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| of 1c bergs under ‘different windand current conditions.

Runga-Kutta method. .

the

“, . 'The meed for a‘'numerical.model to predict iceberg drift arises
primarily due to‘the ‘hazards that icebergs present to the drilling
vessels and platform in.the offshore areas near Newfoundlapd and '

Labrador ., o i

- g
. A dynamic,model has been developed ‘and used. to study the behaviour

The fo:c':_et; conpliered ave dus ty-wind} Gubradt, Cortolin effects,
pressufe gradients (ocean surface slope) and the acceleration of water
body surrounding the icebérg. - Two differéat techniques were used to

,sul{e the coupled non-linear dif_fgrm:iél‘equa:ims of motions:.” 1)

analog computer simulation and i1) digital computer using 4th-order
Vi :

The' validity of this model ‘is veriffed’ by comparing the predicted
.and observed iceberg. trajectory -durifig a storm on August 2132, 1972
when an oceanographic study, conducted by, the Faculty of Engineering

mcﬂnp/ 1ied Sclenge .of Memorial University of Newfoundland, was in pro-

gress fnear Saglek, labrador to monitar icéberg Rositions uith the help

The detailed wind and current data. measured in-situ: near-

o aftar

cebergs, provided 4 unique opporfunity td verify the model and to

study the effect of each.of. the emvironmental forces.. Several trajectoriés

ard obtained after excluding each one of the emvirohmental forcel

In an attempt to obtain better understanding of the obsérved loop-

" ing and spiral motions of icebergs, several trajectorfes are plotted

s oisntan
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N ! .. for lcebergh drifting under ‘the environmental conditions thought to be
responsible for this strasge behaviour. Changes in thé ocean sirface.due. ,

to low pressure syatems vere fownd, using Finite element analysis)-fo’ 2

have mo effect on'the currents, and hence on the iceberf trajectory.

This qtudy has’ demonstrated Jc‘ha importance of ‘each of the enviton- A
mental forces -included in the model. A good prediction of an icebers

{ . drift trajectory is only possible if all the environmental forces are

decounted for and detailed wikd and current data in the immefiiate vicin-
ity of the iceberg as well as good -estinates of lceberg paramsters are: .

ayallable as input 'to the model.

.
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PR - -mear’ uhippxng Toutes, ofstore drnung platforms and b\lried pipelines or

V. cables, Teébergs” vgighgng up to ten miliion tons may presenc a threat to

2t N e of ol by -ddsrup or g offshore

stxuctute5 orfstourtis botttbuﬂed pipelines or:cables.
o

Y e
™ apue of the, serious problems :hey cause to the offshore petrolem
1ndustxy, hzebergs presem: a potential snlutinn to water supply problems

Jna mnnbe;; of dry areas of the uorldvs)nch as the deser:s of .Austtalia,

nvauahlelffreshvuer resides ‘ds ice in the Ant. x::in and meland (Weeks

end Cempbeld, 1973), the 1m'.eresl: s presently im./teal'i.ng in the ututuuon

of icebergs as a source of freshwater and other y (e
- cold “uuzaumL ™
i o, ~
4 SRR o i {m:kgmund : L L.

re lcebet of the Soutbem Heatspheré are produced by ice shelyes of
}

“the Anparcblc. These icebergs are mainly of mum shapes and con be as

& vive fa cnld vater fox many yes‘u Lo

F IR

Icebexgu'uf the”Ngrt m-iremtsphaxe ire pm‘duced from-the glagiers:
2 v

~

¢ of Greenlund, the Nartheastem Cabadian Arctic, Spitsbergen, the Siberian

i Islmdu and Sn\y:heustam Aaska.. The aréas where icebergs’ are mout fre-

t:hne and. Saudi Arubia. In'vied of the fact that 85 per l:enr. of the vorld's

Lol . )aong [as 170 kn” Due to their. size amie ahnpe they are stable and can sut- .
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quently and where they n's activities are

in Baffin Bay; the Labrador Sea and. the'Grand Banks of ‘Newfousdland. These
Aeaersnase om-the average much smaller than. those of the Antarctic and

" have very erratic shapes. Tceliergs seldod exceed.a few kiloherers dn lergth
ind by the time they reach’the southctn Labrador Sea they are rarely longer

than one kilometer. OFf about 40,000 icebergs ahnually produced by Greenland

sglaciers, only am average of 380 cross the 48°N latitude (Murray, 1969).

However durin{the 1972 seasqu, a record' of 1,587 1cebergs were” counted by

Xce Patrol sbuth of 48°N latitude. Most of the 1cebergs drift over a period
. years across Baffin Bay and through the Davis Straits into the
Labrador Carrent. _This current carries the fcebergs southyard to the rand

Banks of Newfoundland.

. 5
1.2 Iceberg Hazards to Offshore

With the ‘excéption of hunan error, the-iceberg probably.poses. the
largest s, v Eastern Canada's offshore oil drilling apd production
op_eu;loné. In viéw of the hydrocarbon pnmmai in the Labrador €onti-
nental Shelf and the recent discovery of oil in the Grand Banks of, New-

’ foyndland, the need hig risen for year—re;;;‘d operations and, hence, effec~
tive protection from icebergs! Small and mediuh icebergs are towed away

while the big ones can bé avoided by moving the platform.. Dynamically

stationed drilling vessels can evade icebergs by fast disconmect procédures -

and sybsea acoustic rg»entrias. Both strategies require a method to 1dén—
t1€y'a dangerois Sceberg with suffictent ledd tive to ddopt a defensive

action. Dempster (1979) an ope 1

6 be éllowé

by rig operators to avoid iceberg collision using a hybrid dynamic/kinematic




prediction model.

