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The inverse method has been used to estimate a surface velocity field from sequential AVHRR/SST
data. In the model, equation system was composed of heat equation and horizontal divergence min-
imization and the velocity field contained in the advective term of the heat equation, which was linearized
in grid system, was estimated. A constraint was the minimization of horizontal divergence with weighting
factor and introduced to compensate the null space(Menke, 1984) of the velocity solutions for the heat e-
quation. The experiments were carried out to set up the range of weighting factor and the matrix equation
was solved by SVD(Singular Value Decomposion). In the experiment, the scales of horizontal tem-
perature gradient and divergence of synthetic velocity field were approximated to those of real field. The
neglected diffusive effect and the horizontal variation of heat flux in the heat equation were regarded as
random temperature errors. According to the result of experiments, the minimum of relative error was
more desirable than the minimum of misfit as the criteria of setting up the weighting factor and the error
of estimated velocity field became small when the weighting factor was order of 10°
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INTRODUCTION face flow for its simultaneity and periodicity.
The methods estimating oceanic element such as
NOAA/AVHRR(Advanced Very High Resolution surface velocity from NOAA/AVHRR data has
Radiometer) data is useful in research of oceanic sur- been developed, in addition to qualitative des-
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cription of AVHRR image. Estimations of surface
velocity field from NOAA/AVHRR data are dis-
tinguished into two types: the maximum cross corre-
lation method (Emery ef al., 1986; Whal and Simp-
son, 1990), the inverse method(Kelly, 1989; Kelly
and Strub, 1992). We used inverse method because
the maximum cross correlation method was known
to be not related to ocean dynamics directly(Kubota
and Shirota, 1993). Kelly used the heat equation to
estimate the surface velocity and constraints were
minimization of horizontal divergence, relative vor-
ticity and kinetic energy with weighting factor. But
the last two constraints may be not necessary, be-
cause they make resulting solutions be smaller and
smoother than the real velocity field respectively.

The minimization of horizontal divergence is
proper constraint for real oceanic flow. Its weight-
ing factor represents relative importance to the heat
equation in case that the velocity field is estimated
on the system of equation composed of divergence
minimization and heat equation. However, the cri-
teria of determining weighting factor remains am-
biguous. This paper is about a try to set up the cri-
teria of determining weighting factor of divergence
minimization.

Here, from known temperature gradient, equation
system became linearized and a matrix form (Gm=d,
G: coefficient matrix, m: unknown velocity vector,
d: data vector) in grid system.

Experiments were designed to estimate a velocity
field inversely from synthetic temperature fields ad-
vected by known synthetic velocity field. Then, the
procedure were applied to the AVHRR/SST data set.
The synthetic velocity field was made by two di-
mensional tidal model (Flather and Heaps, 1975).
Weighting factors were chosen in the range where
relative error and misfit became minimum as weight-
ing factor increased from order of 10™ to 10°. Re-
lative error was defined by the difference between
synthetic tidal flow and estimated velocity field,

relative error= | My-Mey | / | My | X 100

where m, is the actual velocity vector based on the
results from the tidal model and m.,, is the estimated
velocity vector.

Misfit is the residual part of heat equation, as fol-
lows

misfit= | dype-Gimng | /| dos | X 100

where d,, is the observed data vector.

In accordance with experiments, minimum re-
lative error was more desirable as criteria of weight-
ing factor than the minimum of misfit because re-
lative error appeared small within much narrow
range of weighting factor than misfit did.

EXPERIMENT
Method

The resulting velocity to be estimated was contained
in the advective term in heat equation written by

IT/3t+ U VT = «VIT+Q

where T and U represent temperature and velocity
respectively, k and Q are diffusion coefficient and
flux of heat respectively.

Divergence minimization used as a constraint is
given by

VU =0

where o is weighting factor.

In the experiment design, diffusive effect of heat
equation was small compared with advection based
on scale analysis. Using velocity of 10" ms’ and
temperature gradient of 10" K/km made the order of
advective term about 10° Ks” and by using the dif-
fusion coefficient of 10° m%/s, the diffusion term be-
came order of 10® Ks’. Spatial variation of heat
flux was assumed to be negligable over the mesos-
cale (order of 10° m) because atmospheric motion
was larger than the oceanic motion.

Under assumption and analysis mentioned above,
diffusion effect was neglected. Heat flux could be
calculated on the difference of spatial mean tem-
perature of sequential SST data.

