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Summary

The main objective of this thesis is to contribute to the understanding of coastal zone
dynamics using high-resolution altimetry data. The study evaluates the possibility of
studying mesoscale surface circulation in coastal areas, particularly in the Gulf of Cadiz,
Spain, using high-resolution altimetry data with a posting rate of 20 Hz from CryoSat-2
(CS2). For this purpose, a specific filtering strategy for coastal areas was developed
along with wind and bottom friction ageostrophic corrections to enhance the accuracy
and realism of the outputs. The benefits of such methodology and corrections were
assessed by comparison with measurements from high-frequency radar (HFR). The
correction of these ageostrophic effects substantially enhanced the correlation between
altimetry and HFR data, increasing from 0.61 (no correction) to 0.72 (corrected).
Furthermore, the root mean square error (RMSE) decreases from 12.54 cm/s to 7.35
cm/s. Additionally, the research evaluates the quality and capabilities of altimetry-
derived wind speed (WS) retrievals for validation/calibration of numerical weather
prediction models (NWPM), specifically the Weather Research and Forecasting (WRF)
model over the complex area of the Gulf of Cadiz. To assess the applicability of
altimetry data for this purpose, the study compares Sentinel-3A/B (S3A/B) WS data
with in-situ measurements and validates the WRF model with data from multiple
stations in the area. The results show that S3A/B WS data align well with in-situ
measurements and are trustworthy for model calibration/validation. The spatial
variability of WS derived from the WRF model is compared with the along-track
altimetry-derived WS under different wind conditions, demonstrating good agreement
between the two datasets even under varying wind conditions. This illustrates that the
spatial coverage of satellite altimetry can effectively validate high-resolution numerical
weather prediction models in complex coastal areas. Based on the previously validated
methodologies to obtain high-resolution satellite altimetry estimates of current
velocities, along with high-resolution wind data from the WRF model, the research
provides a comprehensive characterization of surface circulation over the northern shelf
of the Gulf of Cadiz. The study compares high-resolution satellite altimetry-based
surface zonal currents, corrected for bottom-drag and wind effects, with a publicly
available altimetry dataset (generic CMEMS product) and validates them with in-situ

measurements from Acoustic Doppler Current Profilers (ADCP). The findings indicate



that the corrected altimetry product outperforms the generic CMEMS product in terms
of statistical metrics, accurately capturing surface circulation direction when compared
with in-situ measurements. The research emphasizes the importance of considering both
wind-driven and geostrophic components of the circulation in different sectors of the
Gulf of Cadiz. It reveals that in the western basin, positive (eastward) surface currents
are mainly driven by westerly winds, while occasional westward flows are mostly
dominated by geostrophic forces. In contrast, in the eastern basin, both eastward and
westward flows are primarily driven by favourable winds. Additionally, the analysis of
Absolute Dynamic Topography (ADT) values along the entire basin highlights the
presence of ADT gradients both cross and along-shore, with a greater significance
attributed to the along-shore gradients. The research also conducts a seasonal analysis,
showing that eastward circulation dominates during the spring and summer months,
associated with upwelling and westerly winds. Conversely, westward flows prevail
during the winter months, related to easterly winds and the effect of the along-shore sea
level gradient during unfavourable upwelling conditions. While the research highlights
the effectiveness of satellite altimetry data for studying coastal dynamics, it also
acknowledges certain limitations, such as the inability to measure wind direction and
the inability to capture variability at scales smaller than the across-track footprint
length. Nonetheless, the results suggest that improved methodologies and higher-
resolution altimetry measurements can significantly enhance our understanding of

coastal zone dynamics, bringing it closer to that of the open ocean.






Resumen

El objetivo principal de esta tesis es contribuir a la comprension de la dindmica de las
zonas costeras utilizando datos altimétricos de alta resoluciéon. En primer lugar, se
evalua la posibilidad de estudiar la circulacion superficial de mesoescala en zonas
costeras, particularmente en el Golfo de Cadiz, Espafia, utilizando datos altimétricos de
alta resolucion (20 Hz) procedentes de CryoSat-2 (CS2). Para ello, se desarrollé una
estrategia de filtrado especifica para zonas costeras junto con correcciones ageostroficas
de viento y friccion de fondo para mejorar la precision y el realismo de los resultados.
Las ventajas de esta metodologia y de las correcciones se evaluaron comparandolas con
las mediciones del radar de alta frecuencia (HFR). La correccion de estos efectos
ageostroficos mejord sustancialmente la correlacion entre la altimetria y los datos del
HFR, aumentando de 0,61 (sin correccién) a 0,72 (corregido). Ademas, el error
cuadratico medio (RMSE) disminuye de 12,54 cm/s a 7,35 cm/s. Ademas, la
investigacion evalua la calidad y las capacidades de las recuperaciones de la velocidad
del viento (WS) derivadas de altimetria para la validacion/calibraciéon de modelos
numéricos de prediccion meteorolégica (NWPM), en concreto el modelo Weather
Research and Forecasting (WRF) sobre la compleja zona del Golfo de Cédiz. Para
evaluar la aplicabilidad de los datos altimétricos para este proposito, el estudio compara
los datos de WS de Sentinel-3A/B (S3A/B) con medidas in-situ y valida el modelo
WRF con datos de multiples estaciones de la zona. Los resultados muestran que los
datos de WS de S3A/B se alinean bien con las mediciones in situ y son fiables para la
calibracion/validacion del modelo. La variabilidad espacial de la WS derivada del
modelo WRF se compara con la WS derivada de altimetria a lo largo de la traza bajo
diferentes condiciones de viento, demostrando una buena concordancia entre los dos
conjuntos de datos incluso bajo condiciones de viento variables. Esto demuestra que la
cobertura espacial de la altimetria por satélite es de gran utilidad para validar
eficazmente los modelos numéricos de prediccion meteoroldgica de alta resolucion en
zonas costeras complejas. Basandose en las metodologias previamente validadas para
obtener estimaciones de altimetria por satélite de alta resolucion de las velocidades de
las corrientes, junto con datos de viento de alta resolucion del modelo WREF, la
investigacion proporciona una caracterizacion completa de la circulacion superficial

sobre la plataforma norte del Golfo de Cadiz. El estudio compara las corrientes zonales



superficiales de alta resolucién basadas en altimetria por satélite, corregidas por los
efectos del arrastre del fondo y del viento, con un conjunto de datos altimétricos
disponibles publicamente (producto genérico CMEMS) y los valida con mediciones in
situ de los Perfiladores Acusticos de Corrientes Doppler (ADCP). Los resultados
indican que el producto altimétrico corregido supera al producto genérico CMEMS en
términos de métricas estadisticas, capturando con precision la direccion de la
circulacion superficial cuando se compara con las mediciones in situ. La investigacion
subraya la importancia de considerar tanto los componentes e6licos como geostroficos
de la circulacién en diferentes sectores del Golfo de Céadiz. Revela que en la cuenca
occidental, las corrientes superficiales positivas (hacia el este) estdn impulsadas
principalmente por los vientos del oeste, mientras que los flujos ocasionales hacia el
oeste estan dominados principalmente por fuerzas geostroficas. Por el contrario, en la
cuenca oriental, tanto los flujos hacia el este como hacia el oeste son impulsados
principalmente por vientos favorables. Ademads, el andlisis de los valores de la
Topografia Dindmica Absoluta (TDA) a lo largo de toda la cuenca pone de relieve la
presencia de gradientes de TDA tanto transversales como a lo largo de la costa,
atribuyéndose una mayor importancia a los gradientes a lo largo de la costa. La
investigacion también lleva a cabo un andlisis estacional, mostrando que la circulacion
hacia el este domina durante los meses de primavera y verano, asociada al afloramiento
y a los vientos del oeste. Por el contrario, los flujos hacia el oeste prevalecen durante los
meses de invierno, relacionados con los vientos del este y el efecto del gradiente del
nivel del mar a lo largo de la costa durante condiciones desfavorables de afloramiento.
Aunque la investigacion pone de relieve la eficacia de los datos de altimetria por satélite
para estudiar la dindmica costera, también reconoce ciertas limitaciones, como la
incapacidad para medir la direccion del viento y la incapacidad para captar la
variabilidad a escalas menores que la longitud de la huella a través de la pista. No
obstante, los resultados sugieren que la mejora de las metodologias y las mediciones
altimétricas de mayor resolucion pueden mejorar significativamente nuestra

comprension de la dinamica de las zonas costeras, acercandola a la del océano abierto.






Riassunto

L'obiettivo principale di questa tesi ¢ di contribuire alla comprensione delle dinamiche
della zona costiera utilizzando dati altimetrici ad alta risoluzione. Lo studio mira a
investigare la circolazione superficiale a “mesoscala” nelle aree costiere, in particolare
nel Golfo di Cadice, in Spagna, utilizzando dati altimetrici ad alta risoluzione con una
frequenza di campionamento di 20 Hz dalla missione CryoSat-2 (CS2). A questo scopo,
¢ stata sviluppata una specifica strategia di filtraggio per le aree costiere insieme
all’utilizzo di correzioni ageostrofiche per il vento e dell’attrito sul fondale con
l'obiettivo di migliorare l'accuratezza e il realismo dei risultati. I benefici di questa
metodologia e delle correzioni sono stati valutati mediante un confronto con le
misurazioni fornite dal radar ad alta frequenza (HFR). La correzione degli effetti
ageostrofici ha notevolmente aumentato la correlazione tra l'altimetria e 1 dati HFR,
passando da 0,61 (senza correzione) a 0,72 (con correzione). Inoltre, I'errore quadratico
medio (RMSE) ¢ diminuito da 12,54 cm/s a 7,35 cm/s. Lo studio si prefigge anche di
valutare la qualita e il possibile utilizzo delle stime della velocita del vento derivate
dall'altimetria (WS) per la validazione/calibrazione dei modelli numerici di previsione
del tempo (NWPM), in particolare nel caso del modello Weather Research and
Forecasting (WRF) nella complessa area del Golfo di Cadice. Per valutare 1'applicabilita
dei dati altimetrici a questo scopo, lo studio confronta i1 dati WS di Sentinel-3A/B
(S3A/B) con misurazioni in situ e convalida il modello WRF con dati da varie stazioni
nell'area. I risultati mostrano che i dati WS di S3A/B riproducono le misurazioni in situ
e dimostrano I'utilizzo per la calibrazione/validazione del modello. La variabilita
spaziale del WS derivato dal modello WRF viene confrontata con il WS derivato
dall'altimetria lungo la traiettoria per condizioni di vento, mostrando un buon accordo
tra 1 due set di dati anche in condizioni di vento variabili. Cid conferma che la copertura
spaziale dell'altimetria satellitare pud convalidare efficacemente i modelli di previsione
del tempo ad alta risoluzione in aree costiere complesse. Sulla base delle metodologie
precedentemente validate per ottenere stime di altimetria satellitare ad alta risoluzione
delle velocita delle correnti, insieme a dati di vento ad alta risoluzione dal modello
WREF, lo studio fornisce una caratterizzazione completa della circolazione superficiale
sulla piattaforma settentrionale del Golfo di Cadice. Vengono confrontate le correnti
zonali superficiali basate sull'altimetria satellitare ad alta risoluzione, corrette per

l'attrito sul fondo e gli effetti del vento, con un set di dati altimetrici disponibile



pubblicamente (prodotto CMEMS generico) € con misurazioni in situ da Profilatori
Acustici Doppler delle Correnti (ADCP). I risultati indicano che il prodotto altimetrico
corretto ¢ piu accurato del prodotto CMEMS generico utilizzando metriche statistiche,
catturando in modo accurato la direzione della circolazione superficiale in confronto
alle misurazioni in situ. I risultati sottolineano l'importanza di considerare sia i
componenti guidati dal vento che quelli geostrofici della circolazione in settori diversi
del Golfo di Cadice. Nel bacino occidentale, le correnti superficiali positive (verso Est)
sono principalmente guidate dai venti di ponente, mentre 1 flussi occasionali verso
Ovest sono dominati principalmente dalle forze geostrofiche. Al contrario, nel bacino
orientale, sia 1 flussi verso Est che quelli verso Ovest sono principalmente guidati dai
venti favorevoli. Inoltre, 1'analisi dei valori della Topografia Dinamica Assoluta (ADT)
lungo l'intero bacino evidenzia la presenza di gradienti ADT sia trasversali che lungo la
costa, con una maggiore importanza attribuita ai gradienti lungo la costa. La ricerca
conduce anche un'analisi stagionale, mostrando che la circolazione verso Est domina
durante la primavera e l'estate, associata all’ “upwelling” e ai venti di ponente. Al
contrario, 1 flussi verso Ovest prevalgono durante 1 mesi invernali, legati ai venti di
levante e all'effetto del gradiente del livello del mare lungo la costa durante condizioni
di upwelling sfavorevoli. Mentre la ricerca sottolinea l'efficacia dei dati altimetrici
satellitari nello studio delle dinamiche costiere, riconosce anche alcune limitazioni,
come l'impossibilita di misurare la direzione del vento e di catturare la variabilita a scale
piu piccole della lunghezza dell'impronta lungo traccia. Tuttavia, i risultati suggeriscono
che metodologie migliorate e misurazioni altimetriche ad alta risoluzione spaziale
possono migliorare significativamente la nostra comprensione delle dinamiche delle

zone costiere, avvicinandola a quella dell'oceano aperto.
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Chapter 1

General Introduction

This chapter includes an introductory section (Section 1.1) describing the scientific
motivation behind the research presented in this dissertation, along with the fundamentals of
satellite altimetry and its application for oceanographic purposes, particularly for the study
of coastal areas (Section 1.2). This section aims to provide the reader with a general
understanding of the main topics of this thesis to ease its reading. Finally, Section 1.3

presents the aims of this thesis through the description of the hypothesis and objectives.







1.1 Introduction

In recent decades, the scientific community has recognised oceans’ significant role in
regulating the planet’s climate. It is well-established that the ocean exerts control over
critical agents such as global temperature and carbon dioxide levels. In this context, it is
imperative to observe, understand and model the diverse physical mechanisms that

contribute to ocean circulation.

The surface layer of the ocean responds to the action of atmospheric factors (surface wind,
temperature, pressure) through rapid changes in dynamics, reflected in events eddies, fronts,
internal waves or upwellings (Barale et al., 2010), which, at the same time, are linked to high
socio-economic and environmental impact activities (e.g. fisheries, offshore energy,
navigation, oil spills) (Aguiar et al., 2020). Besides, surface circulation influences sea level
variability (Han et al., 2019). Understanding coastal circulation and dynamics plays a key
role in the management of coastal areas and hence in the life of more than 10% of the Earth's
population exposed to the effects of sea level rise (Dinardo et al., 2018; Neumann et al.,
2015). The Gulf of Cadiz is one of these exposed coastal areas and its surface circulation
presents a complex dynamic, regarding its temporal and spatial variability, mainly due to its
location, as it constitutes an inflow-outflow area between the Atlantic Waters with the
Mediterranean Sea across the Strait of Gibraltar (Peliz et al., 2009). It is also linked to the
North Atlantic Subtropical Gyre and to the Portuguese upwelling system (Laiz et al., 2019).
In this context, satellite altimetry plays a key role in shedding light on understanding ocean

dynamics.

During the last three decades, the use of satellite altimeters to measure sea level has made a
significant contribution to the field of oceanography. Satellite altimetry is a very effective
tool for understanding global sea level variability, large circulation patterns, and surface

processes in the open ocean (Fu et al., 2010). However, in coastal areas and minor sub-



basins, the study of surface dynamics is more complex, since circulation in these areas is
conditioned by local processes and ageostrophic components, such as the variability of the
wind field or the drag forces related to abrupt and shallow bottom topographies, so they
cannot be completely characterised applying the geostrophic approximation to the altimetry
measurements. That is why the application of satellite altimetry measurements for the study
of coastal areas requires a more in-depth assessment of the local conditions and specific

editing methodologies for the altimetry data.
1.2  Theoretical background

The origins of satellite altimetry trace back to the 1970s, notably with the introduction of
Seasat in 1978 and Geosat in 1985. Over time, advancements in radar techniques and orbit
determination have progressively enhanced the precision, thereby increasing the practicality
of satellite altimetry data. Notably, the deployment of ERS-1 in 1991 (accompanied by ERS-
2 in 1995, Envisat in 2002, and Altika in 2013) and Topex/Poseidon in 1992 (alongside
Jason-1 in 2001 and Jason-2 in 2008) marked the initiation of a continuous global altimetry
observation era along repeated tracks. Even at the time this thesis is being written, there are
ongoing development of new missions (i.e.: Sentinel-3C and Sentinel-3D) ensuring service
continuity as evidenced by the recent introduction of the Surface Water and Ocean
Topography (SWOT) mission, which aims to gather data across a 120 km wide swath

(Abdalla et al., 2021; Srinivasan and Tsontos, 2023).

Radar altimeters measure the distance from the satellite to the surface below (range, Figure
1.2.1), through bounced-back echoes from transmitted radar pulses. The power of the signal
as received by the satellite is registered in a time series called waveform. To extract
geophysical information from these waveforms, it is necessary to conduct a processing step
known as retracking (Chelton, 2001), which involves the fitting of a model response to the

actual waveform. The upper limit of the range is estimated from the satellite position,
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precisely known by the contribution of on-board navigation devices (Doppler Orbitography
and Radio-positioning Integrated by Satellite instrument, DORIS; Global Positioning
System, GPS, Satellite Laser Ranging, SLR) and referred to the ellipsoid. Below, the
absolute elevation of surface or sea surface height (SSH), when measured over the ocean, is
estimated by considering the difference between the orbit altitude and range, after applying
corrections for atmospheric propagation and pulse reflection effects on the surface.
Additionally, the characteristics of the echoes from the ocean’s surface provide information
on its roughness, directly related to wave heights and wind stress over the ocean (Vignudelli

et al., 2011).

In coastal zones, satellite altimetry faces technical obstacles. First, the corrections required
for the altimeter range, including geophysical such as tides and dynamic atmospheric
correction, as well as environmental like ionospheric correction and corrections for dry and
wet tropospheric conditions and sea state, become less reliable and more variable (Andersen
and Scharroo, 2011). Secondly, the residual noise present in actual waveforms can
significantly impact the accurate extraction of parameters of interest during the retracking
process. This deviation occurs because the waveforms deviate from the expected theoretical
open ocean shape. This phenomenon is particularly observed in the final 10 kilometers from
the coastline, where both coastal waters and elevated terrain can produce returns within the
altimeter's range window. Consequently, this alters the waveform shape from the anticipated
pattern for a homogeneous surface. Additional agents that can affect the waveform in this
regard includes potential abrupt alterations in the sea state (rapid changes in the bathymetry,
wind-sheltered areas, wind gusts, etc) and the existence of land within the altimeter footprint

(Deng et al., 2002).

In the last years, efforts have been made in the coastal altimetry community to improve the

capabilities of current altimeters close to the coastal zone (Cipollini et al., 2010; Vignudelli



et al., 2019, 2011), including the application of improved range/geophysical corrections

(Andersen and Scharroo, 2011; Handoko et al., 2017; Rieu et al., 2021), the development of

Altimetric
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Altitude

Reference
Ellipsoid

Figure 1.1 The principle of satellite altimetry, along with the different sea level variables
(SSH, sea surface height; SLA, sea level anomaly; MSS, mean sea surface; MDT, mean

dynamic topography, ADT, Absolute dynamic topography).

Having the capacity to gather sea surface height measurements across the entire ocean offers
an opportunity not just to comprehend how sea level varies in space and time but also to
analyze associated physical processes. Consequently, the deviation of sea level from the
ocean surface's equipotential (the geoid) allows for the calculation of surface geostrophic

currents (Fu et al., 1988).

The geostrophic approximation applied at the sea surface leads to a very simple relation
between surface slope and surface current (Stewart, 1997). Considering a level surface
(geoid) slightly below the sea surface (z). The level surface refers to the geoid, it is, the
gravitational potential constant surface (Figure 1.2). The pressure gradient on the level

surface is given by Equation 1.1:



p= pg (42) (1.1)

assuming p and g are essentially constant in the upper few meters of the ocean.
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Figure 1.2. The slope of the sea surface relative to the geoid (0(/0x) is directly related to

surface geostrophic currents, Vg.

Substituting Equation 1.1 into the geostrophic equations (Equation 1.2), the two components

of the surface geostrophic currents are given by Equation 1.3.
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Where p is pressure, p is density, g is gravity, fis the Coriolis parameters, and { is the height

of the sea surface above the level surface.

Considering that the ADT represents the dynamic signal indicating displacement relative to
the geoid, influenced by interactions involving the atmosphere, topographical features of the
ocean floor, and its boundaries, it is indeed possible to calculate an estimate of the absolute

surface geostrophic circulation using altimeter measurements.



1.3 Aims & Objectives

Based on the above discussion about the limitations of using satellite altimetry data for
studying ocean circulation over coastal areas, the main aim of this thesis is to contribute to
one of the challenges of altimetry in the present decade: to reach a level of understanding of
the coastal zones dynamic similar to that of the open ocean (Troupin et al., 2015). Therefore,
the general objective is to make possible the assessment of surface circulation in coastal
areas from altimetry data, starting from understanding the dynamics of the Gulf of Cadiz as

a first stage. In order to achieve the general objective, the following specific objectives were

proposed:

1) To characterize the contribution of different ageostrophic factors to the surface
circulation of the Gulf of Cadiz, by comparing satellite altimetry-derived
absolute surface geostrophic currents with high-frequency radar measurements.

2) To analyse the capabilities of satellite altimetry-derived wind speed retrievals for
numerical wind model calibration/validation over the Gulf of Cadiz.

3) To use satellite altimetry-derived absolute surface geostrophic current estimates,

along with ageostrophic corrections to improve the knowledge of the surface

circulation patterns in the Gulf of Cadiz.






Chapter 2
Assessment of near-shore currents from
CryoSat-2 satellite in the Gulf of Cadiz using
high-frequency radar-derived current

observations

This study evaluated the possibility of studying mesoscale surface circulation in coastal
areas, such as the Gulf of Cadiz, Spain, using high-resolution altimetry data (20-Hz of
posting rate) along with the use of wind and bottom friction ageostrophic corrections.
Absolute cross-track surface zonal current velocities, derived from filtered along-track
CryoSat-2 SIRAL-SARM Absolute Dynamic Topography (ADT) measurements, are
compared with high-frequency radar (HFR) data in the coastal area of the Gulf of Cadiz. The
filtering strategy followed in this study for the altimetry data is dependent on the HFR
measurements for each track. Absolute surface geostrophic velocities obtained from 20-Hz
altimetry data agree well with HFR further than 25 km from the coast. Close to land ([3-25]
km) the ageostrophic component of the surface current (due to the wind drag and the bottom
friction) needs to be considered in the altimeter data. On average, the correlation between
altimetry and HFR improved from 0.61 (no correction) to 0.72 (correcting these effects). The
root mean square error (RMSE) lowered from 12.54 cm/s to 7.35 cm/s. Furthermore, it has
also been demonstrated that corrected altimeter measurements are useful for the study of

dynamics and patterns of coastal areas.
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2.1 Introduction

Satellite altimetry has changed physical oceanography by enabling monitoring of global
ocean topography from space (Fu et al., 1988). Consequently, large circulation patterns and
processes in the open ocean are well characterised (Fu et al., 2010) using the geostrophic
approximation. However, in coastal areas and minor sub-basins, the study of ocean dynamics
is more complex since circulation in these areas is conditioned by local processes and
ageostrophic components, such as tidal oscillations, changes in the field of winds, abrupt
and shallow bottom topographies, river discharges and interactions between different water
masses in small areas (Criado-Aldeanueva et al., 2006), and along-shore pressure gradients
(Garel et al., 2016). The surface layer of the ocean responds to the action of these factors
through rapid changes in dynamics, reflected in events such as coastal countercurrents,
eddies, fronts, internal waves and upwellings (Barale et al., 2010), which, at the same time,
are linked to activities of high socio-economic and environmental impact (fisheries, offshore
energy, navigation, oil spills) (Aguiar et al., 2020). Moreover, surface circulation influences
sea level variability (Han et al., 2019). Consequently, understanding coastal currents and
ocean surface dynamics plays a key role in the management of coastal areas, where more
than 10% of the Earth’s population lives exposed to the effects of sea level rise (Neumann

et al., 2015).

Technological advances in satellite altimeters, such as CryoSat-2 (CS2) and Sentinel-3A/B
allow accurate measurements and improved spatial resolution measurements along the
satellite’s (pass) track, making them suitable tools for studying coastal zone dynamics
(Morrow et al., 2017). Despite these improvements, coastal altimetry still faces two main
challenges in retrieving accurate sea surface height: coastal zones are dominated by small
and medium-scale structures and pro- cesses in the spatio-temporal domain; and the

proximity to the coast implies the existence of anomalies in the altimeter measurements
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related to the presence of land and/or calm water contamination within the altimeter’s
footprint (Gomez-Enri et al., 2010), as well as mis- characterised range/geophysical
corrections (Gommenginger et al., 2011). In recent years, efforts have been made in the
coastal altimetry community to improve the capabilities of current altimeters close to the
coastal zone (Cipollini et al., 2010; Vignudelli et al., 2019, 2011), including the application
of improved range/geophysical corrections (Andersen and Scharroo, 2011; Handoko et al., 2017)
and validation with in-situ observations (Vignudelli et al., 2019 and references therein). Our
work contributes toward overcoming one of the challenges of altimetry in the present decade:
to reach a level of understanding of the ocean circulation in coastal zones similar to that of
the open ocean (Troupin et al., 2015). To achieve this, quality-controlled data from high-
frequency radar (HFR, henceforth) are used to validate the altimetry-derived ocean
circulation in the coastal area. High-frequency radar is a useful tool to monitor coastal
surface currents and it has been installed and used in a number of places around the world to
study coastal mesoscale circulation (Mandal et al., 2019), monitor ocean dynamics and

validate hydrodynamic and wave models (Wyatt, 2014).

Previous studies have compared HFR and altimetry concluding that the former represents a
potential tool for the validation and improvement of altimetry products in coastal areas (Liu
et al., 2014; Manso-Narvarte et al., 2018; Morrow et al., 2017; Powell and Leben, 2004; Roesler et

al., 2013; Troupin et al., 2015). Related works obtained a high correlation between HFR and
altimetry-derived circulation, up to 0.64 (e.g. Manso-Narvarte et al., 2018), using 1-Hz
along-track altimeter measurements (~7 km between consecutive measurements). Very few
studies, such as Troupin et al. (2015), which obtained consistent results up to 10 km from
the coast, have compared surface currents derived from higher along-track spatial resolutions
(20 Hz, 40 Hz) and HFR data close to the shore. Regarding the differences between the
measurements derived from HFR (total surface circulation) and altimetry (surface
geostrophic circulation), the application of ageostrophic corrections, such as wind-induced
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surface currents, seems to increase the agreement between both datasets (Manso-Narvarte et
al., 2018), but other ageostrophic components, such as those related to the bathymetry,

remain to be analysed in detail (Morrow and Le Traon, 2012).

