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MOTION ESTIMATION FROM
SATELLITE IMAGE SEQUENCES: VALIDATION

This report concerns the validation of surface oo estimated from satellite
images. The estimation is obtained with a dynamimdeh based on shallow-water
equations. We first compare the stationary assumpgt the shallow-water heuristics to
justify our choice. Second, we quantify the quabfythe estimation by measuring the
misfit between the model output and the altimetpasures. Experiments are achieved on
Sea Surface Temperature data acquired by the NOXKWRR satellites over the Black
Sea. The altimetry measures are obtained by twar reginsors: Envisat and GFO. The
good adequacy between the shallow-water outputthedaltimetry data validates our
motion estimation approach.

KEYWORDS:. Data assimilation, Motion estimation, Shallow-wat@nage models,
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1. Introduction

The issue of surface velocity estimation from dis¢elimages has been
extensively studied in the literature [1 — 7]. Détssimilation DA) techniques
have been applied in the last five years and gaipoirtance in the scientific
community [8 — 11]. The key points of tH2A approach are: availability of
heuristics on the dynamics of a satellite sequekiwewledge on links between
velocity and image data.

This paper proposes an analysis and a validatiotnedfDA approach for
motion estimation from ocean satellite images. Tawvage Modelsvere proposed
in [12 — 14]. They express heuristics on the dyranaf the motion field. The
comparison of the estimation using the two moddlswva us to analyze the
impact of these heuristics. The main issue of thgep is then to validate the
estimation approach by evaluating the quality efrésult, compared to real data.

The motion estimation is performed NOAA/AVHRFSea Surface Temperature
(SSY data acquired over the Black Sea. The analysisniducted by comparing the
stationary and the shallow-water heuristics. Thelaton is obtained by quantifying
the discrepancy of the water layer thickness, estichwith the shallow-water image
model, and the one computed from altimetry dat& dltimetry measures, used in
this study, are acquired by tBavisatandGFO sensors.

The paper is organized as follows. Section 2 sunzesrthe principles of
variational data assimilation. The definition oé ttationary Image Mod€5IM)
and Shallow Water Image ModglSWIM is given in Section 2. Section 2
describes the application DA to perform motion estimation. Section 5 describes
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the SSTimages (5.1), displays and analyzes the estimatbn results (5.2),
describes the altimetry data (5.3), and validdiesapproach (5.4).

2. Variational Data Assimilation

2.1. Mathematical setting

Let X being the state vector depending on the spat@idamte X (X =(X,y) for
imagedata) and time . X is defined onA=Qx [@ ] Q being the bounded spatial
domain and [@ Jthe temporal domain.

We assumeX is evolving in time according to:

%—T(x,t)+M(X)(x,t) =0 1) (

M , named thevolution modelis supposed differentiable.
Observationsy X t, ) for instance satellite image acquisitions, aralable at

location x and date and linked to the state vector through an observatuation:
Y (x,t) = H(X)(x,t) + Eg(x,t) =0 (2

In this paper, we assume that one componentXofis a pseudo-image
directly comparable tor . Consequently,H reduces to a projection operator.
The observation errofE; simultaneously represents the imperfection of the

observation operatarl and the measurement errors.
We consider having some knowledge on the initialdition of the state
vector att =0:

X (x,0) = Xp(x) + Ep(X) 3)

Xy, is namedbackground valuef the initial condition andg, the background
error.

E, and E, are assumed to be Gaussian and fully charactebyetheir
covariance matriceB and R.

2.2. Variational formulation

In order to solve the system (1), (2), (3) withpes to X having a maximal
a posteriori probability given the observationgumactional E(X ) is defined and

minimized:
E(X)= [IY (x,0) = HOOOG )T RO DIY (x,0) = H(X)(x, )]t +
A

(4)
+ I[X (x,0) = Xp(X)I" BTH(X)LY (x,0) = Xp(X)]dx+ Reg.
Q

In this formulation, we consider no correlation tbé errors between two
space-time positionsRegis a regularization term used to obtain a convex
function and allow the minimization process to cange to a global minimum.
The minimization of E(X )s carried out with an iterative method based an th

one described in [10] and summarized in the folfayi
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At each iterationk , the analysisX X is obtained from the background
by computing the incremenrdX att= 0.

