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We present a method based on space-borne optical imagery from the SPOT5 satellite to directly measure the
phase velocity fields of ocean waves. The panchromatic and multispectral scenes acquired by SPOT5 the same
day on the same area are not strictly superimposable due to the different locations of the CCDs (Charged
Coupled Device) in the focal plane of the instrument. In this manuscript, we propose a method that exploits
the temporal lag that exists between the panchromatic and multispectral scenes to measure the ocean wave
velocity fields. We firstly discuss the principle and the methodology. Then, we apply it offshore La Reunion
Island. Finally, we compare and discuss the results against a swell propagation model. Our method is proven
reliable and can be immediately extended to other push-broom sensors.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Ocean waves represent an important oceanographic phenomenon
for manifold reasons. For instance, they strongly influence the most
superficial water layer where the exchanges and heat transfer be-
tween the ocean and the atmosphere take place. Moreover, the
ocean swell highly affects coastal areas, being one of the principal
agents responsible for coastal erosion. Furthermore, their propagation
pattern being affected by shallow bathymetry, ocean wave velocity
fields can provide invaluable information about the ocean floor to-
pography at shallow depth.

Traditional swell measurement methods typically employ sen-
sors mounted on buoys or sensors installed at depth to determine
ocean state characteristics. These methods are of great precision
and allow one to measure the swell parameters on a point-to-
point basis and are therefore well adapted to regions where the
ocean swell is spatially uniform. However, in coastal areas the
ocean wave field is not spatially uniform as it is modified on its ar-
rival at shallow depth by near-shore processes that depend on local
bathymetry (shoaling, refraction, breaking, …). Therefore, it is of
primary importance to measure the swell spatial variations. For in-
stance, phenomena such as coastal erosion and marine flooding are
highly dependent on the local wave characteristics. Since classical
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in situ instruments are often difficult to deploy in shallow water
where waves break, wave models are often used to estimate the
local sea state from the offshore wave buoys data. Space-borne im-
agery has been demonstrated complementary to in-situ measure-
ments in overcoming some of the aforementioned limitations and
it typically renders the ocean swell using two frequency bands of
the electromagnetic spectrum, the microwave and the visible
bands (e.g. Larouche & Lavoie, 1996). The microwave imaging tech-
nique consists in an active hyper-frequency system such as the Syn-
thetic Aperture Radar (SAR). The SAR backscattered signal on the
ocean surface is dominantly governed by Bragg scattering (e.g.
Chapron et al., 2005; Plant & Keller, 1990; Thompson et al., 1991)
so that it is the small scale ocean roughness, essentially driven by
the wind, that allows for imaging of the ocean swell by radar. A
large number of studies have demonstrated that SAR imaging sys-
tems are able to correctly evaluate the swell wavelengths and di-
rections even though a certain number of conditions have to be
respected for a SAR to image the ocean swell (e.g. Ardhuin et al.,
2004; Beal et al., 1983; Breivik et al., 1998; Collard et al., 2005;
Dobson & Vachon, 1994). Concretely, most of the aforementioned
methods are based on the evaluation of swell spectra retrieved
from the SAR imaging systems, not from direct measurements of
the swell velocity field. To overcome this limitation, Chapron et al.
(2005, 2004) evaluated the Doppler shift of radar echoes occurring
during the synthetic aperture as a direct measurement of ocean
surface wave velocity (e.g. Johannessen et al., 2008). Since the
Doppler shift is analysed on a sub-aperture base, Doppler velocities
are obtained at spatial resolutions of 2 km for a narrow swath SAR,
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Fig. 1. Acquisition geometry of SPOT5 HRG instrument (modified by the authors after
Riazanoff, 2002). X, Y and Z represent the attitude state vectors stored in the ancillary
data files; P1 and P2 indicate the position of the platform at T0 and T0+Δt, when ac-
quiring the HMA and XS data respectively. In this case study, Δt=2.04 s.
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and this pioneering method does not yet yield spatially detailed in-
formation close to the coast. Higher spatial resolution systems or
space-borne Along-Track Interferometry (ATI) might overcome
this SAR limitation.