The main objective of this study was to validate improved estimates of altimeter-derived
absolute cross-track surface zonal current velocities (Vg) at high along-track posting rate (20
Hz) from CryoSat-2 (CS2) satellite, using HFR data in the coastal zone (first 25 km from
land) in the Gulf of Cadiz (GoC, henceforth) (Iberian Peninsula). Absolute cross-track (Vg)
included the geostrophic signal plus two ageostrophic components based on the wind and
the bottom friction effects. In addition, we assessed the capabilities of coastal altimetry data
to detect meso/small-scale dynamics close to the coast in synergy with HFR data and

supported by sea surface temperature (SST) data.

The study is organised as follows: Section 2.2 presents the GoC and its main surface
circulation characteristics. Section 2.3 includes a description of the data sets, the edition
strategies and the methods. The results and discussion are presented in Section 2.4, starting
with the statistical outcomes from the comparison between hourly surface current velocity
data from HFR and altimeter data for the 14 tracks analysed, including the impact of the
ageostrophic corrections. We give some examples of the capabilities of the altimeter data
with regard to the detection of coastal fine-scale circulation structures endorsed by HFR and

SST data. Finally, Section 2.5 presents the conclusions and perspectives.

2.2  Study area

The present study is focused on the GoC, particularly on the easternmost part of the Gulf,
the continental shelf area delimited by Cape Santa Maria (CSM) and Cape Trafalgar (CT).
Figure 2.1a gives the bathymetry of the study area along with the main circulation patterns
proposed by Garcia-Lafuente et al. (2006) and Peliz et al. (2009), the CS2 tracks (red lines),

and the area covered by the HFR system (blue dotted area) are shown in Figure 2.1b.
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The surface circulation of the GoC presents complex dynamics, regarding its temporal and
spatial variability, mainly due to its location, as it constitutes an inflow-outflow area between
the Atlantic Ocean and the Mediterranean Sea across the Strait of Gibraltar (Peliz et al.,
2009), and is also linked to the North Atlantic Subtropical Gyre (Laiz et al., 2019), a fact

that significantly influences both local and Atlantic circulations.

Two linked systems can be differentiated when describing the circulation of the GoC: the
upper slope current system; and the shelf circulation (Figure 2.1a). The first is generically
composed of two flows. In deep layers, the upper Mediterranean outflow core (MO upper)
circulates westward contouring the slope (Ambar and Howe, 1979; Peliz et al., 2009). The Gulf
of Cadiz Current (GCC) flows toward the southeast into the Mediterranean Sea. The intensity
and characteristics of this system are strongly linked to the Mediterranean inflow-outflow

coupling (Peliz et al., 2009).

Regarding the circulation over the continental shelf, two modes can be characterised in the
eastern section, located between CSM and CT, alternating westward/eastward circulation.
Westward circulation, or cyclonic mode, is characterised by a coastal countercurrent (CCC)
which comprises the northern boundary of a cyclonic cell located on the eastern shelf
between CSM and the mouth of the Guadalquivir Estuary (Garcia-Lafuente et al., 2006).
This CCC seems to be controlled mainly by the imbalance of the along-shore pressure
gradient, due to the relaxation of large-scale upwelling favourable wind (Garel et al., 2016).
The eastward circulation, or anticyclonic mode, is defined by an eastward current (EC) that,
unlike the CCC, is likely to originate from Ekman mechanisms that induce the upwelling of

cold water along the coast (Garel et al., 2016).

In addition, abrupt changes in the orientation of the coastline and the presence of the Strait
of Gibraltar connecting two basins with such different characteristics, favour the existence

of a heterogeneous wind field, which strongly controls the zonal surface circulation by the
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alternation of westerlies and easterlies (Peliz et al., 2007). Other agents, such as the runoff
from the Guadiana and Guadalquivir rivers, affect the surface temperature, salinity, and other

biogeochemical variables, mainly in the coastal fringe, near the river mouths (Laiz et al.,

2013).
a)
204 b
3TN
g ar
g
LS I = v
ccc > Gulf of Cadiz
GCC > —— R B
| [ MO upper > 2
36N |ec >
o T ow + T % oW

Longitude

b)
37.35°N

37.2°N

37.05°N

36.9°N

Latituda

3B6.75°N

36.6°M

36.45"M

S
5

; £
7.85°W  7.6°W  7.35°W  T.1°W
Lengitude

Figure 2.1 (a) The main feasible surface circulation characteristics of the GoC (following
Garcia-Lafuente et al. (2006) and Peliz et al. (2009), and some geographical features:
CSV (Cape San Vicente), CSM (Cape Santa Maria), CT (Cape Trafalgar), CCC (Coastal
Countercurrent), GCC (Gulf of Cadiz Current), MO (Mediterranean Outflow), EC
(Eastward Current) (b) Location of the observational systems in the GoC: CS2 repetitive
tracks and relative orbit number, red lines;, HFR system potential covered area, blue dotted
area; HFR, high-frequency radar system stations; ADCP, acoustic Doppler current profiler

location.
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2.3 Data and Methods

Satellite altimetry

In this study, along-track Sea Level Anomaly (SLA) data from 14 CS2 tracks over the GoC
were used to calculate cross-track zonal surface current. CS2 is a European Space Agency
(ESA) satellite launched in April 2010 and its primary aim was to monitor changes in the
thickness of the sea ice and continental ice sheets (Drinkwater et al., 2004; Wingham et al.,
2006); however, CS2 altimetry data have been used for the exploitation of additional ocean
products (Calafat et al., 2017) thanks to its main instrument, the synthetic interferometric
altimeter (SIRAL), which operates in three modes depending on the purpose: Low
Resolution Mode (LRM), mainly used over open ocean, Synthetic Aperture Radar (SAR)
mode, for specific coastal areas, and SAR Interferometry (SARIn) mode, with the highest
spatial resolution and used over continental water bodies and ice sheets (for more details see
CryoSat-2 Product Handbook at https://earth.esa.int/documents). Over the study area, CS2
SIRAL has been working in SAR (Synthetic Aperture Radar) mode since the beginning of
the mission in 2010. CryoSat-2 has a quasi-polar orbit of approximately 92°, allowing nearly
global coverage, reaching high latitudes of up to 88> N-S Latitude. The quasi-orthogonal
product is posted at 20 Hz, which results in ~330 m along-track spatial resolution
measurements. The altimetry product has been assessed by previous studies globally (Calafat
et al., 2017), and focused on coastal areas, such as Gémez-Enri et al. (2018) over the GoC,
obtaining a satisfactory performance further than 3—5 km to the shore. In addition, (Bouffard
et al., 2018) demonstrated that the CryoSat-2 ocean products compare very well with in situ
measurements and confirmed that the ocean products are perfectly suited for oceanographic

applications.
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The final SLA product from GPOD level 2, includes the range/ geophysical corrections listed
in Table 2-1. In addition, a sea state bias (SSB) correction of 5% of the significant wave
height (available in the GPOD product), was applied following previous studies (Fenoglio-
Marc et al., 2015; Gémez-Enri et al., 2018). The Mean Sea Surface used was DTU18 MSS

(Andersen et al., 2018).

The selection of tracks in the study area was made for the 2013 to 2018 period based on the
availability of HFR data. In order to reduce the effect of land contamination in the footprint
area of the radar measurements, only the tracks nearly orthogonal to the coastline were
selected (Aldarias et al., 2020; Goémez-Enri et al., 2018). Therefore, relative orbits #153,
#1804, #2224, #2644, #3035, #4266, #4407, and #5106 were used for a total of 14 tracks

(Table 2-2).

Table 2-1 Range and geophysical corrections applied in CryoSat-2 SIRAL-SARM SLA data

from SARvatore-GPOD used in this study.

Range corrections Geophysical corrections
Atmospheric Tidal Ocean surface
Dry Tropospheric Ocean Tide (TPXO8-atlas model) Dynamic Atmospheric Correction
‘Wet Tropospheric Long-Period Equilibrium Tide Sea State Bias (5% Significant Wave Height)
Ionospheric Ocean Loading Tide

Solid Earth Tide
Geocentric Polar Tide

SLA editing strategy

Raw 20-Hz along-track SLA data were edited, following the methods presented in Bouffard
et al. (2010). The screening removes outliers and filters out high-frequency noise signals
near the coast. Firstly, SLA values closer than 3 km to the coastline were rejected to maintain
a distance of good quality (Aldarias et al., 2020). Previous studies with CS2 data
demonstrated that land contamination might affect the sea level measurements close to the
coast (Dinardo et al., 2018; Gomez-Enri et al., 2018). Secondly, SLA values larger than three
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times the standard deviation were removed and replaced by linearly interpolated values; this
processing was applied in a 10-times loop (Bouffard et al., 2010; Meloni et al., 2019).
Finally, a Loess filter (Cleveland and Devlin, 1988) was applied along the track segments to
filter out high-frequency noise (Manso-Narvarte et al., 2018); this is a common processing
procedure for the study of oceanic mesoscale phenomena (Morrow et al., 2017). For each
HFR-CS2 track comparison, a range of spatial cut-off values ([7—60] km) for the Loess filter
was tested. This range was selected to resolve the scale of the baroclinic Rossby radius in
the area (~6.5 km). The cut-off wavelength that gave the best results in terms of correlation
and root mean square error at each track was selected (Morrow et al., 2017). The filter cut-
off necessary for obtaining the best correlation among surface velocities obtained from
altimetry and HFR is different for each track of the study, depending on the characteristics
of the surface circulation at the moment of the satellite pass over the study area. The Loess

filter cut-off values applied to each track are presented in Table 2-2.

Table 2-2Relative orbit number (RO), date of pass, filter cut-off window and angle

coastline/track for each track.

Track # Track date Filter cut-off Angle
(RO) (km) coast/track
#4266 17-Oct-2013 25 64.43
#2644 30-Jun-2014 51 76.39
#1804 06-May-2015 54 68.62
#2224 04-Jun-2015 60 95.68
#4407 23-Oct-2015 60 63.73
#2644 09-Jul-2017 29 76.39
#3035 05-Aug-2017 60 76.80
#4266 29-Oct-2017 60 62.68
#153 21-Jan-2018 52 64.11
#1804 15-May-2018 35 68.55
#2224 13-Jun-2018 60 95.48
#2644 12-Jul-2018 60 78.74
#4266 01-Nov-2018 12 66.64
#153 25-Jan-2019 33 64.75

Figure 2.2 shows an example of the editing approach applied to the CS2 track #2644. High-

frequency noise is clearly seen in the raw SLA profile (black line). No outlier is detected in
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this track segment, but the Loess filter (60-km cut-off) removes most of the high-frequency

noise (red line).

0.05 — T T -

| =2—RawSLA
Edited SLA
Latitude (°N)

Figure 2.2. CryoSat-2 20 Hz original SLA (black) and edited SLA (red) for track #2644
(12-07-2018). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Absolute dynamic topography (ADT)

Along-track surface absolute geostrophic current (SAGC) is computed using the absolute
dynamic topography (ADT). Absolute dynamic topography profiles were estimated by
adding the mean dynamic topography (MDT) to the SLA. The DTUISMDT model (Knudsen
et al., 2016), 1-min spatial resolution grid, was bilinearly interpolated to the CS2 along-track
positions. DTU15SMDT model was obtained by combining the latest version of the gravity

field (EIGEN-6C4) with the Mean Sea Surface model (DTU15MSS) (Knudsen et al., 2016).
Surface absolute geostrophic current (SAGC)

Absolute dynamic topography is the dynamic signal that represents the displacement with
respect to the equipotential surface (geoid) forced by the interactions with the atmosphere
and the topographic contours of the bottom and sides of the ocean. Therefore, it is possible
to obtain a good estimate of the surface geostrophic circulation from altimeter measurements
from the spatial variations of ADT and consider the effect of the Earth’s rotation movement,

represented by the Coriolis force.
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From an oceanographic point of view, on an axis of Cartesian coordinates in which the x-
axis points to the east, y-axis to the north and the z-axis in the opposite direction to the
gravity force, assuming that the water density is constant, the zonal (u) and meridional (v)
components of the geostrophic current can be obtained using the geostrophic balance

equations:

Fou= - 1‘6p
) ;1a_p (2.1)
{_f. =__p.a

where p is seawater density; g is gravitational acceleration; f is the Coriolis parameter
(f=2Qsingp, where Q is the angular rotation velocity of the Earth and ¢ the latitude); and p is

pressure. Following the hydrostatic relation defined as:

dp
-—=-pg (2.2)
0z

and replacing the vertical variation (0z) by the variation of the sea surface height over the

geoid (0h), Eq. (2.1) can be written as:

qf'uz _g'%;l (2.3)
-

Considering that the zonal velocity is calculated along the satellite track, it is assumed that

the variation of the sea surface height over the geoid along the x-axis does not exist, it is:

oh
P 0, (2.4)

If h is replaced by absolute dynamic topography (ADT), it is possible to calculate the velocity
values of the surface absolute geostrophic current (Vgabs) normal to the satellite tracks using

the equation (Bouffard et al., 2010):
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g O0ADT (2.5)
Vgabs = _f ° ay '

The along-track altimetric gradient (slope) has been estimated by using the optimal filter
developed by Powell & Leben (2004), following the methodology proposed by Bouffard et al.
(2010), using a spatial frame of 1.5 km (equivalent to approximately five along-track
altimeter measurements), which also addresses the spatial resolution of the high-frequency

radar.
High-frequency radar data

Two CODAR SeaSondes stations installed in Mazagon (Spain) and Vila Real de Santo
Antonio (Portugal) (Figure 2.1), that belong to the Red de Radares de Alta Frecuencia de
Puertos del Estado (www.puertos.es), were used in this study. The stations work at 13.5 MHz
frequency; this mode generates measurements with a spatial resolution of approximately 1.5
km and a range that reaches up to 60 km from the coast. The general reliability of HFR data
has been demonstrated through extensive comparisons with independent measurements
(drifters, ship-based sensor, acoustic Doppler current profilers) (Lorente et al., 2015) over
different ocean conditions, providing typical root mean square errors (RMSE) of 7-20 cm/s
(Cosoli and Bolzon, 2015; Lorente et al., 2015). Specifically, the HFR zonal velocity (HFRu)
used in this study was previously validated with in-situ measurements from an acoustic
Doppler current profiler (ADCP) moored in the GoC (37°6'40” N, 7°14'19” W, Fig. 1) for

three months (from 16-Oct-2013 to 16-Jan-2014). The RMSE (5 cm-s-1) and correlation

coefficient (0.86 for 95% of confidence level) resulting from the comparison of 2242 hourly
measurements (Figure 2.3) were satisfactory, considering the magnitude of the standard
deviations (ADCP:10.73 cm/s ; HFR: 13.09 cm/s) and results from previous studies using

the same methodology and statistics (Cosoli et al., 2010; Cosoli and Bolzon, 2015).
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A two-step editing methodology was applied to the HFR observations for the comparisons
with altimetry data. Firstly, in order to remove high- frequency signals (mainly tidal
oscillations), a 72-h average was computed (Roesler et al., 2013), using the 72 h prior to the
dates of the satellite measurements. Finally, the HFRu velocity was bilinearly interpolated
over the position of the altimeter track measurement positions. The performance of the
SeaSonde software solves the geometric dilution of precision (GDOP) related problems,
among the different possible sources of error (Lipa et al., 2006). We removed invalid data,
for each period of 72-h of HFR data, retaining only the points with more than 60% of valid
data (Figure 2.4). In most of the selected tracks the study area is fully covered by the HFR
measurements. For this study, 60% of valid data ensures that a compromise is maintained

between good spatial coverage of the data and adequate quality.
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Figure 2.3. Hourly surface zonal velocity time-series recorded by the ADCP (red) and

high-frequency radar (blue) from 16-Oct-2013 to 16-Jan-2014.
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#4266 17-Oct-2013 #2644 30-Jun-2014 #1804 08-May-2015 #2224 04-Jun-2015

% valid data I

80 20 100

Figure 2.4. Fields of HFR valid data (>60%) for each track analysed.

Ageostrophic corrections of altimetry data

Wind

Zonal wind data from the Weather Research and Forecasting model (WREF;
http://mandeo.meteogalicia.es/thredds/catalogos/WRF 2D/cat alog.html), provided by the
meteorological agency of Galicia (https://www.meteogalicia.gal) with a spatial resolution of
12 km and temporal resolution of 1 h, were used in this study to calculate the ageostrophic
wind-derived correction. WRF-simulated winds have proven to represent the wind regime
in the GoC in good agreement with in-situ measurements from buoys (Carvalho et al., 2014;
Teles-Machado et al., 2007). The correction does not assume the theoretical Ekman’s
solution since the study zone is far from the necessary assumption of infinitely deep ocean
far from coastal boundaries that supports such a solution. In addition, Stanichny et al. (2016),
using extensive drifting buoys and satellite data, demonstrated that surface wind-driven
currents are directed almost in the direction of the wind, with a small rotation to the right (in
the northern hemisphere) of ~10—15°, with amplitudes equal to 2.8%. These parameters are

not dependent on the Ekman layer depth and can be used in different ocean conditions, as it

25


http://mandeo.meteogalicia.es/thredds/catalogos/WRF_2D/cat
http://www.meteogalicia.gal/

has been demonstrated in a number of previous papers (Keulegan, 1951; Kim et al., 2010;
Madsen, 1977; Weber, 1983; Wu, 1975). Finally, zonal surface wind-driven velocities (V)

are computed as:

Vw = 0.03 - W10 - cos(10°), (2.6)
where Wy is the zonal component of the wind speed at 10 m.
Following the procedure applied to the HFR measurements, the original hourly wind data

from the WRF model was 72-h averaged and linearly interpolated over the position of the

altimeter tracks. The wind-corrected velocity (Vgw) was obtained following:

g 0ADT

Vo= oy

+Vw (2.7)

Bottom friction

In coastal areas, wind-induced surface currents are not the only ageostrophic agent since
other factors, such as bottom friction and the along-shore pressure variations, also contribute
to the overall dynamics. The effect of bottom friction is considerable even on the middle
shelf area, able to counterbalance the surface wind stress in shallow waters (less than 25 m)
(Kantha and Clayson, 2013). To evaluate and to correct the effect of the bottom friction over
the surface circulation derived from altimetry in the coastal area, a bottom friction corrected
surface velocity (Vga) was calculated. For this purpose, depth-averaged bottom friction

terms were added to Eq. (2.3) as follows:

/ dh Cd|V|v
f.u:_g. -

ay d
{ oh  CdViu (2.8)
Fv=-9"5" T4

Where Cq is the bottom drag coefficient, [V] is the current velocity modulus, 4 is the sea

surface height over the geoid and d is the bottom depth. Admitting predominance of the zonal
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component of the current over the meridional one (i.e. [V] ~ |ul) and considering the

assumption given in Eq. (2.4), Eq. (2.8) can be written as:

P oh Cav
u= - P J—
98y "q (2.9)
Calulu
v — ——
{ fd

We use the approximation |ulu ~ 0.35u + 0.71°, proposed by (Godin and Martinez, 1994). It

1s important to note that in this expression for typical maximum values of zonal current of
0.5 m/s, the linear term is roughly two times the non-linear one and, accordingly, we retain
only the linear term in the approximation, which once substituted in Eq. (2.9), transforms

the latter into the following:

oh C,
fru=-g- _ - _-lulv
dy d
035Cs" (2.10)
v = U = —Uu
{ d f

f
Where r = (0.35Cq4)/d is a depth dependent parameter. Substitution of the second of the Eq.

(2.10) into the first one, after admitting once again |ulu ~ 0.35u, produces:

_g oh
u= "7z gy (2.11)
f+7)

Subsequently, replacing h with absolute dynamic topography (ADT), and using a typically
accepted value of Cq = 2.0 10 (Bowden, 1983), bottom drag corrected surface velocity

(Vga) normal to the satellite track may be computed as:
-g J0ADT

Vga= Z oy (2.12)
F+7)

Bathymetry data used were provided by ETOPOL1 global relief model at 1-min resolution

(Amante and Eakins, 2009).
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Cross-track corrected velocity

Finally, in order to obtain the surface current including geostrophic and some of the main
ageostrophic components, a bottom friction and wind-corrected surface velocity (Vgd+w) was
derived from the altimetry data, which includes both previously calculated ageostrophic

corrections, and is expressed as:

-g J0ADT
ng+w = —ﬂ'W+VW (213)

(f +F)
Sea surface temperature

An 8-day Level-3 binned SST from Moderate-resolution Imaging Spectroradiometer
(MODIS) Aqua dataset with a spatial resolution of 4 km, from OceanColor
(https://oceancolor.gsfc.nasa.gov/) was used in this study to complement the analysis of
recorded surface circulation patterns. Sea surface temperature data were obtained for the

closest date available prior to each CS2 track.
Data comparison

Altimetry derived velocities orthogonal to the satellite track were decomposed to obtain the
zonal component of the velocity. The assessment of the altimeter Vg with the HFRu was
performed by estimating two statistical parameters, the root mean square error (RMSE), also
expressed as normalized root mean square error (NRMSE) regarding the range of the HFRu

measurements (HFRu max - HFRu min), and the Pearson correlation coefficient (r).
2.4 Results and discussion

HFR-altimetry surface velocity statistical assessment

As reported in previous sections, HFR velocities were bilinearly interpolated over the

position of the altimeter track measurement positions to perform an along-track comparison
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using the altimeter cross-track derived zonal velocities (Vgabs, Vg4, Vgw, Vgd+w), and the
zonal component from the high-frequency radar (HFRu). Table 3 provides the statistical
results (r, RMSE and NRMSE) for the eight tracks analysed during the analysed time period
(14 dates are available). The comparison between Vgans and HFRu shows r ranging between
0.28 and 0.93 (95% CL), RMSE between 5.08 cm/s and 29.76 cm/s, and NRMSE between

0.23 and 2.99. The average values of r and RMSE (0.61 and 12.54 cm-s-1, respectively) are

in agreement with previous studies carried out in coastal areas of the Mediterranean Sea
(Morrow et al., 2017; Troupin et al., 2015). A strong track-to-track variation in all the
statistics stands out and may be related to different factors, such as the use of the 72-h HFR
average window, which might not be suitable for all the comparisons since it could mask or
over- smooth geostrophic structures captured by the altimeter. However, considering the
method used to select valid HFR data points, the amount of valid data would be insufficient

if the average window is reduced.

Impact of ageostrophic corrections

In this section, the effect of the ageostrophic component from the wind on the estimates of
the surface current is analysed (Vgw). Figure 2.5 shows the linear relation among the average
along-track zonal wind velocity and zonal surface current from HFR for each track of the
study, depicting the strong control that the wind exerts over the surface circulation in the

area and, therefore, the importance of such a wind- related correction.

The track-to-track statistical values for Vg, are given in Table 2-3. A significant
improvement is observed in /RMSE/NRMSE in most of the tracks (0.68/7.77 cm/s /0.78 in
average), with respect to Vgabs. In terms of RMSE this implies a reduction of almost 40%;
also, the improvement in the NRMSE (from 1.19 to 0.78) shows the importance of the wind,
which reduces this difference in intensity. The effectiveness of the wind-related correction

is clearly shown in track #2644 (12-Jul- 2018), where r improves from 0.45 (Vgabs) to 0.71
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(Vgw), proving the important control of the wind over the surface circulation as depicted in

Figure 2.5.

Zonal current velocity HFR (cm-s~1)
w

-4 -2 0 2 4
Zonal wind velocity {(m-s~1)

Figure 2.5. Scatter plot of the relation among average along-track zonal wind velocity and
zonal surface current from HFR for each track. The linear Pearson’s correlation

coefficient is also shown (confidence level: 95%).

The ageostrophic correction due the bottom friction slightly improved the comparison with
respect to Vgaps in terms of r, RMSE and NRMSE in most of the tracks. The improvement
in the correlation in track #4266 (17-Oct-2013) is particularly evident. The bottom friction
component improved r = 0.88 (0.30) and RMSE = 14.86 cm/s (15.48 cm/s). This correction

seems to be less effective than the one based on the wind effect, since it is restricted to

shallower areas.
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Table 2-3. Statistics of the comparison between the 14 CryoSat-2 tracks (relative orbit, RO) and high-frequency radar data. v is the

correlation coefficient (95% Confidence Level), RMSE is the root mean square error and NRMSE is the normalized RMSE. Zonal wind

column shows along-track averaged and standard deviation zonal wind velocity for each track.

Track #RO Track date Vgans - HFR Vg - HFR Vgq- HFR Vga+w - HFR HFR Zonal wind
r RMSE NRMSE r RMSE  NRMSE r RMSE NRMSE r RMSE NRMSE  avgtstd Range avg £ std
(cm/s) (cm/s) (cm/s) (cm/s) (cm/s) (cm/s) (cm/s)
#4266 2013-10-17 0.3 15.48 2.39 0.49 16.56 2.56 0.88 14.86 23 0.92 15.95 247 7.65 £ 1.90 6.47 -0.47 £0.16
#2644 2014-06-30 0.9 23.34 1.22 0.65 13.85 0.72 0.88 23.18 1.21 0.7 13.7 0.72 15.16 £6.14 19.12 3.81+047
#1804 2015-05-06 0.54 6.03 0.23 0.65 3.64 0.14 0.55 5.95 0.23 0.6 3.7 0.14 2.05+4.18 25.67 1.65+0.47
#2224 2015-06-04 0.59 12.72 0.49 0.81 224 0.09 0.49 12.65 0.49 0.8 2.14 0.08 -4.47 £1.94 26.00 -4.70 £ 1.96
#4407 2015-10-23 0.62 13.17 1.57 0.75 493 0.59 0.55 13 1.55 0.73 4.82 0.57 -12.22 £3.10 8.41 -3.29 £0.81
#2644 2017-07-09 0.93 5.21 1.29 0.93 4.02 1 0.89 53 1.32 0.89 3.46 0.86 13.57 £6.50 4.03 2.50£0.26
#3035 2017-08-05 0.81 12.59 0.76 0.83 6.65 0.4 0.87 12.26 0.74 0.88 6.31 0.38 521+528 16.46 1.11£1.00
#4266 2017-10-29 0.28 13.49 1.84 0.51 343 0.47 0.23 13.07 1.79 0.52 291 04 -6.67 £1.57 7.31 -5.03 £1.91
#153 2018-01-21 0.73 5.08 0.52 0.78 542 0.56 0.77 492 0.5 0.81 5.25 0.54 3.25+2.08 9.76 -0.34 £0.24
#1804 2018-05-15 0.64 5.97 0.28 0.62 4.15 0.2 0.69 5.62 0.27 0.68 3.76 0.18 2.25+598 21.09 -0.61 £1.33
#2224 2018-06-13 0.73 20.04 1.13 0.88 11.25 0.63 0.69 20 1.13 0.88 11.24 0.63 12.68 +7.68 17.77 3.97+0.79
#2644 2018-07-12 0.45 17.99 2.88 0.71 10.86 1.74 0.39 17.83 2.86 0.74 10.72 1.72 13.76 +7.64 6.24 4.05£1.13
#4266 2018-11-01 0.84 29.76 2.99 0.84 22.7 228 0.83 28.19 2.83 0.83 20.99 2.11 23.22 £2.86 9.97 2.91+046
#153 2019-01-25 0.78 7.19 0.29 0.78 6.92 0.28 0.78 5.56 0.22 0.78 5.29 0.21 0.78 £ 1.11 24.99 0.79 £0.21
Average value 0.61 12.54 1.19 0.68 7.77 0.78 0.63 12.16 1.16 0.72 7.35 0.73 5.71+3.86 13.55

31



The combined use of both ageostrophic corrections (Vga+w) improved the comparison (r,
RMSE and NRMSE) against HFRu in most of the tracks. This is clearly observed in the
averaged values in Table 2-3. As mentioned previously, the wind effect component has a
major impact on increasing/reducing r/NRMSE considering the ageostrophic compo- nents.
Tracks with good comparisons considering only the geostrophic component (Vgabs),
generally maintain good results when applying the different corrections, so the ageostrophic
components seem to be circumstantially beneficial. Despite the variability of the wind field
in the GoC, the wind correction might improve the results under different scenarios. Figure
2.6 gives the along-track averaged correlation (Figure 2.6a, b) and NRMSE (Figure 2.6¢, d),
split in two sectors: coastal (3—25 km) and offshore (> 25 km) considering the distance to
the coastline. For the coastal sector, the use of the wind correction produces a strong
improvement of the results, increasing/decreasing r/NRMSE. The effect of the bottom-
friction correction is less important, but it still improves the results compared with the
uncorrected measurements. The application of the ageostrophic component considering the
bottom friction and wind (Vga+w) gives the best comparison against HFRu. Offshore, r shows
a good performance even for the uncorrected measurements suggesting that the effect of the
ageostrophic components further than 25 km is less significant. Again, the wind correction
improves the results with respect to the bottom friction, and the best comparison is given

when both corrections are added (more evident in NRMSE).
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Figure 2.6. (a) Averaged correlation coefficient from the along-track comparison among
Vgabs, Vaw, Vga, V@a+w from CS2 and surface zonal velocity from HFR for the 14 analysed
tracks in the sector 3—25 km from the coastline; (b) Same as (a) for the offshore sector
(>25 km from the coastline). (c) Same as (a) for the NRMSE; (d) Same as (b) for the

NRMSE.

