplitudes
are observed in eastward flows. It is worth noting that the
values presented in Table 3 are based on satellite passes with
27-day cycles, resulting in approximately 5 passes per track
and month for the whole period analysed.

5. Summary and conclusions

This study presents a generic methodology for assessing
the surface circulation over the northern shelf of the Gulf
of Cadiz, based on satellite altimetry measurements and
considering the effects of ageostrophic factors such as the
bottom-drag and wind-driven circulation. The results from
the applied methodology were validated against in-situ
measurements over the GoC’s shelf. After ensuring the
good performance of the methods, the outputs were
applied for a characterisation of the surface circulation
over the GoC northern shelf, specifically, based on 4 years
of high-resolution satellite altimetry data from Sentinel-3A
and wind model data. The resulting spatiotemporal charac-
teristics agree with the general description of the literature,
furthermore, the results bring additional details about the
sea level variability along the GoC.

The use of the ADT construction employing MDT, for
computing surface geostrophic velocities, yielded the best
correlation (0.77) and the lowest root mean square error
(0.10 m/s) when compared to ADCP measurements from
near-shore moorings. While geoid-based methods also pro-
vided reasonable results, they exhibited slightly lower corre-
lation coefficients and larger RMSE values. This analysis is
consistent with results from prior studies in other coastal
regions, such as coastal areas over the Northwest Atlantic
Shelf (Feng et al., 2023), emphasizing the importance of
constructing ADT based on MDT for improved accuracy,
particularly in areas near the coast. Thus, the present work
provides valuable insights into the choice of ADT construc-
tion methods for enhancing the reliability of satellite-derived
ocean current velocity data in coastal regions.

The comparison of surface bottom-drag corrected geos-
trophic (V) and total (V) zonal current velocity estimates
derived from different altimetry-based sources, including
high-resolution along-track Sentinel-3A data (S3-V4q and
S3-V,) and Copernicus Marine Environment Monitoring
Service (CMEMS) products (C-Vgq and C-Vy), with in-
situ ADCP measurements, revealed that the CMEMS’s
geostrophic current product (C-Vgq) had the poorest per-
formance due to its limited resolution. However, when
incorporating wind-driven current estimates (C-V,), the
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product improved significantly, emphasizing the impor-
tance of wind on the surface circulation (Mulero-
Martinez et al., 2021). The best results were achieved with
high-resolution altimetry data (S3A-V,4 and S3A-V,). S3A-
Veq showed a high correlation even without wind data,
with a slight bias. S3-V, which included wind-driven cur-
rent variability, outperformed all other products in terms
of statistical metrics, accurately capturing surface circula-
tion direction most of the time. These findings encourage
the use of high-resolution altimetry data as inputs for glo-
bal products/models, even over coastal areas. In addition,
they highlight the necessity of properly characterising local
effects as wind-driven currents to reach a good understand-
ing of the circulation over complex coastal areas.

The analysis of the surface circulation along the conti-
nental shelf aimed to assess the contributions of the
bottom-friction corrected geostrophic (Vgq) and wind-
driven (Vy,) flow components to the total surface current
(Vy). The results showed distinct characteristics over the
different parts of the GoC. Tracks S3A-385 and 265,
located in the western basin, suggested that positive (east-
ward) surface currents were predominantly driven by west-
erly winds, while only occasionally, westward flows
coincided with easterly winds. These patterns suggest a
higher control of the geostrophic component over west-
ward flows, which are mainly driven by cross-shore and
alongshore sea level gradients. In contrast, track S3A-
322, located in the eastern basin, displayed a stronger cor-
respondence between both V4 and V,, with V. This fact
suggests that both eastward and westward flows along
the shelf in this region were primarily driven by favourable
winds. These winds also induced cross-shelf sea level gradi-
ents through Ekman transport, enhancing the westward
geostrophic component of the flow. Related to that, the
analysis of ADT values along the whole basin showed
the presence of ADT gradients, both along-shore and
cross-shore, along the GoC’s shelf, with a greater ampli-
tude attributed to alongshore gradients. Notably, average
alongshore ADT differences reached up to 4 cm between
the easternmost and westernmost tracks. This discrepancy
in ADT along the basin supports the fact that an imbalance
in the along-shore pressure gradient would induce a west-
ward flow during periods of weakened westerly winds
and intensify under easterly wind conditions. These find-
ings are consistent with the observed contributions of dif-
ferent components to the total shelf circulation over the
different basins. They also corroborate previous studies
suggesting that an alongshore pressure gradient is a pri-
mary driver of the coastal CCC under weak wind condi-
tions (De Oliveira Junior et al., 2021,2022) and with the
observations from (Sirviente et al., 2023) of sea surface
height across-shore gradients directed seawards for days
when the CCC in the GoC is present.

Regarding the spatiotemporal characterisation of the sur-
face circulation, the results for the continental shelf of the
western basin showed the occurrence of westward flows pri-
marily in the northern half of the transect, aligning with the
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expected configuration of CCC events in this area. The
southern half of the transect exhibited a higher occurrence
of positive (eastward) flows, typically limited to latitudes
up to 36.6°N, consistent with the Gulf of Cadiz Current
(GCC). These findings supported previous research that
found negative flows extending toward the shelf break 60—
70 % of the time, with positive flows dominating further off-
shore. In contrast, results for the eastern basin displayed
notably high-intensity negative flows, primarily in the south-
ern section of the transect. These observations were in line
with previous studies indicating that negative flows tend to
occur mostly over the outer shelf and detached from the
coast at the eastern basin (De Oliveira Junior et al., 2022),
as easterly winds channelled into the Gulf of Cadiz played
a significant role in driving surface circulation. Across all
four tracks, the eastward circulation dominated during the
spring and summer months (May, June, July, and August).
This eastward flow pattern correlated with the upwelling
season in the Gulf of Cadiz, driven by westerly winds. In
contrast, westward flows prevailed during the winter months
(December to February). This westward flow predominance
in winter might be associated with a higher occurrence of
easterly winds and the rebalancing of the along-shore sea
level gradient during relaxed upwelling conditions.

These results represent an advance in the use of satellite
altimetry data for oceanographic applications in coastal
areas where both the spatial and temporal variability of
the circulation are highly complex. Furthermore, consider-
ing the similarity of the results with previous studies based
on in-situ systems that entail more costs for the user, such
as HFR and ADCP, the use of altimetry data and publicly
accessible wind models is an advantage for the evaluation
of oceanographic characteristics in areas with difficult
access or few resources, which can contribute to a better
understanding and management of coastal areas.
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