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ABSTRACT 

Lever, J.H., Klein, K., Mitchell, D. and Diemand, D., 1991. Wave-induced iceberg motion. Cold Reg. Sci. Technol., 20: 
11-23. 

This paper describes the results of a three-year field study to measure the wave-induced motion of icebergs. We sought 
this information to examine how well iceberg velocities, derived using wave-tank tests, reflect those of irregularly shaped 
full-scale icebergs. We deployed self-contained motion-monitoring packages on icebergs in the Labrador Sea and on the 
Grand Banks, and obtained 19 data sets of wave-induced iceberg motion. To our knowledge, these are the only available 
data describing the wave-induced motion of full-scale icebergs in six degrees-of-freedom. 

For comparison with laboratory results, we computed normalized significant surge and heave iceberg velocities and 
plotted these against normalized peak wavelength. This demonstrated that velocities based on wave-tank study of four 
regularly shaped model icebergs do reflect the range of variation in iceberg motion attributable to random shape. The 
paper concludes that iceberg significant velocities are random quantities for a given size iceberg in a given sea state, and 
that a gamma probability density, fitted to wave-tank results, is suitable for describing their variations. 

Introduction 

To build an oil production platform able to survive 
on the Grand Banks of Newfoundland, engineers 
must consider the possibility of iceberg impact. De- 
pending on the site, they may employ either a fixed 
or floating platform configuration and an overall 
philosophy of iceberg resistance or iceberg avoid- 
ance. They must then determine the iceberg impact 
design loads for the platform. To optimize the de- 
sign, they must trade-off ice-strengthening costs, 
down-time costs associated with iceberg avoidance, 
and the consequences of impacts sufficient to dam- 
age the platform. The studies of Andersson et al. 
(1986), Salvalaggio and Rojansky (1986), Fuglem 
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et al. ( 1989 ), and Holthe (1989), among others, il- 
lustrate various ways to incorporate iceberg-impact 
analyses into platform design. All such design anal- 
yses require, in some form, knowledge of iceberg 
population, size, shape, strength and velocity statis- 
tics, plus estimates of iceberg-management 
efficiencies. 

To estimate iceberg-impact velocity statistics, re- 
searchers have used both physical and numerical 
models to describe how icebergs respond in a given 
sea state (see, for example, Andersson et al., 1986; 
Isaacson, 1987; Lever et al., 1987, 1989; Pawlowski 
and Wishahy, 1987). By necessity, all these models 
make simplifying assumptions about the forces in- 
volved (physical models neglect scale distortion of 
viscous forces, numerical models use potential flow 
with simple drag-coefficients to account for fluid 
viscosity). Most models incorporate the randomiz- 
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ing effects of irregular seas using linear superposi- 
[ion. Also, all analyses to date model iceberg geom- 
etry using regular shapes (cubical, spherical, 
cylindrical, etc. ) despite the observational evidence 
indicating icebergs are in fact quite randomly 
shaped. 

To address some of these concerns, Lever et al. 
(1988a) conducted a wave-tank study of four reg- 
ular iceberg shapes (cubical, cylindrical, trapezoi- 
dal, spherical). Results from the three cubical 
models showed that, at least over a limited model- 
scale range (70: 1 to 210: 1 ), Reynolds number dis- 
tortion did not significantly influence the measured 
motions. They also found that linear superposition 
quite accurately described iceberg motion charac- 
teristics in irregular seas. However, they did find 
that model shape had a strong influence on mea- 
sured motions. Subsequent study (Lever et al., 
1988b) confirmed that these shape differences do 
influence iceberg wave-induced velocity statistics. 
A key question thus remains: How well do velocity 
statistics derived for regular shapes reflect those of 
randomly shaped full-scale icebergs? 

The objective of the present work was to obtain 
field measurements of wave-induced iceberg mo- 
tion as a function of iceberg size and sea state. With 
these measurements, we hoped to assess the valid- 
ity of physical and numerical modeling of this phe- 
nomenon. We conducted a pilot study in the Labra- 
dor Sea in 1984 to confirm that we could successfully 
deploy and recover self-contained, iceberg motion- 
monitoring packages. We then deployed upgraded 
packages on icebergs in the Labrador Sea in 1985 
and on the Grand Banks in 1986 and 1987. Out of 
a total of 23 such deployments, we obtained 19 us- 
able data sets of wave-induced iceberg motion. To 
our knowledge, these are the only available data de- 
scribing the wave-induced motion of full-scale ice- 
bergs in six degrees-of-freedom. This paper de- 
scribes the instrumentation and field techniques 
developed, and it presents the data in comparison 
with corresponding model predictions. 

