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ABSTRACT

This study presents direct in situ observational evidence of a cyclonic circulation cell east of Cape Santa Maria (CSM), in the northern Gulf of Cadiz (GoC). Three
Lagrangian drifters deployed in October 2022 revealed a coherent cyclonic circulation cell with a characteristic diameter of approximately 40-45 km, consistently
estimated from drifter trajectories and relative vorticity. Their trajectories showed alternating eastward and westward flows, modulated by wind variability, ba-
thymetry, and mesoscale dynamics. Satellite observations showed a cooler, chlorophyll-a enriched core, consistent with upwelling and retention of enriched surface
water masses within the circulation cell.

High-resolution WRF atmospheric simulations indicated alternating easterly and westerly wind regimes that were associated with reversals in coastal circulation.
Westerly winds between 18th and 24th October produced positive Ekman pumping east of CSM, creating conditions favourable to the intensification of cyclonic
circulation. The IBI ocean model reproduced the main structure of the circulation cell structure, including flow accelerations near the shelf edge, and indicated
upward vertical motions within the cyclonic circulation cell.

A Lagrangian particle experiment suggested that the cyclonic cell favours both retention and offshore export of surface waters, with residence times of up to
approximately 16 days. Overall, this study highlights the role of interactions between atmospheric forcing, bathymetry, and mesoscale dynamics in controlling small-
scale surface circulation in the GoC, and underscores the value of integrating drifter observations, satellite data, and numerical models to characterize coastal

dynamics.

1. Introduction

Ocean currents, including surface currents, influence many activities
with significant socio-economic and environmental effects. These
include fisheries, offshore energy production, and navigation (e.g.,
Aguiar et al., 2020). In terms of environmental impact, they affect the
dispersion and transport of pollutants such as microplastics (e.g., Laiz
et al., 2024) or oil spills, as well as the distribution of physicochemical
variables and marine organisms (Garcia et al., 2002). Beyond these
practical implications, surface circulation plays a fundamental role in
the redistribution of heat, mass, and energy, directly shaping climate,
marine ecosystems, and productivity (Talley et al., 2011; Brink, 2016).

Large-scale circulation processes and patterns in the open ocean are
currently well characterized (Fu et al., 2010). However, processes

occurring at smaller spatial and temporal scales, particularly in coastal
areas, are more challenging to characterize due to the complexity of the
interactions between local, regional, and remote factors (Garcia et al.,
2002; Mulero-Martinez et al., 2021).

In this context, mesoscale and submesoscale processes, with hori-
zontal scales of approximately 1-100km play an important role in
regulating surface circulation and redistributing mass, heat, tracers, and
nutrients, with direct consequences for marine productivity and cross-
shelf exchanges (Gomis et al., 2001; McWilliams, 2016; Cravo et al.,
2013; Dong et al., 2025). Surface wind speed and direction are the
main drivers of surface ocean circulation at these scales, making them
essential variables in the Global Climate Observing System (GCOS,
2016). Upwelling systems represent paradigmatic settings where
mesoscale dynamics, including coastal jets, eddies, filaments, and
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recirculation cells, strongly modulate cross-shelf transport and biolog-
ical productivity (Relvas et al., 2007; Teles-Machado et al., 2016).

This work focuses on the Gulf of Cadiz (hereinafter, GoC), a region
where oceanographic research has traditionally focused on wind and
pressure as the two main factors affecting surface currents (Garel et al.,
2016; Oliveira et al., 2021; Sirviente et al., 2023). This region borders
the coasts of the southwest of the Iberian Peninsula and extends from
Cape Sao Vicente (CSV) to the westernmost part of the Strait of Gibraltar
(SoG). It is a complex oceanic area influenced by a range of local and
remote forcings (Garcia et al., 2002; Mulero-Martinez et al., 2021). Most
studies have focused on deep circulation and on the influence of Medi-
terranean Water outflow into the Atlantic (e.g., Sanchez-Leal et al.,
2020; Rautenbach et al., 2024). In contrast, studies on surface or
coastal circulation are less abundant, although they have increased in
recent years (e.g., Peliz et al., 2009; de Oliveira-Jtnior et al., 2022;
Sirviente et al., 2023; de Oliveira Junior et al., 2024). Moreover, much of
the research on coastal surface circulation in the GoC has been based on
satellite-derived sea surface temperature (SST) data (Fitiza, 1983;
Sanchez and Relvas, 2003; Vargas et al., 2003). As a result, the
small-scale surface dynamics of the GoC continental shelf remain poorly
constrained by direct observations.

On the GoC continental shelf, coastal dynamics are strongly influ-
enced by bathymetry and wind. The shelf can be divided into two re-
gions separated by Cape Santa Maria (CSM): to the west, the shelf is
narrower, less than 25 km wide, whereas to the east it widens to about
40 km, creating a gentler slope and a different circulation pattern
(Garcia-Lafuente et al., 2006). This topographic contrast plays a key role
in shaping local circulation patterns and modulating the development of
mesoscale structures.

The wind regime in the GoC is complex and variable, dominated by
westerly winds, locally known as Poniente, and easterly winds, locally
known as Levante. These winds play a key role in coastal circulation, the
development of oceanic structures, and upwelling processes. Northerly
winds are also common along the Iberian margin and contribute
significantly to coastal upwelling processes (e.g., Soares et al., 2014). At
CSV, northerly winds induce coastal upwelling events that occur
frequently throughout the year (Ruiz and Navarro, 2006; Cravo et al.,
2013). In the CSM area, upwelling responds rapidly to changes in the
wind regime, generating alongshore pressure gradients and sea-level
slopes (Criado-Aldeanueva et al., 2006; Relvas and Barton, 2002; de
Oliveira Junior et al., 2022).

During easterly wind episodes, mesoscale and submesoscale struc-
tures such as the Coastal Countercurrents (CCC) form in the GoC,
flowing westwards close to the coast and often associated with upwell-
ing zones (Garcia-Lafuente et al., 2006; de Oliveira Junior et al., 2021;
Sirviente et al., 2023). The CCC arises from coastal pressure-gradient
imbalances driven by the wind field (Garel et al., 2016;
Criado-Aldeanueva et al., 2006). According to Garel et al. (2016), this
current appears approximately 40% of the time. In some cases, the
pressure gradients that favour CCC formation originate from the relax-
ation of westerly winds rather than from easterly forcing (Garel et al.,
2016), although other studies suggest that, without easterly winds, the
CCC does not become clearly established (Teles-Machado et al., 2007).
During summer, the CCC is associated with the westward propagation of
warm waters over the continental shelf and along its outer edge on the
southern coasts of Portugal and Spain (Relvas and Barton, 2002, 2005;
Sanchez et al., 2006).