Techniques based on space-borne sensors operating in the visible
range of the electromagnetic spectrum capture the specular reflection
of visible sunlight on the multiple facets of the ocean swell. These
techniques are limited by clouds, and to periods for which the sun,
the sensor, and the ocean wave field are in a favourable alignment
to allow for the swell image formation. For these reasons, optical
techniques have encountered a limited development compared to
SAR methods. Still, a large number of studies have demonstrated
the potential operational use of optical imaging systems for studying
the ocean swell spectra from high resolution SPOT images (e.g.
Populus et al., 1991) or for direct measurement of advective surface
velocities from medium resolution satellite sensors such as AVHRR,
MODIS (e.g. Crocker et al., 2007; Emery et al., 1986) and Nimbus 7
(Garcia & Robinson, 1989). Moreover, a number of studies have dem-
onstrated the potential of airborne infra-red remote sensing to evalu-
ate swell spectra (e.g. Dugan et al., 1996; Gelpi et al., 2001) and
surface currents using airborne visible image time series (e.g. Dugan
& Piotrowski, 2003). Nonetheless, the direct measurement of ocean
wave velocity fields from high resolution visible space-borne imagery
is still a challenge.

In this manuscript, we propose an innovative space-based meth-
od that jointly uses the panchromatic and multispectral instru-
ments on-board the SPOT-5 satellite, respectively at 5 m and 10 m
ground sampling distance (GSD), to directly measure the ocean sur-
face velocity field at very high spatial resolution. Our method relies
on two observations. First, owing to the SPOT-5 sensor's geometry,
there exists a small temporal lag between “simultaneous” panchro-
matic and multispectral acquisitions. Because of this temporal lag,
moving objects within the scene will therefore be imaged at differ-
ent locations between panchromatic and multispectral images. Sec-
ond, the relative displacement of objects between scenes can be
measured with high accuracy and precision with well-established
image cross-correlation techniques. We present the general concept
of the method, test it, and discuss the results by comparing them
with modelled ocean swell velocity offshore La Reunion Island
(Indian Ocean). We conclude that our method is proven reliable
and could be extended to most other space-borne optical sensors
to increase temporal data sampling.

2. Geometry of the SPOT-5 panchromatic and multispectral
sensors

Since 1986, SPOT satellites (SPOT 1–5) have been forming a con-
stellation acquiring images of the Earth from a sun-synchronous
near-polar, 832 km altitude orbit with 26 days repeat cycle. SPOT
orbits and station positioning are precisely determined by the
Doppler Orbitography and Radiopositioning Integrated by Satellite
(DORIS) instrument hosted by the payload. The DORIS integrated
system allows for the precise computation of SPOT position and ve-
locity every 30 s. In particular, SPOT-5, launched in 2002, is contin-
uously controlled in yaw steering mode by a programmed control
loop and a star tracking unit that computes absolute angles along the
three attitude axis and provides high accuracy attitude measures to
the ground (Riazanoff, 2002). Among other imaging sensors, SPOT-5 is
equipped with High Resolution Geometry (HRG1-2) instruments that
acquire data in multispectral mode (XS1–2–3) at 10 m spatial resolu-
tion and in panchromatic mode (HMA-B) at 5 m GSD respectively. The
panchromatic and multispectral scenes acquired the same day on the
same area and by the same instrument are not strictly superimposable
due to the different locations of the CCDs in the focal plane of the instru-
ment. In particular, an image line acquired at a given time by one of the
HRG instruments is approximately 9.24×10−3 rad in front of the
subsatellite point in panchromatic mode (HMA) and 9.24×10−3 rad
behind the sub-satellite point in multispectral mode (HS) (Fig. 1). This
configuration has been exploited to extract Digital Elevation Models
(DEM) as it gives rise to a slight parallax view (e.g. Mai & Latry, 2009;
Massonnet et al., 1997; Vadon, 2003). Because the sensors are aimed
at imaging exactly the same area on the ground, the panchromatic
and multispectral scenes are therefore acquired with a temporal shift.
For a given SPOT-5 dataset, the platform velocity vector is stored in
the ancillary data file. In the case presented here, the imaging ground
velocity is then ~7.53 km/s. If the platform is flying at a nominal
832 km altitude, it thus takes ~2.04 s to cross 18.48×10−3 rad
(~15.37 km) considering that the Earth curvature is negligible over
this distance. Therefore, considering a locally flat surface, if a cluster of
pixels, i.e. the ocean waves, within the dataset has moved between
theHMA andHS acquisitions, we canmeasure its velocity bymeasuring
its pixel offset and dividing it by the time lapse between the
acquisitions.
3. Processing methodology

The conditions for light reflection on the water surface and the
SPOT image formation over the ocean have been extensively de-
scribed by Populus et al. (1991). In the presence of ocean waves
higher than 1 m, the sun light reflected by the ocean wave slopes
produces glints on the image according to the relative positions
between the sensor, the wave front geometry, and the Sun azi-
muth and elevation. In principle, ocean wave propagation does
not produce horizontal displacements of the medium. But given a
fixed Sun-wave-sensor geometry, as the waves propagate, the sun-
light will produce a glint on the slope of the waves that are in dif-
ferent positions (Fig. 2). Here we start from a set of two SPOT-5
scenes acquired 2.04 s apart (Fig. 3) and use the subpixel phase