Figure 2.7 gives the along-track averaged values of HFRu, Vgabs, Vg4, Vgw, Vga+w from the
14 analysed tracks depicted against the distance to the coastline (only the coastal sector is
shown). The wind correction increased the altimeter-derived zonal velocity to the level
observed in the radar close to the coast ([3—8] km). The effect of the bottom friction
correction is clearly noticeable for distances closer than 5 km to the coast. The use of both

corrections seems to underestimate Vgq+w with respect to HFRu in the [9-25] km sector.
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Figure 2.7. Along-track surface averaged velocities from Vgaps, Vgw, Vga, Vga+w and HFru.
Observability of fine-scale surface circulation

The surface circulation over the coastal area in the GoC is characterised by complex
dynamics, regarding its spatio-temporal variability. The capability of CS2 measurements for
detecting fine scale circulation variations over the study area is assessed in this section. Two
examples are shown in which Vgg+w and HFR measurements detect small variations in
surface circulation related to the high variability of the coastal zone. Figure 2.8.a and Figure
2.8c show the total surface circulation in the GoC detected by the HFR and the §8-day SST.

The along-track zonal CS2- Vgg+w and HFRu current velocity are compared in Figure 2.8b
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and 2.8d. The details of the CS2 tracks used are presented in Table 2-2. Figure 2.8a and b
refer to CS2 track #1804 (06-May-2015). The surface circulation inferred from the HFR map
is highly variable in the coastal area, while further south the circulation is mainly south-
eastward. As depicted by SST data, a pool of warmer water close to the coastal area in the
eastern sector of the GoC seems to exist, which could be generating an imbalance of the
pressure gradient and, therefore, a possible west-bound current (Criado-Aldeanueva et al.,
2006). Such a spatial variability is captured by the corrected altimetry data (Vgg+w) in the
same way as in HFR, but with a slight overestimation. Surface circulation from #2644 (09-
Jul-2017) 1s presented in Figure 2.8c and d. An eastward current is observed along the whole
transect from HFR, with decreasing velocities from coast to offshore. The same pattern is
captured by the CS2 Vgg+w measurements with a high level of agreement. This ocean surface
variability could be related to a frontal structure generated by the vertical pumping of cold
water (Barale et al., 2010) in the western sector of the area, as confirmed by the gradient in

the water temperature close to the coast observed in the SST map.
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Figure 2.8. (a) Surface circulation observed from HFR overlaid with satellite SST for track
#1804 (06-May-2015); (b) zonal surface circulation observed from CS2-Vga+. overlaid
with zonal HFR surface velocity for track #1804, (c) same as (a) for track #2644 (09-Jul-

2017); (d) same than (b) for track #2644.

2.5 Conclusions

This study assessed the performance of altimetry data from the CryoSat-2 SIRAL instrument
in SAR-mode for estimating the surface circulation in coastal areas, along with the use of
wind and bottom friction ageostrophic corrections to analyse the agreement with high-
frequency radar measurements. In order to do this, we estimated cross-track surface
velocities using along-track low-pass filtered Absolute Dynamic Topography measurements
from 14 CS2 tracks over the area covered with valid HFR data in the GoC. The filtering
strategy followed in this work is dependent on the HFR measurements for each track. This
will be solved in future studies, in order to use HFR data only for validation purposes,
avoiding their use in the processing of altimeter data to obtain along-track estimates of
absolute dynamic topography. From the obtained results, the following conclusions are

highlighted.

The absolute surface geostrophic velocity obtained from 20-Hz altimetry data (Vgans) agreed
well (r > 0.60) with HFR data (HFRu) at along-track distances further than 25 km from land.
In general, the geostrophic assumption needs to be considered with care in the GoC for
distances between 3 and 25 km to the coast, since it is not realistic at these depths. The use
of the wind ageostrophic component (Vgy) improved the agreement in most of the tracks,
despite the variability of the wind field along the time period analysed. Overall, we observed
a reduction in NRMSE of ca. 35% once the wind correction was used in the estimates of the
zonal velocity. The bottom friction ageostrophic component (Vgq) just slightly improved the

comparison (mainly for RMSE/NRMSE) in most of the tracks since the applied correction
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is inherently a linear simplification. The use of both corrections (Vga+w) gave the best results
in terms of r, RMSE, and NRMSE. This improvement was more significant in the 3-25 km
sector. We concluded that ageostrophy plays a key role in the coastal fringe of the GoC (3—
25 km). This study is a first attempt to consider the effect of the bottom friction on satellite
altimetry data. Further studies are needed in order to obtain a better characterisation of the
wind effect. A proper characterisation of ageostrophy could be of great benefit for the future
of coastal altimetry and the understanding of the near-shore ocean dynamics, especially in

coastal areas not covered by HFRs.

The qualitative comparison of the wind and bottom friction corrected altimetry surface
measurements (Vga+w) with the HFR velocities along with SST data, exhibits the high
potential of altimetry measurements for the study of dynamics and patterns of coastal areas.
Surface velocities derived from CS2 detected surface structures and high- variability surface

dynamics, with rapid changes in the current direction even for low velocities.

Satellite altimetry derived surface current velocities gave accurate measurements in coastal
areas when the ageostrophic signals were corrected. Differences could be due to unsolved
ageostrophic local factors which may also affect surface circulation such as the along-shore
pressure variations, since our proposed ageostrophic corrections are just intended to address
common issues for all coastal areas, which are the wind and bottom friction effect. The
knowledge of ageostrophic and local processes in coastal areas is necessary for a better
exploitation of altimetry data in coastal areas since they are highly tied to local metocean
agents and their effects are not entirely understood. Our validation method has shown that
the synergy between altimetry and HFR helped to unravel the effects of ageostrophic
processes in coastal areas. This will help the validation of present (CryoSat-2, Sentinel-
3A/B) and future (Jason-CS/Sentinel-6A/B and SWOT) missions. Thanks to this, it will be
possible to: (i) make use of the whole dataset of satellite altimetry data since 1993 in order

to obtain estimates of current velocities back in time when no HFR data were available in
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our (and other) regions of the coastal zones around the world; and (ii) to extend this
methodology to other areas where HFR are hardly available (e.g. Africa or South America)
or countries which cannot cover all coastlines (e.g. Australia). Furthermore, the good
agreement suggests that HFR systems may be a solid tool for the validation of altimetry
derived surface currents in coastal areas. The methodology presented here will serve as a
proof of concept for the validation of 2-D interferometric SAR altimeter missions (e.g.

SWOT).
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2.6 Connecting Text

This chapter shed light on the valuable insights that satellite altimetry, particularly utilizing
data from the CryoSat-2 SIRAL instrument in SAR-mode, can offer in understanding the
complex surface circulation of coastal areas such as the Gulf of Cadiz. The findings
emphasized the significance of considering ageostrophic corrections, specifically wind and
bottom friction, for accurate estimation of surface geostrophic velocity. Notably, the
incorporation of both wind and bottom friction ageostrophic corrections demonstrated the
most favorable results when using satellite altimetry data, especially in the 3—-25 km coastal

fringe sector.

One of the obvious questions that arises from the conclusions is: how can we address the
ageostrophic components to fully characterize coastal circulation based on satellite altimetry
data? This chapter stated the necessity of understanding the local variability of key agents
controlling the ageostrophic circulation, mainly driven by the wind, without relying on just
in-situ measurements, which are scarce in many coastal areas. In the following chapter, the
capabilities of satellite altimetry, extending its utility beyond surface circulation to
atmospheric variables like wind speed are assessed. In particular, it focuses on the spatial
assessment of wind speed over the Gulf of Cadiz, comparing altimetry-derived wind speed
with WRF model outputs under different wind synoptic conditions, emphasizing the
potential of altimetry in assessing high-resolution numerical weather prediction models in
complex areas, which provides valuable information for the understanding of ageostrophic

circulation.
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Chapter 3
The Use of Sentinel-3 Altimetry Data to
Assess Wind Speed from the Weather
Research and Forecasting (WRF) Model:

Application over the Gulf of Cadiz

This work presents the quality performance and the capabilities of altimetry derived wind
speed (WS) retrievals from the altimeters on-board Copernicus satellites Sentinel-3A/B
(S3A/B) for the spatial assessment of WS outputs from the Weather Research and
Forecasting (WRF) model over the complex area of the Gulf of Cadiz (GoC), Spain. In order
to assess the applicability of the altimetry data for this purpose, comparisons between three
different WS data sources over the area were evaluated: in-situ measurements, S3A/B 20 Hz
altimetry data and WRF model outputs. Sen-tinel-3A/B WS data were compared against two
different moored buoys to guarantee the quality of the data over the GoC, resulting in
satisfying scores (Average results: RMSE = 1.21 m/s, r = 0.93 for S3A and RMSE = 1.36
m/s, r = 0.89 for S3B). Second, the WRF model was validated with in-situ data from 4
different stations to ensure the correct performance over the area. Finally, the spatial vari-
ability of the WS derived from the WRF model was compared with the along-track altimetry-
derived WS. The analysis was carried out under different wind synoptic conditions.

Qualitative and quantitative results (average RMSE < 1.0 m/s) showed agreement between
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both data sets under low/high wind regimes, proving that the spatial coverage of satellite
altimetry enables the spatial assessment of high-resolution numerical weather prediction

models in complex water-covered zones.

Mulero-Martinez, R., Roman-Cascon, C., Mafianes, R., Izquierdo, A., Bruno, M., & G6émez-
Enri, J. (2022). The Use of Sentinel-3 Altimetry Data to Assess Wind Speed from the
Weather Research and Forecasting (WRF) Model: Application over the Gulf of Cadiz.
Remote Sensing 2022, Vol. 14, Page 4036, 14(16), 4036.

https://doi.org/10.3390/RS14164036.
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3.1 Introduction

Sea surface wind (SSW) plays an essential role in driving surface ocean currents, since it
modulates the amount of energy available for the generation of ageostrophic Ekman currents
(Kelly et al., 1999). Wind speed influences ocean surface circulation as well as climate
variability, which is why surface wind speed and direction are included as Essential Climate
Variables (ECV) in the Global Climate Observing System inventory (GCOS, 2016). Close
to coastal areas, due to the occurrence of atmospheric thermal gradients, along with the
existence of orographic constraints (Cerralbo et al., 2015), SSW is highly variable in the
spatio-temporal domain. Accurate SSW maps are crucial in coastal areas for better
monitoring and prediction of wind-related hazards such as storm surges or floodings (Lu et
al., 2018). Moreover, SSW plays a key role in the estimation of realistic total ocean surface
currents from altimetry, especially in coastal areas (Bdas et al., 2019; Mulero-Martinez et
al., 2021a). The effect of the SSW on sea surface dynamics has been the focus of coastal
altimetry and oceanography research in recent years. Significant progress has been made
with products such as GlobCurrent (Rio et al., 2014) and the Near-Real-Time Version of the
Cross-Calibrated Multiplatform (CCMP) Ocean Surface Wind Velocity Data Set (Mears et
al., 2019). However, the spatial resolution of SSW products is still linked to scatterometer
measurements, which generally contain a 25-50 km wide blind zone along the coast
(Astudillo et al., 2017), except for specific products such as ASCAT 6.25-km, with a true
spatial resolution of about 17 km. This is essential for studying dynamical mesoscale
features, although they still present a significant coastal gap (Vogelzang et al., 2017), which
limits the characterisation of mesoscale and fine scale circulation near the coast. The lack of
information in the coastal fringe is also transferred to global atmospheric analysis and
reanalysis products, which combine numerical weather prediction (NWP) with
scatterometers and in-situ measurements, restricting the achievement of a realistic

assessment of local conditions in coastal areas (Carvalho et al., 2017). In this context, WS
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retrievals from synthetic aperture radar (SAR) imagery and altimeter-based techniques
derived by the measurement of the backscattering coefficient (c0) of the sea surface are of

great value since they can provide high-resolution data near the coast.

Wind speed altimetry products provide WS at 10 m over the ocean surface (U10) (Abdalla,
2012), derived at along-track posting rates ranging from 1 Hz to 80 Hz (7 km / 85 m between
consecutive measurements, respectively). Wind speed from altimetry is empirically
estimated from the radar power returned from the sea surface. The returned power
waveforms are affected by the sea surface roughness in the footprint area, which might be
dominated by the wind-induced capillary waves. As wind increases, the sea surface
roughness also increases and the backscattering coefficient (60) of the sea surface decreases,
as measured by the altimeter (Witter and Chelton, 1991). Altimeter measurements of c0 are
therefore inversely related to sea surface WS. (Yang et al., 2020) proved consistency in the
accuracy of WS data derived from Sentinel-3A/B (S3A/B) altimeters when validated against
data from more than 80 moored buoys at different locations, with root mean square errors
(RMSE) of 1.19 m/s and 1.13 m/s for S3A (from 1 March 2016 to 31 October 2019) and
S3B (from 10 November 2018 to 31 October 2019), respectively. Wind speed data from
Sentinel-3 mission are routinely evaluated by the Sentinel-3 Mission Performance Centre
(S3MPC) tasked by the European Space Agency (ESA) to monitor and guarantee the
provision of high-quality data to the users (Quartly et al., 2020). As officially reported in the
S3 Wind and Waves Cyclic Performance Report (Abdalla, 2021) for the period from
December 2020 to January 2021, the standard deviation of the difference (a proxy to the
random error) is around 1.70 m/s and 1.80 m/s for S3A and S3B, when compared to in-situ
(mainly buoys) measurements, using a maximum acceptable collocation distance and time
interval between the collocated altimeter and buoy observation of 200 km and 2 hours,

respectively.
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Numerical weather prediction models such as the Weather Research and Forecasting (WRF)
model (Powers et al., 2017; Skamarock et al., 2019), set with appropriate parametrizations,
can provide wind speed data with high spatial and temporal resolution for any terrestrial,
coastal, or open ocean area of the globe. WRF is a mesoscale numerical weather prediction
system designed for both atmospheric research and operational forecasting applications
(Powers et al., 2017). Commonly, NWP models such as WRF are calibrated/validated using
in-situ observations from meteorological stations and buoys; however, due to spatial scarcity
of these sources, the uncertainty in the WS of the coastal band persists (Astudillo et al.,
2017). Therefore, there is a need for high-resolution measurements of the SSW over coastal
areas for assessing NWP models, not only to enhance our knowledge in the mesoscale
atmospheric circulation in these areas but also for a realistic characterisation of the surface

current variability linked to it.

Although WS derived from altimetry is used for assimilation into forecasting models
(Bhowmick et al., 2015), to our knowledge it is not yet used for spatial evaluation of NWP
models in coastal areas, where scatterometer data are not available. Satellite altimeter WS
measurements can be used to calibrate and validate wind models at any coastal area covered
by the orbital configuration of the satellite, enabling the fine-tuning of NWP models over

the complex land-sea transition zones.

The main objective of this study is to analyse the capability of S3A/B altimeters U10
retrievals to perform extensive spatial assessment of U10 from the WRF model over complex
areas such as the Gulf of Cadiz (Figure 3.1), focusing on the possibilities of data comparison
in the coastal area (up to 5 km from land due to altimeter limitations). Both datasets are also
assessed through comparisons with moored buoy and weather station data. In addition, fine
scale spatial variability of the wind at different dominant regimes in the study area is

analysed using the outputs of the WRF model and the Sentinel-3 mission.
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Figure 3.1. Study area (Gulf of Cadiz, southwestern coast of the Iberian Peninsula) along
with the spatial distribution of the data sources used in this work and some geographical
features: S3A tracks (red line), S3B tracks (green line), location of the moored (GoC buoy
and Faro buoy) along with the 25 km radius area used to select S34/B data for its
validation (dotted contoured area), location of the land-based meteorological stations from
the Spanish Meteorological Office (Cadiz coast station and Rota coast station), Cape

Santa Maria (CSM), Cape San Vicente (CSV).

3.2 Materials and Methods

Study area

The study area extends from Cape San Vicente (CSV) to the entrance of the Strait of
Gibraltar (SG) (Figurel), covering the Gulf of Cadiz (GoC), southern Spain. This area is
characterised by abrupt changes in the orientation of the coastline, very complex coastal
topography and links between two basins with different characteristics. Such features favour
the existence of a heterogeneous wind field, with topography-induced atmospheric flows

(Carvalho et al., 2014) that strongly control the zonal sea surface circulation (Mulero-
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Martinez et al., 2021) and therefore, modulate variables of interest such as sea surface
temperature (SST) and chlorophyll concentration (Navarro et al., 2013). Such sea surface
circulation over the continental shelf alternates westward/eastward modes, the former
characterised by a coastal countercurrent and the latter for inducing cold water upwellings
along the coast (Garel et al., 2016; Mulero-Martinez et al., 2021). Moreover, due to
differences in the surface temperatures of the land and the sea, the coastal area of the GoC,
is characterised by a land-sea breeze circulation, which is generally perpendicular to the
coastline and can be extended up to 200 km inland (Hernandez-Ceballos et al., 2013). Apart
from the local geographic characteristics, the wind field in the area is also controlled by the
large scale. Different studies have demonstrated that the North Atlantic Oscillation (NAO)
is significantly related with the wind field in the area through the modulation of the Azores
anticyclone (Folkard et al., 1997; Hidalgo and Gallego, 2019). The zonal component of the SSW
is the most important meteorological agent affecting the ocean circulation in the area. Its
variability is directly related with the sea surface circulation over the GoC (Mulero-Martinez
et al., 2021), but also with the across shore sea level variability of the strait, contributing to
the modulation of the water exchange through it, as observed from modelling studies (Brandt

et al., 2004), in-situ (Ross et al., 2000) and altimeter data (Goémez-Enri et al., 2019).

Altimetry data

The along-track WS data from altimetry are retrieved from the retracking of the altimeter
waveforms. The satellites have a repeat cycle of 27 days. The radar instrument SRAL
(Synthetic Aperture Radar Altimeter) has two measurement modes: Low Resolution (LRM)
and SAR, the latter being the high-resolution along-track mode commonly used over the
global ocean. Furthermore, the S3A/B SRAL generates level-2 data at 1 Hz and 20 Hz of the
Ku and C bands (for more details see Sentinel-3 Altimetry Document Library at
https://sentinel.esa.int/web/sentinel). The S3A/B level 2 data used were provided by the ESA

Earth Console Parallel Processing Service (P-PRO) SAR versatile altimetric toolkit for
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ocean research and exploitation (SARvatore) service (https://ui-ppro.earthconsole.eu/),
applying the pre-defined processing set-up for coastal zones. The SAMOSA++ (SAR
Altimetry MOde Studies and Applications) model (Dinardo et al., 2020) is used in the
retracking process and the final product is posted at 20 Hz, which results in ~330 m along-
track spatial resolution measurements. Along-track WS data come from 12 S3A/B tracks
over the GoC, detailed in Table 3-2. For the validation of the altimetry WS data with in-situ
measurements from the GoC buoy, only S3A/B data in a radius of 25 km around the position
of the buoy have been used, so the altimetry data can be considered co-located with the in-
situ data (Yang et al., 2020). Only data from relative orbits #2635, #322, #385 from S3A and
#057, #114 from S3B satisfy the 25 km radius criteria (see Figure 3.1). Raw 20-Hz along-
track WS data were edited eliminating the first 5 km of data closer to the coast, since
demonstrated by (Aldarias et al., 2020), S3-SRAL altimeters start to give accurate data 5 km
from the coast, due to coastal and land reflections which might contaminate the radar
waveforms, making the retrieval of estimates of the derived geophysical parameters less
accurate (Goémez-Enri et al., 2018). Furthermore, the methods presented in (Bouffard et al.,
2010) were applied, in order to remove outliers and filter out noise signals. The
aforementioned editing methodology consists of removing values larger than three times the
standard deviation and replacing them with linearly interpolated values; this processing was

applied in a 10-times loop (Bouffard et al., 2010; Meloni et al., 2019).

In-situ data

The in-situ coastal wind data were extracted from four sources; (i) hourly time series of 10-
m height WS and direction (WD), recorded by the weather station deployed by the Spanish
Meteorology Agency (AEMET) in the city of Cadiz, (Cadiz coast station, Figure 3.1). (ii)
same as (i) but located in Rota, (Rota coast station, Figure 3.1); (iii) in-situ offshore wind
data collected by two moored multi-instrument buoys. These buoys (GoC buoy and Faro

buoy, Figure 3.1) provide hourly time series of 3-m height WS and WD and are operated and
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maintained by the Spanish Port Authorities and the Hydrographic Institute of Portugal,
respectively. The hourly data, distributed for public use, are built from averaging 10 minutes
of raw data each hour. It worth noting that these averages, related to spatially smoother wind
fields (removing, for instance, small scale variability due to eddies), should match better
with the S3A/B data which are averaged over the track segment inside the circular area with
radius of 25 km. Considering that the buoy registers wind parameters at 3-m over the surface,
it is necessary to extrapolate the buoy data to 10-m height wind speed, so it can be compared
with altimetry derived WS data. For this purpose, the typically accepted logarithmic wind
profile method (Carvalho et al., 2012; Paulson, 1970; Powell et al., 2003) was applied to
extrapolate the measured winds by the buoy from 3 to 10 m over the sea surface (Carvalho
et al., 2017). Although there are several methods and variations used for this purpose, e.g.
stress equivalent winds (De Kloe et al., 2017) that considers the air mass density and stability.
For practical reasons here we used the logarithmic wind profile method, which is suitable
for our aim, requiring only WS and WD measurements and proven to be consistent over the

first 30 m of sea surface (Emeis and Turk, 2007; Pefia et al., 2008).

Weather Research and Forecasting model data

Model data were obtained using the mesoscale, non-hydrostatic WRF model version 4.2
(Skamarock et al., 2019). The model was used to produce dynamically downscaled hourly
10 m WS and WD over the complete study area during 2020, with a temporal resolution of
1 h and 3 km grid (d02). The d02 domain was one-way nested within a parent domain of 9
km grid (d01), as depicted in Figure 3.2, in order to allow communication from the parent

(lower resolution) to the child domain (higher resolution), but not vice versa.
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Figure 3.2. WRF model domains d01 (9 km grid) and d02 (3 km grid).

The initial and boundary conditions were supplied by the NCEP/NCAR operational Global
Forecast System (GFS) with 0.25° of spatial resolution and 6 h of temporal sampling
(National Centers for Environmental Prediction/National Weather Service/NOAA/US
Department of Commerce, 2015). Boundary conditions are applied to the parent domain
(dO1). The dynamical set-up of the simulation was based on the optimized design presented
by (Arasa et al., 2016) after having performed 4150 daily simulations over southern Spain
(Table 3-1). Unlike previous studies in the area (Arasa et al., 2016; Carvalho et al., 2012; Salvacao
& Guedes Soares, 2018), which consider constant sea surface temperature (SST), in our study
the SST was updated every 6 hours. Although the overall impact is expected to be small, it
is a more realistic approach and might have an impact under specific conditions or in specific

areas (Li et al., 2021).
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Table 3-1. Configuration options selected for the WRF simulations.

Scheme or parameterization Selected option
e BRVETS NPT 02>
Longwave radiaion RRTMG
Shortwave radiation Dudhia
Cumulus Kain-Fritsch
Surface layer MMS similarity
Planetary boundary layer YSU
Vertical levels number 36

Diffusion r option j
Topo odel G
surface ture Grid nudging(dOlL)Jéggqée i 'p\?%lﬂudging(doz) Sea

Assessment of altimeter and model data

Prior to the comparisons, the WRF wind data were linearly interpolated to the position of in-
situ instruments as well as to the S3A/B along-track measurement positions. Several
statistical parameters were used to compare the wind speed and direction from altimeter and
model, according to previous studies (Arasa et al., 2016; Carvalho et al., 2012; Marta-Almeida et
al., 2016). Root mean square error (RMSE) (3.1), normalised root mean square error
(NRMSE) (3.2), bias (3.3) and Pearson’s correlation coefficient (r) (3.4) were used to
evaluate wind speed, while bias and standard deviation error (STDE) (3.5) were applied to

the wind direction comparisons results.

\/ gin (Pi_ 0[.)2

RMSE = (3.1)
n
NRMSE = RMSE 3.2
~ maxi;0 - min:0 (3.2)
yr (Pi= 01
Bias = S —— (3.3)

n
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r= (3.4)

z::;l (0:-0) (P;-P)
5 (0-0) 2" (P-P) 72

1
STDE = [(RMSE? - bias?)]2 (3.5)

where P represents the co-located WS or WD from the data source that is being evaluated
(model: WS, WD and altimetry: WS); O denotes the co-located WS or WD from the
reference data source (in-situ stations). Note that WD is an angular variable, therefore, to
avoid errors related to 0° and 360° overlapping, WD bias and WD STDE have been
calculated for a new circular variable (d) (6), bounded between [-180,180], obtained from

the observed (O) and predicted (P) wind directions as follows:

dr—de if |dp-de|<180
di={ dr-d°o-360 if dr-d°>180 (3.6
dP-do+360 if dv-d°<-180

4

Table 3-2. Sentinel-3 A/B data availability (number of cycles, relative orbits and
orientation) for the different comparisons among the datasets (the orientation of the

different tracks is presented as ascending (4) or descending (D)).