Another mesoscale feature induced by easterlies winds in the GoC is
the formation of shallow, surface-intensified anticyclonic eddies. These
arise when strong easterlies winds, channelled through the SoG, interact
with the upper-ocean thermohaline structure, giving rise to the so-called
Levanter Anticyclones (Peliz et al., 2014). Although transient, these
energetic structures can significantly influence surface circulation
beyond the continental shelf.

Regarding cyclonic circulation, Garcia-Lafuente et al. (2006)
described the inner shelf circulation in the GoC as consisting of two
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cyclonic gyres that can connect under favourable wind conditions: one
located in the eastern sector, resulting from geostrophic adjustment due
to the density gradient between the cold jet and the warmer inner-shelf
waters; and another located in the western part, related to the
wind-stress response in the CSV area (Relvas and Barton, 2005).

Despite considerable progress, studies analysing coastal circulation
in the GoC with high temporal and spatial resolution data remain scarce.
Among these are investigations using Acoustic Doppler Current Profiler
(ADCP) (Garcia-Lafuente et al., 2006; Criado-Aldeanueva et al., 2006)
and high-frequency radar (HFR) measurements (de Oliveira Janior
et al., 2022; Sirviente et al., 2023). However, further observations are
still required to accurately characterize small-scale surface processes.

In this work, we combine in situ measurements from Lagrangian
drifters, satellite data, and high-resolution atmospheric and oceano-
graphic models outputs from the Weather Research and Forecasting
(WRF) mesoscale model and Iberian-Biscay-Irish (IBI) ocean model.
This integrated approach enables the analysis of the dynamic response of
surface circulation to atmospheric forcing in the GoC. Specifically, the
study focuses on a case in which a well-defined cyclonic circulation cell
developed east of CSM. This event was captured by Lagrangian drifter
measurements and further analysed using satellite observations and
numerical model outputs.

The paper is structured as follows. Section 2 describes the material
and methods. Section 3 presents the main results obtained from different
sources, while Section 4 discusses the findings. Finally, Section 5 sum-
marises the main conclusions.

2. Material and methods

This work combines in situ observations, satellite products, and high-
resolution numerical model outputs to analyse surface circulation vari-
ability over the GoC continental shelf and its relationship with the at-
mospheric forcing. This section describes the datasets and methods used,
including Lagrangian drifter observations and particle simulations,
satellite-derived products, and atmospheric and oceanographic model
outputs.

2.1. In situ measurements: Lagrangian drifters

Three Lagrangian drifters were deployed east of CSM on 12th
October 2022 to study surface currents in the northern GoC (Fig. 1). One
drifter, LCAO0565 (green circle in Fig. 1), was released at 37.080° N,
7.476° W, over the 25m isobath, whereas the other two drifters,
LCA00564 and LCA00566 (red and blue circles in Fig. 1, respectively),
were released at 36.993° N, 7.423° W, over the 100 m isobath. All
drifters were equipped with approximately 50 cm drogue sails and a 1 m
tether to reduce the direct impact of wind on their movement.

The drifters were Coastal Nomad units manufactured by SouthTEK
(www.southtek.com), equipped with GSM coverage and GPS position
transmission at pre-configured intervals. Previous studies have used the
same drifter model in coastal applications (e.g., Bolado-Penagos et al.,
20205 Sala et al., 2018; Ribotti et al., 2023). In this study, the drifters
were programmed to record their position hourly. The resulting trajec-
tories were analysed to characterize surface circulation and to identify
potential mesoscale and submesoscale structures in a region where in
situ observations are scarce and HFR coverage is limited
(Mulero-Martinez et al., 2021; Sirviente et al., 2023).

A quality control procedure was applied to remove erroneous records
that could introduce uncertainty into the trajectory and velocity esti-
mates. Time gaps caused by intermittent transmission failures occa-
sionally produced unrealistically high implied speeds between non-
consecutive fixes. Records implying speeds greater than 1.0ms!
were therefore removed. A common period of reliable operation across
the three drifters (from 12 to 24 October 2022) was then selected to
allow simultaneous comparison of their trajectories.

The distance travelled between consecutive hourly positions was
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Fig. 1. Map of the study area showing the deployment positions of the three Lagrangian drifters. Drifter LCA00565 was released over the 25 m isobath (green),
whereas drifters LCA00564 and LCA00566 were released over the 100 m isobath (red and blue, respectively). The blue star and black stars indicate the particle-
release locations used in the Lagrangian simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

calculated for each drifter, and the corresponding mean velocity was
obtained by dividing this distance by the time interval of 1 h. The main
variables used in the analysis were therefore drifter position, trajectory
and velocity. The drifter codes, deployment positions and depths, final
records, and operational durations are summarised in Table 1.

2.2. Meteorological characterization

To analyse meteorological conditions during the study period, wind
fields from the Weather Research and Forecasting (WRF) mesoscale at-
mospheric model were used to assess their potential influence on surface
currents.

WREF is a numerical mesoscale atmospheric model widely used for
both research and operational applications. It was developed by several
institutions, including the National Center for Atmospheric Research
(NCAR, 2023). Its flexibility allows the simulation of atmospheric pro-
cesses across scales ranging from tens of metres to thousands of kilo-
metres, under either real or idealised conditions, making it a robust tool
for atmospheric research and operational forecasting.

In this study, WRF version 4.2 was used (Skamarock et al., 2019),
configured specifically for the GoC area. The main technical configu-
ration parameters are summarised in Table 2.

Hourly WRF outputs of wind speed and direction were analysed for
the period from 5th to 25th October 2022. These data were used to
identify changes in the wind regime and to provide a fine-scale meteo-
rological characterization of the atmospheric forcing during the drifters
observations. Particular attention was given to intervals dominated by
easterly winds, which are often well established in the SoG and the GoC,
and to periods characterized by westerly winds in the northern GoC.

WRF outputs were also analysed to identify upwelling-favourable

Table 1
Summary of the three Lagrangian drifters in this study: drifter code, deployment
position, deployment date and isobath, final record, and operational duration.

Drifter Deployment Deployment date Final Operational
code position and isobath record duration
LCA00564  36.993° N 12/10/2022 15/12/ 64

7.423° W 100m 2022
LCA00565 37.080° N 12/10/2022 29/10/ 18

7.476° W 25m 2022
LCA00566  36.993° N 12/10/2022 23/10/ 12

7.423° W 100m 2022

Table 2
Technical configuration parameters of the WRF model used in this study.

