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ABSTRACT

The results from helicopter-borne laser profiling of the ice surface in the Baltic Sea for March
1988 are presented. The laser was a PRAM III system with a measurement frequency of 1-4 kHz,
a footprint of approximately 20 cm at a flight elevation of 100 m and a single-shot vertical resolu-
tion of 12.5 cm. The laser profiles were calibrated to remove aircraft motion and averaged to 1-m
intervals which combined to produce an elevation accuracy of 1.8 cm. A total of 51 profiles with
varying lengths from 6 to 24 km, in all 662 km, are analyzed. The data were stratified into 5
groups representing different ice fields. The standard deviation of the surface elevations ranged
from 7 to 14 cm. The spectrum of surface roughness displayed a red noise form (slope about
—1.5) through the wave-lengths 4 to 100 m. Ice ridges were identified using the Rayleigh
criterion with a cutoff height of 40 cm. The mean ridge height ranged from 52 to 59 cm, the
standard deviation 12 to 20 cm, and the maximum ridge height sampled was 197 cm. The
number of ridges was 1.4 to 9.5km ! for 4 of the groups and up to 17.4 km ' in one group
representing an intense shear zone. Ridge heights were exponentially distributed whereas the
log-normal distribution provided the best fit for the ridge spacings. Mean ridge height and ridge
density were not strongly correlated. The amount of ridged ice was estimated to account for
1 to 18 cm of equivalent ice thickness while based on a crude extrapolation method rubble fields

summed up to 2-10 cm. Deformed ice constituted 15-40% of the total ice volume.

1. Introduction

In the northern part of the Baltic Sea ice forms
every year. Depending on the location, the average
ice season is 3—6 months and the maximum annual
ice sheet thickness 10-120 cm. Frequent storms
induce mechanical deformation. The deformed ice
has fairly rough surface topography and appears
as rubble fields and as ice ridges, with thick but
long and narrow accumulations of ice blocks. The
thickness of ridges is typically 5-15m and over
large areas their mass accounts for, on the average,
up to one-third of the total ice mass (Lepparanta
and Hakala, 1992). Only 1st-year ice occurs in the
Baltic Sea.

Ice ridges are a major obstacle to winter naviga-
tion and when in motion cause the largest forces
on offshore structures in the Baltic Sea. Conse-
quently, detailed information on the statistical

Tellus 45A (1993), 2

properties of ridges is needed for routine ice map-
ping and for planning and conducting marine
operations. In sea ice geophysics knowledge of
ridging characteristics greatly aids the understand-
ing and modeling of large scale ice mechanics.
However, for the Baltic Sea quantitative informa-
tion on this subject is relatively limited.

To increase our understanding of ice ridging
in the Baltic Sea, a comprehensive research
programme was undertaken in the late 1980s. The
work included detailed field investigations of
the geometry, internal structure and strength of
individual ice ridges (Kankaanpii, 1989; Lep-
piranta and Hakala, 1992) and the large scale
mapping of the ice surface topography, in par-
ticular the statistics on the size and spacing of
ridges. This paper presents the results of these
latter investigations performed with a laser
profilometer.
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Airborne laser profiling is presently the best
method for ice surface topography mapping on a
large scale. The first laser profiles over Arctic pack
ice were described by Ketchum (1971). He regarded
the method suitable for (1) ridge observations,
(2) ice type classification, and (3) identification of
leads and cracks. By far, the best success with the
laser has been obtained in the collection of ridging
statistics.

The laser profiling was conducted during the
period of 9—-13 March 1988 in the Bay of Bothnia,
the northern basin of the Baltic Sea. The
measurements were made during an extensive sea
ice remote sensing phase of BEPERS-88 (Bothnian
Experiment in Preparation for ERS-1). This
experiment also provided important validation
data for Synthetic Aperture Radar (SAR) imagery
(Leppédranta and Thompson, 1989). The results
have shown promise for the use of SAR in regional
mapping of ridging characteristics (Simild et al.,
1992). The laser measurement programme and
some preliminary results have been presented by
Leppiranta et al. (1990). Apart from some earlier
shipborne laser profile measurements (Lepparanta
and Palosuo, 1981), this is the first substantial
series of ice surface profile measurements from the
Baltic Sea.

2. The laser data

2.1. Ice conditions

The ice season 1987/88 was mild for the Baltic
Sea, with conditions that occur about once in 5
years. In early March, the northern ice edge lay
slightly south of 63°N whereas its normal location
is around 59-60°N (Fig. 1).

Freezing began in the north in mid-November
which is normal. By the beginning of December the
coastal areas and skerries were ice-covered in the
northern Bay of Bothnia but then the growth of
the ice cover decreased. Throughout December the
drift ice fields were small and relatively thin (less
than 10 cm), producing only rafting and jamming
in the pack ice. By early January the maximum
thickness of undeformed drift ice had increased to
30-40 cm and the first ridges began to appear.
Throughout this month, ridging occurred fre-
quently north of 65°N. A deformed ice patch,
around 100 x 50 km, developed in the northern
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basin during January. The ridges in this section
were on the average two months old at the time of
laser profiling (Fig. 1).