Sentinel 3A Sentinel 3B
N° cyeles S3A N° cveles S3A N° cveles S3B - N cveles S3B vs
Relative orbit Orientation Relative orbit Orientation
vs WRF vs buoy vs WRF buoy
#057 13 A #051 14 D
#114 13 A #057 14 26 A
#265 14 33 D #114 14 29 A
#322 14 53 D #265 13 D
#379 14 D #322 13 D
#385 14 34 A #379 13 - D
Analysed ~ From Jan-2020 From Jan-2017 From Jan-2020 From Nov-2018
period to Dec-2020 to Dec-2020 to Dec-2020 to Dec-2020
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3.3 Results and Discussion

Preliminary validation of the data sources

Altimetry wind speed validation using in-situ data

All available WS data derived from altimetry, and corresponding to relative orbits #265,
#322 and #385 from S3A, and #057, #114 from S3B that matched the 25 km radius criteria,
from January 6, 2017, to December 31, 2020, were compared against the moored GoC buoy
and the Faro buoy, using some of the statistical parameters presented in previous sections,
to ensure the correct performance of the altimetry sensors over the area of interest. The
results from the comparison are shown in Figure 3.3. The scatterplots present the GoC buoy
(Figure 3.3a) and Faro buoy (Figure 3.3b) WS measurements against the average of all the
S3A and S3B measurements within the 25-km radius around the buoys; the corresponding
standard deviation threshold of each track segment is also shown. Due to the different
starting points of S3A (since 2016) and S3B (since 2018), the number of available data for

the latter is lower than that of S3A.
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Figure 3.3. Scatterplot of the WS comparison among S3A4 (a)/S3B (b) and in-situ
measurements from the GoC buoy. Vertical lines represent the standard deviation for each

point based on the Sentinel-3 data inside the 25 km radius area (see Figure 3.1).
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These results are in line with the reported accuracy in the S3 Wind and Waves Cyclic
Performance Report for the period from December 2020 to January 2021 (Abdalla, 2021).
They are also in agreement with those reported by (Yang et al., 2020), who compared WS
from S3A/B with more than 80 moored buoys. There is a strong linear relationship between
the altimeters and the GoC buoy dataset according to the average r coefficients (0.94 for
S3A; 0.90 for S3B, 99% of Confidence Level). As it was expected, the best results

correspond with the relative orbits closer to the location of the buoys, S3A #265.

The differences observed between the two data sources might be related with the
representativeness of the spatio-temporal domains. Firstly, in the spatial domain, the in-situ
data represent a local estimate and therefore include the wind variability over all scales
(Stoffelen, 1998). However, the radar altimeter considers the entire footprint (Passaro et al.,
2014). Secondly, the time difference between the satellite pass over the buoy and the
operating period of the in-situ instrument. This difference has been calculated to be 30
minutes maximum. This temporal difference could also explain the presence of outliers since
unlike the in-situ data, the altimeter WS is estimated from instantaneous measurements of
the sea surface state. An example is the outlier observed in the S3B #114 vs. GoC buoy
scatterplot (Figure 3.3a), which affects the statistical scores and could compromise the
comparisons. This mismatch represents a S3B WS value of 8.00 m/s against an in-situ
measurement of 2.50 m/s, approximately, and corresponds to 21:00 UTC in-situ data and
21:26 UTC altimetry data of 25-Nov-2020. As depicted in Figure 3.4e, where hourly WS
from the GoC buoy for that day is presented, WS was highly variable during the entire day,
especially between 14:00 UTC and 23:00 UTC, with WS ranging from 2.00 m/s to 11.50
m/s. Sentinel-3B passed over the GoC buoy position at 21:26 UTC and detected high
variability in the spatial domain as shown in Figure 3.4a. The radargram of the power
waveforms for S3B relative orbit #144 in the vicinity of the buoy is shown in Figure 4c,
together with the along-track WS (Figure 3.4a) and the along-track backscattering coefficient
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(c0) (Figure 3.4b). Note that only the power from gates 320 to 365 are shown in the
radargram; moreover, since the product used to generate this radargram has not yet been
corrected by the retracking process, a leading edge deviation over latitude 36.30°N is
observed. Regarding the power represented in the radargram (Figure 3.4c¢), a fall is clearly
observed in the segment between latitudes 35.80°N and 36.25°N. The strong decrease in
power affects the retracking of the waveforms and, therefore, the retrieval of the geophysical
parameters, as shown in (Aldarias et al., 2020). The retracking of these waveforms results in
a strong decrease of the retrieved 60 and therefore, a rise in the derived along-track WS. This
may be related with the existence of a strong and sporadic wind gust, which would agree
with the high spatio-temporal variability observed during the day by the in-situ sensor. Wind
gusts can exceed 20 m/s over the area (Adame et al., 2018), also dramatically increasing the
roughness of the sea surface. If the satellite crosses the area affected by the wind gust, a
decrease in the returning signal received by the altimeter should be observed. However, this
cannot be confirmed by the buoy data due to its sampling time (measurement recorded 26

minutes before the satellite pass).
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Figure 3.4. Along-track WS (a), 60 parameter (b) and radargram of the waveforms (c)
from the S3B relative orbit #144 (25-Nov-2020 at 21:26 UTC). Red dashed lines indicate

the GoC buoy position and 25 km radius area; black dashed lines indicate the area
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affected by a possible wind gust. (d) Satellite track (blue line) and GoC buoy position

(black dot). (e) Hourly WS from the GoC buoy for the 25-Nov-2020.

WRF model wind velocity validation against in-situ data

In this section, hourly WS and WD data for 2020 obtained from the WRF model simulations
are compared to in-situ data from the Cadiz and Rota coast meteorological stations and the
GoC and Faro buoys, to ensure that the model performance over the study area is adequate.
The wind rose diagrams representing the WD and WD data used to estimate the statistical
parameters represented in Table 3-3, are shown in Figure 3.5, where it can be observed the
predominant zonal component of the wind over the area. The four figures depict the high
variability of the wind over the study area. The resulting scores, shown in Table 3-3,
demonstrated the overall good performance of the dynamical set-up applied to the model,
which are in line with similar studies (Arasa et al., 2016; Carvalho et al., 2012) usually
performed only for open ocean comparisons. However, the model
overestimates/underestimates the WS at the Faro and GoC buoy and Rota coast station/Cadiz
coast station positions, respectively, as indicated for the bias scores in Table 3-3. Although
there are differences among WS RMSE from the three stations, once the parameter is
normalized (NRMSE) using the range of variation of the WS, these differences are reduced.
The best results are obtained for the Faro buoy site, which is the farthest location from the

coast.

Table 3-3. Statistical scores from the comparison among in-situ data from the different

stations and buoys against simulations from the WRF model.

Wind speed ind direction

In-situ station Bias (m/s) RMSE (m/s) NRMSE (m/s) _r Bias (°) STDE (°)
GoC buoy 0.74 1.93 0.12 0.80 6.74 47.10
Cadiz coast station -0.13 1.74 0.12 0.74 5.78 54.49
Rota coast station 0.44 1.65 0.16 0.74 8.35 48.68
Faro buoy 0.33 1.59 0.10 0.85 5.54 33.84
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Figure 3.5. Wind rose diagrams (m/s) calculated at (a) GoC buoy, (b) Cadiz coast station,
(c) Rota coast station and (d) Faro buoy, over the period January 2020 to December 2020

from both in-situ measurements and WRF simulations.

WRF model spatial assessment using altimetry data

In this section, the innovative use of altimetry WS for the spatial evaluation of WS from the
WRF model over the study area is carried out through quantitative comparisons using WS
retrievals from S3A and S3B altimeters. Special focus is on the coastal fringe, where other
sensors such as the scatterometters cannot provide useful data for validating the model. The
statistical results from the evaluation of WS data from the WRF model simulations with WS
from the S3A/B tracks over the study area are presented here. In order to assess the accuracy
of the WRF WS spatial variability, model outputs were linearly interpolated over the
positions of the satellite track measurements for 2020. As depicted in Figure 3.6a and Figure
3.6b, the averaged WS spatial variability obtained from both altimetry (Figure 3.6a) and the
WRF model (Figure 3.6b) matches for almost the whole study area. This agreement between
the WRF model and the S3A/B WS data for the set of tracks used, is confirmed by the r
Pearson’s values, which are mostly over 0.80, being the average correlation value for all the

tracks 0.85 (Confidence Level: 99%, Figure 3.6¢). The RMSE (Figure 3.6d) is small for all
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tracks, frequently below 1.0 m/s (Average RMSE: 0.65 m/s). Lower correlations and larger
RMSEs are generally found near the coastal fringe. In the sector [5-20 km] from land the
averages of the statistical parameters are r = 0.79 and RMSE 0.88 m/s, which is also evident
in the WS average maps, since altimetry WS is slightly lower over the coastal area than the
WS from WRF. Considering that the altimetry data over the 5 km closest to land were
removed, the decrease in the statistical scores from the comparison adjacent to the coast is
not due to the land contamination of the altimetry signal, but rather to the WRF simulations.
The model WS overestimation in coastal areas is an issue previously described by (Ngan et
al., 2013) and is most likely caused by the high spatial variability of the wind field over these
areas due to the thermal atmospheric gradients (Cerralbo et al., 2015), which may not be
properly reproduced by the WRF model at fine scales. Such misrepresentation could be
related to the lack of information and crude representation of the land surface, that can
considerably affect the simulation of the fluxes that will drive the associated boundary-layer
processes (Roman-Cascon et al., 2021). Although satellite tracks do not cover the entire
WRF domain area, the results prove that using along-track WS from altimetry enables the
estimation of the correlation coefficient and RMSE spatial maps for the area, which facilitate
the assessment of the WRF model performance over the study area. Moreover, the presence
of altimetry data up to 5 km from land, allows the detection of weaknesses in the model

performance over the complex land-sea transition fringe.
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Figure 3.6. Average WS from S3A/B (a) and WRF (b), spatial distribution of the r
Pearson’s parameter (c) and RMSE (d) from the comparison among WS data from the

WRF model and S3A/B tracks over the study area.

Observability of spatial variability

The wind field over the GoC is characterised by its high spatial variability and high-intensity
events. In this section, a qualitative comparison of the spatial variability of the WS
reproduced by the WRF model with the S3A/B data is presented to investigate the
capabilities of using altimetry data for assessing the WRF model under complex conditions.
For this purpose, WS from three S3A/B tracks under different atmospheric situations are
compared with the wind field obtained from the corresponding WRF model simulations. The
comparisons are shown in Figure 3.7. Figure 3.7a depicts the simulated wind field on 31-
Dec-2020 at 11:00 UTC. The satellite crossed the area at 10:35 UTC. A weak northerly wind
dominated over the whole GoC. The along-track spatial variability observed from the
altimeter measurements agrees with the outputs of the WRF model, especially for the
northernmost part of the track, stating the good performance of the WRF model even at the

positions closer to the coast.
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During the satellite pass on 25-Jun-2020 at 21:32 UTC the wind field reproduced by the
model at 22:00 UTC (Figure 3.7b) over the GoC can be divided into two sectors: the
westernmost area is dominated by mid intensity northwesterlies, while in the sector to the
east, the wind is weaker and from west. Furthermore, as also shown by the along-track S3A
WS, the intensity increases further from the coast from 6 to 10-12 m/s. Such spatial
variability of the WS is well represented by both data sets; however, close to the coast the
differences among the altimeter derived WS and the WRF model output increase. Such
disagreement may be caused by two factors as previously mentioned in previous sections:
The time difference between the satellite pass and the model simulation; and the precision
of the WRF model at fine scales close to the complex land-sea boundary. Such discrepancies
in the WRF model can be detected thanks to the presence of altimetry data in the coastal

fringe.

Finally, Figure 3.7c shows an example of dominant easterlies over the GoC, as simulated by
the WRF for the 21-Feb-2020 at 11:00 UTC. S3B crossed the area at 10:37 UTC. WRF
output displays a heterogeneous wind field over the area, with a remarkable easterly jet
coming from the Strait of Gibraltar and a generalised decrease towards the northern coast.
This spatial pattern is also present in the along-track WS estimated by S3B (Figure 3.7b).
However, over 36.8° latitude, a slight underestimation from the WRF model is observed,
which coincides with the area covered by the Guadalquivir River mouth, an area

characterised by high contrasts and variability.
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Figure 3.7. Wind field simulated by the WRF model overlaid with S34/B track (left) and
wind speed observed by S3A/B overlaid with interpolated WRF model data at the same
positions for the closest available time. (a) 31-Dec-2020, WRF outputs for 11:00 UTC
overlaid with S3A4 track at 10:35 UTC, (b) 25-Jun-2020, WRF outputs for 22:00 UTC

overlaid with S3A track at 21:32 UTC; (c) 21-Feb-2020, WRF outputs for 11:00 UTC

overlaid with S3B track at 10:37 UTC.

3.4 Conclusions

This study presents the quality and capabilities of WS from satellite altimetry for the spatial
assessment of WS outputs from the WRF model over the complex area of the GoC. In order
to achieve this, three WS data sources were compared: in-situ measurements, S3A/B satellite

altimetry derived measurements at 20 Hz and the WRF model simulations from a nested
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domain of 3 km grid and 1 h temporal resolution. From the results of the different
comparisons, we conclude that the quality of the high-resolution (20 Hz) S3A/B WS data
satisfies the general mission requirements over the study area, and even though the GoC
buoy is located in a complex area affected by coastal-related processes, the results are in line
with previous studies focused on the open ocean. Regarding the validation of the WRF model
against in-situ data, the simulations of the surface WS over the area are of good quality; this
confirms the goodness of the dynamical parameterizations proposed by (Arasa et al., 2016).
Note that we introduced a modification in the configuration by updating the SST every 6
hours instead of maintaining a constant value, which makes the set-up more realistic. The
spatial variability of the WS derived from the model has been compared with along-track
altimetry derived WS data. This comparison, and considering the complex characteristics of
the analysed region, exhibits the potential of the altimetry data for the spatial evaluation of
numerical models. In this case, the altimetry data enable the detection of a certain level of
degradation of the WRF outcomes near the coastal fringe, which is in line with previously
detected WS overestimation of the WRF model in coastal areas, which supports the need to
conduct further analyses into the dynamical phenomena and the effect of using a more
accurate surface representation. It is important to note that these model deficiencies in the
coastal band are detected thanks to the presence of altimetry data up to 5 km from the land,
enabling the fine-tuning and evaluation of NWP models over the complex coastal fringe.
Qualitatively, we proved the agreement between altimetry and WRF model data sets under
low/high wind speed conditions. However, it is important to note the limitations related to
altimetry as the fact that it is not possible to obtain the wind direction. Besides, altimetry
data are instantaneous and events of time scales shorter than the time resolution of the model
may lead to mismatches. Moreover, perpendicular to the track, the altimeters do not measure
the variability in scales smaller than the across track footprint length. In this sense, it is

important to highlight the need for continuous improvement of satellite altimetry and model
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outputs in the coastal fringe in order to obtain realistic geophysical parameters in these areas.
Present and future satellite altimetry missions will allow the exploitation of fully-focused
SAR data for a better characterization of ocean processes in the 0 — 5 km coastal band. This
study proves the high quality of Sentinel-3A/B WS retrievals over complex areas and aims
to foster the use of this data for the improvement of knowledge of WS and sea surface
circulation over areas where the availability of in-situ measurements is limited or inexistent.
We have shown how the spatial coverage of satellite altimetry enables the spatial assessment
of high-resolution NWP models in water-covered surfaces, including coastal areas up to 5
km from land, a feature that sets altimetry as a complementary data source to improve the
study and prediction of the wind in coastal areas together with some of the current systems,

such as scatterometers, high frequency radars and SAR wind fields.
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3.5 Connecting Text

This chapter proved the quality and capabilities of WS retrievals from satellite altimetry for
spatially assessing WS outputs from the WRF model over the complex Gulf of Cadiz. The
findings emphasized the high quality of the 20 Hz S3A/B WS data and its application for a
successful validation of the WRF model over the area, along with an additional comparison
against in-situ data. Those results, added to the insights related to the capabilities for studying
surface circulation from satellite altimetry data presented in Chapter 2, build up a solid
baseline and database, founded on satellite altimetry data, for the comprehensive study of
total surface circulation over coastal areas, including both geostrophic and main

ageostrophic components.

The next chapter focuses on a generalized characterization of surface circulation over the
northern shelf of the GoC, utilizing four years of high-resolution satellite altimetry data and
the wind model dataset, developed in the present chapter, to provide oceanographic insights
on the influence of the different components of the circulation, related local processes and

its seasonality.
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Chapter 4
Spatiotemporal variability of the coastal
circulation in the northern Gulf of Cadiz
from Copernicus Sentinel-3 A satellite radar

altimetry measurements

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 measurements. The proposed altimetry product demonstrates superior
performance than the CMEMS product, accurately reflecting surface circulation 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) surface currents were predominantly driven by westerly winds,
while only occasionally, westward flows coincided with easterly winds, suggesting 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
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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 findings 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.

Mulero-Martinez, R.; Gomez-Enri, J.; De Oliveira Junior, L.; Garel, E.; Relvas, P.; Mafianes,
R. Spatiotemporal variability of the coastal circulation in the northern Gulf of Cadiz
from Copernicus Sentinel-3A satellite radar altimetry measurements. Advances in Spa-

ce Research (2024), doi: https://doi.org/10.1016/j.asr.2024.02.054
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4.1 Introduction

The use of satellite altimetry had a transformative impact on the discipline of physical
oceanography by providing a comprehensive global perspective on ocean 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 approximation methods. Studying ocean dynamics becomes
notably complex in coastal areas 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 environmental implications, potentially
improving the management 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 observations 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,
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exemplified by the recent launch of the Surface Water and Ocean Topography (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 circulation. 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 models. 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
geostrophic current (Vt), over the northern GoC coastal zone. This objective entails an
investigation into the quality of different altimetry-based products but also about the
different mechanisms affecting the sea surface circulation over the continental shelf of the
GoC along its sub-basins. The approach relies upon previous coastal oceanographic studies
(Manso-Narvarte et al. 2018; Mulero-Martinez et al. 2021) based on altimetry and local
oceanographic studies (Garel et al. 2016; De Oliveira Junior 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 chapter is organized as follows. Section 4.2 provides a concise overview of the study
region and presents recent research findings about the ocean circulation in the area. Section
4.3 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 presented in Section 4.4, starting with the comparison

of altimetry-derived surface current velocity from different products with in-situ ADCP
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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 assessment of the alongshore ADT gradients, the different contributions 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 4.5.
4.2 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 Gibraltar 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 (Figure 4.1). 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. 2006).

The wind field along the GoC is influenced by various factors, including topography,
atmospheric flows, and temperature variations between land and sea (Carvalho et al. 2014;
Mulero-Martinez et al. 2022). The wind patterns in the GoC exhibit alternating flows known
as Ponientes (westerly) and Levantes (easterly). These winds can occur consistently
throughout the year with a periodicity 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 frequent intense weather
events, including strong Levantes. In spring, northwest winds become less dominant,

occasionally giving way to stronger eastward winds. Summer experiences predominantly
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calm winds with a prevailing 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 circulation superimposed on the anticyclonic pattern delineated 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; Sanchez and Relvas
2003). Shifts to north-westward flow can be observed throughout the year, but
predominantly in late autumn and early winter, particularly 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 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 current around CSV or locally under westerly wind
conditions (Folkard et al. 1997; De Oliveira Jinior 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
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model simulations 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 transport does not only affect water temperature
but also nutrient 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 gradient 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 potential 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 circulation can be defined as a predominant anticyclonic system,
regarding the open ocean circulation, with episodic inversions to north-westward circulation
under strong and persistent easterly winds. The shelf circulation is characterised 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).
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Figure 4.1. (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 (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.

4.3 Data and methods
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Satellite altimetry data from Sentinel-3A

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 (Figure 2.1), 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) instrument onboard Sentinel-3A can measure
in two different modes, namely, low resolution (LRM) and synthetic aperture 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 information regarding these data can be found in the

Sentinel-3 Altimetry Document Library, accessible at https://sentinel.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 Applications (SAMOSA++)
model (Dinardo et al., 2021). The product extracted consists of SLA measurements at a
frequency of 20 Hz, yielding an along-track spatial resolution of approximately 330 meters.
Finally, a set of range and geophysical corrections, presented in Table 4-1, are applied
following 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; Gomez-Enri et al., 2018).
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Table 4-1. Range and geophysical corrections applied to the original Sea Level Anomaly

(SLA) measurements.

Range corrections Geophysical corrections
Atmospheric Tidal Ocean surface
Dry Tropospheric Ocean Tide (TPXOS8-atlas model) Dynamic Atmospheric Correction
Wet Tropospheric Long-Period Equilibrium Tide Sea State Bias (5% Significant Wave Height)
Tonospheric Ocean Loading Tide

Solid Earth Tide

Geocentric Polar Tide

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-3 A 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 processing was applied
in a 10-times loop (i.e.: the process is applied 10 times) (Bouffard et al. 2010; Meloni et al.
2019; Mulero-Martinez et al. 2021) along each pass (along-track) and along all passes from
the same relative orbit (along-time) to ensure the removal of outliers spatially and
temporally. 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., 2018); this is a common 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. Figure 4.2 shows an example of track S3A-057 before (Fig. 2.a) and after (Fig.

2.b) the filtering process.
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Figure 4.2. Latitude-time variability of the SLA from S34-057 before (a) and after (b)

applying the filtering strategy.

Absolute Dynamic Topography (ADT) and surface circulation

Absolute dynamic topography (ADT) profiles were estimated 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 geostrophic velocities. The
DTUI5SMDT model (Knudsen et al., 2016) was used to calculate the final ADT. This MDT

model has been previously used by (Mulero-Martinez et al., 2021) over the eastern basin of
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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 EGM2008 (Pavlis et al., 2008) and EIGEN6C4 (Forste et al.,
2014) geoid models data were extracted along with the raw altimetry data from the P-PRO

SARvatore service, at the same 20 Hz posting rate.

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 absolute surface geostrophic circulation using altimeter measurements. This
estimation relies on analysing the spatial fluctuations in ADT while accounting for the
impact of the Earth's rotational motion, represented by the Coriolis force. Briefly, it is
possible to obtain estimates of the absolute geostrophic component of the surface circulation

(Vgabs) normal to the satellite tracks using the following Equation 4.1:

) —g ADT )
Abs= TS T :
7 oy

where g (m-s-2) is the gravitational acceleration; y (m) is the along-track distance; f'(s-1) 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 component and
the bottom friction must be considered to improve estimates of the surface circulation.
Following (Mulero-Martinez et al. 2021), Equation 4.2 and Equation 4.3 provide an
estimation of the bottom-drag corrected surface geostrophic velocity (Vgs, m-s-1) and the

zonal surface wind-driven velocities (Vy, m-s-1), respectively:
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—g  0ADT

Voa= —L -~ (42)
(f +5)
Viw= 0.03 - Wauio-cos(10°), (4.3)

where r = (0.35Cy)/d (m-1) is a depth-dependent parameter, using a typically accepted value
of C4= 2.0 10-3 (Bowden 1983), and U;o (m-s-1) is the zonal component of the wind speed

at 10 m above the mean sea level.

Finally, Equation 4.4 allows the estimation of a more complete along-track total surface
velocity (Vy), accounting for the main geostrophic component derived from altimetry and
corrected for the bottom friction and wind drag effects on the surface circulation, as proposed

by (Mulero-Martinez et al., 2021).

_g  0ADT

(Frzy %

Ve= + 0.03 - U1p - cos(10°), (4.4)
where 7 is a depth-dependent parameter and Uy is the zonal component of the wind speed.
An in-depth development of Equation 4.2 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.

Figure 4.3 summarizes the complete methodology from the original raw SLA measurements

to the final V product.
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Figure 4.3. Schematic representation of the complete methodology for editing satellite sea

level anomaly and calculating the along-track total surface velocity.

79



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° (approximately 25 km) of grid resolution and 6 h
of temporal sampling (https://rda.ucar.edu/datasets/ds084.1/). A previous 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
current 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 conditions,
though with a higher computation cost. Specifically, the wind data for the study was obtained
using the Weather Research and Forecasting (WRF) model v.4.2 (Skamarock et al. 2019),
which is a mesoscale non-hydrostatic model. The WRF model was used to produce
dynamically downscaled hourly 10 m wind speed and direction 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 conditions 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. 2022), as it was proved

to successfully reproduce the wind conditions in the area.

In-situ ADCP measurements

Acoustic Doppler current profiler (ADCP) measurements were obtained from Armona

coastal station (37.0108°N, 7.7413°W) (Figure 4.1), where the water depth is 22 m. For the
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data collection a Sentinel V 500 kHz ADCP, manufactured by TRDI, was bottom-mounted
4 times for periods ranging from January 2020 to December 2021. The instrument recorded
hourly velocities in cells of 0.5 m thick along the water column. The resulting data was de-
tided by applying 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 meters from the water surface. For the comparisons against satellite altimetry
data, presented in Section 4.1, 72 h averages of ADCP measurements previous to the satellite
pass were used. Using 72 h averages is suggested in (Mulero-Martinez et al., 2021; Roesler
et al., 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.

CMEMS gridded product

Gridded absolute geostrophic current velocities were gathered from the Copernicus Marine
Environment Monitoring Service (CMEMS). The gridded product is based on multi-mission
satellite altimetry (including Sentinel-3A) SLA measurements. The final gridded data is
estimated 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 development and quality of the products can

be found in https://doi.org/10.48670/moi-00142.

4.4 Results and discussion

Comparison and validation with in-situ current measurements

The S3A-057 satellite track passes over the GoC southbound (descending track), covering a

narrow part of the continental shelf east of the CSM (Figure 4.1). The Armona ADCP was
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moored 15 km from this track. Different surface current estimates from S3A-057 altimetry
measurements and gridded CMEMS products were compared with in situ measurements

from the ADCP moored at Armona station.

Evaluation of ADT constructions

Results of the comparison between ADCP surface zonal velocities and the three different S3-
Vi products, computed with ADTs from the different approaches (S3-VIMDT, S3-ViEGM
and S3-V{EIGEN), are presented in Figure 4.4. The comparison of different methods yielded
the best result in terms of Pearson’s correlation and root mean square error when using S3-
ViIMDT (correlation coefticient=0.77; RMSE=0.10 m/s). The S3-V(EGM and S3-V{EIGEN
estimates also performed well but had slightly lower correlation coefficients and larger
RMSE compared to S3-VIMDT. 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 estimations, mainly due to increasing geoid errors near the coast.
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Figure 4.4. Scatter plot of the different satellite altimetry-derived surface geostrophic

velocity approaches against in-situ ADCP measurements. S3-V:MDT refers to geostrophic
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velocities estimated using the ADT based on MDT, while S3-V:EGM and S3-V:EIGEN refer
to the geostrophic velocities estimated using geoid models EGM2008 and EIGEN6CH,

respectively.

