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ABSTRACT

Banke, E.G. and S.D. Smith, 1984, 1Iceberg Drift Modelling Results. Can.
Tech, Rep., Hydrogr. Ocean Sci. 49: vi + 161 p.

A hindcast model simulates the movement of icebergs under the
influence of winds, currents and Coriolis force. Air and water drag
coefficients are optimized to give the best fit to the tracks of
thirty-seven icebergs observed near drilling rigs off the coast of
Labrador. Winds and currents appear to be of comparable importance in
influencing iceberg drift velocity. The effect of towing is investigated
for twelve towed tracks. In only four of the cases did towing appear to
increase the distance from the rig at closest approach, as compared to the
free drift without towing., The time required for even the largest icebergs
to approach an equilibrium drift velocity after a step change in winds and
currents is demonstrated to be only a few hours, and smaller icebergs
closely approach equilibrium drift in less than an hour. The hindcast
drift model is also used to estimate the bottom drag forces required to
stop an iceberg in the observed scour distance identified by sidescan
sonar,

RESUME

Banke, E.G. and S.D., SMith, 1984, TIceberg Drift Modelling Results, Can.
Tech. Rep. Hydrogr. Ocean Sci., 49: vi + 161 p.

Un modéle de prévision a posteriori permet de simuler le
déplacement des icebergs sous l'influence des vents, des courants et de la
force de Coriolis, On a optimisé les coefficients de résistance dans 1l'air
et l'eau pour obtenir le meilleur ajustement graphique quant aux trajets de
trente-sept iceberrgs observés prés de plates-formes de forage situées au
large des c8te du Labrador, It est apparu que les vents et les courants
avaient une incidence d'égale importance sur la vitesse de dérive des
icebergs., On étudie l'effet du rewmorguage sur douze trajets de
remorquage. Dans quatre instances seulement, il est apparu que la distance
minimale entre la plate-forme de forage et l'iceberg augmentait pendant le
remorquage, par rapport & la dérive libre sans remorquage., 11 a été
démontré que, méme dans le cas des plus gros icebergs, la vitesse de dérive
se rapprochait d'un équilibre en quelques heures seulement apres une
brusque variation des vents et des courants, et dans le cas de petits
icebergs, se rapprochait étroitement de cet &quilibre en moins d'une
heure, On utilise ausi le mod&le de dérive avec prévision a posteriori
pour calculer les forces de frottement au fond, nécessaires kpour arréter
un lceberg sur la distance d'affouillement observée, telle qu'enregistrée
par le sonar & balayage latéral.
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INTRODUCTION

Exploration activity in iceberg-infested waters off the east
coast of Canada has brought new urgency to the problems of
tracking and predicting iceberg movement. There is a need to
predict these motions in the vicinity of drillships, over
distances of a few tens of kilometers and time intervals of a few
hours to two days. Development of dynamic iceberg drift models is
a step toward a forecasting capability. In the present report we
present the results of modelling of thirty-eight iceberg drift
tracks in a hindcast sense using a dynamic iceberg drift model
developed at the Bedford Institute of Oceanography (Smith and
Banke, 1981, 1983). The modelling was conducted primarily to
reach conclusions on a number of gquestions relevant to forecasting

of iceberg drift:

a) suitability of operational data for hindcast modelling of
iceberg drift tracks.

b) quantity of data required to estimate drag coefficients from
drift tracks.

c) effect of rotating wind drag direction relative to wind
direction.

d) variability of drag coefficients of icebergs, as estimated by
hindcast modelling.

e) relative influence of winds and currents in causing iceberg

drift.

f) effectiveness of actual towing of icebergs, as opposed to
modelled tracks with tow force deleted.

g) estimates of bottom-scouring forces during an observed

grounding event.

In order to reach these conclusions, the report also documents:
i) selection process to decide which tracks to model.
ii) sources of data.
iii) programs used.
iv) drift, wind and current data for selected icebergs.



Throughout this report our attitude will be that we wish to
explore the potential feasibility of modelling iceberg drift. The
data which we are using have the advantages that they represent a
wide selection of icebergs and that they have been taken in areas
of potential offshore development. However, these data were not
intended for drift modelling and were not subjected to the quality
control which we might have desired. This study, using publicly
available data, is being followed by a phase in which we shall
obtain higher quality data at a limited selection of sites for a
small number of icebergs. In view of the unknown quality of the
data we will be encouraged by successful examples but not
discouraged if we are sometimes unable to simulate an observed

drift track.



ICEBERG DRIFT MODEL DESCRIPTION

Our model uses routine hourly observations of winds,
currents, and iceberg position taken at drilling rigs. An
iceberg is assumed to drift under the influence of wind and
water drag, ?é and ﬁ%, with an acceleration, 52,
accounting for the combined effects of the earth's rotation
and the pressure gradient force due to sea surface slope,
Bo= (Fy + Fyy + Fy)/M + 3, (1)

M is the mass and a the acceleration of the iceberg. An
optional towing force fi can be included. The terms in eqn.
1l are simplified to allow them to be computed from available
data while still adhering to physical principles. Appendix 6
lists the computer programme ICE 3.

Wind Drag

The wind drag is assumed to be a quadratic function of

relative wind velocity, u = U - V where U and V are the wind

and iceberg velocities. Both surface drag and form drag are
included,

- _ 1 —_

Fa = (305CaR5 + QaCsAs)|u|u (2)

where A, is the sail area in a vertical plane and Ag is

the surface or plan area. Typical values of the form drag
coefficient C, for irregularly shaped objects at high

Reynolds numbers are of the order of 1, e.g. Hoerner, 1965 and
the surface drag coefficient Cg is set to 0.002 (Banke et

al., 1976). The form drag is far more important for the
chunky-shaped icebergs found off the Labrador coast but for
large, flat ice floes or tabular icebergs, with the surface
area exceeding about 250 times the sail area, the surface drag

would be the larger term.



In the applications to follow we will adjust the form
drag coefficient C; to control the strength of the wind
forcing. The final value of C, selected can compensate for
errors in estimating the sail area and also for variations in
wind speed with height from the waterline to the peak of the
iceberg, as opposed to the wind speeds at the height of
measurement. There is no allowance made at present for
directional changes in the wind with height, nor for
sail-shaped icebergs which might produce a component of "lift"
so that the direction of wind force can differ from the wind

direction.

Water Drag

The water drag force is modelled in the same way as the
wind drag. The water velocity is assumed to be averaged over
the draft of the iceberg. Large variations in current with
depth are often found in coastal waters, but in the examples
to follow the current at only one depth is used. We use the
water velocity relative to the ice velocity W =W - V in

a quadratic drag law

Ty = (5pCuR, + pCxAg) Wl W (3)

where C,, is a form drag coefficient and Cy is a surface
drag coefficient for the under side of the ice. As in the
case of air drag, form drag is dominant for icebergs off
Labrador. The keel area A, is assumed to be four times the
sail area (eg. Ice Engineering, 1983) unless the draft of

iceberg is known.

In calculating water drag, we vary the drag coefficient
Cy to allow the modelled drift track to best fit the
observed track, while Cy is set to 0.002. Variation of Cy
can account for errors in estimating keel area, and for

variation of current speed with depth. We have not attempted



to alter the direction of the water drag to allow for possible
directional effects of iceberg keel shape, nor for variation

of current with depth.

The influence of surface wave forces on an iceberg is not
explicitly included in this model. If the waves are in the
same direction as the wind, adjustment of the wind drag term

can in effect include the wave forces.

Coriolis acceleration and surface slope

The Coriolis acceleration of a freely drifting ohject in a

rotating coordinate system is

— N A - .
A=~20%k X V sin ¢

where K is a unit vector directed vertically upward,
fN= 7.27 x 1073 rn s~! is the earth's rotation, and ¢
is the latitude.

The combined influence of the Coriolis acceleration and
the pressure gradient acceleration due to sea level gradients
which are in geostrophic balance with the local currents is
s - ~ - -
ac = £ xV +£f xW

- _-4- S
as = f xw

-~ A
where the Coriolis parameter is £ = 20k sin ¢, since
W =W~ V. If an iceberg is drifting with the water (W = 0),
its tendency to accelerate down the surface slope balances out

its Coriolis acceleration so that a, = O.

No adjustments are made to the estimated mass in
optimizing the fit of the modelled iceberg track to the

observed track. An increase in mass would have the same



effect on the acceleration and on the computed drift track as
a reduction in both air and water drag by the same ratio.
Errors in estimating the mass of the iceberg, and those due to
neglecting the "added mass"” of the water in the wake which
moves with a fraction of the velocity of the iceberg itself,
are compensated by adjusting both air and water drag
coefficients. If the mass has been underestimated, for
example, low values of air and water drag coefficients are

automatically selected to give the correct accelerations.

