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ABSTRACT

Motion fields describing the ocean surface dynamics live in
vectorial spaces of high dimension. Consequently, their es-
timation from satellite images requires huge computational
resources. The issue of dimensionality reduction, that is the
determination of representative low dimensional structures in
these high dimensional spaces, is of major importance for
any application that demands real-time or short-term results.
Proper Order Decomposition allows to determine such sub-
space of motion fields on which estimation may be assessed
with reduced complexity. A reduced model is obtained by
Galerkin projection of evolution equations on this subspace.
Motion is estimated by assimilating the observed image se-
quence with the reduced model. The paper describes how to
derive the reduced space from a database of ocean model’s
outputs and explains how to estimate surface circulation from
satellite sequences. Results are given on images acquired on
the Black Sea basin by NOAA-AVHRR sensors.

1. INTRODUCTION

Surface circulation of oceans has been assessed for long by
experts. Seasonal processes are well known and global circu-
lation maps are available, as the one displayed on Fig. 1 for
the Black Sea basin. Deriving instantaneous surface circula-
tion maps with high space resolution and computing short-
term forecasts is of major interest for a large range of appli-
cations, such as coastal monitoring and pollutant trajectory
forecast. However, satisfying the space-time constraints re-
quired by operational applications prevents to make use of
3D models. Alternatives must be envisioned. First, 2D mod-
els may be applied for estimating the surface velocity from a

Fig. 1. Black Sea circulation. From Blokhina et al.[1]

satellite image sequence, as described for Black Sea by Koro-
taev et al. [2]. A large range of data assimilation methods that
derive motion from image observations is shown in the liter-
ature [3, 4]. To further reduce complexity, Herlin et al. [5]
make use of a sliding window method and of the Proper Or-
der Decomposition, and compute the motion basis for a given
subwindow from results on the previous one. The principal
weakness of their method is that it requires availability of
the full model, at pixel resolution, which is run on the first
subwindow. A fixed basis, not depending on the studied se-
quence, may be considered for defining the reduced vectorial
space of motion fields, as proposed in [6]. The size of the
reduced space that is looked for is then related to the spatial
scales of the studied processes. Surface circulation of Black
Sea displaying mesoscale structures, a large size basis has to
be considered for correctly describing local structures. This
strong constraint decreases the reduced model’s performance
and its computation time becomes prohibitive for operational
use.



In this paper, we discuss the possibility to determine a
small size reduced basis that is obtained by Proper Order De-
composition (POD) of a motion fields database. The database
is constructed for characterizing accurately the surface circu-
lation of the studied area, so that linear combinations of the
basis elements obtained by POD accurately describe the mo-
tion function observed on satellite image sequences. Section 2
summarizes the method that has been defined to obtain the re-
duced motion basis. Section 3 describes the evolution equa-
tions that are used to describe satellite sequences, the model
reduction on the POD basis and the data assimilation method
that estimates motion from satellite images. Section 4 illus-
trates the results obtained when processing satellite images
acquired by NOAA-AVHRR sensors on the Black Sea.

2. REDUCED BASIS OF MOTION FIELDS

Sea Level Anomaly (SLA) analysis maps were available from
the MyOcean European project website1 and computed by
assimilation of SLA measures with the MHI NASU Hydro-
dynamical model. Geostrophic motion (Coriolis forces are
balanced by pressure gradient forces) is then computed from
these maps in order to obtain a 1-year database of surface mo-
tion at 5 kilometer of resolution, that includes seasonal vari-
ations of surface circulation. Two SLA maps and the corre-
sponding geostrophic motion fields are given on Fig. 2.

Fig. 2. Top: reanalysis of SLA. Bottom: geostrophic motion.

A POD is applied on the ensemble of motion fields included
in the database. 100 modes are kept to determine the basis
Φ. That corresponds to 99% of the whole variance. Some
basis elements are displayed on Fig. 3. The 100-dimensional

1http://www.myocean.eu/

vectorial space spanned by the orthonormal basis Φ is used as
reduced space in order to represent motion fields.