Inter-products comparison

The comparison presented in Figure 4.5 shows the current velocity estimated from several
altimetry-based products against in-situ ADCP surface current measurements. Specifically,
the altimetry-based products are the bottom-friction corrected geostrophic current (Vgq), the
total current velocity accounting for the bottom-friction corrected geostrophic and wind
components (Vy), generated from both high-resolution altimetry data along S3A-057 (S3-
Vgd and S3-Vy) and the CMEMS product (C-Vg and C-Vy). The wind information used for
the estimation of the Vi was extracted from the high-resolution locally downscaled 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 4-2.
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Figure 4.5. Match-up time series of altimetry-based current velocities (S3-Vga, S3-V3, C-
Vea, C-V3) and in-situ ADCP Armona surface current velocities, along with the

simultaneous zonal wind speed from WRF. Note that the time interval is not constant.

The comparison with in-situ measurements shows that the C-Vgq 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 current, 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 development. The CMEMS product improved when applying an estimate of
surface wind current (C-Vy), (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 similarity between the compared
variables, resulting from the important role of the wind on the surface circulation of the GoC

(De Oliveira Junior et al., 2022; Mulero-Martinez et al., 2021).

The best results of the comparison derive from the use of the products generated with high-
resolution altimetric measurements (20 Hz), S3-Vgq and S3-Vi. S3-Vgq showed a higher

correlation than C-Vi, even without the application of wind current estimation (r = 0.67,
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RMSE =0.11 m/s, Bias = 0.03 m/s). The higher spatial resolution of the altimetric data used
to generate this product allows for a better 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 calculated 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 the wind-induced current component. The high variability of the zonal
circulation in the continental shelf sector during 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 produced by surface gradients of low

magnitude, difficult to be resolved by altimetry (Marechal & Ardhuin, 2022).

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 estimate 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 considered when interpreting the statistical results. These results demonstrate
the benefits of including the wind effect in the estimation of the surface circulation from

altimetry.
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Table 4-2. Statistical results (correlation coefficient, r; root mean square error, RMSE; and
bias, Bias) from the comparison between altimetry-based current velocities (S3-Vegd, S3-V1,

C-Vgd, C-Vt) and in-situ ADCP Armona surface current velocities.

Product r p-value RMSE (m/s) Bias
(m/s)

C-Vgu 0.10 0.742 0.14 -0.01
C-Vi 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

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 variability 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 surface current (V)
based on lower resolution data from NCEP-GFS instead of the locally calibrated WRF
downscaling, 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.

Contribution of the geostrophic and wind components

The different time-series presented in Figure 4.6 show the along-track average zonal
circulation along the continental shelf of the GoC, from tracks S3A-385 (a), 265 (b), 057 (c)
and 322 (d), respectively. Specifically, estimates of the total current (Vy), the bottom-friction

corrected geostrophic components (Vg) and the wind component (Vy) of the surface
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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 (Figure 4.6a-c) present similar characteristics regarding the
contribution of Vg4 and Vy, to Vi. Positive flows are mainly driven by westerly winds, as
indicated by the correspondence of positive Vi and Vy, agreeing with the wind field over the
area, since west of CSM westerly and north-westerly winds dominate (De Oliveira Junior et
al., 2022; Folkard et al., 1997b), while easterlies are less recurrent and weaker than over the
southern part of the eastern basin (Mulero-martinez et al., 2022). In contrast, westward V;
flows are likely to occur along with both westward Vg4 and Vy, but also just linked to Vg,
suggesting that westward flows, such as CCCs, are not necessarily linked to strong easterly
winds, but also to geostrophic adjustments. Marked events (E1, 2, 3, 4 and 5) in Figure 4.6a
represent the different scenarios detected with track S3A-385 along the western basin
regarding the contribution of both Vgd and Vw to the westward flows. Events E1 (21-Apr-
2017), E4 (25-Feb-2019) and E5 (23-Feb-2021) show Vt negative flow events driven by
both westward Vgd and Vw, while during events E2 (30-Sep-2017) and E3 (6-Dec-2018)
the Vt flows directed to the west are purely controlled by a negative Vgd flow. Several
authors have suggested the existence of an alongshore pressure (sea level) gradient over the
shelf that is likely to promote westward flows without favourable winds and would explain
most of the flow variability during CCCs events in the western basin (De Oliveira Junior et
al., 2022, 2021; Garel et al., 2016). 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 analysed in Section 0. Regarding track
S3A-322 (Figure 4.6d), crossing the eastern basin of the GoC, both Vg and Vy components
agree on most of the occasions on the direction of the circulation, aligning with V. This
observation suggests that in contrast to the western basin, both eastward and westward flows

along the shelf in this region are predominantly driven by favourable winds as suggested by
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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
(Gémez-Enri et al., 2019), which enhances the total flow through the additional contribution
of a geostrophic component. The different V-V interplays along the different basins are
reassured when comparing with ADCP measurements with the correlation coefficients for
V-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, 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.
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Figure 4.6. Time series of shelf average Vg (ved lines), V., (blue lines) and V; (black lines)

from tracks S34-385 (a), S34-265 (b), S34-057 (c) and 322 (d).

Alongshore and cross-shore sea level gradients

The 5 years average (2017-2021) of ADT for the continental shelf sector traversed by the
different tracks is presented in Figure 4.7. The results show the existence of ADT gradients
both alongshore and cross-shore, the former of much larger amplitude. Alongshore ADT
average differences 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.,
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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 (De Oliveira Junior et al., 2021; Garcia-Lafuente et al., 2006) during periods
of weakened westerly winds and would be enhanced under easterly wind conditions.
Additionally, the cross-shore sea level gradients would also support the westward circulation
over the shelf, as for the physical basis of this research, a north-south ADT gradient (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 alongshore 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 studies 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 presented in Figure 4.7 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 Figure 4.1.
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Figure 4.7. Along-track ADT average for the period 2017-2021 over the continental shelf

of the GoC.

Spatio-temporal variability

The spatial and temporal variability of the zonal component of surface circulation along the
GoC is evaluated by a Hovmoller (HM) diagram (Figure 4.8). The figure shows an HM
diagram of the satellite total zonal velocity (V) variability 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 locations. The use of time-latitude HM diagrams enables qualitatively
identifying the alternance among periods dominated by either eastward or westward
circulation, in addition, to providing the latitudinal variability of the main flows. Even
though the different tracks are not contemporary, it is possible to appreciate a generic and

common winter-summer seasonality.

For track S3A-385 (Figure 4.8a), the HM diagram shows some intense westward events
extending along the entire transect (E1, E4 and E5). Those events can also be identified in
Figure 6 and seem to be the result of the joint action of both Vy and Vg4 west-bounded
components. These events are not limited to the shelf section but extend further offshore,

potentially due to the action of Levantes along the whole basin. Additional westward events
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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 4.6,
E2 and E3 are mainly explained by the Vg4 flow, suggesting that westward flows due to
geostrophic forces might result in narrower coastal flows than those where also the Vy
contribute. 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 extension
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 Figure 4.8a presents
the highest positive flow velocities mostly limited up to 36.6°N, agreeing with the spatial
characteristics of the GoC Current (GCC). Results from track S3A-322 (Figure 4.8b) 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 analysis 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 Gibraltar where easterly winds are canalised into the GoC and would drive
the surface circulation since, as previously stated, is mainly controlled by the wind

component over the eastern basin.
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Figure 4.8. Latitude-time Hovmoller diagrams of the total surface zonal velocity for the
period 2017-2021 from tracks S34-385 (a) and S34-322 (b) Horizontal dotted lines

indicate the latitude corresponding to the 200 m depth isobath.

The percentage of occurrence of positive and negative flows over the different months, as
estimated from the different tracks for the shelf section are presented in Table 4-3. This table
provides a global perspective of the temporal and seasonal variability of the dominant flow
direction along the year. For all four tracks, eastward circulation prevails during 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 (De Oliveira Junior et al., 2022; Garel et al., 2016; Sanchez and Relvas, 2003). The opposite
situation is observed for winter months, from December to February, when the circulation is
predominantly westward. More prevailing westward flows during winter months are
associated with strong easterly winds and the effect of the along-shore sea level gradient
during relaxed upwelling conditions. The resulting all-year percentages for all tracks are
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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 westward flows are of
smaller amplitude, and greater amplitudes are observed in eastward flows. It is worth noting
that the values presented in Table 4-3 are based on satellite passes with 27-day cycles,

resulting in approximately 5 passes per track and month for the whole period analysed.

Table 4-3. Monthly percentage of occurrence of westward and eastward circulation and
zonal wind over the continental shelf of the GoC from Sentinel-3A4 tracks #385, #3635, #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
usgs  Wesward 4286 5000 40.00 | 80.00 4286 | 2000 - 1667 57.14 6000 3333 4286

Eastward ~ 57.14  50.00 60.00 | 20.00 57.14 | 80.00 8333 4286 40.00 66.67 57.14
Westward ~ 66.67 60.00 42.86 60.00 20.00 16.67 28.57 40.00 40.00 50.00 | 83.33 66.67
Eastward ~ 33.33 40.00 57.14 40.00 80.00 8333 7143 60.00 60.00 50.00 @ 16.67 33.33
#057 Westward = 66.67 100.00 66.67 40.00 40.00 33.33 33.33 40.00 60.00 50.00 ' 100.00° 66.67
Eastward = 33.33 0.001 3333 60.00 60.00 66.67 66.67 60.00 40.00 50.00 ["0.00 | 33.33

#322 Westward | 75.00 [100:000 60.00 33.33 40.00 - 16.67 28.57 20.00 60.00 60.00 | 83.33
Eastward = 25.00 0.001 40.00 66.67 60.00 83.33 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 4597 40.67 37.16 1833 15.16 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

#365

4.5 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 characteristics agree with
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the general description of the literature, furthermore, the results bring additional details about

the sea level variability along the GoC.

The following summary and conclusions are derived from the different sections and

analyses.

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 provided reasonable results, they exhibited slightly lower correlation
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 construction methods for enhancing the reliability of

satellite-derived ocean current velocity data in coastal regions.

The comparison of surface bottom-drag corrected geostrophic (Vgd) and total (Vi) zonal
current velocity estimates derived from different altimetry-based sources, including high-
resolution along-track Sentinel-3A data (S3-Vg and S3-Vy) and Copernicus Marine
Environment Monitoring Service (CMEMS) products (C-Vg4 and C-Vy), with in-situ ADCP
measurements, revealed that the CMEMS's geostrophic current product (C-Vgd) had the
poorest performance due to its limited resolution. However, when incorporating wind-driven
current estimates (C-Vy), the product improved significantly, emphasizing the importance of
wind on the surface circulation (Mulero-Martinez et al., 2021). The best results were
achieved with high-resolution altimetry data (S3A-Vgq¢and S3A-Vy). S3A-Vqshowed a high
correlation even without wind data, with a slight bias. S3-Vi, which included wind-driven

current variability, outperformed all other products in terms of statistical metrics, accurately
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capturing surface circulation direction most of the time. These findings encourage the use of
high-resolution altimetry data as inputs for global 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 understanding of the circulation over complex coastal areas.

The analysis of the surface circulation along the continental shelf aimed to assess the
contributions of the bottom-friction corrected geostrophic (Vg4) and wind-driven (Vy) flow
components to the total surface current (V). 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 (eastward) surface currents were predominantly driven by westerly
winds, while only occasionally, westward flows coincided with easterly winds. These
patterns suggest a higher control of the geostrophic component over westward 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 correspondence between both Vgqand
V. with Vi. 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 gradients 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 amplitude 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 westward flow during periods of weakened westerly winds
and intensify under easterly wind conditions. These findings are consistent with the observed
contributions of different components to the total shelf circulation over the different basins.
They also corroborate previous studies suggesting that an alongshore pressure gradient is a

primary driver of the coastal CCC under weak wind conditions. These findings are consistent
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with the observed contributions of different components to the total shelf circulation over
the different basins. They also corroborate previous studies suggesting that an alongshore
pressure gradient is a primary driver of the coastal CCC under weak wind conditions (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. in the GoC.

Regarding the spatiotemporal characterisation of the surface circulation, the results for the
continental shelf of the western basin showed the occurrence of westward flows primarily in
the northern half of the transect, aligning with the 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
offshore. In contrast, results for the eastern basin displayed notably high-intensity negative
flows, primarily in the southern 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
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are highly complex. Furthermore, considering 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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4.6 Connecting Text

This chapter, relying upon the knowledge gathered from Chapters 2 and 3, fulfil the third
objective of the thesis, “to use satellite altimetry-derived absolute surface geostrophic
current estimates, along with ageostrophic corrections to improve the knowledge of the
surface circulation patterns in the Gulf of Cadiz”. In addition, this chapter tries to increase
the reliability of satellite altimetry measurements for understanding the circulation over
coastal areas and provide solid insights about its potential for assessing fine-scale processes.
The findings proved that the altimetry-based dataset provided valuable knowledge for the
oceanographic community and agreed with previous results from site-based measurements.
More generally, those results back up and reinforce the use of satellite altimetry
measurements for filling the gap in those regions with the scarcity of site-measurements.
Finally, Chapters 2, 3 and 4 are intended to fulfil the main aim of this thesis, which is to
contribute to one of the challenges of altimetry in the present decade: to reach a level of

understanding of the coastal zones dynamic similar to that of the open ocean.
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Chapter 5

General Conclusions
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The methodology proposed for filtering high-resolution satellite altimetry
measurements for the estimation of absolute surface geostrophic velocities is suitable
for coastal areas such the Gulf of Cadiz, as proved with the comparison with HFR

measurements.

Satellite altimetry derived surface current velocities became more accurate when the
ageostrophic signals were added. The main unsolved ageostrophic local factors
affecting the surface circulation were successfully corrected by applying bottom-

friction and wind-driven component estimates.

Ageostrophic-corrected surface velocities from altimetry measurements can be used
to detect surface structures and high-variability surface dynamics, including events

with rapid changes in the current direction even for low velocities.

HFR systems were found to be a solid tool for the validation of altimetry derived
surface currents and the synergy between altimetry and HFR helps to unravel the

effects of ageostrophic processes in coastal areas.

The quality of the high-resolution S3A/B wind speed data satisfies the general
mission requirements over the complex area affected by coastal-related processes
which is the Gulf of Cadiz, as demonstrated from the comparison with in-situ

measurements.

The good quality and spatial coverage of satellite altimetry wind speed data allows
the spatio-temporal validation/calibration of numerical weather prediction models

such as the WRF model over complex coastal areas.

The main limitations related to altimetry as a source of validation for NWP models

are related to the fact that it is not possible to obtain the wind direction and that the
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altimeters do not measure the variability in scales smaller than the across track

footprint length.

The resulting surface current velocities estimates from high-resolution along-track
altimetry data, obtained by applying the proposed methodology for coastal areas,
outperformed the equivalent generic CMEMS product when compared with in-situ
ADCP measurements, reinforcing the idea of using an improved methodology for

coastal areas along with higher resolution altimetry measurements.

The analysis of surface circulation along the continental shelf of the Gulf of Cadiz
showed distinct insights over the different basins regarding the contribution of the

different surface current components.

Over the western basin, positive (eastward) surface currents were predominantly
driven by westerly winds, while only occasionally, westward flows coincided with
easterly winds, suggesting a higher control of the geostrophic component over the

westward flows, mainly driven by cross-shore and along-shore sea level gradients.

Over the eastern basin, both eastward and westward flows along the shelf primarily
driven by favourable winds. These winds also induced cross-shelf sea level gradients
through Ekman transport, enhancing the westward geostrophic component of the

flow.

Along the Gulf of Cadiz both along-shore and cross-shore ADT gradients exist, with
a greater significance attributed to the along-shore gradients. The observed unbalance
in the along-shore pressure gradient would induce a westward flow during periods of

weakened westerly winds and would intensify under easterly wind conditions.

The shelf circulation over the northern shelf of the Gulf of Cadiz is dominated by

eastward circulation during the spring and summer months (May to August),
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correlated with the upwelling season in the Gulf of Cadiz. Westward flows prevailed
during the winter months (December to February), associated with easterly winds
and the rebalancing of the along-shore sea level gradient during relaxed upwelling

conditions.
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Chapter 6

Future Research Lines
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The results obtained along this dissertation are consistent with the proposed hypothesis and

the defined objectives. However, they provide a baseline for a new set of questions, along

with the current state of the art, that motivate further research and activities to expand on the

findings. The following details the primary areas for future exploration:

To extend the different methodologies presented in this document to the whole
satellite altimetry dataset, including past and present missions, for different coastal
areas, in order to have a better perspective of the effects of climate change over the
coastal circulation. In addition to explore the capabilities of new systems and

missions (i.e.: SWOT) for assessing fine scale circulation over coastal areas.

To encourage the use of high-resolution satellite altimetry data (from 20 Hz upwards)
for assimilation on global and regional analysis/reanalysis systems applying
retracking processes and corrections specific for coastal areas. In this regard, those
systems could benefit from all the derived parameters from altimetry measurements,

including wind speed, wave height, sea level and geostrophic circulation.

To further analyse the Gulf of Cadiz circulation attending different factors, including
local and remote, found to be critical for understanding the surface dynamic at
different scales. For this, a complete dataset based on past and present satellite
altimetry missions would play a key part to shed light not only into the surface
circulation itself but into the role of sea level variability and related pressure

gradients along the different basins connected with the GoC.
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ARTICLE INFO ABSTRACT
Keywords: This study evaluated the possibility of studying mesoscale surface circulation in coastal areas, as is the Gulf of
Altimetry C’adiz, Spain, using high-resolution altimetry data (20-Hz of posting rate) along with the use of wind and bottom

Surface circulation friction ageostrophic corrections. Absolute cross-track surface zonal current velocities, derived from filtered
Coastal areas
CryoSat-2

HF radar

along-track CryoSat-2 SIRAL-SARM Absolute Dynamic Topography (ADT) measurements, are compared with
high-frequency radar (HFR) data in the coastal area of the Gulf of C"adiz. The filter strategy followed in this study
for the altimetry data is dependent on the HFR measurements for each track. Absolute surface geostrophic ve-
locities obtained from 20-Hz altimetry data agree well HFR further than 25 km from the coast. Close to land
([3—25] km) the ageostrophic component of the surface current (due to the wind drag and the bottom friction)
needs to be considered in the altimeter data. On average, the correlation between altimetry and HFR improved

from 0.61 (no correction) to 0.72 (correcting these effects). The root mean square error (RMSE) lowered from
12.54 cm-s—' to 7.35 cm-s—'. Furthermore, it has also been demonstrated that corrected altimeter measurements
are useful for the study of dynamics and patterns of coastal areas.

1. Introduction of coastal areas, where more than 10% of the Earth’s population lives
exposed to the effects of sea level rise (Neumann et al., 2015).

Satellite altimetry has changed physical oceanography by enabling Technologicgl advances in satellite altimeters, such as (.ZryOSat—2
monitoring of global ocean topography from space (Fu ct al., 1988). (CS2) and Sentinel-3A/B allow accurate measurements and improved
spatial resolution measurements along the satellite’s (pass) track, mak-
ing them suitable tools for studying coastal zone dynamics (Morrow

et al., 2017). Despite these improvements, coastal altimetry still faces
two main challenges in retrieving accurate sea surface height: coastal
zones are dominated by small and medium-scale structures and pro-
cesses in the spatio-temporal domain; and the proximity to the coast
implies the existence of anomalies in the altimeter measurements
related to the presence of land and/or calm water contamination within
the altimeter’s footprint (Go mez-Enri et al., 2010), as well as mis-
characterised range/geophysical corrections (Gommenginger et al.,
2011). In recent years, efforts have been made in the coastal altimetry
community to improve the capabilities of current altimeters close to the
coastal zone (Cipollini et al., 2010; Vignudelli et al., 2019, 2011),
including the application of improved range/geophysical corrections
(Andersen and Scharroo, 201 1; Handoko et al., 2017; among others) and

Consequently, large circulation patterns and processes in open ocean are
well characterised (Fu et al., 2010) using the geostrophic approxima-
tion. However, in coastal areas and minor sub-basins the study of ocean
dynamics is more complex since circulation in these areas is conditioned
by local processes and ageostrophic components, such as tidal oscilla-
tions, changes in the field of winds, abrupt and shallow bottom topog-
raphies, river discharges and interactions between different water
masses in small areas (Criado-Aldeanueva et al., 2006), and along-shore
pressure gradients (Garel et al., 2016). The surface layer of the ocean
responds to the action of these factors through rapid changes in dy-
namics, reflected in events such as coastal countercurrents, eddies,
fronts, internal waves and upwellings (Barale et al., 2010), which, at the
same time, are linked to activities of high socio-economic and envi-
ronmental impact (fisheries, offshore energy, navigation, oil spills)

(Aguiar et al., 2020). Moreover, surface circulation influences sea level validation with in-situ observations (Vignudelli et al., 2019, and refer-

1 1l P At o C 1
variability (Han et al., 2019). Consequently, understanding coastal ences therein). Our work contributes toward overcoming one of the

currents and ocean surface dynamics plays a key role in the management
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challenges of altimetry in the present decade: to reach a level of un-
derstanding of the ocean circulation in coastal zones similar to that of
the open ocean (Troupin et al., 2015). To achieve this, quality-controlled
data from high-frequency radar (HFR, henceforth) are used to validate
the altimetry derived ocean circulation in the coastal area. High-
frequency radar is a useful tool to monitor coastal surface currents
and it has been installed and used in a number of places around the
world to study coastal mesoscale circulation (Mandal et al., 2019),
monitor ocean dynamics and validate hydrodynamic and wave models
(Wyatt, 2014).

Previous studies have compared HFR and altimetry concluding that
the former represents a potential tool for the validation and improve-
ment of altimetry products in coastal areas (Liu et al., 2014; Manso-
Narvarte et al., 2018; Morrow et al., 2017; Powell and Leben, 2004;
Roesler et al., 2013; Troupin et al., 2015). Related works obtained high
correlation between HFR and altimetry derived circulation, up to 0.64
(e.g. Manso-Narvarte et al., 2018), using 1-Hz along-track altimeter
measurements (~7 km between consecutive measurements). Very few
studies, such as Troupin et al. (2015), which obtained consistent results
up to 10 km from the coast, have compared surface currents derived
from higher along-track spatial resolutions (20 Hz, 40 Hz) and HFR data
close to the shore. Regarding the differences between the measurements
derived from HFR (total surface circulation) and altimetry (surface
geostrophic circulation), the application of ageostrophic corrections,
such as wind-induced surface currents, seems to increase the agreement
between both datasets (Manso-Narvarte et al., 2018), but other ageo-
strophic components, such as those related to the bathymetry, remain to
be analysed in detail (Morrow and Le Traon, 2012).

The main objective of this study was to validate improved estimates
of altimeter-derived absolute cross-track surface zonal current velocities
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(Vg) at high along-track posting rate (20 Hz) from CryoSat-2 (CS2)
satellite, using HFR data in the coastal zone (first 25 km from land) in
the Gulf of C”adiz (GoC, henceforth) (Iberian Peninsula). Absolute cross-
track (Vg) included the geostrophic signal plus two ageostrophic com-
ponents based on the wind and the bottom friction effects. In addition,
we assessed the capabilities of coastal altimetry data to detect meso/
small-scale dynamics close to the coast in synergy with HFR data and
supported by sea surface temperature (SST) data.

The paper is organised as follows: Section 2 presents the GoC and its
main surface circulation characteristics. Section 3 includes the descrip-
tion of the data sets, the edition strategies and the methods. The results
and discussion are presented in Section 4, starting with the statistical
outcomes from the comparison between hourly surface current velocity
data from HFR and altimeter data for the 14 tracks analysed, including
the impact of the ageostrophic corrections. We give some examples of
the capabilities of the altimeter data with regard to the detection of
coastal fine-scale circulation structures endorsed by HFR and SST data.
Finally, Section 6 presents the conclusions and perspectives.

2. Study area

The present study is focused on the Gulf of C”adiz (GoC), particularly
on the easternmost part of the Gulf, the continental shelf area delimited
by Cape Santa Maria (CSM) and Cape Trafalgar (CT). Fig. la gives the
bathymetry of the study area along with the main circulation patterns
proposed by Garcia-Lafuente et al. (2006) and Peliz et al. (2009); the
CS2 tracks (red lines), and the area covered by the HFR system (blue
dotted area) are shown in Fig. 1b.

The surface circulation of the GoC presents complex dynamics,
regarding its temporal and spatial variability, mainly due to its location,

Fig. 1. (a) Main feasible surface circulation characteristics of
the GoC (following Garcia-Lafuente et al., 2006 and Peliz
et al., 2009), and some geographical features: CSV (Cape San
Vicente), CSM (Cape Santa Maria), CT (Cape Trafalgar), CCC
(Coastal Countercurrent), GCC (Gulf of Ca”diz Current), MO
(Mediterranean Outflow), EC (Eastward Current) (b) Location
of the observational systems in the GoC: CS2 repetitive tracks
and relative orbit number, red lines; HFR system potential
covered area, blue dotted area; HFR, high-frequency radar
system stations; ADCP, acoustic Doppler current profiler
location. (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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as it constitutes an inflow-outflow area between the Atlantic Ocean and
the Mediterranean Sea across the Strait of Gibraltar (Peliz et al., 2009),
and is also linked to the North Atlantic Subtropical Gyre (Laiz et al.,
2019), a fact that significantly influences both local and Atlantic
circulations.

Two linked systems can be differentiated when describing the cir-
culation of the GoC: the upper slope current system; and the shelf cir-
culation (Fig. la). The first is generically composed of two flows. In deep
layers, the upper Mediterranean outflow core (MO upper) circulates
westward contouring the slope (Ambar and Howe, 1979; Peliz et al.,
2009). The Gulf of C”adiz Current (GCC) flows toward the southeast into
the Mediterranean Sea. The intensity and characteristics of this system
are strongly linked to the Mediterranean inflow-outflow coupling (Peliz
et al., 2009).

Regarding the circulation over the continental shelf, two modes can
be characterised in the eastern section, located between CSM and CT,
alternating westward/eastward circulation. Westward circulation, or
cyclonic mode, is characterised by a coastal countercurrent (CCC) which
comprises the northern boundary of a cyclonic cell located on the
eastern shelf between CSM and the mouth of the Guadalquivir Estuary
(Garcia-Lafuente et al., 2006). This CCC seems to be controlled mainly
by the imbalance of the along-shore pressure gradient, due to the
relaxation of large-scale upwelling favourable wind (Garel et al., 2016).
The eastward circulation, or anticyclonic mode, is defined by an east-
ward current (EC) that, unlike the CCC, is likely to originate from Ekman
mechanisms that induce the upwelling of cold water along the coast
(Garel et al., 2016).

In addition, abrupt changes in the orientation of the coastline and the
presence of the Strait of Gibraltar connecting two basins with such
different characteristics, favour the existence of a heterogeneous wind
field, which strongly controls the zonal surface circulation by the
alternation of westerlies and easterlies (Peliz et al., 2007). Other agents,
such as the runoff from the Guadiana and Guadalquivir rivers, affect the
surface temperature, salinity, and other biogeochemical variables,
mainly in the coastal fringe, near the river mouths (Laiz et al., 2013).