WREF (Version 4.2)

Central point 36.490° N, 6.960° W

Number of domains 3
Horizontal resolution 9, 3,1km
Number of vertical levels 51

Start simulation 05/10/2022 00:00
End of simulation 25/10/2022 00:00
Time step 54s
Microphysics scheme WREF Single Moment 3, (Hong et al., 2004)
Boundary layer scheme Yonsei University (YSU), (Hong et al., 2006)
Shortwave radiation Dudhia (Dudhia, 1989)

scheme
Longwave radiation scheme  Rapid Radiative Transfer Model, (Mlawer et al.,
1997)
Noah Land Surface Model (Mitchell et al, 2005)
NCEP-FNL 0. 25° (UCAR\NCAR, 2015)

Ground-surface scheme
Boundary conditions

wind conditions and to estimate Ekman transport and Ekman pumping
east of CSM. The MATLAB Climate Data Toolbox (CDT, Greene et al.,
2019) was used to estimate Ekman transport from wind-stress fields.
The horizontal momentum balance equations describing the Ekman
layer are expressed as:

10,
p 0z

1 oz,

,fV:———

_ Eq. 1
fu ) o q

where f is the Coriolis parameter, p is seawater density, and zx and zy are
the zonal and meridional wind stresses, respectively.
The wind-stress components were computed as:

Ty = p,Cd|Va|ug, 7, = p,Cd| V, |[Va Eq. 2

where Va = (uq, V) is the wind velocity, p, is the air density, and Cq the
drag coefficient, calculated following Large and Pond (1981) and
modified by Trenberth et al. (1990) for low wind speeds:

C4=0.00218 for |V,| <1ms!
Cq=(0.62+1.56 |V, —1)0.001 forIms™* < |V,|] < 3ms*

C4=0.00114for3ms ' < |V, < 10ms!
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Cq = (0.49 +0.065|V,| ) 0.001 for [V,| > 10m s

Integrating Eq. (1) with respect to depth yields the Ekman transport
components:

_ _
Bhrs = p By = o
In the northern Hemisphere, Ekman transport is directed 90° to the
right of the wind. When winds blow parallel to the coast, offshore Ekman
transport promotes divergence and upwelling, whereas onshore trans-
port favours convergence and downwelling.
The vertical velocities associated with Ekman pumping (wg) were
calculated from the curl of the wind-stress field:

wa =k - Qlf)vﬁ: (,}f) (%_%)

Positive values of wg indicate upward motion associated with up-
welling, whereas negative values indicate downward motion associated
with downwelling or Ekman suction.

Eq. 3

Eq. 4

2.3. Oceanographic characterization

To provide a more complete oceanographic characterization of the
study area during the drifter-deployment period, satellite products and
numerical model outputs were analysed. These included sea surface
temperature (SST), surface chlorophyll-a (Chl-a) concentration, sea-
level anomaly (SLA), and ocean current fields.

2.3.1. Satellite products

SST data were obtained from the ODYSSEA L4 product, with hourly
temporal resolution and 0.05° spatial resolution, available at https
://doi.org/10.48670/mds-00345). Surface chlorophyll-a (Chl-a) con-
centration was derived from the Copernicus-GlobColour L4 product,
with daily temporal resolution of approximately 4 km spatial resolution,
available at https://doi.org/10.48670/moi-00281. Both datasets were
analysed for the period from 12th to 24th October 2022. These products
were used to identify spatial and temporal variations in SST and Chl-a
associated with mesoscale and submesoscale structures, including
coastal upwelling-related patterns, which are typically linked to colder
waters and enhanced phytoplankton biomass (Reggiannini et al., 2021;
Sydeman et al., 2014).

SLA data were obtained from the Copernicus DUACS delayed-time
gridded altimeter product, with daily temporal resolution and 0.125°
spatial resolution, available at https://doi.org/10.48670/moi-00148.
This product merges observations from multiple satellite missions and
provides consistent estimates of sea-surface height relative to the long-
term mean. In this study, SLA fields were analysed over the GoC for
the period from 12th to 24th October 2022 to evaluate the surface
expression of the cyclonic circulation cell detected by the drifters. The
SLA fields were also used together with IBI model outputs to assess the
consistency between observed and simulated surface -circulation
patterns.

2.3.2. Numerical model

Surface and vertical current velocities were obtained from the Iber-
ian-Biscay-Irish (IBI) Ocean Physics Analysis model (product ID:
IBI ANALYSISFORECAST PHY_ 005 001), available at https://doi.org/
10.48670/moi-00027. The high-resolution ocean analysis and fore-
casting product provided by the Copernicus Marine Environment
Monitoring Service (CMEMS). Its hydrodynamic simulations include
high-frequency processes such as tidal forcing, surges, atmospheric
forcing, river discharge, and wave forcing in forecast mode, enabling a
detailed representation of regional-scale ocean dynamics. The product
integrates the last two years of historical best estimates with near-real-
time forecasts updated daily, ensuring consistent and continuous in-
formation on ocean variability. The product has a horizontal resolution
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of approximately 3km and provides hourly mean fields, 15-min
instantaneous surface variables, and daily and monthly three-
dimensional fields. In this study, surface current fields, represented by
the uo and vo velocity components, were analysed to compare simulated
circulation with the drifter observations and to assess the model's ability
to reproduce the observed surface dynamics in the GoC. To quantify
model performance, a virtual drifter was simulated for each observed
drifter using the same release position and time, and advected using only
the IBI surface velocity field. Model performance was then evaluated
using two complementary Lagrangian metrics: the separation distance
between observed and simulated trajectories at each time step, and the
dimensionless skill score proposed by Liu and Weisberg (2011), defined
as:

_q x40
s(n)=1-— S10) Eq. 5

where d(i) is the separation distance at time step i and I(i) is the cu-
mulative path length travelled by the observed drifter up to that time
step. This skill score ranges from 1, indicating perfect agreement, to
negative values when the separation distance exceeds the cumulative
length of the observed trajectory) (Liu and Weisberg, 2011).

In addition, the IBI model was used to calculate relative vorticity
within the study area during the period analysed, in order to examine
the possible role of bathymetric gradients in modulating the rotational
dynamics of the cyclonic circulation cell (see Fig. S2).

2.3.3. Lagrangian analysis using OceanParcels

To investigate particle transport and retention patterns, a Lagrangian
analysis was carried out using the OceanParcels framework (e.g.,
Delandmeter and van Sebille, 2019). This tool allows passive particle
trajectories to be simulated by advecting particles with ocean currents
fields. In this study, horizontal velocity fields from the CMEMS IBI model
were used as forcing data. Particles were released at predefined loca-
tions and advected for 12th to 27th October 2022 allowing the identi-
fication of retention areas, dispersion pathways, and connectivity
between regions.

Particles were released at two predefined locations, indicated by the
blue and the black stars in Fig. 1). A total of 32 particles were released
from each location, with one particle released every 12 h between 12th
and 27th October 2022. Particles were advected at the surface to
represent near-surface transport.

Particle trajectories were computed using the fourth order Runge-
Kutta advection scheme (AdvectionRK4) implemented in OceanParcels
(v3.1.0), with particle positions saved hourly. Bilinear spatial and linear
temporal interpolation were applied to the velocity fields. When parti-
cles reached the coastline, they were not removed from the simulation.
Instead, a coastline-repulsion kernel prevented them from crossing onto
land by displacing them back into the ocean, after which they continued
to follow the local velocity field. Three regions were then defined for the
subsequent analysis: OFF-SHELF, WESTERN SHELF and CYCLONIC
CELL.