Instrumentation 

We constructed two identical six degree-of-free- 
dom iceberg motion-monitoring packages for this 

study. These packages were entirely self-contained 
and required no on-ice time for personnel during 
either deployment or recovery. They were ex- 
tremely rugged, waterproof, deployable by either 
helicopter or vessel, and recoverable from the ice- 
berg or out of the water. An earlier paper (Lever et 
al., 1986) describes these packages in some detail; 
we will only summarize their key features here. 

Each package contained the following motion 
sensors: three servo-accelerometers, with _+ 1 g dy- 
namic ranges, to measure linear acceleration along 
orthogonal axes; a vertical gyro to measure pitch and 
roll (angular rotations about orthogonal axes) with 
ranges of +60 ° for pitch and 360 ° for roll; a flux- 
gate compass to measure magnetic bearing. The six 
sensor signals passed through individual low-pass 
filters (no attenuation below about 2 Hz, then in- 
creasing attenuation to - 4 0  dB at 6 Hz). A multi- 
plexer, operating at 12 Hz, combined these six sig- 
nals and two reference voltages for storage on a 
single channel of an instrumentation recorder. This 
arrangement provided a minimum recording ca- 
pacity of 1.5 h per deployment, adequately meeting 
our requirements. 

For deployment of each package, we mounted the 
sensor cluster, power supply and filter boards, and 
instrumentation recorder on an aluminum plate; we 
then installed these within box-type enclosures con- 
structed of 0.6 cm aluminum plate. The bottom half 
of each enclosure contained three 12 VDC batteries 
to provide power. We used O-rings to seal the enclo- 
sure halves and fitted the bottoms with four 5-cm- 
long tapered stainless steel pins to hold the pack- 
ages on the iceberg. Figure 1 shows a schematic of 
the motion-monitoring packages. Once sealed, each 
package measured 0.66 m×0.66 m×0.51 m high, 
exclusive of the mating flange and tapered pins. The 
total mass of each package was about 100 kg, a value 
insignificant compared with iceberg masses. 

We calibrated the packages under both static 
(constant tilt) and dynamic conditions (circular 
motion of 1 m radius, adjustable frequency). When 
fully processed, the measured accelerations, veloci- 
ties and displacements agreed with the imposed 
values to within about + 5% over the wave-period 
range of interest, 5-15 s. We felt this accuracy was 
sufficient for our purposes. 
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Fig. 1. Schematic of motion-monitoring packages showing principal elements. 

Data acquisition 

Labrador Sea deployments 

During August, 1985, we conducted fifteen de- 
ployments of the two motion-monitoring packages 
offCape Makkovik in the Labrador Sea. We ran this 
program in cooperation with the Dynamics of Ice- 
berg Grounding and Scouring (DIGS) experiment 

(see Hodgson et al., 1988). We deployed the pack- 
ages using a twin-engine helicopter, and recovered 
them either off the iceberg by helicopter or out of 
the water from a small vessel stationed nearby for 
this purpose. 

To determine the sea state during each package 
deployment, we obtained the data from a wave buoy, 
moored nearby as part of the DIGS experiment. 
These data took the form of nondirectional, wave- 
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energy period spectra, and they covered all but three 
deployment intervals. All package deployments oc- 
curred within 50 km of this moored buoy. 

We also at tempted to deploy a drifting wave buoy 
from the vessel stationed next to the iceberg of  in- 
terest. While we succeeded in doing this for the first 
few package deployments, it became too difficult to 
track the drifting buoy and recover the motion- 
monitoring package in the event of  the iceberg roll- 
ing. However, this buoy did provide significant 
wave-height and peak-period estimates for the de- 
ployment intervals not covered by the moored buoy. 

To document the size and shape of  each iceberg 
studied, we took numerous surface and aerial pho- 
tographs, the former generally from at least the four 
principal compass headings. The known dimen- 
sions of  the package enclosures provided us with 
means to scale these photographs and hence obtain 
the dimensions of  the icebergs. From the measured 

max imum waterline length, L, waterline width, 14 r, 
and max imum height, h (all in metres),  we later es- 
t imated the mass, M (in tonnes),  of  each iceberg 
using the correlation of Robe and Farmer ( 1975 ): 
M =  3 L W h. We also used the maximum waterline 
length as the iceberg's characteristic length in later 
analyses. 