Towing force

To simulate the effect of towing an iceberg, an
additional force can be included. For this to be realistic we
must have made realistic estimates of the other forces and the
mass. Choices of the air and water drag coefficients which
are not physically realistic may result in incorrect
simulations of towing velocity even if they successfully model

free drift of an iceberg.

Computation

The initial data include wind, current, iceberg velocity,
position (range and bearing), latitude and number of hours to
be tracked. The origin is the drillship location, and the
modelled position at time zero is the initial radar fix. A
force balance is used to compute acceleration (eqn. 1), and

update velocity and position.

b <)
i
Kb <)

At
At

<} pt

+
+
The time step should be chosen so that fractional changes in

velocity are small, At K Mv/F for computational accuracy. A



time interval t = 6s was chosen initially, but for most of
the icebergs studied a 30s time step was found to be adequate
and in some cases we have been able to lengthen t to as much
as 120 s to improve computational efficiency without
significantly changing the results. The position is plotted
at 10-minute intervals. One or more modelled tracks are
plotted, each with an identifying symbol every hour and a
heavier symbol every 12th hour.

Between hourly observations the wind and current are
interpolated linearly in time. Computed and observed
positions are compared hourly, and the root mean square value
of the distance between these is called the rms error. The
observed track is plotted with square symbols at each
observation joined by straight lines, and the squares are

filled in at every 12th hour.

Selection of Ca and Cw

Program ICE 3 (Appendix 6) is the basic drift model, with
user-selected drag coefficients. Two versions of a program to
select the best values of Ca and Cw have been developed. One
version, ICE 4 computes drift tracks for all possible
combinations of Ca and Cw, in steps of 0.1, between selected
limits. The rms errors between modelled and observed
positions are computed for each pair of Ca and Cw values, and
are printed on a grid in Ca, Cw space. The track with minimum
rms error is selected for plotting, along with a plot of the
observed track. While it is instructive in some cases to
study the sensitivity of modelling error to variation of the
coefficients, this procedure consumes more computer time than
is necessary. A second version of the program, ICE 5 (Martec,
1982), is designed to converge more rapidly on the best pair

of coefficients, again within specified limits. 1In this
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version the drift track computation has been made into a
subroutine, which is called with values of Ca and Cw specified
by the main program. The program starts with user-specified
values of Ca and Cw (eg. 0.5, 06) and calls the subroutine
four times with the specified values, with each value
incremented upward by 0.1 separately and together, so as to
define a square in Ca, Cw space (eg. Ca = 0.5, 0.6; Cw = 0.6,
0.7). The point with minimum rms error is selected

(eg. Ca = 0.6, Cw = 0.7) and three additional points are
selected to define another square (eg. Ca = 0.6, 0.7; Cw =
0.7, 0.8) diagonally adjoining the first square. If a new
minimum rms error has been found, a new diagonally adjoining
square is defined. If no new minimum error is found,tracks
for the two remaining neighbouring points (eg. Ca = 0.7, Cw =
0.6; Ca = 0.5, Cw = 0.8), and if no new minimum is found then
the process is complete. If a new minimum is found the
process continues until a pair of Ca, Cw is found with all
surrounding values (differing by + 0.1) giving larger rms
error, or until selected upper or lower limits in Ca, Cw space
have been reached. A grid is printed showing rms error in Ca,
Cw space as in ICE 4, but only values which have been selected
during the above process are filled in, and again the best
track is plotted along with the observed track. While ICE 4
typically runs about 120 tracks to cover an area in Ca, Cw
space, ICE 5 typically converges on a minimum with 10 to 20

trials.
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ICEBERG DRIFT MODELLING PROJECTS

Banke and Smith (1974), from experiments in the towing of
growlers in 1971, estimated water drag coefficients in the
order of 1. Smith (1981) developed a dynamic iceberg drift
model in the early 1970's but at the time no suitable iceberg
drift data were available and the model was not tested until
1980. 1In the meantime observers on drilling rigs operating
off the coast of Labrador monitored iceberg drift tracks in
the vicinity and measured winds and currents at the rigs. 1In
1980, the model was implemented on the B.I.0. Cyber 171
computer as Program ICE 3. Seven tracks investigated in 1980
(Smith and Banke, 1983) constitute group I of the present
report. In 1981 Martec Ltd. (1982) modelled a further six
drift tracks which constitute group II of the present report.
The search for suitable iceberg drift data was undertaken

manually.

In 1982 a contract was awarded to Martec Ltd. to model
additional iceberg drift tracks. To assist in the selection
of tracks suitable for modelling, a computer-assisted search
was undertaken by accessing a data set of 1,344 iceberg tracks
compiled on magnetic tape by Sea Ice Forecast Central in
Ottawa from industry reports for the period 1973 to 1979
(Table 1). As a result of the search, an additional 34
potentially suitable iceberg drift tracks were identified. Of
these, 21 icebergs were modelled successfully including one
iceberg (KO007) which was already modelled in group I. A
further 5 drift tracks were selected manually and successfully
modelled. These 25 drift tracks constitute group III of the
present report. The criteria and selection procedure will be

described in Section D.
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DATA DESCRIPTION

Observations of iceberg drift 50 to 110 km off the coast
of Labrador (Fig. 1) have been made available (see
Acknowledgements). The iceberg positions were observed hourly
by radar, to a resolution of 0.1 nautical mile (0.2 km) in
distance and one degree in direction. At a range of 10 km the
resolution in position is about 0.3 km, and apartlfrom all
other uncertainties this is a limit on the possible modelling

accuracy.

Winds and currents were measured hourly at drill rigs
which were at distances of 3 to 40 km from the icebergs.
Winds at offshore sites are generally believed to be uniform
over this distance, and if properly measured should be quite
satisfactory for modelling purposes. We do not have
information on the rigs' heading relative to the wind. If a
rig does not head into the wind, substantial errors in the
wind vector (up to 50% in extreme cases, depending on
anemometer location) may be caused by air flow distortion. We
do not adjust for variations of wind speed with height, but
these are compensated by our optimization of the air drag

coefficient.

The currents were measured at a fixed depth of 50 m,
unless otherwise noted, and read at hourly intervals. The
possible variations of current between the rig and the iceberg
location are of considerable concern. The distance over which

currents remain constant is dependent on the site.

Garrett (1984) has reported velocity coherence lengths of
the order of 10 km using simultaneous hourly observations of

iceberg drift off Labrador; this suggests that our use of
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current data is best limited to cases in which an iceberg is

not much farther than 10 km from the rig.
The raw data were recorded on the rigs as follows:

1. Iceberg drift log. Range and bearing from the rig are
usually recorded hourly (Fig. 2). A sketch of the iceberg
and a plot of the track are usually included.

2. Hourly wind and current data measured at the rig

(Fig. 3);

3. Iceberg tow log if towing occurred (Fig. 4). Usually
hourly towing loads and headings are shown and

occasionally a sketch of the iceberg is included.

The data are available at several government laboratories,
including the Ice Forecast Central, Atmospheric Environment
Service, Ottawa, and the C.0.G.L.A. (Canadian 0il and Gas
Lands Administration) Office, Energy Mines & Resources at

B.I1.0. (Bedford Institute of Oceanography) Dartmouth, N.S.

The tape compiled by the Ice Forecast Central contains iceberg
drift data for 1344 icebergs during the period 1973-1979 for
the well-sites shown in Table 1. The format is as shown in
Fig. 5. Wind and current data, (as per Fig. 3) were not
included on the tape and manual searching of the C.0.G.L.A.

files was required to obtain these data.

Raw data for the 37 icebergs were extracted from the

archives by the procedure outlined in Appendix 7.
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D. DATA SELECTION

Iceberg tracks potentially suitable for modelling were

selected on the basis of meeting four criteria:

Information on iceberg size or mass is included;
Mass is greater than 100,000 tonnes (smaller icebergs
would be more strongly influenced by upper-layer
currents, which were not known);

3. A minimum of eight hours of drift data is available;

4. Closest range is 3 nautical miles or less.

The selection procedure consisted of:

1. Computer assisted search of AES data tape to identify

icebergs meeting criteria 1-4 (Fig. 6).

2. Manual checking of drift track logs and for availability

of complete wind and current data

3. Visual inspection to identify and eliminate those cases

for which wind and current vectors were incompatible with

the iceberg drift vector.

a) Results of Data Selection

A list of the 1344 iceberg drift tracks, including range
and bearing information, obtained from Atmospheric Environment

Service, is kept in a binder in the Ocean Circulation data

room at B.I.O.

