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As a detailed technical review of INSAR concepts exceeds the scope of the present document, we
suggest the reader to refer tepecializedliterature (e. g. Massonnet et al., 1993; Massonnet and
Feigl, 1998; Hanssen, 2001; Hooper, 2006, Ferretti et al., 2001) for a technical review of the SAR
instrument, systems, SAR interferometry algorithms and image formation concepts. Webdescri
below just the few concepts, mainly borrowed from Hanssen (2001) and Hooper (2006) that would
help the nonspecializedeader tofamiliarizewith the very basics of SAR and understand the findings

described further in this manuscript.
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A Synthetic Apertire Radar (SARystem can be seen as an extension of the cladRidilo Detection

and Rangingrédar) systems; it employs both the pulse compression techniques and the synthetic
aperture concept that enable the data spatial resolutions to be improvedhbyorder of meters
(instead ofkilometerg with relatively small physical antennas. Compared to visible remote sensing,
the radar has several advantages; it is an active system (so data acquisition does not depend on the
daylight); radar waves pass thrdugclouds, which makes the SAR a potentially «all weathers»
instrument. Spacdorne SAR instruments were initially used for the investigation of planetary
surfaces with the first Earth orbiting SAR instrument launched in 1978, aboard the NASA (National
Aerorautics and Space Administration) SEASAT satellite. The launch of the ESA (European Space
Agency) satellite ERISin 1991, led to a large amount of SAR data available for INSAR and made
INSAR widely applicable. SAR systems operate with dosili|ng geomey and illuminate the Earth

with a series of microwave pulses and record the phase and amplitude of echoes of previous pulses,
scattered from the Earth. The raw data collected by the SAR is then focused to form an «image» or
«scene». Each time the spaceftrpasses over a specific area it can acquire a «scene». The data
focusing is achieved in the direction perpendicular to the flight directithe ¢ange direction)
through knowledge of the time delay, and in the flight directidhe(azimuth direction) hrough
combination of echoes from multiple locations gynthesizea large antenna aperturei.(e. the
synthetic aperture concept). Focusing is based on the consideration (the compression process) of the
frequency modulation in a given bandwidth both imgg and azimuth directions. In range direction,
both the bandwidth and the frequency variation that make compression possible are provided by the
nature of the emitted pulse (i.e. the design of the instrument) and the frequency is linearly
modulated. Wheras in azimuth direction, bandwidth and frequency variation are naturally provided

by the Dopplegeneratedby the movement of the sensor relative to the Earth.

The basic concept of differential SAR interferomefilySAR)can be summarizedas the phase
differences of the radar waves between multiple radar scenes. For our researches, the main
objective of SAR interferometry is to estimate the deformation field occurring on the surface of the
Earth between two radar acquisitions. Given exactly the same dafaisition geometry (the orbital
baselines are supposed to be very small respect to the satebitéh distance), the phase differences
between multiple radar scenes acquired over the same area is proportional to a number of physical
phenomena such as iospheric or tropospheric waves refraction (resulting in signal phase delay),
random changes of the earth surfaground surface movements and noise. In seismotectonics, we
are interested in the INSAR signal due to ground surface movements. Thereforel] e @ model

the undesired signals and remove them from the interferometric phase, after which we can use the

SAR system to create maps and time series of surface displacements. Many algorithms have been
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proposed as each study area has to be treated aasestudy depending on the geographic area and

local atmospheric properties and conditions.
1.1.1Subpixel correlation techniquéoffset tracking

Image correlation techniques represent a valuable complement to Differential Synthetic Aperture
Radar Iterferometry (DINSAR) for monitoring Earth surface displacements. In particular, near
fault/fracture zones where large displacement results in poorly coherent SAR signal. This technique
has been successfully applied using SAR amplitude images and gairddbime photos in different

fields of studyIn particular, in seismotectonics (e. g. Van Puymbroeck et al. 2000; Michel & Avouac
1999; Michel & Avouac 2002; Dominguez et al. 2003, Binet & Bollinger, EG0ko et al. 2005,
Klinger et al., 2006; Mich& Avouac, 2006de Michele et al., 201)) on volcanaleformation(Tobita

et al. 2001 de Michele and Briole, 20p&ndgravitational movementgassessment (e.g. Delacourt et

al. 2004; Berthier et al. 2005Raucoules et al., 20LRecently, we push thimethodology forward

by applying it to quasi synchronous sbiénd multispectral images to measure ocean swell celerity
(de Michele et al., 2012) and to extract digital elevation models of volcanic plumes (de Michele et al.,
2016). Image correlation technige relies on the statistical analyses of two sets of data (e.g. digital
satellite imagery). This technique matches or moreimages at each point on a gridnalyzinghe
degrees of local correlation at each step. Differences in the local instantanesgiseficy of the
images result in supixel spatial differences in ground patterres §.Crippen, 1992). The results are

an expression of both movements in the ground surface and image distortions. Sources of image
distortions are discussed in Van Puymbioetal. (2000), Michel & Avouac (2006) and Leprince et al.
(2007). They can be potentially modelled and removed so that ground surface displacements can be
highlighted and measured with high precision. Measurements must be performed with subpixel
accuracy because the amplitude of the ground displacementew meters for large earthquakeis
typically lower than the resolution of the images except for new generation HRV sensors with

improved spatial resolution and gihotos.

1.1.1.10ptical domain

Subpixel image correlation technique for measuring ground surface displacements was firstly
conceptualizedy Robert Crippen (1992) and applied to satellite visible imagery. Crippen (1992) gave
§Z 8§ Zv]<p SZ v u }( MMuP} eC_X dZ %HoiE tha}eextérfsieZ sulu $Z}
resolution spatial differences in ground patterns between images acquired at differing times can be

measured accurately to high precision and also can be distinguished from systematic image
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differences, such as those due to sensiygtem attitude variations. If each pixel value is a measure
of radiance weighted at sutesolution scales by the pohspread function that is imposed by the
atmosphere and sensor optics, each pixel value is, therefore, variable in relation to its g@ogra

position at subresolution scales and thereby indirectly measures geographic position.

The images should be previously resampled to the DEM geometry so that they are in a common
cartographic projection but recently some other methodologies are bpiogosed if a precise DEM

is not available, such as the three pass image correlation (de Michele et al., 2008) and the use of the
perpendicularto-the-epipolarplane images (Renaud Binet, personal communication). Residual
offsets remain that relate to redual uncertainty in estimates of satellite parameters, errors in DEM

(if a DEM is used), and deformation induced by earthquakes. Those offsethauacterizedby
gradients typically lower than 0.1% except within a few tens of meters of faults (Micheb&ag,

2006). For more technical details on the methodology we suggest the reader to refer to the
pioneering work of Van Puymbroek et al., 2000 or Leprince et al., 2007. The latter, within the
Californian Institute of Technology, develop anthintain dedicated software for optical image

correlation.

1.1.1.2SARJomain

Subpixel image correlation technique for measuring ground surface displacements can be applied to
SAR amplitude images. The main differences are due to the radar acquisition geometry so that
instead of having Easest and NorthSouth offsets one must deal withslant range offsets and
Azimuth offset. This is in a way intriguing as azimuth offset are «topography free» and slant range
offsets are calculated in the Line Of SiglDSpf the sdellite and therefore contains a contribution

from vertical offsets depending on the viewing angle. For details on this this methodology, also called
N} ((etrd&cking_in literature, we suggest the reader to look at Michel & Rignot (1999) and Michel et

al, (1999), who used it with SR (Lband; SIR is Shuttle Imaging Radar) and European Remote
Sensing Satellite (ERS) radar amplitude images. The technique of offsets provides a measurement of
the ground displacement from the analysis of the geometrical ae&tion between the two SAR
amplitude images. Usually SAR images with a small as possible baseline are chosen in order to reduce
the stereoscopic effect and geometric decorrelation. In the studies presented in the present work,
we estimate the range and emuth offset fields using cross correlati@ptimization of the input
intensity images. This algorithm is implemented in the GAMMA software with the name of «offsets

tracking» (Strozzi et al., 2002).
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Water Depth: Coastal Bathymetry Derived from Copernicus Ses#tisdia  XENSEDRhe Remote
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M. de Michele D. Raucoules, J. de Sigoyer, M. Pubelliartographie et mesurde la rupture ce
sismique % ES]E [Ju RBatdliair€E appgkcation au séisme @ichuan(Chine) du 12 mai
2008. Géobronique n° 110 (2009).
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The International Space and Major Disasters Charter is an agreement between participating space
agencies to provide information and data obtained from space to support humanitarian efforts in
emergencies causkeby major disasters. The Charter is unique in that it can mobilize agencies around
the world and take advantage of their expertise and satell#ad(ground based) data through a
single point of contact. Access is open 24 hours a day, 7 days a weekc@strto the usr. Snce

November 2000, the Charter has usguzhcebaseddata to helpmanagethe effects of suddemnset
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natural disasters such as floods, hurricanes, tsunamis, earthquakes, landslides, wildfires, volcanic
eruptions.The International Chagtr on Space and Major Disasters hasmembers: European Space
Agency (ESA), National Center for Space Studies (CNES), Canadian Space Agency (CSA), Space
Research Organization of India (ISRO), National Oceanic and Atmospheric Administration (NOAA),
Nationd Commission for Space Activities (CONAE), Japan Aerospace Exploration Agency (JAXA),
United States Geological Survey (USGS), UK Space Agend@ InRvhational Imaging (UKSA)
(DMC), Chinese Space Agency (CNSA), German Aerospace Center (DLR), Kibuanfonst
Aerospace Research (KARI), National Institute for Space Research (INPE), European Organization for
the Exploitation of Meteorological Satellites (EUMETSAT), Russian Federal Space Agency
(ROSCOSMQ®AE Space Agency (UAE38gncia Bolivariana para Activitades Espaciales (ABAE)

In France, the® oopo [/vd EA U&J}v & § vEWHEST) is an agreement between six
nationalresearchorganizations (BRGM, CEA, INSU, IPGP, IRD, Widéh pims to extend the use of
spacedata, and in particular the images acquired within the framework of the International Charter

of Space and Major Disasters, for thaderstandingand the geophysicalktudy of the geological

hazards. This agreemeoame intolife in September 2005yith an inital term of three yearsToday

(2018) the CIEST has become an informedearchgroup; abrainstormis currently being conducted

on the integration of the CIE&Etivitieswithin the national "solid earth" pole FORMI&R.

How does it workAWhen the Charter is triggered for a geological disaster (earthquake, volcanic
eruption, gravitational movaent, tsunami), the members of the CIEST are warBeikntific eams

wishing to contribute to the development afeophysicalproducts access the satellite images
acquired. When CNESGbarterProject Manager, the interfaceith the Charteris natural, wien it is

not the case, CNES is committed to acting as an interface between the members of the CIEST and the
Charterlead The image data distributed to the members of the CIEST who request them are
available in the neadisaster period (Charter operatiorepod) but also beyond three months after

the outbreak. This availability allows a thorough analysis of the data for purposes of understanding

geologicabhenomena andjeophysicatesearch.

Here are some results was involved directlyn, obtained usingsatellite imagery as part of the

Charter / CIEST
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The CECILE projdmtoughttogether 8 partners (BRGM, LEGOS, Météo France, CNRS, LIENSS, Cerfacs,
CREOCEAN, SHOM). Its mission ian@lyzethe vulnerability of coastal areas faced with the
phenomenon of rising sea levels by examining positions at several levels in theasgaart of an
integrated approach that takes account of the mufiftctor aspect of the proces§he project is

jointly run by the BRGM (project coordination) and LEGOS (scientific coordination), witm@n#tb
mission (January 2010 to September 20IR)e project was based on six work packages. WP1.:
Selection of study areas and gathering of any kind of information that might allow characterization of
coastline shifts in these regions. WP2: Take a look at the climatic causes of past and future variations
in ocean levels. WP3: Mublicale analysis of the relative rise in sea levels. This concentrates on the
systematic analysis of collected bathymetric data in order to bring out trends, isolate indications, or
correct old biases.WP5: Development of an imddégd methodology based on precise indicators for
identifying the causes of coastline shift and assessing future impacts with respect to terrain type and

time scale. WP6: Distribution and development of the research results.