Table 1 summarizes the iceberg and sea-state in- 
formation obtained for each package deployment. 
Note that we encountered two main instrumenta- 
tion difficulties during the 1985 field program. 
During four package deployments, the gyro experi- 
enced excessive vibration later attributed to con- 
tact-brush wear. This problem rendered the motion 
data unusable because we could not use the result- 
ing pitch and roll data to remove gravitational com- 
ponents from the measured accelerations. The sec- 
ond problem was less severe: an intermittent short 
in the x-accelerometer circuit rendered data from 

TABLE 1 

Summary of iceberg and sea-state information for each motion-package deployment 

Iceberg Date Characteristic Mass Significant 
I.D. (mm/dd/yy) length, L¢ (tonnes) wave height 

(m) n , ( m )  

Peak period 
Tp(s) 

Wave 
spectrum 

Motion data 
quality 

1 08/02/85 13 590 0.69 
2 08/05/85 22 4,400 0.91 
3 08/06/85 12 980 0.70 
4 08/06/85 26 7,900 0.64 
5 08/08/85 52 50,000 1.16 
6 08/08/85 45 45,000 1.32 
7 08/10/85 140 1,000,000 0.92 
8 08/11/85 70 120,000 0.71 
9 08/16/85 35 19,000 2.32 

10 08/18/85 110 730,000 2.03 
11 08/18/85 8.0 72 1.91 
12 08/20/85 24 3,900 1.62 
13 08/21/85 53 54,000 1.51 
14 08/21/85 13 780 1.23 
15 08/22/85 130 750,000 0.99 

16 04/27/86 3.3 14 0.6 
17 04/29/86 6.8 27 1.8 

18 03/19/87 8.0 120 1.7 
19 03/19/87 8.0 120 1.7 
20 03/28/87 3.5 10 2.2 
21 03/31/87 14 420 1.6 
22 04/17/87 10 80 2.0 
23 04/20/87 5.0 30 2.2 

6.6 
9.5 
8.0 
8.3 
5.9 
5.1 
7.3 
6.8 

10.3 
10.0 
8.3 
9.0 

10.3 
8.3 
8.0 

2.8 
4.9 

5.9 
5.6 
5.3 

10.4 
5.8 
4.8 

no 
yes 
yes 
yes 
yes 
y e s  

n o  

n o  

yes 
yes 
yes 
yes 
yes 
yes 
yes 

n o  

n o  

n o  

n o  

n o  

n o  

n o  

n o  

good 
good 
Axbad 
Axbad 
data unusable 
good 
good 
data unusable 
good 
Axbad 
data unusable 
Ax bad 
data unusabM 
Ax bad 
good 

good 
good 

good 
good 
~od 
~od 
~od 
~od 
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that sensor unusable for five further deployments. 
However, we later developed a method to estimate 
significant surge and heave velocities using data 
from the working aceelerometers. Thus, of the fif- 
teen package deployments conducted in 1985, we 
obtained usable wave-induced motion data for 
eleven icebergs. These icebergs ranged in size from 
about 600-1,000,000 tonnes. They were floating in 
water depths of 60-300 m and experienced seas of 
0.6-2.3 m significant wave height. 

Grand Banks deployments 

During March-April, 1986 and 1987, we de- 
ployed motion-monitoring packages on Grand 
Banks icebergs from an offshore supply vessel op- 
erated by Husky/Bow Valley (HBV) East Coast 
Project. The vessel possessed a water cannon which 
HBV used to deflect bergy bits and growlers away 
from its drilling platform. This arrangement put us 
near much smaller icebergs than we found in the 
Labrador Sea, and we obtained a total of eight pack- 
age deployments. 

To obtain sea-state information, we had origi- 
nally expected to use data from a wave buoy moo- 
red at the HBV drilling platform. However, the ves- 
sel's iceberg management duties kept it well 
upstream of the platform, and all package deploy- 
ments occurred more than 100 km away from the 
buoy. Therefore, we had to rely on sea-state esti- 
mates made by trained observers on board. We 
computed the observed wave height as the square 
root of the sum of the squares of their separate wind- 
wave and swell wave-height estimates. Jardine 
(1979) showed that this visual estimate tracks 
measured significant wave height. 

We again used photographs taken from the vessel 
to document the size and shape of each iceberg 
studied. We encountered no instrumentation diffi- 
culties during the 1986/87 field programs and thus 
obtained eight usable data sets. Table 1 also sum- 
marizes the iceberg and sea-state information ob- 
tained during these Grand Banks deployments. The 
icebergs ranged in size from 10 to 420 tonnes and 
experienced seas of 0.6-2.2 m significant wave 
height. Figure 2 shows the motion-monitoring 

Fig. 2. Motion-monitoring package on iceberg 16, a 14-tonne growler in a 0.6-m significant-wave-height sea. 
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package on iceberg 16, a 14 tonne growler in a 
0.6-m significant wave height sea. 