3. Data and methods
3.1. Satellite altimetry

In this study, along-track Sea Level Anomaly (SLA) data from 14 CS2
tracks over the GoC were used to calculate cross-track zonal surface
current. CS2 is a European Space Agency (ESA) satellite launched in
April 2010 and its primary aim was to monitor changes in the thickness
of the sea ice and continental ice sheets (Drinkwater et al., 2004;
Wingham et al., 2006); however, CS2 altimetry data have been used for
the exploitation of additional ocean products (Calafat et al., 2017)
thanks to its main instrument, the synthetic interferometric altimeter
(SIRAL), which operates in three modes depending on the purpose: Low
Resolution Mode (LRM), mainly used over open ocean, Synthetic
Aperture Radar (SAR) mode, for specific coastal areas, and SAR Inter-
ferometry (SARIn) mode, with the highest spatial resolution and used
over continental water bodies and ice sheets (for more details see
CryoSat-2 Product Handbook at https://earth.esa.int/documents). Over
the study area, CS2 SIRAL has been working in SAR (Synthetic Aperture
Radar) mode since the beginning of the mission in 2010. CryoSat-2 has a
quasi-polar orbit of approximately 92°, allowing nearly global coverage,
reaching high latitudes of up to 88°N-S Latitude. The quasi-orthogonal
orbit inclination with respect to the equator allows a nearly zonal
component of the geostrophic current when computed across track.

CryoSat-2 level 2 data used in this work were provided by the ESA
Grid Processing On Demand (GPOD) SAR versatile altimetric toolkit for
ocean research and exploitation (SARvatore) service (https:/gpod.co.es

a.int/), using the pre-defined processing configuration for coastal zones.
The SAMOSA+ (SAR Altimetry MOde Studies and Applications) model
(Dinardo et al., 2018) is used in the retracking process and the final
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product is posted at 20 Hz, which results in ~330 m along-track spatial
resolution measurements. The altimetry product has been assessed by
previous studies globally (Calafat et al., 2017), and focused on coastal
areas, such as Go mez-Enri et al. (2018) over the GoC, obtaining a

satisfactory performance further than 3—5 km to the shore. In addition,
Bouffard et al. (2018) demonstrated that the CryoSat-2 ocean products

compare very well with in situ measurements and confirmed that the
ocean products are perfectly suited for oceanographic applications.

The final SLA product from GPOD level 2, includes the range/
geophysical corrections listed in Table | (Webb and Hall, 2016). In
addition, a sea state bias (SSB) correction of 5% of the significant wave
height (available in the GPOD product), was applied following previous
studies (Fenoglio-Marc et al., 2015; Go mez-Enri et al., 2018). The Mean
Sea Surface used was DTU18 MSS (Andersen et al., 2018).

The selection of tracks in the study area was made for the 2013 to
2018 period based on the availability of HFR data. In order to reduce the
effect of land contamination in the footprint area of the radar mea-
surements, only the tracks nearly orthogonal to the coastline were
selected (Aldarias et al., 2020; Go mez-Enri et al., 2018). Therefore,
relative orbits #153, #1804, #2224, #2644, #3035, #4266, #4407,
and #5106 were used for a total of 14 tracks (Table 2).

3.1.1. SLA editing strategy

Raw 20-Hz along-track SLA data were edited, following the methods
presented in Bouffard et al. (2010). The screening removes outliers and
filters out high-frequency noise signals near the coast. Firstly, SLA values
closer than 3 km to the coastline were rejected to maintain a distance of
good quality (Aldarias et al., 2020). Previous studies with CS2 data
demonstrated that land contamination might affect the sea level mea-
surements close to the coast (Dinardo et al., 2018; Go mez-Enri et al.,
2018). Secondly, SLA values larger than three times the standard devi-
ation were removed and replaced by linearly interpolated values; this
processing was applied in a 10 times loop (Bouffard et al., 2010; Meloni
et al.,, 2019). Finally, a Loess filter (Cleveland and Devlin, 1988) was
applied along the track segments to filter out high-frequency noise
(Manso-Narvarte et al., 2018); this is a common processing procedure
for the study of oceanic mesoscale phenomena (Morrow et al., 2017).
For each HFR-CS2 track comparison, a range of spatial cut-off values

([7-60] km) for the Loess filter was tested. This range was selected to
resolve the scale of the baroclinic Rossby radius in the area (~6.5 km).

The cut-off wavelength that gave the best results in terms of correlation
and root mean square error at each track was selected (Morrow et al.,
2017). The filter cut-off necessary for obtaining the best correlation
among surface velocities obtained from altimetry and HFR is different
for each track of the study, depending on the characteristics of the
surface circulation at the moment of the satellite pass over the study
area. The Loess filter cut-off values applied to each track are presented in
Table 2.

Fig. 2 shows an example of the editing approach applied to the CS2
track #2644. High-frequency noise is clearly seen in the raw SLA profile
(black line). No outlier is detected in this track segment, but the Loess
filter (60-km cut-off) removes most of the high frequency noise (red

Table 1
Range and geophysical corrections applied in CryoSat-2 SIRAL-SARM SLA data
from SARvatore-GPOD used in this study.

Range corrections Geophysical corrections

Atmospheric Tidal Corrections Ocean Surface Corrections

Corrections
Dry Tropospheric Ocean Tide (TPXO8- Dynamic Atmospheric
atlas model) Correction
‘Wet Tropospheric Long-Period Equilibrium Sea State Bias (5% Significant

Tide Wave Height)
Ocean Loading Tide

Solid Earth Tide

Geocentric Polar Tide

Ionospheric
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Table 2
Relative orbit number (RO), date of pass, filter cut-off window and angle

copstling/ trask for eaghdragle

Filter cut-off (km) Angle coast/track

#4266 17-Oct-2013 25 6443
#2644 30-Jun-2014 51 76.39
#1804 06-May-2015 54 68.62
#2224 04-Jun-2015 60 95.68
#4407 23-Oct-2015 60 63.73
#2644 09-Jul-2017 29 76.39
#3035 05-Aug-2017 60 76.80
#4266 29-Oct-2017 60 62.68
#153 21-Jan-2018 52 64.11
#1804 15-May-2018 35 68.55
#2224 13-Jun-2018 60 9548
#2644 12-Jul-2018 60 78.74
#4266 01-Nov-2018 12 66.64
#153 25-Jan-2019 33 64.75
line).

3.1.2. Absolute dynamic topography (ADT)

Along-track surface absolute geostrophic current (SAGC) is
computed using the absolute dynamic topography (ADT). Absolute dy-
namic topography profiles were estimated by adding the mean dynamic
topography (MDT) to the SLA. The DTUI5SMDT model (Knudsen et al.,
2016), 1-min spatial resolution grid, was bilinearly interpolated to the
CS2 along-track positions. DTUISMDT model was obtained by
combining the latest version of the gravity field (EIGEN-6C4) with the
Mean Sea Surface model (DTU15MSS) (Knudsen et al., 2016).

3.1.3. Surface absolute geostrophic current (SAGC)

Absolute dynamic topography is the dynamic signal that represents
the displacement with respect to the equipotential surface (geoid) forced
by the interactions with the atmosphere and the topographic contours of
the bottom and sides of the ocean (Pinardi et al., 2017). Therefore, it is
possible to obtain a good estimate of the surface geostrophic circulation
from altimeter measurements from the spatial variations of ADT and

considering the effect of the Earth’s rotation movement, represented by
the Coriolis force.

From an oceanographic point of view, on an axis of Cartesian co-
ordinates in which the x-axis points to the east, y-axis to the north and
the z-axis in the opposite direction to the gravity force, assuming that the
water density is constant, the zonal (#) and meridional (v) components
of the geostrophic current can be obtained using the geostrophic balance

equations:

{ fu=— 10
p Oy (6]
10p

(e 22

p %

where p is seawater density; g is gravitational acceleration; f is the

SLA (m)
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Coriolis parameter (f = 2Qsing, where Q is the angular rotation velocity of
the Earth and ¢ the latitude); and p is pressure. Following the hy- drostatic
relation defined as:

op
9.-"P® 2

and replacing the vertical variation (0z) by the variation of the sea
surface height over the geoid (04), Eq. (1) can be written as:

{ oh
fu=—g-
dy 3
\_f. 7 3
Ve gdx

Considering that the zonal velocity is calculated along the satellite
track, it is assumed that the variation of the sea surface height over the
geoid along the x-axis does not exist, it is:

oh

o “

If 4 is replaced by absolute dynamic topography (ADT), it is possible

to calculate the velocity values of the surface absolute geostrophic

current (Vgus) normal to the satellite tracks using the equation (Bouf-
fard et al., 2010):

—g 0ADT
Vgabs = f : c)y ’ (5)

The along-track altimetric gradient (slope) has been estimated by
using the optimal filter developed by Powell and Leben (2004),
following the methodology proposed by Bouffard et al. (2010), using a
spatial frame of 1.5 km (equivalent to approximately five along-track
altimeter measurements), which also addresses the spatial resolution
of the high-frequency radar.

3.2. High-frequency radar data

Two CODAR SeaSondes stations installed in Mazago n (Spain) and
Vila Real de Santo Antonio (Portugal) (Fig. 1), that belong to the Red de
Radares de Alta Frecuencia de Puertos del Estado (www.puertos.es), were
used in this study. The stations work at 13.5 MHz frequency; this mode
generates measurements with a spatial resolution of approximately 1.5
km and a range that reaches up to 60 km from the coast. The general
reliability of HFR data has been demonstrated through extensive com-
parisons with independent measurements (drifters, ship-based sensor,
acoustic Doppler current profilers) (Lorente et al., 2015) over different
ocean condjtions, providing typical root mean square errors (RMSE) of

7-20 cm s (Cosoli and Bolzon, 2015; Lorente et al., 2015). Specifically,
the HFR zonal velocity (HFR,) used in this study was previously vali-

dated with in-situ measurements from an acoustic Doppler current
profiler (ADCP) moored in the GoC (37°640” N, 7°1419” W, Fig. 1) for three
months (from 16-Oct-2013 to 16-Jan-2014). The RMSE (5 cm's™!)

and correlation coefficient (0.86 for 95% of confidence level) resulting

—%— Raw 5LA
Ediled SLA

ar 3ra 31.2

Fig. 2. CryoSat-2 20 Hz original SLA (black) and edited SLA (red) for track #2644 (12-07-2018). (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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from the comparison of 2242 hourly measurements (Fig. 3) were satis-
factory, corlslidering the magnitu_c}e of the standard deviations (ADCP:

10.73 cm-s ; HFR: 13.09 cm's
using the same methodology and statistics (Capodici et al., 2019; Cosoli
etal., 2010, 2005).

A two-step editing methodology was applied to the HFR observations
for the comparisons with altimetry data. Firstly, in order to remove high-
frequency signals (mainly tidal oscillations), a 72-h average was
computed (Roesler et al., 2013), using the 72 h prior to the dates of the
satellite measurements. Finally, the HFR, velocity was bilinearly inter-
polated over the position of the altimeter track measurement positions.
The performance of the SeaSonde software solves the geometric dilution
of precision (GDOP) related problems, among the different possible
sources of error (Lipa et al., 2006). We removed invalid data, for each
period of 72-h of HFR data, retaining only the points with more than
60% of valid data (Fig. 4). In most of the selected tracks the study area is
fully covered by the HFR measurements. For this study, 60% of valid

data ensures that a compromise is maintained between good spatial
coverage of the data and adequate quality.

) and results from previous studies

3.3. Ageostrophic corrections of altimetry data

3.3.1. Wind

Zonal wind data from the Weather Research and Forecasting model
(WRF; http://mandeo.meteogalicia.es/thredds/catalogos/ WRF_2D/cat
alog.html), provided by the meteorological agency of Galicia
(https://www.meteogalicia.gal) with a spatial resolution of 12 km and
temporal resolution of 1 h, were used in this study to calculate the
ageostrophic wind-derived correction. WRF simulated winds have
proven to represent the wind regime in the GoC in good agreement with
in-situ measurements from buoys (Carvalho et al., 2014; Teles-Machado
et al., 2007). The correction does not assume the theoretical Ekman’s
solution since the study zone is far from the necessary assumption of
infinitely deep ocean far from coastal boundaries that supports such a
solution. In addition, Stanichny et al. (2016), using extensive drifting
buoys and satellite data, demonstrated that surface wind-driven currents
are directed almost in the direction of the wind, with a small rotation to
the right (in the northern hemisphere) of ~10-15°, with amplitudes

o,

GOl t0nar S TSR LT RNGIER A IRl dspendant ons the Ehman faxst
demonstrated in a number of previous papers (Keulegan, 1951; Kim
et al., 2010; Madsen, 1977, Weber, 1983; Wu, 1975). Finally, zonal
surface wind-driven velocities (V) are computed as:
Vw =0.03-Wui10-c0s(10°) 6)
where wyjg is the zonal component of the wind speed at 10 m.

Following the procedure applied to the HFR measurements, the
original hourly wind data from the WRF model was 72-h averaged and

linearly interpolated over the position of the altimeter tracks. The wind-
corrected velocity (Vg,) was obtained following:
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Vg = —gOADT y (@)
w Af;‘dyi w

3.3.2. Bottom friction

In coastal areas, wind-induced surface currents are not the only
ageostrophic agent since other factors, such as bottom friction and the
along-shore pressure variations, also contribute to the overall dynamics.
The effect of bottom friction is considerable even on the middle shelf
area, able to counterbalance the surface wind stress in shallow waters
(less than 25 m) (Kantha and Clayson, 2013). To evaluate and to correct
the effect of the bottom friction over the surface circulation derived from
altimetry in the coastal area, a bottom friction corrected surface velocity
(Vgq) was calculated. For this purpose, depth-averaged bottom friction
terms were added to Eq. (3) as follows:

ryeg O ClVIV
Yy ®

\ oh_ ClVlu

—fv=—eTxT g

Where C, is the bottom drag coefficient, |V]is the current velocity
modulus, % is the sea surface height over the geoid and d is the bottom
depth. Admitting predominance of the zonal component of the current

over the meridional one (i.e. || ~ |ul) and considering the assumption
gfven in Eq. (4), Eq. (8) can be written as:

oh Cyv
{ fu-—gd_

dy d
l ve Cylulu ©
fd
We use the approximation |ulu ~ 0.35u + 0.71u?, proposed by Godin
and Martinez (1994). It is important to note that in this expression for
typical maximum values of zonal current of 0.5 m s—', the linear term is

roughly two times the non-linear one and, accordingly, we retain only
the linear term in the approximation, which once substituted in Eq. (9),
transforms the latter into the following:

(10)

Where r = (0.35Cy)/d is a depth dependent parameter. Substitution
of the second of the Eq. (10) into the first one, after admitting once
again|ulu ~ 0.35u, produces:

an
f+r7
Subsequently, replacing /# with absolute dynamic topography (ADT),

and using a typically accepted value of C4 = 2.0 10—3 (Bowden, 1984),
the bottom drag corrected surface velocity (Vgq) normal to the satellite

—— ADCP
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Fig. 3. Hourly surface zonal velocity time-series recorded by the ADCP (red) and high-frequency radar (blue) from 16-Oct-2013 to 16-Jan-2014. (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. Ficlds of HFR valid data (>60%) for each track analysed.

track may be computed as:
—-g _ OADT
Veq =( ) dy
f+“7

12)

Bathymetry data used were provided by ETOPO1 global relief model
at 1-min resolution (Amante and Eakins, 2009).

3.3.3. Cross-track corrected velocity
Finally, in order to obtain the surface current including geostrophic
and some of the main ageostrophic components, a bottom friction and
wind-corrected surface velocity (Vgg+y) was derived from the altimetry
data, which includes both previously calculated ageostrophic correc-
tions, and is expressed as:
-8 JADT
VEaw = ( D. +Vw (13)
dy
f+7+

3.4. Sea surface temperature

An 8-day Level-3 binned SST from Moderate-resolution Imaging
Spectroradiometer (MODIS) Aqua dataset with a spatial resolution of 4
km, from OceanColor (https://oceancolor.gsfc.nasa.gov/) was used in
this study to complement the analysis of recorded surface circulation
patterns. Sea surface temperature data were obtained for the closest date
available prior to each CS2 track.

3.5. Data comparison

Altimetry derived velocities orthogonal to the satellite track were
decomposed to obtain the zonal component of the velocity. The
assessment of the altimeter Vg with the HFR, was performed by esti-
mating two statistical parameters, the root mean square error (RMSE),
also expressed as normalized root mean square error (NRMSE) regarding

the range of the HFR, measurements (HFR, max - HFRy min), and the
Pearson correlation coefficient (r).

4. Results and discussion
4.1. HFR-altimetry surface velocity statistical assessment

As reported in Section 3.2, HFR velocities were bilinearly interpo-
lated over the position of the altimeter track measurement positions to
perform an along-track comparison using the altimeter cross-track
derived zonal velocities (Vgabs, Vg4, V8w, Vi+w), and the zonal
component from the high-frequency radar (HFR,).

Table 3 provides the statistical results (r, RMSE and NRMSE) for the
eight tracks analysed during the analysed time period (14 dates are

BAbARI<) 251§ RN LEWRMSY: S0 TRy Q™S dntpoging

cm-s~!, and NRMSE between 0.23 and 2.99. The average values of r and
RMSE (0.61 and 12.54 cm-s~!, respectively) are in agreement with
previous studies carried out in coastal areas of the Mediterranean Sea

(Morrow et al., 2017; Troupin et al., 2015). A strong track-to-track
variation in all the statistics stands out and may be related to different
factors, such as the use of the 72-h HFR average window, which might
not be suitable for all the comparisons since it could mask or over-
smooth geostrophic structures captured by the altimeter. However,
considering the method used to select valid HFR data points, the amount
of valid data would be insufficient if the average window is reduced.

4.1.1. Impact of ageostrophic corrections

In this section, the effect of the ageostrophic component from the
wind on the estimates of the surface current is analysed (Vgy). Fig. 5
shows the linear relation among the average along-track zonal wind
velocity and zonal surface current from HFR for each track of the study,
depicting the strong control that the wind exerts over the surface cir-
culation in the area and, therefore, the importance of such a wind-
related correction.


https://oceancolor.gsfc.nasa.gov/
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Table 3
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Statistics of the comparison between the 14 CryoSat-2 tracks (relative orbit, RO) and high-frequency radar data. r is the correlation coefficient (95% Confidence Level),

RMSE is the root mean square error and NRMSE is the normalized RMSE. Zonal wind column shows along-track averaged and standard deviation zonal wind velocity

for each track.

Track Track Vs - HFR Vgw - HFR Vga - HFR Veaw - HFR HFR Zonal
# date wind
(RO)
r RMSE NRMSE RMSE NRMSE  r RMSE NRMSE  r RMSE NRMSE  avg #std. Range  avg#
std
(cm (cm (cm (cm (cms™") (cm (ms™")
s7h s7h s7h ) )
#4266 17-Oct- 030 1548 2.39 049 1656 2.56 088  14.86 230 092 1595 247 7.65 647 —047
2013 1.90 +0.16
#2644 30-Jun- 090 2334 1.22 065 1385 0.72 088  23.18 121 070  13.70 0.72 15.16 + 19.12 381 ¢
2014 6.14 047
#1804  06- 054  6.03 023 065  3.64 0.14 055 595 023 060 37 0.14 2.05 25.67 1.65 ¢
May- 4.18 0.47
2015
#2224 04-Jun- 059 1272 0.49 081 224 0.09 049 1265 0.49 080  2.14 0.08 —447 £ 26.00 -4.70
2015 1.94 +1.96
#4407  23-Oct- 062  13.17 1.57 075 493 0.59 0.55  13.00 1.55 073 482 0.57 -12.22 8.41 -329
2015 +3.10 +0.81
#2644 09-Jul- 093 521 1.29 093 4.02 1.00 089 530 132 089 346 0.86 13.57 ¢ 4.03 250 ¢
2017 6.50 0.26
#3035  05-Aug- 081 1259 0.76 083  6.65 0.40 087 1226 0.74 088 631 038 521 % 16.46 111+
2017 5.28 1.00
#4266 29-Oct- 028 1349 1.84 051 343 047 023 13.07 1.79 052 291 0.40 —6.67 £ 731 -5.03
2017 1.57 +191
#153 21-Jan- 073 508 0.52 078 542 0.56 077 492 0.50 081 525 0.54 325 ¢ 9.76 034
2018 2.08 +0.24
#1804  15- 064 597 0.28 062 415 0.20 069 562 0.27 068  3.76 0.18 225 ¢ 21.09 061
May- 598 +1.33
2018
#2224 13-Jun- 073 2004 1.13 088 1125 0.63 0.69  20.00 1.13 088 1124 0.63 12.68 17.77 3.97 £
2018 7.68 0.79
#2644 12-Jul- 045  17.99 2.88 071 1086 1.74 039  17.83 2.86 074 1072 1.72 13.76 6.24 4.05 £
2018 7.64 1.13
#4266  0l1-Nov-  0.84  29.76 2.99 084 2270 228 083  28.19 2.83 083 2099 2.11 2322 ¢ 9.97 291 ¢
2018 2.86 046
#153 25-Jan- 078  7.19 0.29 078 692 0.28 078 556 022 078 529 021 0.78 + 24.99 0.79 +
2019 1.11 021
Average value 061  12.54 1.19 068 777 0.78 063  12.16 1.16 072 735 0.73 571 13.55
3.86
Fig. 5.
° The ageostrophic correction due the bottom friction slightly
20

Zanal current velocity HFR lemes— 1)

= =2 ) 2 4
Zonal wind velocity (ms~ 1)

Fig. 5. Scatter plot of the relation among average along-track zonal wind ve-
locity and zonal surface current from HFR for each track. The linear Pearson’s
correlation coefficient is also shown (confidence level: 95%).

The track-to-track statistical values for Vg, are given in Table 3. A
significant improvement is observed in /RMSE/NRMSE in most of the
tracks (0.68/7.77 cm-s~!/0.78 in average), with respect to Vgus. In
terms of RMSE this implies a reduction of almost 40%; also, the

improvement in the NRMSE (from 1.19 to 0.78) shows the importance of
the wind, which reduces this difference in intensity. The effectiveness of
the wind-related correction is clearly shown in track #2644 (12-Jul-
2018), where r improves from 0.45 (Vgas) to 0.71 (Vgy), proving the
important control of the wind over the surface circulation as depicted in

improved the comparison with respect to Vgas in terms of r, RMSE and
NRMSE in most of the tracks. The improvement in the correlation in
track #4266 (17-Oct-2013) is particularly evident. The bottom friction
component improved r = 0.88 (0.30) and RMSE = 14.86 cm-s—! (15.48
cm-s~!). This correction seems to be less effective than the one based on
the wind effect, since it is restricted to shallower areas.

The combined use of both ageostrophic corrections (Vga+w)
improved the comparison (r, RMSE and NRMSE) against HFR,, in most of
the tracks. This is clearly observed in the averaged values in Table 3. As
mentioned previously, the wind effect component has a major impact on
increasing/reducing r/NRMSE considering the ageostrophic compo-
nents. Tracks with good comparisons considering only the geostrophic
component (Vgas), generally maintain good results when applying the
different corrections, so the ageostrophic components seem to be
circumstantially beneficial. Despite the variability of the wind field in
the GoC, the wind correction might improve the results under different
scenarios. Fig. 6 gives the along-track averaged correlation (Fig. 6a, b)
and NRMSE (Fig. 6¢, d), split in two sectors: coastal (3—25 km) and
offshore (>25 km) considering the distance to the coastline. For the
coastal sector, the use of the wind correction produces a strong
improvement of the results, increasing/decreasing r/NRMSE. The effect
of the bottom-friction correction is less important, but it still improves
the results compared with the uncorrected measurements. The appli-
cation of the ageostrophic component considering the bottom friction
and wind (Vgg+v) gives the best comparison against HFR,. Offshore, r
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Fig. 6. (a) Averaged correlation coefficient from the along-track comparison among Vgabs, Vgw, Vgd, Vga.w from CS2 and surface zonal velocity from HFR for the 14
analysed tracks in the sector 3—-25 km from the coastline; (b) Same as (a) for the offshore sector (>25 km from the coastline). (c) Same as (a) for the NRMSE; (d) Same

as (b) for the NRMSE.

shows a good performance even for the uncorrected measurements
suggesting that the effect of the ageostrophic components further than
25 km is less significant. Again, the wind correction improves the results
with respect to the bottom friction, and the best comparison is given
when both corrections are added (more evident in NRMSE).

Fig. 7 gives the along-track averaged values of HFR,, Vgas, Vg4, VEw,
Vgy+w from the 14 analysed tracks depicted against the distance to the
coastline (only the coastal sector is shown). The wind correction
increased the altimeter-derived zonal velocity to the level observed in
the radar close to the coast ([3—8] km). The effect of the bottom friction
correction is clearly noticeable for distances closer than 5 km to the
coast. The use of both corrections seems to underestimate Vgg+, with
respect to HFR,, in the [9-25] km sector.

4.2. Observability of fine-scale surface circulation

The surface circulation over the coastal area in the GoC is charac-
terised by complex dynamics, regarding its spatio-temporal variability.
The capability of CS2 measurements for detecting fine-scale circulation
variations over the study area is assessed in this section. Two examples
are shown in which Vgg:+, and HFR measurements detect small varia-
tions in surface circulation related to the high variability of the coastal
zone. Fig. 8.a and ¢ show the total surface circulation in the GoC
detected by the HFR and the 8-day SST. The along-track zonal CS2-
Vg4+w and HFR, current velocity are compared in Fig. 8.b and d). The
details of the CS2 tracks used are presented in Table 2. Fig. 8.a and b
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Fig. 7. Along-track surface averaged velocities from Vgas, V8w, Vgd, Vgdiw
and HFr,.

refer to CS2 track #1804 (06-May-2015). The surface circulation
inferred from the HFR map is highly variable in the coastal area, while
further south the circulation is mainly south-eastward. As depicted by
SST data, a pool of warmer water close to the coastal area in the eastern
sector of the GoC seems to exist, which could be generating an imbal-
ance of the pressure gradient and, therefore, a possible west-bound
current (Criado-Aldeanueva et al., 2006). Such a spatial variability is
captured by the corrected altimetry data (Vgg+y) in the same way as in
HFR, but with a slight overestimation. Surface circulation from #2644
(09-Jul-2017) is presented in Fig. 8.c and d. An eastward current is
observed along the whole transect from HFR, with decreasing velocities
from coast to off shore. The same pattern is captured by the CS2 Vgg:y
measurements with a high level of agreement. This ocean surface vari-
ability could be related to a frontal structure generated by the vertical
pumping of cold water (Barale et al., 2010) in the western sector of the
area, as confirmed by the gradient in the water temperature close to the
coast observed in the SST map.