In CECILE project | was inedlvin the processing and interpretation of INSAR data to assess the
increasing exposure to sea level rise of the city of Alexandria due to land subsiBetizemargins

are subject to relatively high rates of land subsidence and have the potential tdicgigtly
exacerbate future changes in sea levels predicted by global warming models used in impact studies.
Through a combined analysis @PS and persistent scatterer interferometry data, we have
determined that most of the coastline of Alexandria hagmeubject to moderate land subsidence

over the past decade (0.4 mm/year on average and up to 2 mm/year locally). This contrasts to
previous studies that suggested subsidence in excess of 3 mm&ased on our findingsye infer

that on multicentury tomillennia timescales, land subsidence in the area of Alexandria is dominated
by tectonic setting and earthquakes or gravitational collapse episodes of a growth fault, whereas on

shorter interseismic decadal to century timescales, subsidence rates atg $iteady and moderate,
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in agreement with natural compaction and dewatering of the observed Holocene sediment layer.

These results were published sppelmanret al., 2014.
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| have been csupervisor (30%) and a jury member for Guillaume Bacques' thesis, which took place
between 2011 and 2013Guillaume's thesis focused on the use of INSAR for observation and the
modeling of the seismotectonic deformation, notably on lageepingfaults (San Andreas Fault,

USA) and on plate convergence zones where slow earthquakes occur (Guerrero, Mexid¢)DThe
project, cefunded by CNES and BRGM, was hosted by the Institute of Earth Sciences of Josef Fourrier
University of Grénoble (ISTERRE) and the BRGM, under the direction of Michel Campillo and the co
director Hdeo Aochi. The PhD has beeo-supervisedby Daniel Raucoules (BRGM) and Erwan
Pathier (ISTERRE) other than myself.

& | P i &ii anAndreagaultsurfacedisplacemenfrom StackedERSnd ASARnterferogramsat 5 given

time intervalsbetween2005and2010.Theseresultsare from Bacquest al., ScientificReports(2018)

The results of Guillaume's thesis have resulted in several presentations at national and international
conferences and an articlgublishedin Scientific Reports (2@) « Shallow deformation of the San

Andreas fault 5 yearoflowing the 2004 Parkfield earthquake (Mw6) combining ERS2 and Envisat

ot
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INSAR> by Guillaume Bacquedylarcello de Michelg Daniel Raucoules, Hideo Aochi, Frédérique
RolandoneThe study focuses on the shallow deformation during the 5 years followingathdi¢td
earthquake (28/09/2004, Mw 6, San Andreas Fault, California). In the study, we used the ability of
Synthetic Aperture Radar interferometry (INSAR) to provide precise measurements of transient
deformation following the Parkfield earthquake betwe2@05 and 2010We proposed a method to
combine both ERS2 and ENVISAT interferograms to increase the temporal data sampling. Firstly, we
combined 5 years of available SAR acquisitions including boti? ER& Envisat. Secondly, we
stacked selected interfegrams(both from ERS2 and Envisat) for measuring temporal evolutions of
ground velocities at given time intervals. Thanks to its high spatial resolution, INSAR could provide
new insights on the shallow fault motion behavior over the 5 years following thdfiEld
earthquake. As a complement to previous studies in this area, our results suggested that transient
deformations play an important role into the Parkfield seismic cycle. This might affect the time

recurrence variability of Mw6 earthquakes.

WZ 8% p ]} dEJA &} HMK

Claudio's thesis was funded in the context of the Nemo projgciMarie Curiefellowship. | was ce
supervisorat approximately5%. The thesis was directed Byuno Scaillet (Institut de Science de la

d EE [ K @aab hogted by BRGM under the direction of Hideo Aochi. The subject dealt with
earthquake at Long Period (LP) on Mt. Etna (Italy), inversion of the moment tensors and uncertainties
related to their interpretation. The thesis also involved a brainstorm orninaersion method to
integrate different sources of soil deformation measurement (including InSAR) for the

characterization of the volcanic environment.

WZdZ el2Xv 'p Pu vv i@ X

| was cesupervisor (20%) and jury member of Yann Guegwetin@sis, between 2005 and 2007. The

thesis project focused on the use of PSINSAR applied to ERS and EbaisatSAR data to measure

the residual deformation due to mining in Nord Pas de Calais (France). The thesisfuadectby

BRGM and Charbonnade France (now DPSM).

zZvv WZ & spose A E }oo 8§ Jv %p o] 38]}v JE 8Z :JpuEV o }( %o
‘Monitoring residual mining subsidence of Nord/RiesCalais coal basin from differential and

Persistent Scatterer Interferometryf} ESZ Ev &E v ¢ C zX 'w Pp vU X ((}vs ]v
M. Al Heib, M. de Michele D. Raucoules, Y. Guise, J. Planchen®dth differential SAR
Interferometry (DINSAR) and Persistent Scatterer Interferometry {R®&used to estimate surface
dispgacement of the Nord/Pade-Calais coal basin during a-{&ar period (19922007) after the end

of 270 years of mining exploitation. On the results issued from ERS and Envisat data processing, even

of
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if the area undergoes high temporal decorrelation due e thigh amount ofield crops, present
residual deformation are well detected. Those deformations show low amplitude with a maximum
rate of more than 1 cm/year during a period of 5 to 7 years after the end of the mining exploitation
(1992t 1999). Then deease up to stability, prevails, depending on the area. The deforméitidoh
obtained by differential and PersisteScatterer Interferometry showedood agreement with the
traditional methods of levelling comparison focused on sjedites. The recentigplacements,
revealed by DINSARé PSI within a wider area, lags to propose various natural (geology and

neotectonics) or/and anthropic origins

W}led SIE S®&] v WHu% EilMd«Xiii

| cosupervised the post doc of Adrien Poupardin with DRRaucoules and Deborah Idier. This
project, funded by the Carnot Institute between 2013 and 2014, stemmed from a new idea from
BRGM, which had been explored a few years before, the results of which are reviewed in Michele et
al. (2012): the ability to meare ocean wave velocities accuratédlpm an optical spaceborne
dataset using quassynchronous images. The celerities and wavelengths of the oceanic swell are
controlled by the coastal bathymetry: Adrien's work focused on the developmennabriginal
method to restore the bathymetry from these two measurements. Adrien Paodipaused a set of
SPO% data. He came out with an original idea of using wavelet analysis to calculate a multiple set of
wavelengths associated with multiple sets of celerities. ¥d#ed the method CWB (Correlation
WaveletBathymetry). ie encouraging results are published in several conference proceedings and
a specificarticle published in IEEE Transaction on Geoscience and Remote Sensing in 2016 "Water
depth inversion from a sitg SPOb dataset" , by A. Poupardin, D. Ididi. de Michele D.
Raucoules. The method is the subject of a patent thatswemittedin 2015 (WO 204132068 Al).

The SPOT 5 data weobtained thanks to a PNT8nding (Programme Nationale de Teledetection
Smatiale) and thanks to the Kalideossle o Z pvgdrpgramby CNES.

Foeu% EAYEIVE EveZ]% }( D «Z3DECPEWS vE]vE o I}
Konstantinos internship took place at the BRGM in 2015 during his Master 2 studies at the Paris ENS,
supervised by Pierre Briole at the Geology Laboratory, Department of Geosciences. The internship
topic, which was part of the EU MEDSUYV project, focused on the use of Sentinel 1 for interferometric
tracking of soil deformation along the Pernicana Faultlon Etna volcano during the 2015 eruption.
Konstantinos developed the Sentinel 1 interferograms using the GAMMA tools and reconstructed the
ground deformation history as well as an average velocity map between the beginning and the end
of the eruption. Higesults, shared with the INGV Catania, reveale@mrptive residual movements

on "secondary" faults, i.e. a reactivation of peristing faults during the eruption. The results of this

tols)



D E oo} DIDZud]E[ Jo]s &]}v JEIP E +Z Z & Z »

research internship are the subject of a poster presented duringitie fvorkshop of the MEDVUS
project, 2016 titled« Creeping on the flanks of mount Etna (ltaly) monitored by means of ERS,
Envisat and Sentindl interferometry for the period 1992016» by Derdelakos K., Mitoukaki S.,
Guglielmino F., Elias P., Bonforte Ruglisi A., Parcharidisde Michele M, Raucoules D., Briole fh

the full study,SARinterferometry and GPS, used lsltount Etna since more than twenty year, show

that the volcano is characterized by a relative stable western domain and a mosirreflank. The
boundary between both is well defined to the North with a unique discontinuity, the Pernicana fault.
The South boundary is more complex with several right lateral faults, e. g. Mascalucia, S. Leonardello
and Timpe faults. Their motiesncanbines shallow creep as well assmismicdisplacement. Irthis

work Konstantinosstudied the spatieiemporal variability of the motion along those faults in the
period 19922016. Konstantinosproduced a series of interferograms using ERS and Envisat ASAR
archived data with a maximum baseline of 250 meters and time span of 4 years. Using published
fault maps andhe interferograms,Konstantinogefined the location of the faults and discuss$the

status of the transition between fault&onstantinosaccurdely calculatel the average slip velocity

and temporal changes from our INSAR data. ThHémnstantinoscomparal them with available
published results including GPS and InSAR. In a secondKstegiantinosused sentinel 1 along with

the SBAS approadh measure creeping alontipose faults, specifically related to the 2015 eruption.

&IPUETXX§}o v} (JEEFI}0 vE]v o i JvE ER E3u SE QK EAPEX %o E » vE &
D ~hs (Jv o A}YEI+Z}% Tii0 & oE ~dililreX
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The 2015, 4months, internship focused on the potential of Diffused Scatterers differential
interferometry (SQEESAR) for the légagn monitoring of CO2 storage sites. This innovativethad

makes it possible to measure the interferometric phase coherently on areas partially covered by the
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vegetation, where usually the coherence of the INnSAR signal is low. Damien, Master student at the
Faculty of Applied Mathematics of the UniversityQrfeans, was in charge of developing an IDL code
that integrating the concept of Diffuse Scatterers Interferomeggpressed in Ferretti et al. (2014).

The results of this research internship are published in Raucoules et al., 2016.

Foeu% EA]]IWE(BLZZ]% }( D 8 E 9§85 ZPsE]
Baptiste Ristori's course focused on the use of INSAR and image correlation methods for the
measurement of the displacement field of the Machaze earthquake (Mozambique, Mw 7, 2006).
Baptiste combined C @n_ INSAR bands, from the Envisat and ALOS 1 sensors, to map and
characterize the seismic fault. The results of this research internship are published in Raucoules et
al., 2010.