Data reduction 

Processing steps 

Figure 3 shows a flow chart of the motion-data 
processing steps. We may identify three overall 
functions: primary processing, secondary process- 
ing, and data products. 

Primary processing consisted of digitizing the 
original analog tape, demultiplexing, then convert- 
ing the voltage signals to physical units for each sen- 
sor in the moving package reference frame. Because 
the digitizer operated at 1000 Hz, we averaged the 
digital voltages to achieve 12 Hz time series with 
improved signal/noise (about 60 dB). Frequency 
analysis of these signals showed only noise above 
0.5 Hz. We therefore decimated (i.e., reduced) the 

PRIMARY PROCESSING 
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data by a factor of 8 (to yield 1.5 Hz times series) 
then low-pass filtered from -0.1 dB at 0.5 Hz to 
- 4 0  dB at 0.75 Hz. 

Secondary processing consisted of transforming 
the motion data from the moving, package refer- 
ence frame to a space-fixed, horizontal frame with 
axes pointing north, west and vertical. This trans- 
formation involved calculating, at each time step, 
the three modified Euler angles which uniquely de- 
fine the package orientation with respect to the fixed 
frame. The gyro readings provided two of these an- 
gles directly, pitch and roll. The algorithm derived 
the remaining angle, yaw, from the compass reading. 

We completed secondary processing by translat- 
ing the fixed-frame accelerations from the package 
location to our estimate of the center-of-gravity 
(C.G.) of the iceberg. This is a straight-forward 
translation based on the following equation: 

A~g =Ap + o~ x o~ X l~g + ~bX 1~ s ( 1 ) 

where Ac~ is the vector acceleration of the C.G., A o 

SECONDARY PROCESSING DATA PRODUCTS 
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Fig. 3. Motion data processing steps. 
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is the vector acceleration of the package, w is the 
angular rotation vector, and 1 ~  is the position vec- 
tor from the package to the C.G. 

To estimate 1~,  we used photographs taken of the 
iceberg's above-water portion. Because each iceberg 
w a s  stable at the time, the horizontal location of the 
C.G. coincided with that of  the above-water por- 
tion. To estimate the vertical position of  the C.G., 
w e  assumed an average iceberg C.G.-depth/height 
ratio of 1. For a perfectly tabular iceberg, with a 
draft/height ratio of  7.2, the C.G.-depth/height 
would be 3.6. However, field data show that aver- 
age iceberg draft/height ratios fall in the range 2-4 
(Robe, 1975; Hotzel and Miller, 1983) suggesting 
the use of  substantially smaller C.G.-depth/height 
ratios than 3.6. Nevertheless, because these l~g es- 
timates were necessarily crude, we also conducted a 
study of the sensitivity of the C.G. velocities to 
variations in l~ s. 

Having obtained the acceleration of  each ice- 

berg's C.G., we then computed data products. For 
each deployment, we examined the frequency con- 
tent of  the accelerations using Fast Fourier Trans- 
forms. These spectra clearly showed wave-induced 
motion signals on top of essentially fiat system noise. 
We integrated acceleration spectra to velocity spec- 
tra only within the identified signal bands, to avoid 
integrating low-frequency noise. Also, because noise 
is uncorrelated with signal, we subtracted the vari- 
ance of the noise from the total variance to yield the 
variance of the motion signal. In this way, we re- 
moved system noise from iceberg significant veloc- 
ity estimates: 

Vs=2(mo-no)  ~/2 (2) 

Where mo is the total velocity variance (zero-th 
moment of the velocity spectrum) and no is the var- 
iance of  the noise (on the velocity spectrum), Note 
that the data processing yields iceberg C.G. heave 
(vertical) velocity directly; iceberg C.G. surge ve- 

g 
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X 
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X 
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Fig. 4. Motion energy spectra for iceberg 9: (a) x-accelerometer in moving package frame, (b) gyro roll reading, (c) x-axis 
acceleration in horizontal reference frame, (d) x-axis velocity transformed to iceberg C.G. Note how transformation to a hori- 
zontal reference frame (c) removes low-frequency gravitational components in Ax (a) doe to roll. 
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locity is the square root of the sum of  the squares of 
the two horizontal C.G. velocity components. 

Figure 4 shows Fourier spectra for iceberg 9, a 
19,000-tonne bergy bit in 2.32 m seas. Notice how 
transformation to a horizontal reference frame re- 
moves gravitational acceleration components due to 
iceberg roll. The resulting horizontal-frame x-accel- 
eration (Fig. 4c) shows wave-induced motion sig- 
nals from 0.08 Hz to about 0.2 Hz. it also shows the 
characteristically flat system noise spectrum. 

