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Surface morphology and backscattering of ice-ridge sails

in the Baltic Sea

A.'T. MANNINEN "
Finnish Institute of Marine Researeh, P.O. Box 33. FIN-00931 Helsinki. Finland

ABSTRACT. The triangular shape of an ice-ridge sail in the Baltic Sea was
studied statistically. The dimensions and orientation of individual ice blocks were
measured in several ridges. All measurements were carried out [rom the standpoint of
backscattering research. The results confirm that given geometrical properties of the
two sides of ice ridges are in general not equal. A slight negative correlation was found
between the slope angle and widih of the sail. All three orientations and all three size
parameters of ice blocks on hoth sides of the ridges studied can be considered as
normally distributed. A log-normal distribution, however, [its shightly better the
dimensions of the orientationally best rectangular approximations ol the polygonal
main facets of flat ice blocks. There is almost no correlation between any two of these
six variables. Only the width and length of the main-facet rectangle have a vague
positive interdependence. Three-dimensional modelling of ice ridges is essential, since
the total side-facet area visible is typically at least as large as the total main-facet area.
Calculated incidence-angle distributions show that the broad distributions of
orientations and dimensions make different ridges appear very similar on radar

images.

INTRODUCTION

[ee ridges constitute a major problem for winter shipping
in the Baltic Sea, where only first-year low-salinity ice
occurs. They are long but narrow piece-wise lincar (or
curvilinear) features consisting of broken ice picces above
sail] (Figs 1-3) and below (keel) the water surface.
According to Archimedes”™ law there is a correlation
between the ice mass above and below the water level,
Therefore knowledge about the sail will help in estimating
the degree of difficulty in penetrating the ridge.

The sail of the ridge is the only part detectable on X-
or C-band radars, SAR (synthetic aperture radar) images
are the most promising ool for detecting rideed areas,

since they can be obtained  almost independently of

weather conditions and without the need for davlight.

Fven satellite SARs can have a resolution of a few tens of

meters. The high contrast between the broken ice blocks
in ridges and the surrounding level ice helps distinguish
sub-pixel-size ridges, In order o understand SAR
Imagery it is necessary to study the backscattering from
ice ridges in relation o the surface structure.

lee ridges have been studied extensively in the Baltic
Sea for many years, but emphasis has been primarily on
mass and strength (Palosuo, 1975; Keinonen, 1976, 1977:
Kankaanpai, 1988, 1989, 1991; Leppiranta and others,
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1990; Veiteh and others, 1991; Leppiranta and Hakala,
1992; Lensu. unpublished). The ice-block and sail-shape
measurements made for this purpose do not include all
the parameters needed for backscattering studies, In
addition, some properties have heen measured  that
preclude the results from backscattering calculations
although they are very good for the general structure
analysis ol ice ridges.

The backscattered signal is highly sensitive to
orientation of the ice blocks of ridee sails Ulaby and
others. 1982: Fung, 1994). When making statistical
madels for the structure of ridge sails it is practical to
approximate the ice blocks with [lat rectaneular
polyhedrons, which is a good estimate especially for new
ridges (Figs 1 and 3). This simplification means that the
shape and orientation of an ice block require only six
statistical parameters: three for size and three lor
orientation. If general polyhedrons were used, one would
need to know the direction (three angles and distance
from a fixed point 1o cach corner of the polyhedron.
Statistics for the number of corners would also he needed.
To measure a statistically suflicient number of all (hese
parameters is not possible in practice. Moreover, back-
scattering models would become much more complicated,
and calculations more time-consuming, without the
simplification afforded by rectangular polyhedrons. Due
to the orientational sensitivity of the radar sienal it is
essential that the rectangular approximation of the
polvgons also closely represents the orientation of the
sides, not just the arca of the polygons (Manninen.
unpublished ¢). The measurements reported in this paper
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Fig. 1. Newly formed [inger-rafled ice ridge in the Bay of
Bothnia, February 1992, The shadow reveals how difficult
it is to measure the height of a ridge from a single laser
profilometer line, as pointed out by Tucker and Govoni
(1981). The ice-block thickness is about 0.1m. The
serew=like_form of this sail is obvious.

were all made for the purpose ol backscatiering
calculations (Manninen, 1993, 1994, unpublished a:
Manninen and Rantasuo, unpublished).

All the results presented here have been obtained in
two Application Oriented Pilot Projects accepted by

ESA: the international PIPOR (Programme for Inter-
national Polar Oceans Research) project and the Finnish
project, “Operational sea-ice charting using ERS-1 SAR
images” (OSIC) (Leppiranta and others, 1992; Gronvall
and Seind, 1994).

GENERAL SHAPE OF AN ICE-RIDGE SAIL

The maximum height ol ice ridges in previous studies has
varied from 0.1 to 3.5 m (Palusuo, 1974; Keinonen, 1976;
Kankaanpii, 1988, 1989, 1991; Leppiiranta and others,
1990; Lensu, unpublished). The slope angle of the sides of
the ridges has varied from 17 o 64" or 107 o 50°
depending on the deflinition of the slope angle. Likewise
the width of the sail has varied from 1 to 34 m depending
on the definitions used. The definition of the slope angle is
not always given, but in older Baltic Sea measurements it
seems Lo have been the angle that subjectively best fits the
obvious part of the ridge sail, and is thus also relevant for
backscattering caleulations (Palosuo, 1974). Later the
slope angle was defined as the angle that together with the
ridge height produces a triangle with an area equal to the
cross-sectional area of one side of the ridge sail, which also
includes the surroundings of the obvious part of the ridge
sail (Kankaanpid, 1991). Therefore the slope angles of
the latter definition are systematically lower than the
previous ones. From the point of view of backscattering it
is important to know the slope angle of the actual sail, not
the slightly inclined surroundings. Moreover, an average
value that combines the slope angle of these two parts has
no relevance for backscattering. Also, a single value for a
ridge is not suflicient; knowledge of the statistics ol slope
angles is also required. Therefore the general shape of a
ridge sail has been studied more closely and the results are
presented here.