The ice south of 65°N was thinner than 10 cm in
January and no ridging occurred. Freezing of the
whole basin first occurred on 28 January which is
two weeks later than normal. In February, the
ice grew thicker. Easterly winds dominated and
ridging was frequent in a 20-30 km wide zone in
the western basin extending along a southerly
track (Fig. 1). An intense shear zone 2-3 km wide
developed along the western fast ice boundary.
After the 20th of February, ridging was also
reported from the central and southern parts of the
Bay of Bothnia. Within the ice field, the thickness
increased to 10-30 cm by the beginning of March
and the ice movement was substantial.

At the time of the measurements, different ice
fields had developed. Ridges were roughly two
months old in the northern area, one month in the
western zone, and half a month elsewhere. The
thickness of the undeformed ice was 10-60 cm. Not
much is known about thicknesses of the parent ice
which participated in the ridging processes; the few
existing observations show 10-30 cm thick ice
blocks in the ridge sails (Kankaanpad, 1990). The
ice compactness was 90 to 100% in the observa-
tion areas.

According to observations, the thickness of
snow was 2040 cm in the northern fast ice zone.
In the southern fast ice region, snow thickness was
10-30 cm. There was a substantial amount of a
snow-ice in the ice sheet and its thickness increased
with each snowfall; the ice/snow interface was very
close to the level of the water surface. There are
little data on snow thickness in the drift ice area
with some observed values indicating a depth of
10-30 cm in the north and 5-15 cm in the south.

2.2. Measurements

The ice surface profile measurements were made
with a PRAM III laser profiling system which was
installed in a helicopter (Jet Ranger). The laser
is a gallium-arsenide injection laser diode that
generates light pulses at a wavelength of 904 nm
with a sampling rate of 1 to 4 kHz. Most of the
time the frequency employed was 2 kHz. Since the
speed of the helicopter was approximately 40 m/s,
the nominal horizontal spacing at 2 kHz sampling
rate was 2 cm. The single-shot vertical resolution is
12.5 cm but the elevational accuracy was increased
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Fig. 1. Map of ice conditions in the Bay of Bothnia, northern Baltic Sea on 9 March 1988.
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by averaging several consecutive height deter-
minations. The footprint size of the laser is
approximately 20 cm at a flying elevation of 100 m.
Along with the digital laser data, accelerometer
data, per cent signal return and analogue eleva-
tions were recorded. A video camera was operated
concurrently with the laser profiler to obtain a
visual record of the ice conditions.

The laser profiling covered much of the Bay of
Bothnia (Fig.2). The measurements were made
during the period 9 to 13 March 1988 with a total
of 61 profiles obtained. Their lengths were from
6 to 24 km depending on the measurement fre-
quency. The sampling strategy was to perform
detailed investigations in the western basin in con-
nection with the BEPERS-88 experiment and then
obtain a good geographic sample of the ridging
characteristics over the whole Bay of Bothnia.
Data were collected for 9 to 11 March in the
western basin for a total 402 km flown. Also data
from a compass rose configuration censisting of
four intersecting profiles were collected to study
the anisotropy of the ice ridging. On 13 March,
a basin-wide measurement series was flown
producing 34 12-km profile segements (408 km).

T T T T T T
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Fig. 2. The locations of the laser profiles and the areal
grouping of the data.
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The total length of the data set was 810 km. The
data and the field experiment are described in
detail by Granberg et al. (1988).

Some initial problems in data reduction caused
the exclusion of 6 sections. Also 4 profiles from the
western area were not considered in the present
statistical analysis. A total of 51 profiles covering
a length of 662 km were calibrated to yield the
surface elevations (Fig. 2).

2.3. Processing of the data

The following procedures were performed in
order to convert the raw laser data into profiles of
surface elevation of the ice (including the snow).

(1) Dropouts of the laser record occurred
when the return signal amplitude fell below
approximately 10 per cent. However, by using the
analogue (10 Hz) and the % dropout to stretch
and match the digital data in regions of dropout,
the spatial integrity of the digital trace was
preserved. Data dropouts essentially occurred only
over water.

(2) Each segment, which consisted of
approximately 6 x 10° data values, was checked for
wild points. Using a threshold value of 3 m, data
greater than this value were excluded. However,
none of the data exhibited any outliers.

(3) Since the actual footprint of the laser is
20 cm, the data were block smoothed (averages of
10 consecutive raw data points) to obtain this
basic interval. Different spatial increments were
then tested on the 20 cm data with a final value of
100 cm chosen for the horizontal spacing. This
distance was a compromise between an adequate
spatial resolution and the mechanics involved in
the calibration procedures. The averaging over the
100 cm interval increases the elevation accuracy to
1.8 cm (divide the single-shot accuracy 12.5 cm by
J50).