Drillsite header cards and 544 selected iceberg

identification cards {criteria: minimum 8 hours of data and
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1

HEADER CARD:

Orfll unit code
Operator number

Card Type Year
Month|Spud date
Well name Latitude Long1itude Day.

H 11 . 1
l [NON HARBOR M-52RE 54 21 51,34 54 23 51,81 € 3 76 09 O 76 11 06 197.8

Year \\\
End of drilling | Month Water depth {(m)
Day

i

w

L

{CEBERG I.D. CARD:

Month | Last
Day sighting
Card Type Hour
///‘_ Mass (tonnes)
| —
2 R1HOL 08:15 2055 08 16 0900 N 019 042 . 100000 T
bl
Iceberg \ [T = towing
name Hour | First N = no tow
Day sighting
Month

Water line length (m)
Sail height above water (m)
Type of iceberg

ICEBERG DATA CARD:

Card type
Time Range {mm) Bearing (°T) Time Range (mm) Bearing (*T) Time Range {rm) Bearing {°T) Time Range (rm) Bearing (°T)
— = | s | o] ~ T 1 Y T 1 I 1
o zoss 5.9' Tass 0 Tawol 6.9 345, 2300 7.2 346, 0000 7.0 349,
‘ 4
1 1 [ ] L ot
1st position reading ’ 2nd position reading 3rd position reading 4th position reading

FORMAT FOR AES ICEBERG DRIFT DATA TAPE



mass or size information available) are also kept in a binder
in the Ocean Circulation data room at B.I.0. The remaining
iceberg tracks are unsuitable for modelling because they
contain either too few observations or no record of iceberg

size.

The 63 icebergs listed in Appendix 1 were selected from
the 544 Tracks as potentially suitable for modelling studies
by the following criteria:

Mass: » 100,000 tonnes

Closest Range: Within 3 nautical miles of rig.

For icebergs with dimensions of length L, width W, and
height H, which contained no estimates of mass, the mass was
computed by assuming that the part above the water had a cone
shape with an elliptical base with major and minor axes L and

W. The volume of such a cone is
V = qrLWH/12
and the total mass 1in tonnes was taken to be

M = piQV/(p-gi) = 9.0V

assuming that the density of sea water is 1.03 tonnes/m3 and
the density of ice is 0.92 tonnes/m3, The mass estimate is
very sensitive to the assumed density of ice. Icebergs
contain a certain amount of air entrained in the ice. Allowing
for 5% of entrained air would reduce the density of ice to

0.87 and this would reduce the estimated mass by 33%.

Those icebergs for which wind or current data (usually the

latter) are missing are identified by an M at the end of the
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b)

line in Appendix 1. Those considered acceptable for modelling
studies are marked by an A and listed in Table 2, while those
rejected because the observed winds and currents clearly would
not explain the observed drift are identified with an R.
Tracks previously modelled are identified with a P. 1In
addition to the 20 icebergs, a further 5 icebergs selected
without computer assistance are also listed in Table 2. One
of these (B55) met our criteria but the relevant data were not
on tape:; two others (RB0O4 and GI4l) were tracked in 1980 and
so were not on the tape; and the remaining two (CA 104 and
HEO4) did not pass within 5 km of the drillship.

Typical Results of Hindcast Modelling

The drift track of iceberg RB 22 (Fig. 7) was selected as
an example of our hindcast modelling, because a relatively
long period (37 hours) was modelled and because towing was
included. RB 22 was a medium-sized iceberg, with a mass of
1.1 million tonnes. The water line length was 220 m and the
width was 161 m at the water line while the sail height was
reported as 31 m. The above water cross-sectional area was
3800 m? and the cross-sectional area below water was taken

as four times the above water-area (15,200 m2).

The best fit to the actual drift track including the 12
hours of towing is obtained with a high air drag coefficient
(Ca = 1.7) and a high water drag coefficient (CW = 2.1). The
current (Fig. 8) contributed approximately 28 km to the drift
while wind-induced drift amounted to approximately 10 km (Fig.

9).

The tow load applied was reported as 90 tonnes towards
180°. A modelled towing force of 40 tonnes towards 147° (180°

magnetic) allowed the model to reproduce the observed track,
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while ninety tonnes would have displaced RB 22 far to the
south of the observed track. The 40 tonne towing diverted RB
22 by about 5 km SSE in total. The direction of drift was
altered only about 30° by towing because the tow direction
partly opposed the currents and the wind during hours 7 to 12.
Fig. 9 shows the free drift with towing forces removed. Fig.
9 indicates that the drillship would have had to move if the
iceberg had not been towed:; the closest approach to the rig
was 5 km instead of 0.2 km. Even better results might have
been achieved with a tow directed towards 110°; the total
drift speed during towing would have been increased and after
the point of release at hour 12 the entire track would have
been further east, increasing the range of closest approach at

hours 17 to 19.

There were light winds to the south during the first seven
hours changing to winds towards the north and becoming brisk
after the 12th hour (Fig. 8). The wind drift contributed
substantially to the change in direction after hour 12 which
might have been assumed to be due mainly to the release of the
towing force. The currents were towards the NE with a speed
of 25 cm/s and these too contributed to the above noted change
of direction. The combination of towing towards the south and
the NE currents resulted in the berg being located 5 km SSE of
the rig at hour 12. After release, RB 22 drifted NE under the
influence of winds from the south and currents towards the

northeast.

The modelled track (Fig. 7) fits the actual drift track,
including the towed portion, with an rms error of 1.94 km in
the hourly positions. Visual inspection indicates a close fit
beyond hour 15 but during the first 15 hours the modelled
track lies up to 2 km south of the actual drift track. Even

our reduced estimate of the towing force (40 tonnes)
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overestimates the drift toward the south during the first 12
hours. The wind and water drag coefficients used for the best
fit, 1.7 and 2.1, are almost twice as large as we would expect
(1.0) for irregularly shaped objects, and so if the towing
force has been accurately reported our estimates of
cross-sectional area above and below the water line may be far
too low. If the currents at the iceberg (Fig. 8) were 10 to
20% stronger but in the same direction then the modelled track
would extend farther toward the NE, the rms fit could have
been much better, and it might not have been necessary to
adjust the towing direction. The uncertainties due to
variation of currents with depth and position are at least

this large.

The drift track of iceberg G 201 is an example of one
which could not be reproduced using the winds and currents
collected at the drill rig. 1In this case the reported winds
and currents are generally towards north to north-east, and
the drift is generally towards the south to south-east (Fig.
10). The dashed lines indicate hourly current vectors and the
solid lines indicate hourly wind vectors. Clearly the drift

opposed the given winds and currents.
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CONCLUSIONS

a) Suitability of Operational Data for Hindcast Modelling of
Iceberg Drift Tracks.

The raw data for 38 iceberg drift tracks are stored in the
Ocean Circulation data room at the Bedford Institute. Of the
drift tracks in Appendix 1 which met the'criteria specified in
section D, wind and current data were on file for only 34 of
the 63 tracks. Visual inspection of wind and current vectors
and the actual iceberg drift vectors revealed that for 13 of
the 34 icebergs wind and current vector combinations were too
far removed from the actual iceberg drift vector for our
modelling to effectively duplicate the actual drift track.

The A.E.S. data tape listed a total of 1344 icebergs
observed drifting in the vicinity of drill rigs off the coast
of Labrador from 1973 to 1979. Based on our criteria, only 21
of 1344 icebergs or 1.6% were modelled successfully. These
tracks include K007 which was modelled in group 1 (Table 3)
and the first 20 icebergs in Group 3. The other 17 icebergs
in Tables 2, 3, and 4 were modelled successfully as well
although their drift tracks did not meet all the criteria.

All had wind and current data but many did not come within the
three nautical miles specified in the computer-assisted

search.

Experience with modelling the icebergs in groups 1 and 2
assisted in establishing the criteria used in selecting the
first 20 icebergs in Group 3. The other 5 icebergs in group 3
were selected because of interesting drift tracké, and visual
comparison of wind and current vectors indicated compatibility

with the iceberg drift vectors. Two of these icebergs were
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observed in 1980 which leaves a total of 37 - 2 = 35 icebergs
during the period 1973 - 1979. For these icebergs 36 drift
track segments were modelled successfully for the period of
1973 to 1979. This represents 4% of the 1344 icebergs listed
on the AES ilceberg tape. Assuming that the 13 iceberg drift
tracks which were eliminated by wvisual inspection could not
have been modelled successfully, the modelling success rate

for icebergs which meet our criteria is 21/34 or 62%.