Error analysis 

The principal data products of interest are ice- 
berg significant surge and heave C.G. velocities, Us 
and Vs, respectively. We may compare normalized 
forms of  these, Us/(zt HJTp) and Vs/(~z HJTp), 
against predictions based on wave-tank data (Lever 
et al., 1988b) for the same normalized peak wave- 
length, 2p/Lc, where Hs is significant wave height, 
Tp is peak wave period, Lc is iceberg characteristic 
length (equal to maximum waterline length), and 
peak wavelength is given by: 

2p = g  T2~/2 n (3) 

This section discusses the uncertainty associated 
with each measured parameter and how these com- 
bine to influence the normalized significant 
velocities. 

For the 1985 field season, we obtained sea-state 
data from a calibrated wave buoy moored near the 
study areas. We therefore expect about + 5% uncer- 
tainties in Hs and Tp derived from these data. 

For the 1986 and 1987 field seasons, we obtained 
wave-height estimates from trained observers on the 
vessel. Based on the work ofJardine (1979), we ex- 
pect observed wave height to equal Hs within about 
+ 40%. To obtain Tp for these deployments, we used 
the peak frequency in the measured velocity spec- 
tra. Because the icebergs studied in 1986/87 were 
quite small, we assumed that the peak period of  the 
measured motion equalled Tp within an uncer- 
tainty of  about + 10%. 

Photographs taken during package deployments 
provided the means to estimate L c for each iceberg. 
This method leads to about + 10% uncertainty in 
t c .  

In addition, we used photographs to estimate Rcg 
for each iceberg. Although the uncertainty in Rcg 
might be as much as _+ 50%, significant C.G. veloc- 
ities are not very sensitive to this uncertainty. For 
the 1985 icebergs, +_ 50% variation in Rcg caused 
about + 19% variation in significant C.G. veloci- 
ties; for the 1986/87 icebergs, the resulting varia- 
tion was only + 5%. Equation 1 reveals the reason 
for this insensitivity: rotational motions of small 
icebergs are much less significant than linear mo- 
tions. Lever et al. (1989) observed a similar effect 
in their wave-tank study. When combined with un- 
certainty in the motion measurements themselves, 
we expect average uncertainties in significant C.G. 
velocities of  + 20% for 1985 icebergs, and _+ 7% for 
1986/87 icebergs. 

The afore-mentioned uncertainties apply to most 
icebergs studied. However, we treated several 1985 
deployments as special cases: 

(a) For icebergs 6 and 15, the measured motions 
were sufficiently small that C.G. translation intro- 
duced excessive noise. For these two cases, there- 
fore, we computed significant velocities only for the 
motion package location, then applied uncertain- 
ties of + 20% as if these were C.G. velocities. 

(b)  For iceberg 7, the measured motions were 
below the system noise level, implying negligible 
motion. This is a valid result, and we assigned sig- 
nificant surge and heave velocities of 1.0 + 0.5 cm/  
s to this iceberg (i.e., just below system noise in the 
period band 5-15 s). 

(c) For icebergs 3, 4, 10, 12 and 14, the x-acce- 
lerometer data (Ax) were unusable. To determine if 
we could nevertheless estimate Us and Vs for these 
five cases, we examined the remaining complete 
data sets ( 1985-1987). We found ihat loss of Ax had 
a negligible effect on significant heave velocity. 
However, the surge-velocity variance dropped by a 
factor of 2, on average, without Ax. This implies that 
surge energy was nearly equally distributed along the 
x- and y-axes. Thus, for the five deployments with 
unusable Ax, we left the computed significant heave 
velocities unaltered, and we multiplied the com- 
puted significant surge velocities by x/2. Study of 
the complete data sets suggested this latter opera- 
tion increased the uncertainty in Us by about 12%. 

Using these estimates of  uncertainty in the mea- 
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sured parameters, we may estimate uncertainty in 
the normalized significant velocities and peak wave 
lengths. Note that we may round the final uncer- 
tainty values to one significant figure, to reflect the 
precision of the contributing estimates. Thus, for the 
1985 deployments, uncertainty in the normalized 
significant velocities is about _+ 20%, primarily re- 
flecting the uncertainty associated with C.G. trans- 
lation; the exception is iceberg 7, where _+ 50% un- 
certainty applies due to its small motion. For the 
1986/87 deployments, the normalized significant 
velocities contain uncertainty of about +40%, 
dominated by the large uncertainty associated with 
visual wave-height estimates. Similarly, the uncer- 
tainty in 2p/L¢ is about + 10% for the 1985 deploy- 
ments and + 20% for the 1986/87 deployments; the 
difference reflects the larger uncertainty in Tp for 
the later deployments. 

