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Summary

As climate change continues to drive an increase in extreme weather events, the need for
reliable predictions and observational data has never been more critical. Oceans, playing
a vital role in regulating the Earth’s climate, are central to understanding these changes.
Specifically, accurately modeling ocean wave dynamics, i.e., how waves are generated,
evolve, and interact with oceanic processes such as currents, helps track ocean circulation
and predict future variations. Thanks to Earth Observation satellites, continuous global
observations have been available over the past few decades. Satellite altimeters, active
sensors utilizing radar’s ranging capabilities, have emerged as pioneers in space oceanog-
raphy. These instruments measure critical geophysical parameters such as sea surface
height, significant wave height and near-surface wind speed along satellite tracks. Rec-
ognizing the immense value of these measurements for climate studies and operational
activities, continuous technological innovations are essential for optimizing the perfor-
mance and use of these instruments.

One major breakthrough in satellite altimetry was the incorporation of Synthetic Aper-
ture Radar (SAR) technology in 2010, which enhanced spatial resolution from around 7
km, provided by Low-Resolution Mode sensors, to about 300 m. In 2017, the fully-focused
coherent processing of pulse echoes was implemented, a concept widely used in SAR
imaging, enabling meter-scale resolution. This improvement led to significant benefits
in near-coast applications, improving the quality of geophysical parameters by reducing
signal contamination from surrounding land features. Additionally, for the first time, off-
nadir signals, previously considered a nuisance, were exploited to map narrow inland wa-
ter bodies and detect sea-ice leads and floes. Recognizing this imaging potential led to
investigating its capabilities over open oceans.

Existing challenges in conventional, or unfocused, SAR altimetry relate to the accu-
racy of significant wave height estimates, especially when long waves, known as swells,
dominate the sea surface. Swell waves, with wavelengths exceeding 150 meters, are of-
ten too long to be fully captured within the SAR altimeter’s footprint, leading to noisy,
multi-peaked waveforms. Recognizing the interference of swell signals in SAR responses,
combined with the high-resolution data provided by fully-focused processing, this disser-
tation first investigated the feasibility of transforming what was previously considered a
nuisance into valuable information about the sea surface.

To achieve this, the identification of swell-induced power variations in off-nadir al-
timeter’s signals, representing the so-called trailing edge of the returned echo, was first
confirmed. These patterns were analyzed to compute a fully-focused modulation spec-
trum derived from altimetry. The modulation spectrum is a commonly used Level-2 prod-
uct provided by satellites designed to measure the wave field, such as Sentinel-1 and CFO-
SAT, and allows for the estimation of swell characteristics, including wavelength, direction
and wave height. The proposed method involved normalizing the signal intensity and

ix
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re-projecting the range bins to cross-track ground locations, followed by spectral analysis
akin to side-looking SAR systems. The analysis revealed that fully-focused altimetry mod-
ulation spectra display power in all four quadrants due to the inherent 180-degree SAR
ambiguity, plus two additional ambiguities caused by inseparable signals received from
both sides of the radar footprint. The study also identified the main modulation mecha-
nisms, using as reference numerical and analytical models. Range bunching was found
to be a dominant mechanism alongside velocity bunching, with their relative strength
highly dependent on the wave propagation angle. Fully-focused altimetry modulation
spectra, derived from Cryosat-2, were evaluated through comparisons with buoy-derived
directional wave spectra, showing good agreement. Furthermore, applying the proposed
technique to Sentinel-6A data demonstrated that exploiting its full-beam footprint, which
is partially truncated onboard for data volume efficiency, improves swell retrieval. This
is particularly true for waves propagating in or near the cross-track direction, due to its
extended observational window and higher resolution compared to the operational trun-
cated data. Yet, the development of a method to invert modulation-derived spectra to
real ocean wave spectra is necessary to reliably use these instruments as a new source for
providing operational global swell observations.

The dissertation further explored the limitations of SAR altimeters in ocean wave imag-
ing, focusing on resolution loss. This was addressed by estimating the azimuth cutoff
wavelength, which serves as a proxy for the shortest detectable waves across different
sea states and wave directions. The method used to estimate this parameter involved
a SAR imaging technique applied in the spatial domain, minimizing residuals between
the along-track autocorrelation function of fully-focused SAR radargrams, representing
successive waveforms, and a fitted Gaussian function. Sentinel-6A data were then used
to evaluate the method’s performance through comparisons with model-derived values
globally. The analysis revealed that the method performs well under the majority of sea
states but tends to underestimate values in extreme wind wave conditions. Furthermore,
sensitivity to swell presence was observed, leading to pronounced overestimations, with
the magnitude of these errors influenced by the swell direction. To mitigate these errors,
an alternative approach was developed in the wavenumber domain. Results revealed an
improvement in the correlation between azimuth cutoff estimates and model-derived val-
ues by 10%. Given the strong relationship between resolution loss and sea state con-
ditions, the azimuth cutoff was further used to derive a new sea-state parameter: the
variance of wave orbital velocities. Wave orbital velocity statistics offer valuable insights
into wave climate by isolating wave components associated with developing seas. Com-
parisons between modeled and estimated wave orbital velocity variances showed similar
sensitivities to swell presence and high sea states, suggesting further refinement of the
proposed methods. Despite these challenges, the ability to extract these two additional
parameters from the radar signal is valuable for identifying sensors capabilities and pro-
viding a new geophysical parameter for oceanographic studies.

Lastly, the dissertation assessed the impact of wave-current interactions on wave prod-
ucts derived from both models and satellites, focusing on the Agulhas Current region, one
of the most dynamic ocean environments. In situ wave measurements, collected during
the One Ocean Expedition in 2023, in which the author participated, served as a refer-
ence for this study. The study first examined ocean current products. A clear underesti-
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mation of surface current velocities exceeding 0.5 m/s was found for both the Mercator
operational model and the altimetry-derived Globcurrent product, with Mercator show-
ing greater variability. Next, wave products, both with and without these ocean current
products included in their modeling, were validated. The ECMWF reanalysis v5, known
as ERAS5, consistently underestimated wave heights above 2.5 m, whereas the MFWAM,
which is the Global Ocean Wave Analysis and Forecast system from Meteo-France, showed
good agreement with in situ data. This discrepancy was attributed to the lack of ocean
current forcing in ERA5, underscoring the need for refinement in areas dominated by
currents. Customized MFWAM simulations, including and excluding current data, fur-
ther supported this finding. MFWAM forced with Globcurrent aligned most closely with
drifter measurements, outperforming the operational product that uses Mercator cur-
rents. Comparisons between satellite altimeter observations and drifters also showed
good agreement in significant wave height, with clear evidence of current-induced wave
height variations along satellite tracks. Additionally, a multi-mission analysis of swell-
induced modulation spectra from Sentinel-1, CFOSAT and SAR altimeters demonstrated
alignment with in situ data and between them, highlighting the potential for synergistic
use of these instruments in operational oceanography and climate studies.






Samenvatting (in Dutch)

Naarmate klimaatverandering blijft leiden tot een toename van extreme weersomstan-
digheden, is de behoefte aan betrouwbare voorspellingen en waarnemingen nog nooit zo
kritisch geweest. Oceanen, die een cruciale rol spelen in het reguleren van het klimaat
van de aarde, staan centraal bij het begrijpen van deze veranderingen. Het juist model-
leren van oceaangolven, d.w.z. hoe ze worden gegenereerd, evolueren en inwerken op
andere oceaanprocessen zoals stromingen, helpt ons om de oceaancirculatie in kaart te
brengen en toekomstige veranderingen te voorspellen. Dankzij aardobservatiesatellieten
zijn afgelopen decennia continue wereldwijde waarnemingen beschikbaar gekomen. Sa-
tellietaltimeters, actieve sensoren die gebruikmaken van de afstandsmeting van radar, zijn
pioniers op het gebied van ruimte-oceanografie. Deze instrumenten meten cruciale geo-
fysische parameters zoals zeewaterhoogte (zeespiegel), significante golfhoogte, en wind-
snelheid nabij het oppervlak, langs het grondspoor van de satelliet. Het enorme belang
van deze metingen voor zowel klimaatstudies als operationele activiteiten vereist voortdu-
rende technologische innovaties om de prestaties en toepassingen van deze instrumenten
te optimaliseren.

Een belangrijke doorbraak op het gebied van satellietaltimetrie was de opname van
Synthetic Aperture Radar (SAR) technologie in 2010, waarmee de ruimtelijke resolutie
werd verbeterd van ongeveer 7 km (gegeven door Low-Resolution Mode sensoren) naar
ongeveer 300 m. In 2017 werd de volledig-gefocuste coherente verwerking van pulsecho’s
geimplementeerd, een concept dat veel wordt gebruikt in SAR beeldvorming, waarmee
resoluties op meterschaal mogelijk werden. Deze verbetering leidde tot aanzienlijke voor-
delen voor toepassingen langs de kust, door de kwaliteit van de geofysische parameters te
verbeteren door signaalvervuiling te verminderen van omringende landkenmerken. Bo-
vendien werd het voor het eerst mogelijk om off-nadir signalen, die voorheen als hinder-
lijk werden beschouwd, te gebruiken om smalle inlandse waterlichamen in kaart te bren-
gen en zee-ijsschotsen en -scheuren te detecteren. Het besef van dit beeldvormingspo-
tentieel leidde tot het onderzoeken van de capaciteiten ervan op open oceaan.

Bestaande uitdagingen in conventionele (ongefocuste) SAR-altimetrie hebben betrek-
king op de nauwkeurigheid van de schattingen van de significante golfhoogte, vooral wan-
neer lange golven, ook wel deining genoemd, het zee-oppervlak domineren. Deining, met
golflengtes van meer dan 150 meter, is vaak te groot om volledig binnen de SAR-altimeter
voetafdruk te worden vastgelegd, wat resulteert in aliasing van het signaal gekenmerkt
door ruis en velen pieken. Dit proefschrift onderzocht eerst de haalbaarheid van het trans-
formeren van wat eerder als hinderlijk werd beschouwd naar waardevolle informatie over
het zeeoppervlak door in de SAR respons gebruik te maken van de interferentie van de
deining met de hoge resolutie data die voortkomt uit de volledig-gefocuste SAR altimeter
verwerkingstechniek.

Om dit te bereiken, werd eerst de identificatie van deining-geinduceerde vermogens-
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variaties in off-nadir signalen, die de zogenaamde achterrand van het gereflecteerde echo
vertegenwoordigen, bevestigd. Deze patronen werden stap voor stap verwerkt, wat leidde
tot de berekening van een volledig-gefocuste altimetrie-modulatiespectrum. Een modu-
latiespectrum is een veelgebruikt level-2 product van satellieten die gericht zijn op het
meten van het golfveld, zoals Sentinel-1 en CFOSAT, en maakt het mogelijk om de ken-
merken van deining, zoals golflengte, richting en hoogte, te schatten. De voorgestelde
methode omvatte het normaliseren van de signaalintensiteit en het herprojecteren van
range bins naar cross-track grondlocaties, gevolgd door spectrale analyse, vergelijkbaar
met die doorgaans toegepast wordt op side-looking SAR-systemen. De analyse toonde
aan dat volledig-gefocuste altimetrie-modulatiespectra vermogenspieken vertonen in alle
vier kwadranten vanwege de inherente 180-graden SAR-ambiguiteit, plus twee extra am-
biguiteiten veroorzaakt door onscheidbare signalen die van beide zijden van de radar-
voetafdruk worden ontvangen. De studie identificeerde ook de belangrijkste modulatie-
mechanismen, met behulp van numerieke en analytische modellen als referentie. “Range
bunching” werd geidentificeerd als een dominant mechanisme naast “velocity bunching”,
waarbij hun relatieve sterkte athankelijk is van de hoek die het goffront maakt met de rich-
ting van het grondspoor van de satelliet. Volledig-gefocuste altimetrie-modulatiespectra,
afgeleid van Cryosat-2 metingen, werden geévalueerd door te vergelijken met door boeien
afgeleide directionele golfspectra: deze bleken goed overeen te komen. Verder toonde toe-
passing van dezelfde techniek op Sentinel-6A metingen aan dat het gebruik van de volle-
dige bundelvoetafdruk, die normaal aan boord is afgekapt voor data volume efficiéntie,
een uniek voordeel biedt bij het extraheren van deining. Dit geldt met name voor golven
die zich in of nabij de cross-track richting van het satelliet grondspoor voortplanten, van-
wege het verlengde observatievenster en de hogere resolutie in vergelijking met de ope-
rationele afgekapte gegevens. Toch is de ontwikkeling van een methode om modulatie-
afgeleide spectra te inverteren naar echte oceaangolfspectra noodzakelijk om deze instru-
menten betrouwbaar te kunnen gebruiken als een nieuwe bron voor het verkrijgen van
wereldwijde operationele deiningwaarnemingen.

Het proefschrift onderzocht vervolgens de beperkingen van SAR-altimetrie in oceaan-
golfbeeldvorming, met de nadruk op resolutieverlies. Dit werd aangepakt door de afkap-
golflengte te schatten; deze fungeert als een proxy voor de kortst detecteerbare golflengten
over verschillende zeecondities en golfrichtingen. De gebruikte methode om deze para-
meter te schatten, was een SAR-beeldvormingstechniek die werd toegepast in het ruim-
telijke domein, waarbij verschillen werden geminimaliseerd tussen de langs-track auto-
correlatiefunctie van volledig-gefocuste SAR radargrammen, die opeenvolgende golfvor-
men vertegenwoordigen, en een gefitte Gaussiaanse functie. Sentinel-6A gegevens wer-
den vervolgens gebruikt om de prestaties van deze methode wereldwijd te evalueren door
te vergelijken met model-afgeleide waarden. De analyse toonde aan dat de methode goed
presteerde onder de meeste zeecondities, maar de waarden in extreme windgolfomstan-
digheden onderschatte. Bovendien werd gevoeligheid voor de aanwezigheid van deining
waargenomen, wat leidde tot duidelijke overschattingen, waarvan de omvang werd bein-
vloed door de richting van de deining ten opzichte van het azimut van de satelliet. Om
deze fouten te verminderen, werd een alternatieve benadering ontwikkeld in het golfge-
taldomein. De resultaten toonden een verbetering van 10% in de correlatie tussen azimut-
afkapschattingen en model-afgeleide waarden. Gezien de sterke relatie tussen resolu-
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tieverlies en zee-condities, werd de azimut-afkap verder gebruikt om een nieuwe zee-
statusparameter af te leiden: de variantie van golforbitale snelheden. Statistiek van golfor-
bitale snelheid biedt waardevol inzicht in het golfklimaat door golfcomponenten te isole-
ren die verband houden met ontwikkelende zee-golven. Vergelijkingen tussen gemodel-
leerde en geschatte variaties in golforbitaalsnelheid toonden vergelijkbare gevoeligheden
voor de aanwezigheid van deining en hoge zeecondities aan, wat aangeeft dat verdere ver-
fijning van de ontwikkelde methoden nodig is. Ondanks deze uitdagingen is de vaardig-
heid om deze twee aanvullende parameters uit het radarsignaal te extraheren waardevol,
omdat het helpt de sensorcapaciteiten te identificeren en zo een nieuwe geofysische pa-
rameter voor oceanografische studies kan bieden.

Tenslotte evalueerde het proefschrift de invloed van de interacties tussen golven en
stromingen op golfproducten, zowel afkomstig van modellen als van satellieten, met als
aandachtsgebied het Agulhasstroomgebied, één van de meest dynamische oceaanomge-
vingen. In-situ golfmetingen, verzameld tijdens de One Ocean Expedition in 2023, waar-
aan de auteur heeft bijgedragen, werden gebruikt als referentie voor de studie. Het begon
met de evaluatie van oceaanstromingen-producten, waarin een duidelijke onderschat-
ting van oppervlaktestroom snelheden van meer dan 0,5 m/s werd gevonden voor zowel
het Mercator operationele model als het altimetrie-afgeleide Globcurrent-product, waar-
bij Mercator een hogere variabiliteit vertoonde. Vervolgens werden oceaangolfproducten
gevalideerd, zowel met als zonder de invloed van oceaanstroomproducten in hun mo-
dellering. Het ECMWEF heranalyse v5 model, bekend als ERA5, onderschatte consequent
golfhoogtes boven de 2,5 m, terwijl het MFWAM model, het Global Ocean Wave Analysis
and Forecast-systeem van Meteo-France, goede overeenstemming vertoonde met de in-
situ gegevens. Deze discrepantie werd toegeschreven aan het ontbreken van oceaanstro-
mingsforcering in ERA5, wat de noodzaak benadrukt om het product te verfijnen in ge-
bieden waar stromingen domineren. Aangepaste MFWAM-simulaties, met stromingsdata
en zonder, ondersteunden verder deze bevinding. MFWAM, wanneer aangestuurd met
Globcurrent, kwam het dichtst bij de metingen van drifters en presteerde beter dan het
operationele model dat Mercator-stromingen gebruikte. Vergelijkingen tussen satelliet-
altimeter waarnemingen en drifters toonden ook een goede overeenstemming in de sig-
nificante golfhoogte, met duidelijk bewijs van door de stroming geinduceerde golfhoogte-
variaties langs de satelliet grondsporen. Bovendien toonde een multi-missie-analyse van
de deining-geinduceerde modulatie spectrums van Sentinel-1, CFOSAT en SAR-altimetrie
een sterke overeenstemming met in-situ gegevens en tussen de verschillende systemen,
wat het potentieel benadrukt voor synergistische toepassing in operationele oceanografie
en klimaatstudies.






Introduction

1.1 Background

Oceans play a critical role in regulating the Earth’s climate and influencing weather pat-
terns. Their dynamics are shaped by complex interactions between waves, currents, winds
and tides, which vary across temporal and spatial scales. Monitoring these dynamics is
crucial for understanding the changing climate, managing marine resources and ensuring
maritime safety. The need for such monitoring has become increasingly urgent in recent
decades as extreme events, such as tropical cyclones and storm surges, have become more
frequent and severe due to climate change.

Satellite altimetry has significantly advanced the understanding of ocean dynamics by
providing continuous, global measurements of sea surface height (sea level), significant
wave height and near-surface wind speed along the satellites tracks [1]. The acquisition
of these geophysical parameters is essential for tracking ocean circulation, assessing cli-
mate variability and monitoring long-term sea-level trends. Since the launch of Seasat [2],
the first dedicated Earth-observing satellite equipped with a radar altimeter, by NASA in
1978, continuous technological advancements have expanded the applicability of satel-
lite altimetry in Earth sciences. A major breakthrough occurred in 2010 with the launch of
CryoSat-2, introducing Delay/Doppler or otherwise called Synthetic Aperture Radar (SAR)
altimetry. By applying Delay/Doppler processing, SAR altimetry increased the along-track
resolution down to approximately 300 meters, allowing the detection of finer ocean sur-
face features [3].

In 2017, the fully-focused SAR concept [4] was introduced, refining along-track reso-
lution even further, theoretically to the order of half the antenna length at approximately
0.5 m. This proved particularly beneficial in coastal altimetry, where returned signals are
often contaminated by nearby land reflections. As shown by Schlembach et al. [5], fully-
focused SAR data improves significant wave height observations near the coast, enabling
reliable measurements at distances as close as 1-3 km from it. Moreover, this processing
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technique expanded data acquisition capabilities over inland water bodies, enabling the
estimation of water levels in small targets that were previously undetectable within the
altimeters’ field of view [6].

Beyond these advancements, fully-focused SAR altimetry has shown the potential to
image ground targets by exploiting off-nadir signals, previously considered as nuisance.
Regarding ocean targets, the only documented evidence of wave-like patterns was re-
ported by Rieu et al. [7], who observed regular oscillations revealed as power variations
in oceans dominated by swells. Swells, long waves generated by distant storms, have been
routinely monitored by side-looking SAR systems, specifically designed for imaging appli-
cations. Motivated by this discovery, the primary objective of this dissertation is to explore
the potential of nadir-looking SAR altimeters as imaging systems for oceanographic appli-
cations while addressing their inherent limitations, acknowledging that these instruments
were not originally intended for imaging purposes.

Building on this objective, the dissertation broadens its scope by evaluating oceano-
graphic products used operationally for wave forecasts and scientifically for climate stud-
ies in dynamic marine environments. A key component of this effort involved collecting in
situ measurements during the One Ocean Expedition 2023 in the Agulhas Current region,
a dynamic environment characterized by intense wave-current interactions. These data,
capturing localized environmental features, serve as a unique independent reference for
performance assessment of both wave models and satellite observations.

1.2 Literature Review

1.2.1 Satellite Altimetry: The Path Toward Ocean Surface Imaging

Satellite altimetry is a radar remote sensing technique dedicated to provide near-surface
wind speed, significant wave height and sea surface height measurements, key parameters
for oceanographic studies. Measuring sea surface height is critical for understanding sea-
level variability and is recognized as an essential climate variable by international climate
monitoring frameworks. The global coverage and continuous data provided by altimetry
have made it a vital tool for studying ocean circulation and climate variability.

The fundamental principle of nadir-looking altimeters involves transmitting radar
pulses toward Earth and receiving the reflected echoes from the sea surface. These re-
flected echoes, known as waveforms, form the core measurement for signal processing.
A typical waveform consists of two main components: the fast-rising leading edge, repre-
senting mostly nadir returned signals, and the gradually decaying trailing edge, represent-
ing off-nadir reflections from both sides of the radar footprint [8]. Geophysical parameter
estimation relies on analyzing individual waveforms using specialized algorithms called
retrackers. Retrackers fall into two main categories: physical retrackers, based on mod-
els that simulate the physical interaction between the radar signal and the ocean surface,
and empirical retrackers, which estimate parameters using geometric properties of the
waveform without explicit reliance on physical models [9, 10, 11, 12]. In both cases, the
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retracking algorithms primarily exploit the leading edge of the radar return, correspond-
ing to signals reflected directly from the sea surface in the nadir direction. Conversely, the
trailing edge, which contains off-nadir reflections, is typically less informative for retriev-
ing geophysical parameters.

Satellite altimetry has undergone significant technological advancements since its in-
ception. Early Low Resolution Model (LRM) altimeters offered along-track resolutions of
approximately 7 km, restricting their ability to detect fine-scale oceanic features. A major
milestone was achieved in 2010 with the launch of the first Delay/Doppler altimeter, also
known as SAR altimeter, aboard CryoSat-2 [3]. This innovation enhanced the along-track
resolution to 300 meters, enabling the acquisition of finer-scale measurements. It proved
particularly beneficial for providing more accurate measurements in coastal and inland
waters, where conventional LRM altimeters often underperform due to land-induced sig-
nal contamination within the radar footprint [13, 5].

While SAR altimetry’s increased spatial resolution greatly improved data quality in
coastal and inland regions, it also introduced new challenges when applied to the open
ocean, particularly in the presence of swells. Swells are long-crested waves generated by
distant storms, with wavelengths exceeding 150 meters. Moreau et al. [14] first reported
that the approximately 300-meter width of Doppler strips in SAR altimetry often lead to
only partial capture of swells. This, in turn, results in distortions and multiple peaks across
the waveform. They further demonstrated that this distortion is further influenced by the
relative propagation angle due to the asymmetry of the SAR-altimetry footprint. Addition-
ally, their simulations revealed that ocean retracking algorithms, which assume Gaussian
statistics for sea surface elevations within the SAR altimetry footprint, fail to produce ac-
curate results under swell-dominated conditions, leading to significant errors in estimat-
ing wave heights. Building on these findings, Reale et al. [15] conducted further numerical
analyses, indicating that when swell wavelengths are comparable to the altimeter’s ground
resolution, the waveform shape is notably affected by the relative motion between the sea
surface and the satellite. Consequently, the accuracy of significant wave height estimates
is degraded compared to measurements obtained from conventional LRM altimeters.