We conclude that the vast majority of iceberg drift data
collected at drill rigs during drilling operations are not
suitable for our iceberg drift model. However for those
"icebergs with complete data sets and which meet our criteria,

modelling is successful in a majority of cases.

b) Quantity of Data Required to Estimate Drag Coefficients
from Drift Track.

We computed optimum values of Ca and Cw for various
portions of the data set for iceberg K007 to see whether
optimum Ca and Cw were constant for a particular iceberg or

whether they were dominated by noise.

In Fig. 11 and Table 5, optimum Ca and Cw values are given
for various periods during the track of iceberg K007. K007
was aground during hours 9 to 28 and high Cw values, 2.3 and
1.9 are associated with the period before grounding (hours O
to 7 and 0 to 8). After K007 started moving again Cw is 1.5
for hours 28 to 35, but for later periods the Cw values lie
between 0.4 and 0.6. It appears possible that a change in
underwater shape during the grounding may have influenced the
values of Cw. The iceberg was close enough to the drillship

for currents to be similar at both locations. Ca values do



TABLE 2

ICEBERG DIMENSIONS & MASS OF 38 SUCCESSFULLY MODELLED DRIFT TRACKS
Observed| Water Line '
Hours | Minimum Sail | Calculated Location Date of
Model-] Range "Length Width | Height| Area Keel Area Mass Obse;rva-—
Iceberg| 1led (km (m? (m) (m? (m ) (m ) (Tonnes) N W tion
K007 54 1.85 230 - 85 17,000 37,000 25,000,000| 58°52' 61°47'| 15/10/76
FO18 22 7.78 68 - 26 1,020 4,080 175,000| 53°56' 54°43'| 07/07/75
F025 24 13.90 153 106 40 5,660 22,644 3,000,000| 53°56'| 54°43'{ 18/07/75
K0Ol6a 9 20.37 175 - 54 9,450 37,800 6,000,000| 58°52"'| 61°47' 22/08/75
KOl6b 36 18.15 175 - 54 9,450 37,800 6,000, 000| 58°52'| 61°47"'| 23/08/75
K024 18 8.70 70 - 15 600 2,400 50,000} 58°52"'f 61°47'} 07/09/75
5012 23 23.15 250 - 75 18,750 50, 000 7,000,000} 57°20'| 59°58'| 06/09/76
K026 18 4.30 53 - 23 600 2,400 170,000| 58°52'| 61°47'| 14/09/75
NO39 11 5.74 57 96 48 5,000 20, 000 2,000,000} 55°30'| 57°42'} 03/09/73
CA009 11 2.22 10 - 4.5 45 180 2,000 59°50'| 61°45' 01/08/76
CA035 7 7.13 22 - 7 154 616 3,000| 59°50'| 61°45'| 08/08/76
CAO036 8 5.46 26.6 - 8.9 237 947 20, 000| 59°50'| 61°45'] 08/08/76
CA062 9 0. 80 18 - 3. 54 216 2,000 59°50'| 61°45'| 13/08/76
B55 13 5.00 175 - 20 2,625 17,000 9,000, 000[ 55°30'f 57°30'| 26/09/73
Bv34 48 5.19 195 25 40 5,400 21,600 5,000, 000| 49°08"*] 51°14"'] 30/06/74
Bv47 ‘13 2.11 65 55 15 780 3,120 134,000| 49°08‘| 51°14'1 03/07/74
CA104 17 24.63 335 - 68 23,000 92,000 20,000, 000{ 59°50'| 61°45'121/08/76
GI7 44 4.82 224 181 70 14,000 56, 000 5,000, 000| 58°52' 62°08'] 29/08/79
G141 40 2.37 1,500 6,000 200, 000] 58°52' 62°08'}] 20/08/80
G43 33 1.15 610 58 160 6,000 24,000 2,500,000 54°54'| 55°52'| 26/07/74
HEO4 30 26.11 80 30 - 1,968 11,070 210,000} 55°32°'| 57°45*'| 27/08/76
NB12 33 3.89 190 - 42 7,200 28, 800 6,500,000 55°31"'| 57°42'| 30/07/79
NB19 15 1.52 133 - 24 4,000 16,000 2,200,000| 55°31"'1 57°42'1 03/07/79
NB38 18 7.41 218 - 51 8, 000 32,000 10,000,000] 55°31'| 57°42'| 21/08/79
NB68 24 2.96 67 - 35 1,340 5,360 500,000f 55°31°* 57°42' 24/08/79
RBO4 26 1.96 94 26 4 240 960 25,000 54°52'] 55°45'| 07/07/80
RB22 37 4.63 220 61 31 3,800 15, 200 1,100,000{ 54°52' 55°45'| 11/07/79
RB30 27 3.98 90 - 30 1,800 7,260 370,000| 54°52' 55°45'| 12/07/79
RB126 18 4.17 100 - 10 800 3,200 400, 000] 54°52"'| 55°45'| 17/08/79
FO22 30 5.37 89 - 26(20) 1,780 7,120 400, 000] 53°56°'| 54°43'| 10/07/75
K013 16 2.19 120 120 15 1,800 7,600 B00, 000| 58°52"' 61°47'| 21/08/75
LR1 28 3.33 126 105 38(20; 2,520 10,080 2,000,000| 54°17'| 56°05'| 28/07/73
L6X 46 5.46 143 132 64 (40 5,720 22,880 1,814,353| 54°17'| 55°06'| 07/08/73
RKO18 15 2.59 240/331 171/220| 55(77) 12,000 48, 000 12,000,000/ 58°52' 61°47'| 01/10/76
SKO024 50 5.80 84 - 17 1,200 4,800 300,000 58°26*| 61°46'| 07/08/78
SK042 46 6.83 155 147 17 2,250 9,000 500,000 58°26"'| 61°46"'| 09/10/78
SK045 39 4.07 67 - 14 900 3,600 150,000| 58°26°'| 61°46"'| 13/08/78
SNO '
| SHOY 13 1 2.59 | &80 - | 33(20)| 1,600 6,400 300, 000 57°20'| 59°57'] 04/08/75

_UE_



not vary appreciably with record length, remaining at 0.7 +

0.2 for the entire track.

c) Effect of Rotating Wind Drag Direction Relative to Wind

Direction

In order to improve the fit of modelled drift tracks to
the actual drift tracks, we have experimented with rotating
wind drag direction relative to the wind direction reported by
the rig. Wind or current forces may deviate from the
direction of winds or currents relative to icebergs which have
sail or keel-shaped structures. Subsequently, more detailed
current measurements in the vicinity of icebergs off the coast
of Labrador (Smith, 1983) have shown that there are often
variations of current direction with depth which cast doubt on
the representativeness of currents measured at only one

depth.

The modelled track of GI 7 was toward NNW while the
observed track was toward the north (Fig. 12), and the rms
error was 12.25 km. Air and water drag coefficients at the
lower limit of 0.1 were chosen by the optimizing process,
allowing the Coriolis force to exert its maximum clockwise
deflection in an attempt to match the observed drift
direction. Our original intention in allowing variation of Ca
and Cw was to allow adjustment of the relative amount of wind
drift. In this case the directions of the winds and currents
are not compatible with reproducing the observed drift,
although the length and shape of the observed drift track are
essentially correct. We therefore experimented with
systematically altering the reported wind and current
directions, optimizing the air and water drag coefficients as
before in each case. Clearly clockwise rotations were

required and we have explored a range of clockwise rotations
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TABLE 3
ICEBERG MODELLING RESULTS

RMS. Rotation| Rotation| RMS.
Best Fit Error Inf Angle of| Angle of| Drift
Position| Currents|{ Winds Error