(4) In order to calculate surface ice elevations,
the smoothed data must be calibrated by removing
the aircraft motion. In removing this motion,
we have partially implemented the calibration
procedure outlined by Hibler (1972). A high pass
non-recursive filter was constructed. An iterative
approach was followed by stepping the cutoff
wavelength and inspecting the filtered profile and
its respective power spectrum. Some form of air-
craft motion remained down to 100-m wavelength.
This value (100 m) was chosen then as the filter
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Fig. 3. Surface elevation for two transects in a) northern and c) southern Bay of Bothnia. Fig. 3b) is a 597 m enlarged

section of the northern basin transect. The Rayleigh criterion and 40 cm cutoff define individual ridges.
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cutoff. From the filtered profile a set of minimum
points within a search radius of 10-100 m was
obtained. A curve was generated by fitting straight
line segments between the minimum points and
then a low pass filter applied to this curve. This lat-
ter curve was taken to be the aircraft motion which
was subtracted from the initial profile to produce
the calibrated laser profiles. A helicopter is not the
optimum platform for sea ice surface profiling.
With a fixed-wing aircraft the cutoff wavelength
could be about twice the distance as used in this
study (Hibler, 1972).

The filtering procedure caused a loss of data
about 1 km from the beginning and end of each
profile segment. The total length of the calibrated
profiles was reduced to 538 km. Fig. 3 shows sur-
face elevation along two transects representing the
northern and southern parts of the basin. The
roughness of the surface is clearly decreasing
towards the south. The noise in the data (1.8 cm)
is well below the amplitude of the signals
associated with the ice ridging (see Fig. 3b). With
regards to the accuracy in the horizontal, we do
not have a complete log of the helicopter velocity;
however, we can make some estimates of the spac-
ing error. A general increment for the helicopter
velocity fluctuations was +4 m/s which would
result in a relative error of +10%. As will be
shown in Subsection 5.3 the natural variability is
much larger for the ridge spacings (see Fig. 8).

2.4. Grouping of the data

The calibrated laser profiles were grouped over
the different drift ice areas based on the evolution
of the ice conditions during the winter as was
described in section 2.1 (Fig.2). The grouping
depresses random sampling effects and gives more

Table 1. The grouped profile data
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reliability in the geographical distribution of the
statistical characteristics. The shear zone located
at the fast ice boundary in the west was considered
as its own group because of its structure being so
different from the main pack. The final number of
groups decided upon was five and their sum of
lengths varied from 30 to 200 km (Table 1; Fig. 2).
Also shown in Table 1 are the estimated snow
depth data. As the mean snow density was 0.25 g
cm 3, these snow thicknesses equal about the
amount the undeformed ice could support above
the water surface, i.e., the freeboard was approxi-
mately zero.

3. Theoretical background

One-dimensional profiles of the ice-covered sea
surface are mathematically described by
&=¢(x), (1)
where ¢ is the surface elevation and x is horizontal
coordinate. The “surface” is the topmost surface
which physically may be water, ice, or snow. The
water surface gives a natural zero reference for the
surface elevation. Thus, by definition, & = £(x)is a
non-negative one-dimensional spatial series and is
equal to max(0, &; + A,) where &, is the ice surface
elevation and /4, is snow thickness, and in practical
terms £ equals &; + A,.

Sea ice surface profiles are examined using two
types of methods. First, spatial series analysis
is performed to study the roughness features.
Secondly, ridges are picked from the profile
segments and their statistical characteristics are
examined.

Total Thickness of Snow depth,

Group No. length undeformed mean range

no. Area profiles (km) ice (cm) (cm) (cm)

I northern basin 10 120 30-60 20 10-30

I western coastal zone 10 200 30-60 15 10-20
st shear zone 5 30 40-50 10/25* 5-20/5-100*

v central basin 13 156 20-30 10 5-15

v southern basin 13 156 10-20 10 5-15

* Level ice/ridged area.
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3.1. Surface roughness

The quantity &(x) describes the roughness
features of the surface. The average elevation is
CEY = &>+ <hy)y (here and below: { } is the
spatial averaging operator). It can be converted to
total ice mass if the thickness and density of snow
are known. The variance and correlation length of
¢ are a simple natural measure of the overall
surface roughness characteristics.

Spectral analysis is used to further investigate
the distribution of the surface roughness over
different wavelengths. Our processed data resolves
the wavelengths from 2 m up to the filter cutoff,
100 m. The range is quite limited and excludes the
ice block scale roughness of deformed ice as well as
the very long wavelength regime where e.g. ice type
variations may show up.

3.2. Ridge size

Most of the deformed ice appears as ridges
(Fig. 4). The top part of a ridge is called a sail and
the laser profile measures its external geometry.
Individual sails are taken as selected local maxima
of the surface elevation &. For the ridge “picking”
we have used the Rayleigh criterion with a
specified cutoff height following the procedures
discussed in Williams et al. (1975) and Wadhams
(1981). First, “potential ridges” are selected as the
local maxima twice as high as the neighboring
minima. Then the “real ridges” are those potential
ridges whose height is above the given cutoff
height. With the ridges identified (the heights
defined as the corresponding local maxima), their
statistical characteristics are examined for their
distributions of height and spacing.