The introduction of the fully-focused SAR algorithm in 2017 marked a major advance-
ment in satellite altimetry by achieving along-track resolutions at near-meter scales [4].
This approach involves coherent processing of the entire illumination time of each scat-
terer on the surface, similar to techniques applied in side-looking SAR imaging systems
[16, 17]. This development has enabled, for the first time, precise monitoring of small
inland water bodies, including narrow rivers, ditches and small lakes, providing valuable
hydrological information [6].

Motivation

Shortly after this development, several studies began examining further the impact of
swell interference on Delay/Doppler, also called unfocused, SAR altimetry. Comparative
power spectral density analyses between unfocused and fully-focused SAR data demon-
strated a clear aliasing of swell-related signals in unfocused SAR due to undersampling,
leading to power leakage into lower frequencies [18, 19, 20, 7]. This finding highlighted
the potential fully-focused SAR altimetry holds to resolve long ocean waves. Rieu et al. [7]
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was the first to report regular oscillation patterns in fully-focused SAR data acquired over
swell-dominated ocean regions. Interestingly, these oscillations appear as regular power
variations in off-nadir signals, i.e., in the trailing edge, resembling similar intensity mod-
ulations to those observed in side-looking SAR images. This raises a compelling research
question:

Could nadir-looking SAR altimeters be repurposed
as imaging systems over ocean surfaces?

The principles of ocean wave imaging from radar sensors have been extensively studied
using side-looking SAR systems, such as Sentinel-1, which has been providing valuable
oceanographic data for nearly a decade [21]. These systems exploit wave-induced signal
patterns, caused by various intensity modulation mechanisms, to map the ocean wave
field. Key processes driving these mechanisms include tilt modulation, range bunching,
hydrodynamic modulation and velocity bunching [22, 23]. Among these mechanisms, ve-
locity bunching plays a dominant role in determining the radar response in side-looking
SAR systems due to its sensitivity to the relative vertical motion of ocean waves and the
satellite. As vertically moving scatterers shift within the radar’s imaging footprint, they cre-
ate characteristic modulations that can be analyzed to extract swell properties, including
wavelength, direction, and wave height, through spectral analysis [22, 23, 24, 25]. Further-
more, SAR imagers have demonstrated the ability to provide wave orbital velocity statistics
through the estimation of the azimuth cutoff wavelength [26]. The azimuth cutoff wave-
length serves as a proxy for the shortest detectable waves [27], providing an additional
independent metric for evaluating the imaging limitations of SAR systems under varying
wind and wave conditions.

Before addressing the central research question of this dissertation, it is important to
acknowledge the complexity of utilizing an instrument beyond its originally intended ap-
plication. In this context, a critical distinction lies in the measurement geometry: side-
looking SAR imagers operate at oblique incident angles, generating a fundamentally dif-
ferent backscatter geometry compared to nadir-looking altimeters, which are dominated
by specular reflection [28]. This geometric disparity, coupled with distinct instrument de-
sign principles, plays a central role in determining how ocean surface features are ob-
served and interpreted. Recognizing both technological advancements and challenges in
SAR altimetry, this dissertation primarily investigates its potential to function as an imager
for ocean applications, exploring in depth inherent limitations and capabilities.

1.2.2 Challenges in Modeling Waves in Dynamic Marine Environments

Satellite altimetry’s role in space oceanography extends beyond the acquisition of the
three main geophysical parameters discussed earlier. Altimetry-derived sea surface height,
along with gravimetry and in situ data, is used to derive geostrophic currents [29], enabling
global ocean current mapping. Ocean currents have a profound influence on wave evo-
lution, as their interaction with incoming waves can cause refraction, altering wave direc-
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tion, wavelength and amplitude through processes such as wave steepening and trapping
[30]. These phenomena are key drivers of extreme wave events, particularly in regions
dominated by strong currents with velocities exceeding 2 m/s, such as the Agulhas Cur-
rent [31].

Accurate prediction and monitoring of extreme wave events is crucial for oceano-
graphic studies, maritime navigation, safety and operational planning in both offshore
and nearshore environments. However, the reliability of wave datasets is often dimin-
ished when ocean currents are omitted or inaccurately represented in models. Studies
have shown that inaccuracies in the proper modeling of currents can lead to substantial
errors in wave height predictions, especially under extreme sea state conditions [32, 33].
These inaccuracies can be enhanced by insufficient spatial and temporal resolution of
available products, limiting their ability to capture the rapid variability of ocean currents
and, consequently, their impact on wave evolution. This highlights the ongoing need to
improve wave models through advanced data assimilation techniques and robust valida-
tion against in situ measurements.

In situ data collection campaigns play a crucial role in addressing these challenges by
providing accurate measurements of the wave field. These campaigns range from short-
term deployments, aimed often at satellite calibration and model validation, to long-term
observations that support climate studies, offshore engineering and coastal management.
However, regardless of their duration, in situ campaigns are constrained by limited spatial
coverage due to the significant operational and maintenance costs involved. In particu-
lar, deploying and maintaining buoys or sensors in remote or deep-sea locations is both
expensive and complex, requiring specialized vessels, energy supplies and skilled person-
nel.

Motivation

During this Ph.D. project, in situ wave measurements were collected in the Agulhas Cur-
rent region as part of the One Ocean Expedition. The Agulhas Current is one of the most
dynamic western boundary currents in the world, flowing in the Indian Ocean along the
southeastern coast of Africa. The wave and current environment in this region is highly
energetic and presents unique challenges due to its extreme variability and strong inter-
actions between waves, currents and winds [34, 35]. At its southern boundary, the current
undergoes retroflection, turning back into the Indian Ocean, shedding large eddies that
propagate into the South Atlantic. This process, coupled with frequent intense storms
driven by the westerly storm tracks of the Southern Ocean, creates an environment of
rapid changes in wave and current strength, direction and eddy activity [36]. It becomes
clear that such dynamic conditions make wave model predictions particularly challeng-
ing. Leveraging the collected in situ data, this dissertation further conducts a compre-
hensive evaluation of wave and ocean current data quality derived from both numerical
models, reanalysis products and satellite observations.
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1.3  Thesis Objectives

This PhD dissertation presents the first systematic study of the imaging capabilities of SAR
altimeters for ocean applications, introducing a novel approach to deriving wave proper-
ties that were previously unattainable using existing signal processing techniques. Con-
sidering that these instruments are not originally designed for imaging application, in-
herent limitations are investigated in detail. The scope of this dissertation broadens to
assess the performance of satellite altimetry products and wave models, with a particular
focus on dynamic ocean environments where waves interact with strong ocean currents,
shedding light on uncertainties in operational products. To address these scientific topics,
three key research objectives are defined as follows:

Exploring off-nadir signal modulations in fully-focused SAR altimetry for swell retrieval.

Fully-focused SAR altimetry has demonstrated unprecedented along-track resolutions at
meter scales, emerging as a promising tool for advancing ocean and inland-water appli-
cations from space. The first spectral analysis of off-nadir fully-focused SAR altimetry
data over oceans is presented, focusing on backscatter modulations induced by swells.
Building on technological and scientific advancements from side-looking SAR imagers,
a method is developed to compute SAR altimetry intensity modulation spectra, enabling
the extraction of swell properties such as wavelength and direction. The method’s reliabil-
ity is assessed through comparisons between Cryosat-2 intensity modulation spectra with
buoy-derived swell wave spectra under varying wave and wind conditions. To aid in in-
terpreting the results, numerical simulations are built, describing the dominant modula-
tion mechanisms driving wave imaging and providing deeper insight into the underlying
processes and differences compared to side-looking SAR imagers. Finally, potential im-
provements in swell retrieval enabled by the enhanced ground resolution of Sentinel-6A’s
full-beam footprint are discussed.

Investigating the wave imaging limitations and sea-state characterization in fully-focu-
sed SAR altimetry using azimuth cutoff analysis.

Emphasis is then given in understanding and defining the wave imaging limitations of SAR
altimeters. To achieve this, the azimuth cutoff wavelength is estimated as an independent
parameter from off-nadir fully-focused SAR signals. This parameter represents the short-
est waves that can be detected by a SAR system under various wind and wave conditions.
Its estimation is achieved using the radar signal’s along-track autocorrelation function,
applying two distinct methods developed in the spatial and wavenumber domains. The
limitations of both methods, including the effects of relative wave propagation angle, ex-
treme sea states and the presence of swells, are thoroughly examined. Additionally, the
azimuth cutoff wavelength is utilized to extract valuable sea-state information through
the characterization of wave orbital velocity statistics. The analysis is conducted using
Sentinel-6A data from a full 10-day repeat cycle, aiming to assess the global applicability
of these methods by comparing the results with model-derived parameters.
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Assessing the reliability of wave and ocean current products from models and remote
sensing observations in current-dominated oceanic environments.

Given the critical importance of accurate wave data in both forecasting systems and cli-
mate studies, wave height estimates are assessed, with a particular focus on regions dom-
inated by ocean currents. Using as reference drifter measurements collected in the dy-
namic oceanic environment of the Agulhas Current, the impact of wave-current inter-
actions on wave parameters is examined by comparing models including and excluding
ocean current forcing. The analysis further investigates the compatibility of different re-
mote sensing sensors in capturing swells within such a complex oceanic environment.
In particular, swell observations from operational satellite products, including Sentinel-1
and CFOSAT, are compared for the first time with the SAR altimetry-derived swell prod-
uct developed during this PhD project. All three satellite-derived swell products are then
validated against in situ measurements.
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1.4 Outline of the Thesis

The dissertation is organized into five chapters, beginning with the introduction (Chap-
ter 1), followed by three peer-reviewed journal publications (see List of publications) that
cover the aforementioned objectives (Chapters 2-4) and concluding with a chapter pre-
senting the main findings and recommendations (Chapter 5). In more details:

e Chapter 2 introduces the first spectral analysis of off-nadir fully-focused SAR altimetry
data aimed at computing intensity modulation spectra for characterizing swell waves.
This work includes a detailed description of the developed method, its implementa-
tion and application to CryoSat-2 data as well as comparisons with ground-truth swell
measurements. Then, simulations developed to mimic off-nadir SAR responses are pre-
sented with the goal to understand the underlying dominant modulation mechanisms.
The material covered in this chapter is primarily based on the following publication:

Altiparmaki, O., Kleinherenbrink, M., Naeije, M., Slobbe, C. and Visser, P (2022). SAR
altimetry data as a new source for swell monitoring. Geophysical Research Letters, 49,
e2021GL096224, doi:10.1029/2021GL096224

Chapter 2.4.2 presents an additional analysis conducted after the publication, focusing
on the implementation of the swell retrieval method on Sentinel-6 data. The objective
is to explore the potential benefits of the satellite’s full beam-limited footprint, a portion
of which is truncated onboard.

Chapter 3 addresses limitations of the swell application from SAR altimeters, particu-
larly with regard to resolution loss. The extent of this loss primarily depends on sea-
state conditions, making it a valuable metric for deriving wave orbital velocity statistics.
The study introduces two distinct approaches for estimating the azimuth cutoff wave-
length and the variance of wave orbital velocities. Both methods are applied globally
on Sentinel-6A data to assess their applicability, strengths and limitations under vari-
ous sea-state conditions and measurement geometries by comparing the results with
model-derived parameters. This chapter is fully covered by the following publication:

Altiparmaki, O., Amraoui, S., Kleinherenbrink, M., Moreau, T., Maraldi, C., Visser, PN.A.M.
and Naeije, M. Introducing the Azimuth Cutoff as an Independent Measure for Character-

izing Sea-State Dynamics in SAR Altimetry. Remote Sens. 2024, 16, 1292, doi:10.3390/rs16-
071292

Chapter 4 focuses on the third research objective. Wave and ocean surface current
datasets obtained from drifter measurements in the Agulhas Current region serve as a
reference for a quantitative evaluation of model and satellite-derived operational prod-
ucts. Surface current velocities from the Mercator model and the altimetry-derived
Globcurrent product are first validated against drifter data to assess the quality of cur-
rent forcings used in wave modeling. Subsequently, the accuracy of wave height and
Stokes drift parameters from wave models and reanalysis products, either excluding or
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including the aforementioned ocean current products, is examined. The content of this
chapter is primarily based on the following publication:

Altiparmaki, O., Breivik, @., Aouf, L., Bohlinger, P, Johannessen, ]. A., Collard, E, et al.
(2024). Influence of ocean currents on wave modeling and satellite observations: In-
sights from the one ocean expedition. Journal of Geophysical Research: Oceans, 129,
€2024JC021581, doi:10.1029/2024JC021581

Chapter 4.5.2 presents an additional analysis conducted after the publication, focusing
on the cross-comparison of satellite-derived swell-induced modulation spectra from
various sensors, including SAR imagers, SAR altimeters and wave spectrometers. The
objective is to evaluate their performance against in situ measurements and investigate
their compatibility for future synergistic use.

¢ Chapter 5 summarizes the main conclusions of this PhD dissertation and provides rec-
ommendations for future research.
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SAR Altimetry Data as a New Source for
Swell Monitoring

This study shows the first spectral analysis of fully-focused Synthetic Aperture Radar (FF-
SAR) altimetry data with the objective of studying backscatter modulations caused by swell.
Swell waves distort the backscatter in altimetry radargrams by means of velocity and range
bunching. These swell signatures are visible in the tail of the waveform. By locally nor-
malizing the backscatter and projecting the waveforms on an along-/cross-track grid, satel-
lite altimetry can be exploited to retrieve swell information. The analysis of FFSAR spec-
tra is supported by swell spectra derived from both buoys of the National Oceanic and At-
mospheric Administration network and the European Centre for Medium-range Weather
Forecasts Reanalysis v5 product. Using cases with varying wave characteristics, we discuss
Cryosat-2 and Sentinel-6A altimetry-derived modulation spectra and relate them to what
is known from side-looking SAR imaging systems. Besides having a vast amount of addi-
tional data for swell-wave analysis, altimeter data can also help us to better understand the
side-looking SAR spectra.

11
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2.1 Introduction

Satellite radar altimetry data have been used for more than thirty years to derive sea sur-
face height, significant wave height and wind speed. In conventional low-resolution mode
altimetry, the presence of swell has never been considered, because it was an inseparable
part of the estimated significant wave height. The advent of delay/Doppler, or unfocused
Synthetic Aperture Radar (SAR), altimetry [3] with the CryoSat-2 mission in 2010 improved
the along-track resolution from 7 km to about 300 m, and with dedicated fully-focused SAR
(FFSAR) processing [4] theoretically up to about 0.5 m. Although the presence of swell is
known to deteriorate the accuracy of geophysical parameters derived from delay/Doppler
data [37, 38, 39, 40, 41, 14], no attempt has been made to derive swell parameters from
these data. Here, we present the first spectral analysis of FFSAR data and discuss how
FFSAR spectra can be used to infer swell-wave spectra.

Moreau et al. [14] concluded that the degradation of the quality of the altimetry-derived
geophysical parameters appears due to the narrow sampling window in the satellite along-
track direction that can no longer fully capture long waves in the instrument ground cells,
but only a portion of them. This, in turn, results in distorted waveform shapes which vary
depending on the captured portion. According to Reale et al. [15] this distortion appears to
worsen when the ocean wavelengths are of the same order as the delay/Doppler altime-
ter along-track resolution, which typically occurs if swell systems are present. Recently,
Rieu et al. [7] showed that in delay/Doppler altimetry data of a higher burst repetition fre-
quency, oscillations are observed on the waveform’s trailing edge in locations where swells
occur. This, in combination with the fact that swell related SAR signal has been shown to
be aliased into other frequencies [18, 19, 20], imply that the high-rate sampling of FFSAR
data may be suitable for detecting swell-related information and, therefore, for explaining
such distortions in the radar backscatter signal.

Since the seventies the SAR and Real Aperture Radar (RAR) imaging mechanisms have
been investigated in detail as they have been useful tools for monitoring ocean surface
waves [42, 43, 44, 45]. The main RAR modulations that are responsible for the imaging of
ocean waves are the tilt modulation, which is related to local changes to the incident angle
by slopes of long waves, range bunching, which is the variation of surface area captured
in resolution cells as a consequence of the same slopes, and hydrodynamic modulation,
which is triggered by the interaction between short (wind) and long (swell) waves [22].
The SAR processing introduces one more mechanism, called velocity bunching [22], that
seems to dominate in most cases [24]. The velocity bunching is the clustering of the signal
due to the vertical motion of the waves. In more detail, the phase-history difference of
echoes between nearby along-track points is approximately linear. The motion of a scat-
terer in the range direction, which corresponds to vertical motion for an altimeter, can
replicate this linear behavior causing the projection of the scatterer to be misplaced in the
along-track direction. As scatterers ahead and behind the crest of a wave move up and
down, respectively, they are both shifted in a SAR image in opposite directions. Depend-
ing on the direction of the wave with respect to the radar motion, scatterers are clustered
either around the crest or the trough. With a spectral model, containing both RAR and the
shift due to velocity bunching, a SAR intensity spectrum can be inverted to obtain part of
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the wave spectrum [23]. The inversion is limited to long waves as the effective resolution
of SAR observations over ocean is far less than the theoretical limit [46, 25], with typical
values of 100 m. In contrast to side-looking SAR systems, altimeters are nadir-looking
radars. This difference has an impact on the backscatter mechanisms which prevail [28]
and also geometrically changes the RAR response. The so-called Bragg, or resonant, scat-
tering dominates for a side-looking system at moderate sea states, while the specular scat-
tering for a nadir-looking system.

This chapter demonstrates the potential of SAR altimetry data to infer swell-wave spec-
tra. We introduce a methodology to process altimetry data to estimate a FFSAR spectrum,
which is suitable for an inversion in a comparable way as for side-looking SAR data. More-
over, this study gives a detailed description on the modulation process, shows how this dif-
fers from a side-looking system and discusses the adaptions required for a nadir-looking
system. Lastly, buoy data are used to support the analysis.

2.2 Data and Methods

This section is divided into two parts. The first part introduces the processing steps to
obtain a FFSAR spectrum. The second part shortly discusses the buoy data.

2.2.1 SARAltimetry Data Processing

A flowchart of the main processing steps is given at the top of Figure 2.1, while an exam-
ple accompanies it to better understand the behavior of the backscatter altimetry signal.
The latter concerns data from a descending orbit of CryoSat-2 over the Channel Islands
of California on January 2, 2020. The presence of swell waves, with a period of 20 sec-
onds and direction 281 degrees with respect to North, is confirmed by a nearby buoy of
the National Oceanographic and Atmospheric Administration-National Data Buoy Center
(NOAA-NDBC) network (https://www.ndbc.noaa.gov/). The FFSAR L1b multilooked
waveforms used in this study were obtained from the ESA Grid Processing-on-Demand
(GPOD) FFSAR service. This service is based on the Omega-Kappa SAR focusing algorithm
described in Guccione et al. [47]. For the demonstration, we use radargrams of 500 wave-
forms of 200 Hz multilook posting rate, which corresponds to an along-track sampling of
about 34 m, with a total sample length of about 17 km. Note, that if single-look waveforms
are available, we may opt a weighted multilooking, because it acts as a filter and this, in
turn, may have an impact on the FFSAR spectra. The first panel, i.e., Figure 2.1a, depicts a
radargram. A closer look at the tail of it reveals undulations that are caused by swells.

For an accurate application of the method, the waveforms in the radargram should
be aligned. A change of the leading edge of one bin leads to a misprojection of tens of
meters across track. Small variations of the leading edge location can be dealt with in
the ground-projection step, but larger variations can lead to normalization problems. A
suitable realignment strategy is a two-step process: i) the waveforms are averaged over
a distance larger than the along-track-projected swell wavelength and retracked, and ii)
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Figure 2.1: (a) Radargram: CryoSat-2 FFSAR waveforms of 200 Hz multilook posting rate as a function oflatitude. The color gradation
represents the echo power variations (Watt). (b) The normalized radargram and (c) the projected/resampled radargram. (d) FFSAR
spectra. A flowchart of the processing steps is given at the top.
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consecutively a phasor is applied to the complex values in FFSAR processing after the
range-residual-phase correction to realign the retracked bin to a pre-defined reference.
As for the cases considered in this study the waveforms are aligned to less than a bin and
no wave-spectrum inversion is performed, realignment is not applied.

The first step is the normalization of the radargram intensity (Figure 2.1b). This is
required to compute the normalized FFSAR spectrum at a later stage so that it can be used
in a wave spectrum retrieval algorithm comparable to the one used for side-looking SAR
systems, such as Sentinel-1. In the case of Sentinel-1, the intensity of a scene of 20 km x 20
km (wave mode) is normalized by first subtracting the mean intensity and then a division
by the mean intensity. However, due to the drop of the power in the trailing edge of the
SAR waveforms, such a normalization is not suitable. We overcome this by first computing
the expected intensity I for each bin in the radargram. The expected intensity is used to
compute the normalized intensity Iy, i.e.,

~

I—

In= (2.1)

N)‘

where [ indicates the radargram intensity. Note that, I should resemble the scaling of a
SAR image. The expected intensity I is computed from the data by first applying a Gaus-
sian filter in along-track direction with a width (defined as two times the standard devia-
tion) of 25 waveforms. This corresponds to about 850 m along track. The filter length is cut
at 51 waveforms (a sensitivity analysis is done in supporting material). Then we fit a poly-
nomial of degree 4 to the tail of each waveform. The tail includes all bins between 4 km
and 7 km across track. Finally, I is obtained by evaluating the polynomial at the waveform
bins, and subsequently used to compute Iy.

In the second step, the normalized waveforms are projected on the ground. The dis-
tance between the cross-track points is determined as

leross = \/(h + (n— nwef) dR)? — h? (2.2)

where Iss indicates the horizontal distance between the range bins projected on the
ground, dR is the range sampling interval of 0.234 m, n is the range bin, n, the leading
edge reference bin and # is the mean satellite altitude for the area of interest. In along-
track direction, the distance between successive points is determined by the along-track
sampling. To relate each range bin to a unique cross-track location the radargram is pro-
jected as if all backscatter is received from the right side. Consequently, the projected nor-
malized radargram contains a correctly projected backscatter signal of the right side and
a left-right flipped backscatter signal from the left side. Backscatter distortions, caused by
a monochromatic swell wave, are therefore expected to exhibit a crossing pattern.

In the last step, we compute the FFSAR spectrum as the square of the Discrete Fourier
Transform (DFT) amplitude [48]. Prior to the DFT operation, the projected data are inter-
polated to an equidistant grid with a resolution of 10 m. Note that the DFT is only applied
to the trailing edge (corresponding to 4-7 km across track) of the waveforms (Figure 2.1c).
To suppress the speckle noise in the FFSAR spectra, a Gaussian filter with a width of 4 pix-
els (two standard deviations) is applied to it. The resulting spectrum for the example track
is given in Figure 2.1d. Although the common way to suppress noise is to use cross-spectra
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computed by subswath processing [49], this is currently not feasible with the GPOD FFSAR
processor.