Fig. 3. Streamline display of elements 1, 20, 60 and 80 of Φ.

3. DATA ASSIMILATION IN THE REDUCED MODEL

Let consider the following assumptions on the dynamics dis-
played by image sequences: motion w(x, t) is constant along
pixels’ trajectories and pixels’ image values I(x, t) are trans-
ported by motion. This gives the two following partial differ-



ential equations:
∂w

∂t
(x, t) + (w · ∇)w(x, t) = 0

∂I

∂t
(x, t) + w · ∇I(x, t) = 0

(1)

with∇ denoting the spatial gradient.

An orthonormal basis Ψ is obtained from applying POD
on L image observations. The projection wp of motion on the
vectorial space spanned by Φ and the description of I on the
basis Ψ are given by:

wp(x, t) =

100∑
i=1

ai(t)φi(x)

Ip(x, t) =

L∑
j=1

bj(t)ψj(x)
(2)

After replacing in System (1) and defining a(t) the vector

of size 100
(
a1(t) . . . a100(t)

)T
, b(t) the vector of size L(

b1(t) . . . bL(t)
)T

,B(k) the 100×100 matrix whose ele-
ment (i, j) isB(k)i,j = 〈(φi · ∇)φj , φk〉, andG(l) the 100×
Lmatrix whose element (i, j) isG(l)i,j = 〈φi · ∇ψj , ψl〉, we
obtain:

dak
dt

(t) + aTB(k)a = 0, k = 1 . . . 100

dbl
dt

(t) + aTG(l)b = 0, l = 1 . . . L
(3)

XR(t) =

(
a(t)

b(t)

)
is the reduced state vector that verifies:

dXR

dt
(t) + IMR(XR(t)) = 0 with IMR the Galerkin projec-

tion of Eqs. (1), on bases Φ and Ψ.

Satellite acquisitions are described on the basis Ψ, accord-
ing to the second equation of System (2) and the resulting vec-
tors b(t) are assimilated in IMR for estimating motion vectors
a(t) and retrieving motion fields w(t).

4. RESULTS

4.1. Synthetic Experiment

A sequence of synthetic snapshots, similar to satellite acqui-
sitions, is obtained from a run of an image model [7]. One
image of the sequence is given on Fig. 4(a). A region of inter-
est is defined on the basin and depicted as a black rectangle

on Fig. 5(a). It includes a vortex of mushroom shape and a
surface current (see the white arrow near the Crimean coast
on Fig 1). Ground truth on motion is available from the same
run and displayed on Fig. 4(b) for the ROI. Motion is then
estimated from the snapshots with our method and displayed
on Fig. 4(c). Statistics on the discrepancy between estimation
and ground truth confirm the validity of the approach: the av-
erage relative error on the velocity norm is less that 1% and
the maximum of the angular error is less than 0.1 degree.

(a)

(b)

(c)

Fig. 4. (a): Synthetic image and ROI. (b): Ground truth. (c)
Result of the reduced model.



4.2. Satellite Experiment
The approach is then used for estimating motion on sequences
of Sea Surface Temperature acquisitions. The demonstration
is done on Fig. 5 with images acquired over Black Sea on
July 14th and 15th 1998. Visual assessment of the results
demonstrates the potential of the approach to detect and track
the mesoscale structures on satellite data.

(a)

(b)

(c)

Fig. 5. Region of interest and estimated motion superposed
on two consecutive images.

5. CONCLUSION

This paper describes motion estimation from satellite images
and illustrates results on the whole Black Sea basin. The ap-
proach is based on a data assimilation method with a reduced

model describing temporal evolution of velocity and image
brightness. The reduced space for motion is obtained with
a Proper Order Decomposition applied on a one-year motion
database constructed from ocean model outputs. Images are
described by their coefficients on a POD basis. The major
perspectives concern the computation of seasonal spaces for
representing motion in order to better assess the medium term
variability and on the use of shallow water equations for de-
scribing surface circulation.
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