X & (x,0) = Xg (x,0)+ X (X) (5)

1. Initialization
(@ k=0

(b) Computexg X t )from the initial conditionX, (x) of the state
vector att = 0Oin (3):

Xp (x,0) = Xy (X) ()
X2 0
a—tb(x,t)+M(Xb)(x,t)=0, fort=0tor (7)
(c) Initialize the analysisx{ X(t,:)
X2(x,t) = X2 (x,H)0t O[O, 7] (8)
2. Repeat

(@) Compute the adjoint variabke fromt=7 tot=0:
A(x,7)=0 (9)
—ﬂ(t) +(6—MJ A)=HTRYY(@t)-HXX],fort=7to 0 (10)

ot oX
(b)  Update the value of the background variable:
X§*t = X4 (11)
(c) Compute the incremental variah® att = O:
X (x) =B(x)A(x,0) (12)
(d)  Update the value of the analysis variable:
XA (x.0) = X ™ (x,0) + X (x) (13)
(e) ComputeX[a<+1 X t, rom the initial condition:
Xz K+l

3t (X,t)+M(X;7)(x,t)=0,fort=0to 7 (14)
® k=k+1
until || < e

Final result isX X .

Equation (10) makes use of the adjoint mo(d%l“)ﬁ—j . In our study, the discrete

adjoint model is automatically obtained by the Tregmie software

! See http://www-sop.inria.fr/tropics/
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3. Image models

The twolmage Modelaised in the paper are based on the assumptioa that
pixel value is a passive tracer transported bystiréace velocity field. The state
vector X includes the motion vectoW and a pseudo-imagq that is also

transported by the motion vector and can be dyeatimpared to the image
observations. The evolution of is given by the advection-diffusion equation:

oq
+W g = v,A 15
ot q=VyRq (15)

with v, standing for the diffusion coefficient.

The Stationary Image ModeSIM) is based on the restrictive assumption
that, at each space position, the velocity is @nsbver time. The underlying
hypothesis is that the surface velocity field eeslvmuch slower than the
temperature field. This heuristic is acceptable #orarge range of marine
processes. If a vortex, whose spatial scale is i@ 10 — 50 km, is transported
with a velocity less than 0,1 to 0,5 m/s, then teenporal scale of that
phenomenon will be more than one day. It meansttteasurface velocity field

can be considered as stationary during one daynipgf X = (u,v,q)" , with u
andv the two components of the 2D motion vediér SIMis defined as:

Fou _

__0,
ot
ov
< P (16)
aq :—u%—v%+quq;

Lot ox oy

However, the stationary hypothesis makes this immgdel only applicable
on a short temporal window.

The shallow-water equations, derived from the NaSkes equations, link
the 2D velocity (v ) of the layer to its thicknesh and take into account the

gravity and Coriolis forces. The state vectdris (u,v, h,q)T and theShallow
Water Image ModgISWIM is defined as:

(0u _0B

— =—+V(f +¢)+VAu,

ot ox (T+<)

@:G—B+v(f+ﬂ+vAv;
<6t oy (17)
oh__ohu_ohv,

ot ox oy

o _ —u%—v%+quq;

ot ox oy
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with B=gh+%(u2+v2), g the reduced gravityf the Coriolis parameter

(depending on the latitudey;, the vorticity (& = 2. ~ 2!

x oy
4. Application of Data Assimilation
Data Assimilation is applied to perform motion esition. The sequence of

SSTimagesT X t )is assimilated in the two mode®&M or SWIM using the

incremental method described in Section 2.2.
As said in Section 1, the pixel value x { ,i§ directly comparable to the

pseudo-imagay X t, pf the state vector. The observation operddoreduces to
a projection operatorH (X (x,t)) =q x(t ,.)The regularization term is based on
the L2-norm of the motion gradient (to obtain a smoothtgefield) and on the
motion divergency (incompressibility assumptiond.impact is analyzed in [14].
As we consider perfect models, the valueXft i6)obtained from the initial
conditions X (0) by integrating in time. Hence, the cost functidh ©Enly
depends on the initial conditions and is rewritsn

E(X(0) = I(T—Q)TR'l(X.t)(T—0|)0|><0|t+
A

+ [[X(0) = X ()T BHILX (0) = X )] + (16)
Q

+ [a(|0u]?+ |Ov[?)ax + [|div v| %dx
Q Q

The choice of the covariance matri is crucial for the quality of results.
As the satellite images are provided with meta-diafiarmation (see section 1),

the quality of the acquisitions is approximatelokm. R~ (x t) is then given a
small value when the acquisition is noisy att( (because of cloud occlusion for

instance). The choice of the initial background dibans has also a strong
impact on the quality of the result. It has beescdssed in [14] that the best
results are obtained with the first observatiobaskground forg, null value for

W and a constant value, forh, with h,, being the thickness value at rest state.
As the background value of is reliable, By, is given a small value.

