Ocean surface currents directly imaged from space
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Abstract

For more than four decades, satellite images of ocean temperature and colour
have revealed jets, swirling eddies, and filaments!=3. Yet the currents that shape
these structures have never been directly imaged from space. This observa-
tional gap limits our understanding of the ocean’s impact on climate? and
marine ecosystems®, as these currents modulate exchanges between the coast
and open ocean, vertical transport to the deep sea, and fluxes of heat, carbon,
and nutrients611,

Here we demonstrate the first direct satellite imaging of kilometre-scale surface
currents using a tandem configuration of optical satellites that tracks surface
wave propagation. This new capability shifts satellite observations beyond the
predominantly geostrophic view of ocean circulation, revealing dynamics that
have remained largely invisible to satellites — from intense coastal jets and equa-
torial flows to submesoscale motions just kilometres wide. Across these regimes,
the elusive divergence of fronts and internal waves, thought to play a key role in
upper-ocean vertical exchange, is concentrated at scales below 5 km, previously
unresolved from space. These reference measurements provide a new observa-
tional window into the multiscale physics of the upper ocean and its mediating
role for the Earth’s climate system and marine life.
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Ocean currents shape climate, ecosystems, and ultimately human activities. They
transport heat, nutrients and carbon, structure marine biodiversity, and disperse pol-
lutants. Yet our understanding of these motions remains incomplete, just as the need
for it grows—from a warming climate and declining biodiversity to the nascent push
toward blue economy and marine carbon dioxide removal®.

The large scale circulation of the upper-ocean has been known since the latter half
of the twentieth century, and satellite observations since the 1980s have mapped the
mesoscale (100 km) circulation. Away from the equator, these motions approximately
follow the geostrophic balance, in which the pressure gradient opposes the Coriolis
force, causing sea-surface height (SSH) to mirror the underlying currents. Thanks to
SSH observations from satellite altimetry, this regime — and the way eddies reshape
horizontal ocean transport — is now relatively well understood 3.

Yet in the past two decades, it has become evident that major blind spots remain,
with two broad classes of currents escaping detection by traditional altimeters. The
first comprises flows at scales of 1-50 km — the so-called submesoscales — too small
to be resolved. The second further extends to other ageostrophic currents, such as
equatorial jets (where the Coriolis force vanishes), wind-driven flows (dominated by
wind stress) and tidal or wave-like currents (governed by acceleration).

Numerical models suggest that these undetected currents are pivotal. They likely
regulate exchanges between the coast and open ocean®, structure marine ecosys-
tems®7, and influence the dispersal of floating matter, from oil slicks to Sargassum
mats®. Crucially, the vertical velocities that connect the surface and deep ocean occur
primarily at submesoscales, suggesting a key role in the ocean interior ventilation and
in the fluxes of heat, carbon, nutrients, and energy that shape Earth’s climate? 111415,

Despite their recognized importance, observing ageostrophic and submesoscale
ocean currents remains a challenge. Dedicated field campaigns have provided invalu-
able insight into the processes at play®'617, but how these findings generalize across
the diversity of ocean basins and seasons remains an open question. Satellite imagery,
in principle, could help overcome this limitation. Kilometer-scale images of sea sur-
face temperature, colour and roughness have long fascinated oceanographers, revealing
jets, swirling eddies and filaments'® (see e.g. Fig. 2d, Extended fig 1d, Fig. 5f). Yet
these images only hint at the underlying dynamics: the currents themselves have never
been directly imaged.

A significant advance was recently achieved with the extension of traditional
along-track altimetry into a swath system — the SWOT satellite'® — which now pre-
cisely captures geostrophic flows down to 20 to 30 km 92!, Its striking sub-kilometre
SSH images hint at access to even smaller scales??, raising the prospect of resolving
key ageostrophic processes such as horizontal divergence and the associated verti-
cal velocities essential for climate. Yet instrument noise and internal-wave imprints
on SSH demand advanced reconstruction methods and, consequently, independent
observations for calibration and validation?3 26, More direct current measurements
using Doppler radar offer a complementary approach. They have been demonstrated
from aircraft and proposed for future satellite missions?”?®, but present-day imple-
mentations remain limited to single-component measurements and are constrained
by wave-induced velocity biases??32. Other recently proposed techniques reconstruct



current fields from temperature temporal evolution observed by geostationary satel-
lites®3. These neural network approaches provide extensive spatio-temporal coverage
but are trained exclusively on numerical simulations and therefore require independent
observations to validate the reconstructed submesoscale fields.

Given these limited observations to date, our understanding of submesoscale
and ageostrophic currents still relies primarily on numerical models. Yet these
models diverge at fine scales®?, partly due to differences in turbulence parame-
terizations and numerical schemes. These discrepancies are expected to increase
as next-generation models incorporate additional dynamical feedbacks — internal
waves, ocean-atmosphere coupling, surface-wave effects, and nonhydrostatic processes
— potentially revealing new dynamical regimes. Identifying where new physics matters
will require observations at the same fine scales models aim to resolve.

Here we demonstrate that a simple tandem configuration of optical satellites
enables direct imaging of kilometre-scale surface currents, providing new observations
of submesoscale and ageostrophic flows that help fill this long-standing observational

gap.

Observations using an optical tandem of satellites

The new optical tandem (OT) approach (Fig.l and Method 1) exploits a well-
established principle: from successive optical images, we track the displacement of
short surface waves, very abundant compared to rare surface slicks3?3%. Because the
wavelengths are resolved from space, the wave intrinsic phase speeds can be separated
from the apparent motions, revealing the underlying current — a technique known as
the wave-phase method.

This approach is among the most direct ways to observe surface currents, produc-
ing measurements that are non-invasive®’, calibration-free, and easily interpretable
because they rely firmly on linear wave theory. The method is widely used, from HF
radars to video imagery of X-band radars and airborne optical systems3® 40, Applying
it to satellite imagery, however, has proved difficult because only a few snapshots are
typically available. Previous attempts using the Sentinel-2 satellite, with image pairs
separated by only one second, detected only the strongest flows, limiting their value
for studying ocean dynamics*' 43,

The new OT observing strategy relies on a simple tandem configuration of the
Sentinel-2 constellation during calibration phases (see Materials) and introduces three
key advances. (i) The time lag is increased by more than one order of magnitude, from
1 to 30 s. (ii) Despite the long time lag, coherence remains remarkably high owing to
the identical viewing geometry of the two satellites, whereas it would rapidly decay in
single-satellite imagery. (iii) Individual wave crests cannot be tracked anymore because
each undergoes an unknown number of phase cycles during that time. Instead, we
globally track multiple wave components within the wind-sea (Fig. 1 and Method 1).
The underlying current is revealed with a dramatic noise decrease, thanks to the
extended temporal lag. This enables to map the current at 1 km resolution, with each
grid cell retrieved independently.