We have to note that with the transmission of pulses by CryoSat-2 and Sentinel-3A/B,
spatial aliases, caused by the closed-burst sampling, appear at approximately 90 meter
along track [4]. The spectral response under swell conditions is normally more than one
order larger than the spectral response of the ghosts. In case of low sea states, the spectral
response of the ghosts cannot be ignored and should be appropriately handled.

2.2.2 BuoyData

Buoy data from the NOAA-NDBC network are used to verify and discuss the FFSAR spec-
tra. From these publicly available data we collected the swell-wave spectra along with the
peak period (i.e., the period with the maximum wave energy) and the direction from which
the waves with the corresponding peak period are coming. The data have an accuracy of
+1 second and +10°, for the peak period and direction, respectively.

We demonstrate the method for an area in the Northeast Pacific Ocean. This area is
chosen because there is often swell present and a buoy is located in offshore waters to
limit the effects of coastlines and bathymetry (depth ranges from 100 m to 1100 m). In this
area CryoSat-2 operates in SAR mode. CryoSat-2 data were considered within a radius of
50 km from the buoy. Four cases, identified as having swell systems are discussed here.
The upper panel of Figure 2.3 illustrates a map with four CryoSat-2 tracks, two descending
and two ascending, as well as the buoy location. To limit effects of spatial and temporal
variations between the buoy and FFSAR spectra, the time needed for the swell system to
cross both measurement locations should be taken into account. This time offset, Az, was
calculated as

Ax
At =—cos (P —Pm) (2.3)
Cg

where Ax indicates the distance calculated from the middle point of each overpass to the
buoy, cg is the group velocity calculated using linear wave propagation theory and consid-
ering intermediate conditions, ¢, is the wave direction with respect to the North, and ¢,
the relative direction of the satellite track and the buoy with respect to the North. Then,
based on the relative position of the satellite and the buoy with respect to the wave direc-
tion, i.e., whether the waves cross first the satellite observation location or the buoy, the
time offset was accordingly added or subtracted from the acquisition time of the satellite
data in order to select the buoy epoch.

2.3 Hasselmann’s SAR spectrum

To support the interpretation of the obtained FFSAR spectra, we introduce the analyti-
cal model relating the SAR spectrum to a wave spectrum presented by Hasselmann and
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Hasselmann [23]
Pkx, ky) = f f G(x,, ks, ky)e " *=** kD) g xay 2.4)

which is a function of the cross-track wave number ky and the along-track wave number
ky. This spectral mapping depends on the characteristic function [50]

G(x, 3, ky, k) = 90 @N=00 00 (1 4 1 (x, )+ H) (2.5)

with py, being the correlation of azimuthal shifts as a function of wave spectrum S, and
pir1 the correlation function of linear RAR modulations containing range bunching, tilt and
hydrodynamic modulation also as a function of wave spectrum S. Higher-order terms, H,
are ignored as it simplifies the equation, and as their contribution is an order smaller than
p11 [51, 49]. The spectral transform and its correlations are further elaborated in Krogstad
et al. [51], Engen and Johnsen [49], Hasselmann et al. [52], Schulz-Stellenfleth and Lehner
[53], and others. Note that, as the characteristics function depends on wavenumbers k;
and ky, the integral Eq. 2.4 is not a Fourier Transform. In fact, the integral should be
evaluated for each wavenumber separately. In this study, this simple form of the equation
[54] is dissected into separate terms to support the interpretation of FFSAR spectra.

2.3.1 SAR Modulation

First, the e’ki(pw ©.9) term (referred to as ‘term A) can be taken out of the integral. The
term pyy(0,0) represents a scaled velocity variance [53, 26]. At higher sea states, the veloc-
ity variance increases. Term A causes a decrease of SAR spectral power with increasing k,
which represents the reduction of along-track resolution as a consequence of random lin-
ear motions of scatterers. Further resolution loss can occur due to higher-order motions
of scatterers, which decrease the decorrelation time [26, 46].

2
Second, the term ekvPyy (referred to as ‘term B’) represents, together with the first term,

the velocity bunching. The second term, which is non-linear, increases with an increas-
ing angle of wave propagation (here the angle is defined with respect to the cross-track
direction). Under some circumstances, e.g. weak wind and strong swell, secondary re-
sponses appear in the SAR spectrum [53]. The exponential term becomes equal to 1 in
case k, = 0, which implies that velocity bunching does not occur with waves travelling in
the cross-track direction.

2.3.2 RAR Modulation

Thelast term, py;, (referred to as ‘term C’) represents the first-order RAR response and can
be considered as the response of the ocean surface if it was not moving during the time of
overpass. Itis affected by range bunching, tilt, and hydrodynamic modulations [22, 25, 55].
It is different for side-looking and nadir-looking systems as described in the introduction.
In contrast to the velocity bunching, RAR modulation also occurs with cross-track travel-
ling waves [56]. The discussion on the RAR modulation is supported by simulation results,
provided in supporting material.
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In Figure 2.2 a geometric representation of a cross-track propagating swell wave is
shown. Hydrodynamic interaction of long waves with shorter ones causes an increase
of roughness just after the crest, which reduces the specular reflection. The maximum
specular reflection caused by hydrodynamic interaction is therefore expected just behind
the trough. Tilt causes an increase of returned power where incident signal is close to
normal to the surface, which is also close to the point where range bunching is maximal
as at that point the largest surface area is captured between two range isolines. Tilt and
range bunching are maximal on the slope facing the satellite. For small significant wave
heights there is one maximum near the slope maximum (see supporting material, Figures
S3.2A/S3.2B), but if the wave slopes are larger than the incident angle, two maxima appear
that move towards the crest and the trough (see supporting material, Figures S3.3A/S3.3B).
On one side of the satellite, the range bunching and tilt occur on same slope as hydrody-
namic modulation, but on the other side not (Figure 2.2b).

For a near-nadir looking radar system the hydrodynamic modulation is considered
small compared to range bunching and tilt [57] and is therefore not considered. For swell
waves considered in this study, tilt modulation is much smaller than range bunching (see
supporting material) and will therefore also be ignored in the further analysis. Note that
the range bunching is very non-linear as the slopes of the swell waves are typically larger
than the incident angle. Even for a monochromatic wave the spectral response will be
smeared as we might have two maxima on one satellite-facing slope of the wave with a
distance between them that depends on wavelength, amplitude, and direction (see sup-
porting material, Figures S3.2A-S3.3B). When waves propagate in the along-track direction
the range bunching is nearly zero. A small signal, though, remains as crests and troughs
are captured in different range bins, which have a different projected cross-track resolu-
tion. This complexity is further enhanced by overlay (Figure 2.2a), which makes it difficult
to derive a closed-form expression for the spectral response of range bunching. At slopes
smaller than the incident angle, the range bunching might be approximated by the equa-
tions used for the Chines-French Oceanography Satellite (CFOSAT) [57, 58].

Due to radial velocities the RAR modulated signal are also moved in the along-track
direction and get bunched (Figure 2.2b). If only range bunching and velocity bunching
are considered and the waves are symmetric with respect to the crest, the expected modu-
lation is out-of-phase left and right of the track whereas the expected spectral power is the
same. However, it is a statistical process, which causes a deviation from the expected value
(see supporting material, Figures S3.4A/S3.4B and S3.7A/S3.7B) and a difference between
the spectral amplitudes left and right. Simulations indicate that velocity bunching and
range bunching have the same order of magnitude, with range bunching often dominat-
ing (see supporting material S3.5A-S3.6B and S3.8A-S3.9B). However, this ratio depends
on the significant wave height, wave direction and wavelength.
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Figure 2.2: (a) Geometric representation of the RAR imaging modulations in nadir-looking
systems as a function of the altimeter cross-track footprint from + 3000 to + 4000 m for a
450 m swell wave system: the light and dark blue dashed lines represent the troughs and
crests, respectively, while the light gray lines indicate the range isolines. The maxima of the
hydrodynamic modulation, which result from reduced roughness near the troughs, are in-
dicated with red dots. The middle panels show the approximate sinusoidal behavior of the
hydrodynamic modulation. The bottom panels show that the maxima of the range bunch-
ing (green dots) and tilt modulation (black-outlined circles) coincide with minimum local
incident angle. Range bunching is maximal where the surface is aligned with the range
isolines. (b) Top view of the corresponding RAR and SAR modulations. The SAR modula-
tion, i.e, velocity bunching, is maximal either near troughs or crests. The change of focal
location due to surface motion is indicated with the black arrows. Therefore for this spe-
cific case, the velocity bunching is maximal near the crests.
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2.4 Results and Discussion

2.4.1 Cryosat-2

The panels of the second row in Figure 2.3 show the projected radargrams used for the
computation of the FFSAR spectra, which are presented in the panels of the third row.
Note that the axes of the latter have been reversed to easily compare the FFSAR spec-
tra with the swell-wave spectra given in the bottom panel. Four peaks are observed, one
per quadrant. This differs from a SAR spectrum computed by a side-looking SAR system,
where only a signal of (ky, ky) is mirrored at (~ky, — k). The ambiguity of 180 degrees in a
side-looking system is normally accounted for by using the imaginary part of a cross spec-
trum [49], which can also be done by subswath processing of altimetry data. In FFSAR
spectra two additional peaks, albeit with less power, are present in quadrants that do not
exhibit substantial wave energy. As the altimeter observes both sides of the ground track
at the same time, the expected value will get approximately mirrored around the ky-axis
if velocity bunching and range bunching are dominant. In that case, the (double-sided)
FFSAR spectrum, Pys(ky, ky), is approximated as

Pos(ky, ky) =yP;(ky, ky) + (L =y)P(=ky, ky)

(2.6)
Py (kx, ky) ~ 0.5(P(ky, ky) + P(—kx, ky))

where P; and P, the approximated spectra from the left- and right-hand sides of the ground
track, and P(ky, ky) as in Eq. 2.4. y is a weighting factor close to 0.5 depending on plat-
form roll, the antenna pattern, but can be also influenced by cross-track waves and the
skewness in slope probability distribution function [59].

In three of the four shown cases the signals in two quadrants are substantially weaker
than expected. This can partly be explained by a statistical deviation from the expected
value (see differences between the left- and right-side spectra in supporting material, Fig-
ures S3.7A/S3.7B). There are also other possible deterministic causes for the discrepancy.
First, there might be geophysical effects, such as the interaction of waves with currents
and bathymetry that cause a cross-track difference in the backscatter modulation between
both sides of the track. Second, there are instrumental effects such as the roll of the satel-
lite that cause the gain to vary between both sides of the satellite, which is indicated with
the term y in Eq. 2.6. However, from the four cases shown here and in supporting mate-
rial S2 (accessible through the digital version of the publication), it appears that the re-
turn power in the quadrants the waves are actually moving is higher than in the other two
quadrants.

The latter indicates an asymmetric upwave-downwave response. The model for veloc-
ity bunching and range bunching alone (see supporting material) is not able to reproduce
a deterministic asymmetric response. Therefore either the wave properties are not sym-
metric and/or mirrored around the crest (i.e., slope and radial velocity) or a substantial
hydrodynamic modulation would be required. At the moment of writing this asymme-
try is not fully understood. Note that, Li et al. [57] also described an up-to-down wave
asymmetry in the fluctuation spectrum computed from CFOSAT data with a larger spec-
tral response in the upwave direction.
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Figure 2.3: A map of the study area is given on the top. The red and blue lines represent
the descending and ascending CryoSat-2 tracks, respectively, while the black triangle in-
dicates the buoy with World Meteorological Organization number: 46219). Below, each
column of panels show the projected waveform-tail radargrams, the corresponding FF-
SAR spectra and the swell-wave spectra obtained from the buoy for two descending (cases
1 and 2) and two ascending (cases 3 and 4) overpasses. The red crosses, plotted on top
of the FFSAR spectra, represent the wavenumber vector with the maximum wave energy
based on the buoy measurements. The acquisition date along with the in sifu observa-
tions (SWH = significant wave height, DWP = dominant wave period, DWD = dominant
wave direction) and the mean roll angle of the satellite are given at the top. The SWH is
calculated as the average of the highest one-third of all of the wave heights.
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By comparing the FFSAR spectra with the buoy-derived swell-wave spectra it is ob-
served that the maximum energy closely coincide for all four cases, but the wavenumber
difference between ocean-wave spectra and SAR spectra peaks is generally non-zero. Dis-
crepancies can occur due to the non-linear nature of the SAR and RAR responses. A re-
duction of signal might occur in the cross-track direction, as velocity bunching (term B)
goes to zero and the spectral response caused by range bunching (term C) is typically a
bit smaller in the cross-track direction as the response smears over more wavenumbers
(see supporting material). An approach of the cut-off wavelength (related to term A) in
the azimuth direction, decreases the response at increasing k,. Waves with a relatively
high along-track wavenumber will therefore be dampened. The (along-track) resolution
depends on the sea state, or more precisely the velocity variance (term A) of the ocean (see
section about the SAR spectrum), but also on the coherence time of scatterers [42, 44, 60].
The typical coherence time of a C-band SAR imaging system (e.g., Sentinel-1, Envisat and
others) in open water is 50 ms [61]. At 50 ms the velocity variance is the dominant driver
for resolution loss. The coherence time for a Ku-band altimeter, with its shorter wave-
length, is smaller and therefore the resolution loss is likely more severe. Lastly, small dif-
ferences between the location of peak energy in the buoy-derived swell-wave and FFSAR
spectra may occur because of the non-linear responses of SAR, which are captured by
higher order terms in the G-function (Eq. 2.5) for which RAR and SAR are not indepen-
dent.

2.4.2 Sentinel-6A: RMC versus RAW

Sentinel-6A, launched in 2020, is equipped with the Poseidon-4, a Ku-band nadir-looking
SAR altimeter. To ensure continuous ocean observations while minimizing data volume,
the satellite employs an onboard Range Migration Correction (RMC) algorithm. This algo-
rithm reduces the data rate by truncating portions of each waveform, effectively halving
the transmitted data volume [62]. Figure 2.4 illustrates a FFSAR radargram where the ac-
quisition mode transitions from RMC (truncated operational product) to RAW (full beam-
limited footprint prior to truncation) over a calibration zone near the Channel Islands of
California. While the loss of the permanently truncated signal does not impact the quality
of the retrieved geophysical parameters (sea surface height, significant wave height, wind
speed), it is expected to affect swell retrieval, as long waves are more prominently featured
in the extended RAW window (see Figure 2.4).

To assess the signal loss impact on swell retrieval, we analyzed cases where both RMC
and RAW data are available over the same region during the commissioning phase around
the Hawaiian islands, covering repeat cycles 15-17. The RAW and RMC FFSAR L1b data
were obtained through the EarthConsole platform with support from the ESA Network
of Resources Initiative. Figures 2.5 and 2.6 present two cases: swells with a 15.5 second
peak wave period propagating along the track (Figures 2.5) and swells with a 12.4 second
peak wave period propagating across the track (Figures 2.6), as derived from data pro-
vided by the European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERA5)
[63]. The waveform-tail radargram for RMC spans a cross-track range of 4-7 km, while
for RAW it extends from 7-12 km, both measured relative to the retracked range bin at the
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Figure 2.4: Example of a Sentinel-6A FFSAR radargram representing multilooked wave-
forms with an along-track resolution of approximately 30 m (left). The data were acquired
over a RAW-to-RMC transition zone around the Channel Islands, California (right).

leading edge. With incident angles ranging approximately from 0 to 0.7 degrees across
the full waveform, the cross-track ground resolution improves with increasing distance
from nadir, as the range isolines become more closely spaced at the edges of the footprint.
The RAW waveform-tail radargrams demonstrate this enhanced ground resolution, where

wave-like patterns appear more defined and consistent compared to those in the RMC
radargrams.
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Figure 2.5: Swells in along-track: projected waveform-tail radargrams for RMC (top) and
RAW (bottom) acquisition modes, along with their corresponding FFSAR spectra, plotted
in polar coordinates for data acquired in the vicinity of the Hawaiian Islands. The gray
arrow indicates the satellite’s flight direction. ERA5-modeled wave and wind parameters
(black) and FFSAR-derived peak wave period (light pink) are also shown.

A comparison of SAR altimetry modulation spectra reveals that for waves propagating
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Figure 2.6: Swells in cross-track: projected waveform-tail radargrams for RMC (top) and
RAW (bottom) acquisition modes, along with their corresponding FFSAR spectra, plotted
in polar coordinates for data acquired in the vicinity of the Hawaiian Islands. The gray
arrow indicates the satellite’s flight direction. ERA5-modeled wave and wind parameters
(black) and FFSAR-derived peak wave period (light pink) are also shown.

along the track, both RMC and RAW modes closely match the ERA5-derived peak wave
period. In this scenario, the extended cross-track window of RAW does not provide ad-
ditional information, as no significant wave energy is expected around this propagation
angle. However, for cross-track propagating swells, only the RAW signals capture the dom-
inant swell system, with an estimated peak period of 13.5 seconds, while both RMC and
RAW detect a secondary peak at approximately 19.2 seconds.

This finding becomes even more apparent in Figure 2.7, where both cases involve
swells travelling cross-track. Under moderate wind conditions (i.e., above 6 m/s), it ap-
pears that RMC exhibits noisy low-frequency signals, resulting in an overestimation of
peak wave period by approximately 3 seconds compared to ERA5 data. Conversely, the
RAW-mode radargrams, where wave modulations are clearly depicted, exhibit significantly
reduced noise and peak wave periods that match modeled values within a 1-second mar-
gin. This analysis showcases the advantages of the increased ground resolution offered by
the full-beam footprint of Sentinel-6A, particularly when waves propagate in or near the
cross-track direction. The implications of along-track resolution loss are explored in detail
in Chapter 3.
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Figure 2.7: Two examples of projected waveform-tail radargrams from RMC and RAW ac-
quisition modes, each accompanied by their corresponding FFSAR spectra, plotted in po-
lar coordinates. Data correspond to acquisitions in the vicinity of the Hawaiian Islands.
In both cases, swells are observed traveling cross-track. The gray arrow indicates the
satellite’s flight direction. ERA5-modeled wave and wind parameters (black) and FFSAR-
derived peak wave period (light pink) are also shown.
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2.5 Conclusions and Recommendations

This chapter presented a method to compute SAR spectra from FFSAR altimetry data and
discussed the spectral response with the help of analytical and numerical modeling. FF-
SAR radargrams of CryoSat-2 data showed modulations of power in the trailing edge of the
waveforms in the presence of swells. A normalization of the intensity and a re-projection
of the range bins as a cross-track location allowed for a spectral analysis in a similar way
as for side-looking SAR systems. Features of the FFSAR spectra were compared to a model
developed for side-looking SAR data.

Side-looking SAR spectra only have an ambiguity of 180 degrees. FFSAR altimetry
spectra, however, exhibit power in four quadrants due to signals received from both sides
of the ground track. In addition, the RAR response differs from that in a side-looking SAR
system in terms of geometry and scattering mechanism. The largest term of RAR, range
bunching, appears to be at the same order of magnitude and often even larger than the
velocity bunching spectral response, depending on the wave height and direction. The
inversion of an FFSAR altimetry spectrum into an ocean-wave spectrum requires a better
understanding of the RAR response.

SAR altimeters show potential as an additional means to retrieve long-wave spectra.
Having currently four SAR altimeters in orbit, i.e., CryoSat-2, Sentinel-3A/B and Sentinel-
6, the dataset available for studying swell will be greatly expanded. Notably, the exploita-
tion of Sentinel-6A’s full-beam footprint offers significant advantages for swell retrieval
when waves propagate in or near the cross-track direction, benefiting from the extended
window and enhanced ground resolution compared to the operational RMC data. As swell
waves can be observed from two different instruments operating at different frequencies
the SAR and RAR responses can be studied in more detail by looking at cross-overs be-
tween side-looking SAR and altimeters. Besides that, the sampling is greatly enhanced,
which is especially beneficial for the study of waves radiating from tropical cyclones. Fi-
nally, the scaled integral of FFSAR derived long-wave spectra provides an estimate of sig-
nificant wave height for swell only. In combination with the significant wave height ob-
tained from low-resolution mode altimetry, we can discriminate between swell- and wind-
wave heights.
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2.6  Supporting Material

This supporting (S) material consist of an extended discussion about the selection of the
low-pass filter used to normalize the radargrams as well as a step-by-step description of
how the radargrams and the spectra are simulated, accompanied by the corresponding
results. S1 and S3 are presented here as published, whereas part of S2, consisting of ani-
mated figures, is available in the digital version of the publication (see "Supporting Infor-
mation": https://doi.org/10.1029/2021GL096224).

S1: Low-pass filter evaluation

Figure S1 shows four FFSAR spectra, as computed for case 2 (upper panels) and case 3
(bottom panels) in the main text, showing that a choice of a Gaussian low-pass filter of
width + 10 comparable to that used in the main text (filter width = 51), does not affect the
spectra for swell wavelengths ranging from approximately 250 m to 600 m.
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Figure S1: FFSAR spectra for case 2 (upper panels) and case 3 (bottom panels) of the main
text after applying different filters to the radargrams. Left column: Gaussian low-pass filter
of width = 41, right column: Gaussian low-pass filter of width = 61.
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$2: Successive FFSAR waveform-tail radargrams and modulation spectra of Cryosat-2
along the track

Several altimetry additional observations have been examined across the globe and pro-
vided in GIFs. The swell cases were identified using the CMEMS swell monitoring prod-
ucts (http://satwave-report.cls.fr/). The chosen locations are shown in Figure S2.
Each GIF contains a set of successive normalized/projected waveform-tail radargrams
with the associated modulaton spectra.

ascending
descending

Figure S2: Global map illustrating the locations of 5 (A-E) additional swell cases.

$3: Simulations of FFSAR waveform-tail radargram and modulation spectra

Several simulations have been carried out to better understand the altimeter response.
The RAR responses are hydrodynamic modulation, tilt modulation and range bunching.
According to Jackson et al. [64] and Li et al. [57], the hydrodynamic modulation can be
considered negligible compared to the other effects for nadir and near-nadir looking sys-
tems and, therefore, we do not take it into account in our simulations.

Tilt Modulation

To estimate the magnitude of the tilt modulation we use the geometrical optics approxi-
mation [58, 65]. Under an isotropic Gaussian assumption for the sea surface slope distri-
bution, we estimate the normalized radar cross section (NRCS) as given by Nouguier et al.
[66]:
|RI? 4 —tan?0
o= (S—Z)(sec 0) exp(T) 2.7

where 6 is the radar incidence angle, s the mean square slope and R the Fresnel co-
efficient at normal incidence. Note that both R and s relate to wind speed, and thus we
estimate them for 5,10 and 15 m/s wind speeds to investigate its impact in various wind
seas. In particular, we estimate R as given by [67] (Eq. 4) and s based on the Cox and Munk
clean surface relationship [68, 69]. Note that 0 takes values within the range shown in Fig-
ure 2.1 of the main text. Figure S3.1 represents the NRCS variations from its mean value
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as a function of the cross-track altimeter footprint, for its left and right sides. The dark
and light blue dashed lines represent the crest and valleys, respectively, of a monochro-
matic wave of 2 m significant wave height and 400 m wavelength. The results show that
the NRCS variations concern only 1.5-3.0% of the mean NRCS, which implies that the tilt
modulation is an order smaller than the range and velocity bunching. Therefore, tilt mod-
ulation will be ignored in the further analysis.
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Figure S3.1: NRCS variations from the mean NRCS as a function of the cross-track altime-
ter footprint for 5, 10 and 15m/s wind speeds.