}epu% EA]e]}v }( 8Z JvS EveZ]% H O €zZH «ypu vs ~Die
In 2007 we began to work on the first observations of correlation of optical images applied to the
measurement of the ocean swell celerity from space. The internship of Maakalace in 2008 for 4
months. Shefocused on the exploration of the cross correlationethods in this new field of
application. Nadia mainly used the stereoscopic data acquired by the IKONOS and ASTER satellites to
measure the celerity and direction of the ocean swell in two areas of application: offshore
Guadaloupe (IKONOS) and the Qiara strait (ASTER). Nadia's work contributed to the
implementation of the methodology that we later applied to SPOT5 and published in Michele et al.
(2012). The importance of these methods lies in the possibility of measuring different couples
"celerity" - "wavelength" for bathymetric restitutionThiswork led us to the work ofle Michele et al.
(2012) and Poupardin et §2014).
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In Synthetic Aperture Radar, variations in the Electro Magnetic Waves (EMW) travel time results in a
change in the Doppler frequency that adds up to the one that is naturally generated by the relative
motion between the platform and the ground targe In Synthetic Aperture Radar, frequencies
modulations control the image focusing along the two fundamental SAR directions, the azimuth (i.e.
the platform motion direction) and the range (i. e. the sensor looking direction). During the synthetic
aperture process (the so called image focusing) a target on the surface is seen along different paths.
In standard focusing processing it is assumed both that ground targets are stationary and that
between the sensor and the target the medium is the vacuum ortalljohomogeneous medium.
Therefore, if there is a significant path delay variation along the paths to a specific target this can
result either in image defocusing or in pixel misregistration or both. As a special case, a path delay
ramp across the synthiet aperture time would result in an offset in the azimuth pixels positions e.g.
Cumming and Wong (2003yeit et al., (2003)In particular, a ramp of one phase cycle across the
standard synthetic aperture would result in an offset of one pixel in azimatlch a relative path
delay might be caused by fluctuations of media properties in between the sensor and the surface, as
already observed and discussed obdnd and thand SAR data caused by dispersive ionospheric
layers i. eGray et al., 200QVeyer,2009,Raucoules and de Michele, 201¥egmuller et al., 2006n
particular cases, further radar frequencies modulations can be induced by the own motion of specific
radar targets such as vehicles &rgit et al., 2003Moreover, a Doppler shift in grourithsed radar
signal has been observed to be induced by volcanic ash plume¥alageand Donnadieu, 2011n
this study, we report a Doppler anomaly in Radaa&8AR data occurring during the process of
image focusing on data acquired over the Meraglcano on the 30 of October 2010. The Doppler
anomaly is so intense that it gives rise to measurableapdrture pixel offsets within a single radar
image. The Merapi volcano was in activity during the Rad&safAR image acquisition (the 2010
centennialMerapi eruption). Therefore, we test the hypothesis that the Doppler anomaly might be

induced by a volcantelated phenomenon.
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The Merapi volcano is one of the 145 Holocene volcanoes that populate the Indonesian archipelago.
It is located in the heart ahe Sunda arc in Central Java, 30 km north of the city of Yogyakarta (fig.
4.31). With its ~3000 m height, it is one the most dangerous volcanoes in Indonesia, characterized by
the persistent growth of the summit dome, intermitted by partial or total dogollapse to generate
frequentnuées ardentege. g. Camus et al., 200Bertisser et al. 20Q1Surono et al., 2012 Merapi
re-awakened in late 2010, after four years of quiescence. The eruption started the 26 of October
2010 after nearly two months ofrdianced levels of seismicity. Surono et(@D12)reported that

after an initial phase characterized by magmatic intrusions and shallow degassing, an explosive phase
took place characterized by phreatomagmatic eruptions from the 26 of October to thef 1

November that produced a sustained eruptive plume.

&IPUE B8Xi iX dZ +p C E X dZ o | E &§ VPO E %E » v§ §Z Z Z~d +A
JE &]jve E Jv] & XdZ «zZ @& & vVvPo ]*3Z (}}8% E]JvE }( (1P

We have use®AR data from the Canadian Space Ageregn@ Radarsa® sensor acquired on the
30 of October 2010 (UTC), along with the -syerture offsettracking method implemented in the
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GAMMA codesVerner et al., 2000t0 generate 2 suaperture SAR data. Our aisitb map azimuth
sub-aperture subpixel offsets potentially due to systematic errors in the platform speed. Azimuth
subband images correspond to consider SAR images with slightly different look directions. The
resulting offset map (figurd.3 3) substantilly shows a localized pixel shift on the volcano summit

and southwestern flank that cannot be related to an error in the platform speed.

As former Merapi Volcano Observatory in Yogyakarta (BPPTK) reported the presence of explosions
on the Merapi summiwith a plume reaching several km height between 17:12 and 17:50 (UTC) on
the 29 of October 2010, a possible hypothesis to explain the measured pixel offsets anomaly is to
assume that there is a heterogeneous medium that locally delays the SAR signaltdaritata
acquisition and hence causes pixel offsets. Effects are only expected for the data acquired on 30 Oct.
2010, when Merapi was erupting. Therefore, we concentrate on the Rad2rdata acquired the 30

of October 2010 at 22:11 (UTC) and we comphesn to the data acquired by Radarsabn the 06

of October 2010 (at 22:11 UTefore the eruption started).

In the present manuscript, we firstly describe the method to measure the Doppler related azimuth
shift anomaly. Secondly, we discuss the resaitd we propose a theoretic framework compatible to
our observations. This is the first time that a sphoene SAR system is used to measure a Doppler

anomaly related to volcanic activity.

S e E]%S]1}v v u $Z} }o}P] 0 %% E} Z
Radarsa® data areacquired in F3 mode, vertical polarization, 43.43° look angle. While common
Single Look Complex (SLC) SAR images are formed using the full length of the azimuth Doppler
spectrum, the sukaperture approach uses staperture images derived from different gements of
the azimuth Doppler spectrum calculated from the SLC SAR data. Each of-Hymeswine images (or
Zo}}le o ] (}CEuU (E}u v A] 8Z <p o &} iXiA 8Ju e« 83Z &E & Wupoe
yielding a frequency separation between the lsalf 0.45 times the PRF. The idea is that as the sub
aperture images observe the same object on ground from slightly different locations along the orbit
8Z C Ze [ 83ZE}IUPZ 1(( E v8 % ESe }( 8Z A}o v] %opu X 1(( &
these locations induces systematic small scale azimuth and range offsets between the two sub
aperture images resulting in relative shifts between the looks, which can be detected by cross
correlation methods. The sufyperture images are firstly generated. Thehey are crossorrelated
using 2D Fast Fourier Transform to measure the range and azimuth pixel offsets with a window size

of 256 pixels every 64 SLC pixels. A biguadratic interpolator determines the offset correlation peak
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with sub-pixel accuracy. Thprocessing code that we adopted here is the one implemented in the
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Subaperture pixel offsetéechnique allowed us to highlight an anomaly on the Doppler parameters
estimation of a Radars#& SLC data acquired on the 30 of October 2010 (UTC) over Merapi volcano.
Subaperture pixel offsets reaches 11.6 meters in the azimuth direction (positive tswtre
platform sense of motion). At that time, Merapi volcano was undergoing an eruptive explosive
phase. Sulaperture pixel offsets technique applied to the Radai®atataset acquired before the
eruption started (06 October 2010) does not reveal anyahextensive Doppler anomaly. Therefore,
we are inclined to think that there is a volcarglated phenomenon that has consistently delayed
the SAR signal during the actual process of image acquisition. Our measurements are compatible
with the presence of deterogeneous medium located on top south western flank of the Mera
volcano between~6 and 12.5 km altitude that influenced the SAR signhal so much to cause
measurable sulpixel offsets during image focusing. Both volcanic ash cloud particles and ptames
delay radar waves as already observed with Global Positioning Systerrlcailig et al., 2005
Therefore, we propose that the SAR signal might be perturbed by the presence volcanic plume on the
30 of October 2010 (UTC), which has been observed onrthend and instrumentally. In this study

we do not take into account the influence of particles/target owns motions on the SAR Doppler
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measurements but in the future we should investigate SAR Doppler anomalies induced by rapid mass
movements (such as surgasd pyroclastic flows) occurring during the synthetic aperture as well as
the influence of Doppler anomalies generated by plume particles motions as already observed by
ground based radars e. ¢/alade and Donnadieu, 2011This paper calls to a more caukf
interpretation of surface displacement derived from SAR-gixkel offsets in regions of exacerbated

volcanic phenomena.
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Revisiting the shallow Mw 5.1 Lorca earthquake (southeastern Spain) usibgr@d INnSAR and
elastic dislocation modlling

Marcello de Michele aPierre Briole b, Daniel Raucoules a , Anne Lemoine a, Alexis Rigo ¢

A collaboration beween
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reasons) it presents a method to extract interferometric phase from atmospherically biased (and
sparse) SAR data. The potential application to Sentinel 1 might be of interest for the comMimity.

thank ESA, BRGM Research Diredoorfiunding this reearch

Short introduction

Space geodetic techniques such as interferometric synthetic aperture radar (INSAR) and global
positioning systems (GPS) have demonstrated to be useful in mapping the displacement fields of
large earthquakes (moment magnitude (Mw6 or higher).However, the displacement fields of
smaller earthquakes (Mw 5.5), such as those that typically result from the collision of the European
and African plates, are less often analysed by space geodetic techniques, and their characterization,
in terms of slip along the fault plane at depth and focal depth location, often challenges current
seismological techniques. This letter presents the results of INSAR analysis of the 11 May 2011, Mw

5.1, Lorca earthquake. The Lorca earthquake occurred tdoaa area undergoing rapid subsidence
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due to sediment compaction related to water pumping. Therefore, it is challenging to separate the
INSAR signals due to the earthquake from those due to human activity. We used four sets of SAR data
acquired from theEuropean and Advanced SAR (ASAR) sensor on board the Environmental
Satellite (ENVISAT) to map the surfdégplacement field in the Lorca region. Then, we use a simple
elastic dislocation model to characterize the fault plane geometry and the fautitstippth. We find

that the INSAR signals can be explainedy@} cm reverse slip with 6 cm leftlateral component

on a 3 kmx 3 km segment centred at 4.2 km depth dipping, 48V and striking N65E, consistent

with the rupture of a segment of the Alhama de Murcia fault and consistent with recent published
analyse. Interestingly, the INSAR signal can also be explaineg2bycm reverse slip with §6 cm
left-lateral component on a 3 ks 3 km segment centred ay4.2 km depth dipping 50SE and
striking N230QE, consistent with preliminary focal plane solutionsi¢ating a rupture on a previously
unmapped blind structure. We conclude that the second model cannot be rejected on the base of
the INSAR results, the complex surfatigplacement pattern (containing both seismic and fion
seismic displacement), the differerpreliminary moment tensor solutions and the published

locations of aftershocks at depth.

Introduction
The moment magnitude (Mw) 5.1 Lorca earthquélkkircia region, Spain) occurred on 11 May 2011
and ruptured a segment of the Alhaande Murcia fault (AMFsystem.Preliminary seismological
analyses from the o Mediterranean Seismologicalenter (EMSC) indicated a reverse slip
mechanism ora relatively steep fault plangy65 ) at a shallow depth off2 km (EMSC 201 1jitial
moment tensor solutions alsauggest that theLorca earthquake could have oced on one of the
two familiesof fault planes. The first family from th&panié Instituto Géografico NacionéiGN), the
Istituto Andaluz de Geddica (IAG), the Global Centroid Moment Tensolution (GCM) and the
University of Nice (Geoaguis consistent with a rupturen a plane striking N6 and dipping NW.
The second family from thigalian Instituto Nazionale di Geofisica e Vulcanologia (INGV), the German
GeoForschungs Zentrum (GFZ) and the Geological Survey (USG8diisistent witha plain striking
N230.E and dippingEEThe AMF ane is a 10&km-long reverse strikéslip fault composed of several
segmentdrending NBESW (from N45 to N65) that startetkveloping within the internatone of the
eastern Betic Cordillera during the lalMiocene (e.g.MartinezDiaz 2002Masanaet al. 2004).
Geomorphically, the AMF fors the northwestern boundary dhe Gualalentin depression (figure
0 X19. Structurally,the AMF has been a major playguring different phases of imrsion tectonics
related to the Alpine Orogeny (particulaflpm upperMiocene to present) in the Murcigegion and
is believed to haveontrolled extensional basin formations along thetiB Cordillera (Meijninger and

Vissers 2006)Geodynamically, the AMF has recedda regional stress field th& compatible with
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the NNWtSSE horizontalompression since the late Miocer{&alindeZaldivaret al. 1993, Martinez
Diaz 2002, Masanet al. 2004), in agreemenwith the presentday regional shortening direction
(e.g., DeMetet al. 1990,Nocquet and Calais 2003). Seismically,AMF is an active fault capable of
Mw 6.5t7 earthquakes, as revealed pglacoseismology on the LortEotana segmen{Masanaet
al. 2004). The area isharacterized by a high rate of subsidence duesé&aliment compaction

triggered by water pumping ithe Guadalentin basin (Gonzalend Fernandez 2011).