It is clear that the amount of ridging obtained
from the data is sensitive to the choice of the cutoff
height. There is no physical criterion to indicate
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what the cutoff height should be but a proper
choice is dictated by two external factors. First,
this height must be well above the noise level of
the measurement system and, second, the ridges
should not be mixed with snow drifts. In the pre-
sent (smoothed) data, the noise level is very small;
therefore, only the elimination of the snow drifts is
a concern. An independent verification method for
a chosen cutoff height could be aerial photography
or just simple visual counts of ridges. This infor-
mation was not available from the BEPERS
experiment.

The probability density of the sail height is
expressed in general form as p = p(h; hy, ®) where
hy is the cutoff height and © describes the set of
other parameters of the distribution. The first dis-
tribution for sail heights, presented by Hibler et al.
(1972), assumed that the probability density is
proportional to exp(—A?). The present under-
standing, however, usually states that the height
distribution is the ordinary exponential distribu-
tion, i.e.,

phshy, )= exp[—A(h—ho)],  h>ho, (2)
where A is the distribution shape parameter. The
mean height is simply ho+A~! and standard
deviation 4~". This distribution was first proposed
by Wadhams (1980) for Arctic profiles and worked
well for Baltic Sea data (Leppidranta, 1981). It
has also produced good results in the Antarctic
(Weeks et al,, 1989; Granberg and Leppéranta,
1990).

The statistical background of the height dis-
tribution is based on a certain random hypothesis
concerning the probabilities of the different height
arrangements (see Hibler et al., 1972). The dis-
tribution (2) comes from assuming that all height

) B e i:t:hl:;; D Void Snow surface
B . e S S o
Eo 2f
iz :
_sf
T ' T T 1
Length (m)

Fig. 4. Cross-section of ridged ice field in March 1988, the Bay of Bothnia western coastal zone (Kankaanpéa, 1990).
The solid line has been extrapolated between the bore hole measurements.
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arrangements yielding the same total sum are
equally probable. Such hypothesis, however, has
no clear physical background. A heuristic motiva-
tion of the exponentiality is a temporal Poisson
process for the birth of new ridges in the back-
ground. A physical limitation of growth is the
existence of a limiting ridge size. If a ridge is
allowed to continue growing there exists a limiting
vertical size after which the ridge may grow only
laterally (Parmerter and Coon, 1972). This size
depends on the thickness of the parent ice sheet.
Very few ridges ever grow to the limiting size;
therefore, these limiting forms are rarely detected
in the observed distributions.

3.3. Ridge spacing

The general form of the spacing distribution is
p = p(s; hy, V), where ¥ is the set of parameters in
addition to the cutoff height /. The inverse mean
ridge spacing is called the ridge density, equal to
the mean number of ridges per length. The ridge
spacing distribution also has usually been taken as
exponential which was first presented by Hibler
et al. (1972),
p(siho, p)=pexp(—ps),  h>ho, (3)
where p=p(hy) is the distribution shape
parameter. The mean spacing is simply pu~1.
Wadhams and Davy (1986) obtained an even
better fit with the log-normal distribution

P(s; o, 0, 1, 6%)=1/[(s— 0) 0 \/27]
x exp{ — [log(s — ) — u1%/20%},
§>0, (4)

where 6 is a shift parameter and u and ¢ are the
mean and variance of the normally distributed
log(s —@). The unit is specified here up to an
arbitrary scaling factor; if one takes s in meters,
then exp{ } will also be in meters. The parameters
6, u and ¢* depend on h,. The mean spacing
is O+exp(u+0?2) and the modal value is
6+ exp(u —a?/2). The shift parameter 0 defines
the minimum spacing between ridges; for ridge
sails this minimum is only a few meters and
therefore 8 may be ignored, ie., 6 =0.

The spacing distribution is derived from a
statistical randomness argument. Hibler etal.
(1972) considered the occurrence of ridges (in
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space) as a Poisson process. More generally, con-
sider the process of randomly splitting a line of
fixed length into smaller pieces. If the pieces break
with a probability proportional to their size, the
exponential distribution results; if the probability
is independent of size then the log-normal distribu-
tion is obtained. These spacing distributions,
therefore, have a sound statistical-physical back-
ground. The log-normal distribution has been
found to fit with ice floe size distributions very well
(Lensu, 1989).

With regard to the two-dimensional aspects of
spacing, deviations from isotropy occur as one
would expect (e.g., Mock et al., 1972; Leppéranta
and Palosuo, 1983). However, the isotropy has so
far been the main working hypothesis. It leads
simply from one to two dimensions through

Lid=1n{s)>—, (5)

where L is the total length of ridges in horizontal
area 4 and {s) is the mean ridge spacing. For
anisotropic cases this equation has been found
reasonable when using the directionally averaged
ridge density parameter.