Finite difference form (trapezoidal implicit
scheme) of heat equation was as follows

[(ui,jf»l‘nﬂ + un\\,]‘,nﬂ)/zlxl(TiH,j,nH - Ti—l,j,nﬂ
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+Tijn —Ticijm V(4L + [(vi,j+l,n+1 +vi,j+1,n+l)/2]
X[ jarpet = Tigotmar ¥ Tijorn — T jc1n Y(4L)] =
(T, o 'Ti,,,n—l)/2A0+Qn

where 1,j are grid point of staggered grid system, n is
time, I, [, are grid scale and At, Qp are time step
and heat flux respectively. Because the tem-
perature gradient was known from sequential SST
data, above equation became linear and es-
tablished on each grid.

The along-isotherm component of estimated velo-
city is meaningless because the advective term is
dot product of velocity and temperature gradient. So
unacceptable along-isotherm velocity can be es-
timated and large velocity may be calculated in the
area of small temperature gradient. Divergence min-
imization with weighting factor was used to reduce
these errors and appended at the end of linear e-
quation system of heat equation.

Velocity field was expanded in the form of Fouri-
er series as in Kelly (1989).

N
u(xy)= Y, [Ay costkmvLy)xcos (I my/Ly)+

k=0
By sin (kmx/La)x cos (I iylLy ) +
C,; cos (kax/Ly) xsin ({ myly, ) +
D, sin (kaxAy) xsin (! myl, )]

where A,;, B,, Cu, and D, are expansion coef-
ficient, L, and L, are the length of whole domain
in x and y direction and v(x,y) are defined analo-
gously.

Expansion coeffici¢nts became elements of unk-
nown vector of the reformed matrix equation. With
given grid system, the resulting matrix form was
overdetermined and the unknown expansion coef-
ficients were solved by SVD method of IMSL pack-
age (1989).

In the experiments, relative error and misfit were
investigated as the weighting factor increased from
order of 10™ to 10°. Relative error was the diff-
erence between estimated velocity and known syn-
thetic velocity described in the next section.

Data

Data sets used were temperature and velocity data.
Synthetic temperature data were three types shown
in Fig. 1. Synthetic temperature fields composed of
13X 13 grids contained random error (Fig. 1(d))
which were generated by using random number and
introduced to consider neglected diffusion, spatial
variation of heat flux, and SST error derived from
AVHRR data. The number of linear equations were
484 from three temperature data sets of 13X 13 grid
system and one set of continuity equation. The
number of unknown expansion coefficients were 162
from Sth-order Fourier expansion.

Velocity data were made by numerical tide model
in 3030 grid system with grid size of 10 km. Aft-
er calculations, five sets of divergent velocity field
composed of 13x 13 grids were extracted (Fig. 2).
Maximum divergence of tidal flow in the domain
was order of 10° s™ similar to real field (Table 1).

To carry out the experiments using AVHRR/SST,
we calculated AVHRR/SST by single channel cor-
rection (Kelly and Davis, 1986) and MCSST(Multi
Channel Sea Surface
(SeaSpace, 1993).

Fig. 3 shows the AVHRR/SST images of data B
and 2 in the Table 2.

When AVHRR/SST was used as a temperature
field in experiments, Synthetic velocity field was
generated by estimating surface velocity from data 2,

Temperature) algorithm

3, 4, and 5 and used as the actual velocity in cal-
culating relative error.

RESULT AND DISCUSSION

Synthetic temperature field

The magnitude of maximum random error were
0.05K, 0.08K, 0.12K, and 0.3K which were chosen
arbitarily but 0.12K was NEAt (Noise equivalent dif-
ferential temperature) of AVHRR Ch.4 and 0.3K
was known as a sensor error by manufacture
(Robinson, 1985).

The results of experiment is summarized in Table 3.

Weighting factors at minimum relative error were
within narrow range, that is, order of 10" (the 3rd
column in table 3) for each random error and syn-
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(a) Periodic form.

(c) Elliptic form.

13 X 13
BI|B2|B3|B4| ps

]

open_boundary
Fig. 2. Grid system for generating divergent flow.

thetic velocity field but weighting factor at min-
imum misfit were over wide range (the 5th column
in table 3).

(b) Circular form.

(d) Elliptic form with random
error. {(Max. error 0.3K)
Fig. 1. Synthetic temperature field.