The current fields are validated against independent current measurements from
swath altimetry, HF radars and drifters (Method 2), suggesting an accuracy better
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Fig. 1 Current retrieval from Sentinel-2 Optical Tandem imagery. Flying along the same
orbit and separated by 27 s, the two satellites provide images from identical viewing angles. The
example image subsets (nominal size 1.3 km) are located within a meander of the Agulhas Current,
where the flow reaches about 1.3 m/s toward the northwest. From the two brightness images (a), the
coherence (b) and phase shift (c) are computed. Wave propagation ambiguity, low energy and low
coherence components are discarded (d) before a global search over all possible current vectors (e)
identifies the best-fitting phase shift (f) in a least-squares sense. The current uncertainty (1o) shown
in (e) is 0.5 cm s~ in the dominant wave direction and 1.2 cm s~! in the perpendicular direction.

than 20 cm s~ for each component, likely approaching the limit of the intercompar-
ison. Analysis of coherence and wave phase noise indicates a measurement precision
of around 1 cm s~!. Although no coincident current observations at kilometre reso-
lution are available for direct verification, the sharp correspondence between current
gradients and temperature, color and roughness fronts (Method 2), together with the
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structure function analysis (Method 4), consistently suggests a precision better than
4 cm st

Sentinel-2 OT, although limited to cloud-free and favourable wave conditions (see
Material), expands our ability to observe ocean currents from space.

A new window on ocean currents

This new measurement approach shifts satellite observations beyond the predomi-
nantly geostrophic regime, revealing scales and dynamics previously inaccessible from
space. Two key properties enable this capability. First, the measurements retrieve
currents more directly than altimetry, which infers motion from sea-surface height.
This allows detection of flows with weak or complex sea-level signatures — such as
equatorial, tidal and wind-driven currents, as well as persistent coastal jets. Second,
they achieve a one-kilometre resolution, whereas existing satellite techniques seldom
resolve scales under 20 km, and only for a single velocity component in the case of
radars with synthetic aperture'®32. Achieving such resolution with radars is not only
technically demanding but also physically constrained, as radar Doppler velocities
integrate contributions across wavenumbers, thereby intrinsically entangling coupled
wind-wave-current signals3!.

This new observational window onto previously inaccessible scales and dynamical
regimes is illustrated next through three representative examples: (i) submesoscale
processes including ageostrophic fronts, filaments and divergent motions that shape
tracer transport, ecosystems and climate-relevant fluxes; (ii) equatorial flows and inter-
nal waves, which are fundamental to climate variability and energy pathways; and (iii)
large-scale coastal-trapped currents, which connect the coastal and open ocean.

Oceanic submesoscale regime

As a first case, we examine the Agulhas Current, a well-documented western boundary
current, where OT reveals submesoscale dynamics from the shelf to the open-ocean
(Fig. 2a-c). The low measurement noise allows direct estimation of flow spatial defor-
mations, quantified by vorticity, divergence and strain (Method 4). An independent
sea surface temperature (SST) observation was acquired by the Sentinel-3 satellite 29
minutes before OT (Fig. 2d).

The Agulhas Current appears bounded by sharp, elongated gradients only a few
kilometres wide. Thermal and velocity fronts exhibit tight spatial collocation, mostly
within 3 km (see Method 2 and the superimposable full-resolution panels provided in
Data S1). This match between independent satellites and observed variables provides
a convincing hint that OT accurately retrieves fine-scale currents. Vorticity outlines
a web of interspersed filaments, with few isolated eddies, and reveals a marked domi-
nance of cyclonic vorticity. Divergence, a marker of possible vertical exchanges between
the surface and subsurface ocean, is primarily organized in patchy regions around
fronts and filaments, with alternating signs across these structures and only a few
possible internal-wave signatures (see next section).

Many of these features are consistent with previous regional in situ measure-
ments*4+46_ and fall within the range of behaviour exhibited by submesoscale numerical



Fig. 2 Submesoscale and ageostrophic currents in the Agulhas region. (a-c) Currents
derived from Sentinel-2 Optical Tandem on 11 Dec 2024 at 08:20 UTC. (a) Current magnitude
(vectors omitted for readability). The globe inset shows the broader Agulhas system observed from
nadir altimeters (AVISO). (b,c) Relative vorticity and divergence, normalized by planetary vorticity
f. Insets highlight the fine scale structures associated with a shelf eddy and a spiraling front, with
current vectors shown at full 1 km resolution. (d) Sea surface temperature observed 29 minutes
earlier (07:51 UTC) by Sentinel-3 at 1 km resolution. Note the close alignment of independently
observed current and temperature fronts. Two OT transects across the Agulhas are superimposed on
the temperature. Transects are downsampled at 2.5 km for readability. Grey areas denote missing
data due to clouds or water depth less than 30 m.

models®*47 and targeted process studies®!617. The key advance is the ability to

observe these features from space, enabling their mapping over large areas (Fig. 2)
and their dynamical quantification (Fig. 3) — often for the first time. For instance,
shelf cyclones are detected (inset of Fig. 2b), each only 5 km-wide and reaching vor-
ticities of about 5 f (with f the local Coriolis parameter), confirming the ability to
map strongly ageostrophic structures previously accessible only to localized in-situ



observations?®. Except in isolated regions, the internal Agulhas front seldom exceeds
5 f in vorticity and rarely sharpens below 2-3 km, which likely corresponds to the
scale of frontal arrest*®. In the study region, vorticity exceeds f/2 over about 30% of
the area, indicating that ageostrophic dynamics are widespread, with advection com-
parable to the Coriolis force. We also recover expected signatures of submesoscale
frontal dynamics in the joint distribution of vorticity and strain (Fig. 3c), in par-
ticular the cyclonic vorticity-strain tail associated with convergence, characteristic of
mid-latitude fronts!'649. These statistics, together with current divergence itself, are
directly observed from space for the first time33.