&IPUE 8Xd iX dZ «3pu C E X >} 3]}ve }( «<pu 8 EY IEQI{ip¥ss JWIEISC (3 E
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Recent studies based on seislogical analysis (Lop€&ominoet al. 2012 and interferometric
synthetic aperture adar (INSAR) analysis (Frontetaal. 2012, Gonzaleet al. 2012, MartinezDiazet
al. 2012a, 2012b) have pointedwards a fault model consistent with th&Nsolution for the 2011
Lorca earthquakeStill, given he difficulty of separating coseisnmigsplacement from the longerm
surface subsidence and noises, an open questiemains as for the capability dihSAR to

discriminate between the two familiesf seismogenic fault planes in Lorddis study focusesno
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characterizig the fault segment responsible for the Lorearthquake by applying the InSAR
technique (e.g., Mssonnet and Feigl 1998) to data from tBaropean Space Agency (ESA) Advanced
SAR (ASAR) sensor on board Bmwironmental Satellite (ENVISA&}ellite. The challeges of this
study are twofold.First, this research aims to investigate whether ENVISBAR ®and InSAR
method can be used to quantify the displacement field of a shalw 5.1 earthquakein the
presence of both higiate and longterm subsdence due to water pumping andtmospheric
disturbances in the INSAR data. Second,inuestigate whether an elastidislocation model can
provide a goocexplanation ofthe observed displacement fielahd whether the model pameters

are consistat with the independent seismological observations. In addition, we investigate whether
the INSAR signal generated by therca earthquake can be explained by slip at Hept the second

family of faultplanes.

Data and methodology

We used four ASARKand scenes from track 8 in IS2 mode (2% the vertical line of sight (LOS))
acquired between Novembe 2010 and June 2011, after thENVISAT extension kit was
implemented (ESA 20115mom these data, six differentiahterferograms were calculated (table 1);
four of which contain the displzementfield of the Lorca earthquake, and all six cover éxéent of
the subsidence in the Guadalentin basin. Twrferograms (one before and one after the quake)
were used to verify tlat the INSAR signal outside thesismic window is not due to thearthquake.
The maximum perpendicular balgne was 267 m. Therefore, the ShutBadar Topography Mission
(SRTM) 90n digital eleation model (DEM) is sufficietd remove the topographic contributions to
the interferometricphase from each interferogranwe used the GAMMAinimum cost fiow (MCF)
algorithm (Costantinand Rosen 1999, Wernet al. 2002) to unwrap the interferograms. To help
MCF,we created a multipldook interferogram and used as a phase reference model. Fegch
pixel, the unwrapped phse value was set to a wal which is within the intervak <) of the phase
reference model (Werneet al. 2002). Depending on atmosphermonditions, he SAR path delay
might have araltitude dependence caused by changeshe atmospheric watevaporand pressure
profiles between the acquisitions of thaterferometric image pairs. Therefore, the GAMMA
atm_modalgorithm was usedo determine the linear regression coefficients of thesidual phase
with respect toheight in the unwrapped interferograms. The DEMs used to generate the phase
model of the heighidependent atmospheric phase delayrfeach unwrapped interferograngnd
then the phase model was subtractefrom the corresponding singléenterferogram. Such a
procedure also reduces possible unaacted-for orbital uncertaintieghat could be due to a linear
dependency o the perpendicular baseline dfie SAR signal. The Guadalentin basin is knowreto

affected by high subsidencates (y0.8 cm month), due to aquifer compaion caused by intensive
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water pumping(Gonzalez and Fernandez 2011). Thereforestisidence signal was expected to be
clearly visible inour INSAR analysis. We calculated the subsidence ratepver the period of
observation of the fouinterferograms”j (j =1 to 4) that contain thalisplacement field of the Lorca

earthquake:

YLl (613

where N is the number of interferograms andsis the time separation between the two radar
scenes (Le Mouéliet al. 2005). This procedurtirther reduces the atmosphericontribution to the

interferometric phase and makes it possible to evaluate shbsidence rate due to water pumping.
Then, an stimate of the Lorca earthquake displacemdietd, Lk, could be extracted by considering

it as being identical on all the interferograms for theyiod of observation:
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Figure 8 X2shows the displacement field of therca earthquake; on the same map, the ground
subsidence due to water pumping in the Guadalentin basin over an equivalent period of observation

given by

P

P

Zzz § PRQWKV (33}
The modelling process began with aviard appro@h. We used the physical theory proposed by
Okada (1985)as implemented in the code by Briad¢ al. (1986), forpredicting the results olSAR
observations. The processarted with a set of prioriinformation on fault geometry obtaineddm
sesmology and structural geology triakand-error approach was used, looking foretHorward
model that could best reproduce the InSAfSplacement field in agreemé with published
seismologicainterpretations (LopezxZominoet al. 2012).0Once the érward model configurationvas
satisfactory, we fixed the strike and the dipthe fault, and we performed aimversion to obtain the
slip, depth, width and lengthThe inversion was based on the Tarantialette method (Tarantola
and Valette 882) and vas implemented in thénversesode as described by Briode al. (1986).We
useda set of 104 input data pointsom the INSAR displacement fieldgadmple every 1 km along a
y10 kmx 10 kmgrid). As there was a disagreement among the vest fnoment tensor solutions,
we testedseveral forward models based on the fault plaggpmetry initially suggested NGV, GFZ
and USGS.

Results
Our best model (figured X3d table 6 X29 in terms of both data fitig and agreement with published
seismologicdInSAR interpretations (Visseand Meijninger 2011, Fronteet al. 2012, Gonzaleet
al. 2012,LopezCominoet al. 2012, MartinezDiazet al. 2012a, 2012b) is consistent wigip on the
northern segment of the AMF, whiatips to the NW. The results suggest that the Loraghgaake
ruptured a 2.9km-long x 2.9-km-wide asperity belonging to a NGk orientel fault centred at 4.2 km
depth and dipping 45 to the NW. The model proposed here indicat§22 cm coseismic slip
partitioned into 21 cm revese slip and 6.5 cm lefateral slip (rake 77), which producedip to 3+
0.5 cm of surface displacemiin the LOS direction. Noise standadgviation in the stacked

interferogram corresponds t0.B cm displacement.
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We consider the modelled results asceptable if the residual locally falls within plus or minus one
standard deviation of the original obwations. Our model suggests a seismioment (Kanamori
1977) of 5.55x 1016 Nm, whib is in good agreement with theeismic moment deduced from
seismological observations, yielding a M#5.1. The residuals (figuré X3 showthat the model
satisfactoily reproduces the observationgxcept for a large fringeattern within the Guadalentin
basin that can reasonably fatributed to sediment compaction caused by watrmping activities,

as describedby Gonzalez and Fernandez (2011). In this area, weuneda subsidence rate 0§0.7

cm monthX during theperiod of observation y2 Cband LOS fringes).
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Our second best model in ters of both fitting the data and agreement with prelimindogcal plane
solutions (by INGV, GFZdatiSGS) and published relocataftershocks at depth (figured X4in
MartinezDiazet al. 2012b) is consistent with slip on a blind thrust dippingtihe SE. This result
suggests that the Lorca earthquake might have ruptureekendong x 3-km-wide asperitybelonging

to a N230, E orientedfault centred at 4.2 km depth and dipping 5t the SE (tabled X&). This
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second modeindicates that y22 cm coseismic slip partitioned into 21 cnveese slip and 6 cm
leftlateral slip (rake 77) can produce a surface displacement af @5 cm in the LOS8irection (figure

0 X49. The residual in figurd Xddfalls within tke level of noise in the stackendterferogram (0.5 cm
standard deviation).Therefore, this stibn satisfactorily reproducethe set of observations and thus
cannot be rg¢ected a priori. Moreover, the Mwsuggested by this 2nd model (Mw 5.12) is in good
ageement with the seismic moment deduced fraaismological observations. Frontergal. (2012)
measured 5.5 mmt 0.2 N offsess § SZ 'W" 3§ §]}vvedfy it hoth bur models are
consistentwith the direction and the magnitudef GPS offset; model 1 predicts Imm N offaad
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Discussion andonclusions
Despite its low magnitude, the 11 May 2011, M, Lorca earthquake was shallow enough to
produce adeformation field wich was measureable with-iand ENVISAT InSAR. ilgle elastic
dislocation model was able to characterize giee, the depth and the amount of slip along the faul

plane. The bestitting modelcorresponded to a square fault segment of 2.9 k2.9 km. We found
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that the centroid of the fault segment wdscated at a depth of 2 km. The slip was modelled 23
cm of obliquetreverse slip. The moment magnitugeedicted from the moded proposedhere was
Mw 5.1.This value is consistent with the ment magnitude inferredrom the seismological data.
Nevertheless, we found thagiven the blind nature of the seismic rupturtie complex surface
displacement pttern (containing both seismi@and nonseismic displacement), the different
preliminary momentensor solutionsthe locations of aftershocks at depth and the level ofseoin
the interferogram stackwe were not able to discriminate certainly the orientat of the fault plane
basedon INSAR only. If we combine different sources of informatioohsas rupture directivity,
structural geology and InSARissers and Meijninger 2011, Gonzaeal. 2012,LopezCominoet al.
2012, MartinezDiazet al.2012a,2012b) our first model is casistentwith a rupture on a segment of
the AMF. If we combine fierent publishedinformation from relocation of aftershocks at depth,
preliminary moment tensor solution (from INGV, GFZ B¥8GS) and our INSARalahe best model
is consistentvith slip an a blind thrus dipping to the SE, suggestititat the Lorca eghquakemight
have ruptured a &m-long by 3km-wide asperity belonging to a N23& oriented fault centred at
4.2 km depth and dipping 500 the SEWe conclde that ENVISAT extenstorbit data showed
their ability to delivercoherent interferograms that can be used study and to obtain a better
understandingof shallow and moderate (Mwy 5) seismicity in Europe. Btiour analysis of the
shallow Lorcaearthquake has shown that the symgrof INSAR and seismology allowse to
characterize the depth, thguantity of slip, he size and the focal mechanisof the earthquake
source, but the nodal plane orientatida still a challenge; the mabstacles being the blind nature
of the earthquake wpture, the phase noise and theresence of a lonterm highrate (y0.7 cm
month X) subsidence in the Guadalentiasin. In this case, onermaot rely onremotely-sensel data
only but has to considdpcal structural geology (Martindziazet al. 2012a) fault directivity (Lopez
Cominoet al. 2012) and damages analysisr(@iRobleset al. 2012) to further constrain théault

geometry at depth.
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4.5.1Abstract