5. Reaults

5.1. Image data

A huge amount of images are acquired over the dogapace remote sensors.
Those obtained by optical instruments, sucBes Surface Temperatui®@ST data,
display a strong space-time coherence. The images, in the paper, are acquired
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on-boardNOAA-AVHRRsatellites. Their spatial resolution is 1.1%at nadir and
the temporal revisit is at best one day. Howeveverl acquisitions over the
same area are usually acquired on the same dajffbyedt satellites. Some of
these data are contaminated by clouds or corruptembise. Fig. 1 displays$ST
image acquired over the Black Sea in October 208 the flat grey color
corresponding to clouds or noise.

HRPT. SST map (°C). Date 2005.10.23. Time 10 ¢hjn)
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Fig. 1. Flat grey area corresponds to clouds seoi

5.2. Analysis

In this paper, motion estimation is tested on auemege of four images,
displayed on fig. 2. The flat grey areas, on thedtand fourth frames, correspond
to missing data.

The twoImage Modelsare used to estimate the surface velocity on these
data. Fig. 3 compares the motion fields estimate#d #1M andSWIM att = 0.
The results obtained witBWIMvisualize a cyclonic vortex on the western part of
the Black SeaSWIM due to its physical assumptions on the dynangonfis a
more realistic motion estimation and charactergasctures occurring on the sea
surface. In comparison, the potential of SIM highlpends on the size of the
temporal window compared to the dynamics involvedirdy that period. That
makesSIM no more relevant for data such as those displaygg. 2.

In conclusion, thdA approach for motion estimation permits to retridve
major currents of the Black Sea basin. Moreovee ttigh resolution of
NOAA/AVHRRImages allows to better evaluate the size of samk known
mesoscale structures [12].
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Fig. 2. SST data acquired from
October 23th to October 24th, 2005.
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Fig. 3. Motion estimationa—SIM; b —SWIM.
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5.3. Altimetry data

Satellite altimeters provide an accurate measuriefSea Level Anomaly
(SLA that corresponds to the sea surface deviatiom fte rest state (see the

black curve on fig. 4).
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Ocean Bottm
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Fig 4. Sea Level Anomaly.

The altimeters are nadir-pointing instruments pimg an along-track
acquisition. The coverage of Envisatl over the Blaea is for instance displayed
on fig. 5. In this paper, we use altimetry measpresided byEnvisaf with a 35
days cycle and b@FO® with a 17 days cycle.

5.4. Validation

The outputs oBWIMareW , the surface velocity, and the thickness of the
surface layer. The thickness anomaly, dendigg,y, is estimated fromh as its
deviation from the value at rest. On another hdhd, altimeters are 1-dimen-
sional instruments measuring the Sea Level Anondgyotedh,; , along their
tracks. We then comparkg,,, and hy, at the same positions. The physical
formula linking these two quantities is:

2 See - http://envisat.esa.int;
% See — http://ilrs.gsfc.nasa.gov/satellite_misgiishsof_satellites/gfol_general.html
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P> gy = Bp* gy (17)
with p being the density of the upper layekp the difference of density

between the upper and the lower layey; the sea level anomaly measured by
the satellite hg\y s the thickness anomaly estimated3iy/IM
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Fig. 5. 35 days cycle dnvisat-1