Velocity and range bunching

In order to understand the velocity bunching and range bunching imaging mechanisms
for the nadir-looking altimeter we simulate radargrams for a monochromatic swell wave
and a surface generated from a narrow Gaussian spectrum. Note, that we do not include a
wind wave spectrum, as it would complicate the interpretation of the results. A wind wave
spectrum would increase the velocity variance and therefore effectively reduce the resolu-
tion. The secondary peaks, which are present in this analysis, will often be suppressed to
the noise level. The swell characteristics are set to be of 400 m wavelength, which is almost
equal to awave period (T) of 16 s, and 2 m and 4 m significant wave height so that they are
comparable to those we show in the main text. Four scenes are produced per surface type
based on different wave propagating angles with respect to the satellite track (0, 30, 60, 90
degrees). We consider three scenarios, i.e., a) range bunching and velocity bunching, b)
velocity bunching only and c¢) range bunching only to give a first-order approximation of
the magnitude of each contribution separately, but also, of their combination.

From sea surface generation to Level-1 FFSAR waveforms

A surface is generated on a square grid of 5 m x 5 m resolution ranging from 2500 to 8000
m across track, which is later cropped from 4000 to 7000 m across track to avoid edge
effects. A similar crop is done in the along-track direction. Using the elevation and the
cross-track distance, the distance from each scatterer to the satellite is computed. Next
to a surface elevation n (Eq. 2.8), we compute vertical surface velocity v, (Eq. 2.9), which
is the derivative of the surface with respect to time and therefore 90 degrees out-of-phase




30 SAR Altimetry Data as a New Source for Swell Monitoring

with the elevation. We multiply the velocity with the reciprocal of the angular velocity
B= % to compute the shift d y of each point in azimuth to simulate the velocity bunching
(Eq. 2.10). Then, the scatterers are grouped into batches of 20 m along track to simulate
the along-track multilooking. Each ‘echo’ representing 20 m along-track gets resampled
based on the range bin sampling of the altimeter (0.234 m for CryoSat-2) by computing
a histogram. Note that this histogram does not replicate the altimeter impulse response
function and therefore the results are only a first-order approximation of the response.
The normalization, projection, resampling and spectra filtering are done in the same way
as in the main text.

n(x,y) = Acos(xi + yx +0) (2.8)
vr(x,y) = wAsin(xg + yr +6) 2.9
dy=pv, (2.10)

where A is the amplitude, w the wave angular velocity, k. and k, the cross- and along-
track wavenumbers, respectively, and 6 phases that are taken randomly from the interval
[0,27].

Discussion

Below, Figures S3.2A-S3.3B represent each the simulated radargrams and spectra for prop-
agating angles of 0 and 30 (S3.xA) , 60 and 90 (S3.xB) degrees as obtained from a monochro-
matic swell of 2 and 4 m significant wave height (Hs), respectively, for the range bunching
scenario. Figures S3.4A-S3.6B and S3.7A-S9B represent each the simulated radargrams
and spectra for the aforementioned propagating angles as obtained from the Gaussian
derived scene with swell significant wave height of 2 and 4 m, respectively, for all three
scenarios. Note that expected spectra are computed for the complex Gaussian scenes as
well, after averaging 100 spectra derived each by a different Gaussian derived scene.

In general, both range and velocity bunching appear to be significant. In particular,
they both reveal strong signals at intermediate angles. The velocity bunching is much
stronger than the range bunching for along-track propagating waves, while velocity bunch-
ing disappears for cross-track propagating waves (Figures S3.5A-S3.6B and S3.8A-S3.9B).
The spectra are a result of a statistical process which can lead to deviations from the ex-
pected value. For waves propagating in the along-track direction the range bunching is
nearly zero, but a small signal remains as crests and troughs are captured in different
range bins, with different projected cross-track resolution. It is also observed that even
for a monochromatic wave the spectral response is smeared as we might have two max-
ima on one slope with a distance between them that depends on wavelength, amplitude
and direction (Figures S3.2A-S3.3B). Lastly, for small significant wave heights there is one
maximum near the slope maximum (Figures S3.2A/S3.2B), but if the slopes are larger than
the incident angle, two maxima appear that move towards the crest and the trough (Fig-
ures S3.3A/S3.3B).
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Figure S3.2A: RB — Monochromatic swell (T = 15 s, Hs = 2 m): simulated radargrams and
spectra for propagating angles of 0 and 30 degrees.
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Figure S3.2B: RB — Monochromatic swell (T = 15 s, Hs = 2 m): simulated radargrams and
spectra for propagating angles of 60 and 90 degrees.
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Figure S3.3A: RB — Monochromatic swell (T = 15 s, Hs = 4 m): simulated radargrams and
spectra for propagating angles of 0 and 30 degrees.
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Figure S3.3B: RB — Monochromatic swell (T = 15 s, Hs = 4 m): simulated radargrams and
spectra for propagating angles of 60 and 90 degrees.
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Figure S3.4A: RB+VB — Gaussian derived scene (T = 15 s, Hs = 2 m): simulated radargrams
and spectra for propagating angles of 0 and 30 degrees.
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Figure S3.4B: RB+VB — Gaussian derived scene (T = 15 s, Hs = 2 m): simulated radargrams
and spectra for propagating angles of 60 and 90 degrees.
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Figure S3.5A: VB - Gaussian derived scene (T = 15 s, Hs = 2 m): simulated radargrams and
spectra for propagating angles of 0 and 30 degrees.
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Figure S3.5B: VB — Gaussian derived scene (T = 15 s, Hs = 2 m): simulated radargrams and
spectra for propagating angles of 60 and 90 degrees.
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Figure S3.6A: RB - Gaussian derived scene (T = 15 s, Hs = 2 m): simulated radargrams and
spectra for propagating angles of 0 and 30 degrees.
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Figure S3.6B: RB — Gaussian derived scene (T = 15 s, Hs = 2 m): simulated radargrams and
spectra for propagating angles of 60 and 90 degrees.
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Figure S3.7A: RB+VB — Gaussian derived scene (T =15 s, Hs =4 m):
and spectra for propagating angles of 0 and 30 degrees.
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Figure S3.7B: RB+VB - Gaussian derived scene (T = 15 s, Hs =4 m):
and spectra for propagating angles of 60 and 90 degrees.
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Figure S3.8A: VB - Gaussian derived scene (T = 15 s, Hs = 4 m): simulated radargrams and
spectra for propagating angles of 0 and 30 degrees.
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Figure S3.8B: VB — Gaussian derived scene (T = 15 s, Hs = 4 m): simulated radargrams and
spectra for propagating angles of 60 and 90 degrees.
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Figure S3.9A: RB - Gaussian derived scene (T =15 s, Hs =4 m):

phi =0 deg
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Figure S3.9B: RB — Gaussian derived scene (T = 15 s, Hs = 4 m): simulated radargrams and
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Introducing the Azimuth Cutoff as an
Independent Measure for Characterizing
Sea-State Dynamics in SAR Altimetry

This study presents the first azimuth cutoff analysis in Synthetic Aperture Radar (SAR) al-
timetry, aiming to assess its applicability in characterizing sea-state dynamics. In SAR
imaging, the azimuth cutoff serves as a proxy for the shortest waves, in terms of wavelength,
that can be detected by the satellite under certain wind and wave conditions. The magni-
tude of this parameter is closely related to the wave orbital velocity variance, a key param-
eter for characterizing wind-wave systems. We exploit wave modulations exhibited in the
tail of fully-focused SAR waveforms and extract the azimuth cutoff from the radar signal
through the analysis of its along-track autocorrelation function. We showcase the capa-
bility of Sentinel-6A in deriving these two parameters based on analyses in the spatial and
wavenumber domains, accompanied by a discussion of the limitations. We use Level-1A
high-resolution Sentinel-6A data from one repeat cycle (10 days) globally to verify our find-
ings against wave modeled data. In the spatial domain analysis, the estimation of azimuth
cutoff involves fitting a Gaussian function to the along-track autocorrelation function. Re-
sults reveal pronounced dependencies on wind speed and significant wave height, factors
primarily determining the magnitude of the velocity variance. In extreme sea states, the
parameters are underestimated by the altimeter, while in relatively calm sea states and in
the presence of swells, a substantial overestimation trend is observed. We introduce an al-
ternative approach to extract the azimuth cutoff by identifying the fall-off wavenumber in
the wavenumber domain. Results indicate effective mitigation of swell-induced errors, with
some additional sensitivity to extreme sea states compared to the spatial domain approach.

39



40 Azimuth Cutoff for Sea-State Characterization in SAR Altimetry

3.1 Introduction

A thorough understanding of sea-state conditions requires accurate measurements of
ocean-surface parameters on a global scale. Over the past few decades, satellite altimeters,
including both Low Resolution Mode [10] and Synthetic Aperture Radar (SAR) [3], have
played a crucial role in providing geophysical parameters, such as wind speed, significant
wave height, and sea surface heights. Despite advancements, accurate characterization
of the sea state remains challenging. Explicit evidence of this is the primary error source
in sea surface height, referred to as sea-state bias [70, 71, 72, 73]. Several methods rely on
parametric models expressing this bias as a function of wind speed and significant wave
height [74, 75, 76, 77, 78, 79, 73, 80, 81]. Although significant improvements have been
reported over the years, persisting errors still exist, typically a few percentages of the sig-
nificant wave height, a magnitude considered substantial within the sea level error budget
[82].

Considering that different scales of ocean waves respond uniquely to variations in
wind, currents, and other oceanic processes, including wave breaking, a more diverse
set of observations is essential for an accurate characterization of ocean surface dynam-
ics. Several studies have reported the sensitivity of SAR altimeter responses to sea sur-
face motion [83, 60, 15, 84, 85]. Notably, a recent study demonstrated the possibility of
extracting vertical wave particle velocity information from the radar signal [86]. Wave or-
bital velocity primarily results from the fast vertical motions of long and mid-wavelength
wind waves and less from swells. For instance, a 500 m swell system with a 3 m signifi-
cant wave height contributes approximately 0.1 m? s~2 to the total variance of the wave
orbital velocity, while a moderate wind sea system, featuring an 11 m/s wind speed, 80
m wavelength, and 2 m wave height, contributes approximately 0.6 m? s~>—six times
more than the swell system [53]. On the other hand, the normalized radar cross sec-
tion (NRCS), derived from waveform power, is mostly sensitive to mid to short-wavelength
wind waves which strongly contribute to the mean square slope, a parameter describing
the sea surface roughness [87, 88]. Using parametrizations, the NRCS is coupled to near-
surface winds [89, 90]. Significant wave height encompasses contributions from long wind
waves and swell, yet discriminating between these two wave systems remains a challenge.
Given that higher velocity variance is associated with increased wind speed and larger
wind waves, it becomes evident that incorporating this parameter can aid in distinguish-
ing between wave components and, consequently, contribute to effectively constraining
wind-wave systems.

Side-looking SAR systems have demonstrated their capability to extract wave orbital
velocity information from the NRCS using image processing techniques [27]. These in-
struments image waves by leveraging Doppler misregistrations, resulting from the relative
motion of the satellite and surface targets [25]. In side-looking SAR, the primary intensity
modulation mechanism, known as velocity bunching, originates from Doppler misregis-
trations [44, 24, 25]. Scatterers move toward or away from the satellite, causing displace-
ments in the SAR image. The magnitude of these displacements depends on the line-of-
sight velocities of the wave particles and the range-to-platform velocity ratio [91, 24, 26].
The relatively high velocities of wind waves lead to large and random scatterer displace-
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ments, causing a blurring effect in the SAR images [56] and effectively degrading the res-
olution in azimuth [92, 93, 25]. By quantifying this resolution loss, the so-called velocity
variance of the wave field can be estimated. This quantification is typically realized by fit-
ting a Gaussian function to the along-track autocorrelation, resulting in the estimation of
the azimuth cutoff wavelength, a measure for the shortest waves that can be detected [26].
The relationship between azimuth cutoff and velocity variance has been exploited to con-
strain the wind-wave system using data from SAR imaging satellites, including Sentinel-1,
ERS1/2, and Envisat [94, 27, 53, 52].

Although SAR altimeters have not been originally designed for wave imaging applica-
tions, recent studies reported their ability to capture long waves, such as swells [7, 84],
using focusing algorithms [4, 47]. In particular, the trailing edge of the waveforms exhibits
intensity modulations induced by long waves that can be exploited to compute SAR al-
timetry directional spectra [84], comparable to the methods applied to Sentinel-1 images
[23, 46, 95]. Altimeters, however, experience due to their steep incident angles additional
strong modulations from range bunching and a cutoff in the cross-track direction, de-
pending on the significant wave height [84, 96]. This leads to a two-dimensional filter
with a width and length depending on the significant wave height and velocity variance,
respectively. Figure 3.1 displays four Sentinel-6A fully-focused SAR waveform-tail radar-
grams acquired under different wind and wave conditions. These radargrams are created
by considering solely the trailing edge of multilooked waveforms, generated using a post-
ing rate of 680 Hz, where intensity modulations are evident. In relatively moderate sea
states and in the presence of swells, wave-like patterns are captured (top panels). As wind
and significant wave height increase, the random wave orbital motion induces large scat-
terer misregistrations, resulting in a blurring effect (bottom panels), the nature of which
proved to be more complex compared to SAR imaging due to the different measurement
geometry, primarily related to the near-zero incident angle of SAR altimeters [96].
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Figure 3.1: Examples of Sentinel-6A fully-focused SAR waveform-tail radargrams. Wind
and wave conditions, given in the title of each panel, obtained from ERA5 products.
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In this work, we conduct the first azimuth cutoff analysis in SAR altimetry aiming to
enhance our understanding of the SAR altimeters’ capabilities in providing an additional
metric for characterizing sea-state dynamics. This article is organized as follows. Sec-
tion 3.2 discusses the processing steps of both the altimeter data, from Level-1A products
to fully-focused SAR waveform-tail radargrams, and the European Centre for Medium-
Range Weather Forecasts Reanalysis v5 (ERA5) [63] and Météo France Wave Model (MF-
WAM) [97, 98] data used to evaluate our results. In Section 3.3, we describe the method
used for the azimuth cutoff estimation in the spatial domain, evaluate our results against
wave models, and identify sensitivities in this approach. In Section 3.4 we introduce an
alternative method conducted in the wavenumber domain and perform a comparative
analysis between the altimeter and wave model-derived parameters, similar to Section 3.3.
In Section 3.5, we proceed with a qualitative comparison of the azimuth cutoff and veloc-
ity variance parameters with sea-state conditions and identify associated limitations in
both methods. In Section 3.6 we discuss the main findings and provide recommendations
for future research.

3.2 Data

This section is divided into two parts. The first part outlines the settings used for the focus-
ing processing of the altimeter radar signal and the post-processing of the fully-focused
SAR radargrams. The second part details the wave model parameters used to support our
analysis.

3.2.1 Sentinel-6A Data Processing

Our analysis concerns processing of Level-1A data of one Sentinel-6A repeat cycle (No.
77), spanning from 11-21 December 2022. To produce Level-1b fully-focused SAR mul-
tilooked waveforms, which are the input for our methods, we use the Omega-Kappa fo-
cusing algorithm [47] implemented in an updated version of the Standalone Multimission
Altimetry Processor [99]. The Omega—Kappa algorithm has demonstrated a substantial
reduction in computational time by operating in the frequency domain, as opposed to
the back-projection method that originally introduced the fully-focused processing tech-
nique in SAR altimetry [4]. The fully-focused SAR multilooked waveforms are obtained by
(a) averaging consecutive single looks (i.e., 13 individual FFSAR waveforms) from a 9 kHz
posting rate onto 680 Hz, corresponding to an approximately 12 m along-track spacing,
(b) zero-padding in range by a factor of 2 to double the sampling rate of the waveform
gate samples, and (c) using a Doppler bandwidth factor of 0.6 to effectively remove the
aliased part of the Sentinel-6 spectrum [100].

The azimuth cutoff analysis is performed by considering only the trailing edge, where
intensity modulations are observed. It is a fact that the fully-focused SAR processing algo-
rithm enables the generation of high-resolution along-track independent looks theoreti-
cally equal to half of the antenna length [4], while the nominal cross-track ground reso-
lution is uneven across the bins and increases as it obtains distance from the nadir. We
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generate fully-focused SAR waveform-tail radargrams with dimensions of approximately
10 km in azimuth and 4.5 km in range. The range window corresponds to bins between 140
to 250, with the leading edge being around bin 100, and an off-nadir cross-track distance
between 5 km and 9.5 km. Note that considering bins close to the leading edge, where the
ground sampling resolution decreases, introduces the risk of averaging out wavelengths
of the order of a few hundreds, thus affecting the cutoff estimation. As a last step, we fit
a fifth-order polynomial model in the along-track for each range bin separately, and then
subtract it from the initial signal, aiming to remove trends related to wind speed anomalies
occurring within the 10 km segment in along-track.

3.2.2 Wave Models

Due to the limited availability of in situ data in open oceans, we use ERA5 and MFWAM
parameters for evaluation purposes. The use of two different products enables the cross
evaluation of the results, taking into account that modeled data of different spatial and
temporal resolutions can capture different aspects of oceanic conditions. In particular, we
use wave spectra-derived integrated parameters, including significant wave height, peak
wave period, mean zero-up crossing period, and mean wave direction obtained at spatial
and temporal resolutions of 0.08 degrees every 3 hours from MFWAM and 0.50 degrees
every hour from ERA5. To help in the interpretation of the results, we additionally use
ERA5 wind speed estimates. The gridded parameters are bilinearly interpolated to the
along-track Sentinel-6A measurement locations. Focusing our work on open oceans, we
mask out areas where extremely calm sea states are expected, such as gulfs and inland
waters. We empirically identify these areas by setting a lower peak wave period threshold
at 8 seconds, using as reference the corresponding ERA5 parameter.

Figure 3.2 illustrates the global maps of the interpolated MFWAM (top panels) and
ERA5 (bottom panels) significant wave height and mean zero-up crossing period to the
Sentinel-6A tracks. These two parameters are used for the estimation of the model-derived
azimuth cutoff and wave orbital velocity variance, as shown later. In terms of geographical
patterns, the models display a high degree of resemblance. Table 3.1 provides correlation
coefficients and statistics of the differences of these wave parameters between the mod-
els. Notably, the significant wave height and mean zero-up crossing period reveal a high
correlation of 0.96 and 0.88, respectively. MFWAM parameters tend to be slightly higher;
on average 0.12 m for the significant wave height and 0.35 s for the mean zero-up cross-
ing period. Moreover, the standard deviation remains at relatively low levels at 0.38 m and
0.59 s, which represent 13% and 9% of the mean significant wave height and mean zero-up
crossing period values, respectively, underlining the credibility of the evaluation process.
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Table 3.1: Statistics of the differences and correlation coefficients between ERA5 and
MFWAM wave parameters.

MFWAM-ERA5 Mean Std.Dev. Corr. Coef.
Significant wave height [m] 0.12 0.38 0.96
Mean zero-up crossing period [s] 0.35 0.59 0.88

10
significant wave height MFWAM [m] mean zero-up crossing period MFWAM [s]

0 120 E 240 E 360 E L0 120°E 240°E 360 E

significant wave height ERAS5 [m] mean zero-up crossing period ERAS5 [s]

Figure 3.2: Interpolated significant wave height (left column) and mean zero-up cross-
ing period (right column) parameters of MFWAM (fop row) and ERA5 (bottom row) to
Sentinel-6A tracks.

Discrepancies between the models can be attributed to several factors. Firstly, each
model is expected to capture different scales of oceanic features based on their spatial
and temporal resolutions. Secondly, distinct parametrization techniques contribute to
model differences. And, thirdly, assimilation strategies vary significantly. MFWAM assim-
ilates significant wave height observations from the altimeters Jason-3, SARAL, CryoSat-2,
Sentinel-3 A/B, CFOSAT, and Sentinel-6A, as well as ocean-wave spectra from Sentinel-1
[101]. The ERA5 assimilates observations from SARAL and CryoSat-2 based on the opera-
tional stream [63].
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The ocean surface wave orbital velocity variance U%,m is approximated as a function of
significant wave height, Hy, and mean zero-up crossing period, Ty, as [102]:

0_2 — (zﬂ)z (3 1)
w2 T )

To properly interpret this parameter we have to consider that both ERA5 and MFWAM
have an upper frequency limit of approximately 0.55 and 0.58 Hz, respectively. This indi-
cates that waves with wavelengths shorter than approximately 5 m are not resolved. To
quantify the impact of this limitation, Figure 3.3 shows the ratio of the wave orbital ve-

locity variance for waves exceeding this frequency limit, denoted as o2 , to the total
ww,hf

wind-driven velocity variance, denoted as oﬁww. These variables have been derived using

Elfouhaily wind-generated wave spectra [103] in various fetches, while their ratio is pre-
sented as a function of wind speed. The fetch represents the distance over which the wind
has been consistently blowing in a constant direction. Wind waves shorter than 5 m ap-
pear to have a rather significant contribution to the total velocity variance up to moderate
wind conditions, exceeding 50% in cases characterized by relatively low wind conditions
(<5m/s).

Although our dataset mainly features moderate and high sea states, approximately
20% of the instances involve conditions with relatively low winds. In order to ensure a
comprehensive representation of the total wave orbital velocity variance across all exam-
ined sea states, we incorporate the contribution of waves shorter than 5 m wavelengths
into the model-derived estimates by implementing a spectral integration technique. Ini-
tially, the high-frequency wave orbital velocity variance (>0.55 and >0.58 Hz for ERA5 and
MFWAM, respectively) is quantified using the wind-driven Elfouhaily wave model [103].
Subsequently, this is summed with the estimates derived from the ERA5 and MFWAM
wave models.

100 N T
A = = = fetch=10km
“\ = = = fetch = 50 km
LK fetch = 100 km
801 \ fetch = 500 km
— LK fetch = 1000 km
R '
i LY
o g 60 \‘ \‘
® =
= \} A}
s 40 VN
~ = \ ~
S \\ \\\
S ~
~
20+ NS I
~ ~a

5 10 15 20 25
wind speed [m/s]
Figure 3.3: Ratio of the o2 o wave orbital velocity variance of high-frequency waves
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(>0.58Hz) to the Uﬁww total wave orbital velocity variance versus wind speed. The colors
represent the different fetches.
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3.3  Azimuth Cutoff Analysis in the Spatial Domain

As mentioned earlier, random motions in the line-of-sight result in random scatterer dis-
placements. These displacements cause a resolution loss that depends on range, R, and
platform velocity, V. The measure describing the shortest detectable wavelength, known
as azimuth cutoff A, can be expressed as [95, 26, 104, 27]:

R
Ae = ﬂv 0,2 (3.2)

where g2 is the line-of-sight-projected wave orbital velocity variance of the ocean sur-
face. Theoretically, the wave orbital velocity variance can be computed using the integral
of the two-dimensional wave spectrum, S(ky, ky) as:

o, = f w?S(ky, ky)dkydky (3.3)

where o represents the angular frequency computed as /gk assuming deep water

conditions, with k = /k2 + k§ the norm of the two-dimensional wavenumber (ky, ky) and
g the gravitational constant. Now, to estimate the azimuth cutoff we implement a method
in the spatial domain by minimizing the differences between the along-track autocorrela-
tion function of a fully-focused SAR waveform-tail radargram and a Gaussian function as
described in [26] and given as:

T 2
Angdy{Rxx(y)—e_(Ac'SyM) } (3.4)

where Rxx(y) is the autocorrelation function in the along-track direction y, which
is obtained by first computing the along-track autocorrelation for each range bin in the
waveform-tail radargram separately and then averaging them over all selected bins.