Beyond these expected signatures, several features emerge that challenge current
models and observations. One is the smooth and coherent texture of the Agulhas
Current core: the velocity magnitude remains nearly uniform along a 300 km stretch of
the flow (transect in Extended fig 2 inset c), with little sign of instability, internal waves
or bathymetry-induced lee waves®’. Such smoothness is surprising for the velocity field
of a highly energetic current and differs from some numerical simulations where the
Agulhas is prone to lee waves (see Movie S1 around 34.5°S 26°E and Method 5). This
smooth jet also contrasts with recent swath altimetry, which portrays an ocean with
more instabilities (Extended fig 2¢,d). Another unexpected feature is the weak current
variability at scales in the 1-10 km range, as evidenced by second-order structure
functions (Fig. 3a and Method 4) exhibiting power laws slopes between r2/3 to r3/2
(corresponding to k=°/3 to k=5/2 power spectra), whereas the most recent airborne
radar measurements and coupled wave-current models suggest substantially shallower
spectra®! (Extended fig 3a). This weak small-scale variability is remarkable given that
OT velocities are unfiltered.

These contrasting observations of the submesoscale regime require reconciliation,
as they have important implications for the ocean transport and energy cascade and
may indicate inconsistencies in either modelled fine-scale dynamics or other observing
frameworks. More broadly, this new observational window enables direct links between
submesoscales and ecosystem structures, as illustrated in the less energetic coastal
waters of New Zealand (Extended fig 1), where OT reveals the currents structuring a
phytoplankton bloom.

A notable result is that divergence is concentrated at scales finer than 5 km, which
contain 90% of its variance (red triangles in Fig. 3b and Extended fig 3b; Method 4).
This concentration of divergence at kilometric scales may partly reflect the now-
resolved internal waves (next section), but the most intense divergence events are
significantly clustered around SST fronts (Method 4), indicating that frontal dynam-
ics are an important contributor. These observations support longstanding hypotheses
that kilometre-scale processes play a central role in upper-ocean vertical exchange
and imply stringent spatial-resolution requirements for both satellite observations and
numerical models.

Equatorial and internal wave regimes

Our second case focuses on the ocean circulation near the equator -an important region
for the climate- which has remained inaccessible to altimetry because the Coriolis force
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Fig. 3 Beyond geostrophy: OT reveals flow scales and coherent structures across sub-
mesoscale, internal-wave and equatorial dynamical regimes. Scales are characterized by the
second-order structure functions of currents (a) and of vorticity, strain and divergence (b). Red
triangles indicate the scale below which 90% of the divergence variance occurs. Structures are char-
acterized by the joint variations of deformations (c-e); for instance, in panel (c), contours show the
joint PDF of vorticity and strain, while colors show divergence conditioned on vorticity and strain.
Compared to geostrophy, OT resolves finer flow scales (1) and enhanced strain variability (2), while
revealing a strong concentration of divergence at scales below 5 km (3). Divergent and ageostrophic
structures emerged both within the vorticity-dominated submesoscale regime (4) and in regimes where
divergence dominates over vorticity (5). Additional dynamical regimes are shown in Extended fig 3.
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Fig. 4 Equatorial and internal wave currents off Somalia. (A,B) Currents derived from OT
on 12 Dec 2024 at 07:40 UTC. (a) Current magnitude at 1 km resolution with vectors downsampled
to 15 km for readability. The globe inset shows the wider regional setting with bathymetry. The inset
highlights an internal wave packet, with vectors plotted at full resolution and SWOT SSH-derived
crests and troughs shown for reference. (b) Current divergence, normalized by fo = 1074 s™1. (c)
Normalized radar cross section og observed by SWOT 9 minutes later (07:49 UTC), band-pass filtered
to 1—10 km and expressed as percent contrast to the background. Independently observed divergence
and oo show a close spatial match. Additional OT vorticity, SWOT SSH and model data are shown
in Extended fig 4.

vanishes at these latitudes. This is illustrated by current observations along the Soma-
lia and Kenya coastlines (Fig. 4). At large scales, two coastal jets form an equatorial
confluence (0° — 1°S), characteristic of the winter monsoon in the Somali Current and
in agreement with numerical models (Extended fig 4a). This case demonstrates that
OT observes equatorial currents as effectively as currents elsewhere.

At fine scales, in the southern part of the region (3° —6°S), the current appears dis-
organized, with a branching, arborescent texture, weak vorticity, and much stronger
divergence, forming a dense web of intertwined bands (Fig. 4b and Extended fig 4b).
This puzzling organization —in stark contrast to the Agulhas region— may at first
raise doubts about the accuracy of the OT current field. However, the SWOT satellite
passed over the same region nine minutes later, and its radar cross section og, which
reflects current gradients through wave roughness modulation (Method 3), provides a



decisive validation of the divergence patterns down to the finest details (correlation
of 0.75 over 10° ocean samples; Fig. 4c). This is a remarkable agreement for a first
direct satellite observation of divergence. In particular, a momentum balance analy-
sis (Method 3) confirms that the apparent web arises from a rarely observed current
regime: an ocean teemed with internal waves. Internal waves are routinely observed in
radar og and, more recently, in swath altimetry through their SSH imprint. Yet esti-
mating currents from these indirect measurements requires additional information on
stratification, assumptions about vertical modes, and disentanglement from balanced
currents 2692, Here, the current field is directly observed and, when collocated with
SSH observations, provides strong constraints on internal-wave dynamics and vertical
structure (Method 3).

Beyond these expected signatures of internal waves, the observations reveal the
structure of equatorial fronts — much less documented than their Coriolis-balanced
mid-latitude counterparts® %, The Somali equatorial confluence (0° — 1°S) emerges
as multiple sharp, kilometre-wide convergent lines with strong anticyclonic vorticity
(reversing sign across the equator, positive south and negative north, Extended fig 4).
In another equatorial scene near the Galapagos Islands, associated with the trailing
edge of a Tropical Instability Wave, similar sharp convergent fronts (indicated by the
magenta arrows, Extended fig 5) are observed. These fronts exhibit either cyclonic vor-
ticity or the weak vorticity expected as they transition into gravity-current fronts®3,
but at times also anticyclonic vorticity (middle magenta arrow), suggesting a complex
dynamical interplay with the synoptic circulation. The joint distributions of vortic-
ity, strain and divergence further highlight the peculiarities of this equatorial regime:
convergent fronts characterized by large divergence-strain signatures depart markedly
from the vorticity-strain dominated mid-latitude fronts observed in the Agulhas
(Fig. 3d,e). Internal waves also stand out through a symmetric heart-shaped strain-
divergence distribution. Their interplay with fronts —otherwise entangled in altimetric
SSH measurements— should be directly accessible with the present observations.