Iceberg Ca Cw (km) (°) {°) (km)
K007 0.6 0.8 1.24 37 0 0.39
¥0o18 0.1 2.4 0.78 37 0 0.44
7025 0.4 0.8 0.97 37 0 0.67
KQOlea 0.1 0.1 0.99 37 0 0.71
K0O16b 1.0 1.0 15.13 37 0 1.39
K024 0.6 0.6 10.63 37 0 1.47
S012 1.0 0.3 1.26 -143 -23 1.01
K026 0.6 0.6 1.08 0 180 0.60
NO39 0.5 0.6 0.41 37 15 0.37
CAQO0° 0.6 0.6 0.80 0 0 0.38
CaQ35 0.9 0.4 1.23 0 0 0.76
CA036 0.5 0.2 1.05 0 0 0.70
CAQ062 0.9 2.4 0.80 15 0 0.49
B55 1.0 0.2 1.44 35 0 0.68
Bv34 0.7 0.5 3.86 27 180 0.09
Bv47 0.1 0.4 0.27 0 0 0.68
CAl104 0.1 1.3 1.24 54 -17 0.03
GI7 0.1 0.1 12.25 0 0 0.21
GI4l 2.0 0.6 4,80 38 -38 0.73
G43 1.7 0.1 7.00 32 0 0.38
HEO4 0.7 0.5 1.55 -22 22 0.59
NB12 0.2 0.4 3.19 34 0 0.59
NB1S 0.8 2.4 1.10 ~15 15 0.38
NB38 2.0 0.5 0.78 0 0 0.37
NB68 0.6 0.3 2.02 35 0 0.17
RBO4 0.2 0.1 5.65 0 33 0.21
RB22 1.7 2.1 1.94 -5 0 0.05
RB30 0.2 0.1 5.60 0 0 0.15
RB126 2.0 1.6 0.95 37 0 0.05
FQ22 0.5 1.7 0.97 0 0 0.33
K013 0.6 0.7 1.20 -15 15 0.60
LR1 0.2 1.3 1.50 0 0 0.72
L6X 0.6 1.0 1.80 60 -60 0.68
RKO018 1.0 1.1 1.24 0 0 0.43
SK024 0.3 0.2 2.26 0 0 0.72
SK042 2.0 1.2 4,10 20 -15 0.67
SK045 0.2 0.6 2.44 0 0 0.55
SNC9 0.3 0.2 2.54 -32 0 0.69




from 10 to 25° in 5° increments using 32 hours of the track,
starting at hour 12 (Fig. 13). This in effect has extended
the fitting procedure to four free parameters, with a best rms
fit of 1.75 km (Fig. 14) obtained by rotating both winds and
currents 20° clockwise and using optimized air and water drag
coefficients of 0.4 and 0.1, respectively. This has resulted
in the wind drift being considerably increased relative to the
current drift, and the low value of the water drag coefficient

is probably not physically realistic.

For a number of other drift tracks, systematically
altering the reported wind and current directions resulted in
improved fits. For example, the 22° rotation of winds and
currents for iceberg HE 04 which shows a minimum rms error of
1.55 km in Table 3 was derived through a series of rotations
of 0, 15, 18, 20, 22, 25, 30 degrees. In this case we have
minimized rms error by varying three parameters, with Ca
varying from 0.1 with no rotation to 0.7 with 22° of clockwise
rotation of the wind. The optimum value of Cw changed from
0.1 with no rotation to 0.5 for 22° clockwise rotation of

currents {Table 6).

A total of 25 of the 37 iceberg tracks in Table 3 required
rotation of winds or currents to effect close fits of the
modelled to the observed drift track. 1In 7 of these the
rotation used was a value which would convert currents from
magnetic to true coordinates, a conversion which may not have
been consistently applied to the data used. A 180° rotation
of winds was required in two cases. For most of these tracks,
only one or two sets of rotation angles were selected to
obtain a good fit to the observed drift track, but the
consequences of applying a range of rotation angles were not

explored in detail.



TABLE -4

ICEBERG DRIFT DATA

NET DRIFT DURING PERIOD OF MODELLING

Observed Computed Wind, Drift Current Drift Actual Computed

Towards Towards Towards Towards| Mean Drift| Mean Drift

Iceberg| (Km) | (°True) | (Km) | (°True) | (Km) | (°True)| (Km) | (°True)| Speed(m/s )| Speed(m/s)
K0OGo7 33 244 35 241 22 262 17 219 0.26 0.27
F018 8 274 8 281 2 318 7 275 0.10 0.10
F025 12 329 13 334 9 003 7 296 0.13 0.14
K0lé6a 9 195 10 194 2 244 10 191 0.28 0.31
KO16b | 30 198 8 204 - —— - ——— 0.23 0.06
K024 |19 235 -7 1758 - - - —_— 0.29 0.11
5012 32 171 31 170 33 163 6 286 0.39 0.37
K026 17.8 226 18.9 223 12 199 11 246 0.27 0.29
NO39 15.3 146 14.7 146 12 126 7 193 0.39 0.37
CA009 | 10.3 90 9.5 104 6 90 7 115 0.26 0.24
CAO035 | 23.5 120 22.0 120 17 100 12 160 0.93 6.87
CAO036 | 20.9 131 22.0 135 21 136 9 183 0.78 0.76
CA062 | 14.6 120 14.7 117 2 119 14 117 0.45 0.45
B55 15.2 189 16.1 202 13 200 10 125 0.33 0.35
Bv34 30.7 076 24.0 062 32 243 53 62 0.18 0.34
BV47 9.0 069 8.9 068 4 50 8 78 0.19 0.19
CAl04 | 14.2 277 11.5 280 3 330 10 275 0.23 0.19
G17 57.8 345 52.2 324 23 356 37 314 0.37 0.33
GI41 33.8 305 35.6 321 30 326 11 309 0.23 0.25
G43 22.0 243 10.0 270 11 297 10 243 0.16 0.09
HEO4 29.4 055 33.8 052 18 58 12 45 0.27 0.31
NB12 26.6 272 28.5 260 18 294 17 232 0.23 0.24
NB19 14.4 018 13.7 357 11 26 8 352 0.27 0.26
NB38 9.1 201 10.0 168 7 252 11 128 0.27 0. 25
NB68 29.7 163 26.3 163 22 168 9 159 0.35 0.31
RBO4 25.8 221 21.8 211 17 236 10 163 0.26 0.23
RB22 38.0 057 37.0 056 16 17 27 65 0.29 0.28
RB30 36.0 040 28.3 032 12 317 26 48 0.37 0.29
RB126 | 18.3 325 17.3 326 9 338 10 310 0.28 0.27
F022 17.0 359 17.0 000 11 3 7 352 0.03 0.03
K013 22.0 230 21.0 230 9 190 17 253 0.08 0.08
LR1 18.0 038 20.0 037 10 2 17 316 0.04 0.04
LéeX 23.0 244 18.0 233 10 266 14 190 0.05 0.04
RKO18 | 15.0 201 14.0 196 8 170 8 230 0.10 0.09
SKO024 | 30.7 204 42.0 210 34 191 19 305 0.17 0.24
SK042 | 29.5 280 35.8 290 15 232 27 295 0.18 0.22
S5K045 | 42.0 252 42.0 253 30 267 22 178 0.30 0.30
SKO09 6.3 347 8.7 321 7 353 6 308 0.14 0.19

_?E_



We conclude that varying Ca and Cw is not always sufficient
for hindcast modelling of iceberg drift tracks from
operational data; variations in wind and current directions

must be included in about half of the cases.

d) Variability of Drag Coefficients of Icebergs, as Estimated
by Iceberg Drift Modelling

Optimum Ca and Cw values for 38 drift tracks are plotted
in Fig. 15. Cases lying outside the dashed lines reached a
limiting value (0.1 or 2.0 for Ca, 0.1 or 2.4 for Cw) without
finding a minimum rms error in the drift track, although in

some oOf these cases the rms error was acceptably small.

Minimum rms errors were found for each combination of Ca
and Cw lying inside the dashed lines in Fig. 15. For these
cases the mean values are Ca = 0.66 + 0.39 (Standard
Deviation) and Cw = 0.73 + 0.49 (Standard Deviation). The
scatter observed indicates that we have not succeeded in
finding universal drag coefficient values. Much of the
apparent variability of the drag coefficients is believed to
result from deficiencies in the data, and from the fact that
our optimizing procedure tends to adjust directional errors
through the Coriolis term in the model by selecting very high

or very low drag coefficients.

e) Relative Influence of Winds and Currents in Causing

Iceberg Drift

The net iceberg drift distances as actually observed, and
as modelled, are presented in Table 4, along with wind-induced
drift and drift due to currents only. Wind drift is computed
using the optimum drag coefficients and setting currents equal

to zero. Current drift is computed by using optimum drag



TABLE 5

Optimum Coefficients for Segments of K007 Drift Track

rms error
HOURS HOUR Ca Cw (km)
8 0 - 8 0.8 1.9 0.42
9 0 -9 0.9 2.3 0.41
8 28 - 35 0.7 1.5 1.25
12 28 - 39 0.7 0.6 1.14
14 28 - 47 0.6 0.4 1.13
16 28 - 44 0.6 0.4 1.09
26 28 - 54 0.5 0.5 1.35
54 0 - 54 0.6 0.8 1.25

Table 6. Effect of Rotating Winds and Currents for Iceberg HE-04
with Ca and Cw Selected for Minimum rms Error in Each Case.