5. Conclusions

This study assessed the performance of altimetry data from the
CryoSat-2 SIRAL instrument in SAR-mode for estimating the surface
circulation in coastal areas, along with the use of wind and bottom
friction ageostrophic corrections to analyse the agreement with high-
frequency radar measurements. In order to do this, we estimated
cross-track surface velocities using along-track low-pass filtered Abso-
lute Dynamic Topography measurements from 14 CS2 tracks over the
area covered with valid HFR data in the GoC. The filtering strategy
followed in this work is dependent on the HFR measurements for each
track. This will be solved in future studies, in order to use HFR data only
for validation purposes, avoiding their use in the processing of altimeter
data to obtain along-track estimates of absolute dynamic topography.
From the obtained results, the following conclusions are highlighted.

The absolute surface geostrophic velocity obtained from 20-Hz
altimetry data (Vgas) agreed well (» > 0.60) with HFR data (HFR,) at
along-track distances further than 25 km from land. In general, the
geostrophic assumption needs to be considered with care in the GoC for
distances between 3 and 25 km to the coast, since it is not realistic at
these depths. The use of the wind ageostrophic component (Vgy)
improved the agreement in most of the tracks, despite the variability of
the wind field along the time period analysed. Overall, we observed a
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Fig. 8. (a) Surface circulation observed from HFR overlaid with satellite SST for track #1804 (06-May-2015); (b) zonal surface circulation observed from CS2-Vgg,w
overlaid with zonal HFR surface velocity for track #1804; (c) same as (a) for track #2644 (09-Jul-2017); (d) same than (b) for track #2644.

reduction in NRMSE of ca. 35% once the wind correction was used in the
estimates of the zonal velocity. The bottom friction ageostrophic
component (Vgq) just slightly improved the comparison (mainly for
RMSE/NRMSE) in most of the tracks since the applied correction is
inherently a linear simplification. The use of both corrections (Vgg+w)
gave the best results in terms of r, RMSE, and NRMSE. This improvement
was more significant in the 3—25 km sector. We concluded that ageos-
trophy plays a key role in the coastal fringe of the GoC (3—25 km). This
study is a first attempt to consider the effect of the bottom friction on
satellite altimetry data. Further studies are needed in order to obtain a
better characterisation of the wind effect. A proper characterisation of
ageostrophy could be of great benefit for the future of coastal altimetry
and the understanding of the near-shore ocean dynamics, especially in
coastal areas not covered by HFRs.

The qualitative comparison of the wind and bottom friction cor-
rected altimetry surface measurements (Vgg+,) with the HFR velocities
along with SST data, exhibits the high potential of altimetry measure-
ments for the study of dynamics and patterns of coastal areas. Surface
velocities derived from CS2 detected surface structures and high-
variability surface dynamics, with rapid changes in the current direc-
tion even for low velocities.

Satellite altimetry derived surface current velocities gave accurate
measurements in coastal areas when the ageostrophic signals were
corrected. Differences could be due to unsolved ageostrophic local fac-
tors which may also affect surface circulation such as the along-shore
pressure variations, since our proposed ageostrophic corrections are
just intended to address common issues for all coastal areas, which are
the wind and bottom friction effect. The knowledge of ageostrophic and
local processes in coastal areas is necessary for a better exploitation of
altimetry data in coastal areas since they are highly tied to local meto-
cean agents and their effects are not entirely understood. Our validation
method has shown that the synergy between altimetry and HFR helped
to unravel the effects of ageostrophic processes in coastal areas. This will

help the validation of present (CryoSat-2, Sentinel-3A/B) and future
(Jason-CS/Sentinel-6A/B and SWOT) missions. Thanks to this, it will be
possible to: (i) make use of the whole dataset of satellite altimetry data
since 1993 in order to obtain estimates of current velocities back in time
when no HFR data were available in our (and other) regions of the
coastal zones around the world; and (ii) to extend this methodology to
other areas where HFR are hardly available (e.g. Africa or South
America) or countries which cannot cover all coastlines (e.g. Australia).
Furthermore, the good agreement suggests that HFR systems may be a
solid tool for the validation of altimetry derived surface currents in
coastal areas. The methodology presented here will serve as a proof of
concept for the validation of 2-D interferometric SAR altimeter missions
(e.g. SWOT).
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Abstract: This work presents the quality performance and the capabilities of altimetry derived wind speed
(WS) retrievals from the altimeters on-board Copernicus satellites Sentinel-3A/B (S3A/B) for the spatial
assessment of WS outputs from the weather research and forecasting (WRF) model over

the complex area of the Gulf of Cadiz (GoC), Spain. In order to assess the applicability of the altimetry

data for this purpose, comparisons between three different WS data sources over the area were
evaluated: in situ measurements, S3A/B 20 Hz altimetry data, and WRF model outputs. Sentinel- 3A/B WS
data were compared against two different moored buoys to guarantee the quality of the data over the GoC,
resulting in satisfying scores (average results: RMSE = 1.21 m/s, r = 0.93 for S3A and RMSE = 1.36 m/s, r =
0.89 for S3B). Second, the WRF model was validated with in situ data from four different stations to ensure
the correct performance over the area. Finally, the spatial variability of the WS derived from the WRF model
was compared with the along-track altimetry-derived WS. The analysis was carried out under different wind
synoptic conditions. Qualitative and quantitative results (average RMSE < 1.0 m/s) show agreement
between both data sets under low/high wind regimes, proving that the spatial coverage of satellite
altimetry enables the spatial assessment of high-resolution numerical weather prediction models in
complex water-covered zones.
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1. Introduction

Sea surface wind (SSW) plays an essential role in driving surface ocean currents, since it
modulates the amount of energy available for the generation of ageostrophic Ekman currents
[1]. Wind speed influences ocean surface circulation as well as climate variability, which is why
surface wind speed and direction are included as essential climate variables (ECV) in the Global
Climate Observing System inventory [2]. Close to coastal areas, due to the occurrence of
atmospheric thermal gradients, along with the existence of orographic constraints [3], SSW is
highly variable in the spatio-temporal domain. Accurate SSW maps are crucial in coastal areas for
better monitoring and prediction of wind-related hazards, such as storm surges or flooding [4].
Moreover, SSW plays a key role in the estimation of realistic total ocean surface currents from
altimetry, especially in coastal areas [5,6]. The effect of the SSW on sea surface dynamics is the
focus of coastal altimetry and oceanog- raphy research in recent years. Significant progress was
made with products, such as GlobCurrent [7] and the Near-Real-Time Version of the Cross-
Calibrated Multiplatform (CCMP) ocean surface wind velocity data set [8]. However, the spatial
resolution of SSW products is still linked to scatterometer measurements, which generally contain
a 25-50 km wide blind zone along the coast [9], except for specific products, such as ASCAT 6.25
km, with a true spatial resolution of about 17 km. This is essential for studying dynamical
mesoscale features, although they still present a significant coastal gap [10], which limits the
characterisation of mesoscale and fine scale circulation near the coast. The lack of
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information in the coastal fringe is also transferred to global atmospheric analysis and reanalysis
products, which combine numerical weather prediction (NWP) with scatterome- ters and in situ
measurements, restricting the achievement of a realistic assessment of local conditions in coastal
areas [11]. In this context, WS retrievals from synthetic aperture radar (SAR) imagery [12,13],
improved by new deep-learning based models [14,15], along with altimeter-based techniques
derived by the measurement of the backscattering coefficient (00) of the sea surface, are of great
value since they can provide high-resolution data under complex conditions.

Wind speed altimetry products provide WS at 10 m over the ocean surface (Uio) [16],
derived at along-track posting rates ranging from 1 Hz to 80 Hz (7 km/85 m between con- secutive
measurements, respectively). Wind speed from altimetry is empirically estimated from the radar
power returned from the sea surface. The returned power waveforms are affected by the sea
surface roughness in the footprint area, which might be dominated by the wind-induced
capillary waves. As wind increases, the sea surface roughness also increases and the
backscattering coefficient (00) of the sea surface decreases, as measured by the altimeter [17].
Altimeter measurements of 00 are therefore inversely related to sea surface WS. It was proven
by [18] that consistency in the accuracy of WS data de- rived from Sentinel-3A/B (S3A/B)
altimeters when validated against data from more than 80 moored buoys at different locations,
with root mean square errors (RMSE) of 1.19 m/s and 1.13 m/s for S3A (from 1 March 2016 to 31
October 2019) and S3B (from 10 November 2018 to 31 October 2019), respectively. Wind speed
data from the Sentinel-3 mission are routinely evaluated by the Sentinel-3 Mission Performance
Centre (S3MPC) tasked by the European Space Agency (ESA) to monitor and guarantee the
provision of high-quality data to the users [19]. As officially reported in the S3 Wind and Waves
Cyclic Performance Report [20] for the period from December 2020 to January 2021, the
standard deviation of the difference (a proxy to the random error) is around 1.70 m/s and 1.80
m/s for S3A and S3B, when compared to in situ (mainly buoys) measurements, using a maximum
acceptable collocation distance and time interval between the collocated altimeter and buoy
observation of 200 km and 2 h, respectively.

Numerical weather prediction models, such as the weather research and forecasting (WRF)
model [21,22], set with appropriate parameterisations, can provide wind speed data with high
spatial and temporal resolution for any terrestrial, coastal, or open ocean area of the globe [10].
WRF is a mesoscale numerical weather prediction system designed for both atmospheric
research and operational forecasting applications [21]. Commonly, NWP models, such as WRF,
are calibrated/validated using in situ observations from meteorological stations and buoys;
however, due to the spatial scarcity of these sources, the uncertainty in the WS of the coastal
band persists [9]. Therefore, there is a need for high-resolution measurements of the SSW over
coastal areas for assessing NWP models, not only to enhance our knowledge in the mesoscale
atmospheric circulation in these areas, but also for a realistic characterisation of the surface
current variability linked to it.

Although WS derived from altimetry is used for assimilation into forecasting mod- els [23],
to our knowledge it is not yet used for the spatial evaluation of NWP models in coastal areas,
where scatterometer data are not available. Satellite altimeter WS measure- ments can be used
to calibrate and validate wind models at any coastal area covered by the orbital configuration of
the satellite, enabling the fine-tuning of NWP models over the complex land—sea transition zones.

The main objective of this study is to analyse the capability of S3A/B altimeters Uy
retrievals to perform extensive spatial assessments of U;g from the WRF model over

complex areas, such as the Gulf of Cadiz (Figure 1), focusing on the possibilities of data
comparison in the coastal area (up to 5 km from land due to altimeter limitations). Both

datasets are also assessed through comparisons with moored buoy and weather station data. In
addition, fine scale spatial variability of the wind at different dominant regimes in the study area
is analysed using the outputs of the WRF model and the Sentinel-3 mission. The

paper is organised as follows: Section 2 describes the study area (Gulf of Cadiz). Section 2
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provides details of the datasets and methods used to compare the different data sources. The
results are presented and discussed in Section 3. Conclusions and future perspectives are
presented in Section 4.
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land-based meteorological stations from the Spanish Meteorological Office (Cadiz coast station and
Rota coast station), Cape Santa Maria (CSM), and Cape San Vicente (CSV).

2. Materials and Methods
2.1. Study Area
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topography, and links between two basins with different characteristics. Such features favour
the existence of a heterogeneous wind field, with topography-induced atmospheric flows [24] that
strongly control the zonal sea surface circulation [25,26] and therefore, modulate variables of
interest, such as sea surface temperature (SST) and chlorophyll concentration [27]. Such sea
surface circulation over the continental shelf alternates west- ward/eastward modes, the former
characterised by a coastal countercurrent, and the latter for inducing cold water upwellings along
the coast [6,28]. Moreover, due to differences in the surface temperatures of the land and the sea,
the coastal area of the GoC, is characterised by a land—sea breeze circulation, which is generally
perpendicular to the coastline and can be extended up to 200 km inland [29]. Apart from the local
geographic characteristics, the wind field in the area is also controlled by the large scale.
Different studies demonstrated that the North Atlantic oscillation (NAQ) is significantly related to
the wind field in the area through the modulation of the Azores anticyclone [30,31]. The zonal
component of the SSW is the most important meteorological agent affecting the ocean
circulation in the area. Its variability is directly related to the sea surface circulation over the GoC
[6], but also to the across shore sea level variability of the strait, contributing to the modulation
of the water exchange through it, as observed from modelling studies [32], in situ [33], and
altimeter data [34].
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2.2. Altimetry Data

The along-track WS data from altimetry are retrieved from the retracking of the altimeter
waveforms. The satellites have a repeat cycle of 27 days. The radar instrument, synthetic
aperture radar altimeter (SRAL), has two measurement modes: low resolution (LRM) and SAR, the
latter being the high-resolution along-track mode commonly used over the global ocean.
Furthermore, the S3A/B SRAL generates level-2 data at 1 Hz and 20 Hz of the Ku and C bands (for
more details see Sentinel-3 Altimetry Document Library at https://sentinel.esa.int/web/sentinel,
accessed on 1 January 2022). The S3A/B level 2 data used were provided by the ESA Earth Console
Parallel Processing Service (P-PRO) SAR versatile altimetric toolkit for ocean research and
exploitation (SARvatore) service (https:// ui-ppro.earthconsole.eu/, accessed on 1 January 2022),
applying the pre-defined processing setup for coastal zones. The SAR Altimetry MOde Studies and
Applications (SAMOSA++) model (Dinardo et al., 2020) is used in the retracking process and the
final product is posted at 20 Hz, which results in ~330 m along-track spatial resolution
measurements. Along-track WS data come from 12 S3A/B tracks over the GoC, detailed in Table 1.
For the validation of the altimetry WS data with in situ measurements from the GoC buoy, only
S3A/B data in a radius of 25 km around the position of the buoy were used, so the altimetry data
can be considered co-located with the in situ data [18]. Only data from relative orbits #265, #322,
#385 from S3A, and #057 and #114 from S3B satisfy the 25 km radius criteria (see Figure 1). Raw
20-Hz along-track WS data were edited eliminating the first 5 km of data closer to the coast, since
demonstrated by [35], S3-SRAL altimeters start to give accurate data 5 km from the coast, due to
coastal and land reflections that might contaminate the radar waveforms, making the retrieval of
estimates of the derived geophysical parameters less accurate [36]. Furthermore, the methods
presented in [37] were applied, in order to remove outliers and filter out noise signals. The
aforementioned editing methodology consists of removing values larger than three times the
standard deviation and replacing them with linearly interpolated values; this processing was
applied in a 10-times loop [37,38].

Table 1. Sentinel-3 A/B data availability (number of cycles, relative orbits and orientation) for the different
comparisons among the datasets (the orientation of the different tracks is presented as ascending (A) or
descending (D)).

Sentinel 3A Sentinel 3B
: : N°Cycles S3Avs. N’ Cycles S3A ; ; : f N° Cycles S3B vs. N° Cycles S3B ; ;
Relative Orbit WRF vs. Buoy Orientation Relative Orbit WRF vs. Buoy Orientation
#057 13 - A #051 14 - D
#114 13 - A #057 14 26 A
#265 14 33 D #114 14 29 A
#322 14 53 D #265 13 - D
#379 14 - D #322 13 - D
#385 14 34 A #379 13 From D
Analysed FromJanuary FromJanuary i i ~ FromlJanuary
Daod 2020 to 201710 2020 to November
December 2020 December 2020 December 2020 December 2020

2.3. In Situ Data

The in situ coastal wind data were extracted from four sources; (i) hourly time series of 10
m height WS and direction (WD), recorded by the weather station deployed by the

Spanish Meteorology Agency (AEMET) in the city of Cadiz, (Cadiz coast station, Figure 1);
(ii) same as (i), but located in Rota, (Rota coast station, Figure 1); (iii) in situ offshore wind

data collected by two moored multi-instrument buoys. These buoys (GoC buoy and Faro buoy,
Figure 1) provide an hourly time series of 3 m height WS and WD and are operated and
maintained by the Spanish Port Authorities and the Hydrographic Institute of Portugal, respectively.
The hourly data, distributed for public use, are built from averaging 10 min of raw data each hour.
It is worth noting that these averages, related to spatially smoother wind fields (removing, for
instance, small-scale variability due to eddies), should match
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better with the S3A/B data, which are averaged over the track segment inside the circular area
with a radius of 25 km. Considering that the buoy registers wind parameters at 3 m over the
surface, it is necessary to extrapolate the buoy data to a 10 m height wind speed, so it can be
compared with altimetry derived WS data. For this purpose, the typically accepted logarithmic
wind profile method [39-41] was applied to extrapolate the measured winds by the buoy from 3 to
10 m over the sea. Although there are several methods and variations used for this purpose, e.g.,
stress equivalent winds [42] that consider the air mass density and stability, for practical reasons,
here we used the logarithmic wind profile method, which is suitable for our aim, requiring only
WS and WD measurements and proven to be consistent over the first 30 m of sea surface
[43,44].

2.4. Weather Research and Forecasting Model Data

Model data were obtained using the mesoscale, non-hydrostatic WRF model version
4.2 [22]. The model was used to produce dynamically downscaled hourly 10 m WS and WD over
the complete study area during 2020, with a temporal resolution of 1 h and 3 km grid (d02). The
d02 domain was one-way nested within a parent domain of 9 km grid (d01), as depicted in Figure 2,
in order to allow communication from the parent (lower resolution) to the child domain (higher
resolution), but not vice versa.
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Figure 2. WRF model domains d01 (9 km grid) and d02 (3 km grid).

The initial and boundary conditions were supplied by the NCEP/NCAR operational Global
Forecast System (GFS) with 0.25° of spatial resolution and 6 h of temporal sampling (National
Centers for Environmental Prediction/National Weather Service/NOAA/US Department of
Commerce, 2015). Boundary conditions were applied to the parent domain (d01). The dynamical
setup of the simulation was based on the optimised design presented by [45] after performing
4150 daily simulations over southern Spain (Table 2). Unlike previous studies in the area
[40,44,45], which consider constant sea surface temperature (SST), in our study, the SST was
updated every 6 h. Although the overall impact is expected to be small, it is a more realistic
approach and might have an impact under specific conditions or in specific areas [46].
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Table 2. Configuration options selected for the WRF simulations, based on [45].

Scheme or Parameterization Selected Option
Initialization NCEP/NARC GFS 0.25°
Microphysics SBU-Lin

Longwave radiaion RRTMG
Shortwave radiation Dudhia
Cumulus Kain-Fritsch
Surface layer MMS5 similarity
Planetary boundary layer YSU
Vertical levels number 36
Diffusion 6th order option Knievel
Damping Rayleigh
Topography model GTOPO30
Land uses GLC
Nudging Grid nudging (d01)/Observational nudging (d02) Sea
surface temperature Updated every 6 h

2.5. Assessment of Altimeter and Model Data

Prior to the comparisons, the WRF wind data were linearly interpolated to the position of in
situ instruments, as well as to the S3A/B along-track measurement positions. Several statistical
parameters were used to compare the wind speed and direction from the altimeter and model,
according to previous studies [44,47,48]. Root mean square error (RMSE) (1), normalised root
mean square error (NRMSE) (2), bias (3), and Pearson’s correlation coefficient (r) (4) were used
to evaluate wind speed, while bias and standard deviation error (STDE) (5) were applied to the
wind direction comparisons results.

2
s (Pi—0))
RMSE = % (1)
RMSE
NRMSE = 2)
max,0 — min,O
S0 (Pi=0;
bias = ~E ( ,; ) (3)
f- 3w 0=0 PZP (4)
h 2 221
ZI(':l O —0 2”’,:1 Pi—P
h 2 2 i}
STDE = (RMSE —bias) ? (5)

where P represents the co-located WS or WD from the data source that is being evaluated
(model: WS, WD, and altimetry: WS); O denotes the co-located WS or WD from the reference
data source (in situ stations). Note that WD is an angular variable, therefore, to avoid errors
related to 0° and 360° overlapping, WD bias and WD STDE were calculated for a new circular
variable (d) (6), bounded between [-180, 180], and obtained from the observed (O) and
predicted (P) wind directions as follows:

b dP-d%if d°—d9 <180
di= . df —dp—360if df~d;°>180 (6)
d! - d°+360if d - d°<-180
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3. Results and Discussion
3.1. Preliminary Validation of the Data Sources
3.1.1. Altimetry Wind Speed Validation Using In Situ Data

All available WS data derived from altimetry and corresponding to relative orbits #265, #322,
and #385 from S3A, as well as #057 and #114 from S3B that matched the 25 km radius criteria
(presented in Section 2.2) from 6 January 2017 to 31 December 2020, were compared against the
moored GoC buoy and the Faro buoy, using some of the statistical parameters presented in
Section 2.4, to ensure the correct performance of the altimetry sensors over the area of interest.
The results from the comparison are shown in Figure 3. The scatterplots present the GoC buoy
(Figure 3a) and Faro buoy (Figure 3b) WS measurements against the average of all the S3A and
S3B measurements within the 25-km radius around the buoys; the corresponding standard
deviation threshold of each track segment is also shown. Due to the different starting points of
S3A (since 2016) and S3B (since 2018), the number of available data for the latter is lower than
that of S3A.

EY) (b)
p g [ —
13531 x saB114 - 1351 % s3mos7
1204 ¢ 53a322 W 1204 & 5S3A385 ¢CD @’_
= | ¢ s3a265 ’|‘ §
E 10.5 10.5 4 + !
=1 ' 1l
g 20 i 9.0 4 R ¥+
o 7.5 + 7.5 4 b ?# %
£ ;
- 601 * ¢, 6.0 J_;* ¢>T )T%:‘ﬂi ;lf
2 454 * 454 $Me 1 X
£ n=29 = 32 = =09 oE =
§ 2.0 o 29 /r= 0,89 / RMSE = 1.31 m/s 3.04 % 45 n=26/r=091/RMSE = 1.41 m/s
154 n=53/r=0.93/RMSE = 1.17 mys 154 F 4** 1 n=34,/r =094 /RMSE = 1.55 m/s
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GoC buoy wind speed (mys) Faro buoy wind speed (m/s)

Figure 3. Scatterplot of the WS comparison among S3A (a)/S3B (b) and in situ measurements from the GoC
buoy. Vertical lines represent the standard deviation for each point based on the Sentinel-3 data inside the
25 km radius area (see Figure 1).

These results are in line with the reported accuracy in the S3 Wind and Waves Cyclic
Performance Report for the period from December 2020 to January 2021 [20]. They are also in
agreement with those reported by [18], who compared WS from S3A/B with more than 80
moored buoys. There is a strong linear relationship between the altimeters and the GoC buoy
dataset according to the average r coefficients (0.94 for S3A and 0.90 for S3B, 99% of confidence
level). As it was expected, the best results correspond with the relative orbits closer to the
location of the buoys S3A #265.

The differences observed between the two data sources might be related with the
representativeness of the spatio-temporal domains. Firstly, in the spatial domain, the in situ data
represent a local estimate and therefore include the wind variability over all scales [49].
However, the radar altimeter considers the entire footprint [50]. Secondly, the time difference
between the satellite passing over the buoy and the operating period of the in situ instrument;
this difference was calculated to be 30 min maximum. This temporal difference could also
explain the presence of outliers, since unlike the in situ data, the altimeter WS is estimated from
instantaneous measurements of the sea surface state. An example is the outlier observed in the
S3B #114 vs. GoC buoy scatterplot (Figure 3a), which affects the statistical scores and could
compromise the comparisons. This mismatch represents a S3B WS value of 8.00 m/s against
an in situ measurement of 2.50 m/s, approximately, and corresponds to 21:00 UTC in situ data
and 21:26 UTC altimetry data of 25 November 2020. As depicted in Figure 4e, where hourly WS
from the GoC buoy for that day is presented, WS was highly variable during the entire day,
especially between 14:00 UTC and 23:00 UTC, with WS ranging from 2.00 m/s to 11.50 m/s.
Sentinel-3B passed over the GoC buoy position at 21:26 UTC and detected high variability
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in the spatial domain, as shown in Figure 4a. The radargram of the power waveforms for S3B
relative orbit #144 in the vicinity of the buoy is shown in Figure 4c, together with the along-track
WS (Figure 4a) and the along-track backscattering coefficient (00) (Figure 4b). Note that only the
power from gates 320 to 365 are shown in the radargram; moreover, since the product used to
generate this radargram is not yet corrected by the retracking process, a leading edge deviation
over latitude 36.30°N is observed. Regarding the power represented in the radargram (Figure 4c),
a fall is clearly observed in the segment between latitudes 35.80°N and 36.25°N. The strong
decrease in power affects the retracking of the waveforms and, therefore, the retrieval of the
geophysical parameters, as shown in [35]. The retracking of these waveforms results in a strong
decrease in the retrieved 00 and therefore, a rise in the derived along-track WS. This may be
related to the existence of a strong and sporadic wind gust, which would agree with the high
spatio-temporal variability observed during the day by the in situ sensor. Wind gusts can exceed
20 m/s over the area [51], also dramatically increasing the roughness of the sea surface. If the
satellite crosses the area affected by the wind gust, a decrease in the returning signal received by
the altimeter should be observed. However, this cannot be confirmed by the buoy data due to its
sampling time (measurement recorded 26 min before the satellite pass).

Area affected by & possible
wind gust event

GoC buoy
posilion

{a) 15 km l 25 km (d]

e

Gol

DD
owououo
ey

wind speed (m/s)

(b)

VR W TR T R W satw

(e) GoC buoy 53B pass

L)

o0 (dB)
=
DOoOoHE

ouwnounoum
PR

(c)

=1
w

Wind speed (m/s)

W
9]

Gate number

w W W W
w
o

()
o

0 2 4 6 8 1012 14 16 18 20 22 24
Hours 2511/2020

35.42
35.56
35.71

1.0 W 25

Figure 4. Along-track WS (a), 00 parameter (b) and radargram of the waveforms (c) from the S3B relative
orbit #144 (25 November 2020 at 21:26 UTC). Red dashed lines indicate the GoC buoy position and 25 km
radius area; black dashed lines indicate the area affected by a possible wind gust.

(d) Satellite track (blue line) and GoC buoy position (black dot). (e) Hourly WS from the GoC buoy for the 25
November 2020.

3.1.2. WRF Model Wind Velocity Validation against In Situ Data

. simulatians, gke ingsitu from.t adiz and Ro a e ica i
essedht PN S S R R O S0 A e B R TR, M vt eEAige A A the
area is adequate. The wind rose diagrams representing the WD and WD data used to estimate
the statistical parameters represented in Table 3 are shown in Figure 5, where the predominant
zonal component of the wind over the area can be observed. The four figures depict the high
variability of the wind over the study area. The resulting scores, shown in Table 3, demonstrate
the overall good performance of the dynamical setup applied to the model, which are in line with
similar studies [40,44] usually performed only for open ocean
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three stations, once the parameter is normalised (NRMSE) using the range of variation in the WS,
these differences are reduced. The best results are obtained for the Faro buoy site, which is the
farthest location from the coast.

Table 3. Statistical scores from the comparison among in situ data from the different stations and buoys
against simulations from the WRF model.