Figure 3.4 shows the along-track autocorrelation function of a fully-focused SAR
waveform-tail radargram. The scene is characterized by moderate wind and wave condi-
tions, featuring long swells with a period of 14.5 s propagating at an angle with respect to
the satellite azimuth direction. A closer examination of the autocorrelation shape reveals
its decomposition into the summation of two distinct spread functions. In the proxim-
ity of zero-lag, the narrow point spread function is associated with speckle noise, while
the wider Gaussian function’s width is related to the azimuth cutoff [26]. To ensure an
accurate estimate of the azimuth cutoff, the zero-lag is excluded from the model fitting
process, as illustrated in Figure 3.4. As a last step, we estimate the velocity variance by
simply rewriting Eq. 3.2 to

s [AV)?
Oy, SAR = 7R 3.5
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Figure 3.4: Example of the along-track autocorrelation function, depicted in gray color,
of a Sentinel-6A (S6A) fully-focused SAR waveform-tail radargram acquired for a scene
characterized by moderate wind and wave conditions. The blue dashed line represents
the Gaussian function. The yellow dash-dotted lines represent the Sentinel-6A azimuth
cutoff estimate. Sea-state conditions are obtained from ERA5 products.

Figure 3.5 provides a comparative illustration of the azimuth cutoff between Sentinel-
6A and ERA5 (top-panels) and Sentinel-6A and MFWAM (bottom panels). The azimuth
cutoff estimates for the wave models are derived from Eq. 3.2 with the substitution of 02
by Eqg. 3.1. Values below 50 m are excluded as the Gaussian fitting is poorly conditioned.
Both models exhibit similarly high levels of agreement with Sentinel-6A, with MFWAM
revealing a smaller dispersion, indicating a closer match to the satellite-derived values.
The color gradations correspond to wind speed and significant wave height in the left and
right panels, respectively. The azimuth cutoff is notably correlated to sea state, exhibit-
ing a clear increase with increasing significant wave height. To aid in the interpretation
of observed trends, the altimeter-derived azimuth cutoff estimates are grouped into in-
tervals of 50 m based on the modeled data and then averaged. The binned points are
illustrated with the square markers linked with solid gray lines. An overestimation trend
for values below 350 m and 400 m for ERA5 and MFWAM, respectively, is observed. This
observation is most likely related to the significant amount of sporadic extremes in low
azimuth cutoff model-derived estimates, identified for low-to-moderate sea states. For
wavelengths above 350 m, the values are consistently underestimated compared to ERA5,
while the underestimation trend in the MFWAM comparison is significantly smaller, no-
ticeable only above 600 m. Based on ERA5 estimates, the same trend appears to relate
to an increase in wind speed and wave height, in particular, above approximately 10 m/s
and 3 m, but this is only confirmed by MFWAM when the wind speed and the wave height
exceeds approximately 15 m/s and 5 m, respectively.
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Figure 3.5: Scatter plots of the azimuth cutoff estimated by Sentinel-6A in comparison to
ERA5 (top panels) and MFWAM (bottom panels). In the left and right panels, color gra-
dations correspond to wind speed and significant wave height, respectively. The square
markers linked with solid gray lines depict the average value of points grouped every 50 m
considering wave model-derived intervals. The gray dashed lines represent the scenario
where the azimuth cutoff of the satellite and wave model would align perfectly.

To further support the interpretation of these results we perform a sensitivity anal-
ysis based on different wind and wave conditions, the outcome of which is provided in
Table 3.2. Overall, the altimeter azimuth cutoff estimates reveal moderate correlations be-
tween 0.6 and 0.7 with respect to ERA5 and MFWAM, respectively. The standard deviation
of the differences is approximately 100 m, indicating a notable dispersion in the estimates.
The method tends to overestimate the azimuth cutoff in relatively calm sea states (posi-
tive mean values), while the opposite holds for high sea states (negative mean values), as
shown also in Figure 3.5. It is noticeable that for significant wave heights below 2 m and
above 5 m there is a weak correlation between model and satellite-derived azimuth cut-
off values, indicating the sensitivity of the Gaussian method in these oceanic conditions.
It is worth noting that comparable findings have emerged from applying this method to
Envisat’s SAR images [27].
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Table 3.2: Spatial domain analysis: statistics of the azimuth cutoff differences and corre-
lation coefficients between Sentinel-6A and wave models based on a sensitivity analysis of
the former to changes in wind speed, significant wave weight and a combination thereof.
The values outside and inside parentheses represent ERA5 and MFWAM results, respec-
tively.

Category Points Mean [m] Std. Dev. [m] Corr. Coef.
All data 318,590 (318,541) —16.47 (—10.59) 101.84 (96.70)  0.67 (0.71)
Wind speed [m/s]

Ul0<5 68,811 (68,794) 62.18 (63.08) 91.07 (93.67) 0.51 (0.51)
5<Ul0<15 237,359 (237,327) —32.65 (—27.71) 90.23 (86.14) 0.65 (0.70)
U10>15 12,420 (12,420) —143.04 (—-90.81) 95.64 (88.83) 0.65 (0.72)
Significant Wave Height [m]

Hs<2 78,345 (79,377) 12.19 (32.99) 95.17 (107.22)  0.07 (0.01)
2<Hs<5 224,755 (217,442) —22.73 (—-23.13) 100.29 (87.98) 0.48 (0.56)
Hs>5 15,490 (21,722) —70.62 (—44.83) 117.93 (90.75) 0.29 (0.48)
Significant Wave Height [m] and Wind Speed [m/s]

2<Hsand U10<5 36,167 (33,907) 52.80 (70.36) 94.28 (104.95)  0.14 (0.03)
2<Hs<5and5<Ul0<15 188,088 (178,709) —35.72 (—36.46) 91.30 (80.13) 0.51 (0.58)
Hs>5and U10> 15 8226 (8043) —126.12 (—87.94) 98.00 (77.78) 0.51 (0.70)

In order to gain a better understanding of the nature of these observations, we discuss
some problematic autocorrelation examples in the following section.

Gaussian Fitting Limitations and Sensitivities

Figure 3.6 presents along-track autocorrelation examples for two cases, each accompa-
nied by the corresponding fully-focused SAR waveform-tail radargram. The top panels
illustrate a scenario in which the SAR altimeter underestimates the azimuth cutoff. In this
instance, the wave model indicates a significant wave height of 5.2 m and a wind speed
of 15.3 m/s based on ERA5 parameters. While the Gaussian function appears to provide a
reasonable fit to the autocorrelation, the azimuth cutoff appears to be significantly under-
estimated by 157 and 204 m with respect to the MFWAM and ERA5 estimates, respectively.
Considering that underestimation of wave orbital velocity variance is also expected, given
the way we infer it through Eq. 3.2, one possible explanation for this observation is linked
to the ocean surface geometry. In particular, a recent study reported that a nadir-looking
system can capture only a fraction of the total distribution of vertical wave particle veloc-
ities, leading to its underestimation when velocity-slope dependencies are omitted [86],
as is the case in our method. Note that, as the examined oceanic conditions correspond
to wind seas characterized by large steepness, wave breaking can also contribute to addi-
tional errors.
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Figure 3.6: Examples of Sentinel-6A fully-focused SAR waveform-tail radargrams (left
panels) and their along-track autocorrelation functions (right panels), illustrated in gray
color. The blue dashed line represents the Gaussian function. The yellow, pink, and brown
dash-dotted lines represent the Sentinel-6A, ERA5 and MFWAM azimuth cutoff estimates,
respectively. Sea state conditions are obtained from ERA5 products.

Conversely, cases of extreme overestimation are mostly observed where the scene is
characterized by relatively low wind speed and in the presence of swells. An example is
given in the bottom panels of Figure 3.6. This case concerns a scene with significant wave
height and wind speed of 2 m and 5 m/s, respectively, while the peak wave period of 12
s indicates the presence of swells traveling at 71 degrees angle with respect to the satel-
lite azimuth direction. These long waves exhibit well-modulated patterns and appear to
dominate the shape of the autocorrelation, causing it to widen the main lobe. Again, al-
though the Gaussian function describes well the main lobe, the method cannot determine
properly the azimuth cutoff, exhibiting differences on the order of 500 m for both models.

To investigate the sensitivity to swell presence, Figure 3.7 provides four examples where
long waves propagate at different angles with respect to the satellite azimuth direction.
The autocorrelation appears to become a sinc-shaped function, with the size of the side
lobes dependent on the direction and magnitude of swells, leading to either narrowing
or stretching the width of the main autocorrelation lobe. The projected wavelength of
swell waves propagating near the cross-track direction will cause a signal projected in the
along-track that is larger than that of a swell wave propagating in the along-track direc-
tion. For a similar cutoff the cross-track propagating swell waves will therefore widen the
main lobe more than along-track propagating swell waves. In fact, it is probably unlikely
that cross-track waves will make the main lobe more narrow as its projected wavelength is
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also substantially larger than the along-track cutoff. In contrast, waves propagating along-
track exhibit a more sinc-like behavior. Even though the wavelength of the visible waves
must be larger than the cutoff, thus an overestimation might be expected, fitting a Gaus-
sian into the sinc-shaped signal might lead to an underestimation.
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Figure 3.7: Examples of along-track autocorrelation functions, depicted in gray color, con-
cerning SAR waveform-tail radargrams dominated by swells traveling in the cross-track
direction (top-left), at angle (top-right and bottom-left) and in the along-track direction
(bottom-right). The blue dashed line represents the Gaussian function. The yellow, pink,
and brown dash-dotted lines represent the Sentinel-6A, ERA5 and MFWAM azimuth cutoff
estimates, respectively. Sea-state conditions are obtained from ERA5 products.

The swell sensitivity has also been addressed in an analogous study that analyzed SAR
images acquired by Envisat [27]. Note that side-looking SAR systems have a different ge-
ometry. The autocorrelation of nadir-looking altimeters is likely more sensitive to swell
than side-looking SAR systems. A large fraction of the long-wave variability in backscatter,
that causes the cutoff to be visible in the autocorrelation, originates from near-cross-track
moving wind waves. The limited cross-track resolution of nadir-looking altimeters filters
these short wind waves, while the signals of swell are stronger than those in side-looking
SAR system due to the enhanced range bunching. Nevertheless, waves traveling closer to
the cross-track direction were reported to cause larger discrepancies compared to those
traveling closer to the along-track direction, an observation in line with our findings (re-
fer to Figure 3.7 and bottom panels of Figure 3.6). In the same study, the authors tried to
correct the overall errors by applying empirical corrections to the estimates, taking into
account parameters such as wind speed, normalized variance, and sigma naught (i.e.,
backscattering coefficient). Biases could largely be removed with this parametrization,
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but the precision remained rather poor. In the presence of swell, the shape of the auto-
correlation is contaminated and in most cases not suitable for cutoff estimation through
Gaussian fitting. Therefore, we make a first attempt to estimate the azimuth cutoff from
the wavenumber domain.

3.4  Azimuth Cutoff Analysis in the Wavenumber Domain

In the wavenumber domain, the azimuth cutoff A ris associated with a fall-off wavenum-
ber ky, = i—’;, a parameter we aim to extract from the one-dimensional spectrum com-

puted from the along-track autocorrelation, which will be referred to as spectral auto-
correlation function. Figure 3.8 illustrates an example of how we estimate the fall-off
wavenumber. The method constructs as follows. The spectral autocorrelation, shown in
gray color, is computed by applying a Discrete Fourier Transform to the along-track auto-
correlation function. The fall-off wavenumber, illustrated by the yellow circular marker,
is approximated by identifying the intersection point between a model fitted to the spec-
tral autocorrelation function and a threshold, that empirically is defined to be five times
the median spectral along-track autocorrelation function. This threshold appears to ef-
fectively identify the point where the signal’s background noise starts (around |k, | = 0.02
rad/m in Figure 3.8), providing a first-order approximation of the fall-off width [105].
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Figure 3.8: Example of the spectral autocorrelation function (gray solid line). The yellow
circular marker represents the fall-off wavenumber identified as the intersection point be-
tween the gray dotted line, depicting the threshold line equal to five times the median
spectral along-track autocorrelation function, and the blue solid line representing the
seventh-order polynomial model. The pink and brown dash-dotted lines represent the
fall-off wavenumber estimates from ERA5 and MFWAM, respectively. The yellow dash-
dotted represents the Sentinel-6A fall-off wavenumber obtained from the spatial domain-
derived azimuth cutoff estimate. Sea-state conditions are obtained from ERA5 products.
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Table 3.3: Root mean square errors (RMSE) of the azimuth cutoff differences between
Sentinel-6A (S6A) and wave model-derived values, calculated for varying numbers of sam-
ples considered in the spectral autocorrelation fitting.

RMSE
Azimuth Cutoff Differences [m]
20 50 100
S6A-ERA5 102.15 93.32 106.69
S6A-MFWAM 99.05 88.63 96.23

A seventh-order polynomial model is fitted to the decaying part of the spectral au-
tocorrelation function. The spectral autocorrelation function exhibits oscillations, that
initially reduced the fitting efficiency. To address this issue without altering its shape, a
low-pass moving-average filter with a window size of 5 is applied as a pre-processing step.
Lastly, we evaluate the fitting performance using 20, 50, and 100 samples, with sample 1
corresponding to the spectral peak. Table 3.3 presents the root mean square error (RMSE)
of the azimuth cutoff differences between Sentinel-6A and wave models for all the exam-
ined scenarios, identifying the optimal case when 50 samples are used. Consequently, we
continue the wavenumber domain analysis with this configuration.

Upon closer examination of the example presented in Figure 3.8, the sea-state condi-
tions are characterized by a significant wave height of 2.4 m and a wind speed of 5.0 m/s.
Swell waves with a peak period of 12.5 s are traveling at 68 degrees angle with respect to
the satellite azimuth direction. The azimuth cutoff estimate in the wavenumber domain
aligns well with the model-derived ones, exhibiting differences of 4 and 7 m with respect
to MFWAM and ERA5, respectively. In contrast, the spatial domain analysis exhibits a no-
table deviation of 253 and 256 m from MFWAM and ERA5 estimates, respectively, which is
primarily attributed to the presence of swells, as discussed earlier. To further investigate
the applicability of this method in various sea states we conduct a sensitivity analysis,
similar to the spatial domain case.

Table 3.4 provides statistics of the differences between wave model and Sentinel-6A
derived azimuth cutoff estimates. Azimuth cutoff estimates below 50 m are treated as out-
liers and excluded, similar to the spatial domain analysis. It is worth noting that this exclu-
sion constitutes about 2% of the total dataset, hence, we do not foresee any notable impact
on our comparisons between the methods. Examining the results obtained considering
the entire dataset, the azimuth cutoff correlation between satellite and wave models in-
creases by 10%, reaching 0.8 compared to the 0.7 calculated in the spatial domain analysis,
revealing a strong positive linear relationship between the variables. The standard devia-
tion dropped to approximately 80 m, indicating a smaller dispersion of the satellite esti-
mates compared to the model-derived ones. Examining the sensitivity of the method on
different sea states, we observe that the correlations are higher for low-to-moderate winds,
while the estimates agree significantly better for both low, moderate and high significant
wave height scenarios. In cases of extreme wind seas, exceeding 15 m/s, the correlation is
notably reduced. This observation could be attributed to a weaker linear relationship be-
tween the wave model and satellite-derived values obtained in the wavenumber domain.
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Table 3.4: Wavenumber domain analysis: statistics of the azimuth cutoff differences and
correlation coefficients between Sentinel-6A and wave models based on a sensitivity anal-
ysis of the former to changes in wind speed, significant wave weight and a combination
thereof. The values outside and inside parentheses represent ERA5 and MFWAM results,
respectively.

Category Points Mean [m] Std. Dev. [m] Corr. Coef.
All data 311,640 (311,594) —41.68 (—38.53) 83.50 (79.98) 0.79 (0.81)
Wind speed [m/s]

Ul0<5 66,918 (66,902) —17.93 (—-18.94) 58.16 (57.01) 0.68 (0.73)
5<Ul0< 15 232,486 (232,456) —43.010 (-41.03) 84.24 (82.20) 0.71 (0.73)
U10>15 12,236 (12,236) —146.30 (—98.16) 100.79 (104.69) 0.20 (0.26)
Significant Wave Height [m]

Hs<2 75,068 (73,463) —21.9 (-9.87) 75.83 (71.60) 0.51 (0.52)
2<Hs<5 221,198 (216,403) —40.26 (—38.98) 79.66 (76.09) 0.74 (0.76)
Hs>5 15,374 (21,728) —158.71 (—131.49) 79.38 (70.04) 0.58 (0.62)
Significant Wave Height [m] and Wind Speed [m/s]

Hs<2and Ul10<5 34,721 (32,190) —14.5 (-1.55) 61.11 (58.01) 0.47 (0.47)
2<Hs<5and5<Ul10< 15 185,075 (177,970) —42.65 (—-40.34) 82.21 (79.52) 0.68 (0.69)
Hs>5and U10 > 15 8139 (8050) —-180.21 (-139.01) 83.70 (81.39) 0.33 (0.30)

3.5 Discussion

Figures 3.9 and 3.10 present global maps of the azimuth cutoff and velocity variance pa-
rameters, respectively, with the top panels showing estimates from both models and the
bottom panels displaying Sentinel-6A results in the spatial (bottom left) and wavenumber
(bottom right) domains. The location of each value represents the midpoint of the fully-
focused SAR waveform-tail radargram used to estimate the corresponding along-track
autocorrelation function. Overall, the geographical patterns observed in the altimeter-
derived maps align well with wave models. It appears that the altimeter can effectively
capture wavelengths longer than approximately 100 m, with the highest values reach-
ing 1000 m, corresponding to velocity variances exceeding 2.5 m? s~2. Knowing that the
velocity variance is primarily driven by wind waves, high values are expected in regions
where wind seas are generated, such as the Southern Ocean and the North Atlantic. Com-
paring the level of agreement between the methods and the model-derived estimates, it
becomes apparent that the wavenumber domain analysis demonstrates a better perfor-
mance across the globe, compared to the spatial domain analysis. This applies also in
the estimation of the low azimuth cutoff and velocity variance values, implying that the
wavenumber domain method is less prone to errors in relatively calm sea-states. However,
the opposite holds in the Southern Ocean, where extreme waves are developing. Specif-
ically, the parameters estimated in the wavenumber domain are significantly underesti-
mated compared to those in the spatial domain, which, although also underestimated,
exhibit better agreement with wave models.
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Figure 3.9: Global maps of the azimuth cutoff as derived by ERA5 (top-left), MFWAM (top-
right), Sentinel-6A from the spatial domain (SD) analysis (bottom-Ieft), and Sentinel-6A
from the wavenumber domain (or Fourier Domain—FD) analysis (bottom-right). Each
map is accompanied by a histogram showing the distribution of the estimates on a loga-
rithmic scale.

To gain a better insight into the nature of the observed discrepancies with respect to
sea-state conditions, Figure 3.11 presents global maps of wind speed and peak wave pe-
riod from ERA5 in the top panels, while the velocity variance differences between Sentinel-
6A and ERA5 and Sentinel-6A and MFWAM are illustrated in the middle and bottom pan-
els, respectively. Note that, as the velocity variance is directly proportional to the azimuth
cutoff, we anticipate same sensitivities in the estimation of the latter. Examining the un-
derestimation patterns first, a strong relation with wind speed is observed. As discussed
above, both methods tend to underestimate the velocity variance in wind seas, with the
wavenumber domain analysis showing larger discrepancies. Here, it becomes evident
that this trend increases gradually with rising wind speeds, particularly noticeable above
10 m/s. Note that decorrelation, for example, due to wave breaking, is ignored, leading to
additional errors in extreme sea states.
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Figure 3.10: Global maps of the velocity variance as derived by ERA5 (fop-left), MFWAM
(top-right), Sentinel-6A from the spatial domain (SD) analysis (bottom-left), and Sentinel-
6A from the wavenumber domain (or Fourier Domain—FD) analysis (bottom-right). Each
map is accompanied by a histogram showing the distribution of the estimates on a loga-
rithmic scale.

Moving to the overestimation patterns resulted from the analysis in the spatial domain
(left middle and bottom panels) first, a significant amount of extremes becomes evident in
regions where low wind seas (<5 m/s) and long-period waves (swells >14 s) coexist, such
as west of Australia and in the central-east Pacific. As discussed in Section 4.3, the spa-
tial domain method is sensitive to swells as long-wave oscillations alter the shape of the
along-track autocorrelation function. This is effectively addressed when the radar signal
is analyzed in the wavenumber domain, as shown in the right middle and bottom panels
of Figure 3.11. The swell-induced errors are significantly mitigated, leading to a reduction
in the overall overestimation errors, as depicted in the accompanying histograms of the
differences. The remaining overestimation errors are dispersed and do not exhibit a clear
dependency on wind and wave conditions. Instead, they are most likely associated with
method sensitivities in accurately identifying the fall-off wavenumber by using a fixed sig-
nal’s noise threshold for the entire spectrum of sea states. Since the fall-off wavenumber
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method is introduced for the first time, additional research is required to enhance the ac-
curacy of fall-off wavenumber estimation through the spectral autocorrelation function.
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Figure 3.11: Global maps of the wind speed and peak wave period as obtained from ERA5
(top panels) and the velocity variance differences between ERA5 and Sentinel-6A in the
spatial domain (SD) (mid-left) and wavenumber domain (or Fourier Domain—FD) (mid-
right), MFWAM and Sentinel-6A in the spatial (bottom-left) and wavenumber (bottom-

right) domains. Histograms of velocity variance differences accompany the middle and
bottom panels.
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Overall, the root mean square error of the velocity variance varies slightly between
0.22 and 0.26 m? s~2 across the four examined scenarios, with the smaller error calculated
for the comparison between MFWAM and wavenumber domain derived values. It is im-
portant to acknowledge that, apart from the errors induced by the methods’ limitations,
inaccuracies in the wave models are also expected to contribute to the root mean square
error. For instance, MFWAM and ERAS5 use different modeling strategies to account for
the dissipation caused by white capping. The challenge to properly modeling this oceanic
process introduces biases to the wave parameters, particularly noticeable in the Southern
Hemisphere under high wind conditions [106]. Focusing on this region in Figure 3.11, dif-
ferences between ERA5 and MFWAM compared to the satellite-derived data are evident,
with MFWAM displaying a more consistent behavior with respect to the satellite. Addi-
tionally, unlike MFWAM, ERA5 does not incorporate current data, potentially introducing
inaccuracies in significant wave height estimates in areas influenced by strong currents.
Current-induced refraction can significantly modulate wave properties, occasionally re-
sulting in extreme wave heights [107]. Lastly, the development of swells introduces com-
plexity to the evolution of wave heights, resulting in a more gradual change as they travel
towards the tropics (<30 °N/S) [27]. Potential inadequacies in modeling this process could
introduce additional errors into our comparisons. Therefore, it is recommended to under-
take further efforts to carefully determine the source of errors, including the validation of
both methods against in situ data, such as buoys. Moreover, considering that the extrac-
tion of wave orbital velocity information is feasible using an unfocused SAR processing
technique [86], a comparative analysis could offer insights into the strengths and limita-
tions of each approach. Leveraging their distinct processing characteristics could enhance
our understanding of SAR responses to ocean dynamics.
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3.6 Conclusions and Recommendations

This study explored the imaging capabilities of Synthetic Aperture Radar (SAR) altimeters
in extracting wave orbital velocity information through the estimation of the azimuth cut-
off. The azimuth cutoff, a well-established measure for side-looking SAR systems, serves
as a proxy for the shortest detectable waves, in terms of wavelength, and is strongly related
to the variance of the wave orbital velocity. By extracting this parameter, we aim to provide
an additional measure to characterize sea-state dynamics from altimetry.