The general ridge-shape data reported in this paper
are part of the field experiments carried out in the 0Os1C
project. The study area in the northeastern part of the
Bay of Bothnia (65 14.9'N, 24713.9" E.) was the edge of an
old, deformed ice field. The measurements were carried
out in February 1993 (Manninen, 1993). The direction of
the ridge varied markedly due to its serpentine sail (Fig.

Fig. 2. General oulline of an old finger-rafted ice ridge in the Bay of Bothnia, February 1993. The direction of the wind is
clearly seen in the structure of the snow cover. The shape of this sail was studied in detail. Also a number of ice-block

orientation measurements were carried out on this ridge.
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Lig. 3. Nel-like rubbled ice in the Sea of Bothmia, March 1994. The sail height is roughly 0.3m. Tee-block arientations

were also measured in this kind of ice.

Fig. 4. Parameters describing the cross-seclion of an ice-
Al the parameters involved (stope anale 1.
height h. width w and slope length d) can have different
values on the lofi- and righthand sides.

rtdee sail.

. but an average was roughly northeast or north,

The general cross-section of an ice-ridge sail can be
defined by a sequence of slices ecach comprising 1wo
Joining triangles. The cross-section triangles are char-
acterized using the slope angles and side dimensions
shown in Figure 4. In practice. the most reliable result is
obtained by measuring slope angles and slope lengths.

oy

ﬁll]lilil. lllnlnl.]]i..lnh“"l |

These were measured in 102 places at about 2 m intervals
|
Fig. 2).

carricd out simply by resting lat rods on the outermost

along the ridge studied Measurements were
ice-block edges on both sides of the ridge. so that on visual
inspection the angle of the rod corresponded well with the
average sail slope. Slope lengths were measured using the
scale on the rods, and slope angles were obtained by
checking the inclination of the rod using an inclinometer.
The resolutions of the measurements were 0.01 m and
respectively. Positioning of the rods was subjective. Slope
width and height were caleulated according o Figure 4
by multiplying the slope length by the cosine and sine of
the slope angle. The results are given in Table 1 and
Figures 5 7.
Figure 5 reveals the linger-like structure of the base of
the ice-ridge sail, which is serpentine in the vertical
direction. On average, the flat ice surface at the base of
the ridge sail is slightly higher on the western than on the
castern side. This is natural, since the ridge has been
formed by an override of the western ice sheet due 1o hard
westerly winds. The average height-difference magnitude
is 0.16 m, which is close to the thickness of the ice floes in
the flat-ice arca. In genceral. the slope angle and length do
not seem Lo ohey log-normal or normal distribution Very
well. On the western side these properties pass the tightest
risk level checked (0.10) of log-normal distribution. but

height difference West-
East (m)

| P I
L, “J
-0.4 -
06 — —_— — —
South - north
<-200m ->

Fig. 5. Height difference between west and easi side stopes along the ridge direction. The distance betioeen suceessive

colwmns s about 2 m.
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Table 1

Average values and standard deviations of ice- ridge sail-slope angle, length, height and w idth of both sides of the

studied ud"r and the height difference of the two sides. The risk level at which the parameters pass the Lilliefors lest for
normal and log-normal distribution is also given. The tightest criterion checked s 0.10

Western side ( blue)

Eastern side (red) West—east West-east

height — magnilude
difference of height
dif ference
length angle height width length angle height width
Average 248 m 30° Lilen Z16m 259m 30 1.06m 2.08m 0.06m 0.16m
Standard deviation 0.81 m 14° 0.32m 090m 0.85m Hiy 0.3tm 094m 0.19m 0.12m
Risk level for 0.10 0.10 0.10 0.10 0.05 0.10
normality
Risk level for log- 0.10 0.10 0.01 0.01

normal distribution

on the eastern side only the slope angle is roughly log-
normal with a risk level of 0.01 (Table 1). The height and
height difference are normally distributed according o
Table: 1

The two triangles of each cross-section of the ridge are
not generally similar (Fig. 6), only their sail heights
having a clear correlation. If the slope angles of both sides
are smaller than about 507 there is no obvious correlation.
However, if the slope angle of one side exceeds 507 the
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other is smaller than 507, showing a negative interdepen-
dence when either of the sides is very steep. Although the
direct correlation of the two sides is rather weak, the
average slope angle is exactly the same, 307, for both sides

Lable 1). Even the average slope lengths of the two sides
do not markedly deviate from cach other. This is not
surprising, as the ice blocks on both sides of the ridge are
formed from the same ice field and have similar piling
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Fig. 6. Correlation of slope angles, slope lengths and heights and widths of both sides of the sail of the ridge east of that in

Figure 2.
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A West
| a East
West y=3.875*0.984"x
r=-0.65
-~ East y=3.629*0.984"x
L r=-0.61
4 West
East
A West
East .

S West y = 5301 *0.967*x
r=-085

Fast y=5951*0.961"x
r=-0.86

Fig. 7. Corvelation of slope angle. slope length. and height and widith of bath sides of the ridge of Figure 2.

The slope angle does not depend strongly on the other
three slope parameters (width, height and length) (Fig,
7). The highest corvelation is between slope widdh and
slope angle. indicating that the steepest slopes correspond
to the narrowest sails, which is understandable since in
Nature the ice-block size has an upper limit. However, il
the slope angle is smaller than about 30", the width is only
vaguely dependent on it. As the slope angle increases. so
does the largest possible slope height.