3. Results
3.1. Drifters’ trajectory: surface oceanic circulation

The Lagrangian drifters deployed in the northern GoC (Fig. 2)
revealed a cyclonic (anticlockwise) surface circulation, indicating the
presence of a well-defined cyclonic circulation cell. The horizontal scale
of the structure was estimated independently from two sources, (i) the
drifter trajectories and (ii) the mean relative vorticity field from the IBI
model (Fig. S1). Both estimates yielded a consistent diameter of
approximately 40-45 km.

Drifter LCA00565, released over the continental shelf (green circle in
Fig.1, ~25 m isobath), initially moved southwestward and then turned
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eastward, describing a cyclonic loop in approximately 7 days (Fig. 2a). It
subsequently drifted westward and southward before turning northeast
again, completing almost two cyclonic rotations.

The drifters deployed in deeper waters, LCA00564 and LCA00566
(red and blue circles in Fig.1, ~100m isobath), showed a similar
pattern, although with higher speeds, up to 0.6 ms ™, and slight varia-
tions in their trajectories. LCA00564 reached the CSM region earlier, on
18th October (yellow in Fig. 2b), whereas LCA00566 was more strongly
influenced by coastal currents that modified its path (Fig. 2c). As a
result, LCA00566 completed only one cyclonic rotation before moving
towards the coast in the vicinity of the CSM.

Overall, the drifters described a cyclonic, anticlockwise rotation,
alternately leaving and re-entering the shelf area. Over the shelf, they
moved eastward following the coastal current. After leaving the shelf,
they turned southeastward, completing the outer branch of the cyclonic
circulation cell. Upon re-entering the shelf, around the 80 m isobath,
their trajectories turned westward again, closing the cyclonic loop,
except in the case of LCA00566.

The analysis of the drifter's velocity reveals that the most significant
changes occurred during transitions between the continental shelf and
the slope (Fig. 3). Drifter LCA00564 accelerated while crossing the
narrow section of the shelf off CSM (Fig. 3b), completing a shorter and
faster loop was likely influenced by an inner branch of the cyclonic
circulation cell. Because it travelled a shorter distance, this drifter

LCAQ0565 - 25 m

LCA00564 - 100 m

completed the rotation over a shorter time interval, with a clear accel-
eration near CSM on 19th October, when it reached 0.6 ms™".

Drifters LCA00565 and LCA00566 showed a similar evolution, with
noticeable accelerations shortly after leaving the shelf (Fig. 3a—c), likely
associated with advection by an eastward branch of the surface current.
Both drifters accelerated again when redirected westward during re-
entry onto the shelf, suggesting the influence of the outer branch of
the cyclonic circulation cell. Drifter LCA00565 exhibited two main ve-
locity peaks above 0.4 ms ™!, on 16th and 19th October, and LCA00566
followed a comparable pattern, consistent with the dynamics observed
within the cyclonic circulation cell.

3.2. Meteorological characterization of the period

As previously mentioned, the wind regime is one of the main drivers
of surface circulation in the GoC and is highly variable in both space and
time. To characterize the atmospheric conditions during the observation
period, WRF model outputs were from 5th to 24th October 2022.

The results revealed alternating episodes of westerly—southwesterly
and easterly-northeasterly winds throughout the study period. To this
spatial variability, two regions with contrasting atmospheric conditions
were selected: the northern GoC, where the drifters were deployed, and
the SoG. These regions frequently show different, and sometimes
opposite, wind directions on the same day. This contrast likely reflects

LCA00566 - 100 m
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Fig. 3. Drifters trajectories followed overlaid on the bathymetry of the study area. Colours indicate drifter velocity along each trajectory. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Map of the Gulf of Cadiz (GoC) showing the two regions where wind roses were computed from WRF model data for the period 5-24 October 2022: one
representative point in the northern GoC (37.0° N, 7.7° W) and another in the Strait of Gibraltar (36.0° N, 5.6° W).

Table 3

Predominant wind directions during October 2022 in the Strait of Gibraltar
(SoG) and in the northern Gulf of Cadiz (GoC, east of Cape Santa Maria). The
table shows the most frequent wind direction in each region for each date or date
range.

Date SoG North of GoC
5 — 8 October 2022 E NE

9 October 2022 E NE

10 October 2022 w SW/W
11 October 2022 E NE

12 - 13 October 2022 E N/NE
14 October 2022 E NE

15 October 2022 E SW/W
16 — 17 October 2022 E NE

18 — 19 October 2022 E S/SW
20 - 21 October 2022 w SW/W
22 October 2022 E S/SW
23 October 2022 w SW/W
24 October 2022 E S/SW

the influence of local and regional atmospheric dynamics, including
thermally driven circulations in the northern GoC under weaker syn-
optic forcing than in the SoG.This spatial contrast is clearly illustrated in
Fig. 4, where the wind roses show the predominant wind regimes in each
region during the study period. The northern GoC was characterized by
alternating southwesterly and northeasterly winds, whereas the SoG
showed a more persistent prevalence of easterlies conditions.

A more detailed summary of this variability is provided in Table 3,
which lists the predominant wind directions during October 2022 in the
SoG and in the northern GoC, east of CSM (Fig. 4). The table highlights
the alternating and localised nature of the atmospheric forcing affecting
the observed surface circulation.

3.3. Oceanographic characterization

3.3.1. Chlorophyli-a concentration and SST

During the period covered by the drifter observations, surface Chl-a
concentration was analysed together with the drifter trajectories. The
results show that surface Chl-a concentrations were higher within the

region where the drifters described the cyclonic circulation cell than in
the surrounding waters, except for the nearshore zone. Maximum values
coinciding were located within the area enclosed by the trajectories
(Fig. 5). This distribution suggests that the circulation cell may favour
the retention and accumulation of biologically enriched surface waters.

A filament of enhanced Chl-a concentration was also identified,
following a spatial pattern similar to that of the drifter paths, particu-
larly between 14th and 22nd October (Fig. 5a—e). This feature appears to
be associated with one branch of the cyclonic circulation cell and sug-
gests transport of Chl-a-rich surface waters from the coastal zone to-
wards more oceanic regions beyond the continental shelf. The elevated
Chl-a concentrations are not necessarily indicative of local production
alone, but may also reflect the advection of nutrient-rich coastal or
upwelled waters towards the open sea.

Fig. 6 shows the evolution of SST together with the drifters trajec-
tories. Throughout the study period, a core of cooler waters (bluish and
greenish tones) was associated with the cyclonic circulation cell outlined
by the drifter trajectories.