More broadly, these satellite observations demonstrate an observational shift
beyond the predominantly geostrophic regime, providing direct access to dynamical
regimes in which divergence becomes comparable to, or even exceeds, vorticity (Fig. 3e
and Extended fig 3e).

Coastal currents

In a third case study, OT captures a coastal current that is elusive to altimetry.
The example appears off southwestern Madagascar, with quasi-simultaneous OT and
SWOT observations only 48 min apart (Fig. 5). Just northeast of a submesoscale spi-
raling cyclone — forming a characteristic “cat’s eye” structure!°% — OT captures a
powerful southeastward coastal jet, reaching 1.1 m s~! and nearly 40 km wide. A wider
composite including the adjacent OT swath three days later reveals the full extent of
the jet along the Madagascar coast (Extended fig 6a). This major poleward current —
recently identified from shipborne surveys as the Southwest Madagascar Coastal Cur-
rent (SMACC)57 — has long been known locally yet remains barely visible to altimetry.
Here traditional altimetry underestimates it by 70% (Extended fig 6¢, 0.3 m s~1), and
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Fig. 5 Coastal jet off Madagascar. OT images the recently identified Southwest Madagascar
Coastal Current and a “cat’s eye” submesoscale cyclone, proposing improvements for swath altimetry
currents.(a-c) Current, vorticity and divergence derived from OT on 13 Dec 2024 at 07:18 UTC.
Missing data correspond to clouds and areas where surface waves were too weak to track. (d-f)
Geostrophic current, geostrophic vorticity and oo contrast observed by SWOT 38 minutes later (07:56
UTC). A black star marks the location where mean sea level correction using OT should help SWOT
to capture the coastal jet. To ease the comparison, the SWOT swath (current field, slightly narrower
than the og field) is outlined on each panel. Vectors are downsampled to 6 km for readability. A wider
view of the Madagascar current system is shown in Extended fig 6.

even the latest SWOT swath data capture only discontinuous fragments with local
underestimations by 60% (black star in Fig. 5d, 0.4 m s~1).

This fragmented representation in altimetric observations is puzzling: as a large
current far from the equator, it must be in geostrophic balance and should imprint
clearly on sea level. The most likely explanation is an error in the mean dynamic topog-
raphy: without historical drifter constraints, the coastal sea-level slope associated with

11



the geostrophic current becomes indistinguishable from a static gravity anomaly 860,

How many other coastal currents escape satellite detection? OT observations could
help address this structural limitation of altimetry, providing direct velocity con-
straints for a more accurate mean dynamic topography across undersampled coastal
regions worldwide.

Implications

This work introduces a new approach to directly image ocean surface currents from
space at kilometre scale. This new capability is demonstrated opportunistically during
Sentinel-2 calibration phases, and the relatively simple tandem configuration of generic
optical sensors offers a scalable approach for future dedicated satellite missions.

Although limited to cloudless and favorable observing conditions, the retrieval
method is direct and calibration-free — requiring neither geostrophic assumptions nor
geophysical model functions — and therefore provides an independent reference to
validate and complement other current retrieval techniques based on radar, altimetry
or machine learning. Systematic comparison with numerical simulations will provide
observational constraints to improve model physics and calibration.

These first direct images of ocean currents shift satellite observations beyond the
predominantly geostrophic regime, revealing submesoscale, internal-wave, coastal and
equatorial dynamics. More than a proof of concept, they expose the characteristic flow
scales and coherent structures across these diverse regimes. The observed concentration
of divergence at scales below 5 km, previously unresolved from space, points to intense
fine-scale vertical motions that remain poorly constrained by existing upper-ocean
observations and models.

For decades, satellites have measured temperature, color and roughness, and more
recently winds and waves, yet lacked high-resolution surface currents. This miss-
ing variable has limited our understanding of ocean surface layer dynamics, coupled
ocean—wave—atmosphere processes, and their role in ocean transport and biogeochem-
ical pathways. By providing direct kilometre-scale measurements of surface currents,
this work opens a new observational window onto the multiscale physics of the upper
ocean and its role in Earth’s climate system.

12



MATERIAL

Sentinel-2 optical tandem phases

We use 10 m resolution optical images from Sentinel-2; a satellite mission designed
primarily for terrestrial applications and mainly covering coastal ocean regions®!. A
single satellite routinely provides image pairs separated by about 1 s because the
band detectors are tilted with respect to the nadir plane®?. Here, we opportunistically
leverage calibration phases of the Sentinel-2 constellation — S2A and S2C (Oct-Dec
2024) and S2A and S2B (Feb 2026) — during which two satellites were flown in tandem
along the same orbit approximately 27.4 s apart (Fig. 1).

Observational availability

The ability to retrieve the surface current depends on both environmental and obser-
vational conditions. The presence of wind waves, with sufficiently broad directional
and wavelength distributions, is essential (see Method 1). Given the Nyquist frequency
of Sentinel-2 sensors at 20 m, this requirement excludes calm conditions with wind
speeds below about 5 to 6 m s~1. A criterion based on the number of coherent wave
components is used to reject unreliable current estimates in low-wind regions, such
as the northwestern part of the Madagascar area (Fig. 5). A high Sun elevation also
improves the signal-to-noise ratio, favoring summer conditions and sunglint geometries
over winter periods with low solar angles, when the brightness modulation induced by
surface waves often falls below the detection threshold.

The Sentinel-2 tandem phase represents an opportunistic proof of concept for
this method. A future dedicated mission, designed with higher horizontal resolution,
optimized viewing geometry, and improved signal-to-noise ratio, would provide signif-
icantly enhanced precision and spatial coverage, and is currently being prepared for
proposal.

METHOD 1: Current retrieval from wave phase shift

Theoretical wave phase and current-induced shift

For a monochromatic wave propagating in deep water in the direction of the wavevector
k, its phase can be written as

&=k (7—it) —\/gk t, (1)
where k is the wavenumber, @ the underlying current, and the deep-water dispersion

relation has been used.
The phase difference between two instants separated by At is then

AD = —\/gk At — k.TGAL, (2)

where the last term represents the current-induced phase shift.
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If Ad is observed for a given wavenumber k, this relation in principle enables
retrieval of the current component along the direction of k. Two ambiguities, however,
prevent a direct inversion: (i) the phase is wrapped modulo 27, and (ii) the wave
propagation direction has a 180° ambiguity. Explicitly,

kAt Kk’ (3)

where the 4 sign accounts for the directional ambiguity and n is an integer accounting
for the phase wrapping.