Although there is virtually no correlation between the
height difference of the two sides ol the ridge and the slope
angle, height and width, the steepest slopes (slope angle
=30
higher base line.

have a slight tendeney to occur on the side with the

ICE BLOCKS

The ice-block size in ridges has previously been estimated
mostly in terms of a long and a short axis and thickness,

https://doi.org/10.3189/50022143000030604 Published online by Cambridge University Press

The measured thickness in the Baltic Sea has varied from
0.03 to 0.6m. the long axis averaging 0.6 0.9m
(Keinonen, 1977; Kankaanpiiid, 1988, 1991; Veiteh and
1991; 1992;

unpublished ). Typically the long axis has been 1.5 times

athers, Leppiiranta and  Hakala, Lensu.
the short-axis length. Another parameter relevant for
mass studies has been the ratio ol average length to
thickness of the ice block. Tyvpical values have been 2,95
LG. Width, length and area have all seemed o obey log-
normal distribution. Similar ice-block studies have heen
carricd out in the Beaulort Sea (Tucker and Govoni,
1981; Saved and IFrederking, 1989,

Since the emphasis o previous ice-ridge studies has
been on mass, the exact shape ol ice blocks has been
determined only from photographs, and the number of
measured blocks has been quite small. Also, the
method has been sensitive (o cumulative

(Kankaan-

measurenment
error in the angles of the main-lacet corners
pid, 1991).

Measurements ol the orientation ol ice blocks have

145


https://doi.org/10.3189/S0022143000030604

Journal of Glaciology

been very rarve, and the orientation angle ¢ in the plane of
the ice-block main facet is always lacking (Kankaanpii,
1991: Carlstrom, unpublished). Moreover, the method
used to determine orientation, with strike and dip as the
parameters to be measured, is prone to error when the
inclination is small. Also, no attention has been paid o
the periodicity of the vertical- and horizontal-orientation
Euler angles # and ¢ or to the symmetry of the
rectangular polyhedrons approximating the ice blocks.
Neglecting this effect created overly large standard
deviations for the orientation angles.

Calculation ol orientational statistics for general three-
dimensional objects can be accomplished using the
1972).
Problems arise when the three-dimensional objects are

methods developed for this purpose [Mardia,
symmetrical, such as rectangular polyvhedrons, in which
case their orientation can no longer he described with a
single-valued angle riplet . ¢ and ¥ having a period of
27 (Goldstein, 1974). Due to the flatness ol the ice blocks,
the vertical- and horizontal-orientation angles 6 and ¢
must be treated together, whereas the period [or ¢ (the
orientation angle in the plane of the main facet) can be
determined separately. It is natural to assume that the
best statistical description ol the horizontal and vertical
data is obtained when the phases are chosen to that the
obtained data set covers as small an area in the fp-space
as possible. A simple iterative algorithm has been found to
produce good results with a rather small number of
iteration cycles (Manninen, unpublished b). The best
statistical description for @ is obtained when the phase
values are chosen so as to minimize the standard
deviation of the data. Individual ¢ values are deter-
mined using an algorithm that finds the orientationally
best rectangle approximation for the polygonal ice-block
main facets (Manninen, unpublished ¢).

Thus, extensive measurements of ice-block size, shape
and orientation were carried out as part ol the PIPOR
and OSIC projects from 1991 1o 1994

[ce blocks in ridges are more or less {lat polvhedrons,
whose shape can be described with the number of main-
[acet corners n, distance r; between cach corner and a
fixed point on the main facet, angles a; between cach 7y
and a fixed direction on the main-facet plane (here the
direction perpendicular to the cross-section line between
the main-facet and the horizontal plane), thickness Iy of
the ice block between two consecutive corners, and
corresponding angles 3 between the main-facet plane
(Fig. 8). The orientation is
defined by the three Euler angles: vertical rotation @,

and the side-facet planes

horizontal rotation ¢, and rotation in the main-facet
plane, for example angle o between 1 and the direction
perpendicular to the cross-section ol the main-lacet and
the horizontal plane (Fig. 9). All these parameters were
manually measured in 1991 and 1992, In 1993 and 1994,
only the main-facet orientation was measured, (o get
larger statistics for the most important orientation angles.
The highest points of the ice blocks were also surveyed in
1992 in order to reconstruct the three-dimensional
geomeltry of the whole measured part of the ridge. The
coordinates ol the ice-block corners calculated from these
surveys and ice-block measurements are given in the
Appendix. Due to poor weather conditions the measure-
ment accuracy was not as good as usual with this

https://doi.org/‘d‘ﬂ 89/50022143000030604 Published online by Cambridge University Press

Jacet and the side facel.

technique. The estimated accuracy for
height is +0.005 m, for the angle +£2° and for

Fig. 8. The distance 5 between a_fixed point on the main

facet of an ice block and a corner of the main_facel is shown

logether with the respective angle e belween v and the
cross-sectional line of the vertical plane and the main _facel
that includes the fixed point. The thickness hy of the ice
block in the middle of a main-facel edge is demonstrated
logether with the corresponding angle 3 between the main
These two  paramelers are
measured at the infermediate point of the edge joining the
corners on etther side.

N\I

Fio. 9. The Euler angles 0 and  ave shown respective lo the
geographical directions E and N. E" is the cross-sectional
line between the main facel of the ice block and the horizontal
plane. N is the cross-sectional line between the main facet
and the vertical plane. "The measured horizonlal rotalion
angle oy, is also showon. The sign convention for 0 is such
that O is negative when the axis on the main facel which
defines O points upards, Hence 8 = —fy,. For modelling
purposes o =07 corresponds to the axis perpendicular to the
ridge-sail dirvection, and @ increases counter-clockewise. T hus
@ = 180° — pu — @em (£360°), where Py denoles the
ridge-sail divection.

the surveyed

the
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distance £0.5m (Manninen 1992, 1993, 1994, unpub-
lished a; Manninen and Rantasuo, unpublished).