Fig. 6 displays the value dfs,,v, averaged in time. The two straight lines rep-

resent altimeter tracks. The green line comes Eamisat and the pink one froGFO.
The number of altimetry measures available on #meesspace-time period
than theSSTdata is rather small. However, we apply the casivergiven in (17)
and perform a quantitative comparisontgf, and hg,,, along a track. Fig. 7
displays these curves for the two tracks displagadFig. 6: on the left for
Envisatand on the right foGFO. Black crosses locate the altimeter measures.
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The shapes and values laf; and hg,, curves are very similar. There is no
error in the slope directions. The extrema are loedllized. It is almost perfect in the
case ofEnvisat As the velocity field is strongly related to tsigape of the thickness
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image, these promising results on thickness estimatlidate the estimation of the
motion. Fig. 8 illustrates the link between velp@nd thickness: a bump correspond
to an anticyclonic velocity field and a bowl toyalonic one.
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Fig. 7. Sea Level Anomaly, given by the altimetemnpared with the estimation
with SWIM

6. Conclusion

In this paper, we propose an analysis and validaifathe data assimilation
approach for motion estimation from satellite imagguences. We compared
two dynamic assumptionse. we assimilated the same data in two image models,
SIM andSWIM and analyzed motion results. Moreover, we ustthetry data to
quantify the quality of the estimation. The compan between the surface
anomaly estimated byWIMand measured by altimeters validates our approach.
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AHOTALIA Y crarTi onucytoThes pe3yNbTaTh BaTigallii MoJiB IMBUAKOCTI TOBEPXHEBUX
Tedill, po3paxoBaHuX MO CepisiX CyMyTHUKOBUX 300paxkeHb. Po3paxyHOK MpoBOIMBCS 3a [0-
MOMOT'O0 IMHAMIYHOT MOJIENi, 3aCHOBAHOI Ha PIBHAHHAX MiNkoi Boau. CrioyaTky AEMOHCT-
PYIOTbCA MiepeBaru METOAy, 110 BUKOPHCTOBYE PiBHAHHA APiOGHOI BOIM Mepel CTalliOHapHUM
anroputMoM. T10TiM, OLIIHIOETBCS KiTbKiCHE PO3OLKHICTh MiXkK pe3yJibTaTaMi MOJEFOBAHHS i
BUMIPIOBaHb, MPOBEIEHHX 3a JONOMOIOI0 albTUMETPUUHIX AaHUX. EkcriepuMeHTH 3acHOBaHi
Ha KapTax TeMIieparyp akBaropii YopHOTO MOpsi, OTpIMaHUX 3a oromMororo ckanepa AVHRR
NOAA AnbsTUMeTpUYHI JaHi OTpUMaHi 3a gomoMororo ceHcopiB Envisati GFO. bimsbkictb
pe3yNbTaTiB, pO3PAaXOBaHUX 3a LUMHU JDKEpelaMH JaHWX, IMiITBEPIKYIOTh BHUCOKY SKIiCTH
MOJIEITFOBAHHSI.

AHHOTALIHA B craTbe ONUCHIBAIOTCA PE3yJIbTaTbl BalMJALMU MOJIEH CKOPOCTU
TIOBEPXHOCTHBIX TEYEHWH, PACCYMTAHHBIX MO CEPHsAM CITyTHUKOBBIX W300pakeHUH.
PacueT npon3BoaMIICS MPY TTOMOIIM TMHAMUYECKO MOIEIH, OCHOBAHHOM Ha ypaBHEHUIX
Mesikoif Bonbl. CHadanma NEMOHCTPUPYIOTCS MPEUMYILECTBA METOJA, WCIOJb3YIOIIEro
YpaBHEHUs] MENKOIl BOABI Mepel CTAMOHAPHBIM alrOpUTMOM. 3aTeM, OLIEHHBAeTCA
KOJIMYECTBEHHOE DPACXOKACHUE MEXIY pe3yJbTaTaMU MOJAEIHPOBAHUS M HM3MEpPEHHH,
MPOM3BEAECHHBIX NP MOMOLIY ATbTUMETPUIECKHX JAHHBIX. DKCIIEPUMEHTBI OCHOBAHBI Ha
KapTax TeMIepaTyp akBaTopuu YepHOro Mops, MOJNYYEHHBIX C ITIOMOILBIO CKaHepa
AVHRR NOAAAnbTUMETpUYECKHE NaHHbIE TOJyYeHbl ¢ MOMOIIbIO CIyTHHKOB Envisat
n GFO. Bnm3octs pe3ynbTaToB, pacCYMTAHHBIX IO O3THM WCTOYHMKAM aHHBIX,
MIOATBEPXKIAET BHICOKOE Kau€CTBO MOJEITMPOBAHHS.
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