For a typical wind wave of wavelength ~ 60 m and a time lag ~ 3 s, the ambiguities
are irrelevant since 27 /(kAt) corresponds to a velocity of about 20 m s, unrealistic
for ocean currents. For the Sentinel-2 OT configuration with a 30 s time lag, the
ambiguities corresponds to 2 m s~!, comparable to the Agulhas Current velocity.
These ambiguities can only be resolved by combining phase shifts from multiple wave
components with different wavenumbers.

Observed cross spectrum coherence

To compute the current from an optical image pair, we extract a square box where
waves are clearly detected (Fig. la). First the cross-spectrum is computed following
the Welsh method %3,

La(k) =< IT1, >, (4)
where <> denotes an average over sub-images that are twice smaller, Hann filtered

and half overlapping. An indication of the phase noise of the cross spectrum is given
by the coherence spectrum (0 < C < 1), defined ag 42,64

. < Il >‘
Cra(k) =

; ()

\/< Il >< I;1, >
and corresponding to the square root of the magnitude-squared coherence 3%,

For OT image pairs separated by 30 s, the coherence typically ranges between 0.5
and 0.7 (Fig. 1b). Although these values are lower than those obtained for short-delay
image pairs (1 s), where coherence usually reaches 0.8-0.94%43 they remain remarkably
high. This indicates that the phase noise on short wind waves remains low even after
such long time lags.

This property is central to this study. Provided that the phase can be unwrapped,
as discussed below, the long time lag is highly beneficial: it reduces the noise on the
current estimate, despite a slightly higher phase noise caused by the partial loss of
coherence (see eq. 3). This balance between increased phase noise and longer time sep-
aration, well known for Doppler radar design %67, suggest a surprisingly long optimal
time lag, on the order of tens of seconds rather than the few milliseconds encountered
for radars.
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Observed phase shift and current retrieval

The theoretical framework (eq. 2) provides the following relationship between the
observed phase shift and the underlying current:

arg | < Iy > exp(in/gk At)} = arg {exp(—iE.ﬂ'At)} , (6)

which holds for all wavevectors k.

The current retrieval proceeds in three deterministic steps. First, wave components
with coherence C'(k) < 0.5 are discarded (Fig. 1c,d). Second, the 180° propagation
ambiguity is removed using the phase difference at short time lags (1 s)®®. Third,
phase wrapping, which allows for an infinite number of current solutions for a given
wavenumber k, is resolved by seeking a global fit to eq. 6 (Fig. le,f) using the circular
cost function

COSt(’EL') = Z |6Xp i¢obs - e>(pi¢?”nod|2 y (7)
C(k)>0.5

with ¢ops and @04 respectively the lhs and rhs of eq. 6.

This inversion of the dispersion relation does not involve statistical parameteriza-
tions, learning-based models, or empirical calibration of the phase-current relationship.
It is a direct physics-based current retrieval, fully anchored in linear wave theory.

Current sampling depth

When the current exhibits vertical shear, the effective sampling depth of the waves
scales with their wavelength®. The wind-waves used in here, with wavelengths of
30 — 150 m, therefore sense currents at depths of approximately ~ 2 — 12 m, assuming
a constant vertical shear 7°. In the minimization procedure to retrieve the current from
eq. 6, vertical shear has not been considered and is left for future studies.

Horizontal resolution

The surface current is computed over independent 1.3-km boxes with a 1-km posting.
Each box is divided into nine overlapping sub-images, twice smaller and shifted by half
their size%3. The averaged phase shifts give four times more weight to the box center
than to its corners, yielding an effective resolution of about 1 km. A higher-resolution
(500 m) processing tested for the Agulhas case revealed finer-scale structures but also
more noise.

METHOD 2: OT current validation and uncertainty

Validation of the OT current field at 1 km resolution is conducted using a two-scale
approach. The first level assesses large-scale accuracy and consistency with other
current measurements, evaluating patterns, magnitude and direction. The second
level focuses on small-scale precision through validation of current gradients. Finally,
uncertainty is estimated internally from the phase noise.
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Large-scale current accuracy

In the Agulhas case, the current location, magnitude and direction closely align with
those identified in the nearest SWOT observations collected 12 hours earlier (corre-
lation of 0.92 over 2931 samples, Extended fig 2e,f). SWOT velocities exceed OT by
approximately 0.2 m s~'. Several factors may account for this difference: the temporal
offset between the observations, the geostrophic approximation underlying the SWOT
current retrieval, and the presence of a wind-driven surface current (northeastward
wind) not captured by SWOT. Additional comparisons with HF radars over the Agul-
has Current on 14 Dec 2024 (not shown) and 22 Feb 2026 (fig Extended fig 7) show
similarly good agreement (correlations of 0.9 over 525 samples).

In the Somali current region, altimetry does not provide reliable measurements
due to the equatorial proximity, but the OT patterns show qualitative agreement with
numerical simulations for this area (Extended fig 4a).

Lastly, very few surface drifters are available in coastal regions, but the limited
collocations show similar agreement, with differences of the order of 0.1 — 0.2 m s+
for each velocity component (not shown).

Current gradient validation

Beyond these large-scale comparisons, the current gradients provide a compelling
demonstration of the precision of the retrieved velocity field. Gradient locations exhibit
sharp spatial correspondence with fronts detected independently by multiple satel-
lites, using diverse sensors and physical contrast mechanisms (superimposable panels
are provided in the Data S1). For instance, in the Agulhas case, 80% of current fronts
—defined as the 5% strongest magnitude of the velocity gradient tensor — lie within
3 km of a SST sea surface temperature front (observed by Sentinel-3, Fig. 2d), whereas
only 18% would be expected under random translations of the current field (Monte
Carlo test, 10 000 realizations, p = 0.0013).

Such sharp spatial agreement is also observed with the equatorial Pacific temper-
ature front (Sentinel-3, Extended fig 5), with ocean color fronts around New Zealand
(Sentinel-2, Extended fig 1) and with surface roughness fronts associated with the
South Madagascar Coastal Current and the Pacific equatorial front (SWOT, Fig. 5
and Extended fig 5).

The most compelling validation is provided by SWOT observations of internal
waves off Somalia (Fig. 4b,c). The physical mechanism is explained in Method 3. OT
divergence closely corresponds to SWOT oy down to the finest scales (Fig. 4b,c), with
a correlation of 0.75 over 10° ocean samples — a remarkable agreement for such higher
order physical variable, directly observed from space for the first time.