For ice-block measurement, first the cross-section
between the horizontal plane and the ice-block main
facet was checked with a compass having a bubble. This
line was marked with an ink pen on the ice block. and its
geographical direction was given by the compass. Using
the right-angle of the dial plate, the vertical cross-section
was drawn on the main facet. The inclinometer was then
positioned on this line and the inclination measured. The
point at which the horizontal and vertical lines met was
used as the reference point for the main-facet shape
measurements. The distance to each corner was measured
from this point using a tape-measure. The direction
angles of these distances were checked with the dial plate,
the centre of which was positioned precisely on  this
relerence point. The thickness of the ice block was
checked with a scaled clamp, and the angle between the
main and side facets with a ruler and protractor. These

two parameters were measured roughly in the middle of

cach side of the main-facet polygon. The measurement
precision for the vertical rotation angle 0, was +0.5", for
the horizontal rotation angle o, +0.1°, for the angles a;
in the main-facet plane +£1.5 . for the radial distance
ri £0.005m and for the side-facet inclination angle
B £3°. Due 1o the surface roughness, measurement
accuracy for the thickness By is not considered better
than +0.01 m, although the measurement precision was
+0.005 m.

The simple mechanical method of measuring ice-hlock
shape and orientation presented here produced data for
linding rectangular polyhedrons (length a, widih b,
thickness 2. which represent the ice blocks in the
orientational sense in the best possible way. Statistical
calculaton of the horizontal and vertical Euler angles 0
and ¢ was carried out with a two-dimensional phase-
optimizing method (Manninen, unpublished b). The
third Euler angle ¢ and ratio b/a were obtained by
orientationally optimizing the matching of the main facet
ol an ice block with a rectangle | Manninen., unpublished
¢l The period Tor ¢ was also chosen so as to minimize its
standard  deviation. The dimensions @ and b were
determined so that ab equalled the main facet area.

The ice-block measurements were carried out in the
Bay of Bothnia during 1991 93 and in the Sea of Bothnia
in 1994, In February 1991 the measured ice ridge
(65 1H3'N, 2424 4'E) was new, air temperature was
well below 0°Cand the ice-block edges were still sharp
(Manninen, 1992, unpublished a). In March 1992 (he
ridge was newly formed (the base was still wet). but the
ice field (65725.0'N, 23°34.5'E) was old and had been
deformed many times. The ice-block edges were not as
sharp as the previous year (Fig. 10; Manninen and
Rantasuo, unpublished ). This ridge was deformed again
during the field expedition. and some parameters were
remeasured after that, In February 1993 the study arca
(65 TLY'N, 24713.9'E) was also a many times deformed
old ice field and the ridge investigated was old. The ice
blocks were already rounded by changing weather
conditions (Fig. 2: Manninen, 1993, In March 1994
the area ol interest (62°17.9'N, 20°27.1' ) was full of net-
like rubble with sharp-edged ice blocks (Fig, 3:
Manninen, 1994,

https://doi.org/10.3189/50022143000030604 Published online by Cambridge University Press
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Fig. 10. Individual ice blocks on hoth sides of the studied
we ridge in the Bay of Botlnia, March 1992 ( east side is
in fronl). The ridge is_fairly new (base nol frozen when

measurements were starled ), but was formed from a
consolidaled ice field that had deformed many times. T he
exceptionally mild winter had clearly affected the structure
of the ice. Thus, the ridge consisted of old ice although the
sail struclure was new.

The statistics of the measured ice-hlock parameters
tand parameters calculated from them) are given in
Tables 2 and 3. The complete data are given elsewhere
(Manninen, 1993, 1994, unpublished a; Manninen and
Rantasuo, unpublished ), The Lillicfors test for normality
and log-normality was used as it gives good results for
even small data sets (n > 10) (Dudewicz and Mishra.
1988 .

It is remarkable that the average magnitude of the
vertical inclination 6, and i standard deviation are
roughly equal on hoth sides of the ridge when the number
ol 'measured blocks is above 20 on either side. Yet the 1wo
sides dilfer when the orientation of the main icets is
described with 8 and ¢ (Table 8). Thus, the vertical
process of deformation allects both sides in roughly the
same way. whereas the horizontal rotation is diflerent.

According to the larger 1993 ice-block data set there is
some correlation hetween the magnitude of the vertical
inclination of the ice blocks on both sides of the ridge
along the sail direction. Although blocks directly facing
cach other do not correlate, the general trend is that both
sides of the ridge have roughly the same size of vertical
inclination angles in the same part of the sail. This is even
more obvious when the average values of five successive
Fig. 11
magnitude of vertical inclination of ice blocks was on

measurements are examined In this case the
average alo somewhat greater than the average slope
angle (Table 2). The packing density of the two sides was
almost equal: 51 blocks on the castern side corresponded
to the same ridge-sail length as 49 on the western side.

The number of corners in main facets is very similar in
all cases. It is also probable that the ice blocks with the
smallest vertical inclinaton break more than once, as they
typically have more main-facet corners than steeply
positioned ice blocks, The largest ice blocks tend (0 have
the most corners. ‘I'riangles typically have small main
facets. and the ratio ol side facets to main facets is larger
than for polyhedrons with more corners.