Fig. 2. Simplified representation of the glint tracking principle. The Sun light reflected
and scattered from the wave slope is recorded by the sensor as glints and different
shades of grey. In principle, a wave passing through a medium does not displace matter
horizontally, but as glints form for a given Sun-wave-sensor geometry, the glints stick
to the wave slope as it moves. Therefore, by measuring the glint offsets (vector “d”) and
dividing it by image acquisition time lag Δt, we can measure the waves velocity. “S” is
the sunlight front, r1 and r2 are the specular reflections captured by the HMA and HS
sensors at times 1 and 2 respectively. Specular reflections are symmetrical to the inci-
dent light with the respect to the local surface normal (corresponding to “z” in this
simplified case). “E” is the Sun elevation angle (measured from the horizon) and “I”
is the viewing incidence with respect to the vertical “z”. The condition to get proper
surface illumination, is approximately 60°bE+Ib120°. The reader should refer to
Populus et al. (1991) for more details.
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correlation technique implemented in the COSI-Corr software
package (Leprince et al., 2007) to track the glint over time, there-
fore measuring the phase velocity field of ocean waves.
Fig. 3. SPOT5 HRG dataset, south of La Reunion Island. Top: the HMA image (subsampled to t
SW/NE swell as well as a higher frequency wind waves directing SE–NW.
3.1. Dataset

We use a panchromatic+multispectral SPOT-5 dataset acquired
over La Reunion Island on February 6th, 2010 (Fig. 2). In particular,
we use the HMA panchromatic band with spectral bandwidth centred
at 0.58 μm, and analyse it against the XS1 multispectral band (green),
which has its spectral bandwidth centred at 0.55 μm. We selected the
XS1 because it is the one that closely matches the response of the
panchromatic sensor, which can be critical to obtain good image
cross-correlation (e.g., Necsoiu et al., 2009). The SPOT-5 orthorecti-
fied dataset has been made available in the frame of the Kalideos Pro-
ject led by the French Space Agency (Centre Nationale d'Etudes
Spatiales — CNES). The forward (HRG) and backward (HS) dataset
were precisely orthorectified using a rigorous sensor model and a
Digital Elevation Model (DEM) by CNES. The HRG and HS dataset
are co-registered inland to subpixel accuracy. We subsample the
HMA band spatial resolution (5 m) to match the HS spatial resolution
(10 m). Then, we use the COSI-Corr correlation to derive the relative
pixel offset field that is expected from the ocean wave motion.
3.2. Optical image correlation

Image correlation techniques using sliding windows have already
been successfully applied to both satellite and airborne photographs
to monitor Earth surface displacements. In particular, on seismogenic
faults (e.g. Binet & Bollinger, 2005; de Michele et al., 2008; Dominguez
et al., 2003; Klinger et al., 2006; Michel & Avouac, 2002, 2006; Van
Puymbroeck et al., 2000), on volcano deformation (de Michele &
Briole, 2007; Tobita et al., 2001), on gravitational movements assess-
ment (e.g. Berthier et al., 2005; Crippen, 1992; Debella-Gilo & Kaab,
he 10 m resolution XS image). Bottom: the XS image. We can observe a signal due to the
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image of Fig.�3
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2011; Delacourt et al., 2004; Scherler et al., 2008), on sand dunesmigra-
tion (Necsoiu et al., 2009). This technique analyses the phase difference
of the local instantaneous frequency of the images to determine local
subpixel offset vectors to a nominal precision better than 1/10 of the
pixel size. In this study, we propose to enlarge the spectrum of applica-
tions of this method by applying it for the first time to a SPOT5 dataset
to measure directly the phase velocity field of ocean waves. The reader
should refer to the work of Van Puymbroeck et al. (2000) and to the
work of Leprince et al. (2007) for details on the principles of the corre-
lation. In this study, we use a 64×64 sliding window with a sampling
step of 32 pixels (320 m). We only retain reliable offset measurements,
i.e., with a confidence higher that 0.97 as defined by the COSI-Corr cor-
relation signal-to-noise ratio.