Current accuracy and precision

The current accuracy is mainly related to georeferencing accuracy. In the first Sentinel-
2 OT data release, co-registration errors of up to one pixel were present in both along-
track and across-track directions, corresponding to current errors of up to 30 cm s~ 1.
These shifts can be estimated over land using a modified cost function with no wave

propagation (no term exp(iy/gk At in eq. 6). They exhibit long spatial wavelengths,
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and can thus be corrected for ocean scenes using nearby land as ground control points
to remain below 10 cm s~!. While such errors affect absolute current values, they do
not impact current precision and thus gradients at meso and submesoscales.

The current precision can be estimated internally under the assumption of Gaus-
sian noise in the independent wave phase shifts, yielding to a current covariance
Cov = 202H~!, where o2 is the observed variance of the residual phase (eq. 6),
and H is the Hessian of the cost function (eq. 7). Under favorable conditions, more
than 100 phase shifts with coherence greater than 0.5 (Fig. 1B) are typically avail-
able. This suggests precision better than 0.5 cm s~! along the main wave direction
(downwind), and about 1.5 cm s™! in the crosswind direction for cases with a broad
directional wind-wave spectrum (Fig. 1E). In some regions, the precision degrades to
5 — 10 cm s~!, particularly in the crosswind direction, most likely due to a reduced
directional spreading of coherent waves (Extended fig 8b). These internal precision
estimates are consistent with observed structure functions of currents at small spatial
scales (Fig. 3a), which suggest precision about 4 cm s~! (Method 4).

Assuming independent neighbouring cells, a velocity precision of 1 cm s™! implies
a current-gradient precision of 1.4 x 1075 s™1 over 1 km (approximately 0.14 f at
mid-latitudes) and 1.4 x 1075 s~1 over 10 km (approximately 0.014 f at mid-latitudes).

METHOD 3: Internal waves observed by OT and
SWOT

SWOT measures both sea surface height (SSH) and the normalized radar cross section
00, which represents radar return intensity and has long been known to reflect current
gradients through wave-current interactions 72, When an internal wave propagates
near the surface, the SSH crest is preceded by convergence which steepens short wind
waves, thereby roughening the ocean surface and reducing oy. Behind the crest, the
opposite occurs: divergence smooths the surface®*7!.

In the Somalia case (Fig. 4 and Extended fig 4), we find strong agreement between
OT divergence and SWOT o (correlation of 0.75 over 10° samples), together with the
phase quadrature with SSH consistent with internal waves propagating northwestward
(see insets).

Another line of evidence for internal wave dynamics comes from a momentum
balance consideration: the pressure gradient force, computed from SWOT SSH as
gV SSH (with g the gravitational acceleration), exceeds the advection term and the
Coriolis force by one and two orders of magnitude, respectively, both estimated from
OT as u-Vu and fu (with u the current).

In previous studies, internal waves have been observed from space using two
main approaches. The first exploits oy, which is inverted into current gradients using
external information on wind and wave conditions, together with approximations of
wave-current interactions and radar imaging mechanisms®>73. The second uses SSH,
from which currents are inferred under assumptions on background stratification and
internal-wave vertical modes®?74. Both approaches suffer from entanglement with
balanced (i.e. non-internal-wave) currents.
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The direct detection method of OT bypasses these limitations, opening new
possibilities to investigate interactions between internal waves and complex currents.

Furthermore, new capabilities arise for a more precise dynamical characterisation
of internal waves when SSH and OT are simultaneously observed, as illustrated in
the Somalia case. Assuming linear dynamics, a first estimate of the phase speed ¢ =
g+ SSH/u yields about 1 m s~!. A second, independent estimate based on the 390 m
phase displacement observed over the 9-minute separation between SWOT ¢ and OT
divergence gives a phase speed of about 0.7 m s~!. Accounting for a mean opposing
current of 0.6 m s~! yields an intrinsic phase speed of about 1.3 m s~! (assuming
a barotropic background flow). Hydrographic vertical profiles suggest phase speeds
of 21 m s7! and 1.3 m s™! for mode-1 and mode-2 internal waves, respectively.
The estimates are therefore broadly comparable in magnitude, while the remaining
discrepancies may reflect nonlinear wave dynamics, uncertainties in stratification, or
the influence of background baroclinic flows. Together, it demonstrates the added value
of direct current measurements in disentangling internal-wave signals from balanced
motions and in constraining their dynamical properties. This points towards the need
for systematic investigations of internal-wave dynamics across diverse oceanic regimes
using collocated velocity, SSH, and radar observations.

METHOD 4: Flow deformation properties and scale
distribution

Current vorticity, divergence, and strain

The spatial deformations of the horizontal current field with components (u,v) ori-
ented along the eastward (z) and northward (y) axes may be decomposed into
four standard fields: relative vorticity & = Ov/0x — Ou/dy, horizontal divergence
d = Ou/0xr + Ov/dy, normal strain o, = Ju/Ox — Ov/dy, the shear strain o, =
Ov/0x + Ou/dy. Vorticity and divergence are invariant under rotations of the coordi-
nate system, while individual strain components are not, which classically motivates
the use of total strain o = y/02 + 02 instead.

Deformation fields are computed directly from the retrieved current field using
centered finite differences on three-point stencils.

Structure functions

Second order structure functions quantify the characteristic amplitude of spatial
increments of a variable 6 over a separation distance r:

So(r) = ([6(<) = 6(0)]) e 1=r- ®)

In this study, 8 denotes either the velocity, decomposed into along-separation velocity
component wu, which yields the longitudinal structure function, and the across-
separation component u , which yields the lateral structure function, or deformation
fields such as vorticity, divergence, and strain. Structure functions asymptote to twice
the variance of the variable when separation distances exceed its characteristic spatial
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scales - scales over which the field gets spatially decorrelated. At smaller separation,
second-order structure functions reflect the distribution of energy across scales and are
related to power density spectra via cosine transforms”®7%. This results in a heuristic
relationship — a power density spectrum following a power law k=™ with 1 <n < 3
corresponds to a structure function scaling as 7"~ !. Unlike standard power spectral
analysis, the computation of structure functions does not require regularly gridded
data, which is a clear advantage given the presence of gaps in the OT fields. Struc-
ture functions have previously been estimated from in-situ observations of currents
collected from moving platforms such as ships”’, gliders"®, and moorings ™. Surface
drifters have also been used®?, but systematic biases associated with their convergence
and divergent trajectories complicate their interpretation®'. A common objective in
past efforts has been to quantify the rotational and divergent flow contributions
across scales®?, which can provide insights into the flow dynamics (e.g. geostrophically
balanced flows are primarily rotational). However, doing so generally requires assump-
tions such as isotropy and homogeneity, followed by inversion of expected theoretical
relationships (see®® for alternative propositions). Here, we bypass these assumptions
and take an alternative approach by directly computing structure functions of flow-
deformation variables to infer dynamical signatures, enabled by the high resolution
and low noise of the OT current field.