Although the shape of the main facet varies widely.
the orientation of side facets with respect to the main facet
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Table 2. Average values and respective standard deviations of the measured verlical-inelination angle 6y, and the number of
corners m of the main_facets. the angle between the main- and side-facel planes 3; and ealculated main- and side-facet areas
Jfor the measured ridges and both their sides. Also given s the average ratio of the average tolal side-facel area to the main
Sfacel area, n <sides>[main, but lo increase reliability only blocks with at least two measured side facels are included in
caleutation of the average

Location of measured ridge, Parameler Both sides of ridge Western side of ridge  Eastern side of ridge
miember of measured blocks
Average S0, Average SuD- Average S.20,
Bay of Bothnia, February 1991 0, 13.7 17.8 48.2 19.2 3%.3 14.3
Blocks: 14(W) + 10(E) = 24 n 1.3 0,9 4.1 0.6 4.6 1.2
B 92.7° 6.0 93.8 6.9 91.2 5467
Main-facet area ( m>) 0.476 0.411 0.359 0.244 0.641 0.542
Side-facet area (m®) 0.134 0.061 0.129 0.045 0.142 0.079
n <sides>/main 2.2 2.6 2.6 33 1.6 48]
Bay of Bothnia, March 1992 B 47.2 23.8 16.8 22.1 47.5 5.8
Blocks: 20(W) + 22(E) = 42 ] k3 1.0 4.5 0.9 4.0 1.0
B; 98.4 8.4 101.0° 9.2 95.8° (N
Main-facet area (m” 0.216 0.245 0.212 0.185 0221 0.298
Side-facet area (m”) 0.090 0.044 0.099 0.051 0.081 G.030
n <sides> /main 2.5 Ll 2.7 1.8 2:3 L
Previous ridge after a new B 45.9 21.8 45.7 20.9 16.2 23.0
deformation
Bay of Bothnia. February 1993 By R 223 377 2208 37.4 22.8
Blocks: 73(W) + 73(E) = 146 mn 1.3 0.9 4.5 11 4.2 [t
Sea of Bothnia, March 1994 s 30.9 19.2

Blocks: 42

is almost always very close to orthogonal (Table 2. oreater than 2 for blocks in the studied ridges. Only hall

Therefore, approximation of ice-block polygons with
rectangular polyhedrons is very good il only the main
facets can be closely matched with rectangles. Since
triangular facets seem to be rare, it is usually possible to
find a tolerably good rectangular approximation for the
main ice-block facets (Manninen, unpublished ¢).

Table 2 indicates that the main facets of ice blocks do
not alone represent very well the whole surface of a ridge
sail. The average ratio of the average total side-lacet area
to the main-facet area, n <sides>/main, is on average

of the side facets are visible to radar at a given time, but
their aerial percentage is roughly as large as that of the
main [acets. Therelore, it is essential to use three-
dimensional models for ice ridges. The assumption that
the main facets alone represent the ridges well enough is
not directly justilied.

According to Table 3, either side of an ice ridge can be
described by approximating ice blocks with rectangular
polyhedrons with normally distributed Euler angles and
normally distributed dimensions. A log-normal distribu-

points (o)
NWe O D
S5 8 o

Vertical inclination
angle average of
five successive

%
o o

South - north

Fig. 11. Average of five consecutively measured vertical-inclination angles of the main_facets of ice blocks on both sides of the
studied ridge. along the ridge-sail direction in the Bay of Bothnia, February 1993. The ice blocks on the eastern side have

shifted southwards by four blocks.
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Lable 3. Mean values and vespective standard deviations of the caleulated Euler angles 0, @ and U and length a, widih b
and thickness h of rectangular polyhedrons that best represent the orientation and stape of ice blocks on both sides (west and
east) of the measured ridges in the Bay of Bothnia in 1992 94 and in the Sea of Bathnia in 1994. The dimensioness risk
level al which the parameter in question passed the Lilliefors test for normality is also given. Values in brackets correspond to
log=normal distribution

Location of measwred ridge. — Paramelen Both sides of ridge IWestern side of ridge Eastern side of ridge
number of measured blocks

Average  S.D. Risk  Average  S.D. Risk  Adverage  S.D. Risk
level level level
Bav ol Bothnia, {0 71.3 46.8 73.6 443 0.10 3.9 1.6 0.05
February 1991 o) 147 34.6 0.10 0.1 26.9 G100 35,1 36 0.10
Blocks: P 86.2 33.4 0.10 82.9 34.2 0.10 -88.6 375 0.10
14(W) + 10(E) = 24 alm) 0.852 0.371 0.10 0.782  0.336 0.10 0.949 0.412 0.10
0.10 0.10 (0.10)
bim) 0.193 0.257 0.10 0,428 0.198 0.10 0.583 0.810 0.10
0.10 (0.10) (0.10
him 0.183 0.061 0.01 0.191 0.042 0.05 0.172 (0.082 0.10
Bav ol Bothnia, f) 47.2 24.0 0.10 38.8 34.2 0.10  56.9 43.6 0.10
March 1992 @ 1.9 72.8 0.01 191 £7.2 0.10 16.9 39.6 0.10
Blocks: L 84.5 14.5 0.10 76.1 191 0.10  66.5 16.2 0.10
20(W) + 22(E) = 49 alm 0.605 0.271 0.05 0.618  0.276 0.10 0,591 0.274 0.01
0.10 (0.10) 0.10
b(m 0.348 0.214 0.05 0.560 0.167 0.10 0,338 0.252 0.10
(0.05 0.01 0.10)
h(m) 0.154 0,027 0.10 0.163 0.029 0.10 0. 146 (.022 0.10
Same ridge as previously 6 42.4 S5 0.05 k1.9 27.3 0.10  60.5 41.8 0.10
alter new deformation ) 38.7 8.8 0.10  36.7 57.8 0.10 9.0 H.6 0.10
Bay of Bothnia. February # 6.6 12.5 0.01 15,1 41.8 0.10 8.7 41.4 0.10
1993, Blocks:
74 (W) + 74(E) = 148 T 16.1 42.9 0.10 12.4 11.3 0.10 17.9 15.1 0.10
Sea ol Bothnia, March f 7.1 36.0 (.10
1994. Blocks: 42 @ 39.4 16.2 0.10
180 — — = ———
150 |
s B ‘
e | ® ® Western side, 1991
90 A
‘ | U Eastern side, 1991
60
30 ‘ A Western side, 1992
O |
= 0 Eastern side, 1992
o A
-30 - ® \Western side, 1993
-60 * A i =
= ' Eastern side, 1993
-90
120 :’ Both sides, 1994
-150 A |
a |
-180 : — —
-120 90 -60 -30 0 30 60 90 120 150