During the first part of the study period (14th-18th October), the
cold-water core appears separated from the coast, delimiting a cyclonic
structure confined offshore (Fig. 6a—c), consistent with the position of
the drifters along the outer branch of the cyclonic circulation cell. This
pattern suggests the possible presence of an upward transport associated
with the cyclonic circulation cell, favouring the appearance of cooler
and potentially nutrient-rich water near the surface. In the following
days (20th-24th October), the cool-water region progressively shifted to
the coast (Fig. 6d-f), coinciding with a strengthening of the wind
component favourable to coastal upwelling. At the same time, a band of
warmer waters (orange tones) is observed along the eastern coast of the
GoC, with temperature differences of up to 2 °C relative to the western
sector. This warm area gradually propagated westward during the
analysed period.

3.3.2. Upwelling event

Based on these oceanographic observations described above, the
evolution of the wind conditions preceding the coastal accumulation of
cold waters was analysed to assess their possible role in the development
of upwelling conditions and in the evolution of the cyclonic circulation
cell. As previously mentioned, westerly to southwesterly winds favour
upwelling along the eastern flank of the CSM. According to the wind
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Fig. 5. Surface chlorophyll-a concentration (Chl-a, mg m~>) from 14th to 24th October. Coloured lines represent the trajectories of the three drifters from their
release on 12th October to the date shown in each panel: green (LCA00565), red (LCA00564), and blue (LCA00566). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Sea surface temperature (SST, °C) from 14th to 24th October 2022. Coloured lines represent the trajectories of the three drifters from their release on 12th
October to the date shown in each panel: green (LCA00565), red (LCA00564), and blue (LCA00566). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

intensified off the eastern coast of the GoC, reaching vertical velocities of
up to 410~ m s, consistent with the upward movement of subsurface
water masses. At the same time, the Ekman transport fields reveal a net
flow directed towards the southeast, resulting from the 90° deflection to
the right of the wind direction, which is characteristic of an upwelling-
favourable regime in the region.

patterns summarised in Table 3, such winds predominated between 18th
and 24th October 2022; therefore, Ekman transport and Ekman pump-
ing were estimated for this period.

The results, shown in Fig. 7, display a spatial pattern consistent with
the development of a coastal upwelling event in the GoC. From 18th
October onwards, positive Ekman pumping values (reddish colours)
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Fig. 7. Ekman transport and Ekman pumping vertical velocity (wg, m s~1) from 18thto 23rd October 2022. Black arrows indicate wind direction, and grey arrows
indicate the direction of Ekman transport. Coloured contours show the vertical velocity associated with Ekman pumping, with positive values in red. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

This wind-driven surface transport would favour the ascent of cooler cyclonic circulation cell observed east of the CSM, modulating the

and potentially nutrient-rich waters near the coast and may also have redistribution of surface water masses and the trajectories of the drifters.
contributed to the recirculation of the drifters, reinforcing the cyclonic

movement observed in Fig. 2. In particular, the interaction between 3.4. Comparison with the IBI model

coastal upwelling and the cyclonic circulation cell may have favoured

the confinement of cold waters near the coast. These results suggest that High-resolution numerical models provide a valuable complement to
the atmospheric forcing played an important role in the evolution of the in situ observations, as they allow the spatial and temporal variability of
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Fig. 8. Surface current speed (m s~ 1) and direction simulated by the IBI model from 14th to 24th October2022. Coloured lines represent the trajectories of the three
drifters from their release on 12th October 2022 to the date shown in each panel: green (LCA00565), red (LCA00564), and blue (LCA00566). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Observed and IBI-simulated trajectories for each drifter from 12th to
24th October 2022. Coloured lines represent the observed drifter trajectories:
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lines represent the corresponding IBI-simulated trajectories. Black dots indicate
the release positions. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

oceanographic processes to be examined beyond the period and loca-
tions directly sampled by the drifters. In this section, the IBI model was
used to assess the consistency between the observed drifter trajectories
and the simulated surface circulation during the study period.
characterization.

To evaluate whether the IBI model reproduce the main surface cir-
culation patterns observed by the drifters, surface current fields corre-
sponding to the same observation period were analysed. Fig. 8 shows
both the direction and intensity of the surface currents simulated by the
IBI model, superimposed on the Lagrangian drifters trajectories. The
model reproduces the main features of the observed surface circulation
in the study area, including the cyclonic circulation cell identified east of
the CSM. However, the simulated structure, particularly during the first
cyclonic rotation described by the drifters, appears slightly displaced
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southwards relative to the observed trajectories. This displacement is
likely related to the limited ability of the model, with a horizontal res-
olution of approximately 3km, to fully resolve coastal processes and
fine-scale bathymetric effects. This limitation should therefore be
considered when interpreting of the detailed structure of the simulated
circulation.

Despite this displacement, the simulated current speed ares generally
consistent with the values derived from the drifter observations (see
Fig. 3). The model shows higher current speeds along the periphery of
the cyclonic circulation cell and weaker flows at its centre, which is
consistent with a recirculating structure. Furthermore, the model also
reproduces zones of flow acceleration close to CSM and near the shelf re-
entry region, coinciding with the main bathymetric transitions identi-
fied from the drifter trajectories.

The qualitative agreement between the observed and simulated cir-
culation was further assessed using a Lagrangian comparison. For each
observed drifter, a virtual drifter was released from the same position
and at the same time and advected using only the IBI surface velocity
field (Fig. 9). The model reproduced the recirculating nature of the flow
for the two drifters released over the 100 m isobath, LCA00564 and
LCA00566. In contrast, the model did not reproduce the observed
cyclonic trajectory of LCA00565, which was released over the shallower
continental shelf.

The model performance varied substantially among drifters and
through time. The separation-distance analysis (Fig. 10) shows that, for
LCA00564 and LCA00566, the simulated trajectories reproduced the
general circulation pattern but were displaced southwards, with sepa-
ration distances generally below 40 km during much of the comparison
period. In contrast, LCA00565 showed poor agreement with the simu-
lated trajectory, with the separation distance increasing progressively
and reaching approximately 130 km by the end of the analysis period.
This indicates that the model performed better for drifters deployed near
the shelf edge than for the drifter released in shallow nearshore waters.

This contrast was also reflected in the Liu and Weisberg (2011) skill
scores. The model reached final skill-score values of 0.77 and 0.71 for
LCA00564 and LCA00566, respectively, indicating good agreement with
the observed trajectories. For LCA00565, however, the final skill score
was 0.04, reflecting the model's limited ability to reproduce nearshore
trajectories over the shallow continental shelf. These results highlight
that the IBI model captures the broader shelf-edge circulation more
successfully than the fine-scale nearshore dynamics.

The horizontal scale and the mean location of the cyclonic circula-
tion cell were estimated independently from drifter trajectories and the
relative vorticity field. These three approaches provided a consistent
horizontal scale of approximately 40-45km (Fig. S1), supporting the
spatial coherence of the observed structure.