We present a method based on spdoerne optical imagry from the SPOT5 satellite to directly
measure thephase velocityfields of oean waves. The panchromatic amdultispectral senes
acquired by SPOT5 the sarday onthe same ara are not strictlysuperimposable due to the
different locations of the CCDs (Charged Coupled Device) ifota¢ plane of the instrument. In this
manuscript, we propose a method that exploitthe temporal lag that exists between the
panchromatic and muilspectral senes to measure the ocean wavelocityfields. Wefirstly discuss
the principk and the methodology. Then, vepply it offshore La RmionIsland. Finally, we compare
and discuss the results againssaell propagabn model. Our method is pv@nreliableand can be

immediately extendedo other pushbroom sensors.
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Introduction
Ocean waves represent an imgant oceanographic phenomenoffor manifold reasons. For
instance, they strongly fluence the mostsupeficial wate layer where the eXtanges and heat
transfer betweerthe ocean and the atmghere take place. Moreover, thecean swell highly affects
coastal areas, being one of the mripalagents responsible for coastal erosidfurthermore, their
propagationpattern being affected byghallow bathymetry, ocean wave velocifields can provide
invaluable information about the oceafloor topography at shallow depthTraditional swell
measurement rethods typically employ sensomsounted on buoys or sensoisstalled at depth to
determine ocean state characteristics. These methods are of great preciammh allow one to
measurethe swell parameters on a poirtb point basis and are therefore well adapted to regions
where theocean swell is spatiallyniform. However, in coastal areas tleeean wavefield isnot
spatially uniform as it isnodified on its arrivaht shallow depth by neashoreprocesses that depend
on localbathymetry ghoaling, refraction, breaking ejc.Therefore, it is oprimary importance to
measure the swell spial varidions. For instancephenomena such as coastal erosion amdrine
flooding arehighly dependent on the local wave characteristics. Since clags&ial instruments are
often difficult to deploy in shallow watewhere waves break, wave models are ofteged to
estimate thelocal sea state from theffshore wave buoys data. Spaberne imageryhas been
demonstrated complementary to igitu measurementsn overcoming some of the aforementioned
limitations andit typically renders the ocean swelbing two fequency bands ahe electromagnetic
spectrum, the microwave and the visibl&ands (e.g. Larouche & Lavoie, 1996). The microwave
imaging techniqueonsists in an activieyperfrequency system such as the Synth&jmerture Radr
(SAR). The SAR backscaitksignal on theocean surface is dominantly governed by Bragg scattering
(e.g.Chapron et al., 2005; Plant & Keller, 1990; Thompson et al., 5@0thht it is the small scale
oceanroughness, essentially driven bye wind, that allows foimaging of theocean swell byadar.
A large number of studies have demonstrated that SAR imaging systéeengble tocorrectly
evaluate the swell wavelengths and directiomgen though a certain number @bnditions have to
be respected for a SAR to image the oceanlb(geg. Ardhuin et al2004;Beal et al., 1983; Breivik et
al., 1998; Collard et al.,, 200Bobson & Vachon, 1994Concretely, most of the aforementioned
methods are bsed on the evaluation of swedpectra retrievedrom the SAR imaging systems, not
from direct measurements ahe swell velocityfield. To overcome this limitation, Chapron et al.
(2005, 2004 evaluated the Doppleshift of radar echoes occurrirdyring the synthetic apéure as a
direct measurement obceansurface wave velocity (e.g.REmnessen et al., 2008). Since heppler
shift isanalysed on a suliperture base, Doppler velocitiese obtaned at spatial resolutions ofk&n
for a narrow swath SARNd this pioneering method doesnyet yield spatially detailethformation

close b the coast. Higher spatial resolution systemspaceborne AlongTrackinterferometry (ATI)
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might overcomethis SAR limitationTechniques basednospaceborne sensors operating in the
visiblerange of the electromagneatispectrum capture the speculagflection of visible sunlight on
the multiple facets of the ocean swell. Thesehniques ardimited by clouds, and to periods for
which the sunthe sensor, and the ocean wavield are in a favourable alignmetd allow for the
swell image formation. Fothese reasons, opticatechniqgues have encountered a limited
development compared t&8AR methods. Still, a largeimber of studies have demonstratetie
potential opeational use of optical imagingystems for studyinghe ocean swell spectra from high
resolution SPOT images (eRppuluset al., 1991) or for direct measurement of advective surface
velocities from metlm resolution satellite sensors such as AVHR&DIS (e.g. Crker et al., 2007;
Emery et al.1986) and Nimbus {Garcia & Robinson, 1989Yloreover, a number of studies have
demonstratedthe potential of airborne infraed remote sensing to evaluatswel spectra(e.g.
Dugan et al., 1996; Gelpi et al., 2001) aodface currets using airborne visible imadene series
(e.g. Dugar& Piotrowski, 2003). Nonetheless, the direct measurement of oosawe velocityfields
from high resolution visible spadmrne imageryis still a challengdn this manuscript, we propose
an innovative spacbased methodhat jointly uses the panchromatic and mighectral instruments
on-board the SPG% satellite, respectively at .1 and 10 mground sampling distance (GSD), to
directly measure the ocean surfagelocityfield at very high spatial resolution. Our method relies
two observations. First, owing tihne SPOb sensor's geometnthere exists a small temporal lag
between Simultaneous panchromaticand multispectral acquisitions. Because of this temporal lag,
moving objectswithin the scene will therefore be imaged at differebcations between
panchranatic and multispectral images. Secondhe relative displacement of objects between
scenes can beneasured with high accuracy and precision with westiablishedimage cross
correlation techniques. We present the general concegtthe method, testit, and discuss the
results bycomparing themwith modelled ocean swell velocity offshore La Reunion Is{&mdian
Ocean). We conclude that our method is proven reliaid could be extended to mosther space
borne optical sensorto increase temporal dataaspling. Geometry of theSPO¥ panchromatic
and multispectrakensorsSince 1986, SPOT satellites (SP@) Aavebeen forming a constellation
acquiring images of the Earth from a ssynchronoushearpolar, 832 km altitude orbit with 26 days
repeat cycle SPOTorbits and station positioning are precisely determined by tbBeppler
Orbitography and Radiopii®ning Integrated bySatellite(DORIS) instrument hosted by the payload.
The DORIS integratexystem allows fothe precise computation of SPOT positiand velocityevery

30 s. In particular, SP&T launched in 2002, is continuoustpntrolled in yaw steering mode by a
programmed controlloop and a star tracking unit that computes absolute angles alonghttes
attitude axis andprovides high accuracgttitude measures tadhe ground (Riazanoff, 20p2Among

other imaging sensors, SP&Tis equipped with High Resolution Geometry (HR&linstruments
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that acquire data in multispectral mode (X&13) at 10m spatial resolutioand in panchromatic
mode (HMAB) at 5 m GSD respectively. Tpenchromatic and multispectracenes acquired the
same day on theame area and by theame instrument are not strictlguperimposablelue to the
different locations of theCCDs in the focal plane of tlwstrument. In paticular, an image line
acquired at a given time by one of th#RGinstruments is approximately 9.24x¥® rad in front of
the subsatellite point irpanchromatic mode (HMA) and 9.24xB0radbehind the suksatellite point

in multispectralmode (HS) (Figd X¥). Thisconfiguration has been exploited to extract Digital
Elevation Model¢DEM) as it gives rige a slight parallax view (e.g. Mai & Latry, 200@ssonnet et
al., 1997Vadon, 2003).
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Because the sensors are aimatdimagng exactly the same area on tlgeound, the panchromatic

and multispectral scenes are therefore acquiredhwa temporalshift. For a given SPEH dataset,
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the platform velocity vector is stored ithe ancillary datafile. In the case presented here, the
imaging groundselocity is then ~7.53 km/s. If thplatform isflying at a nomina832 km altitude, it
thus takes ~2.04 s taross 18.48x18 rad (~15.37 km) considering that the Earth curvature is
negligible ovethis distance. Thereforesonsidering a locallffat surface, if a cluster gfixels, ie. the
ocean waves, within thdataset has moved betweethe HMA and HS acquisihs,we canmeasure
its velocityby measuringts pixel offset and dividing it by the time lapse between #doguisitions.
Processing methodology
The conditions for light féection on the water surface and tf#OT image formation over the ocean
have been extensivgldescribedy Populus et al(1991).In the presence of ocean wavkigher than
1 m, the sun light riéected by the ocean wave sloppsoduces glints on the image aacdang to the
relative positions between theensor, the wave frangeometry, and the Suazimuthand elevation.
In principge, ocean wave propagation doast produce horizontal displacesnts of the medium. But
given afixed SuaAwave-sensor geometry, as ehwaves propagate, the sunlight will produce a ghint
the slope ofthe waves that aren different positions (Fig.d0 X2). Here we start from a set of two
SPO% scenes acquired 2.04 s apart (F@yX3) and use the subpixel phaserrelationtechnique
implemented in the COSTorr softwarepackage (Leprince et al., 2000 track the glint ger time,

therefore measuring the phase velocifield of ocean waves.
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Dataset

We use a panchromatic+multisctral SPO% dataset acquired over La Reunion Islandrefruary
6th, 2010 Fig. 8 X3). In particular,we use the HMA pancbmatic band with spectral bandwidth
centredat 0.58 .m, and analyse it against thS1 multispectral band (greemjhich has its spectral
bandwidth centred at 0.55.m. We selected the XS1 because it is ¢ine that clogly matches the
response of thepanchromatic ensor, which can be critical to obtain goadage crosscorrelation
(e.g., Necsoiu et al., 2009). The SPQFthorectfied dataset has been made available iretirame
of the Kalideos Project led by the French SpAgency (Centre Nationale dites Spatialesv
CNES). Thierward (HRG) and backwh(HS) dataseivere precisely orthorecfied usirg a rigorous
sensor model and a Digital Elevatidfodel (DEM)by CNES. The HRG and HS dataseto-
registered inland to subpixel accuracy. We subsampleHMA band spatial resolutio (5 m) to
match the HSpatial resolution10 m). Then, we use the CE&=irr corelation to derive the relative

pixel offsetfield that is expected from the ocean wave motion.
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Optical image correlation
Image correlation techniques ugj sliding windows have already been swsfelly appliedo both
satellite and airborne photographdo monitor Earth surface displacementén particular, on
seismogenidaults (e.g. Binet & Bollinge2005; de Michele et al., 2008dominguezet al., 2003;
Klinger et al., 2006; Michel & Avouad)(2, 2006; VarPuymbroecket al., 2000), on volcano
deformation (de Michele &riole, 2007; Tobita et al., 20))Iongravitational movements assament
(e.g. Berthier et al., ZI5; Crippen, 1992; Debellailo & Kaab 2011; Delacourt et al., 2004; Scherler
et al., 2008, on sand dunesmigratiofNecsoiuet al., 2009).This technique analyses the phase
difference of the local instantaneous frequency of the images to determine Isaalpixel offset
vectors to a nominal precision better than 1/10 of thixel si2. In this study, we jmpose to enlarge
the spectrumof applicationsf this method by applying it for thérst time to a SPOT5 dataset to
measuredirectly the phase velocitiield of ocean waves. The readdrould refer to the work o¥/an

Puymbroeck et al(2000)and to thework of Leprince et al. (2007r details on the principles of the

o
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correlation.In this study, we use a 64x64 dligiwindow with a samplingtep of 32 pixels (320 m).
We only retan reliable offset measurements, i.e., withcanfidena higher that 0.97 as dimed by

the COSCorr correlatiorsignalto-noise ratio.

Detection limits
Since a parallax view leads to a steyempicallydriven pixel offsets on regions with varying
topography, tte parallax between panchromatamd multispectral acquisitions is the main potential
source of bias to the velocity easurements. The base to height ratio (Bddhtrols the sensitivity of
a particular acquisition systemo the topography, where the baseiB the linear distance between
the scenes aagjsition points and H is thplatform altitude. The systeorfiguration presented he
yields a B/H equal to 0.018lence, the potetial bias d, inducd by ocean surface topographyom

the wave offsets is:

d=h*BH

This means that a potential 10 high ocean wave (or 10 m error on the DEM) wopitdduce an
appakent pixel offset of 0.18 m on 8PO dataset, which would lead to an apparent wave velocity
biasof 0.08 m/s. This is small in coamion to typical wave velocityalues (~10 m/s). Moreoveas
the epipola direction may be approximated by the platformelocity direction (alongrack sereo),
the stereoscopic parallax would inducen a&rror only in the North/Southvelocity estimates. In
summary, we ca conclude that the sea surfaedevationinduced by the waves negligiblyflunences
the accuracy of the ocean wave velocity measureme@tsean pixels are correlated by cithering
that land features ardixed reference points. We verify ththe dataset are coegistered to subpixel
precision imand bylooking at the COSTorr correlationscore along the coast. Inland, we found a
mean of 004 pixels offsetwith a standard deviation of 0.75 pixels, equivalent to an intripsécision
on the velocity measures of £3.6 mSPOT5 is a pushbmmosysem for which a linear CCarray
integratesthe sunlight coming from the ground, the lify-line samplingbeing performed by the
motion of the platform itselfperpendiculay to the CCD array. The libg line samplingtime is
adjusted such that the spatisampling step is identical in botlows and columns directions. As
columns samplingtep isfixed asthe distance between twaelementary detectors of the CCD
projectedto the ground, tle line-by-line samplingtime to achieve 5 m resolutioirs nominally 075
ms (Latry et al., 2001). Concerning the phenometi@i we aim to measure in this study, we can
reasonablyconsider 0.75 ms per line as amstantaneous sampling which doe®t signficantly
influence the wave velocitsneasurements. Neverthelesss ittakes ~9 s to collect the whole 12,000

line HMA datasetone should consider the aforementioned characteristic when meastitieg

(0]}
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velocityfield ofvery large scale and fast moving phenomeswgh as tsunamis for instance, using the

method proposed here.