3.3. Detection limits

Since a parallax view leads to a stereoscopically-driven pixel off-
sets on regions with varying topography, the parallax between pan-
chromatic and multi-spectral acquisitions is the main potential
source of bias to the velocity measurements. The base to height
ratio (B/H) controls the sensitivity of a particular acquisition system
to the topography, where the base B is the linear distance between
the scenes acquisition points and H is the platform altitude. The sys-
tem configuration presented here yields a B/H equal to 0.018.
Hence, the potential bias d, induced by ocean surface topography h
on the wave offsets is:

d ¼ h � B=Hð Þ

This means that a potential 10 m high ocean wave (or 10 m error
on the DEM) would produce an apparent pixel offset of 0.18 m on a
SPOT-5 dataset, which would lead to an apparent wave velocity bias
of 0.08 m/s. This is small in comparison to typical wave velocity
values (~10 m/s). Moreover, as the epipolar direction may be approx-
imated by the platform velocity direction (along-track stereo), the
stereoscopic parallax would induce an error only in the North/South
velocity estimates. In summary, we can conclude that the sea surface
elevation induced by the waves negligibly influences the accuracy of
the ocean wave velocity measurements.

Ocean pixels are correlated by considering that land features are
fixed reference points. We verify that the dataset are co-registered
to subpixel precision inland by looking at the COSI-Corr correlation
score along the coast. Inland, we found a mean of 0.04 pixels offset
Fig. 4. FFT spectrum calculated on a 512×512 pixels window over the ocean Image. A: FFT sp
swell (SW–NE) and the wind waves (SE–NW). B: FFT spectrum after filtering. We set the filt
the 1st and 3rd quadrants are retained for further processing.
with a standard deviation of 0.75 pixels, equivalent to an intrinsic
precision on the velocity measures of ±3.6 m/s.

SPOT5 is a pushbroom system for which a linear CCD array inte-
grates the sunlight coming from the ground, the line-by-line sam-
pling being performed by the motion of the platform itself
perpendicularly to the CCD array. The line-by-line sampling-time is
adjusted such that the spatial sampling step is identical in both
rows and columns directions. As columns sampling-step is fixed as
the distance between two elementary detectors of the CCD projected
to the ground, the line-by-line sampling-time to achieve 5 m resolu-
tion is nominally 0.75 ms (Latry et al., 2001). Concerning the phe-
nomenon that we aim to measure in this study, we can reasonably
consider 0.75 ms per line as an instantaneous sampling which does
not significantly influence the wave velocity measurements. Never-
theless, as it takes ~9 s to collect the whole 12,000 line HMA dataset,
one should consider the aforementioned characteristic when measur-
ing the velocity field of very large scale and fast moving phenomena,
such as tsunamis for instance, using the method proposed here.

4. Modelling with SWAN

We compare our SPOT-5 velocity field with the velocity field de-
rived with the SWAN wave propagation model. SWAN solves the
transport equation for wave energy density (Booij et al., 1999; Ris et
al., 1999) and is commonly used to obtain realistic estimates of
wave parameters in coastal areas. In our configuration, SWAN simu-
lates the following physical phenomena: wave propagation, shoaling,
refraction due to depth, wind effects, and wave energy dissipation by
bottom friction and by depth-induced breaking. Our SWAN configu-
ration is nested within the global wave model NOAA WaveWatchIII
(Tolman, 1991, 2009). We have used a standard parameterisation
which has been validated at La Reunion Island site using data collect-
ed at two omnidirectional wavebuoys. In this study, for the compari-
son with the SPOT-5 data, the results are extracted over a 1×1 km
grid centred on the study area.

4.1. Swell and wind-generated waves: spectral analysis

The ocean surface wave field can be seen as the sum of several
harmonic waves. On the SPOT-5 images studied here, we visually dis-
tinguish two components of the ocean wave field. On the one hand,
we can observe the South-West swell. On the other hand, we can ob-
serve a higher frequency wind waves signal directing SE–NW (Fig. 3).
Our cross-correlation method measures the amplitudes and the
ectrum before the filtering. We can clearly see two preferential directions related to the
er in such a way that FFT magnitudes less than 0.1 are discarded and only directions in

image of Fig.�4
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directions of the pixel offset vectors resulting from the superposition
of these two wave fronts, as they move simultaneously in different di-
rections. These two components of the wave field are clearly visible in
the image spectrum (Fig. 4a) calculated over the ocean only.