Discussion of results 

Table 2 presents the significant : rge and heave 
C.G. velocities for each iceberg w 1 valid motion 
data. Also shown are the correspohding normalized 
peak wavelengths and significant velocities to- 
gether with their uncertainties. We may compare 
these field results to predictions based on wave-tank 
data. 

Lever et al. (1988a,b) measured response ampli- 
tude operators (RAO's) for four geometrically reg- 
ular~ model icebergs (cubical, cylindrical, trapezoi- 
dal, spherical). They then combined these RAO's 
with JONSWAP wave spectra to yield significant- 
velocity predictions for each shape. These curves of 
normalized significant velocity versus normalized 
peak wavelength form a basis for comparison be- 
tween laboratory and field data. 

TABLE 2 

Iceberg significant velocities 

Iceberg Significant velocities 2 p/Lc 
I.D. 

Normalized significant velocities 

Surge, Us(cm/s) Heave, Vs (cm/s)  Us/(~rH~/Tp) Vs/(~HJTp) 

1985 + 10% + 20% + 20% 
1 11 27 5.2 0.33 0.82 
2 27 33 6.4 0.90 1.1 
3 22 22 8.3 0.81 0.81 
4 11 21 4.1 0.46 0.88 
6 5.1 7.1 0.90 0.06 0.09 
7 1 1 0.59 0.03 0.03 
9 39 19 4.7 0.55 0.27 

10 151 23 1.4 2.4 0.36 
12 130 78 5.3 2.3 1.4 
14 74 45 8.3 1.6 0.96 
15 4.8 2.2 0.77 0.12 0.06 

1986/87 __ 20% _+ 40% + 40% 
16 52 64 3.7 0.78 0.96 
17 77 81 5.5 0.67 0.70 
18 92 114 6.8 1.0 1.3 
19 92 119 6.1 1.0 1.3 
20 110 119 12.5 0.85 0.92 
21 78 94 12.1 1.6 2.0 
22 46 46 5.2 0.42 0.42 
23 111 113 7.2 0.77 0.78 

Note that all velocities are for iceberg C.G. with the following exceptions: # 7-motion signals below system noise level, velocities 
of ! cm/s assigned (uncertainty + 50%); # 6, 15-low signal/noise prevented translation to C.G., velocities are for package 
location. 
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Fig. 5. Measured C.G. velocities compared with wave-tank 
based results for four regular shapes (Lever et al., 1988b). 

Figure 5 presents a comparison between the field 
data and the laboratory-based predictions of Lever 
et al. (1988b). For most icebergs studied, the mea- 
sured significant velocities fall within the range of 
the velocities predicted for the four regular shapes. 
That is, cubical, cylindrical, trapezoidal and spher- 
ical models reasonably represent the range of surge 
and heave velocities exhibited by irregularly shaped, 
full-scale icebergs. 

As might be expected, several icebergs displayed 
motion well outside the range of the laboratory- 
based predictions. The most significant deviations 
exist for the surge velocities of icebergs 10, 12, and 
14. Note that these were three of  the five icebergs 
with unusable x-accelerometer data. Also, their 
surge velocities displayed above-average I~= sensi- 
tivity. However, the significant heave velocities 
measured for these icebergs show much better 

agreement with prediction. This suggest that dou- 
bling the surge-velocity variance to compensate for 
loss of Ax yields poor approximations for these ice- 
bergs. The results for icebergs 3 and 4 (the other 
two cases of unusable Ax) agree much better with 
the predicted curves. 

Only one Grand Banks iceberg showed substan- 
tial deviation from prediction. For iceberg 21, both 
the surge and heave significant velocities are much 
higher than expected. Interestingly, this is the only 
case where the swell-wave component dominated 
the visual sea-state estimate. The period of this 
component may well have coincided with the natu- 
ral roll period of the iceberg, leading to resonance. 
Because the roll center need not be the C.G., such 
resonance would produce higher C.G. velocities 
than predicted for that significant wave height. 

We also examined whether using measured wave- 
energy spectra significantly altered predicted veloc- 
ities for the 1985 icebergs. Basically, we repeated 
the procedure of Lever et al. (1988b) using both 
the measured spectrum and a JONSWAP spectrum 
for values ofHs, Tp, and Lc obtained in the field. We 
then computed the mean and sample standard de- 
viation of the normalized significant velocities pre- 
dicted for the four regular iceberg shapes. Table 3 
compares these predicted values and indicates 
whether agreement with the measured iceberg ve- 
locities improves by using the measured spectra. On 
average, measured wave spectra produced the same 
level of agreement with measured velocities as did 
JONSWAP spectra. 