Initially, the azimuth cutoff was estimated by minimizing the residuals between the
along-track autocorrelation function of a fully-focused SAR waveform-tail radargram and
a Gaussian function fitted to it. To assess the method’s performance across various sea
states, a global-scale analysis was conducted using Sentinel-6A data from one repeat cycle,
spanning from 11-21 December 2022. Level-1b fully-focused SAR multilooked waveforms
were obtained using the Omega—Kappa focusing algorithm implemented in an updated
version of the Standalone Multimission Altimetry Processor. The results were compared
against two wave models, the ERA5 and MFWAM, for evaluation purposes.

Overall, the spatial domain analysis indicated that the altimeter can effectively cap-
ture waves longer than approximately 100 m. The algorithm performs reasonably well for
moderate wind and wave conditions, while underestimation trends appeared to gradually
increase with increasing wind speed and significant wave height. This observation is most
likely to be attributed to the fact that a nadir-looking altimeter tends to capture only a
fraction of the total distribution of vertical wave particle velocities, leading to its underes-
timation when velocity-slope dependencies are omitted [86], as is the case in our method.
Moreover, profound impact of swells led to an abnormal overestimation of the azimuth
cutoff in relatively calm wind seas. It was shown that the shape of the autocorrelation is
significantly affected by swells. The magnitude of these errors was found to depend also
on the wave propagation angle with respect to the satellite. Waves traveling closer to the
cross-track direction appeared to cause larger discrepancies compared to those traveling
closer to the along-track direction (refer to Figures 3.6 and 3.7). Overall, our findings are
in line with azimuth cutoff studies conducted for SAR side-looking systems, such as [27].

Considering that swell related errors stem from the shape of the along-track autocor-
relation function in the spatial domain, we made a first attempt to mitigate them by im-
plementing an alternative method, conducted in the wavenumber domain. We approxi-
mated the fall-off wavenumber k. by first fitting a polynomial model of seventh order in
the decaying part of the spectral autocorrelation function and then identifying its fall-off
width based on an empirically defined threshold, equal to five times the median spectral
autocorrelation function. The azimuth cutoff A r was then estimated as A = ,37’; Evalu-

ating our method against both wave models again, we achieved to significantly mitigate
the swell errors, improving the standard deviation of the differences between altimeter
and model-derived azimuth cutoff estimates, from approximately 100 to 80 m. Overall,
the wavenumber domain results are by 10% better linearly correlated with wave models
(from approximately 0.70 to 0.80 for both models). However, the analysis of the radar
signal in the wavenumber domain showed a more pronounced underestimation in wind-
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dominated seas compared to the spatial domain analysis. The velocity variance root mean
square errors were found to vary between 0.22 and 0.26 m? s™2 across the four exam-
ined scenarios, with the smaller error calculated for the comparison between MFWAM
and Sentinel-6A wavenumber domain derived values. Further validation of both methods
using in situ data is recommended as wave model inaccuracies are expected to contribute
to the overall error.

Moreover, an essential consideration when applying the azimuth cutoff autocorrela-
tion method to other SAR altimeters is that CryoSat-2 and Sentinel-3A/B operate in closed-
burst mode, unlike Sentinel-6A which operates in open-burst mode [108]. The former’s
radar signal transmission-reception configuration was found to introduce ambiguities in
the azimuth direction, visible as spatial aliases approximately every 90 m [109]. While
these aliases are anticipated to impact the shape of the along-track autocorrelation func-
tion, the extent of this effect requires in-depth investigation, a topic beyond the scope of
this study.

Lastly, the authors would like to emphasize that imaging ocean waves from SAR al-
timeters has undoubtedly opened up new applications. Leveraging the combined insights
derived from the leading edge analysis (significant wave height and wind speed) and the
trailing edge analysis (SAR directional spectra, azimuth cutoff and wave orbital velocity
statistics) we anticipate that we will be able for the first time to separate wind and swell
wave components in satellite altimetry.



Influence of Ocean Currents on Wave
Modeling and Satellite Observations:
Insights from the One Ocean Expedition

This study leverages in situ wave and positioning measurements collected during the One
Ocean Expedition 2023 in the Indian Ocean to evaluate the performance of wave models
and satellite observations within the highly dynamic environment of the Agulhas Current.
In January 2023, six OpenMetBuoy drifters were deployed in the Agulhas Current region.
Their high immersion ratio minimized wind effects, allowing them to follow the current
and return to the Indian Ocean by the Agulhas retroflection, collecting data for about two
months. Comparing surface current velocities from both the Mercator model and Globcur-
rent product with drifter data reveals underestimation for velocities over 0.5ms™", with
Mercator showing greater variability. Significant wave height and Stokes drift parameters
from MFWAM and ERAS5 were also evaluated against drifters. Both models tend to overes-
timate Stokes drift, more noticeable in ERA5, indicating sensitivity to wind seas. For signif-
icant wave height, both models agree well with drifter measurements, with correlations of
0.90 for MFWAM and 0.83 for ERA5. However, ERA5’s lack of surface current data combined
with its coarse resolution (0.5°) lead to underestimation of wave heights exceeding 2.5 m.
MFWAM products including and excluding currents exhibit root mean square errors of 0.39
and 0.45 m, respectively, when compared to drifter measurements. This confirms that ne-
glecting currents introduces additional errors, particularly in areas with sharp current gra-
dients. Analyzing MFWAM wave spectra, including and excluding currents, reveals wave
energy transfer attributed to wave-current interactions. The spatial extent of these inter-
actions is captured by satellite altimeters, revealing wave modulations, with considerable
wave height variations when waves cross eddies and the current core. The analysis is ex-
tended by evaluating the retrieval of swell parameters derived from various remote sensing
technologies, including SAR altimeters (Sentinel-3B, Sentinel-6A), SAR imagery (Sentinel-
1A) and wave spectrometry (CFOSAT), against drifter data. Comparisons demonstrated
good agreement while also revealing the cross-track imaging limitations of altimeters.
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4.1 Introduction

Understanding the complex interactions between ocean waves and currents is essential
for accurate wave forecasts as they significantly affect wave dynamics and energy distri-
bution. Ocean currents, influenced by factors such as wind variations, temperature and
salinity gradients, possess the ability to alter wave characteristics, including their ampli-
tude and direction. This phenomenon, known as refraction, instigates energy transfer
between currents and waves [110], often leading to the steepening of waves and the emer-
gence of abnormal sea states characterized by extreme wave heights [111, 32, 30]. Such
conditions can pose significant hazards to maritime activities and are critical for search
and rescue operations, emphasizing the need for high-quality wave forecasts in current
dominated regions to ensure safety. Additionally, surface currents affect air-sea interac-
tions, including the fluxes of heat, carbon dioxide and momentum. They also impact
coastal ecosystems, making it essential to monitor their strength and variability to un-
derstand environmental changes and ensure accurate climate predictions.

In recent decades, satellite remote sensing instruments have radically changed the
study of ocean waves and currents on a global scale. Satellite altimetry allows the esti-
mation of detailed maps of geostrophic currents [29], while offering consistent measure-
ments of significant wave height and stress-equivalent wind speed globally [10, 3]. Syn-
thetic Aperture Radar (SAR) altimetry has shown promise in retrieving swell wave spectra
[84, 96], while satellites like Sentinel-1 and CFOSAT contribute significantly to global wave
spectra products [16, 112]. Studies leveraging these advances have provided insights into
how surface currents deflect incoming swell waves, resulting in phenomena such as wave
trapping [113, 114, 115, 116, 117]. Despite these advances, accurately quantifying wave-
current interaction effects at regional scales requires high-resolution and multi-spectral
observations. However, challenges, such as data continuity, spatial resolution and cover-
age limitations, persist.

Wave models are essential for short-term forecasting (5-10 days) but often fail to cap-
ture the complex interplay between waves and currents, particularly when high-quality
current data are lacking or currents are entirely neglected. Notably, neglecting currents in
the simulations significantly affects wave height predictions, highlighting the need for sur-
face current forcing to prevent major discrepancies, especially in regions prone to devel-
oping extreme waves [32]. Once current forcing is considered, several factors contribute
to the complexity of accurately modeling its impact on waves. Some of them are related
to the complex ocean dynamics in coastal zones, where bathymetry, coastline geometry,
wave breaking and tidal variations complicate wave-current interactions [118]. These fac-
tors significantly influence the evolution of the wave field, intensifying the nonlinear inter-
actions between waves and currents [119]. Moreover, the spatial and temporal resolution
of wave models may fail to capture the rapid variability of currents [32], underlining the
ongoing need to improve these models through data assimilation methods and validation
activities against in situ measurements.

Undoubtedly, in situ measurements from moored buoys, drifters, and research vessels
provide highly accurate data. However, collecting such measurements over large spatial
scales is challenging due to high maintenance costs and maritime conditions. Conse-
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quently, relying solely on these data limits our understanding of the broader impacts of
currents on waves, which extend beyond local ocean processes. For instance, swell waves
interacting with strong currents can undergo refraction kilometers away from their initial
point of interaction, complicating the monitoring of their evolution [120].

The consideration of various data sources, including in situ measurements and satel-
lite observations, enhances our ability to better understand complex dynamics of ocean
circulation and achieve reliable predictions, thereby contributing to more accurate cli-
mate models and effective marine resource management. Our study exploits in situ mea-
surements from drifters deployed during the ESA-PECO2 Advanced Ocean Training Course
2023, part of the One Ocean Expedition1 2021-2023, in the Agulhas Current region to eval-
uate the current impact on wave models and satellite observations. The Agulhas Current
is considered one of the world’s strongest western boundary currents, with surface veloc-
ities exceeding 3ms~! [31, 121]. This feature makes its study essential for understanding
the climate system and marine biodiversity of the Indian Ocean. Moreover, its strength
and dynamic mesoscale structures provide a unique natural laboratory for studying wave-
current interactions.

The study is structured as follows. Section 4.2 details the methods and data acquisition
process, including in situ measurements, satellites, and wave models. Section 4.3 presents
comparative analyses of drifter-derived surface current speed, significant wave height and
surface Stokes drift against wave models and satellite products. Initially, we examine sur-
face current speeds as estimated by the drifters, the altimetry-derived Globcurrent? prod-
uct and the Mercator® model. Subsequently, we perform a similar analysis on the impact
of currents on significant wave height and Stokes drift products of the European Centre
for Medium-Range Weather Forecasts Reanalysis v5 (ERA5) [63] and Copernicus Marine
Environment Monitoring Service Météo-France WAve Model (MFWAM) [97, 98]. Section
4.4 extends this analysis by utilizing customized MFWAM wave spectra, computed both
with and without current forcing, highlighting the importance of including surface cur-
rent data in wave modeling. Section 4.5 focuses on the contribution of satellite altime-
try in identifying wave-current interactions, emphasizing the critical role of multi-source
data in understanding current-induced wave modulations. The wave spectra analysis is
extended by exploiting the in situ wave measurements to evaluate the performance of var-
ious remote sensing technologies, including the Sentinel-3B and Sentinel-6A altimeters,
Sentinel-1 SAR imagers and the CFOSAT wave spectrometer, on providing swells parame-
ters. The study concludes in Section 4.6 with a summary of the key findings.

Ihttps://oneoceanexpedition.com/
2https://doi.org/10.48670/mds-00327
Shttps://doi.org/10.48670/moi-00016
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4,2 Data and Methods

4.2.1 OpenMetBuoy Drifters

During the One Ocean Expedition 2021-2023, six OpenMetBuoy drifters were deployed in
the Agulhas Current region as part of the ESA-PECO2 Advanced Ocean Training Course
2023 held aboard the Statsraad Lehmkuhl sailing ship. The drifters, named OpenMetBuoy
[122], have lateral dimensions of 16 x 16 cm and a height of 9 cm, with approximately 3 cm
of overwater structure. Powered by alkaline batteries, these drifters had an operational pe-
riod of approximately two months, which could be extended with higher-capacity batter-
ies. Each drifter was equipped with an inertial measurement unit (IMU) with six degrees
of freedom, enabling precise high-frequency measurements of acceleration and angular
rates in the three spatial dimensions. Wave spectra, covering a frequency range between
0.040 and 0.307 Hz, were acquired at fixed intervals, with measurements taken for 20 min-
utes every three hours. Additionally, a GPS module was integrated for tracking the drifters’
positions every 30 minutes. Over the two-month data collection period, the drifters’ tra-
jectories revealed distinct movement patterns. Figure 4.1 depicts these paths, plotted over
mean surface current velocities obtained from the Copernicus Mercator product.

Four of the drifters were deployed within the core of the Agulhas Current, following the
current towards the retroflection area and then towards the Indian Ocean. In particular,
AC-01 and AC-02 were initially deployed together but drifted apart around the retroflec-
tion area. AC-05 and AC-06 were deployed approximately 12 hours apart with an initial
separation of over 200 km, yet remained relatively close to each other until their power
supplies were depleted. The remaining two drifters, ED-03 and ED-04, were deployed with
a separation of about 30 km in the anticyclonic and cyclonic part of a vortex pair south-
east of the Agulhas Current and quickly diverged from each other. Notably, both drifters
exhibited inertial oscillations over periods of days, likely induced by sudden changes in
local winds [123].

The observed patterns clearly show that the drifters closely followed the surface cur-
rents. Their small size and immersion-to-windage ratio minimized the impact of direct
windage effects, which proved especially advantageous in the Agulhas Current, where sur-
face drift is primarily driven by geostrophic currents [31]. As a result, we were able to infer
the surface current directly from the drifter trajectories,

As

Vdr

Here, At represents a 30-minute time interval and As the distance traveled by a drifter
during this period. An outlier removal scheme is implemented in two steps. First, outliers
are rejected, setting a threshold for records taken at time intervals of less than 30 minutes.
Secondly, records acquired with a time interval exceeding 3 hours were deemed to be of
poor quality and subsequently excluded from the analysis. Then, considering linear wave
theory, the significant wave height and the Stokes drift velocity are calculated from the
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Figure 4.1: Mean Mercator surface current velocities (v, is plotted in the background us-
ing inserted color scale) and drifters’ trajectories from 05-Jan-2023 to 28-Feb-2023: Four
drifters were deployed in the Agulhas core (AC) and two in the vicinity of eddies (ED). The
star-shaped markers indicate the deployment locations.
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Here 0 denotes the direction in which the wave component is travelling, w = 2x f is the
circular frequency with f the linear frequency and k the unit vector in the direction of
wave propagation [124]. For the purpose of our study, depth, denoted by z, is set to zero
as we are solely interested in surface Stokes drift velocities for our comparisons with the
drifter-derived estimates. Given that OpenMetBuoys provide one-dimensional frequency
wave spectra, thus lacking directional information, we simplify Eq. 4.3 to [125]

o0

Ust,dr (0) = éfw?’F(w) dw. (4.4)
0
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Table 4.1: List of the parameters and setup used as the forcing conditions for both satellite
and wave model products.

Mercator  Globcurrent (NRT) ERA5 MFWAM
spatial resolution 1/12° 1/4° 1/2° 1/12°
temporal resolution 6h 1h 1h 3h
wind speed N/A Global Ocean ERA5 IFS-ECMWEF
bathymetry ETOPO1 ETOPO1 ETOPO2 ETOPO2

(a) Mercator PSY4 (daily)
current forcing N/A N/A NO (b) Globcurrent (daily)
(c) NO

Copernicus Product ID:WIND_GLO_PHY_L4_NRT_012_004

4.2.2 Wave Models and Satellite Observations

Table 4.1 outlines the configuration characteristics of the wave and current products used
in our study. The operational Copernicus Mercator global ocean analysis and forecast sys-
tem [126] and the Copernicus ESA Globcurrent product [29] are considered for the surface
current analysis. Mercator provides 6-hourly surface current data, whereas Globcurrent
provides hourly estimates derived from a combination of Copernicus Marine Service near
real-time satellite geostrophic surface currents and modeled Ekman drifts, utilizing Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) near real-time wind speed
data. Both products ignore the effects of Stokes drift. To maintain consistency with the
surface speeds recorded by the drifters, we consider only surface currents by setting depth
to zero. Mercator’s gridded data are available at a resolution of 1/12°, whereas Globcurrent
has a resolution that is three times coarser, 1/4°.

The surface Stokes drift and significant wave height are obtained from the MFWAM
model [127, 97, 98], an operational global ocean analysis and forecast system, and the
ERAS5 product [63]. ERA5 combines historical observational data with advanced modeling
techniques to produce reanalysis. This involves the assimilation of data from satellites,
weather balloons, buoys and ground stations. Specifically, ERA5 assimilates observations
from SARAL and CryoSat-2 based on its operational stream [63]. In contrast, MFWAM in-
corporates significant wave height observations from altimeters such as Jason-3, SARAL,
CryoSat-2, Sentinel-3 A/B, CFOSAT, and Sentinel-6A, as well as ocean-wave spectra from
Sentinel-1 [128]. In terms of resolution, MFWAM provides 3-hourly instantaneous esti-
mates with a spatial resolution of 1/12°. In contrast, ERA5 provides hourly data, thus
enhancing temporal resolution by a factor of 3 compared to MFWAM. However, ERA5’s
spatial resolution is six times coarser, at about 1/2°.

Notably, ERA5 does not incorporate surface current forcing, whereas MFWAM uses
the operational Mercator forecast product. In particular, the standard MFWAM product is
forced by surface currents from the global Mercator PSY4 ocean forecasting system, which
provides daily updates. Given the differences in setup and forcing systems between ERA5
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and MFWAM, direct comparisons for evaluating current impact on wave evolution could
be misleading. To address this, we conduct two additional experiments: one with MFWAM
forced by the Globcurrent product and another without surface current data. This setup
allows us to investigate the impact of currents on wave height by comparing three differ-
ent MFWAM runs: one with model-derived currents (Mercator), one with satellite-derived
currents (Globcurrent), and one excluding current data, as shown in Table 4.1. Lastly, both
the wave models and Globcurrent product are interpolated using the nearest neighbor
technique to the drifters’ locations accounting for the different sampling intervals of the
GPS (30 minutes) and wave (3 hours) measurements.

4.3 A Comparative Analysis Along Drifters’ Trajectories:
Satellite Observations and Wave Models Against in Situ
Measurements

4.3.1 Surface Current Velocity

Figure 4.2 presents maps of in situ-derived surface current speed along the drifter tra-
jectories and those obtained by the Mercator and Globcurrent products. Compared to
the drifters’ measurements, both Mercator and Globcurrent appear to underestimate the
surface current velocities within the core of the Agulhas Current and in areas beyond
its retroflection, an observation previously reported for Globcurrent by Hart-Davis et al.
[129]. The accompanying density plots, which include around 18,400 data points, show
that this trend persists in both products when current speeds exceed approximately 0.5ms™!.

Globcurrent aligns more closely with drifter data, exhibiting a linear correlation of 0.84
and an RMSE (Root Mean Square Error) of 0.32ms~L. In contrast, Mercator displays a
correlation of 0.51 and an RMSE of 0.52ms~!. The decomposition of the RMSE into bias
and standard deviation [130] reveals that bias has a negligible impact on the total error of
the examined products (see Table Al, supporting material).

These discrepancies can be partially attributed to the spatial and temporal resolution
limitations of the products, which may not capture small-scale dynamics effectively. The
observed underestimation of surface currents by the Mercator model aligns with findings
in Mercator’s Quality Information Document [131]. This document indicates that when
compared to in situ measurements from drifting buoys, the underestimation can range
from 20% in strong currents to 60% in weak currents. Although the inclusion of Stokes
drift, particularly during storms, may improve modeled surface velocities, its magnitude
is expected to be relatively small in regions with strong currents, such as the Agulhas. This
is because the current speeds in such areas are typically much higher than the Stokes drift,
diminishing the latter’s impact on the overall surface velocity. Globcurrent’s performance,
which partially depends on satellites’ coverage and revisit period, may be constrained by
its tendency to smooth small-scale dynamics affected by local wind variations and current
variability [129].
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Figure 4.2: Surface current velocity interpolated along the six drifter trajectories from Mer-
cator (top-left), Globcurrent (top-right) and as measured by the drifters (middle). Density
plots of drifters’ measurements versus Mercator (bottom-left) and Globcurrent (bottom-
right). A regression line is shown in red color. The dashed black line represents the line of
equality when in situ = model [m s~

Considering the variability in current strength in the study area, we analyze specific
aspects for each drifter. Figure 4.3 presents scatter plots of surface speed for individual
drifters, contrasting their measurements with those from the Mercator and Globcurrent
products in the top and bottom panels, respectively. Notably, the four drifters deployed
within the current core (AC-01, AC-02, AC-05, AC-06) show significantly better alignment
with Globcurrent, exhibiting linear correlation coefficients ranging from 0.79 to 0.86, com-
pared to Mercator’s 0.32 to 0.60. In contrast, drifters located around eddies exhibit varying
correlation patterns. Mercator shows very weak correlations, with coefficients of 0.10 and
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Figure 4.3: Scatter plots of drifter-derived surface current velocity versus Mercator (fop
panels) and Globcurrent (bottom panels) for each drifter separately. A regression line is
shown in red color. The dashed black line represents the line of equality when in situ =
model. Unit: ms™!

-0.11 for drifters ED-03 and ED-04, respectively, which are statistically well below the sig-
nificance level. In contrast, Globcurrent maintains relatively good agreement, achieving
moderate correlations of 0.58 and 0.77, respectively. As mentioned earlier, instances of
near-surface inertial oscillations are revealed in Figure 4.1. These oscillations, driven by
the Coriolis effect, lead to circular, counterclockwise trajectories in the southern hemi-
sphere, and are particularly evident in the latter part of drifter ED-04’s path.

4.3.2 Stokes Drift and Significant Wave Height

Although surface Stokes drift is expected to be significantly smaller than the geostrophic
current in the Agulhas region, our primary focus is on evaluating the ERA5 and MFWAM
operational products against in situ measurements. As shown in Figure 4.4, this analysis
includes Stokes drifts derived from drifters, compared with ERA5 and MFWAM, along with
their corresponding scatter plots. The analysis encompasses approximately 3,000 data
points, which is notably fewer than those used in the surface current analysis. This is due
to the less frequent sampling rate of wave spectra, which was set to 3 hours.