Modelling with SWAN

We compare our SPE velocity field with the velocityfield derived with the SWAN wave
propagation model. SWAN solves tttansport equation for wave energy densitgdoij etal., 1999;
Ris etal., 1999) and is commonly used obtain realistic estimates ofvave parameters in coastal
areas. In our cdinguration, SWAN simales the following physical phenonma: wave propagation,
shoaling,refraction due to depth, wind effect&ind wave energy dissipation pttom friction and
by depth-induced breaking. Our SWAnfigurationis nested within the glodl wave model NOAA
WaveWatchlll(Tolman, 1991, 2009). We haveed a standard parameterizatiomhich has been
validated at La Reuniorsland site using data collecteat two omnidirectionalwavebuoys. In this
study, for thecomparsonwith the SPO®b data, the reslis are extracted over a 1x1 km grid centred

onthe study area.
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Swell and winejenerated waves: spectral analysis
The ocean surface waveeld can be seen as the sum of several harmonic waves. On the5SPOT

images studied here, we visually distinguish two conmgris of the ocean wavéeld. On the one
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hand, we can observe the Sodliest swell. On the other hand, we can observe a higher frequency
wind waves signal directing 88V (Fig. 0 X8). Our croszorrelation method measures the
amplitudes and the directios of the pixel offset vectors resulting from the superposition of these
two wave fronts, as they move simultaneously in different directions. These two components of the
wavefield are clearly visible in the image spectrum (Fgda) calculated over thecean only. The
modelling with SWAN is based on the distribution of wave energy, which depends on the wave
heights, as a function of frequency and directidierefore, thespectral distetization in SWAN is
different than the one used for retrieving thevaves velocityfield from SPO¥%. The SWAN wave
spectrumhighlights the presence of two types whaves: the swell waweand the wind waves, the
swellwaves being the most energetiéVe have restricted the SP&BI SWAN data comparison to
one type of wave oly, the swell. In thizase study, as the swell and thend waves present very
distinct propagation directionsye can separatéhem by applying a directiondilter to each of the
SPOT 5 images to only retain the informatfoom the swell (Fig.d X4b). Thefilter masks out the
values alignean the frequency axes25/+155 with a fan of 40°. We also decigeonly work with

high energyalues in the FFT spectrum of FigX4a. Practically wdilter out all the values within the
guadrants 2 and 4f the FFT spectrum and work withFT magnitudes higher that 0.1 (j.a
frequency mask of 0.57 in CI&Sorr). Concerning the results of SWAN, as the swell is er@rgetic

than the wind waves, weise peak parameterf.e. the sea state parameters calculated whéhne

spectral energy is maximum) to feg on the swell charderistics forthe comparison.

Results
Using subpixel crossorrelation between two SPOT images, Wave derived both the velocitfield
due to the ocean swell aloneand the total velocityfield comprised of both swell and wind
components.The results irFig. d X5fishow thatthe swell velocity retrieved b§PO5 reaches up to
12.9 m/s (2.63 marium pixels offset) and presengssSW/NE direction. We observe that the results
obtained byfiltering the SPO prior to correlation to retain only the swelhformation closely
match the charactastics of the swell calculated with SWANe compute the measurements bias as
the norm of the mean diffeence between SPO% swell vebcity vectors and SWARNodelled swell

velocity vectors.

o
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Moreover, we asessed the norm of the standamkeviation of the X and Y compemts of the
difference vectorsWe find a bias of 2.3 m/s (0.4 pixels offset) and a precisinl.6 m/ 5(0.3 pixels
offset), which correspond to a 25% bias and 17%mnifit on the SPOb velocitymeasurements.
Considering the direction, weport 5° of standard deviation betweeBWAN and SPOT results. This
value falls within the commonly expext wave directionaspreadingwhich is usually between 10°
and 30°. Therefe@, we can say that thiirst order comparison yields promising results. The reader
shouldnote that there are mainly tweaveats to this quantitative comparisofirst, the modédoes
not represent the groundtruth but the physics of wave propagation b on independently
measured inputsSecond, we compare instantaneous measurements vedtora SPO%b to time-

averagedvectors from SWAN.

Conclusions and perspectives
In this manuscript, we presentedélpotential of SPOT imagery fihie direct measuremet of ocean
wave velocityfields. We comparedhe SPO®b results with SWAN modelling, and both methods

indicate that the sea state comprises twg/ges of wave regimes: the swell ailde wind sea.
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Focussing on the swelbnly, the comparison indicates thatuo methodology is promising.
Neveatheless, there are few caveats to the data comparisionleed, we have distinguisd wind
waves from swell waves g a directional criterion but in situationshere wind waves and swell
wawes have similar directions, orshould consider alternativ@ltering methods or account for both
phenomena into the modelling. Additiongshlidation is needed in particuldn areas where ground
instrumentation is dense and datampling is frequentOur methodology is complementaty other
spaceborne techniquesuch as the SAR Doppler veloeityd could be of great interegarticularly
to monitor coastal proceses. Our approach can direclg extended to archived dataset ¢e.from
the whole SPOT archivi®) study past phenomena lated toocean circulation. This methasbuld be
potentially applied to mease the dynamics of a variety éast moving phenomenauch as ocean
eddies, riveiflows, laveaflows, volcanic pimes, tornadoes and hurricanes, icebergs, and gldicer.
The magr limitation o this method is related to the imagacquisition when the cloudoverage is
high. Neverthelessthe revisit time can be improved as the methodology preseniede can
immediately be &tended to the many spaekorne pushbroonplatforms equiped with alongtrack
stereoscopic or multispectralensing capabilities such as ASTER (Kaab & Prowse MNedtiiews,
2005; Matthews & Awaji2010), PRISM, SPHRS, QuickbirdKONOS, or Walview instruments.
We encourage detailed investigatioas the mtential use of those instruments for velocifield

measurements and recommend this data acquisitionfigurationfor future missions.

oxXa Evifio
Water depth inversion from a single SP&Tdataset

Adrien Poupardin, Deborah Idier, Marcello delile, Daniel Raucoules
The authors work for the French Geological Survey (BRGM)
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Fig. 4.51. Flowchart of the CWB methodology for retrieving bathymetry from two satellite image$of

higherresolution image anc xfor lower-resolution image).
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Fig.4.53. SPOb panchromatic scene: (a) B&union Island; (b) Area of SaRierre.
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A wavelet analysis of the highezsolution scene5 *was carried out to obtain wavelengths with
higher precision than those from a classical Fourier tramsforethod. Indeed, the wavelengths vary
rapidly on distances which are close to the wavelengths itself. The wavelet analysis is well adapted in
this case because it may be computed at each pixel, providing a precise value of wavelength on
theses pixels. Ftlrermore, the Fourier analysis considers all the waves and noise included in the
entire work subscene. In the case Bbccia et al., 201 smoothing of the wave spectrum was
performed to keep only the swell. On contrary, the wavelet analysis eliminapesteof the noise
and of the waves which are not centred on the work subscene leading to a higher spectrum quality
without using any filters as shown Wu et al., 201where an example of the comparison between
the two analyses is given.

The wavelets usetb characterize the image may be scaled, shifted, and rotated, which makes it
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possible to detect all the waves at a particular location even if they are superimposed on each other.
In the study of seaurface waves, the most common and useful waveletsllisehe literature are
the Morlet wavelets feng et al., 2011, Chang et al., 2008 et al., 2011Gorman and Hick2005).
Therefore, the Morlet wavelet was selected for use in the proposed method. The associated wavelet

functions are defined by:

- . 5, 2. &8 LR E R
where BL :... ‘ad <<«a;and Bs a twedimensional spatial vector.

dZ5%e v ~]X XU 8Z + v Z AJVP Z]PZ & % &] ZE Ae Yo 103 E} (11 +5]}VA}C
PIA v §Z <% 3$9FWo u SE]A

9o B LI, +BOng B@T (4.53)

where + ®is the subscene function.
Once the wavelet transform matriX@ has been computed, it can be expressed in themfor
9 g =&, L 9 g 8%, with arelated to =by OL t S=.; wand with .; v.; being the dimension
of the subscene function under consideratiofi,& This means that for a particular locatiokthe
matrix 9 dependsonly on wavelength and wave direction.
Morlet wavelets were applied to subscenes of variable dimensigni(.) sothat each subscene
contains at least two wave crests and two wave troughswas estimated based onrgliminary
wavelength estimates (FFT or visual inspection). To avoid boundary effects, only the wave spectra in
a two times smaller area (dimension; t H.; t) centered on each subscene are used in the
following steps. The wavelet spectra are cargadl using input subscenes with resolutiof :po.
Theoretically, wavelet analysis makes it possible to compute wavelength spectra at the same
resolution : & :j4; as the pixels of the5 * scene (for instancet &e for panchromatic SPGT
images. If computation time must be decrease&, :p. can be reduced, but should still be small
enough to characterize the wavelengths properly. Then, by spatial averaging, mean wavelength
spectra are computed at a resolution & :p g Then the subsmes are recovering each other to
cover all the scenes with regularly spaced wavelength speZigadéa;, at resolution& :p g
Kv 3Z A A o VP3N g%, IE VIu% pus OU}Yu]v v3 A A o vP3Ze &
ESE § VPUSEJJAE A] E vP }J( A A U XPXU « A E 0 *u% EJu%
§Z]*U §Z o} o v @R&E&A;AE eepu S} ] val&R %40 E }}IEI]V § o ~
A EC]JvP (@}u«+B] 8 A]sZ Zo AvAo} o]Jiv & X]e u EA}Jdo oA C-
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Fig. 4.5 4Nomalized wave amplitude spectrum gat the P1 location (white cross in Fig. 3b). The spectrum is
expressed in terms of wave number in the, & y: plane using the following conventioh; L U E™ «A; A
and ‘v L UB% «:® AThe dimensionless maximum spectral intensity ig L U4) and the contour intervals

are UaU U
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Applying this procedure for every inddx B >& ?a point cloudkés z &4 0s obtained, which is
represented in the: &&) plane and completes the characterization of ti&’dominant wave regime
;84 &). Then, using a Levenbekarquardt algorithm, the water depth, which minimizes the sum
of squares of the distance between the point cloud and the dispersion curve givenSd) can be
estimated. To perform this adjustment, a weight is associated with each pk&gk &z 0
depending on the quality of the ceelation 3;5. Fig.4.52 provides an illustration for a case with

four dominant waves.
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(@) (b)

(c) (d)
Fig. 4.5 5. Windows ofU R U H U R U centered on panchromatic (a) and multispectral (b) subscenes (in

grayscale) and on the dim&onless real part of their respective wavelet transforms (¢) and (d) corresponding to
the P1 location (white cross in Fig. 3b). Usefgfy L aBY and A; L U3 U  for the wavelet transform.
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To investigate the potential of the developed method, it was applied to a SPi@Rge pair
acquired on February 6, 2010, at 10:30 AM in the area of Paémnte, located on the southwest of La
Réunion Island (Fi¢.5 3 shows tle panchromatic scene). It occurs at the falling tide, 1h30 before

the low tide. This experimental area is characterized by a short continental shelf a few kilometres
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width. On this site and this date, there is no current measurement or hydrodynamic nmexiets of

high spatial resolution. Alus, we used the results of thglobal model NCOM (Navy Coastal Ocean
Model, NOAA). At the global scale, this model provides local surface currents of about 0.1 m/s and
0.14 m/s, the 6th February of 2010 at 6 and 12 Adgpectively. These currents remain weak enough

to not be considered in the dispersion relation. It is the same site as that usdd Michele et al.,

2013 Furthermore, this site is covered lysitu measurements realized by LIDAR (from Litto3D®

products segwww.shom.fifor more details) for depths less thanre and by singldbeam eche

sounder (SHOM data, see data.shom.fr) for deeper water. Tines&u measurements are used as a
reference to validate the proposed ntetd. A representation of this measured bathymetry is shown
in Fig4.56a.

