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Analysis of sea-ice motion estimated through SAR '

Shinya KAKUTA*’ Yasunori SASAKI*’
Akira MUKAIDA™*

Jce-displacement data estimated through Japanese Earth Resources Satellite (JERS) with
Synthetic Aperture Radar (SAR) is statistically analyzed to examine diffusive coefficients
of Arctic sea-ice motion under the assumption of simple diffusion. The grid interval of the ice-
displacement data is 180m. The diffusion is not isotropic. The diffusive coefficients of the
first and second principal axes are less than 7 and 3 nf/s. The first principal axes are about
in the directions of general ice displacement in the scenes (almost the same as the directions

of ice displacement at the centers of the scenes).
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1 Introduction |

Sea ice dynamics has been theoretically discussed
for its importance on global climate. In the regions of
high ice concentration, ice interaction can be influen-
tial. Ice interaction is related to the yield curve of
pack ice (e.g. Thorndike et al., 1975; Rothrock,
1975). To examine how realistic the elliptical yield
curve 1is, lece displacement data derived through
Synthetic Aperture Radar (SAR) is utilized (Stern
et al., 1975). Stern et al. mention that the elliptical
yield curve 1s suitable for the SAR-derived data
within their observation error range although other
vield curves may fit the same data suitably.

For numerical stability, the sea-ice dynamics
model of Hibler needs an artificial diffusive term in
the equations of ice thickness and concentration
continuity (Hibler, 1979). Using the Particle-in-Cell
scheme, Flato (1993) eliminates the diffusive term
to imptove ice-edge calculation. Using buoy-track
data, the diffusivity of pack ice is examined (e.g.
Thorndike, 1986). Thorndike discusses separation
between buoys, proposing a model where random
crack slip leads to diffusive mixing of pack ice. In
general, the separation rate of two particles is
partitioned into that - associated with large-scale
strain and that due to turbulent diffusion and
discontinuous motions. In one-year motion, the
large-scale strain of pack-ice fields i1s more impor-
tant to net separation than diffusion is (R. Colony.
1996, Personal Communication). The combination
of discontinuous motions of pack ice at leads or
cracks as shown by the gray hatch lines in Fig. 1
(b) of Stern et al. (1995) is regarded as the main
cause of large-scale strain, while the other parts of
pack ice (everybkm grid without gray hatch) look
slightly zigzag. In this paper, we examined diffusive
motions of pack ice with small deformation using
SAR-derived ice displacement. Here, we regard spa-
tially high-frequency fluctuations as diffusive or

random motions.

2 Data
The resolution of the SAR of JERS is 18m. Before

the calculation of ice displacement, the original SAR

images were each averaged over 10 by 10 pixels (180
m by 180m). The grid interval of the ice displacement
data is also 180m.

Fig.1shows an example of ice displacement data
derived from the SAR of JERS. The location is
around 73N 147W. The pair of SAR scenes are taken
on September 23 and 24, 1992. The surface pressure
from the International Arctic Buoy Program i1s also
shown in Fig. 2, which implies southward winds

there.
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Fig.1 Icedisplacement around 73N 147TW from Septem-
ber 23 to 24, 1992, estimated through the SAR
of JERS. The North is up. The extreme speed
shown by red is an error. We eliminated the
extreme speed in cur analysis. The upper-left
small circle shows drifter motion at 73.256N
149.5W determined by the Ground Positioning
System.
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Fig.2 Surface pressure on September 23 and 24, 1992 by the International Arctic Buoy Program.

3 Analysis

To discuss turbulent diffusion, we must first define
a scale separating turbulent diffusion from large-scale
deformation. The spatial increment of the Hibler
Model of sea-ice dynamics is about 40-100km. Thus,
we pald attention to a scale where the spatial incre-
ment is about 75 km, regarding the whole SAR scene
as corresponding to a numerical cell of 75 km by 75 kn.