Rotation rms Error
Angle Ca Cw (km)
0 0.1 0.1 4.10
15 0.3 0.2 1.78
18 0.6 0.4 1.63
20 0.5 0.3 1.64
22 0.7 0.5 1.55
25 0.6 0.4 1.89
30 0.6 0.4 2.79




coefficients and setting currents equal to zero. Current
drift is computed by using optimum drag coefficients and
setting the wind speed to zero. Wind drift (pluses) and
current drift (triangles) are plotted in Figures 7, 9, 12, 13,
16, 17 and 18, and in Appendix 3. The wind drift also
includes towing effects; the towed icebergs are therefore
ignored in the following evaluation of relative wind and
current drift. Current and wind drift were not calculated
separately for K026 which leaves 23 tracks for drift

comparison.

Of the 23 drift tracks, wind drift exceeded current drift
for 7 icebergs; current drift was larger for 13 icebergs, and
the wind induced drift was approximately equal to the current

induced drift for 3 icebergs.

The total displacement by wind for twenty three tracks is
285 km and by currents 327 km. This is a sufficiently large
sample for us to conclude that both winds and currents must be
considered in modelling iceberg drift. Conversely, the drift
rate of icebergs cannot be assumed to be an indicator of
currents alone, nor of winds alone. The drift rate might be
used to estimate one if the other were measured and its

influence accounted for.

f) Effectiveness of Towing of Icebergs, as Compared to

Modelled Tracks with Tow Force Deleted

Towing of icebergs is generally undertaken to protect a
drill rig against potential collisions. Towing alters the
speed and direction of drift in order to prevent the iceberg
from coming dangerously close and to expedite its passage to a
safe downstream location. A tow rope is pulled around an

iceberg at the waterline and connected to the tow vessels'
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steel hawser. Towing loads and directions are monitored
onboard the tow vessel and the actual towed drift is logged by
noting hourly range and bearing from the stationary drill

rig.

In order to assess towing effectiveness the iceberg drift
model was run on twelve towed tracks with the towing force
removed. Optimum drag coefficients derived with towing force
included (Table 3) were used. The modelled track is the free
drift track which would have occurred if towing had not been
executed. The objective of towing is to prevent an iceberg
from closely approaching a drill ship, and so in this study
the effectiveness of towing is assessed as a gain or loss in
minimum range. If towing succeeded in increasing the minimum
range compared to the minimum range of the free drift track
then a positive change in minimum range is noted in Table 7.
Minimum range is not the only consideration in towing
operations; other factors such as towing duration, vessel
deployment and availability, and fuel consumption may be of
greater importance, and the ultimate requirement is simply to

avoid collision or interruption of drilling operations.

In six cases a loss of minimum range resulted from towing
as compared with the minimum range in free drift with towing
removed. As an example, Fig. 16 indicates a minimum range of
2.7 km for the towed track of the 500,000 tonne iceberg, NB68.
The tow force was 20 tonnes applied towards 195°. Running the
drift model with this force removed resulted in the free drift
track which had a minimum range of 6.7 km. In this case a 4.0
km loss of minimum range appears to have resulted from towing.
Apart from other considerations towing is judged not to have

been effective in this case.
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In two cases the minimum range was not altered by towing,
while the remaining four tows achieved a gain in minimum
range. For example, towing the 3,000 tonne iceberg CA 035
towards 75 to 90 degrees with a tow force varying from 4 to 9
tonnes resulted in a net gain of 2.1 km (Fig. 17). Towing the
20,000 tonne iceberg, CA 036, towards south-south-west
resulted in a gain of 5.4 km minimum range compared to the
collision (zero minimum range) which would have resulted
without towing (Fig. 18). It may be argued that this result
was sufficiently valuable to justify a number of less
essential towing efforts, since if towing had not occurred
iceberg CA 036 would have forced the drill rig off location.
Towing of iceberg RB 22 of 1,100,000 tonne mass with a tow
force of 40 tonnes towards 147° resulted in a 4.43 km gain in
minimum range (Fig. 7). Towing in this case again eliminated
the necessity of moving a rig, since free drift without towing
would have resulted in a minimum range of only 0.17 km. (Fig.
9). Drift tracks of the remaining 8 icebergs from Table 7 are

shown in Appendix 4.

In terms of minimum range only it can be seen that towing
succeeded in increasing the distance of closest approach in
only 4 out of 12 cases, indicating that at the time the
forecasting knowledge was not sufficient to make the most
effective decisions as to which bergs should be towed or in
which direction. The average distance of nearest approach was
only marginally increased, from 4.2 to 4.5 km. In spite of
this uncertainty, towing of two of the icebergs avoided the
necessity of moving drill rigs. In the case of larger
icebergs such as RB22 the choice of towing direction is
critical since towing has a relatively small effect on the
drift and it appears that since towing in general had a random
effect, the correct choice of direction in this case may have

been fortuitous.
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g) Bottom Scouring Force During the Grounding of an Iceberg

The drift track of iceberg K007 was reported in October,
1976, from the drillship Pelican at the Karlsefni A-13
wellsite (58°52'15"N, 61°46'42°W) off the coast of Labrador.
The estimated mass was 25 x 109 tonnes, with a waterline
length of 230 m, a width of 180 m, and a height of 85 m above
the waterline. This iceberg was stationary from 1900 on
October 15 until 1400 on October 16, and so it evidently went
aground between 1800 and 1900 on October 15 and the velocity
at that time can be determined from the drift during the

previous hour.

Smith and Banke (1983) noted that there was a low tide at
about 1645 and a high tide at about 1215 on October 16, and so
the iceberg went aground shortly after low tide and re-floated
shortly after high tide. They modelled 54 hours of the drift
track of iceberg K007 starting at 0100, October 15, 1976, and
found that an air drag coefficient of 0.6 and a water drag
coefficient of 0.8 allowed the dynamic model to represent the
observed 33 km drift track with an rms error of only 1.25 km.
They simply set the velocity to zero in the model during the

period when the iceberg was observed to be stationary.

A sidescan sonar survey in the vicinity of Karlsefni A-13
in 1982 showed a large scour track 800 to 1200 m long in the
location of the reported grounding of iceberg K007, and in the
approximate direction of its travel. Since this was one of
the largest icebergs observed in this area, since the scour is
large and untouched by subsequent cross-scours, and since this
ma jor scour was not seen in an earlier sidescan survey of the
same area, this has been identified as the scour of iceberg

K007 (C.F.M. Lewis, personal communication).
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The relatively uniform width and depth of the scour
support the assumption of a constant bottom drag force
throughout the scouring event. The net retarding force can be
estimated from the initial momentum (mass M x velocity V) and

the length X of the scour track,
F = MV,2/2X

For a mass of 2.5 x 1010 kg with an initial velocity of

0.246 m/s (model velocity after 7 hours of drift), a net
retarding force of 96, 77, or 64 tonnes is required for a
stopping distance of 800, 1000, or 1200 m, and the stopping
time is T = 2X/Vg, = 1 hr 48.4 min, 2 hr 15.5 min, or 2 hr
42.6 min respectively. Using drag coefficients from Smith and
Banke (1983), the air and water drag forces can be estimated
during the period when the iceberg was aground (Table 8), and

these are comparable to the net decelerating force estimated

above.
TABLE 8 Environmental Forces on Iceberg K007

]Wind— ! ,Currentl Current l Vector I

Time [Speed l Air Drag ’ Speed l Drag ! Sum f

| m/sec)| (tonne) (deg)| (cm/s) | (tonne) (deg)| (tonne) (deg)]

| | | ! | |

Stop 0900 oct 15| 9.2 | 57 235 | 12 22 240 | 79 236 |

l

Start 0400 Oct 16 [10.2

70 200 16 | 40 270 | 92 224 |

The towing force in the model has been adapted to
represent the acceleration during scouring by applying a
constant, arbitrary force which acts opposite to the direction
of travel. The initial velocity prior to scouring is taken to
be 0.246 m/s at the 7th hour of the modelling period. (The

iceberg was stationary from the 9th hour, and we have



TABLE 7

Iceberg Towing Effectiveness

MINIMUM RANGE {(kxm)
STATED MODEL Towing As Range
Towing Direc- Displacement As Predicted | Effect of