The modelling with SWAN is based on the distribution of wave en-
ergy, which depends on the wave heights, as a function of frequency
and direction. Therefore, the spectral discretization in SWAN is differ-
ent than the one used for retrieving the waves velocity field from
SPOT-5. The SWAN wave spectrum highlights the presence of two
types of waves: the swell waves and the wind waves, the swell
waves being the most energetic. We have restricted the SPOT-5/
SWAN data comparison to one type of wave only, the swell. In this
case study, as the swell and the wind waves present very distinct
propagation directions, we can separate them by applying a direc-
tional filter to each of the SPOT 5 images to only retain the informa-
tion from the swell (Fig. 4b). The filter masks out the values aligned
on the frequency axes −25/+155 with a fan of 40°. We also decide
to only work with high energy values in the FFT spectrum of Fig. 4a.
Practically we filter out all the values within the quadrants 2 and 4
of the FFT spectrum and work with FFT magnitudes higher that 0.1
(i.e., a frequency mask of 0.57 in COSI-Corr). Concerning the results
of SWAN, as the swell is more energetic than the wind waves, we
use peak parameters (i.e. the sea state parameters calculated where
the spectral energy is maximum) to focus on the swell characteristics
for the comparison.

5. Results

Using subpixel cross-correlation between two SPOT images, we
have derived both the velocity field due to the ocean swell alone,
and the total velocity field comprised of both swell and wind compo-
nents. The results in Fig. 5 show that the swell velocity retrieved by
SPOT-5 reaches up to 12.9 m/s (2.63 maximum pixels offset) and pre-
sents a SW/NE direction. We observe that the results obtained by fil-
tering the SPOT-5 prior to correlation to retain only the swell
information closely match the characteristics of the swell calculated
with SWAN.

We compute the measurements bias as the norm of the mean dif-
ference between SPOT-5 swell velocity vectors and SWAN-modelled
swell velocity vectors. Moreover, we assessed the norm of the stan-
dard deviation of the X and Y components of the difference vectors.
We find a bias of 2.3 m/s (0.4 pixels offset) and a precision of 1.6 m/s
(0.3 pixels offset), which correspond to a 25% bias and 17% of misfit
Fig. 5. Wave velocity field retrieved from the SPOT-5 dataset (both filtered and not filtered
COSI-Corr analysis on non-filtered SPOT-5 data. They represent the velocity field that resul
obtained from COSI-Corr analysis on filtered SPOT-5 data. These vectors reasonably corres
swell analysis.
on the SPOT-5 velocity measurements. Considering the direction, we
report 5° of standard deviation between SWAN and SPOT results. This
value falls within the commonly expected wave directional spreading
which is usually between 10° and 30°. Therefore, we can say that this
first order comparison yields promising results. The reader should
note that there are mainly two caveats to this quantitative comparison.
First, the model does not represent the ground truth but the physics of
wave propagation based on independently measured inputs. Second,
we compare instantaneous measurements vectors from SPOT-5 to
time-averaged vectors from SWAN.

6. Conclusions and perspectives

In this manuscript, we presented the potential of SPOT imagery for
the direct measurement of ocean wave velocity fields. We compared
the SPOT-5 results with SWAN modelling, and both methods indicate
that the sea state comprises two types of wave regimes: the swell and
the wind sea. Focussing on the swell only, the comparison indicates
that our methodology is promising. Nevertheless, there are few ca-
veats to the data comparison. Indeed, we have distinguished wind
waves from swell waves using a directional criterion but in situations
where wind waves and swell waves have similar directions, one
should consider alternative filteringmethods or account for both phe-
nomena into the modelling. Additional validation is needed in partic-
ular in areas where ground instrumentation is dense and data
sampling is frequent.

Our methodology is complementary to other space-borne tech-
niques such as the SAR Doppler velocity and could be of great interest
particularly to monitor coastal processes. Our approach can directly
be extended to archived dataset (e.g. from the whole SPOT archive)
to study past phenomena related to ocean circulation. This method
could be potentially applied to measure the dynamics of a variety of
fast moving phenomena such as ocean eddies, river flows, lava
flows, volcanic plumes, tornadoes and hurricanes, icebergs, and gla-
cier flow. The major limitation of this method is related to the
image acquisition when the cloud coverage is high. Nevertheless,
the revisit time can be improved as the methodology presented
here can immediately be extended to the many space-borne push-
broom platforms equipped with along-track stereoscopic or multi-
spectral sensing capabilities such as ASTER (Kääb & Prowse, 2011;
Matthews, 2005; Matthews & Awaji, 2010), PRISM, SPOT-HRS, Quick-
bird, IKONOS, or Worldview instruments. We encourage detailed in-
vestigations on the potential use of those instruments for velocity
) compared to SWAN modelled results. Orange arrows: velocity vectors obtained from
t from both the swell and the wind waves motion. Dark blue arrows: velocity vectors
pond to swell velocity field. Light blue arrows: velocity vectors obtained from SWAN

image of Fig.�5
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field measurements and recommend this data acquisition configura-
tion for future missions.
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