This confirms a well-defined cyclonic structure in the eastern sector
of the Gulf of Cadiz, active throughout most of the analysed period.
These calculations were used to select a central reference point (36.81°
N, 7.57° W) in order to analyse the temporal evolution of the vertical
current velocity within the core of the cyclonic cell.

The temporal evolution of the vertical velocity at this point was
examined for October 2022 (Fig. 11). Positive values (blue colours)
indicate upward motions associated with upwelling processes, whereas
negative values (reddish tones) represent downward movements.

During the period when the cyclonic circulation cell was recorded by
the drifters (approximately between 12 and 23 October), persistent
positive vertical velocities were observed, extending to depths greater
than 300 m, suggesting a significant upward movement of subsurface
water masses towards the surface. These upwelling events coincide
temporally with the development of the cyclonic circulation cell
described previously, demonstrating the ability of this structure to
generate vertical motions within its core.



E. Lujan-Amoraga et al.

140

Marine Environmental Research 221 (2026) 108321

Separation distance (km)

40+

20 -

1 1 1

0 1 1 L
12/10 13/10 14/10 15/10 16/10 17/10

18/10
Date

1 1
19/10 20/10 21110 22/10 23/10 24/10

2022

Fig. 10. Separation distance (km) between the observed and IBI-simulated trajectories for each drifter over time: green (LCA00565), red (LCA00564), and blue
(LCA00566). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Depth (m)
W
8

01-Oct

03-Oct  05-Oct  07-Oct  09-Oct 11-Oct 13-Oct

15-Oct

25-Oct

17-Oct 19-Oct  21-Oct  23-Oct 27-Oct  29-Oct  31-Oct

Date

1
-800 -600 -400 -200

0
Vertical current speed (cm day’l)

200 600 800

Fig. 11. Temporal evolution of vertical velocity (cm day ') at the central point of the cyclonic circulation cell (36.81°N, 7.57°W) during October 2022, from 450 m
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3.5. Particle dispersion modelling

Fig. 12 shows the complete trajectories of particles released from two
initial positions: Position 1 (37.07° N, 7.42° W), shown in orange, and
Position 2 (36.95° N, 7.42° W), shown in blue. The three regions defined
for the dispersion analysis are also indicated: Western Shelf, Cyclonic
Cell and Off Shelf. These regions were delineated to examine patterns of
particle transport, retention, and export in the coastal zone.

A total of 32 particles were released for each position. For Position 1,
7 particles (21.9%) ended within the Cyclonic Cell, 21 particles (65.6%)
remained on the Western Shelf, east of CSM, and 4 particles (12.5%)
were advected towards the Off Shelf region. For Position 2, 13 particles
(40.6%) reached the Cyclonic Cell, 1 particle (3.1%) remained on the
Western Shelf, and 18 particles (56.3%) were transported offshore into
the Off Shelf region.These results indicate clear differences in dispersion
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patterns between the two release positions. Particles released from Po-
sition 1 showed greater retention over the continental shelf, whereas
those released from Position 2 showed enhanced export towards oceanic
waters. This suggests that the cyclonic circulation cell influences
surface-water connectivity and redistribution in the study area.

Retention time within the Cyclonic Cell was also analysed. To ensure
that trajectories were long enough for comparison, only the first ten
particles from each release position were considered, each considering
at least 11 days of simulation. None of the particles released from Po-
sition 1 remained trapped within the Cyclonic Cell during the analysed
period. Conversely, particles released from Position 2 showed retention
times ranging from 8.8 to 16 days, with an average of 12.59 days. The
retention times indicate that some particles were eventually exported
from the Cyclonic Cell by the prevailing circulation.

A supplementary video showing the complete evolution of the
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Fig. 12. Complete trajectories of particles released from two initial positions: Position 1 (37.07° N, 7.42° W), shown in orange, and Position 2 (36.95° N, 7.42° W),
shown in blue. The three regions used for the dispersion analysis are shown: Western Shelf (purple) Cyclonic Cell (orange), and Off Shelf (green). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

particle trajectories throughout the simulation period is provided in the
Supplementary Material.

4. Discussion

Surface circulation in the GoC is a highly dynamic and complex
system driven by the interaction of multiple physical processes,
including wind forcing, bathymetric constrains, and regional current
systems. The results of this case study provide new empirical evidence
that improves the current understanding of mesoscale and submesoscale
circulation patterns, particularly east of CSM. The cyclonic circulation
cell is identified in this study, with a horizontal scale of approximately
40-45 km and a duration of about 12 days during the analysed period, is
consistent with a mesoscale feature. In contrast, the fine-scale SST and
Chl-a gradients observed along the edges of the cell, including filaments
and frontal structures, are suggestive of submesoscale variability at
horizontal scales of ~1-10 km. However, a full characterization of these
submesoscale processes lies beyond the resolution of the available sat-
ellite products and the IBI model. This interpretation was achieved
through an integrated approach combining drifter trajectories, satellite
observations, atmospheric simulations, and ocean model outputs.

The drifter trajectories recorded in October 2022 revealed a coherent
cyclonic circulation cell east of the CSM, with an approximate diameter
of 40-45 km (Fig. S1). Similar features have previously been described in
numerical simulations (Peliz et al., 2014; Laiz et al., 2020) and inferred
from thermal and oceanographic observations (Garcia-Lafuente et al.,
2006; Criado-Aldeanueva et al., 2006). The present study provides the
direct in situ observational support for this circulation pattern.

The surface flow over the continental shelf of the GoC generally
moves southeastward. However, under specific wind and pressure
gradient conditions, flow reversals can occurs (e.g., Garel et al., 2016),
favouring the development of cyclonic circulation. Recent studies have
demonstrated that the intensification and westward extension of the
CCC are strongly influenced by the zonal component of the wind, as well
as by remote atmospheric pressure fluctuations over the western Med-
iterranean, particularly in the Ligurian Sea (Fanelli et al., 2024;
Sirviente et al., 2023).

Criado-Aldeanueva et al. (2006) described a cyclonic cell over the
continental shelf of the GoC, formed by the westward flowing CCC along
the eastern shelf and its eastward recirculation near the CSM. The for-
mation and dynamics of this recirculation appear to be modulated by
local bathymetry and atmospheric forcing. Off CSM, the continental
shelf is extremely narrow, less than 5km wide, and the slope descends
abruptly to depths exceeding 600 m (Garcia-Lafuente and Ruiz, 2007).
This topographic transition can channel the flow and concentrate kinetic
energy, favouring localised current intensification. The acceleration
observed in the drifter trajectories around the 80 m isobath coincides
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with this steep bathymetric gradient, suggesting that topography acts as
a dynamical boundary that steers and locally strengthens the
recirculation.