D E
Fig.4.56. (a)In-situmeasured bathymetry (inm)onaaU H aU grid realized by LIDAR (from Litto3D

products) for depths less thaty U and by multibeam echo sounder (SHOM data) for deeper water. The
isobaths are represented by black curves and are plotted dachuntil P U . The verticaleference of the
bathymetry is the hydrographic zero (SHOM convention). (b) Estimated bathymetry (in meters)éod anH
aU grid from the SPO% dataset. The black curves represent the isobaths at éachgiven by then-situ

measurements. Theléck area near the coast is not covered by the method.

SPO% is a satellite equipped with a Higtesolution Geometry (HR&) sensor which acquires
data in multispectral mode (HS) &t ;4 L sre spatial resolution and in panchromatic mode (HMA)
at & ;34 L tdve spatial resolution. The temporal shift between the HMA and HS acquisitions is

& 6L tave As shown irde Michele et al., 2013this configuration makes it possible to compute
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wave celerities corresponding by correspondence with theldegment of a cluster of pixels over
time.

In conjunction with the HMA band, three multispectral bands (XS] can be used to estimate
wave celerity. The XS1 multispectral band (green) with a spectral bandwidth centeredvosie
has been chosen becauseis the band whose spectral bandwidth best matches that of the HMA
panchromatic band (for the ocean surface). This consideration is important to obtain good image
crosscorrelation scoredNecsoiu et al., 20QA spatial shift was found between the XSultmspectral
band and the HMA panchromatic band. Because it can be assumed that thibdaed parts of both
bands do not move in the temporal la§ 60f t & v ¢ this spatial shift can be measured on land and

then compensated for by applying a constant offset to the XS1 multispectral band.

%0 %00] S]}v }( SZ u §Z}
Within the CWB method, several types of parameters must be set: some related tliteséneage
characteristics, others from the site and from observed waves, and others using the conventional
method. Table 1 contains all the parameter values associated with application of the method to the

study site and use of SPSTmages.

Fig. 4.57. Subscene dimension and resolution depending on distance from the coast.
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The subscenes sizes; fanging fromx v re offshore to u tre nearshore) were estimated on the
basis that the more energetic wavelengths typically range from approximatiwelye offshore to
approximatively srre near the coast where the bathymetry is much shallower, eingbl
consideration of at least two wave crests and two wave troughs for each subscene. Subscene
dimensions and resolutions are shown in Big.7. In this application, the two images have different
spatial resolutions & :j 4 and & :j 4, meaninghat computation of the dominant waves was done on
the panchromatic image (resolutio& :j 4 of t &e), and the multispectral image of resolutiof :j
(i.e., sre) was oversampled at the resolutiof :;j 4 of the panchromatic images.

Theoetically, wavelet analysis makes it possible to compute wavelength spectra at the same
resolution as the pixel the panchromatic pixels (i.edve ;, but to save time, this resolution was
reduced to & :po L sre offshore and to & :po L we near the shore. This resolution allows
detecting modes with wavelengths superior tir » offshore and tosre near the coast. Then
mean wavelength spectra were computed at a resoluti®@ng gz of tr . This means that the
average took into account H t wavelength spectra offshore and/ H vwavelength spectra near
the coast. This choice was made as a compromise between computation time and physical
description of wave characteristics. Indeed, a preliminary analysis (not shown here) based on
wavelength variogram showed that thetr ¢ value was always less than the correlation of the
detected wavelength (fromsrrto trr ¢ depending on the spatial areas considered for variogram
analysis). This means that the subscenes overlap to cover the entire scene with yegphréd
wavelength spectra9 g:8&; (tr * resolution).A representation of the corresponding wavelength
spectrum 9 gkG & ofor point P1 is given in Fig.5 4. In this case, the four followingominant
waves were detected:(1) & L srtdve & L swrl(2) & L sttd » & L stz (3) & L
v{de & Lsuw#) &G Lvvse &L sxw!?

&}YE $Z u AJupu vpu E }( u} e ~]X XU o}u e (}JE AZ] Z 38ZCu 3E
0:65A o WA » « 0 § X &UEEJUUU VHUEEE Bo(]E % E o}p/U s op }(
A e Z}e vX &}E SZ6BEM “2}05} §Z v EPC iiu UWBZ .+ }v
sJu % E oJul]v EC 3 «SHWA «Ac oy S}(OORABXE}A] o v JMESDoOO}Y o
}S1v (JE %}]vs Wi ~o} S]}WNW IXS/v BZ]&]PX U (}JHE }u]v vS u} -
§Z E (JE (UE o}p U A E ] v3](] X dZ]* % E}A] « E <}v 0 Vvul

§ZCu DFEJoou3E S]IXTAX &IRX §Z 0 *5 *5 % }( A S E %6Z « o 3]}
Aop%WA « « §s3} U AZ E + 3Z %B&EX Ee \BP$Y-€rreeX dZ 5Z] 1 o]v v
&IRPXMA v ] &« §Z <A sp (JE o} 3]}v WiU AZ] Z A v Uk]SZ}8 }u %o

J*% Ee+]}v HEA } 3 |V]v]BAVP BEZ %3Z ~} 3 ]v (E}u >/ & Vv Uupo
U *HE u vSeeX
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Fig. 4.5 8. Selection percentage of the modes. The modes are the maxima of spectral energy (Mode L (i.e.,

U being the most energetic and Mode 5 (i.&.,L B theleast energetic).

Z *HO0OSe

The bathymetry B estimated from the SPCH dataset, is shown in Fig. 6b on are H zre
grid, which was obtained by spatially averaging three resolution bathymetric grid. It has also been
corrected by taking tides intaccount, so that the vertical reference of the obtained bathymetry is
the hydrographic zero (SHOM convention, corresponding more or less to the lowest tidal level).
Indeed, the sea level wasdv s above the reference level (hydrographic zero) when the TSRO
satellite took the scenes on February 6, 2010, at 10.30 am. 14.Bigb, the isobaths correspond to
the in-situ measurementsDy 5 » (¢lk Should be remembered that the area after wave breaking is not
covered by the CWB method (in black in Ei§.6b). A qualitative good agreement with observations
can be seen: the proposed method properly reproduces the main morphdiesgieres. For instance,
the short continental shelf is described, with a bathymetry reachimge depth at s ¢+ from the
coast. The estimated bathymetrpdecreases faster near the harbor (right part of the scene) than
where the coast exhibits a concawarve (left part of the scene). Furthermore, the method
succeeded in identifying the submerged headland at thei@H s’ e, yxauixH sr+) UTM
location (Fig4.56b).

To quantify the quality of the results, maps thle absolute error ¢' L BF Dy sz vcand the

i1o
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relative error @' L :BF Qg U ¢ e 22 V)c@re shown in Figd.59a and4.59b. The relative error

is strongly noruniform, ranging overall fromF srr™ to E srr”, with most values ranging from
Fw " to Ewr’. Errors very close tod © can also be observed, and it corresponds to location
where the CWB method works better because the dominant waves may clearly be identified on the

scene.

Fig. 4.5 9. Absolute (a) and relative (b) errors in battyyr@n meters and in % respectively) on alJ H
a4U grid from the SPO% dataset. The black curves represent the isobaths at dachuntil b U given by

the in-situ measurements. The black area near the coast is not covered by the method.

To analyze these errors versus water depth, for eaah» Hzre bathymetric cell, Bis plotted
versus Oy 2  £RIg-4.5 10a). First, the scatter decreases with water depth until approximatively
and then increases with water depth. Secondthwegard to quantile: (1) for water depth less than
ue, the estimated bathymetry overestimates the real bathymetry; (2) for water depth in the range
[ue tr <], the estimated bathymetry exhibits fairly good agreement wiitksitu observations;
and (3)for water depth greater thantr ¢, the estimated bathymetry underestimates the real
bathymetry. These discrepancies may be attributed to a-optimal selection of the depthD,
among the 0 dominant waves at a given location or to an inaccurate estimate of the celerities.
Furthermore, some dominant waves may not have been detected at several locations of the basic
panchromatic scene (Fig.53b) because of low wave ampldes.

To complete the analysis of errors versus water depth, the average absolute édrerl( s - H

Agspe#')) and the average relative error'45 L s - HAgs0e4 ') were computed for
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several Oy 5 2 ¢y €orresponding to thel} 5. y Quiantiles. Such error indicators were used to avoid
negative and positive errors which counterbalance each other4FBd.0b shows that absolute error
first decreased with water depth for the first two quantiles, and then increaset witer depth
from s&uwo tt ¢, whereas the relative error remained almost constant, ranging fromo ur”™,

except for the two smallest watatepth quantiles.

Fig. 10. (a) Water depthﬁestimated from the satellite dataset versirssitu measuredwater depths Z. ., w . s,
considering all the points of thda U  Ha U grid. The blue crosses represent the 100 percentile ranks
computed fromZ, ., .5l U . (b)absolute ) v E o §]A ~"+ EE}E+]v SZCu SEC ~]v u

respectively) for the 15 quantiles of-situ measured depth.

Ie pee]}v

This paper describes the preliminary development of a method which aims to provide bathymetric
information from a single pair of satellite images without amgitu observations andts application
to a SPOb dataset. First, the magnitude of the errors obtained will be discussed in comparison with
the errors obtained in the study dfeu and Chang, 20090 analyze the outcomes of the CWB
method more thoroughly, the methodological @loes made in this research will be discussed and
justified using supplementary computations. The limits of the dispersion relation and the associated
uncertainty propagation are also analyzed, before making recommendations for using such methods
on othersites and with other images.

J*o Hee])BNE}E Ju¥Z]m}w Z vPU TiiA

Most bathymetric methods using optical satellite images are based on wavelength estimation and
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assume a uniform wave period. Here, a comparison of the error magnitudesetitaiith the CWB
method and with the most widely used method will be presented. Differences in images, sites,
investigated wateidepth range, and wave characteristics make impossible any rigorous comparison
of the quality of the results with the results @ined by other authors using other techniques.
However, to make the various configurations as comparable as possible, the problem can be made
partially dimensionless based on wavelength characteristics. This leads to the following
dimensionless numbersds L & B, 4t L & Oyand 4u L & @, Where &is a characteristic offshore
wavelength, B, and Dy the lower and upper bounds of the depth range for which the errors are
guantified, and @ fhe bathymetric grid resolution. This approachused to compare the results
presented here to those dfeu and Chang, 20@btained assuming a uniform wave period. In that
study, they obtained a mean relative errdrdg of sxi * in the > « &r « ?range for local
characteristics such thaENxr e, DL te, DyL tre, and @ T trr «; therefore: 4sL uy

4t Ly and 4ulL rd& Using these parameters for this study and considering an offshore
characteristic valueA N sw r, the results werey L t », Oy L wre,and @ T w r re. Estimating

"4 s with these characteristics, O, @)Ted to an error'450f svd ™ in the >we av re ange.