Wind Speed Wind Direction
In Situ Station Bias (m/s) RMSE (m/s) NRMSE (m/s) r Bias () STDE ()
GoC buoy 0.74 1.93 0.12 0.80 6.74 47.10
Cadiz coast station -0.13 1.74 0.12 0.74 5.78 54.49
Rota coast station 0.44 1.65 0.16 0.74 8.35 48.68
Faro buoy 0.33 1.59 0.10 0.85 5.54 33.84
(a) GoC Buoy (b) Cadiz coast station
In-situ WRF In-situ WRF
N L N N
W NE NE N NE W I
w Eow E w N}@, e Eowi R e E
) \'.‘. P I . h o 10
J A ! 0] ?.o:
20 3m
5w SE 5N 5E W =13 5w = m [3 040}
B 0 50)
= L 2 g 5080}
BO-7T3)
(c) Rota coast station (d) Faro buoy [.0:80)
In-situ WRF WRF L | B0-90)
N H N | p0- 100y
[10.0:11.0)
e NE e HE NE s = 10 12.0;
I 2o
w ]ll E W % E w E W E
aw SE W SE oW SE W SE

s 8 -]
EIRY8 oV B 55 SRS PS5 5025 (21 SRS hr 2BM6 H 03 Ry (0 Rota coast station
measurements and WRF simulations.

3.2. WRF Model Spatial Assessment Using Altimetry Data

In this section, the innovative use of altimetry WS for the spatial evaluation of WS from the
WRF model over the study area is carried out through quantitative comparisons using WS
retrievals from S3A and S3B altimeters. Special focus is on the coastal fringe, where other
sensors, such as the scatterometers, cannot provide useful data for validating the model. The
statistical results from the evaluation of WS data from the WRF model simulations with WS from
the S3A/B tracks over the study area are presented here. In order to assess the accuracy of the
WRF WS spatial variability, model outputs were linearly interpolated over the positions of the
satellite track measurements for 2020. As depicted in Figure 6a,b, the averaged WS spatial
variability obtained from both altimetry (Figure 6a) and the WRF model (Figure 6b) matches for
almost the whole study area. This agreement between the WRF model and the S3A/B WS data for
the set of tracks used is confirmed by the r Pearson’s values, which are mostly over 0.80, being
the average correlation value for all the tracks 0.85 (confidence level: 99%, Figure 6¢). The RMSE
(Figure 6d) is small for all tracks, frequently below 1.0 m/s (average RMSE: 0.65 m/s). Lower
correlations and larger RMSEs are generally found near the coastal fringe. In the sector [5-20
km] from land, the averages of the statistical parameters are r = 0.79 and RMSE 0.88 m/s, which is
also evident
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in the WS average maps, since altimetry WS is slightly lower over the coastal area than the WS
from WRF. Considering that the altimetry data over the 5 km closest to land were removed, the
decrease in the statistical scores from the comparison adjacent to the coast is not due to the land
contamination of the altimetry signal, but rather to the WRF simulations. The model WS
overestimation in coastal areas is an issue previously described by different authors [39,52,53] and
is most likely caused by the high spatial variability of the wind field over these areas due to the
thermal atmospheric gradients [3], which may not be properly reproduced by the WRF model at
fine scales. Such misrepresentation could be related to the lack of information and crude
representation of the land surface that can considerably affect the simulation of the fluxes
driving the associated boundary layer processes [54]. Although satellite tracks do not cover the
entire WRF domain area, the results prove that using along-track WS from altimetry enables the
estimation of the correlation coefficient and RMSE spatial maps for the area, which facilitate the
assessment of the WRF model performance over the study area. Moreover, the presence of
altimetry data up to 5 km from land allows the detection of weaknesses in the model
performance over the complex land—sea transition fringe.
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Figure 6. Average WS from S3A/B (a) and WRF (b); spatial distribution of the r Pearson’s parameter
(c) and RMSE (d) from the comparison among WS data from the WRF model and S3A/B tracks over the study
area.

3.3. Observability of Spatial Variability

The wind field over the GoC is characterised by its high spatial variability and high- intensity
events. In this section, a qualitative comparison of the spatial variability of the WS reproduced by
the WRF model with the S3A/B data is presented to investigate the capabilities of using altimetry
data for assessing the WRF model under complex conditions. For this purpose, WS from three
S3A/B tracks under different atmospheric situations are compared with the wind field obtained
from the corresponding WRF model simulations. The comparisons are shown in Figure 7. Figure
7a depicts the simulated wind field on 31 December 2020 at 11:00 UTC. The satellite crossed the
area at 10:35 UTC. A weak northerly wind dominated over the whole GoC. The along-track spatial
variability observed from the altimeter measurements agrees with the outputs of the WRF
model, especially for the northernmost part of the track, stating the good performance of the WRF
model even at the positions closer to the coast.
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Figure 7. Wind field simulated by the WRF model overlaid with S3A/B track (left) and wind speed observed
by S3A/B overlaid with interpolated WRF model data at the same positions for the closest available time. (a)
31 December 2020, WRF outputs for 11:00 UTC overlaid with S3A track at 10:35 UTC; (b) 25 June 2020,
WRF outputs for 22:00 UTC overlaid with S3A track at 21:32 UTC; (c) 21 February 2020, WRF outputs for
11:00 UTC overlaid with S3B track at 10:37 UTC.

During the satellite pass on 25 June 2020 at 21:32 UTC the wind field reproduced by the
model at 22:00 UTC (Figure 7b) over the GoC can be divided into two sectors: the
westernmost area is dominated by mid intensity northwesterlies, while in the sector to the east,
the wind is weaker and from west. Furthermore, as also shown by the along-track S3A WS, the
intensity increases further from the coast from 6 to 10—12 m/s. Such spatial variability of the WS
is well represented by both data sets; however, close to the coast, the differences among the
altimeter derived WS and the WRF model output increase. Such disagreement may be caused by
two factors as previously mentioned in Section 3.1: the time difference between the satellite pass
and the model simulation; and the precision of the WRF model at fine scales close to the complex
land—sea boundary. Such discrepanciesin the WRF model can be detected thanks to the presence
of altimetry data in the coastal fringe.
Finally, Figure 7c shows an example of dominant easterlies over the GoC, as simulated by the
WRF for 21 February 2020 at 11:00 UTC. S3B crossed the area at 10:37 UTC. WRF output
displays a heterogeneous wind field over the area, with a remarkable easterly jet coming
from the Strait of Gibraltar and a generalised decrease towards the northern coast. However,
over 36.8° latitude, a slight underestimation from the WRF model is observed, which coincides
with the area covered by the Guadalquivir River mouth, an area characterised by high contrasts
and variability.
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4, Conclusions

This study presents the quality and capabilities of WS from satellite altimetry for the spatial
assessment of WS outputs from the WRF model over the complex area of the GoC. In order to
achieve this, three WS data sources were compared: in situ measurements, S3A/B satellite
altimetry derived measurements at 20 Hz, and the WRF model simulations from a nested domain
of 3 km grid and 1 h temporal resolution. From the results of the different comparisons, we
conclude that the quality of the high-resolution (20 Hz) S3A/B WS data satisfies the general
mission requirements over the study area, and even though the GoC buoy is located in a complex
area affected by coastal-related processes, the results are in line with previous studies focused on
the open ocean. Regarding the validation of the WRF model against in situ data, the simulations
of the surface WS over the area are of good quality; this confirms the goodness of the dynamical
parameterisations proposed by [45]. Note that we introduced a modification in the configuration
by updating the SST every 6 h instead of maintaining a constant value, which makes the setup
more realistic. The spatial variability of the WS derived from the model was compared to along-
track altimetry-derived WS data. This comparison, and considering the complex characteristics of
the analysed region, exhibits the potential of the altimetry data for the spatial evaluation of
numerical models. In this case, the altimetry data enable the detection of a certain level of
degradation of the WRF outcomes near the coastal fringe, which is in line with previously
detected WS overestimation of the WRF model in coastal areas, which supports the need to
conduct further analyses into the dynamical phenomena and the effect of using a more accurate
surface representation. It is important to note that these model deficiencies in the coastal band
are detected thanks to the presence of altimetry data up to 5 km from the land, enabling the fine
tuning and evaluation of NWP models over the complex coastal fringe. Qualitatively, we proved
the agreement between altimetry and WRF model data sets under low/high wind speed conditions.
However, it is important to note the limitations related to altimetry, as it is not possible to obtain
the wind direction. Furthermore, altimetry data are instantaneous and events of time scales
shorter than the time resolution of the model may lead to mismatches. Moreover, perpendicular
to the track, the altimeters do not measure the variability in scales smaller than the across track
footprint length. In this sense, it is important to highlight the need for the continuous
improvement of satellite altimetry and model outputs in the coastal fringe in order to obtain
realistic geophysical parameters in these areas. Present and future satellite altimetry missions
will allow the exploitation of fully focused SAR data for a better characterisation of ocean
processes in the 0-5 km coastal band. This study proves the high quality of Sentinel-3A/B WS
retrievals over complex areas, and aims to foster the use of this data for the improvement of
knowledge of WS and sea surface circulation over areas where the availability of in situ
measurements is limited or inexistent. We showed how the spatial coverage of satellite altimetry
enables the spatial assessment of high-resolution NWP models in water-covered surfaces,
including coastal areas up to 5 km from land, a feature that sets altimetry as a complementary
data source to improve the study and prediction of the wind in coastal areas together with some
of the current systems, such as scatterometers, high frequency radars, and SAR wind fields.
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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 measurements. The proposed altimetry product
demonstrates superior performance than the CMEMS product, accurately reflecting
surface circulation 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) surface currents were
predominantly driven by westerly winds, while only occasionally, westward flows
coincided with easterly winds, suggesting 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 findings 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.



1 Introduction

The use of satellite altimetry had a transformative impact on the discipline of physical
oceanography by providing a comprehensive global perspective on ocean 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 approximation methods. Studying ocean dynamics
becomes notably complex in coastal areas 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 environmental implications,
potentially improving the management 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 observations 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
Topography (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 circulation. 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 models. 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 geostrophic current (Vy), over the northern GoC
coastal zone. This objective entails an investigation into the quality of different altimetry-
based products but also about the different mechanisms affecting the sea surface
circulation over the continental shelf of the GoC along its sub-basins. The approach relies
upon previous coastal oceanographic studies (Manso-Narvarte et al. 2018a; Mulero-
Martinez et al. 2021) based on altimetry and local oceanographic studies (Garel et al.
2016; De Oliveira Junior, Garel, and Relvas 2021; De Oliveira Junior, Relvas, and Garel
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 presented 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 assessment of the alongshore ADT gradients, the different
contributions 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 Gibraltar 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 (Figure 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. 2006).

The wind field along the GoC is influenced by various factors, including topography,
atmospheric flows, and temperature variations between land and sea (Carvalho et al.
2014; Mulero-martinez et al. 2022). The wind patterns in the GoC exhibit alternating
flows known as Ponientes (westerly) and Levantes (easterly). These winds can occur
consistently throughout the year with a periodicity 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 frequent intense weather events, including strong Levantes. In spring,
northwest winds become less dominant, occasionally giving way to stronger eastward
winds. Summer experiences predominantly calm winds with a prevailing northwest
component (De Oliveira Janior 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 circulation superimposed on the anticyclonic pattern delineated 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; Sanchez and
Relvas 2003). Shifts to north-westward flow can be observed throughout the year, but
predominantly in late autumn and early winter, particularly 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 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
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(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 current around CSV or
locally under westerly wind conditions (Folkard et al. 1997; De Oliveira Jinior 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 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 transport does not only affect water temperature but also nutrient
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 gradient 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 potential 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 circulation can be defined as a predominant anticyclonic system,
regarding the open ocean circulation, with episodic inversions to north-westward
circulation under strong and persistent easterly winds. The shelf circulation is
characterised 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).
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Figure 1. (a) Study area along with the Sentinel-3A4 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.

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

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 (Figure 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) instrument onboard Sentinel-3A can
measure in two different modes, namely, low resolution (LRM) and synthetic aperture
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 information
regarding these data can be found in the Sentinel-3 Altimetry Document Library,
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accessible at https://sentinel.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 Applications (SAMOSA++) model (Dinardo et
al. 2021). The product extracted consists of SLA measurements at a frequency of 20 Hz,
yielding an along-track spatial resolution of approximately 330 meters. Finally, a set of
range and geophysical corrections, presented in Table 1, are applied following the
recommendations in (Feng et al. 2023; Fenoglio-Marc et al. 2015; Gémez-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;
Gomez-Enri et al. 2018).

Table 1. Range and geophysical corrections applied to the original Sea Level Anomaly (SLA)

measurements.
Range corrections Geophysical corrections
Atmospheric Tidal Ocean surface
Dry Tropospheric Ocean Tide (TPXO8-atlas model) Dynamic Atmospheric Correction
Wet Tropospheric Long-Period Equilibrium Tide Sea State Bias (5% Significant Wave Height)
Tonospheric Ocean Loading Tide

Solid Earth Tide

Geocentric Polar Tide

3.1.1 Sealevel 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 common 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.
Figure 2 shows an example of track S3A-057 before (Fig. 2.a) and after (Fig. 2.b) the
filtering process.
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Figure 2. Latitude-time variability of the SLA from S34-057 before (a) and after (b) applying the filtering
strategy.

3.1.2 Absolute Dynamic Topography (ADT) and surface circulation.

Absolute dynamic topography (ADT) profiles were estimated 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 geostrophic
velocities, as it is exposed in Section 4.1.1. The DTU15MDT 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) 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 EGM2008 (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.

Given that the ADT characterises the dynamic signal denoting displacement relative to
the equipotential surface (geoid) influenced by interactions involving the atmosphere and
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the topographical features of the ocean floor and its boundaries, it is feasible to derive an
estimate of the absolute surface geostrophic circulation using altimeter measurements.
This estimation relies on analysing the spatial fluctuations in ADT while accounting for
the impact of the Earth's rotational motion, represented by the Coriolis force. Briefly, it
is possible to obtain estimates of the absolute geostrophic component of the surface
circulation (Vgaps) normal to the satellite tracks using the following Eq. (1):

—g O0ADT
VgAbS = . ay

where g (m-s?) is the gravitational accelerat{on; 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
component 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 geostrophic velocity (Vgd, m's™!) and the
zonal surface wind-driven velocities (Vw, m-s'!), respectively:

—g dADT

Vya= (f+ ?) p

Vw=0.03-U1o- cos(10°),
where r = (0.35Cy)/d (m™) is a depth-dependent parameter, using a typically accepted
value of C;=2.0 103 (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 complete along-track total surface
velocity (Vt), accounting for the main geostrophic component derived from altimetry and
corrected for the bottom friction and wind drag effects on the surface circulation, as
proposed by (Mulero-Martinez et al. 2021).

0ADT
—g . + 0.03:U10r cos(10°)(4)

Ve= ( ?) 9y
f+
where 7 is a depth-dependent parameter and U)o is the zonal component of the wind speed.
An in-depth development 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.

Figure 3 summarizes the complete methodology from the original raw SLA
measurements to the final Vi product.
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Figure 3. Schematic representation of the complete methodology for editing satellite sea level anomaly
and calculating the along-track total surface velocity.

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° (approximately 25 km) of grid
resolution and 6 h of temporal sampling (https://rda.ucar.edu/datasets/ds084.1/). A
previous 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 current 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 conditions, though with a higher
computation cost. Specifically, the wind data for the study was obtained using the
Weather Research and Forecasting (WRF) model v.4.2 (Skamarock et al. 2019), which is
a mesoscale non-hydrostatic model. The WRF model was used to produce dynamically
downscaled hourly 10 m wind speed and direction 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 conditions 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. 2022), 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) (Figure 1), where the water depth is 22 m. For the
data collection a Sentinel V 500 kHz ADCP, manufactured by TRDI, was bottom-
mounted 4 times for periods ranging from January 2020 to December 2021. The
instrument recorded hourly velocities in cells of 0.5 m thick along the water column. The
resulting data was de-tided by applying 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 meters from the water surface. For the
comparisons against satellite altimetry data, presented in Section 4.1, 72 h averages 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
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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 Monitoring Service (CMEMS). The gridded product is based on
multi-mission satellite altimetry (including Sentinel-3A) SLA measurements. The final
gridded data is estimated 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
development 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 southbound (descending track), covering
a narrow part of the continental shelf east of the CSM (Figure 1). The Armona ADCP
was moored 15 km from this track. Different surface current estimates from S3A-057
altimetry measurements 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-VIMDT, S3-
V{EGM and S3-V({EIGEN), are presented in Figure 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-
ViEGM and S3-V{EIGEN estimates also performed well but had slightly lower
correlation coefficients and larger RMSE compared to S3-VIMDT. 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 estimations,
mainly due to increasing geoid errors near the coast.
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Figure 4. Scatter plot of the different satellite altimetry-derived surface geostrophic velocity approaches
against in-situ ADCP measurements. S3-V,MDT refers to geostrophic velocities estimated using the ADT
based on MDT, while S3-V:EGM and S3-V.EIGEN refer to the geostrophic velocities estimated using
geoid models EGM2008 and EIGEN6C4, respectively.

4.1.2 Inter-products comparison

The comparison presented in Figure 5 shows the current velocity estimated from several
altimetry-based products against in-situ ADCP surface current measurements.
Specifically, the altimetry-based products are the bottom-friction corrected geostrophic
current (Vga), the total current velocity accounting for the bottom-friction corrected
geostrophic and wind components (V), generated from both high-resolution altimetry
data along S3A-057 (S3-Vgq and S3-Vy) 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 downscaled 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.
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Figure 5. Match-up time series of altimetry-based current velocities (S3-Vga, S3-Vi, C-Vea, C-V3) and in-
situ ADCP Armona surface current velocities, along with the simultaneous zonal wind speed from WRF.
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The comparison with in-situ measurements shows that the C-Vgq 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 current, 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 development. The CMEMS product
improved when applying an estimate of surface wind current (C-Vy), (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 similarity 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 measurements (20 Hz), S3-Vg¢ and S3-Vi. S3-Vgq showed a
higher correlation than C-Vy, 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 altimetric
data used to generate this product allows for a better 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 calculated
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 the wind-induced current
component. The high variability of the zonal circulation in the continental shelf sector
during 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 produced by surface gradients of low magnitude, difficult to be
resolved by altimetry (Marechal et al. 2020).
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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 estimate 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 considered when interpreting the statistical results. These results
demonstrate the benefits of including the wind effect in the estimation of the surface
circulation from altimetry.

Table 2. Statistical results (correlation coefficient, r; root mean square error, RMSE, and bias, Bias)
from the comparison between altimetry-based current velocities (S3-Vga, S3-Vi, C-Vga, C-V3) and in-situ
ADCP Armona surface current velocities.

Product r p-value RMSE (m/s) (]?:/l:)
C-Vu 0.10 0.742 0.14 -0.01
C-V, 0.62 0.018 0.12 0.01
S3-Va 0.67 0.009 0.11 0.03
S3-V, 0.77 0.001 0.10 0.01

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 variability 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
surface current (V) based on lower resolution data from NCEP-GFS instead of the
locally calibrated WRF downscaling, 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 Figure 6 show the along-track average zonal
circulation along the continental shelf of the GoC, from tracks S3A-385 (a), 265 (b), 057
(c) and 322 (d), respectively. Specifically, estimates of the total current (Vy), the bottom-
friction corrected geostrophic components (Vgq¢) and the wind component (Vy) of the
surface 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 (Figure 6a-c) present similar characteristics regarding the
contribution of Vgq and Vy to Vi. Positive flows are mainly driven by westerly winds, as
indicated by the correspondence of positive Vi and Vy, 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
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over the southern part of the eastern basin (Mulero-martinez et al. 2022). In contrast,
westward V. flows are likely to occur along with both westward Vg4 and Vi, 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 (E1, 2, 3, 4
and 5) in Figure 6a represent the different scenarios detected with track S3A-385 along
the western basin regarding the contribution of both Vg4 and Vy to the westward flows.
Events E1 (21-Apr-2017), E4 (25-Feb-2019) and E5 (23-Feb-2021) show V: negative
flow events driven by both westward Vg4 and Vy, 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
V.4 flow. Several authors have suggested the existence of an alongshore pressure (sea
level) gradient over the shelf that is likely to promote 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 Janior 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
analysed in Section 4.2.2. Regarding track S3A-322 (Figure 6d), crossing the eastern
basin of the GoC, both Vg and Vi, components agree on most of the occasions on the
direction of the circulation, aligning with V. This observation suggests that in contrast to
the western basin, both eastward 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 (Goémez-Enri et al.
2019), which enhances the total flow through the additional contribution of a geostrophic
component. The different Vg4-Vy interplays along the different basins are reassured when
comparing with ADCP measurements with the correlation coefficients for Vg4-Vw, being
0.12 for S3A-385 (western basin) and 0.46 for S3A-322 (eastern basin). It can be also
observed that, on average, 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.
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Figure 6. Time series of shelf average Vyq (red lines), V., (blue lines) and V; (black lines) from tracks S34-
385 (a), S34-265 (b), S34-057 (c) and 322 (d).

4.2.2 Alongshore and cross-shore sea level gradients

The 5 years average (2017-2021) of ADT for the continental shelf sector traversed by the
different tracks is presented in Figure 7. The results show the existence of ADT gradients
both alongshore and cross-shore, the former of much larger amplitude. Alongshore ADT
average differences 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. 20006), 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. 2021) during

16



periods of weakened westerly winds and would be enhanced under easterly wind
conditions. Additionally, the cross-shore sea level gradients would also support the
westward circulation over the shelf, as for the physical basis of this research, a north-
south ADT gradient (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
alongshore 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 studies 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 presented in Figure 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 Figure 1.
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Figure 7. Along-track ADT average for the period 2017-2021 over the continental shelf of the GoC.

4.2.3 Spatio-temporal variability

The spatial and temporal variability of the zonal component of surface circulation along
the GoC is evaluated by a Hovmoéller (HM) diagram (Figure 8). The figure shows an HM
diagram of the satellite total zonal velocity (V) variability 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 locations. The use of time-latitude HM diagrams enables qualitatively
identifying the alternance among periods dominated by either eastward or westward
circulation, in addition, to providing the latitudinal variability of the main flows. Even
though the different tracks are not contemporary, it is possible to appreciate a generic and
common winter-summer seasonality.

For track S3A-385 (Figure 8a), the HM diagram shows some intense westward events
extending along the entire transect (E1, E4 and ES5). Those events can also be identified
in Figure 6 and seem to be the result of the joint action of both Vy and Vg4 west-bounded
components. These events are not limited to the shelf section but extend further offshore,
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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 Vg flow, suggesting that westward flows
due to geostrophic forces might result in narrower coastal flows than those where also the
V. contribute. 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
extension 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 Figure 8a presents the highest positive flow velocities mostly limited up to 36.6°N,
agreeing with the spatial characteristics of the GoC Current (GCC). Results from track
S3A-322 (Figure 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 analysis
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 Gibraltar where easterly
winds are canalised into the GoC and would drive the surface circulation since, as
previously stated, is mainly controlled by the wind component over the eastern basin.
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Figure 8. Latitude-time Hovmoller diagrams of the total surface zonal velocity for the period 2017-2021
from tracks S34-385 (a) and S34-322 (b) Horizontal dotted lines indicate the latitude corresponding to
the 200 m depth isobath.

The percentage of occurrence of positive and negative flows over the different months,
as estimated from the different tracks for the shelf section are presented in Table 3. This
table provides a global perspective of the temporal and seasonal variability of the
dominant flow direction along the year. For all four tracks, eastward circulation prevails
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during 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 Jinior et al. 2022; Sanchez
and Relvas 2003). The opposite situation is observed for winter months, from December
to February, when the circulation is predominantly westward. More prevailing westward
flows during winter months are associated with strong easterly winds and the effect of the
along-shore sea level gradient 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 westward 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.

Table 3. Monthly percentage of occurrence of westward and eastward circulation and zonal wind over
the continental shelf of the GoC from Sentinel-34 tracks #385, #3635, #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 ViDirection Jan Feb Mar Apr  May Jun Jul Aug Sep Oct Nov Dec
Westward  42.86  50.00 40.00 | 80.00 42.86 | 20.00 - 1667 57.14 60.00 3333 42.86

#385
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 28.57 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 5000 ' 16.67 33.33

057 Westward | 66.67 100.00 66.67 40.00 40.00 33.33 33.33 40.00 60.00 50.00 [100.00 66.67
Eastward  33.33 0000 3333 60.00 60.00 66.67 66.67 60.00 40.00 50.00 = 0.00 @ 33.33

#3122 Westward = 75.00 [100.00] 60.00 33.33 40.00 16.67 28.57 20.00 60.00 60.00 & 83.33
Eastward | 25.00 0.00 40.00 66.67 60.00 8333 71.43 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 4597 40.67 37.16 1833 15.16 24.68 41.00 50.81 43.67 5097
Eastward ~ 52.48 4734 5403 5933 6284 | 81.67 8484 7532 59.00 49.19 56.33 49.03

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 characteristics 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 provided reasonable results, they exhibited slightly lower correlation
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
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improved accuracy, particularly in areas near the coast. Thus, the present work provides
valuable insights into the choice of ADT construction methods for enhancing the
reliability of satellite-derived ocean current velocity data in coastal regions.

The comparison of surface bottom-drag corrected geostrophic (Vgq) and total (Vi) zonal
current velocity estimates derived from different altimetry-based sources, including high-
resolution along-track Sentinel-3A data (S3-Vg and S3-Vi) and Copernicus Marine
Environment Monitoring Service (CMEMS) products (C-Vg¢ and C-Vi), with in-situ
ADCP measurements, revealed that the CMEMS's geostrophic current product (C-Vgq)
had the poorest performance due to its limited resolution. However, when incorporating
wind-driven current estimates (C-Vy), the product improved significantly, emphasizing
the importance of wind on the surface circulation (Mulero-Martinez et al. 2021). The best
results were achieved with high-resolution altimetry data (S3A-Vgq and S3A-Vy). S3A-
V.4 showed a high correlation even without wind data, with a slight bias. S3-V;, which
included wind-driven current variability, outperformed all other products in terms of
statistical metrics, accurately capturing surface circulation direction most of the time.
These findings encourage the use of high-resolution altimetry data as inputs for global
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
understanding of the circulation over complex coastal areas.

The analysis of the surface circulation along the continental shelf aimed to assess the
contributions of the bottom-friction corrected geostrophic (Vgq¢) and wind-driven (V)
flow components to the total surface current (V). 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 (eastward) surface currents were predominantly
driven by westerly winds, while only occasionally, westward flows coincided with
easterly winds. These patterns suggest a higher control of the geostrophic component over
westward 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
correspondence between both Vgq and Vy, 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 gradients 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 amplitude 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 westward flow during periods of weakened westerly winds and intensify under
easterly wind conditions. These findings are consistent with the observed contributions
of different components to the total shelf circulation over the different basins. They also
corroborate previous studies suggesting that an alongshore pressure gradient is a primary
driver of the coastal CCC under weak wind conditions (De Oliveira Janior 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 surface circulation, the results for
the continental shelf of the western basin showed the occurrence of westward flows
primarily in the northern half of the transect, aligning with the expected configuration of
CCC events in this area. The southern half of the transect exhibited a higher occurrence
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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 offshore. In contrast, results for the eastern basin displayed notably
high-intensity negative flows, primarily in the southern 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 Janior 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, considering 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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