3.4. Ridging volume and intensity

The observed ridge sails can be used to estimate
the total volume of ridged ice. Sail cross-sections
can be idealized as triangles with the base at the
water surface level (see Fig. 4). The geometry is
determined by the ridge height 4 and slope angle ¢.
The cross-sectional area of a sail is then S=
h? cot ¢. A representative slope angle is 25° for the
Baltic Sea (Kankaanpai, 1989). There is a weak
correlation between the slope angle and ridge
height but for the volume estimation it is
reasonable to treat the angle as constant. The total
cross-section of a ridge is obtained using
Archimedes’ principle:

Sg = Kkh? cot ¢, 6)

where the coefficient k depends on the ridge
porosity and ice block density. For the Baltic Sea,
the value of  is 8 (Lepparanta and Hakala, 1992).

The ridge spacing and size distributions can be
combined to form a measure of ridging intensity.
Two natural measures arise:

Ri=<(hyds>™Y  Ry=(R) (s> (7
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The first one is dimensionless and describes the
sum of ridge heights per unit length; it is also
proportional to the aerodynamic form drag of
ridges (Arya, 1973). The second one has the
dimension of length and is proportional to the
mean thickness of ridged ice Hy: from egs. (5-7)
we have

HR=%7UC cot ¢.R2 (8)

3.5. Rubble fields

All the mechanically deformed ice does not
appear as ridged ice but in places irregular rubble
fields are found. Their thickness is less than that of
ridges but greater than that of undeformed level
ice; they are not detectable from the present laser
data. The existence of rubble fields is well known
to icebreaker captains who consider them a
nuisance because they are easily hidden beneath a
snow cover. Not much direct measurement data
exist about the spatial distribution of the thickness
of rubble. Results in Leppéranta (1981) give some
support to a possibility to extrapolate the rubble
volume from ridge data as shown below.

Assume that data analysis has produced
reasonable theoretical forms to the distributions of
ridge height and spacing. The next step is to
extrapolate these distributions to zero cutoff and
take the pair

Jim [ p(h; ho, ©), p(s, ho, ¥) |h<ho], ©)
i

as representing the rubble volume; the notation
|h < hg stands for the conditional distribution, i.e.,
the lower tail of the limit distribution pair. A wild
assumption is made that the volume of rubble
becomes represented by the imagined “reference
ridges” h<h,. The volume of rubble is then
directly obtained from the limit distributions,
using also eq. (6), by integration:

H,=(Se)<s> 7! h<h,. (10)

To extrapolate for the volume of rubble this way is
a bit vague and this question needs field data for
verification. Knowing the volume of rubble is
enough for ice budget calculations but it would be
desirable to decompose the volume into mean
thickness and aerial concentration. This could be
accomplished by establishing an equation for the
thickness distribution of rubble.

Tellus 45A (1993), 2
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Fig. 5. Histogram for all surface elevation data. Bin size
is 5cm.

4. Results: the surface roughness

The histogram of all the recorded altitudes is
shown in Fig. 5. The lower values of distribution
describe the snow thickness variations while the
ridges are included in the right hand tail of the dis-
tribution. The mode of the distribution is located
at 10-20cm whereas the overall average is
approximately 19 cm. The probability density falls
off smoothly showing no separation between
deformed ice and snow drifts. However, the slope
becomes more gentle in the upper part of the
histogram which may be a characteristic of ridged
ice fields. The 90 percentile starts at about 33 cm
and 95 percentile at 40 cm.

Table 2 shows the surface elevation statistics for
the five data groups. On average, the surface eleva-
tion was 16-22 cm above the water level. This was
mainly due to the snow cover which produced a
freeboard of the ice that was close to zero (see Sub-
section 2.4). These snow values are a little larger
than the estimated average snow thicknesses in
Table 1, in particular, for groups IV and V. A small

Table 2. Basic statistics of the surface elevation

Average S.D. Max Correlation length

Groupno. (cm) (cm) (cm) (m)
I 19.6 119 190 43

11 22.3 12.7 183 38

11 21.4 141 197 53

v 17.5 9.2 148 49

\% 16.0 7.5 107 49

Zero coincides approximately with the water surface.
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Fig. 6. The spatial spectra of surface elevation for three profiles which represent separate ice groups. The spectral

densities have been scaled with the total variance.

bias may exist for the values shown in Table 2.
The reason for this is not known. However, two
possibilities are: (1) there are substantial along-
ridge recordings in the laser data or (2) the results
of the filtering procedure (see Subsection 2.3) do
not represent the water surface level accurately
enough. The standard deviation of the surface
elevation was 7-14 cm increasing westward and
northward, mainly due to the snow thickness
variations which increased with the age of ice.
The largest elevation values, up to 197 cm, are
undoubtedly due to ice ridges. The present maxi-
mum is still far from the record of 350 cm in the
Baltic Sea (Palosuo, 1975). The individual maxima
within the 5 groups are more than ten times the
standard deviation above the mean. This reflects
the dual nature of the data; that is, the spatially
dominant and slowly varying snow-covered ice
surface with occasional high peaks appearing.
The spectra of 3 ice profiles, one from groups I,
IV and V, are shown in Fig. 6. The low wavenum-
ber cutoff is due to the filtering of the helicopter
altitude variations which probably also removed
some of the surface roughness. The noise level of
the laser data which was discussed in section 2 is
3 cm? At high wavenumbers the spectra reach the
noise level at about 0.25m~'. Through 0.01 to