Tow Force Tow Direction Force tion | Duration Actually | With Tow Tow

Iceberg (tonnes) (towards®) (tonnes)] (°True) | (Hours) {(km) (°True) | Towed Rempved (km)
FO18 30 330 10-20 0 7 4.1 360 7.0 7.1 - 0.1
K026 22 Not Stated 22 190 6.5 8.2 200 4.3 6.2 - 1.9
CA 035 | Not Stated 75 - 90 4-9 75-90 4 5.6 29 6.8 4.7 2.1
Cr 036 | Minimum Power | Not Stated 4-15 150 5 11.0 158 5.4 0 5.4
B55 10 - 30 180 - 230 10-30 180-230 7 12.8 236 4.6 4.9 - 0.3

GI7 Not Stated 225 - 270 30 225-270 4 12.0 55 5.0 5.0 0
NB12 45 - 90O 270 -~ 290 410 270-290 15 12.1 336 3.9 1.8 2.1
NB19 Not Stated 360 80 360 5 1.7 73 1.4 1.75 - 0.35
NB68 20 240 - 210 20 195 6 10.0 210 2.7 6.7 - 4.0
RB22 920 .180 40 147 10 7.0 117 4.6 0.17 4.43

RB 126 | Not Stated 360 40 350 2 2.0 13 4.2 4.2 0
SK b45 Not. Stated 270 15 270 7,4,5,2 24.0 268 4.2 9.4 - 5.2

or -



estimated that about 2 hours are required for it to stop).
Fig. 19 shows the modelled tracks for a number of forces and
the distance travelled, or the distance in 3 hours if the
force 1is insufficient to bring about a complete stop, as a
function of bottom drag force. A bottom drag force of 100
tonnes (0.98 x 10°% Newtons) gives the best approximation to
the observed scour distance. Fig. 20 shows the scour length

as a function of bottom drag force.

An uncertainty of +30% in the estimated mass of the
iceberg would affect the retarding force by +20 tonnes. The
alr and water drag coefficients estimated by Smith and Banke
(1983) could vary by +0.2 respectively (with an increase from
1.25 to 1.50 km in the rms error in modelling the observed
track) and these would affect the force balance by +10 tonnes
and +5 tonnes, respectively. Allowing also for uncertainties
in the winds and currents themselves, in the length of the
scour track, and in the initial velocity, the bottom drag

force is subject to an error of perhaps +50 tonnes or +50%.

The ability to identify a scour with an iceberg grounding
event and to model the forces associated with this event has
offered a unique (perhaps fortuitous) opportunity to obtain a

quantitative understanding of the scouring process.
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SUMMARY

The dynamic iceberg drift model ICE 3 of Smith and Banke
(1983) has been extended to automatically select optimum air
and water drag coefficients either by trying all possible
coefficient values in a selected range (ICE 4) or by an
iterative method (ICE 5), and input and output data can be
displayed as stick plots (STKICE) as well as drift tracks.
The model was developed using 6s time steps, but tests have
shown that for medium-size icebergs computational efficiency
can be improved without affecting the results by lengthening
the time step to 30s, and for larger icebergs, time steps up

to 120s can be used.

A data tape containing hourly positions of 1344 icebergs
relative to fixed drill rigs off Labrador was searched to
identify 63 drift tracks which were potentially suitable for
testing of drift models, meeting the following criteria: mass
or size information available, and mass >10° tonnes; at
least 8 hourly positions reported; and track approaches within
3 nautical miles (5.56 km) of drillship. Of these only 34 had
complete wind and current data available, among which 21 were
modelled successfully, while in 13 cases the winds and
currents reported at the drillship were judged to be
inconsistent with modelling of the observed drift. While we
worked with a small subset of the original data, the selection
process allowed us to test the iceberg drift model using
publicly available data gathered to meet operational and
regulatory requirements and not originally intended for
scientific analysis. An ideal data set for hindcast modelling
would include the profile of currents in the immediate
vicinity of an iceberg of known size and a series of

measurements of this type is planned.
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From the drift track of iceberg K007 it was found that 8
hours of drift data are sufficient to establish optimum values
of air and water drag coefficients, but that the water drag
coefficient changed substantially following a grounding

event.

In addition to optimizing the choice of air and water drag
coefficients, it was found in more than half of the cases
investigated that constant offsets in the wind and/or current
direction - in effect one or two additional free parameters
in the model-were necessary to obtain a close fit (typically

1 km rms error) of the modelled track to the observed drift.

The mean values of air and water drag coefficients for
minimum error in modelled drift were 0.66 and 0.79
respectively. The drift due to wind was on average only
slightly less than that due to currents in the tracks which we
modelled.

In twelve cases in which icebergs were towed the effect of
towing was investigated by modelling the free drift track with
towing forces removed. The purpose of towing was presumed to
be to prevent the iceberg from closely approaching a
drillship, but in six cases we estimated that the effect of
towing was to make the iceberg approach the drillship more
closely and in two other cases the closest range was
unaffected. In two of the four "sué@ssful" towing cases our
model indicates that without towing it would have been

necessary to move the drillship to avoid a collision.

By modelling the deceleration of iceberg K007 during a
scouring event, we find that a bottom drag force of 100 tonnes
is consistent with the 1 km length of the scour, as identified

in a sidescan sonar record.
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while operational data have not been found adequate to
model iceberg tracks in a majority of cases, the use of
selected tracks has allowed us to test the model and to reach

useful conclusions.
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APPENDIX 1.

List of 63 Iceberg Tracks having minimum range (last number on
line) within 3 nautical miles (5 km) and with estimated mass
greater than 103 tonnnes. Symbols at ends of lines: A -
acceptable for modelling studies, M - missing wind or current
data, R - rejected because model clearly will not be able to
reproduce drift track, P - previously studied. A dash before the
mass value indicates that it was estimated from reported

dimensions.

At the end of this Appendix is a table of the number of icebergs

grouped by closest distance of approach in various ranges.



1
Site, Site Code Iceberg

FIRST POSITION

type2

Ma 55

Towed3

hour day mo yr H L W Closest Data

# of tracks m m m 10" tonne n mi. Availability
Bonavista C-99 018 0905 26 06 74 N 20 130 048 (265) N 1.7 i
BV (75) 034 1915 28 07 74 N 40 195 - 5000 N 2.8 A*

047 0542 03 07 74 N 15 065 - (135) N 1.1

050 2230 02 07 74 T 38 115 - 4000 Y 0.4 M

086 2230 23 07 74 D 43 110 - 750 Y 2.7 M*

087 23490 2407 74 N 48 097 - (958) N 2.4 M

135 0800 02 08 74 N 20 080 - (271) Y 2.2 M

147 2100 03 08 74 N 32 071 - (342) Y 1.0 M
Bonavista C-99 23 0600 16 07 75 N 25 100 - 800 Y 1.9 M
re-entered th
RBV (18) o
Gudrid H-55 031 1700 16 06 74 N 45 238 - (5405) N 1.8 M l
G (46) 015 1100 17 06 74 50 340 - 1500 N 0.2 M

019 2400 17 06 74 31 160 - 2000 Y 0.6 M*

040 1645 23 06 74 N 40 103 - 750 Y 0.7 M*

041 0355 24 06 74 N 18 105 - 500 Y 1.1 M*

043 0700 23 06 74 N - 56 156 - 2500 Y 1.7 A

069 2000 27 07 74 D 29 088 - 500 Y 2.2 M

100 0200 03 08 74 N 55 450 - 1000 N 1.1 |

101 0030 03 08 74 N 54 157 - 2000 N 1.7 M

108 1500 03 08 74 N 29 086 - 500 Y 0.9 M

111 0100 04 08 74 N 15 06l - 200 Y 3.0

182 0145 04 09 74 N 36 101 - 400 Y 2.0 :

197 1700 02 09 74 N 35 200 - 3500 Y 1.0 R*

201 1400 03 09 74 N 46 109 - 300 Y 1.8 R

207 0400 06 09 74 N 24 083 - 500 Y 1.7 M



FIRST POSITION

Site, Site Code1 Iceberg hour day mo yr type2 H L W Ma 55 Towed3 Closest Data
# of tracks m m m 107 tonne n mi. Availability
Indn Harbour 05 1600 23 08 76 N 22 093 - 900 Y 2.5 M
M-52RE
RIH (8)
*
Bjarni H-81 44 0330 06 09 73 N 65 150 - 2000 Y 1.3 R
BJ (18)
*
Bjarni H-18 - RE 01 2000 05 10 74 D 20 080 050 500 N 2.4 M
BH (1)
Skolp E-07 024 0800 07 08 78 D 17 084 - 500 Y 2.9
SK (31) 042 0300 09 08 78 N 19 147 - 5500 N 0.4
045 0100 13 08 78 N 14 067 - 150 Y 2.2
Freydis B-87 002 1500 02 07 75 T 15 125 - 935 Y 2.4 M
F(13) 005 1500 02 07 75 T 20. 120 - 900 Y 2.0 M t
o
022 0100 10 07 75 N 26 089 = 400 Y 2.9 ©
. 1
Karlsefni A-13 013 0500 19 08 75 N 15 120 - 500 Y 1.2
RK (9)
NOTES
1. See Table 1 and Fig. 1 for site locations.
2. D- Domed T- Tabular
3. Y- Towed N- Not towed
4. A~ Data available M- Wind or current data missing R- Rejected because winds and currents do not match drift

k3
- Anomalies in position or timing in computer tape data, log sheets to be used instead