The drifters recorded surface Stokes drifts reaching up to approximately 0.3ms™!, with
both models consistently overestimating these values. Particularly ERA5 shows a pro-
nounced tendency towards higher estimates. In evaluating model performance via cor-
relation coefficients, both models demonstrated a reasonable alignment with drifter data:
MFWAM achieved a correlation of 0.80, while ERA5 recorded a lower correlation of 0.72,
albeit accompanied by notable variability. In terms of accuracy, assessed through RMSE,
both models perform similarly, achieving 0.04 and 0.05ms™! for MFWAM and ERA5, with
bias and standard deviation being comparable (see Table A1, supporting material).

Note, that as reported by Breivik et al. [125] and Ardhuin et al. [132], implementing an
unidirectional approach may result in an overestimation of the Stokes drifts by approx-
imately 15-19%, while in swell-dominated seas the impact is less. Therefore, this would
lead to relatively larger discrepancies compared to wave models. However, given that the
observed Stokes drifts do not exceed 0.3ms™!, and considering that geostrophic forces,
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Figure 4.4: Surface Stokes drifts interpolated along the six drifter trajectories from ERA5
(top-left), MFWAM (top-right) and as measured by the drifters (middle). Scatter plots of
drifters’ measurements versus ERA5 (bottom-left) and MFWAM (bottom-right). A regres-
sion line is shown in red color. The dashed black line represents the line of equality when
in situ = model. Unit: ms™!

being predominant, can nearly be ten times stronger, the influence of our assumption is
likely minimal. Thus, we deem this assumption to fall within the noise level of our mea-
surements [133], rendering its impact negligible.

Various factors could contribute to the observed discrepancies, including differences
in wave model setup and forcing parameters. For example, the relatively coarse spatial
resolution of 1/2° in ERA5 might fail to capture small-scale dynamics influenced by local
wind variations, aligning with the observed average Stokes drift direction [134]. An indi-
vidual analysis of the drifters’ trajectories indicates a comparable level of overestimation
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across all data points, with linear correlations ranging from 0.69 to 0.85 for both models,
with MFWAM achieving approximately 10% higher correlation. Detailed plots of these
correlations can be found in the supporting material (see Figure Al).
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Figure 4.5: Significant wave height interpolated along the six drifter trajectories from ERA5
(top-left), MFWAM (top-right) and as measured by the drifters (middle). Scatter plots of
drifters’ significant wave height measurements versus ERA5 (bottom-left) and MFWAM
(bottom-right), colored to indicate the drifters’ surface current speeds vg, (ms~'). A re-
gression line is shown in black color. The dashed black line represents the line of equality
when in situ = model. Unit: m

Similar to the analysis of Stokes drifts, Figure 4.5 presents maps of significant wave
height estimates as derived from both models against drifters. The maps suggest good
correspondence for both models. In particular, correlations of 0.90 and 0.83 and RMSE
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of the differences at 0.39 and 0.54 m are calculated between the drifters and MFWAM,
and the drifters and ERAS5, respectively. Notably, ERA5 exhibits larger discrepancies and
a distinct trend of underestimation with increasing wave height, particularly for waves
exceeding approximately 2.5m. This trend can by described by a negative bias of 0.23
m for ERA5, compared to 0.04 m for MFWAM, while in terms of variability the standard
deviation is estimated at 0.48 and 0.38 m, respectively (see Table Al, supporting material).

A considerable part of the underestimation in both MFWAM and ERAS5 appears to be
linked to the surface current strength, as indicated by the coloring of the scatter points
based on drifter-measured current speeds. In particular, ERA5 does not incorporate sur-
face current data into its simulations, overlooking the impact of currents on wave evo-
lution. Specifically, ERA5’s lack of accounting for wave refraction and steepening effects
leads to larger discrepancies compared to MFWAM, with errors occasionally exceeding 2
m in extreme sea states. This observation underscores the critical role of incorporating
current modeling within wave forecasting systems. An individual significant wave height
analysis of the drifter trajectories reveals similar trends to Figure 4.5, with linear correla-
tions ranging from 0.73 to 0.95 (see Figure A2, supporting material). MFWAM consistently
outperforms ERA5, confirming the impact of current and eddies on wave height forecasts.

A comparison between significant wave height and Stokes drift results reveals con-
trasting trends: while significant wave heights are underestimated, Stokes drift shows a
tendency to be overestimated with increasing sea states. In our study area, wave heights
are primarily dominated by swells generated from distant storms. The underestimation
of wave heights in high sea states suggests that wind speeds during these storm events
may be underestimated, creating uncertainties in the initial wind-waves growth condi-
tions and, consequently, affecting the transition to swell regime. In contrast, the overesti-
mation of Stokes drift can be attributed to the use of a Phillips wave spectrum shape for
the high-frequency part of the spectrum in both ERA5 and MFWAM, which tends to dis-
tribute excess energy in this range [135]. Additionally, the upper frequency cutoff for both
models is significantly higher than that of the drifters (0.56 Hz for MFWAM and 0.55 Hz
for ERA5, compared to 0.30 Hz for the drifters). Taking into account that Stokes drift esti-
mates are sensitive to high-frequency components—magnified by the w® = (27 f)* factor
(Eq. 4.4)—this suggests that noise will propagate into the final estimates, thereby amplify-
ing inaccuracies.

Given the inherent complexities of absolute comparisons between different models,
which are developed using varied wind, wave, and current forcing systems, along with dif-
ferent spatial and temporal resolutions as shown in Table 4.1, such comparisons can ad-
mittedly complicate interpretation of differences. While geostrophic currents dominate
in the region, we must also acknowledge topographic steering and wind-driven small-
scale ageostrophic components that are captured by the drifters but not necessarily by
the models. Lastly, errors related to instrument performance and method implementa-
tion may also contribute to RMSE. Therefore, the next section discusses additional experi-
ments, customizing MFWAM with different current forcing settings to assess the potential
weaknesses and strengths inherent in each scenario.
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4.4  Surface Current Impact on Wave Parameters and Ocean
Wave Spectra

4.4.1 Significant Wave Height and Stokes drift

In this experiment, MFWAM is run with (a) the Mercator surface current product, (b) the
Globcurrent surface current product, and (c) without currents. Figure 4.6 illustrates the
fluctuations in significant wave heights along the path of each drifter per model from the
date of deployment until February 28.
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Figure 4.6: Time series of significant wave height derived from each drifter and the
MFWAM products. The wave heights measured by the drifters are shown as dots, col-
ored to indicate the corresponding surface current speeds (vgq;).
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Overall, in relatively calm current conditions (< 0.5ms™ 1) and up to moderate signif-
icant wave height (< 3m), the model runs align closely with in situ measurements. How-
ever, under higher wave conditions—particularly when wave heights exceed 4 m, likely
indicating storm events—the models begin to diverge with increasing current speed. For
instance, drifter AC-01 recorded two significant wave height peaks of around 6 m at the
end of January and February, while experiencing current speeds above 1.5ms~! and below
1.0ms™!, respectively. Notably, the first peak was also recorded by drifter AC-02. These in-
stances indicate a pronounced underestimation of wave height associated with increased
drifter speeds. This suggests that higher current speeds likely introduce significant un-
certainties in wave forecasts when currents are not considered, with discrepancies some-
times exceeding 2 m in high sea states, as also shown in the analysis of ERA5 data (Fig-
ure 4.5) and further illustrated in Figure A3 of the supporting material. Conversely, the
MFWAM run excluding current data can lead to an overestimation of wave height, as ob-
served for AC-05 on February 3. This can be attributed to the alignment between wave
and currents in this case, with a mean wave direction of 232° relative to North according
to MFWAM and a current flow direction of 223° based on Globcurrent. When waves and
currents propagate in the same direction the momentum flux to the waves is reduced,
and, consequently, the exclusion of current in modeling can result in an overestimation
of wave heights [32]. The impact of not including current data in the simulations is also
evident in the RMSE, which increases to 0.45 m compared to 0.39 m when Mercator and
Globcurrent current data are integrated into the model (see Table Al, supporting mate-
rial). This result also suggests that both Mercator and Globcurrent perform equally well
compared to drifters when current dynamics are considered.

Continuing our analysis of Stokes drifts, Figure 4.7 compares in situ measurements
with the customized MFWAM results. Although all model runs generally capture the over-
all in situ trends, a systematic overestimation is evident across the models. A comparison
between MFWAM-Mercator, MFWAM-Globcurrent and MFWAM-no-current runs reveals
that current forcing has only a marginal impact, as Stokes drift is primarily driven by lo-
cal winds. This suggests that the inclusion of current data does not significantly impact
the overall accuracy of Stokes drift predictions. Overall, the discrepancies observed across
the model experiments seem to be within the noise level, with the RMSE calculated to
be about 10% of the mean modeled Stokes drifts, suggesting a relatively minor but still
noticeable variance (see Table Al, supporting material).

As previously mentioned, Globcurrent is produced by combining geostrophic veloci-
ties, derived from altimeters, with modeled Ekman drifts, while neglecting the impact of
Stokes drift. Given that Stokes drift reaches up to approximately 0.3ms™! according to our
analysis, its contribution to the overall surface velocity is expected to be small. However,
in scenarios with weaker currents, incorporating Stokes drift could potentially improve
the agreement between satellite observations and in situ measurements.
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Figure 4.7: Time series of Stokes drift (vs;) derived from each drifter and customized
MFWAM runs indicated by the different colors.

4.4.2 Ocean wave spectra

Taking into account the influence of currents on the wave field and the resulting energy
transfer, we will now investigate the wave spectra computed by all three model exper-
iments and drifters to highlight their impact. We focus on three areas for detailed ex-
amination, and, for simplicity, we concentrate on data from a single drifter, namely AC-
01. As shown in Figure 4.1, this drifter followed the Agulhas current core, experiencing a
wide range of current speeds, allowing us to evaluate the impact of varying current condi-
tions. Averaged Mercator and Globcurrent surface velocities over the experiment period
are shown in the top-left and top-right maps of Figure 4.8, respectively. The examined
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zones are around the core of the Agulhas Current (zone A) and its retroflection (zones B
and C). All cases represent collocations within 1 hour and 20 km distance between gridded
MFWAM points and drifter locations to minimize the impact of local wind-wave condition
differences. The unidirectional wave spectra from both drifters and MFWAM runs (panels
a-c) as well as the MFWAM directional (panels d-1) wave spectra reveal distinct patterns
and variations.

In zone A, with current speeds reaching about 2.4ms™!, swells travel northeast at 41.7°,

while long-period wind waves come from the opposite direction at 192.8°. The one-
dimensional wave spectra provided by model runs with Globcurrent and Mercator closely
match the drifter’s significant wave height estimates, with discrepancies of 2 and 32 cm,
respectively (panel a). Ignoring current refraction results in a more peaky wave spectrum
for both swell and wind waves and an overestimation of the significant wave height by 73
cm. The impact of currents on waves is also captured in the MFWAM directional spread
where wave energy is spread across frequencies and directions due to refraction (panels d,
g vsj). Notably, wave energy decreases when current refraction is included, an observation
that has also been reported in other studies [32, 136]. It is evident that when currents are
accounted for, swells with a peak wave period of about 13 seconds are slightly shortened
to 12 seconds under a current strength of 2.4ms~!, without noticeable impact on their
propagation direction.

In zone B, within the retroflection area, the current strength decreases to 1.6ms™".

Swells dominate, traveling northeast at 51.6°, while wind waves are much weaker, travel-
ing east-west at 89.9°. The drifter records a significant wave height for the swell at 7.4 m,
with its one-dimensional wave spectrum featuring a high-energy swell peak nearly four
times larger than those reported by all model runs, indicating a considerable underesti-
mation of the significant wave height (panel b). Specifically, Mercator and Globcurrent
underestimate the wave height by 1.9 and 1.4 m, respectively. Without current data, the
underestimation reaches 2.6 m, a critical magnitude for accurate wave forecasting and
marine safety. Overall, the observed wave height variability underscores the challenges of
modeling dynamic marine environments and the need for ongoing refinement of model
parameters, especially in extreme wave conditions. In contrast to zone A, the directional
wave spectra show minor signs of wave energy spread, indicating that swells of the same
order of magnitude, i.e., 13 seconds, can maintain their wavelength and propagation di-
rection when current speeds reach 1.6ms™! (panels e, h vs k).
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Figure 4.8: Maps of the Mercator (fop-left) and Globcurrent (fop-right) surface velocities
averaged over January-February 2023. MFWAM and drifter-derived unidirectional (a-c)
and MFWAM directional (d-I) wave spectra (m?/Hz/deg) in the current core (A) and
its retroflection (B,C) using Mercator (MERC), Globcurrent (GLOBC) and without current
forcing (NOCUR). Parameters: MFWAM wind wave direction (6,,,,) and primary swell di-
rection (fs,,), ERA5 wind speed (U10) and drifter derived surface speeds (vg;).
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Continuing with the retroflection area, zone C involves a much weaker current, ap-
proximately 0.5ms~!. Similar to zone A, swells travel northeast (53.5°), while a weaker
wind sea originates from the opposite direction (161.4°). The significant wave height is
recorded at 2.07 m, with Globcurrent providing an accurate forecast at 2.06 m (panel c).
In contrast, both the Mercator and no-current scenarios reveal larger wave energy peaks,
leading to wave height overestimations by 50 and 30 cm, respectively. Signs of wave en-
ergy spread are still evident when currents are included in the directional wave spectra,
but they are much less pronounced than in zone A due to the weaker current strength
(panels f, i vs 1). In terms of swell modulations, the MFWAM-Globcurrent run aligns well
with the no-current scenario, showing a 12-second peak wave period compared to 13 sec-
onds for the MFWAM-Mercator product. However, the MFWAM-Globcurrent wave spec-
trum reveals a significant decrease in wave energy around the peak period. Consulting
the drifter one-dimensional wave spectrum, it is evident that the MFWAM-Globcurrent
run demonstrate better alignment with the drifter measurements.

Overall, the analysis of wave spectra between the standard MFWAM runs, using the
Mercator current product, and those computed after forcing the wave system with satel-
lite observations, i.e., Globcurrent, reveals that the latter shows better agreement with the
in situ measurements. As discussed in detail in Section 4.3.1, the Mercator product under-
performs compared to Globcurrent, showing extreme variability in the region of interest.
Specifically, for drifter AC-01, which this analysis examines, the correlation between the
drifter and the model was calculated at 0.49, while Globcurrent achieved a significantly
higher correlation at 0.84 (Figure 4.3). Furthermore, some observed discrepancies can
be attributed to Mercator’s inability to effectively resolve mesoscale vorticity [32]. This
shortfall may lead to significant errors, particularly in regions with strong currents like the
Agulhas region.

4.5 Satellite Altimetry

4.5.1 Signatures of Current-Induced Wave Modulations

As previously mentioned, wave refraction is not a local process. Waves continue to be
modulated by currents many kilometers away from their initial point of interaction [120].
While drifters are useful for validation and calibration activities, and essential for localised
wave field monitoring, using them to monitor and study the impact of refraction across
wide areas is impractical as one would need to deploy hundreds of drifters simultaneously
to effectively capture its spatial extent. To investigate wave refraction on a broader scale,
we use the Global Ocean L3 1-Hz significant wave height product from near-real-time
satellite observations (https://doi.org/10.48670/moi-00179). This dataset includes
data from Sentinel-3A/B, Sentinel-6, CFOSAT, ALTIKA, CryoSat-2, HY-2B, and Jason-3.
These satellites provide comprehensive coverage that enables a detailed analysis of wave
refraction patterns over extensive geographic areas and under various conditions.

To evaluate the performance of the satellites against drifters, we first conducted a
comparative analysis. For the mono-mission satellite-based along-track significant wave
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height measurements, collocations were implemented using constraints of a 15-minute
time window and a 20-kilometer radius around each independent drifter record using the
open-source WAVY software (https://github.com/bohlinger/wavy, Bohlinger et al.
[137]). Figure 4.9 illustrates the significant wave height time series, demonstrating good
agreement between in situ measurements and satellite observations across a wide range
of wave conditions and regardless of whether the sensors were positioned around the core
of the current or its associated eddies.
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Figure 4.9: Time series of significant wave height measurements per drifter along with
collocated satellite altimetry observations obtained from the Copernicus Global Ocean
L3 Significant Wave Height product (1 Hz). Collocation criteria: 20 km and 15 min
around each drifter measurement point. The satellite observations from Altika-SARAL
(al), CryoSat-2 (c2), Jason-3 (j3), CFOSAT (cfo), HY-2B (h2b), Sentinel-3A/B (s3a/s3b),
Sentinel-6A (s6a) are color coded.

To quantify this agreement, a comparison of the closest satellite records to each drifter
position was performed, revealing a correlation of 0.97 and an RMSE of 24 cm. Since no in-
terpolation was applied to match the exact drifter positions, part of the discrepancies may
be attributed to wave height modulations induced by wave-current interactions, including
refraction effects that continue to develop several kilometers away from the drifters’ loca-
tions. It is noteworthy that the satellites demonstrate good performance even in high sea-
state conditions. For instance, Sentinel-3A and Jason-3 along with Altika measured wave
heights up to 6 m on January 24 and February 20, respectively, observations in line with
drifer AC-01’s measurements. Similarly, between 25 and 29 January CFOSAT, CryoSat-2,
Jason-3 and Altika captured wave heights of approximately 4.5 and 5 m around the eddies,
aligning well with the measurements from drifters ED-03 and ED-04.
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Figure 4.10 provides insights into the evolution of refraction. Estimates of significant
wave heights along the paths of drifters AC-05 (left panel) and ED-03 (right panel) are il-
lustrated, superimposed on Mercator current velocities averaged over the period January-
February 2023. In this deep-water region, collocated altimeter tracks extend hundreds of
kilometers from the drifters’ points, demonstrating how the wave heights are modulated
by the Agulhas Current and its surrounding eddies. Notably, waves, regardless of their ini-
tial height, exhibit pronounced modulations when traversing the area of current return
and the observed eddy. In contrast, tracks that span regions outside the influence of the
current, where surface speeds are reported below 0.5ms™! (h2b1, h2b4), show only mi-
nor variations in wave height. Within the eddies, waves are observed to either steepen
(h2b3) or flatten (s3b). Several studies have reported that these dynamics are significantly
influenced by the direction in which the waves encounter the current [32, 132, 114]. Con-
sidering the additional information acquired by the drifters in our study, this collocation
experiment provides clear evidence of the importance of using multi-source data to map
the complex interactions between waves and currents as well as their spatial extent in re-
gions with strong currents.
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Figure 4.10: Mean Mercator current velocities with superimposed significant wave height
estimates from drifter AC-05 (left panel) between January 9, 2023 and February 28, 2023,
and from drifter ED-03 (right panel) between January 9, 2023 and February 20, 2023. Col-
located altimetry data from Sentinel-3A/B (s3a/s3b), Sentinel-6A (s6a), and HY-2B (h2b)
are also illustrated, using as criterion a 15-minute acquisition time difference between
satellite observations and drifters’ measurements.

4.5.2 Evaluation of Intensity Modulation Spectra from Various Sensors

As discussed in Section 4.4.2, swell waves are only marginally affected by ocean currents.
Given that, the analysis is extended by cross-comparing different remote sensing tech-
nologies providing long wave observations, using as reference in situ measurements. The
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Sentinel-1 mission, a constellation of C-band SAR side-looking satellites launched in 2014,
2016 (early end of mission in 2022) and 2024, was designed to measure, among others, di-
rectional wave spectra by collecting radar images over the ocean in Wave Mode [138]. No-
tably, long waves can also be imaged in coastal areas, where Sentinel-1 operates in Extra
Wide Swath Mode. Although no operational wave spectrum product is currently available
for this data acquisition mode, preliminary comparisons of intensity modulation spectra
with Sentinel-6A have shown good agreement in swell retrieval [100]. CFOSAT, launched
in 2018, carries a wave spectrometer at Ku-band, named Surface Waves Investigation and
Monitoring (SWIM), pointing at 6 incident angles between 0 and 10° with a rotating beam
antenna over 360° [139]. The nadir-looking configuration provides wind speed and sig-
nificant wave height estimates, while the off-nadir looking signals are used to compute
directional wave spectra. Since the inversion of intensity modulation spectra into ocean
wave spectra has not yet developed for SAR altimeters, we focus on cross-comparing mod-
ulation spectra products, using as reference drifter-derived wave spectra.

Case study 1: Sentinel-6A vs CFOSAT

On January 6, 2023, the drifter ED-04 recorded long swells with a peak wave period of
about 16 sec (0.063 Hz) and an overall (wind and swells) significant wave height of 2.3
m. A crossover was identified between CFOSAT and Sentinel-6A at a distance of approxi-
mately 100 km from the drifter (34.10° S, 34.45° E), as illustrated in Figure 4.11. The time
difference between acquisitions from both satellites and drifter was less than 1 hour. The
white box represents the processing window (70 x 90 km) used for the computation of the
CFOSAT SWIM modulation spectrum, which was freely downloaded by the AVISO+* web-
site. The purple lines represent the processing window of Sentinel-6A (3 x 90 km). The
Sentinel-6A modulation spectrum was computed as described in Altiparmaki et al. [84]
using level-1A products from the EUMETSAT’s® data catalogue. To match the area cov-
ered by CFOSAT, the Sentinel-6A modulation spectrum was computed by averaging six
consecutive spectra, each computed in windows of 15 km along-track.

Figure 4.12 presents both the satellite-derived modulation spectra and drifter-derived
frequency wave spectrum. Similar to SAR imaging, CFOSAT'’s spectra exhibit a directional
ambiguity of 180° [57], while the SAR altimeter reveals two additional peaks caused by re-
ceiving signals from both sides of the ground footprint, resulting in inseparable returned
signals, as detailed in Altiparmaki et al. [84]. Since the source of these replicas was investi-
gated in detail in Chapter 2, their interpretation will be excluded from the discussion. The
drifter’s wave spectrum reveals a narrow low-frequency swell peak that is about four times
larger than the high-frequency wind-wave components, indicating swell dominance at
the time of acquisition. However, wind speeds recorded by both CFOSAT and Sentinel-6A,
shown in Figure 4.11, exceed 15 m/s, suggesting the presence of high sea states around the
crossover area. Examining peak wave period estimates, both satellites align closely with in
situ measurements, with recorded values of 15.5, 15.2, and 15.8 seconds for Sentinel-6A,

4https://www.aviso.altimetry.fr/en/missions/current-missions/cfosat/access-to-data.
html
Shttps://www.eumetsat.int/sentinel-6
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CFOSAT, and the drifter, respectively.
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Figure 4.11: Sentinel-6A (S6A) and CFOSAT (CFO) passes, depicting wind speed observa-
tions, on the 16th of January 2023, visualized in Ocean Virtual Laboratory (OVL), Ocean-
DataLab. The white box represents the processing area used for the CFOSAT modulation
spectrum acquisition, while the purple lines represent the boundaries of the processing
window for Sentinel-6A. The ED-04 drifter trajectory is visualized with the green hexagon
markers. In the background the geostrophic surface current streamlines from Globcurrent
are shown. Snapshot from OVL: https://odl.bzh/hQ93fvMz.