The temporal evolution of relative vorticity along the drifter tracks
(Fig. S2) further supports the role of bathymetry as a dynamical factor
influencing the cyclonic circulation cell. Drifters LCA00564 and
LCAO00566 crossed the steep continental shelf edge off CSM around 16th
October, coinciding with a rapid increase in depth from approximately
150-200m to more than 600m. During this transition, the drifter
derived relative vorticity increased. This behaviour is consistent with
potential-vorticity adjustment over steep topography: as the water col-
umn is stretched across the shelf-slope transition, changes in relative
vorticity may occur in response to the strong bathymetric gradient. This
suggests that the topographic transition at the edge of the CSM conti-
nental shelf not only steers and accelerates the current, as indicated by
the drifter velocities, but may also contribute to the local intensification
of cyclonic vorticity and to the confinement of the circulation cell.

During the study period, alternating easterly and westerly winds
were recorded (Fig. 4), reflecting the high atmospheric variability of the
GoC in autumn. These winds generated alternating favourable and
unfavourable conditions for coastal upwelling. The SST maps reveal a
well-developed CCC, up to 3°C warmer than the surrounding waters,
coinciding with the ascending branch of the cyclonic circulation cell.
This pattern is consistent with previous descriptions by Relvas and
Barton (2002) and supports the coupling between wind forcing and
mesoscale surface circulation.

The analysis of preceding wind conditions (Table 3) shows that
easterly winds predominated in the southern sector of the GoC during
early October, favouring the development of the CCC (Relvas and
Barton, 2002; Vargas et al., 2003). Several authors have highlighted
the important role of easterly winds in CCC formation (Relvas and
Barton, 2002; Sanchez et al., 2006), and Teles-Machado et al. (2007)
showed that the CCC intensifies under easterly forcing and weakens or
disappears during westerly episodes. Other studies, however, suggest
that the CCC can also originate or be reinforced by coastal pressure
gradients generated during the relaxation of upwelling-favourable
winds (Garel et al., 2016; Sirviente et al., 2023). In this context, the
alternation between easterly and westerly episodes may induce a tran-
sition between a westward-directed CCC and an eastward recirculation,
contributing to the closure of the cyclonic cell east of the CSM
(Garcia-Lafuente et al., 2006).

If easterlies winds persist for a prolonged period, the CCC can skirt
the CSM and extend towards the western sector of the GoC (Fitiza,
1983). In the present study, the shift to westerlies winds recorded in
mid-October (Fig. 4) appears to have favoured eastward recirculation
and the development of the described cyclonic circulation cell described
here. This change in wind direction modified the surface Ekman
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references to colour in this figure legend, the reader is referred to the Web
version of this article.)

transport, generating divergence and upward motion along the eastern
margin and coinciding with the intensification of the cyclonic
circulation.

The mean SLA field for the study period (Fig. 13) shows an area of
relatively low sea level in the northwestern sector of the GoC, sur-
rounded by higher values towards the south and east. This pattern de-
fines a horizontal sea-level gradient consistent with cyclonic circulation.
The spatial correspondence between the lower SLA region and the
drifter trajectories confirms that the cyclonic circulation cell was also
detectable in the satellite altimetry data, supporting the presence of a
mesoscale dynamical signal (cyclonic circulation cell) during mid-
October 2022.

Southwesterly winds, reaching up to 13 ms™ ", were strong enough to
induce offshore Ekman transport and favour the upwelling of colder
subsurface waters. This mechanism is similar to that described by Cravo
et al. (2013) for upwelling events along the southwestern Iberian
margin. The Ekman pumping calculations (Fig. 7) showed positive
vertical velocities of up to 4 x 10"°ms~!, approximately six times
higher than the mean autumnal values reported by de Oliveira Jtnior
et al. (2024). This difference is consistent with the occurrence of an
intense and localised upwelling event, in contrast with the mean sea-
sonal conditions analysed by those authors.

These atmospheric and oceanographic conditions likely enhanced
the upward transport of colder, nutrient-rich waters, which would
explain the thermal gradients observed in the SST maps (Fig. 6) and the
increased Chl-a concentration within the cyclonic circulation cell
(Fig. 5). Although the main circulation feature is mesoscale, sub-
mesoscale filaments and frontal structures are likely embedded within it,
as suggested by the fine-scale SST and Chl-a gradients.

The satellite imagery supports this interpretation, as the area east of
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CSM has previously been identified as a region with a high probability of
upwelling based on the analysis of more than 3000 daily SST and Chl-a
images (Ruiz and Navarro, 2006). This upwelling responds rapidly to
changes in local wind conditions and tends to weaken or disappear when
easterly conditions return (Criado-Aldeanueva et al., 2006).

In this study, the spatial coincidence between cooler waters and
elevated Chl-a concentrations within the cyclonic circulation cell
(Figs. 5 and 6) suggests a two-phase sequence. During the initial phase,
from 14" to 18th October, the cyclonic circulation cell may have fav-
oured the uplift and retention of subsurface waters offshore, concen-
trating biomass within its recirculation zone. During the subsequent
phase, from 20th October onward), wind-induced coastal upwelling
intensified, favouring the nearshore confinement of the cold, Chl-a-rich
water mass that had previously retained within the cyclonic circulation
cell.

The positive vertical velocities simulated by the IBI model within the
cyclonic circulation cell (Fig. 11) are consistent with the presence of
upward motions capable of transporting nutrients from deeper layers
towards the surface. This result supports a close interaction between
mesoscale circulation, coastal upwelling, and surface productivity.
Similar processes have been described in other regions. For example, in
the Gulf of Guinea, Thiam et al. (2024) documented a quasi-stationary
cyclonic circulation cell that modulated the intensity of coastal up-
welling. Although the dynamical settings differ, both systems demon-
strate how mesoscale cyclonic circulations can favour the upward
transport of subsurface waters and the retention or recirculation of
coastal waters, thereby modulating the intensity and spatial extent of
upwelling.

The coincidence between the drifter trajectories and the offshore
displacement of the Chl-a-rich filament suggests that the net transport
associated with the circulation and upwelling may explain part of the
observed motion, particularly that of drifter LCA00564. On 19 October,
this drifter moved south-southeastwards against the predominant wind
direction (Table 3), which would have favoured north-northeastward
advection if direct wind forcing had dominated. This suggests that its
trajectory was primarily controlled by mesoscale circulation rather than
by direct wind forcing alone. This behaviour agrees with the observa-
tions of Garcia et al. (2002), who related local upwelling events and
circulation near CSM to the spatial distribution of biological variables.

The Lagrangian particle analysis (Fig. 12) highlights the role of
mesoscale structures in the redistribution of water masses along the
continental margin. Part of the released particles were advected off the
shelf, while others remained temporarily trapped within the cyclonic
circulation cell, with residence times of up to approximately two weeks.
This behaviour suggests that such structures can act as mechanisms of
lateral mixing and transport, exporting coastal waters towards more
oceanic regions.