5. Mass values in brackets are estimated from dimensions.



FIRST POSITION

Site, Site Codel Iceberg hour day mo yr type2 H L W Ma 55 Towed3 Closest Data
# of tracks m m m 10" tonne n mi. Availability

Snorri J-90 06 1800 29 07 75 N 21 063 - 170 Y 0.9 M

SN (24) 08 1200 30 07 75 N 23 066 - 300 Y 2.5 M
09 1200 30 07 75 N 33 080 - 300 Y 1.3 A

Snorri J-90RE 001 0545 28 08 76 N 18 050 - 150 Y 0.2 M

S (7)

Roberval K-92RE 022 1100 10 07 79 D 32 320 - 3000 Y 2.5

RB (85) 030 0100 12 07 79 N 30 090 - 370 N 2.2 A
093 0600 05 08 79 N 52 220 - 3500 Y 2.7 M
094 0600 05 08 79 N 49 312 - 6500 Y 2.6 R*
120 1400 16 08 79 N 63 130 - 3000 N 2.5
126 1600 17 08 79 T 10 100 - (212) Y 2.2 A
139 0460 03 09 79 N 45 080 - 1000 Y 2.2 M

Karlsefni A-13RE 007 2000 12 10 79 N 85 230 180 25000 Y 1.0 A

RK(21) 018 1545 24 09 79 N 55 241 173 12000 Y 1.4 A*

Bjarni 0-82 012 0730 30 07 79 T 42 190 - 6250 Y 2.3 A

NB (55) 019 1330 31 07 79 N 42 133 - 2200 Y 1.0 A
038 1930 15 08 79 T 51 218 - 10000 Y 2.3 A
068 1445 23 08 79 N 35 067 - 500 Y 1.6 A
078 1930 31 08 79 T 24 169 - 2500 Y 2.8 M

Leif E-38RE 1 1532 25 07 73 T 30 126 - 2000 Y 1.6 A

LR (5)

_09..



FIRST POSITION

Site, Site Code2 Iceberg  hour day wmo yr type2 8 L W Ma 55 'I‘owed3 Closest Data
# of tracks m mn m 10" tonne n mi. Availability
Leif M-48 | 6X 0005 01 08 73 N 65 143 132 1814 N 2.7 A*
L (6)
Tyrk P-100 011 0600 18 07 79 D 42 148 - 1400 Y 1.0 R*
T (37) 015 2000 18 07 79 D 53 126 - 1100 Y 2.3 R
0le6 2000 19 07 79 D 25 075 - 240 Y 2.6 R
019 0800 18 07 79 D 38 210 - 5000 N 2.2 R
076 0630 04 08 79 D 20 077 - 170 Y 2.8 R
142 0630 16 08 79 N 14 053 - 100 Y 2.1 R
Gilbert F-53 007 2100 27 08 79 N 70 224 181 5000 Y 2.7 A
GI (10) 011 1100 29 08 79 N 24 068 057 300 Y 2.0 R
Hopedale E-33 052 0100 28 08 78 T 24 077 - 1400 T 2.8 N

I
HO (35) _ : o
i

Tracks for all Well Sites: 544 (with at least 8 positions and with mass or size information)

Tracks for all Well Sites: 63 (with at least 8 positions and with mass or size information and within 3 n. mi. minimum range’

Tracks Available for Model Development: 20

Minimum Range (Nautical Miles) No. of Icebergs
0 -1 13
1 -2 16
2 -3 33
3 -5 106
5 -7 80
7 - 10 69
10 - 15 " 50

>15 21



APPENDIX 2,

Stick Plots of Wind, Current, Force and Velocity for Icebergs

K026
NO39
CA009
CAQ36
CA062

B55
BV47
HEO4 and
RB126

Similar Plots are Shown by Smith and Banke (1983) for
Group I Icebergs

K007
FO18
F025
K016
K024
S012

For RB22 see Fig. 8
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APPENDIX 3.

Plots of Iceberqg Drift Tracks for 38 Drift Track
Segments Listed In Table 4

Legend:

Actual Drift Track 8 8|
Modelled Drift Track Due to Winds and Currents ICDf”~_”—_”—<)
Modelled Drift Track Due fo Currents Only; Z&* ~ﬁ£§

Eliminating Wind Influence

Modelled Drift Track Due to Winds and Towing 1if —%

Towing Occurred, Setting Currents Equal to Zero

Similar plots of Group 1 Icebergs K007, F018, K016, K024 and SO12
were published by Smith and Banke (1983)

For icebergs G17 and RB 22 see figures 12 and 7, respectively.
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APPENDIX 4.

Plots of Drift Tracks with Towing Force Removed

For Iceberg RB22 see Fig. 9
NB68 " " 16
CA35 " " 17
CA36 " " 18
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APPENDIX 5.

Computer Printouts for 38 Modelled Iceberg Drift Tracks
and for 12 Tracks With Towing Removed
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APPENDIX 7

Procedure for Locating Iceberg Drift Data

Project files in the C.0.G.L.A. offices at B.I.0. which
contain iceberg drift data belong to the 8640 series; the 86
indicates the east coast area and the 40 indicates "projects
approved under Section 48 of C.0.G.L.A.". Table A7 lists the
C.0.G.L.A. file numbers and drawer numbers accessed during the
search for raw data. Some of the files were in the 8613

series.

In order to locate raw iceberg data for a certain year

and drilling operator the following procedure is required:
1. Locate project number for the given year (Table A7).

2. Search files and locate drawer in which the data are

stored. (For example, 1979 iceberg data are located in
project file 8640-E2-30, drawer number 27-4 and 28-1
(Table A7).

3. Search through the material and locate for the iceberg
drift track data (Fig. 2), wind and current data (Fig. 3)
and towing logs (Fig. 4).

4. Copy relevant data and return files to C.0.G.L.A.
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TABULE A7

ICEBERG TRACKS IDENTIFIED AS SUITABLE FOR HINDCAST MODELLING

C.0.G.L.A.

Iceberg Year C.0.G.L.A. Project File Drawer No.
BV 34 1974 8640 - B3 ~ 5E 22 - 3
BV 47 1974 8640 - B3 -~ 5E 22 - 3
G 43 1974 8640 - E2 - 7E 22 - 3
GI 7 1979 8640 - E2 - 30E 27 - 4
Vol. 1 & Vol. II 28 -1
NB 12 1979 8640 - E2 - 30E 28 - 1
NB 19 1979 8640 ~ E2 - 30E 28 -1
NB 38 1979 8640 - E2 - 30E 28 - 1
_NB 68 1979 8640 - E2 - 30E 28 - 1
RB 22 1979 8640 - E2 - 30E 27 - 4
RB 30 1979 8640 - E2 - 30E 27 - 4
RB 126 1979 8640 - E2 - 30E 27 - 4
F022 1975 8640 - B3 - 6E 24 - 2
8640 - E2 - 12E 24 - 2
K013 1975 8640 - B3 - 6E 24 - 2
8640 - E2 - 12E 24 - 2
SNO9 1975 8640 ~ B3 - 6E 24 - 2
8640 - E2 - 12E 24 - 2
LRI 1973 8640 - E2 - 3E 21 - 2
LX6 1973 8640 - E2 - 3E 21 - 2
RKO18 1976 8640 - E2 - 14E 25 - 2
SK024 1978 8613 - E2 - 4 - 1 25 - 2
SK042 1978 8613 - E2 - 4 - 1 25 - 2
SK045 1978 8613 - E2 - 4 -1 25 - 2

Additional iceberg drift tracks selected without computer
assistance:

CAl04 1976 8640 - E2 - 14E 25 - 2
HEO4 1976 8640 - E2 - 12E 24 - 2
B55 1973 8640 - E2 - 3E 25 - 2
RB0O4 1980 8640 - P28 - 8E 28 - 3
GI4l 1980 8640 - P28 - 8E 28 - 3