This error is of the same order as that reportedlsy and Chang, 2006 owever, it should be noted

that the bathymetry in the Said®ierre areds particularly difficult to estimate because the bed slope

is two to three times steeper than iceu and Chang, 200the bathymetric lines are not parallel, and

the sea bed is of coral origin and is therefore characterized by scal# bathymetric herogeneity.
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Fig.4.511. Relative errors ibathymetry (in meters)ona@U H &U grid from the $OT5 dataset for the
following cases: (a) assuming a uniform wave periodd# to compute the bathymetry, (b) using Fourier
filtered scenes and dominant waves only to compute the celerity, (c) using only dominant wave characteristics

to compute the bathymetry, and (d) using allR@%clouds together to compute a single bathymetric value. The

iio
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black curves represent the isobaths eabh until b U given by thein-situmeasurements. The black area

near the coast is not covered by the method.
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This analysis illustrates the improvements brought about by: usifg?; pairs to estimate
bathymetry (C1), using the real part of wastelinalysis to compute?(C2), considering clouds and

*SJu SJvP }v §ZCu SE] A op % E o}p ~ ieU Z}}e]vP 3Z 1~ o3
using 2" d Y% §ZCu SCE] & vP SZE <Z}o * 8} }u%o0 u vs §Z N §

obtained corsidering only spectral energy (C5).

] Hee]l}lv Vo Ee]}v & 0 S]}VW 0]Ju]Se v pv ES JvSC %o &} %o

One source of uncertainty in the CWB method is related to the linear wave dispersion relation
itself. This equation is based on the linear wave tlyearhich provides a linearized description of the
gravitywave propagation on the surface of a homogeneous fluid layer. One of the main assumptions
is that the fluid layer has a uniform mean depth. In the present problem, the water depth is not
uniform, meaning that in bathymetric estimation, this equation is being used beyond its theoretical.
However, most of these studies (including this one) still provide reasonable estimates of water
depths. For further discussion on the limitations of the linear disjperequation, seélolland, 2001

A second source of uncertainties is related to estimation of the wave characteristics used to
compute the water depth. Some authors have investigated the sensitivity of the relative error in
depth (estimated using the digpsion relation) to relative errors in frequendyand wavenumberG

Dalrymple et al., 1998They showed that the sensitivity of the relative error in depth to relative
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errors in Band Gncreases with depth and is greater to relative errordBihanin G

In the proposed method, the data used to estimate the bathymetry using this equation are the
wave celerity ? and the wavelengthd Let us investigate the propagation of uncertainty in
:a&?; using the dispersion relation. Fig.5 12a illustratestheoretical bathymetric variations as a
function of :8&?; values. To investigate uncertainty propagation, the coefficieignd % relating
relative bathymetric errors and relative errors to wavelength and celerity respectively are computed
numerically:

fi

L %, &0; 0 op:ac - (4.55)

o
clz

Fig. 4.5 12. (a) Theoretical water depth (in meters), (b) coeffiaignfc) coefficiento,, (d) coefficientso,
(black) ando, (red) versus water deptbivided by wavelength, the linear dispersion being applicable for
uw 00 Z 00 Uk

Figs.4.5 12b and4.512c show the patterns ofg,and % First, the relative bathymetric errors are
more sensitive to relative celerity error than telative wavelength error: 4| is generally larger
than | %. %,is characterized by a minimum value of 2, meaning that a relative celerity error of
wr’ leads to bathymetric errors of at leassrr”. This minimum value corresponds to a
wavdength much greater than the water depth (i.edD O\ r). %,increases exponentially with the
wave celerity ?(and therefore water depth), decreases with wavelength, and increases exponentially
with the ratio D OFor instance, at the pointda&?; L :srr |l &arl Q, %,s equal tot & x so that

an error oft « e(i.e., tr 7) contributes to the relative error in bathymetry by y . The minimum
value of %is equal tor. This can be explained by the asymptote of the dispersion equation, w@ere

is much larger thanD in this case, the water deptiis controlled only by the wave celerity %
increases with wave celerity, decreases with wavelength, and its absolute value increases

exponentially with the ratioD OFor instance, at thegint :8&; L :srrl &rl Q, %is equal to
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Fr& zso that an error oftr « (i.e., tr ™) contributes to the relative error iwater depth bysr ™.

This investigation highlights that the CWB method is highly sensitive to the quality of the wave
celerity estimate. First, even with such high sensitivity, in thvee[ vre] range, the estimated
bathymetry is realistic, with a relative error of approximativelyw™ (Fig.4.510b) compared to the
range of the %,factor (generally 2o 3 in this bathymetric range)Assuming that the wavelength
estimation is perfect as well as assuming the linear wave theory, this implies that the relative error of
the estimated celerity is approximativelg r “ . Reducing the relative celerity error taw” should
lead to a significant reduction of the relative bathymetric error (by a factor o)) .tWwo reduce these
celerity errors, it could be interesting to consider the current effect in the dispersion relation even for
areas covered by glht currents. As another perspectivan reducing celerity errorst would be
worthwhile to investigate the use of stgixel displacement methodsl¢ Michele et al., 201,3Michel
and Avouac, 2002nd Leprince et al., 200.7Still another perspective wouldvolve applying the
procedure to data from higheresolution sensors keeping acceptable time del@y6 resulting in

better correlation efficiency for a given displacement value.

>Ju]s §]}ve v & }uu v S]}ve (}E& pe]JvP §Z %oE}%}e u SZ} S8} v o

As shown in Table 1, the CWB method relies on several parameters, some dependatgliie
image characteristics& 6 &:j4 &:jp, others on the site (i.e., the wave characteristics at the
location and date of image acquisition), and still others on the choice of method, for instance the
number of clouds and the numberf pairs per cloud. Researchers have no control over the satellite
image characteristics, whereas some tuning of-sfiecific parameters might be possible. In this
study, these parameters were selected based mainly on physical considerations (overédngthse
and variograms) and computation time. Even without any sensitivity analysis, the method provides
reasonable results, considering that it is based on only one image pair. This means that it is possible
to obtain reliable bathymetry without any tunin Of course, when possible, a sensitivity analysis
should make it possible to obtain better bathymetry. However, it must be recalled that the initial
objective was to estimate bathymetry where no data are available, and therefore no reference
against whib to tune parameters.

As guidelines for using this approach in other areas and on other satellite image types, the
following recommendations can be made. As a preliminary condition, the waves should be visible on
the images (for instance, bathymetry canrm retrieved from quiet wave conditions or during rain
and storm events). Second, the satellite specific parameters should enable description of the waves,
i.e., not too large& :j 4 (to enable proper detection of the wavelengths in the wavelet asigjynot
too large & 6(to avoid ambiguity in the wavdisplacement estimate), and not too smadl 6with

respect to & :j 4 (to enable detection of displacement in the crassrelation step). This means that
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physically, for the prcedure presented here, the image/sensor characteristics should be such that:

[ &4 O Ot ; &z Ot?&6 ;: &60 Ot?] (4.56)

The first inequality defines the minimum wavelengtiat can be reliably estimated given the
sensor characteristics; the two others define the acceptable celerity range. Equétid) provides
the critical limit of application of the CWB method. For instance&agz becomes small, the results
will be reliable, but for& :jz R & t, the wavelength Owill not be detected at all. Therefore, if
conditions 4.56) are not satisfied, the proposed method cannot be used. If they are satisfied, then
the site-specific parameters should be chosen so ttiet subscenes of dimension «.; contain at
least two crests and two troughs (which can be determined by visual inspection), and the grid
resolution for wavelet analysis should be small enough to describe spatial wavelength variations
properly.
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In an effort to improve the recommendations, andepth sensitivity analysis with respect to wave
conditions, image quality, and parameter values should be done. It would kbwiltte to do it on a
synthetic case, using hydrodynamic which can simulate wave dynamics and provides instantaneous
images of the wave field. This initiative falls outside the scope of this paper, which was to test the
feasibility of estimating bathymetrirom singlesatellite image pairs, under real conditions, without
any specific parameter tuning.
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ZC%}SZ o]* A o iue3](] 1}V 8Z %% 0] S[}v «C3+ AE| Z | &EZEESSAEI E
rgvi X d} £S5 v 3Z % %o0] ]o]3C }(8Z t u $Z} U ]38 A}lpuo AYES



D E oo} DIDZud]E[ Jo]s &]}v JEIP E +Z Z & Z »

v pvIliviAv Jv §Z oP}E]3ZuX dZ t u 8Z} %% @Ee+ A 00 *pu]s (JE <}
IV §Z 30U C J( A E 0 AA - op% EEUWIZW v §ZZWESEFA] v

HP M 11 }v 8Z A3 E %S3Z +3]Jus A]8Z 8Z e« o0 § Julv v§ A A
}vVSE&] us]tv }( §Z HEE vs ]» 82 8§ JE 3]}vU A }lpuo pe $Z }3Z E |
18Z E [XEX dZ]e A}po % E}A] 8 & +3Ju e }( SZCu SEC Jv &
HEE vieU 3Zpe AS vV ]JVP 3Z (] o }( %%o0] 3]pvU( 38 ApdE w034 !
8Z ues 0A X

Parameter Parameter  Parameter Description Application specific value
Type
Satellite specific &6 Time lag between images téve
& A Spatial resolution of the higheesolution t &ve
image
& A Spatial resolution of the lowaesolution sre
image
SiteWave . Subscene size xvre (offshore) to utre
specific (nearshore)
& :po Spatial resolution of images for wavel sre (offshore) to  we
analysis (nearshore)
&:pe Spatial resolution of mean waveleng tr e
grid
6 % Threshold related tenergy maxima 0.65
%, Celerty threshold Se o
&< Bathymetric range of research [sFEsrre]
Method specific 0346 Maximum number of modes (or cloud) w
/ Number of : 4&?; pairs per cloud S X

Table 3.5 1. Parameters to be estimated for method applications. The valudsoaeedorresponding to

the SPO® images in the SaiRierre area, February6, 2010.
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D z~/d % E}i 3§UBdyhsizi Wniversity, Kandilli Observatory and Earthquake Research
Institute, is another exceptional natural laboratoiewZealand earthquakes, in particuldrose of

the past decacde in the south island, ]I} ulE ZE]*S ZUE U vS E PECU }veS]Sus v
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Available satellitdbased approaches for bathymetry retrieval pide accurate results only over very
shallow waters (do not exceed 20 nmpajor limitations are imposed by the locahvironmental
conditions (water turbidity, in particular). While several Earth Observation missions exist, the
Copernicus Senting, operated by the European Space Agency (ESA), is a game changer. The
Sentinef2 mission comprises twin pokarbiting satellites in the same orbit, phased at 180°. The
satellite constellation carries optical instrument payload (MSI, Multi Spectral Imtgagrdample 13
spectral bands. The major advantages of Sen@nalission is its systematic monitoring over wide
orbital swath width of 290 km, coupled with high revisit time (5 days at the equator éhd&d/s at
mid-latitudes) and high spatial resolutio(four multispectral bands at 10m). In this context, an
innovative and robust method to retrieve maps of the coastal bathymetry from quasi simultaneous
Sentinel2 imagery is being developed from our team. The innovation of the approach is two folded
and les within the parameters considered for extraction of bathymetry and the Earth Observation
(EO) data utilized. Our methodology allows to measure directly both swellitmsdefc) and swell
wavelengths Ofrom a satellite optical dataset, where ¢ an@are jointly used in an inversion
procedure to retrieverobustly the depth of the coastal seafloor. Swell celerity describes the phase
velocities of superimposed ocean waves, each of which has a particalatemgth (;e. the distance
between two successive crestspAs swell velocity and wavelength are controlled by bathymetry,
guantifying these parameters from space allows for robust retrieval of water depths independently
of water turbidity, which usuallyhampers our capacity for robust measurements or limits the
maximum reachable water depths. Furthermori is the SentineR mission characteristics of
unprecedated spatial coverage, short temporal repeatability and systematic acquisitions at
sufficientresolution, which pave the way for advanced scientific developm@riis. combination of
the above mentioned specifications, an innovative scalable approach and the availability of

systematically acquired and archived satellite data, woubdsiblyallow for routine bathymetric
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mapping of shallowdepth coastal areas at global scaléhe method preferably applies to the zone
between the coast and an area of depth less than or equal to half the wavelength of the wpues (
a hundred meters deemaximun), with the eception of the wave breaking zon€hus, it extends
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