In the observed flow structure functions (Fig. 3a), the absence of near-origin flat-
tening suggests that the instrumental noise floor has not yet been reached. In the
Agulhas case, this implies velocity error smaller than 1/0.003/2 ~ 4 cm s~ 1, consistent
with independent estimates from wave phase noise.

In the Agulhas region, flow structure functions are consistent with expectations
for balanced oceanic turbulence (Fig. 3a). More specifically, their slopes lie between
r! and r1'®, and the lateral structure function exceeds the longitudinal one by a factor
consistent with the observed slope®’. In the New Zealand, Somalia and Galapagos
cases (Fig. 3a and Extended fig 3a), internal waves produce shallower slopes, between
r2/3 and 1!, particularly for the longitudinal component. In the Somalia region, the
relative magnitude of the longitudinal and lateral structure functions further reveals a
transition in the dominant dynamics across scales: divergent motions associated with
internal waves dominate below about 20 km, while balanced vortical motions dominate
at larger scales.

The most recent observations from airborne Doppler radar®! suggest even shallower
slopes in the 1-10 km range (Extended fig 3a). Sophisticated wave-current coupled
models generating Langmuir cells have been proposed to reproduce such enhanced
small-scale variability. The absence of comparable variability in the OT observations
is therefore puzzling, particularly given the energetic wave conditions (4 m significant
wave height) encountered in the Agulhas case.

OT also provides unique insight into the scale distribution of flow deformation
fields through their structure functions (Fig. 3b and Extended fig 3b), which further
confirm the low noise levels even for these higher-order quantities. In the Agulhas
case, the weakly divergent nature of the flow is apparent, whereas divergence is more
energetic in the other regions.
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Across all regimes, divergence is concentrated at scales finer than 5 km, which
contain 90% of its variance (red triangles), as indicated by the plateau reached at
larger separations. This concentration at kilometre scales likely reflects contributions
from both frontal dynamics and internal waves. Although their respective contribu-
tions cannot be readily separated, frontal dynamics appear to dominate a substantial
fraction of the most energetic divergence events. For instance in the Agulhas case,
the 5% strongest divergence pixels - which account for 40% of the total divergence
variance despite occupying only 5% of the surface - are not randomly distributed:
39% occur within 3 km of the 5% strongest SST gradients, compared with only 19%
expected under random translations (Monte Carlo test, 10 000 realizations, p=0.038).
This preferential clustering indicates that frontal dynamics are an important contrib-
utor to the observed kilometre-scale divergence, alongside internal waves. These direct
observations support longstanding hypotheses that kilometre-scale processes play a
central role in upper-ocean vertical exchange and imply stringent spatial-resolution
requirements for both satellite observations and numerical models aiming to resolve it.

Lastly, the vorticity and strain structure functions in the Agulhas case continue
to increase up to scales of about 20 km, indicating that these fields remain spatially
coherent over larger scales than divergence. In comparison, two versions of SWOT
level 3 geostrophic flows are examined, the v2 (shown in Extended fig 2c) and the
more horizontally smoothed v3. Both exhibit structure functions consistent with the
OT estimates at large scales, while instrumental noise produces a mild flattening at
separations smaller than 10 km (Fig. 3a and Extended fig 3a). SWOT v3 displays sub-
stantially reduced variability below 30 km scales. In contrast, the SWOT v2 vorticity
structure function closely matches the OT counterpart, whereas its strain structure
function amplitude is reduced by roughly a factor of two, indicating a substantial
underestimation of strain variance (Fig. 3b and Extended fig 3b).

Joint distributions of flow deformation fields

Joint probability distributions of deformation fields are widely used to identify oceanic
dynamical regimes 6234984 Tn the Agulhas case, the averaged divergence conditioned
on vorticity and strain provides a rare observational confirmation of high-resolution
numerical predictions for balanced oceanic turbulence®?. In particular, the distribution
exhibits strong cyclonic skewness, with clustering along the line of equal strain and vor-
ticity at large amplitudes and enhanced convergence in regions of high strain (Fig. 3c).
Such analyses are largely out of reach for altimetry: divergence is not directly available
from altimetry observations, and the vorticity-strain distribution is itself distorted by
geostrophic assumptions?3. Here, vorticity-strain distributions from SWOT v2 and
SWOT v3 are shown for the Agulhas case, and exhibit a markedly reduced cyclonic
skewness, particularly for the v2 product (Fig. 3¢ and Extended fig 3c).

In the Somalia region, the cyclonic skewness disappears and a heart-shaped pat-
tern emerges in the strain-divergence joint probability distribution (Fig. 3d). Such
a pattern is theoretically expected in internal-wave-dominated flows?? and has only
recently been identified in HF radar measurements*. Equatorial dynamics also exhibit
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characteristic signatures. The Galapagos equatorial front is marked by strong conver-
gence and strain despite weak vorticity (Fig. 3c,d), whereas the Somalia equatorial
confluence exhibits anticyclonic convergent structures (Extended fig 3c,d).

The divergence-vorticity joint distributions (Fig. 3e and Extended fig 3e) highlight
the observational shift beyond geostrophic dynamics: OT reveals flow regimes domi-
nated by divergence rather than vorticity, as well as mixed dynamics (for example the
New Zealand case and the Somalia equatorial confluence).

METHOD 5: Comparisons with state-of-the-art
numerical simulations

Comparison with numerical simulations provides context to OT observations. Such
comparisons can be performed with realistic analysis of the exact conditions
encountered (here using CMEMS global analysisforecast_phy_001_024 available at
https://doi.org/10.48670/moi-00016). Examples are shown in Extended fig 4a and
Extended fig 6f. The main caveats are the reduced resolution (1°/12) and the fact that
the dynamics are influenced by assimilation of a broad range of observations, includ-
ing altimetry. Free model runs at higher resolution do not suffer these limitations
and are therefore also insightful. These are performed with the widely used MIT-
gem LLC4320%° and the CROCO regional model*”. True comparisons with such free
numerical simulations will only be possible statistically once months of OT data have
accumulated. Nonetheless qualitative comparisons with year-long simulations provide
a sense of the likely outcome, and corresponding movies are provided (Movies S1 to
S4).