To extract spatial fluctuations with high frequen-
cies, regarded as sub-grid fluctuations or turbulent
diffusion, we used the polynomials described below.
In plastic law, the strain rates (the first order spatial
derivative of velocity) of a pack-ice field are related

to the stress tensor, whose divergence gives ice

interaction:
a!ml atﬁz
= &
Fa= 5.+,
0 On 0 Oz
= -
F, 3. 7. (1)

Here, F., F,, are the x and y component of internal

ice stress. Stress tensors, oij, are functions of

strain rates, + [@‘ odu;j
2 \0xj Oxi

Thus, the spatial patterns of ice interaction are

, where u 1s velocity.

dependent on specifying first and second-order
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spatial derivatives of the velocity field. We should
be careful not to include this part of the velocity
field into the random diffusion. In the Hibler
Model, the second-order spatial derivatives of ice
velocity gives ice interaction (Equations (5)-(9) |,
Hibler, 1979). To make continuous the second-order
spatial derivatives, we adopted the cubic terms 1n
the polynomials. If we used higher and higher-order
polynomials, spatially higher and higher fluctuations

would be discussed by the polynomials describing the

. structure of ice-velocity fields on a smaller and

smaller scale. Thus, one cannot adopt arbitrarily
higher-order polynomials.

Before ice-displacement calculation, we used other
cubic polynomials to transform the pixel-line coor-
dinates of an original SAR image into latitudes and
longitudes. Thus, the accuracy of positioning of a
SAR-derived image depends on the adequacy of the
coefficients of the cubic polynomials for the transfor-
mation. Therefore, each calculated ice-displacement
field may contatin systematic errors generated in
the cubic polynomial transformation. Such system-
atic errors can be expressed by cubic polynomials.

To extract sub-grid fluctuations from the ice-



displacement fields where transformation by the cubic polynomials may generate systematic errors, we adopt

cubic polynomials.

First, we fitted a pair of polynomials of x and vy,

Ax=aotaixta:ytasx® tasxytasy? +asx®tarx’ytasxy®+aoy’
ﬁy=bn +b1x+b2y+bax2 +b¢xy+b5y2 +bex® +b-;x2y+baxy2 ‘|“bgy3 (2)

to the data of a two-dimensional ice-displacement
field in a pair of SAR scenes of 75km by 75km. Here,
we excluded extreme speed shown by red in Fig. 1, be-
cause we regard it as false. The fitted polynomials
are considered to include SAR-image distortion
(which could be as large as 0.5km) caused by the
systematic positioning errors. If the SAR images
were projected on the tangential planes touching the
Earth surface at the center of the images, the dis-
tortion would be smaller. However, the polas stereo
projection 1s commonly adopted in sea-ice remote
sensing.

The direction of ice displacement (Fig.1) at the
point at 73N 147TW 1s 124 degrees west from North.
We obtained ice divergence, shear, and rotation
from the fitted polynomial. Since the SAR-image
distortion could be as large as 0.5km, 0.5km,/75km=
0.0067 of strain could be caused by the distortion.
Thus, strain rates of 0.0067 day ' and their linear
combination such as divergence, shear, and rotation
could be insignificant, because, in this case, the
time interval of the pair of SAR scenes is one day.
The ice divergence, rotation and shear at the point
at T3N 147W are 0.004 day'(insignificant), -0.042
day'' and 0.071 day'. The direction of the first
principal component of strain rates at the point at
73N 147TW is 15 degrees west from North (Fig. 3 ).
Roughly speaking, the ice field 1s compressed in the
direction parallel to the displacement while stretched
in the direction orthogonal to the displacement.

Next, we obtained a two-dimensional residual
field between the data and the fitted polynomials
(Fig.4). We regard the residual A7,

result of random motion. The histogram of the

Ay as a

residual is shown in Fig.4. Rotating the Ax— Ay
coordinate, we find the first principal axis A%,

that maximizes the variance of the residual. This is

an eigenvalue problem. The first principal axis is
about in the direction of general ice displacement in
the scenes. |
Finally, dividing the variances by the time inter-
val (one day in this case) of the pair of SAR
scenes, we estimate the diffusive coefficients of ice

motion (Fig.5 ). Here, we regarded the sub-grid

 fluctuations, which are on the rotated coordinates,

as a result of random walk. The diffusive coefficients

of the first and second principal axes are 0.56 and
0.25knf/day (6.5 and 2.9nf/s).