Theta (o)

Fig. 12 Correlation of the vertical @ and horizontal @ Euler angles of the main facets of the ice blocks on both sides of the
ridges studied in the Bay of Bothnia and in the Sea of Bolhnia.
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Fig. 13. Correlation of Euler angles p and ¥ in the horizontal and main-facel plane of the main_facets of the ice blocks on

both sides of the ridges studied in the Bay of Bothnia.

tion could equally well be used for the width and length of
the main facet, but the difference is small. as the standard
deviations are so large, However, it should be noted that
a and b are fictive dimensions that optimize the
orientational approximation. Therefore, it is hardly
surprising that the log-normal distribution found to fit
well the commonly used long and short axes is not
distinetly better for a and b than the normal distribution.
Surprisingly, the average thickness ofice blocks b does not
always pass the test for normality very well, but this is
probably due to ice blocks comprising several ice layers.
The vertical Euler angle 8 of the whole ridge obviously
deviates from a Gaussian distribution. The typical
vertical-inclination value definitely depends on the side
of the ridge. which is understandable considering the
formation process of an ice ridge. Clearly the two sides of
a ridge should be treated statistically separately.

There is virtually no correlation hetween the six
parameters defining size, shape and orientation of the
rectangular polyhedrons approximating the ice blocks.
Only the length a and width b have a slight inter-

1.4 — = ===
1.2 Sayed and Frederking (1989)
=
0B r i -
E
206 | T
a ‘. -A £ 0
0.4 f A . .
Y e S
a8
0.2 A
AN p
A A
O - _— — =
0 0.5 1 1.8
a(m)

dependence (Figs 12-14). Numerous ice-block  main
facets can be approximated with almost square rect-
angles.

Definitions of the ice-block length [ and width b
measured in the Beaufort Sca are not identical to those of
a and b used in this paper (Tucker and Govoni, 19813
Sayed and Frederking, 1989). However, itis interesting 1o
note that the regression equations for the relationship of
dimensions obtained in the Beaufort Sea also reasonably
apply to the data presented here. The two equations
found 1o describe well the relationship between the ice-
block length [ and thickness i in the Beaulort Sea are
[ =10.32+ 2.328h and 1=2.38vVh Sayed and Freder-
king, 1989). Average values of ice-block length a in this
paper usually fall between the values obtained using these
two equations and the average ice-block thickness h
(Table 3). The linear relationship produces mostly values
closer 1o the observed ones. Also the interdependence of
ice-block width b and length a in the Baltic Sea is
reasonably close to that in the Beaulort Sea, but the
correlation coellicient for the linear regression is only 0.45

L] Western side, 1991
& Eastern side, 1991
A Western side, 1992

Eastern side, 1992
b=0.11+043a

= r=045

- b=018+055a

Fig. 14. Correlation of the length a and width b of the rectangular polyhedrons orientationally best approximating the ice
blocks on both sides of the ridges studied in the Bay of Bothnia in 1991 and 1992.
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West

East

Fig. 15, General surface structure of the studied ice-ridge sail in the Bay of Bothnia in 1992 before fresh deformation of the
we field. The direction of the observation point is given for all images.

Fig. 14). Most of the lareest deviations from the
regression line are caused by triangular main ficets as
shown clsewhere (Manninen. unpublished ¢).

The ice-block main-facet arcas reported in this paper
were caleulated aking into account the individual
polygonal shapes of the ice-block main facets, Usually
the main-facet arca has been approximated from the
measured ice-block length and widith., The main-facet
arca has heen [ound in the Beaulort Sea to depend on the
ice-block thickness. Two equations are given by Tucker
and Govoni (1981) 1o describe this relationship, namely
A =0.67 exp(1.86h) and A = 4.48h%, The average ice-
block main-facet areas observed in the Baltic Sea (Table
20 were found 10 be between the corresponding values
obtained using these two equations and the empirical
Table 3). The

thickness-squared relationship produces values closer 1o

average ice-block thickness values

the empirical ones, The data set of Tucker and Govoni
deviated from the square relationship especially in lower
thickness categories, The determination of an ice-block
main-facet area from measurement of the actual main-
facet polygon is certainly more precise than estimating it
from the approximate length and widih. Therelore, it is
porbable that the ice-block main-facet area values
obtained in the Baltic Sea are more accurate than those
obtained in the Beaulort Sea. This may explain why the
Baltic Sca ice measurements better obey the physically
Justified square law than the Beaufort Sea measurements
ol ice blocks of equal size.