Table 1. Veloity field and maximum divergence (unit: X
10¢ s

velocity
field Bl B2 B3 B4 BS
maximum
divergence 44 47 50 53 56

Table 2. satellite data and observing time

Data Time Data Time
B 1992.11.17 04:23 2 1992. 5.18 19:40
C 11.17 07:32 3 5.19 04.02
D 11.17 15:47 4 5.19 08:30
E 11.17 18:35 5 5.19 15:26
F 11.18 04:11 * *

Time: local time
B, C, D, E, F: In the Korea Strait
2, 3, 4, 5: In the eastérn coast of Korea.

Therefore, error of estimated velocity may be-
come large if the minimum misfit is used as criteria



Determination of Weighting Factor in the Inverse Model for Estimating Surface Velocity 547

HOAA-11 AVHRR chd |3gn
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(a) the Korea Strait

Fig. 3. SST

Table 3. The results of experiments on relative error,
misfit and weighting factor with random tem-
perature error

. o within
velocity random  © at 10% of w at MRE

field  emor MRE \np MM (%)

0.05 0.5 0.4-1 under 0.0001 27.4
Bi 0.08 0.5 0.4-10 under 0.0001 40.0
0.12 0.6 0.4-20 0.1 58.0
0.3 0.7 0.4-10000 0.002 146
0.05 02 0104 0.2 62.0
B3 0.08 0.2 0.09-0.4 under 0.0001 92.0
0.12 0.1 0.06-0.6 under 0.0001 136
0.3 0.3 0.2-10 0.007 344
0.05 03 0205 0.07 72
BS 0.08 03 0206 0.02 102
0.12 0.5 0.2-1  under 0.0001 135
0.3 0.7 0.4-20 0.006 329

MRE: minimum relative error
MM: minimum misfit

of weighting factor.

The relation between misfit and weighting factor
for velocity field B3 was shown in Fig. 4. Misfit be-
came small relatively over the weighting factor
range from order of 10* to 10" for each random er-
ror. So the weighting factor range of small misfit
was too wide to be chosen. Fig. 5 shows the relation
between relative error and weighting factor for velo-
city field B3. Relative error increased and its
change pattern became flatten over the whole of
weighting factor range as the divergence of velocity
field and random error increased. This means that
when the SST error and spatial variation of heat

(b) The eastern coast of korea (data 2)
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Fig. 4. Relation between misfit and weighting factor.
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Fig. 5. Relation between relative error and weighting
factor.

flux became large or as the divergence and dif-
fusion of flow increased, estimated velocity became
meaningless and it was difficult to determine a prop-
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{a) AVHRR/SST-derived
velocity field.

(b) AVHRR/SST(2 data)

(c) AVHRR/SST(E data)

Fig. 6. AVHRR/SST-derived velocity field and AVHRR/SST.
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Fig. 7. Results of AVHRR/SST and synthetic tem-
perature experiments.

er weighting factor.
AVHRR/SST data

In the application to the AVHRR/SST data, syn-
thetic velocity field shown in Fig 6(a) was estimated

from data 2, 3, 4, and 5 with weighting factor 0.5.
Clockwise velocity field of warm eddy was es-
timated well and maximum divergence of the
domain was 1.5 10”°s". In generating velocity field,
divergence in the domain decreased as the weight-
ing factor increased because weighting factor
represented relative importance of divergence min-
imization to heat equation in the linear equation sys-
tem.

The AVHRR/SST data used are shown partially
in Fig. 6(b), (c).

Similar results to synthetic temperature ficld case
are shown in AVHRR/SST data experiment (Fig. 7).
The BDE and 234 in Fig. 7(a) corresponds to the
result of experiment that AVHRR/SST B, D, E and
2, 3, 4 of Table 2 are advected by velocity field of
Fig. 6(a) respectively and estimated inversely. Ch.4
and Ch.4, 5 of Fig. 7(a) correspond to the result us-
ing single channel correction data and MCSST
respectively. Relative error became minimum in the
weighting factor range of 107, on the other hand
misfit appeared small over wide range of weighting
factor (Fig. 7(b)). The relative error changed sim-
ilarly at the study area in both case of using single
channel correction data and MCSST (Lee, 1994).

CONCLUSION

In the estimation of velocity field by an inverse
method, the determination of weighting factor for
the constraint of divergence minimization is critical
because it represents relative importance of diver-
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gence minimization to heat equation.

As criteria of determining weighting factor, the
results indicate that relative error was more desir-
able than misfit. Good results were estimated gen-
erally when the weighting factor was order of 107,
When the SST error and divergence of flow in-
creased, the estimated velocity became meaningless
and it was difficult to determine a proper weighting
factor
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