" North

€ ,=-0.034day"”

¢.=0.038day"
Strain rate at N73 147W

M3 JLERTEREUTEICBY 2EHEDO XK, #@KEFI
BKBE & BE—B T s hMICEMEh, ThEEEXD
ARCHTTWS

Fig.3 The principal components of strain rates at 73N

147TW. Roughly speaking, the ice field is com-
pressed in the direction parallel to the dis-
placement while stretched in the direction
orthogonal to the displacement.
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in which the variance is the largest.
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Fig. b

4 Discussion

We made the same analysis as described above on
other samples. The dates and locations of the samples
are listed in Teble 1 as well as the diffusive coeffi-
cients we determined. The diffusion is not isotropic.
The main drive of sea ice motion is wind stresses.
The variance of wind fields may not be isotropic.
Even if wind fields are uniform, the wind drag
coefficients of ice pieces may vary. As a result, the
reaction of ice pieces to wind varies, more diffusive
in the direction of ice displacement. The diffusive
coefficients of the first and second principal axes
are less than 7 and 3 nf/s. These values are on the
order of one thousandth of the artificial diffusive
coefficients in traditional numerical sea-ice models.
The first principal axes are about in the directions
of general ice displacement in the scenes (almost
the same as the directions of 1ce displacement at
the centers of the scenes).

The divergence, sheer, and rotation at the centers
of SAR scenes are also listed in Table 2. The diver-
gence is negative except for the sample at T3N
147W. This sample also shows the largest diffusive
coefficients. It may be because the sample is closer
to an ice margin than the others are. Each ice piece
may move more freely near an ice margin to be
more diffusive. The rotation is negative except the
sample at 81N 137.5W.

o
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Tablel Diffusive coefficients.

Diffusive coefficients

Dates Liocation
kit /day (nf/s)
first second
principal
axis

26&28 Jun.'92| 80.3N 135.5W | 0.49 (5.7) | 0.18 (2.1)
3&5 Jul.’92| 8IN 137.5W | 0.13 (1.5) | 0.01 (0.1)
3&5 Jul.'92| 81.7N 136W | 0.25 (2.9) | 0.04 (0.4)
23&24 Sep.’92| 73N 147TW| 0.56 (6.5) | 0.25 (2.9)

29&30 Mar.'93| 79N 121.5W | 0.03 (0.4) | 0.01 (0.1)

29&30 Mar.'93 78N 123.5W | 0.13 (1.5) | 0.06 (0.7)

x2 v—rodqu MBI BFHE v»—RUMOR

Table2 Divergence, sheer & rotation at the centers

of scenes.
Location Divergence | Sheer Rotation
day day™ day!
80.3N 135.5W -0.085 -0.25 -0.17
81N 137.5W -0.045 0.10 0.07
81.7TN 135.9W 0.000 -0.012 -0.042
73N 14TW 0.004 0.071 -0.042
9N 121.5W -0.009 0.094 -0.031
T1.9N 123.5W -0.056 0.047 -0.012

Ice displacement was derived from averaged val-
ues over 10 by 10 original pixels (180m by 180 m )
each. Thus, variance less than 180m X 180 m =32400
nf is not significant. (If the sampling errors are
uniformly distributed, the significant level of vari-
ance is smaller (2700nf). However, we take the
maximum possible value for the significant level

for security because there is no guarantee that the

sampling errors are uniformly distributed.) Since.

one day 1s 86400 seconds, diffusive coefficients less
than 32400 nf/86400s=0.375ni/s are not significant
for a pair of images with a one-day interval, and
those less than 32400nf/86400s/2 =0.1875nf/s are
not for a pair of images with a two-day interval.
What we saw by SAR is area. We did not use the
velocity of each ice piece but of each square of 180m

by 180m for the two following reasons. One reason

1s the technical complexity in determining the velocity
of each ice piece. The shapes and sizes of ice pieces
are irregular. The other is that we must think about
the rotation of each ice piece if we deal with the
velocity of each ice piece. However, the rotation 1is
already taken into consideration when we deal with

each square of 180m by 180m.

5 Conclusions
The diffusive motion of pack ice is not isotropic.
The diffusive coefficients of the first and second
principal axes are less than 7 and 3 ni/s. The first
principal axes are about in the directions of general
ice displacement in the scenes (almost the same as the
directions of ice displacement at the centers of the

scenes).
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