At first glance, the level of realism of LLC4320 is remarkable, given the variety
of dynamical regimes covered in this paper — from the strong Agulhas to internal
waves and equatorial currents. This agreement is particularly noteworthy given the
reduced effective resolution of the model and should provide strong motivation for the
modelling community. A few clear differences can nonetheless be identified. Except of
a few intense events, the South Madagascar Coastal Current is generally weaker in
LLC4320 than observed by OT, suggesting that underestimation in CMEMS analyses
primarily reflect a model bias than a bias induced by altimetry assimilation. Another
notable difference appears in the core of the Agulhas Current, which is filled with
bathymetric lee waves in all models, as evident in their divergence fields (see Movies S1
and S2 around 34.5°S 26°E).

These movies illustrate a notable shift: whereas observations of currents once lagged
behind numerical models in resolution, OT now provides opportunities of quantitative
comparisons.

21



Supplementary information. We provide an accompanying file containing all
figures with separate, superimposable panels, enabling direct comparison of current,
vorticity, temperature, and other fields for each scene discussed.

We also include four movies from state-of-the-art numerical simulations of dis-
cussed scenes to highlight model-observation differences (see Method 5).
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Extended data
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Extended Fig. 1 OT reveals the currents associated with a phytoplankton bloom off
New Zealand. (a-c) Currents computed from OT on 10 Dec 2024 at 22:16 UTC. Panel (a) shows
the current magnitude with arrows at half resolution. The globe inset shows the location on Earth
with the ocean topography. Panels (b) and (c) are the current vorticity and divergence, normalized by
the planetary vorticity. The missing data in grey are clouds and coastal water depth less than 30 m.
(d) The bloom appears on the original Sentinel-2 color composite image. Note the sharp agreement
between observed current fronts and color structures.
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Extended Fig. 2 The Agulhas Current exhibits a filamentary structure with OT while
appearing filled with instabilities with swath altimetry. (a,b) Same as Fig. 2, i.e. current and
vorticity computed from OT on 11 Dec 2024 at 08:20 UTC. (¢,d) Composite of two swaths of SWOT
geostrophic current (level3 v2.0.1) and vorticity, respectively 12 hours (western tracks) and 36 hours
(eastern tracks) before OT, at 20:29 on 9 and 10 Dec 2024. Inset (c) highlights the low variability
of the Agulhas Current core along the dashed transect. (e,f) Magnitude and direction comparisons
between OT and SWOT currents display a good overall agreement.
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Flow scales: second order structure functions (continued)
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Flow structures: joint variations of deformations (continued)
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Extended Fig. 3 Beyond geostrophy (continued): OT reveals flow scales and coherent
structures across submesoscale, internal-wave and equatorial dynamical regimes. Contin-
ued from Fig. 3 with additional dynamical regimes. (Left) In the Agulhas case, SWOT geostrophic
currents observed 12 hours before OT show enhanced variability in level 3 v2.0.1 compared with the
more filtered level 3 v3 product, although strain variability remains substantially weaker than in OT.
(Middle) The New Zealand case provides a mid-latitude example in which vorticity does not domi-
nate divergence. (Right) The Somalia confluence region (1°N-1°S) exhibits the distinctive dynamics
of anticyclonic convergent equatorial fronts. For the New Zealand case, airborne DopplerScatt radar
observations from California®! are shown for comparison and exhibit shallower structure-function
slopes (Method 4) than the OT observations across all dynamical regimes.

33



I3°E 30

Extended Fig. 4 Additional data for the case of Somalia (Fig. 4). (a) Model analysis from
CMEMS (Global Ocean Physics Analysis and Forecast) at the hour of the OT pass, showing the
Somali coastal current reversal approximately at the same latitude as observed by OT. The inset
shows a larger view of the modelled ocean circulation in the area. (b) The vorticity observed by OT
is very weak except for intense anticyclonic filaments at the coast and at the equatorial confluence.
(¢) The SSH observed by SWOT closely matches the internal wave patterns seen on OT current
divergence and on the SWOT oy field, with 90° phase shift ahead of the internal waves (towards the
northwest).
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Extended Fig. 5 Equatorial currents of a Pacific tropical instability wave near the Gala-
pagos Islands. (a-c) Currents computed from OT on 14 Dec 2024 at 16:44 UTC. Panel (a) shows
the current magnitude, with arrows downsampled to a 15 km resolution. Panels (b) and (c) show the
current vorticity and divergence, normalized by fo = 10~ s~!. Missing data in white indicate cloud
cover. (d) Radar cross section oo observed by SWOT 20 minutes earlier (16:24), band-pass filtered
over 1 —10 km and expressed as a contrast to background in %. (e) Sea surface temperature observed
by Sentinel-3 16 minutes earlier (16:28). The globe inset shows a larger view of equatorial Pacific
SST observed from microwave radiometers (REMSS). Internal waves are clearly visible in both OT
divergence and SWOT o¢. The equatorial SST front (marked by magenta arrows) exhibits a sharp,
kilometre-scale line of convergence, together with weaker vorticity of alternating sign.
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Extended Fig. 6 Altimetry and numer:
gascar Coastal Current (SMACC).

e) Geostrophic cur-

b

between 13 Dec 2024 at 07:18 UTC (eastern swath) and 16 Dec 2024 at 07:22 UTC (western

swath) display a coherent SMACC with mostly filamentary cyclonic vorticity. (b
exhibit more discontinuous SMACC with more turbulent submesoscale eddies. (¢) Geostrophic cur-

rent (level3 v3) and vorticity observed by SWOT 38 minutes later on 13 Dec 2024 (07:56 UTC)

DUACS. (f) Numerical analysis from CMEMS. The

SMACC appears too weak in models and classical altimetry, and appears discontinuous in swath

altimetry.

rent derived from classical altimetry by AVISO
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Extended Fig. 7 OT validation over the Agulhas current with HF radar radial veloci-
ties. (a,b) OT current and vorticity computed on 22 Feb 2026 at 07:58 UTC. This validation case
corresponds to a different location and date than the Agulhas case (11 Dec 2024) discussed through-
out the main text. (c) OT radial velocity in the direction of the HF radar station (red diamond). (d)
HF radar radial velocity averaged over 4 hours and every 6 km. (e) Radial velocities of OT and the
radar display a good overall agreement.
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Extended Fig. 8 OT current precision over the Agulhas Current, computed on 11 Dec
2024 from the Hessian of the cost function and the observed phase variance. Shown are the standard
errors (1o) in the best (a) and worst (b) directions, and (c) the azimuth (clockwise from North) of
the best-constrained direction.
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