The general structure of the ice ridge studied in 1992

in shown in Figure 13 as it was before fresh deformation of

the ice field. The average vertical inclination on cither
side of the ridge increased somewhat upon new delorma-
tion. Also the surveyed heights increased in general
during the deformation process. This is natural as the
pressing force made the ridge narrower. Although the
part of the sail next to the measured blocks was destroved
completely. the change in the measured part was
moderate. Belore deformation of the ice field the
direction of the ridge sail was 300 and 182 in opposite
directions from one point along the sail, compared with
339" and 176",

ridge rotated horizontally more or less as a solid mass,

respectively, alter deformation. Thus the

with only a few blocks deviating distinetly from the main
trend. The greatest change seems to have occurred for jce
blocks near the middle height of the ridge sail.

In 1994 the ice field in the Sea of Bothnia was
deformed evervwhere in net-like fashion. There were no
clear lincar ridge sails, cach mesh being surrounded by
deformed ice. Thus the orientation ol ice blocks was

https://doi.org/10.3189/50022143000030604 Published online by Cambridge University Press

measured without any attempt to distinguish between the
two sides of the sails. As Tables 2 and 3 show. the
orientation of ice blocks could be desceribed reliably with a
normal distribution,

INCIDENCE-ANGLE DISTRIBUTION OF AN
ICE-RIDGE SAIL

A radar sees an ice ridge as a heap of diserete scatterers
with individual incidence angles. When the scatterers
here separate ice-hlock facets) ave smaller than the radar
image resolution (as is the case for airborne and satellite
SARs in the Baltic Sea). each pixel is correlated to an
average over backscattering coeflicients corresponding to
the individual incidence angles. Thus. it is essential 1o
know the orientations of the ice hlocks with respect to the
radar, This can be statistically described with incidence-
angle distributions of ice ridges, which have been
caleulated  for measured ridges using a  previoush
developed three-dimensional geometrical model for the
surface layer of the sail of an ice ridge (Manninen, 1992,
The incidence-angle distributions of the three [acet types
ol the rectangular polyhedrons approximating the ice
blocks are shown in Figure 16 for either side of the ridge
measured in the Bay of Bothnia in 1992 Table 3: Fig.
107, Calculations were performed using the radar
incidence angle of ERS-1 SAR (23

Naturally, incidence angles tend 1o be larger on the
distal than on the proximal side. Also, part of the distal
side is shaded, as the slope of the sail is very steep
compared with the radar incidence angle. Obviously on
either side the curve is smoothest, as the radar is looking
from the direction of the average horizontal rotation
angle of the ice-block main facets . There is a clear peak
in the incidence-angle distribution of the main facets close
to the radar incidence angle of 23°. hecause the
orientation-angle distributions are so broad. Similarly
there is a corresponding small peak in the incidence-anele
distributions of the side [acets bh at about 90-23 . since
the vertical inclination of these [acets resembles that of the
main lacets (Fig. 10). Because the statistical distributions
ol the orientation angles and the dimensions were so
broad. there is no major difference between the two sides
ol the ridge or the azimuthal-facing directions. The
average incidence-angle distributions (combining main
and side [acets and various azimuthal-looking directions)
for cither side of the ridge sail are shown in Figure 17.
Also ridges with other parameter values have produced
very similar incidence-angle  distributions (Manninen.

Jeg]
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Proximal side Distal side
Main
facet
ab
Side
facet
ah
AR
SO
e NN
Side
facet
bh
phi
-80 20 theta -80 20 theta

Fia. 16, Incidence-angle distribution for ice-block facels ab, ah and bh on either side of the ice ridge. The SAR paramelers

are those of ERS-1: frequency 3.3 GHz, radar incidence angle

23" The curves have heen caleulaled for @ values from 80

to 80° with an increment of 20° lo shote the entire azimuthal variation. The distal side is shaded by the sail when @ is .

1992). Thus, ridges in general seem to be very similar
from the point ol view ol radars. Although the radar
incidence anele dominates the local incidence-angle
distributions of ridges, and the azimuthal-looking direc-
tion also has a clear eflect, these features are somewhat
similar for all ridges and do not depend very much on the
exact geometrical shape of the ridges. This result is
supported by numerous caleulations of simulated ridges.

Incidence-angle distributions can be used to check
whether the diffraction eflect of the specular reflection is
bhackscattering. For the

larger than the first-order

specular component the following equation was used

) 39
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Ulaby and others, 1982):
0 K 5 2 9 (2ke cos 8;)
o (0;) = —|Ry|"| cos® 8;|dihie " .
T
(niu(h,frsin f; cos ;)
hiksin #; cos

_ (Si“((},ffﬁi]l{)j .s'in,:,))"). i=12.3 (1)

d;ksin @; sing;

where di =do=h. ds=11=b, la =13 =a, Ry is the
Fresnel reflection coefficient for VV or HH polarization,
p; is the azimuthal angle between the incoming radar-
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0125
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Fig, 17, Incidence-angle distribution averaged over th
whole proximal and distal side. The cumulative distribu-
tion of the distal side does not reach wnity. as part of the
distal side is shaded. causing no backseatte ing.

wave veetor and the side /;, and & is the rms height of the
surface roughness. Since strict caleulation would require
integration over both @, and #;. the caleulations have
been simplified. Small values of #; dominate the specular
component so that its value falls off rapidly with
increasing €, (Fig. 18). Morcover, the cffect of Wi 1§
small for small values of §; (Fig. 19). Therefore, it sullices
to calculate the specular component using only one value
for ;. Zero was selected for use in these caleulations. At
first, the value of the specular component was caleulated
for &; [rom zero 1o 907 in increments o 0.1, These values
were then weighted with the corresponding incidence-
angle distributions, ice-block facet areas and sail slopes on
cach side of the ridee and finally added together
Manninen, 1992). For comparison the lirst-order back-
scattering component for the same incidence-anale
distribution was calculated using an inteoral equation
method (TENM: Fune, 1991