We may now address the key issue of the study: 
How well do velocity statistics derived for regular 
shapes reflect those of randomly shaped, full-scale 
icebergs? As with the sea-surface elevation itself, we 
may assume that iceberg open-water instantaneous 
surge and heave velocities possess Gaussian proba- 
bility distributions. Because these velocities have 
zero mean, each distribution is a function only of 
the velocity variance, or equivalently, the signifi- 
cant velocity. Lever et al. (1989) derived a method 
to approximate iceberg/structure impact-velocity 
statistics from these Gaussian distributions. This is 
a useful simplification: with only knowledge of ice- 
berg open-water significant surge and heave veloci- 
ties, we may approximate the statistics of iceberg/ 
structure impacts. However, Us and Vs for a given 
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TABLE 3 

Normalized significant C.G. velocities for the four regular iceberg shapes tested by Lever et al. (1988a) computed using both 
measured wave spectra and JONSWAP wave spectra 

Iceberg 
I.D. 

Normalized velocities using measured 
wave spectrum 

Normalized velocities using JONSWAP 
wave spectrum 

Surge Heave Surge Heave 

average std.dev, average std.dev, average std.dev, average std.dev. 

Change in agreement with 
measured velocities by using 
measured wave spectrum 

Surge Heave 

2 0.67 0.13 0.61 0.3 i 0.78 0.14 0.81 0.45 worse worse 
3 0.77 0.15 0.67 0.31 0.87 0.14 0.87 0.46 better worse 
4 0.55 0.12 0.47 0.25 0.60 0.14 0.59 0.36 better worse 
6 0.20 0.06 0.07 0.04 0.17 0.05 0.02 0.03 worse better 
9 0.62 0.17 0.67 0.45 0.68 0.15 0.74 0.52 better better 

10 0.26 0.07 0.08 0.05 0.27 0.08 0.07 0.05 no change* no change 
12 0.70 0.13 0.75 0.45 0.69 0.14 0.72 0.43 no change no change 
14 0.83 0.13 0.82 0.40 0.87 0.13 0.89 0.46 no change worse 
15 0. t 6 0.05 0.04 0.02 0.16 0.05 0.02 0.02 no change better 

* "No change" in agreement indicates the two wave spectra yield results within 5% of each other. 

TABLE 4 

Mean and sample standard deviation of normalized significant 
C.G. velocities of the four regular iceberg shapes studied by Le- 
ver et al. (1988a,b) 

2p/Lc Normalized surge Normalized heave 
velocities velocities 

mean std.dev, low high mean std.dev, low high 

1.0 0.27 0.07 0.15 0.42 0.05 0.05 0.00 0.19 
2.0 0.39 0.11 0.20 0.64 0.18 0.10 0.04 0.42 
3.0 0 .51 0.14 0.27 0.82 0.38 0.20 0.09 0.86 
4.0 0 .61 0.14 0.37 0.92 0.57 0.34 0.11 1.41 
5.0 0.69 0.14 0.44 0.99 0.72 0.43 0.14 1.78 
6.0 0.77 0.14 0.52 1.07 0.81 0.45 0.18 1.90 
7.0 0.82 0.13 0.59 1.10 0.86 0.47 0.20 1.99 
8.0 0.87 0.13 0.63 1.14 0.90 0.47 0.23 2.02 
9.0 0.90 0.13 0.66 1.17 0.92 0.47 0.24 2.04 

10.0 0 .93  0.13 0.69 1.20 0.94 0.45 0.28 2.01 
ll.0 0.96 0.13 0.72 1.23 0.96 0.45 0.29 2.02 
12.0 0.98 0.13 0.74 1.25 0.97 0.44 0.31 2.00 
13.0 1 .00 0.13 0.76 1.27 0.98 0.43 0.33 1.98 
14.0 1.02 0.12 0.80 1.27 0.99 0.42 0.35 1.97 
15.0 1.03 0.13 0.79 1.30 1.00 0.41 0.37 1.96 
16.0 1.04 0.12 0.82 1.29 1.01 0.40 0.39 1.93 
17.0 1 .05 0.12 0.83 1.30 1.02 0.39 0.41 1.92 
18.0 1.06 0.12 0.84 1.31 1.03 0.38 0.43 1.90 

Low and high refer to the interval limits containing 95% of the 
cumulative probability assuming that a gamma distribution 
applies. 

iceberg size and  sea state depend  on iceberg shape, 

another  r a n d o m  variable.  Therefore, we must  de- 

scribe var ia t ions  in Us( Hs, Tp,L¢) and  Vs( Hs, Tp,Lc) 
in terms of  appropria te  probabi l i ty  dis t r ibut ions.  