0.25 m ™! (wavelenghts 4 to 100 m) the spectra are
all red, and within these same limits, the variance
level increases progressively towards the north
indicating an increasing ice roughness. No distinct
peaks or shape changes are found in the spectra.
A visual power law estimate produced an exponent
of — 1.5 for the spectral density slopes. Compared
with the smoothest profile from group V, the two
more deformed profiles show signs of variance
increase between 0.03 to 0.2 m ™", This is likely a
feature of ridged ice.

5. Results: nature of the ridges

5.1. General

The laser provides a measure of the height of
ridge sails which are presumed to have triangular
cross-sections (see Fig.4). As the laser measure-
ments are averages over Ax = 100 cm lengths and
cross the ridge at an angle of § with respect to
perpendicular direction, it produces sail height
reduced by Ah so that

dtan ¢’ Ax<Ah < itan ¢’ Ax, (11a)

tan ¢’ =cos f tan ¢, (11b)
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Table 3. The basic ridge statistics

Height Ridge

Group No. and Total length average S.D. density

No. of profiles (km) (cm) (cm) (km~1)
1 N=10 120 (902) 582 202 57
II N=10 200 (185.1) 573 179 9.5
I ~N=S5 30 (180) S88 154 174
IV N=13 156(1196) 543 171 20
A% N=13 156 (1254) 523 116 1.4

Cutoff height is 40 cm. The numbers in parenthesis for
the column of total length represent the length after
filtering the data.

where ¢’ is the sail slope along the laser track.
Averaging then over § and the interval in eq. (11a)
gives the average reduction of

{Ah) =3n Ax tan ¢. (12)
With ¢ =25° and Ax = 100 cm this equation gives
{Ah)=11cm and from eq. (11a), the range is
0-23 cm. Consequently, the ridge height statistics
obtained from the laser data have an average
bias of about 10 cm downward. This correction,
however, has not been made. The results are
correct in the sense that the data represent average
elevations over 100 cm intervals and not, e.g., the
very tops of ridge sails.

The basic ridge statistics are shown in Table 3.
There is a progression westward and northward in
the intensity of the ridging. The ridge density
ranges from 1.4 to 9.5 km ~! except for group III,
the shear zone, where the ridges increased to
17.4 km ', In contrast, the mean ridge height does
not vary spatially. It falls in a narrow range, 52 to
59 cm or 12 to 19 cm above the cutoff height. The
standard deviation of ridge height shows similar
variability as the ridge means with values from 12
to 20cm. A series of factors such as forcing
mechanisms, basin configuration and ice thickness
seem to combine to reduce the variability. It is
clear that the variations in ridging intensity are
mainly due to variations in ridge density and not
extensively to ridge height.

5.2. Ridge heights

The overall ridge height histogram is plotted in
a semi-logarithmic form on Fig 7 with a 40-cm
cutoff value. The histogram is similar to the ridge
distributions obtained in the Arctic (Hibler et al.,
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Fig. 7. Ridge height histogram. Ridge data from all five
groups are included.

1972; Hibler et al., 1974; Wadhams, 1981) with
clearly a linear slope as expected for the expo-
nential distribution. The Hibler et al. (1972) dis-
tribution (see Eq. 4) would decrease quadratically
which is evidently too steep when compared to our
ridge data.

The form of the observed distribution was tested
quantitatively against the exponential distribution.
The fitting procedure produced a correlation coef-
ficient of 0.99. The observed vs theoretical distribu-
tion passed the Kolmogorov-Smirnov test at the
1% level of significance. For comparison, the
gamma and the Weibull distributions were tested
but the fits were not as good as with the exponen-
tial distribution. It is interesting that the
generalization of the exponential distribution to
the whole gamma family could not improve the fit.
Overall, the Baltic Sea ridge heights confirm very
well to the exponential distribution.

One concern with the use of a statistical model
is the assessment of the extreme ridge heights. The
exponential distribution managed quite well for
these conditions (Table 4).

As indicated previously, ridge heights greater
than 200 cm are rare which is to be expected since
the highest sail height (of floating ridges) ever
recorded in the Baltic was 350 cm. However,
because of their importance to shipping, the
statistics of large ridges have significant practical
interest. The tail of a general exponential distribu-
tion must be used with extreme care. Therefore, the
use of an extreme value distribution was, also,
examined. We have applied an extreme value
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Table 4. Observed and predicted tail of the ridge
height distribution

Height No. of higher ridges
(cm) observed theoretical
100 96 102.1
150 9 6.2
200 ~1 (max =197) 04

(Fisher-Tippet Type I) distribution to the maxi-
mum ridge height for each of the 51 ice profiles.
There appears to be a good fit with a minor over-
prediction of 19 cm for the highest ridge height.
This value also produced the greatest deviation
between the predicted vs observed for the extreme
value distribution. The overprediction of ridges in
this range of the distribution may be somewhat
beneficial for planning decisions but it might add
some concern in establishing more confident
prediction at the tail of the distributions for other
purposes. More data are needed to determine
the most appropriate distribution for these ridge
heights.