In terms of peak wave direction, CFOSAT and Sentinel-6A capture peaks at 229° (or
49°) and 210° (or 30°) with respect to North, demonstrating reasonably good agreement.
As no directional data are available from the in situ measurements, the true swell direction
cannot be confirmed. Additionally, a slightly weaker peak appears in both modulation
spectra at lower frequencies, around 240-250°, suggesting the presence of a secondary,
less energetic swell system, also captured in the drifter’s spectrum at around 17 sec (0.058
Hz).
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Figure 4.12: Directional modulation spectrum from CFOSAT (left panel), directional mod-
ulation spectrum from Sentinel-6A (middle panel) and frequency wave spectrum from the
ED-04 drifter (right panel) on 16 January 2023. The values in the colorbar represent power
spectral density.


https://odl.bzh/hQ93fvMz

4.5 Satellite Altimetry 83

Case study 2: Sentinel-3B vs Sentinel-1A

On January 16, 2023, the drifter ED-03 measured swell waves with a peak period of about
14 sec (0.070 Hz) and an overall significant wave height of 2.6 m. Around 100 km from the
drifter’s location (35.70° S, 28.39° E), a Sentinel-3B pass coincided with a Sentinel-1A radar
image acquired in Extra Wide Swath Mode, as illustrated in Figure 4.13. The acquisition
time difference between the spaceborne observations and the in situ measurements was
less than 4 hours. The white box represents the processing window for Sentinel-1A (20 x
20 km). For consistency, the Sentinel-3B window was set to the same length along-track,
with a cross-track ground coverage window of 3 km (3 x 20 km).
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Figure 4.13: Sentinel-3B (S3B) pass, depicting wind speed observations, and Sentinel-
1A (S1A) Extra Wide Swath Mode acquisition on the 16th of January 2023, visualized in
Ocean Virtual Laboratory (OVL), OceanDatalLab. The white box represents the process-
ing area used for the Sentinel-1A and Sentinel-3B modulation spectra computation. The
ED-03 drifter trajectory is visualized with the red hexagon markers. In the background
the geostrophic surface current streamlines from Globcurrent are shown. Snapshot from
OVL: https://0dl.bzh/dILfrjIj.

Figure 4.14 compares the intensity modulation spectra from Sentinel-3B’s nadir-
looking SAR and Sentinel-1A’s side-looking SAR, alongside the drifter’s frequency wave
spectrum. The latter reveals two high-energy peaks at frequencies below 0.10 Hz, indi-
cating the presence of two distinct swell systems, along with a significantly lower peak
at higher wind-driven frequencies. Wind speed measurements from Sentinel-3B suggest
relatively high local wind sea conditions with values exceeding 15 m/s.

Sentinel-3B and Sentinel-1A show good agreement in measuring the peak wave pe-
riod, with values of 14.4 and 14.8 seconds, respectively, while the drifter records slightly
shorter waves at 13.7 seconds. However, there is a notable difference in peak wave direc-
tion: Sentinel- 1A registers the most energetic peak at 273° (or 93°) relative to North (swell
1), while Sentinel-3B’s peak is captured at 220° (or 40°). Examining the Sentinel-1A spec-
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trum more closely, a second, weaker peak is observed around 220° (swell 2), which aligns
well with Sentinel-3B. The fact that Sentinel-3B does not capture the most energetic swell
system can be attributed to the large cutoff wavelength in the cross-track direction, where
resolution loss can be more pronounced than in the along-track direction under moder-
ate and high sea state conditions, and is proportional to significant wave height [96]. The
dashed orange arrow, representing the satellite azimuth, confirms that the swell 1 sys-
tem is traveling nearly in the cross-track direction. Considering that the significant wave
height reaches 2.6 m according to drifter data, the cross-track cutoff wavelength could ex-
ceed 300 m (Eq. 29, Kleinherenbrink et al. [96]), which is comparable to the estimated
peak wavelength in this case (a 14.4 sec wave period corresponds to a wavelength of ap-
proximately 325 m using linear wave theory). This example highlights the advantage of
using a larger cross-track measurement window for retrieving swell spectra, as discussed
for Sentinel-6A in Chapter 2.4.2. Lastly, although Sentinel-1A is capable of measuring wind
waves with wavelengths at least as short as 30 m when it operates in Wave Mode, no high-
frequency signals are observed in this case. This could be attributed to the resolution of
the radar image used in this analysis, which was acquired in Extra Wide Swath Mode and
has a lower ground resolution compared to Wave Mode (20 x 40 m versus 5 x5 m).
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Figure 4.14: Directional modulation spectrum from Sentinel-1A (left panel), directional
modulation spectrum from Sentinel-3B (middle panel) and frequency wave spectrum
from the ED-03 drifter (right panel) on 16 January 2023. The values in the colorbar repre-
sent power spectral density.
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4.6 Conclusions and Recommendations

This study has investigated in situ wave measurements collected in the Agulhas Current
during the ESA-PECO2 Advanced Ocean Training Course 2023, part of the One Ocean Ex-
pedition 2021-2023, to evaluate the influence of wave-current interactions on wave mod-
els and altimetry-derived products. In January 2023, six OpenMetBuoy drifters were de-
ployed in the Indian Ocean, in and around the Agulhas Current. Over approximately
two months, these drifters recorded wave spectra and their location, enabling the esti-
mation of significant wave height and Stokes drift along their paths. Additionally, drifter
speeds were estimated using GPS data, allowing estimates of surface current speeds, as
the drifters experienced minimal direct windage due to their high immersion ratio.

The analysis first focused on surface current products. The Copernicus ESA Globcur-
rent product combines altimetry-derived geostrophic currents with Ekman drift computed
from atmospheric forecasts. We found that this product tends to underestimate surface
velocities exceeding approximately 0.5ms™!. A similar underestimation with a signifi-
cantly greater variability was observed for the Mercator surface current product. More-
over, circular trajectories indicative of inertial oscillations were observed over periods of
days, likely driven by rapid changes in wind speed and direction.

Further, we compared modeled surface Stokes drift and significant wave height from
ERA5 and MFWAM with the in situ measurements. ERA5 consistently underestimated
significant wave heights over 2.5 m, while MFWAM demonstrated good agreement with
drifter data. Both models tended to overestimate the Stokes drift, with ERA5 showing
greater variability. The absence of current forcing in ERA5, coupled with its coarser spatial
resolution (1/2°) compared to MFWAM (1/12°), likely contributes to the decreased accu-
racy of ERA5 in areas with strong currents, emphasizing the complexities and challenges in
accurately modeling wave-current interactions in dynamic regions like the Agulhas Cur-
rent.

A customized MFWAM run which excludes current forcing revealed an underestima-
tion of wave height, occasionally exceeding 2 m as current velocities increase compared
to drifter current estimates. A comparison of the directional MFWAM wave spectra, both
with and without current data, demonstrated how current-induced refraction alters the
shape of the wave spectra. The refraction bends the waves, causing them to become
steeper or flatter and directionally more spread. Furthermore, the MFWAM model forced
with Globcurrent surface currents tends to align closely with drifter observations and even
outperforms the operational MFWAM model that uses Mercator-derived currents.

The study continued with a comparative analysis of significant wave heights from the
drifters with those from collocated satellite altimeter observations from various missions,
showing good correspondence. Notably, current-induced wave refraction patterns are ob-
served along the satellite tracks, with wave heights being significantly modulated when
crossing eddies or the current core. These findings highlight the need for high-resolution
models and multi-source data integration to achieve accurate wave forecasts.
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Moreover, a multi-mission analysis of swell parameters demonstrated good agreement
between various remote sensing technologies and in situ data. While Sentinel-1 and
CFOSAT provide accurate swell observations through well-established techniques, no op-
erational swell data are currently available from SAR altimeters. With four SAR altime-
ters currently in orbit (Sentinel-3A/B, Sentinel-6A, and CryoSat-2) and the anticipated
launches of two more (Sentinel-6B in 2025 and Sentinel-3C in 2026), a synergistic ap-
proach could substantially enhance wave products, offering high temporal and spatial
resolution data crucial for oceanographic studies and forecasts.

Lastly, the authors would like to emphasize that the data analyzed in this study were
collected during the Australian summer, a period with comparably milder storm activ-
ity relative to the winter season in the southern region. A year-round field campaign
would be necessary for a comprehensive validation of satellite products and models, as
it would capture a wider spectrum of sea states and current variability, including extreme
conditions associated with storm periods, where the examined products demonstrated
increased sensitivity.
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4.7 Supporting Material

This section provides supplementary information regarding the analyses between wave
models, satellite observations and in situ measurements. In particular, Figure Al presents
scatter plots illustrating the relationship between Stokes drift values estimated by drifters
and those estimated by the ERA5 (top panels) and MFWAM (bottom panels) models. Each
subplot represents collocated data in both time and space for each drifter separately. The
scatter plots highlight areas of agreement and discrepancy, providing a visual representa-
tion of models performance.

0.4 3 0.4 7 0.4 s 0.4 3 0.4 3 0.4 7
R=074 R=070 R=08 R=075 R=069 R=069
4 4 e 7z 7 e
2 7 v e 4 e e
7 v 4 4 4 4
c 0.2 / 0.2 A 0.2 . 0.2 L 0.2 . 0.2 A
(4 & ' 7 7z 4
v ’ d v 7’ 7
v v
0! 0!
0 0.2 0.4 0 0.2 0.4 0 0.2 04 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
0 3 0.4 7 0.4 7 0.4 3 0.4 7 0.4 "

R=083 R=080 R=085 R=084 R=076 R=078
s 4 4 e 7z e
= <4 e 4 , e e

4 4 7 4
E 0.2 4 0.2 0.2] , 0.2 A 0.2 /A 0.2] /
s 7 4 ’ 1 4 2
<4 v v v ’ 7
v ’ ”
0! 0 0! 0
0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
AC-01 AC-02 ED-03 ED-04 AC-05 AC-06

Figure Al: Scatter plots of surface Stokes drift versus ERA5 (fop panels) and MFWAM (bot-
tom panels) for each drifter separately. A regression line is shown in red color. The dashed
black line represents the line of equality when in situ = model. Unit: ms™!

Similarly, Figure A2 depicts scatter plots for significant wave height, comparing the
drifter measurements with those derived from the ERA5 (top panels) and MFWAM (bot-
tom panels) models.
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Figure A2: Scatter plots of significant wave height from drifters versus ERA5 (top panels)
and MFWAM (bottom panels) for each drifter separately. A regression line is shown in red
color. The dashed black line represents the line of equality when in situ = model. Unit: m

Table A1 summarizes statistics of all examined scenarios. Key metrics, including root
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mean square error (RMSE), mean (bias), and standard deviation (Std. Dev.), provide a
quantitative assessment of the performance of all the examined current and wave prod-
ucts against drifters. The correlation coefficients (Corr. Coef.) further indicate the strength
of the linear relationship between models, satellite observations and in situ measure-
ments. In addition, Figure A3 presents scatter plots of significant wave height (left-panel)
and Stokes drifts (right-panel) as obtained from the drifters and the customized MFWAM
runs.

Table Al: Statistics of the differences and correlation coefficients of wave models and
satellite-derived products against in situ measurements from the OpenMetBuoy (OMB)
drifters.

Bias Std.Dev. RMSE Corr. Coef. (-)

Surface current speed [m 5_1]

Mercator — OMB -0.06 0.52 0.52 0.51
Globcurrent — OMB -0.09 0.31 0.32 0.84

Surface Stokes drift [ms™!]

ERA5 — OMB 0.03 0.04 0.05 0.72
MFWAMpgre — OMB 0.02 0.03 0.04 0.80
MFWAMg; opc — OMB 0.03 0.03 0.04 0.75
MFWAMpocuRr — OMB 0.03 0.03 0.04 0.78

Significant wave height [m]

ERA5 — OMB -0.23 0.48 0.54 0.83
MFWAMMERC — OMB -0.04 0.38 0.39 0.90
MFWAMg1 0Bc — OMB -0.04 0.39 0.39 091
MFWAMnNocuUr — OMB -0.06 0.45 0.45 0.88
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Figure A3: Scatter plots of significant wave height (left-panel) and surface Stokes drifts
(right-panel) as obtained from the drifters and the customized MFWAM runs.



Conclusions and Recommendations

This chapter synthesizes the key conclusions of this research and suggests potential direc-
tions for future studies. For a detailed discussion of the conclusions, the reader is referred
to Chapters 2, 3, and 4.

The primary objective of this PhD dissertation was to investigate the imaging capabil-
ities of near-nadir looking SAR altimeters over ocean surfaces. To achieve this, the first
step involved exploiting intensity modulations revealed in off-nadir full-focused SAR sig-
nals to develop and evaluate a method for characterizing long waves generated by storms,
commonly referred to as swells. Next, the imaging limitations of the instrument were ex-
amined, focusing on resolution loss. Given the strong correlation between sea state con-
ditions and resolution loss, this analysis also enabled the estimation of an independent
sea-state parameter: the variance of wave orbital velocities. The secondary objective in-
volved leveraging ground-truth data to assess the performance of altimetry products and
wave models in the dynamic marine environment of the Agulhas Current, where waves
interact strongly with ocean currents.

5.1 Conclusions

Exploring off-nadir signal modulations in fully-focused SAR altimetry for swell retrieval.

This study introduced a novel method for retrieving swell wave properties from fully-
focused SAR altimetry data. Fully-focused SAR radargrams from CryoSat-2 revealed power
modulations in the trailing edge of waveforms induced by swells. By normalizing the in-
tensity and re-projecting the range bins to cross-track ground locations, a spectral analy-
sis, similar to that used for side-looking SAR systems like Sentinel-1, was applied to com-
pute intensity modulation spectra. This analysis was supported by a detailed description
of the modulation mechanisms, using both analytical and numerical models. Unlike side-
looking SAR spectra, which exhibit a 180-degree directional ambiguity, fully-focused SAR
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altimetry spectra show power in four quadrants due to signal reception from both sides
of the ground footprint. Range bunching was identified as a dominant mechanism in the
RAR response, often surpassing velocity bunching, depending on the wave propagation
angle. Overall, comparisons with buoy-derived directional wave spectra demonstrated
good agreement. Among the SAR altimeters, Sentinel-6A’s full-beam footprint offers dis-
tinct advantages in swell retrieval, especially for waves propagating in or near the cross-
track direction, leveraging an extended observational window and increased ground res-
olution compared to its operational truncated data. With four active SAR altimetry mis-
sions, CryoSat-2, Sentinel-3A/B, and Sentinel-6A, and their successors anticipated in the
near future, satellite-based swell observations can be significantly enhanced globally, es-
pecially benefiting the study of waves radiating from tropical cyclones. This is particularly
important given that only two currently operational spaceborne instruments, onboard
Sentinel-1 and CFOSAT, provide wave spectra products.

Investigating the wave imaging limitations and sea-state characterization in fully-focu-
sed SAR altimetry using azimuth cutoff analysis.

The demonstration of acquiring swell-induced intensity modulation spectra from fully-
focused SAR data led to the next research objective: the wave imaging limitations of SAR
altimeters. This was addressed by estimating the azimuth cutoff wavelength, a proxy for
the shortest waves detectable by the SAR system across a wide range of sea states and mea-
surement geometries. First, using a well-established approach implemented in the spatial
domain in side-looking SAR, the azimuth cutoff was estimated by minimizing the resid-
uals between the along-track autocorrelation function of fully-focused SAR radargrams
and a fitted Gaussian function. Sentinel-6A data from a 10-day repeat cycle were used
for the analysis and the results were compared with model-derived values from ERA5 and
MFWAM. The analysis revealed that the satellite effectively captures waves longer than
approximately 100 meters in calm wind and sea states. However, increasing wind speed
and significant wave height led to underestimations, an observation also reported in rel-
evant side-looking SAR studies, such as Stopa et al. [27]. This study showed that the spa-
tial domain approach performs well under moderate wind and wave conditions, with az-
imuth cutoff values exceeding 200 meters. When swells dominate the sea state, abnor-
mal overestimations of the azimuth cutoff were observed, with errors strongly influenced
by the swell propagation angle relative to the satellite azimuth. In particular, cross-track
traveling waves introduced larger discrepancies than along-track traveling waves, which
aligns with findings from relevant side-looking SAR studies. To investigate the mitigation
of swell-related errors, an alternative method was developed in the wavenumber domain.
This approach involved fitting a high-order polynomial to the decaying part of the spectral
autocorrelation function and identifying the fall-off width using an empirically defined
threshold. As a result, azimuth cutoff estimates improved correlations with modeled-
derived values by 10% (from 0.70 to 0.80). Next, considering the high correlation between
resolution loss and sea-state conditions, previously reported in SAR imaging, the azimuth
cutoff parameter was used to derive an independent sea-state parameter: the variance of
wave orbital velocities. Wave orbital velocity statistics offer valuable insights into wave cli-
mate by isolating wave components associated with developing seas. Comparisons with
ERA5 and MFWAM showed velocity variance root mean square errors ranging from 0.22 to
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0.26 m? s~2, with the smallest errors observed in comparisons with MFWAM. Lastly, know-
ing that nadir-looking altimeters capture only a small portion of the total distribution of
vertical wave particle velocities, as reported in Buchhaupt et al. [86], the underestimation
trend in high sea states for both azimuth cutoff and wave orbital velocity variance suggests
that this is an inherent limitation of the measurement geometry.

Assessing the reliability of wave and ocean current products from models and remote
sensing observations in current-dominated oceanic environments.

This study utilized in situ wave measurements collected in the Agulhas Current region
during the One Ocean Expedition in January 2023 to evaluate the impact of wave-current
interactions on wave products from models and satellite altimeters. The analysis showed
that the ocean surface current products from Mercator and the altimetry-derived Globcur-
rent underestimated velocities exceeding 0.5 m/s, with Mercator exhibiting significantly
higher variability. Modeled Stokes drifts from ERA5 and MFWAM were found to be overes-
timated compared to drifter measurements, likely due to the use of a Phillips wave spec-
trum shape for the high-frequency range in both models, which tends to distribute excess
energy in this part of the spectrum. ERA5 consistently underestimated wave heights above
2.5 m, while MFWAM demonstrated good agreement with drifter data. This discrepancy
was attributed to the absence of ocean current forcing in ERA5. Customized MFWAM
runs without current forcing further supported this observation, particularly in regions
with strong currents and high sea states. The inclusion of current data showed that refrac-
tion significantly alters wave spectra, making waves steeper or more flattened depending
on the relative direction of currents and waves. Among the models tested, MFWAM forced
with the altimetry-derived Globcurrent product aligned most closely with drifter measure-
ments, outperforming the operational MFWAM model that relies on Mercator currents.
Additionally, comparisons of significant wave height between satellite altimeter observa-
tions and drifters showed good agreement, with clear evidence of current-induced wave
refraction patterns along satellite tracks. A multi-mission analysis of intensity modulation
spectra, involving Sentinel-1, CFOSAT, and SAR altimeters, demonstrated good agreement
with in situ data, particularly for swell retrieval. This further enhances the potential for
synergistic use of these instruments in operational oceanographic applications and cli-
mate studies.
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5.2 Recommendations

Based on these conclusions, recommendations for future developments and research are
summarized below:

* Development of a Swell Wave Spectrum Product from SAR Altimetry Data

While SAR altimeters were not originally designed for imaging applications, this dis-
sertation has demonstrated that off-nadir signals, previously considered as nuisance,
contain valuable information about ocean surface features. Future research should fo-
cus on further refining the retrieval of fully-focused SAR modulation spectra, with an
emphasis on their inversion into ocean wave spectra. Although retrieving the full wave
spectrum from near-nadir looking systems is not feasible due to resolution limitations
[84, 140, 96], significant potential exists for developing a new operational swell prod-
uct. When combined with Sentinel-1 and CFOSAT data, this product could enhance our
understanding of how swell waves are radiating from storms. This development could
also represent a major milestone in the field of satellite altimetry: the estimation of sig-
nificant wave height for swells. By combining the proposed trailing-edge analysis with
conventional leading-edge analysis, which provides total significant wave height obser-
vations, would, for the first time, allow the separation of swell and wind waves in satellite
altimetry.

¢ Re-evaluation of the Onboard Signal Truncation in Sentinel-6

As discussed in Chapter 2.4.2, Sentinel-6A employs an onboard signal truncation pro-
cessor, reducing the data rate by a factor of two. This dissertation demonstrated that this
truncation affects swell retrieval, particularly when waves travel across-track, thereby
limiting its applicability and, consequently, its performance for future operational use.
Although this truncation is implemented to manage data volume downlink, the avail-
ability of RAW (non-truncated) SAR data should be reconsidered to fully utilize the in-
strument’s capabilities. A potential solution, inspired by the Sentinel-1 Wave Mode,
could involve defining an additional acquisition mode mask for RAW SAR data over tar-
geted ocean regions where swells are known to dominate throughout the year. Using
linear wave propagation theory, such data could then be used not only to track the evo-
lution of swell systems, but also to identify their generation regions, supporting both
forecasting and hindcasting applications.

* Synergestic Use of Remote Sensing Technologies
Collaborative analysis of wave spectra between SAR altimeters, side-looking SAR sys-
tems and CFOSAT should be further expanded to enhance the understanding of scat-
tering mechanisms and spectral responses. Leveraging crossovers between these tech-
nologies offers a unique opportunity to refine and cross-validate observations. For in-
stance, applying the azimuth cutoff autocorrelation method to Sentinel-3 and Cryosat-
2 requires careful consideration of their operational mode. Unlike Sentinel-6A’'s open-
burst mode, these satellites operate in closed-burst mode, which introduces azimuthal
ambiguities every approximately 90 m [6], and is expected to affect the shape of the
azimuth autocorrelation function. Investigating the extent of this effect is crucial for
assessing the ability of these satellites to provide reliable wave orbital velocity statis-
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tics. Moreover, cross-validation campaigns are essential for developing consistent op-
erational products that complement the strengths and address the limitations of each
spaceborne sensor.

¢ Improvement of Wave Models in Current-Dominated Marine Environments

Providing accurate wave data to users and scientists is essential, from supporting mar-
itime navigation to operational planning and climate studies, especially as extreme wea-
ther events become more frequent. This dissertation demonstrated that operational
wave products, widely used for forecasting and climate studies, often lack accuracy
when currents are not properly modeled, particularly in extreme sea states. Therefore,
high-resolution wave models and reanalysis products that integrate multi-source data
should continue to be developed, with a focus on regions experiencing strong wave-
current interactions. Incorporating accurate ocean current data into wave models, par-
ticularly in dynamic marine environments like the Agulhas Current region, is expected
to significantly enhance the reliability of forecasts.

¢ Year-Round Field Campaigns to Enhance Satellite Observations and Wave Model Re-
liability
As our planet faces an escalating climate crisis with increasingly frequent extreme events,
the need to monitor and understand these phenomena for predicting their future oc-
currence has never been more critical. With the growing number of Earth Observation
missions focused on ocean monitoring, each incorporating advanced technological in-
novations, there is a clear need for continuous calibration and validation of spaceborne
sensors to ensure the reliability of their products. Year-round field campaigns covering
diverse sea states, including extreme storm conditions, are strongly recommended to
comprehensively validate satellite observations and enhance the performance of wave
models through data assimilation. The use of low-cost drifters, like those deployed dur-
ing the One Ocean Expedition, offers a practical way to extend observational coverage
while minimizing operational expenses.
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