The first-order TEM backscattering component turned
out to e 7 12dB larger than the specalar component lor

the incidence-angle distribution examined. Also in

(sinf)*2*(sinf)"2

Fig 19, The azimuthal component (sin(h,ksin 8, cos @i )/ hiksin 8; cos g, )'> X (sin(d;ksin ) sing;) /d;k sin 0; sin ;)
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Fig, 18. Specular reflection as a function of local vertical
incidence angle 0 for V1 polarization and 5.3 Hz= and the
vige studied in the Bay of Bothnia in 1992,

previous studies the specular component has been modest
Manninen, 1992). However. calculation of the specular
component is numerically very demanding, since the
[unction in question is so steeply peaked. On the other
hand. the incidence-anele distributions of this paper have
been calculated with a rather coarse increment of 27 in
6. ¢ and 1. Thus, the abundance of the smallest local
incidence angles cannot be guaranteed with high precis-
ion. It is diflicult 1o estimate how much this could affeet
calculation of the specular component. but so far the first-
order backscattering seems 1o he more important, If this is
the case, the ridges should he visible in SAR images
hasically the same way within a broad [requency band.
However, the situation is complicated by the change in
the proportions of surface and volume backscattering

with changing lrequency.

CONCLUSIONS

The rvesults obtained here confirm  that ecometrical
properties of the two sides of the Baltic Sea ridges are

not generally equal. The average slope angle of both

5

of the specular veflection ( Equation (1)) as a_function of local vertical incidence angle O and azimuthal incidence angle ¢ o
VV polarization and 5.3 GHz and the main fucels of the proxumal side of the ridee studied in the Bay of Bothnia in 1992,
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sides, however, secems to approach the same value
statistically with increasing measurement distance. A
slight negative correlation between the slope angle and
width is typical. The magnitude of the vertical inclination
ol ice-block main facets correlated to some extent on the
two sides of a ridge.

All three orientation and all three size parameters of
ice blocks on both sides of the ridges studied can be
considered as normally distributed, although a log-
normal distribution fits slichtly better the width and
length of the fictive rectangle approximating the main
ice-block facet. There is almost no correlation between
any two of these six variables. Only the width and length
of the main-facet rectangle have a vague positive
interdependence. Three-dimensional modelling ol ice
ridges is essential, since the total side-facet area visible is
typically at least as large as the total main-facet area.

The incidence-angle distributions of ridges generally
tend to be very similar, although the ridge parameters
differ. This is mainly due to the fact that Euler angles
describing the ice-block orientations tend to have broad
distributions, with a standard deviation of approximately
40°. The first-order term of surface backscattering of
ridges seems to be dominant, but the numerical
inaccuracy does not permit very definite opinions.
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APPENDIX

Manninen: Baltic Sea ice-ridge sails

Coordinates of ice-block corners from the datum point used for surveying when measuring the vidge in the Bay of Bothnia in
March 1992, The western side was marked in blue and the eastern side in ved ( Figs 10 and 15)

Block Top main Jacet Bottom main_facel Block Top main facet Bottom mamn _facet
rim) i) Z{I) rimj) yom) Z(m) rimi yim) Zlm) T\im) yim) Z(m)
blue 51 4.080 2452 0.700 4.072 2598 0.603 3459 0.064 0496 3.268 0.117 0.38]
LABL 2297 0.470 4508 2428 0.302 blue 62 4.185  0.023  0.394 3984 0151 0.344
+.571 - L747 - 0.064  4.561 1.806 0.055 1222 -0.108 0173 402 001  0.093
3.656 1436 0.144  5.626 1.503  0.054 L102 0783 0.019 3.889 0.801 —0.109
3.719 2,146 0.600 3.673 2.924 0.493 591 0.974 0475 3.679 0949 0414
blue 52 4.592  2.27  0.707 4.606 2200 0.605 blue 63 3445 0446 0404 3.293 0381 0,354
+.402 2371 0.670 4.429 2.362 0.543 3.586 0.313 0.25 3.459 0227 0.172
.27 2761 0.697 4852 2.960 0.559 3.387 0512 0.097 346 0459 0.008
+867 2470 0.726 4.902 2466 0.610 3445 0.639 0256 3.293 0.608 0.179
blue 53 4.627  0.778 0.812  4.722 0.805 0.664 blue 64 3.659 0.581 0343 3.521 0493 0.245
LAI2 0299 0.691 4426 0.299  0.600 3911 0551 0139 3818 047 —0.006
4.246  0.333 0.680 4.256 0.342  0.570 39% 0959 0 3.831 0.942 -0.169
1018 0.836 0.758 3.829 0.912 0.507 3536 -1.098 0988 3.341 1134 0159
000 1.048 0.799 4002 1109 0.586 3464 0.98 0385 3.316 0942 0.239
£332  1.218 0.870 4344 1.941 0.763
blue 65 4.532 0.481 0.723 4.517 -0.377 0.726
blue 54 4.098  1.209 0.864 3.781 1.29] 0.704 1645 —DATO 049 4629 0364 0471
+.223 1474 0.660 4.062 1499 0484 4151 0.844 0377 4.086 0.695 0.436
£303 1416 0443 4452 1410 0.326 3201 -0.978 0935 3.3 0826 0.9]
475+ 1.082 0.398 4.607 0.977 0.182
L2800 0.862 0936 4.200 0.707  0.960 blue 66 4.662 -0.459 0479 4.55 0.466  0.362
180 0966 0.970  1.083 0.891  0.965 B8+ 0425 0334 4754 0425 0.206
_ LO88  0.752  0.292 4.925 0.795 0.158
blue 55 4.126 0.885 0.515 1.135 0.801 0.416 4.584 0.841 0.615 4 451 0.894 0.51
1179 L1145 0321 4192 1.061 0.203
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