5.3. Ridge spacings

The overall spacing distribution is shown in
Fig. 8. For illustrative purposes the distribution is
shown on both a semi-log and a log-log plot. In the
former plot the exponential distribution appears
as a straight line whereas in the latter plot the
log-normal case is parabolic. Visual inspection
suggests that the log-normal gives a better fit. Also
in quantitative terms, the log-normal distribution
represented the observed data best statistically.
Fig. 9 shows that the log-normal distribution
passes the Kolmogorov-Smirnov test at the 95%
significance level. At this significance level, the
hypotheses was rejected that the data are repre-
sented by the exponential or gamma distributions.
The mean of the best-fit log-normal distribution
(121 m) was slightly less than the observed mean
(156 m) whereas the modes were close to the
observed (10-20 m class, best fit case 16 m).

The exponential distribution clearly under-
estimates both the short and the long spacings
between the ridges. This means that the simple
Poisson process does not describe the spacing of
ridges very well. In fact, a modified Poisson pro-
cess would be more representative where the prob-
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Fig. 10. The histogram of the maximum spacings for the
individual profile segments fitted to the Fisher-Tippet
type I distribution.

ability of finding a new ridge would be increased
for small spacings and decreased for large spacings.
The log-normal case acts in an opposite way.
There is a slight tendency to over predict the tails.
However, as shown by the quantitative tests, the
log-normal distribution is much closer to the
observed data than the exponential case. In physi-
cal terms, this suggests that new ridges are initiated
in ice floes for which the probability is almost
independent of the floe size (see Subsection 3.3).

To provide further description Fig. 10 shows the
series of maximum ridge spacing for each of the
profiles compared to the extreme value distribu-
tion (Fisher-Tippet TypeI). This distribution
seems to provide a remarkably good characteriza-
tion of the maximum spacings.

5.4. Height-spacing relationship

The mean height and ridge density for all the
individual segments are plotted in Fig. 11. The
overall correlation coefficient is 0.35. (It is interest-
ing to note that ridge density had higher correla-
tion values with mean ice height and standard
deviation, 0.73 and 0.80, respectively.) The reason
for these latter correlation values being could be
the age of the ice. The data in Fig. 11 are shown in
a stratified form by geographical grouping I to V.
It is evident that the most deformed areas
represented by groups II and III display the
highest correlation; however, the sample sizes
for the individual groups are small precluding
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Fig. 11. The joint distribution of the mean ridge height

and ridge density for the individual profiles. A different
symbol is used to indicate each one of the five ice groups.

any statement on significance. For comparison,
good association has been found in the Arctic
between these two quantities (Hibler et al., 1972;
Wadhams, 1980 and 1981) with the ridge density
plotted on the log scale in Wadhams’ analyses. The
former calculated a correlation of 0.90 for a com-
bined set of 82 observations while the latter had a
correlation of 0.78 for a transect of = 1000 km
adjacent to the northeast Greenland coast.
However, from his aggregated data (Wadhams,
1980: p. 294) based on the mean values for each of
the ten segments, we calculated a lower correlation
coefficient of 0.56.

The probable reasons for the difference with our
data is the age of the ice fields and frequency of ice
types. Even an analysis of individual ridge heights
and spacings showed no evidence of any statistical
association. Thus, for the Baltic Sea, it is
hypothesized that mean ridge height and density
are essentially independent.

5.5. Remarks on the statistical description of ice
ridging

In order to describe the ridging properly, one
needs at least three parameters: the cutoff height,
the mean height and ridge density. These param-
eters can be used to obtain a ridging intensity
measure but the relationship can not be inverted
to obtain ridge heights and spacing from ridge
intensity. However, the variation of the mean ridge
height for the Baltic seems to be quite small and
might be considered fixed to within a rough
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approximation. For a full statistical description,
four parameters are needed if spacing is to be
included. Ridge spacings for our data are log-
normally distributed which has two independent
parameters. This means that the ridge density
alone is not sufficient to provide all the informa-
tion for specifying ridge spacings.

The cutoff height may be thought of as a type of
free parameter. It would be a distinct advantage if
a constant value for the cutoff height could be used
when comparing results from various parts and
from different experiments in the Baltic Sea.
The present data are not extensive enough to
propose a value for this reference height. Further
experimental data are needed, in particular more
visual ground truth data are required. A standard
cutoff height, based on our current best estimates
for the Baltic, is about half a meter.