The response curves shown in Fig. 5 for the four 

regular iceberg shapes provide  a way to est imate 

these probabi l i ty  dis t r ibut ions.  At each ,~.p/Lc, we 
may compute  the mean  and  sample s tandard  devia- 
t ion  of  the predicted normal ized  significant  veloci- 

ties. We may then use these values to specify the pa- 

rameters  in a suitable probabi l i ty  dis t r ibut ion.  The 

ga mma  probabi l i ty  densi ty  meets our  requi rements  
for a two-parameter  d i s t r ibu t ion  with a posit ive 

range: 

f Cb+l x>_O 
p(x)=~F(b+l)xbe-CX x < 0  (4)  

where c = g/tr2 and  b = (R2/a2 ) _ 1 and  where g and  

a are the mean  and s tandard deviation,  respectively. 

Table  4 shows means  and  sample s tandard  devia- 

t ions of  normalized significant velocities for the four 

regular iceberg shapes invest igated by Lever et al. 

(1988a ,b) .  To demons t ra te  whether a ga mma  dis- 

t r ibu t ion  based on these wave- tank results fits the 

full-scale data, we computed  the 95% cumula t ive  
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Fig. 6. Measured C.G. velocities compared with mean and 
95% cumulative probability intervals derived from wave-tank 
results assuming that a gamma distribution applies. P (Low 
<x< High) =0.95. 

probability interval at each 2 p/Lc; we would expect 
2.5% of the velocities to fall outside this interval on 
each side. Figure 6 presents the measured full-scale 
velocities against the means and 95% intervals as- 
suming gamma distributions. 

Within the uncertainty of  the field measure- 
ments, all measured heave velocities fall within the 
95% interval. This interval is quite large for a given 
2p/Lc reflecting the pronounced influence of  ice- 
berg shape on heave motion. With uncertainty in- 
cluded, the only measured surge velocities substan- 
tially outside the 95% interval are those of  icebergs 
10, 12 and 14, the deployments identified earlier as 
having problems with loss of  Ax data. Thus, within 
the accuracy of  the field measurements, a gamma 
probability density fitted to wave-tank results de- 

J.H. LEVER EI-~.I, 

scribes the variation due to random shape of ice- 
berg surge and heave significant velocities. 

Conclusions 

We met our original objective of  obtaining field 
measurements of wave-induced iceberg motion as a 
function of iceberg size and sea state. A total of  23 
motion-monitoring package deployments yielded 19 
usable data sets, with a faulty gyro accounting for 
the data loss in the first year. Our experience has 
shown the package design and deployment/recov- 
ery operations to be successful. Indeed, C-CORE 
continues to use updated versions of  these packages 
for unattended motion monitoring of icebergs, ice 
floes and sheet ice. 

For comparison with laboratory measurements, 
we computed normalized full-scale significant ve- 
locities and normalized peak wavelengths. An un- 
certainty analysis revealed that inaccuracy in the 
measured motions (+  5%) is relatively unimpor- 
tant; depending on iceberg size, uncertainty in C.G. 
location can be much more significant ( + 20% ef- 
fect on 1985 C.G. velocities). In the absence of  
costly and time-consuming iceberg profiling, this 
source of  uncertainty is unavoidable. However, its 
effect was much smaller for the small bergy bits and 
growlers studied in 1986/87 ( + 5 % ) .  Unfortu- 
nately, the lack of wave-buoy data overwhelmed the 
uncertainty for these later deployments ( + 40% ef- 
fect on normalized velocities). While this source of 
uncertainty can be avoided, the logistical difficul- 
ties of maintaining a wave buoy near a small ice 
mass in even moderate seas can be formidable. The 
use of two attending vessels would probably alle- 
viate this problem, albeit at substantial added 
expense. 

Within the measurement uncertainty, the present 
study confirms that wave-tank based velocities cal- 
culated for regularly shaped models do reflect the 
range of  velocities observed for randomly shaped 
full-scale icebergs. Because of the strong influence 
of iceberg shape, we must treat surge and heave sig- 
nificant velocities as random quantities for a given 
iceberg size and sea state. The present work suggests 
that gamma probability densities fitted to wave- 
tank-based results are suitable for this purpose. 
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