Because shelf waters are typically enriched in nutrients and organic
matter, their advection towards more oligotrophic areas may fertilise
the open sea and modify local biogeochemical properties (Fennel,
2010). Processes of this kind, driven by recirculation and partial water
mass retention, are common along continental margins and contribute
to the lateral transport of nutrients, organic matter, and trace metals
(Laiz et al., 2020). In this context, the cyclonic circulation cell identified
in this study may act as an interface between coastal and open-ocean
domains. Furthermore, recent observations in the GoC indicate that
such processes can also facilitate the transport and redistribution of
microplastics and other contaminants along the continental margin
(Laiz et al., 2024), reinforcing the relevance of mesoscale features for the
physical and biogeochemical dynamics of the system.

The formation and modulation of the cyclonic circulation cell can be
interpreted as the result of interactions between atmospheric forcing,
bathymetry, and mesoscale dynamics. Easterly winds favour the devel-
opment of the CCC, which flows westwards along the eastern shelf of the
GoC (e.g., Relvas and Barton, 2002; Garel et al., 2016). Subsequent shifts
to westerly or southwesterly winds may weaken or reverse this
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westward flow near CSM, favouring the development of a cyclonic
recirculation in this region (Garcia-Lafuente et al., 2006; Teles-Machado
et al., 2007; de Oliveira Janior et al., 2022). The abrupt topographic
transition at the edge of the continental shelf off the CSM may act both as
a geographical boundary that helps constrain the circulation
(Garcia-Lafuente and Ruiz, 2007) and as a dynamical factor influencing
the vorticity field. The increase in relative vorticity observed along the
drifter tracks when crossing the shelf-slope region is consistent with
potential vorticity adjustment over steep topography (Pedlosky, 1987),
suggesting that the bathymetric gradient may contribute to the local
intensification of cyclonic vorticity and to the confinement of the cir-
culation cell, rather than acting solely as a passive boundary.

Once established, the circulation cell is associated with positive
Ekman velocities (Fig. 7), which are consistent with upward transport of
nutrient-rich subsurface waters and with the observed coupling between
physical and biogeochemical dynamics (Cravo et al., 2013; Oliveira
et al., 2024). The vertical velocities simulated by the IBI model within
the cell interior are also consistent with this upwelling signal. However,
their absolute magnitude should be interpreted with caution, as they
reflect not only wind-driven Ekman pumping but also flow-topography
interactions and other dynamical contributions (Jacox et al., 2018;
Mazzini and Barth, 2013). This conceptual framework links the atmo-
spheric, topographic, and mesoscale controls of the observed event,
while highlighting the need for further analyses to assess whether
similar mechanisms operate recurrently in the region.

Finally, the evaluation of the high-resolution IBI model shows that it
reproduces the main characteristics of the observed cyclonic circulation,
including the areas of maximum acceleration off CSM and along the
edges of the cyclonic circulation cell (Fig. 8), with velocities comparable
to those recorded by the drifters (Fig. 3). The quantitative assessment
using the Lagrangian skill score of Liu and Weisberg (2011) supports this
model performance for drifters released near the shelf edge. However,
the model performed poorly for the drifter released over the shallower
continental shelf, indicating limitations in its ability to reproduce fine-
scale nearshore dynamics.

Although small spatial discrepances were detected, such as a slight
southward displacement of the simulated cyclonic circulation cell rela-
tive to the drifter trajectories, the overall coherence between both
datasets suggests that the IBI model is useful for analysing the evolution
and dynamics of similar mesoscale structures. Nevertheless, the model's
horizontal resolution of approximately 3 km may limit its ability to fully
capture the smaller-scale features present within the cyclonic circulation
cell. In addition, the vertical velocities obtained from the IBI model are
larger than those estimated from Ekman pumping. This is consistent
with the fact that Ekman pumping provides only a first-order estimate of
wind-driven vertical transport and does not capture all the processes
contributing to vertical motion in coastal systems (Jacox et al., 2018).
The model-derived vertical velocities reflect the combined action of
different dynamical processes, including wind forcing and flow-topog-
raphy interaction, which play an important role in the variability of
coastal upwelling (Mazzini and Barth, 2013). Accordingly, these values
should be interpreted with caution in terms of their absolute magnitude.
Nevertheless, the model results describe the spatial patterns and relative
variability of vertical motions associated with the cyclonic circulation
cell. Moreover, the model provides valuable information in areas or
periods where field data are scarce, complementing the spatial and
temporal gaps inherent to in situ observations.

Given the limited availability of direct measurements in the GoC,
combining targeted oceanographic field campaigns with high-resolution
numerical output, such as those provided by the IBI model, represents an
effective strategy to improve understanding of small-scale circulation
and its coupling with marine productivity in the region.

5. Conclusions

This study provides direct in situ observational evidence of a cyclonic
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circulation cell east of CSM in the northern GoC. By combining
Lagrangian drifters, satellite imagery, and high-resolution numerical
simulations, a coherent cyclonic circulation cell approximately 40-
45km in diameter was identified during October 2022. Although the
main circulation feature is mesoscale in scale, submesoscale filaments
and frontal structures are likely embedded within it, as suggested by the
fine-scale gradients observed in the SST and Chl-a fields.

The drifter trajectories revealed alternating eastward and westward
flows modulated by wind variability, bathymetric steering, and meso-
scale dynamics. The WRF simulations indicate that alternating easterly
and westerly winds played an important role in circulation reversals,
while the IBI model reproduced the main features of the cyclonic cir-
culation cell and the associated flow accelerations near the shelf break.
However, model performance was better for drifters released near the
shelf edge than for the drifter released over the shallow continental
shelf, highlighting the limitations of the model in resolving fine-scale
nearshore dynamics.

The results provide new empirical evidence that the interaction be-
tween atmospheric forcing, local bathymetry, and upwelling processes
governs small-scale circulation in the northern GoC. Westerly winds
during mid-October 2022 induced local upwelling east of CSM, gener-
ating positive Ekman pumping and promoting the ascent of subsurface
waters. The coexistence of cold waters and enhanced Chl-a concentra-
tions within the cyclonic circulation cell core supports the interpretation
of an active cyclonic recirculation that modulates both the physical
structure and the surface productivity of the region. These findings
provide new insights into the dynamics of the CCC and its coupling with
mesoscale variability and cross-shelf exchanges along the Iberian
margin.

Beyond its physical relevance, the observed cyclonic structure rep-
resents an active interface between coastal and open-ocean domains,
with potential implications for biological productivity, pollutant
dispersion, and cross-shelf connectivity. The strong agreement between
observations and numerical simulations highlights the value of inte-
grating in situ measurements, satellite data, and model analyses to
characterize mesoscale circulation in coastal environments. Future work
should aim to expand the observational database through new
Lagrangian experiments and complementary oceanographic surveys,
and to improve model resolution in order to capture transient sub-
mesoscale structures and assess their role in biogeochemical exchanges
and coastal ecosystem dynamics.
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