6. Total ice volume

The surface elevation profiles can in principle
be transformed to total ice mass using the
Archimedes’ law. However, due to the uncertain-
ties regarding detailed snow thickness variations,
the overall elevation is not suitable for this
purpose; ridge data provide better estimates.

The ice pack consists of undeformed ice, rubble
and ridges. The total mass can be expressed as
thickness, i.e., volume per area, through
H=h+H.+ Hy (13)
where A, represents undeformed ice. The ridge por-
tion can be obtained from the measurement data
whereas for the rubble the extrapolation method
shown in section 3.5 is utilized. The rubble results
must be taken basically in qualitative sense.

The exponential distribution of the ridge height
gives

Sg=rxcot g[<hY* + ({hD ~ ho)?], (14a)
H I(H, + Hg) = 3 exp(—iho)[1 + (<hYA)*]. (14b)

The results are shown in TableS. Ridges
accounted for 1-18 cm of equivalent ice thickness
and rubble 2-10 cm. The proportion of rubble was
greater than the proportion of ridges for areas with
a low degree of mechanical deformation whereas
in more heavily deformed areas ridges became
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Table 5. Composition of ice mass

Deformed ice

Group no. Undeformed ice  rubble ridges  all
1 45 4 6 55

11 45 6 9 60

I11 45 10 18 73

v 25 2 2 29

\% 15 2 1 18

Unit cm. The rubble estimates are extrapolated from
the ridge results.

more dominant. The thickness of deformed ice
(ridges + rubble) was 15-40 per cent of the total
ice thickness. These figures are in general agree-
ment with earlier data from the Baltic Sea
(Leppdranta, 1981). It is interesting that the
percentage of deformed ice is of the same order of
magnitude as in Arctic seas (e.g., Hibler etal,
1974; Wadhams, 1981). Due to uncertainties in the
snow thickness variations it would not be realistic
to estimate the total ice volume directly from the
profile data using the Archimedes’ principle.

7. Conclusions

A laser profilometer mounted on a helicopter
was used to examine the ice surface roughness and
the size/frequency occurrences of ice ridges in the
Baltic Sea. The measurements were made during
the period of 9-13 March 1988. The winter season
was mild with a thickness of undeformed ice of
10-60 cm. A total of 61 profiles, varying in length
from 6-24 km, was collected. From these profiles,
51 were selected for the present statistical analysis
representing a total profile length of 538 km after
calibration.

Earlier observations of sea ice ridging statistics
in the Baltic Sea were made from icebreakers dur-
ing their routine work (Leppédranta and Palosuo,
1981, 1983). These data are probably biased due to
the route selections of the ships. The present air-
borne laser profiles are the first independent obser-
vations and should therefore be taken as the basic
reference for Baltic Sea ice ridges.

The data were first stratified into 5 groups
representing different ice conditions. The length of
combined profiles within each group was 30-
200 km. The average surface elevation with respect
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to the water surface level ranged from 16 to 22 cm,
the root-mean-square value was 7-14 cm, and the
correlation length of the surface was about 50 m.
These values mainly reflect the snow cover thick-
ness variations. The surface elevation spectra were
red (slope — 1.5) for wavelengths from 4 to 100 m.

Ice ridges were identified using the Rayleigh
criterion with a 40-cm cutoff height. The mean
ridge heights were from 52 to 59 cm, the standard
deviation of the ridges from 12 to 20 cm, and the
maximum ridge was 197 cm. The mean ridge den-
sity ranged from 1.4 to 9.5 km ! in the main ice
pack and 174 km~"' in the shear zone. The dis-
tributton of ridge heights both for the entire sam-
ple and for each of the individual ice groups was
exponential. The log-normal distribution provided
the best fit for the ridge spacings. This distribution
generally over predicts distances by = 500 m near
the upper tail. For both ridge heights and spacings,
an extreme value distribution provides a very good
example for representing their statistical character.

Ridge heights and spacings showed poor
correlation for the Baltic Sea data. A minimum set
of three parameters (cutoff height, mean ridge
height and ridge density) is needed to describe the
ridge intensity; therefore, without an independent
estimate of the cutoff height or one other physical
parameter, a statistical formulation of ridging is
under prescribed. Ridge density is the most impor-
tant factor in describing ice ridging variability.
The volume of mechanically deformed ice was

estimated from the data. Ridges accounted for
1-18 cm of equivalent ice thickness.

The proportion of rubble was extrapolated from
the ridge distributions indicating that rubble fields
accounted for 2-10 cm of equivalent ice thickness.
The thickness of deformed ice (ridges and rubble)
was 15-40% of the total ice volume.

This work has attempted to fill a gap in our
basic knowledge of sea ice geophysics in the Baltic
Sea. Also, the statistical results should be useful
in analyzing the ice conditions for engineering
purposes. More research is needed to describe
and understand the ridging phenomenon. This is
especially true if we are to obtain a better physical
comprehension of the height distribution, the
cutoff question, the implication of rubble fields and
the two-dimensional structure of ridging.
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