A accurate wodel to predict lceberg drift will reduce the rink of
collision and the time and cost. of unnecessary towlng of 1cebergs or

temoval of the drilling: vessel.

1.3 Statement of the Problem’ B

The purpose of this study is to develop an accurate and easy-to-

_ ‘handlemodel that can be used on the deck of ‘A drilling vessel to pre-

dict the drife of icebergs.

A mathenatical model ‘to predice the lceberg drift trajectory hae a
few paranetirs vhich depend on the chiracteristics of cebergs (a.8,
mass, area under and above water, drag coefficients in water and air),
i e predicted iceberg trajectory of such a model depends largely .
“upon Shi dnfut  te the model whidh are thir gmvirorentai Barces (a.g:

wind and current velocities)., The validity of such a model is based

on. the 1 rison of the with the obaerved trajec-
tory of an iceberg under any, concelvable combination of forces. For
thia purposé, attention will be pald to the iceberg trajectories vhich
were recorded wear Saglek, Labrador, by the Faculty of Engineering,

Memorial Uniiversity. of Newfoundland, in August of 1972 during which

time a low pressure system passed over the area causing deviations

from the rejilar fceberg tracks (Figs. 1-1 and 1-2).

Though' detatled dats on tceberg arife trajectorics and wind,

.velocity is available, thexe 5" Lintred. thtormation about the para-

me:eu 9F the icebargs and the current velocity hear the icebergs

um‘ler investigations. Under these circumstam:es, ‘detaiied analysis




check the validity of the model.
=4 &

i . o
1.4 Thesis outline g o O P ; . j e
Chapter 1 1s an dntroduction. o
5 " )
Chapter 2 presents the review of previous field, theoretical and
experimental studies on iceberg drift. Tl . 7
Chapter 3 describes the mathematical model ‘and the selection of the - LT [
lGE Phesbey 160, e Radely i ; ‘
5 : : 4 J
Tu chapter 4 a detailed gtudy is presented on an observed icebers i
-'asife trajectory (20, Fig. 1-2) with an frregular U-turn that took ]
plece during & storm. A paremetric study on en iceberg drifting ida
steady : current s in . i
Chapter 5 presents analysis of the observed trajectories, discus- i
sfon of the results and concluding Femsrks. e % } &
¢ » i
|

1s carried-out on iceharg trajectories where detailed information about

current data is availsble and an effort is made to estimate Aceberg

using ed in the 1 >

Finally the-results are compared to the cbserved trajectories to

Analog ‘computer simulation techniques as well as some practical

applications including looping and spiral motion of icebergs are pre-

- Vi a )

A finite element -:udy on the effect of changes An-orest EEfite ‘

sented in Appendix A.

elevation which are caused by low -m.p\um pressure systems on the

ocean current is'presented in Appendix B.




" 2.1 Fleld Studies

CHAPTER II . )

REVIEW OF LITERATURE

“Smith (1931) p:esenteﬂ general drift patterns of icebetg motion under

the influence of ocean currents and Hind generated currénts based on fce-

' berg observation fear the Grind Banks. - Post (1956) has shown that the

drift of icebergs in the North Atlantic 'is mainly due tl:)'the rEL!tvlve
stréngths of the Labrador current.and the Gulf azream.‘\ Kollmeyer (i969),
Bevsieai s Dempster (1971), and Dempster and Bruneau (1973), indicated
that water ciirrents are the primary driving force. Teebergs with large
draughts_ ite found to be- influenced strongly by décp steady currents vhile
enall bergs are more sensitive to windoinduced surface” currents. .The °
direct wigd force on the above water portion of the iceberg is' considered
to be significnnt if the wind speed 1s. greater than fifteen kofts (7.72

m/sec) and its direction is constant for periods of the order of days.

Dempster (1974), carried out ‘field obseryations on éighty icebergs
and ocean currents near sagiek Labrador, in 1972. The study indicates

that the main influence ‘on iceberg motions is the strong Labrador current,

the semi-dfurnal current,a aeccuduty cuprent tesulttig from a bobton

" €EEedE, Eud) foi.a BELSE period, inertial currents resulting from the

effects of a severe storm. " Vg : i

‘Russell (1973) presented field measurements of the ‘current off the

coast .of Newfoundland which were found to be rotary with periods of 15.5

hrs., almost equal to the theoretical period of inertial currents. The

study of measured iceberg tracks indicated that the:loops made by icebergs




e hapne

could be caused by inertial current effects.

Soulis (1976) studied the cross-correlation of the iceberg drift with
the wind and current forces using & klneastic model to approxinate the
dFnmmic equiticas of Sotion by aaswiibg that ihe foebery.velocity wouid ba
the oum of the mean.current velocity and some transformation of the trans- .
latory compoment of the current. The study. indiceted that the itebers

moved 2.5 times faster than the current at depth of 13 meters.

Risdell, Riggs and Robe (15173 cxporeed o8 WiELaLa study on two ce-
bergs, and.‘wﬁ a laboratory model. In the £e1d rudy two icebetgs were:
. tracked for a nunber of days while drﬂk\l&l were used to Iel ure the cur-
\ rTents in ‘the Vil:!.nity. ‘The l'ela[ive dl‘iﬂ’—l between the icebergs.and. two .
' ! divgues (one nexx the surface and the ofhio- st a depth bf 100 i) were B {
Tecorded. The analysis bf the resulty indicated that the fceberg moved % J
i )~ mgra cloualy to tha desp diogus aid vhat o stwpls’ Correlntite wAth the 2

local wind field was found.
N

Ettle (1974), reported on a field observation by the U.S: Coast Guard

"on eight icebergs in the period of 1965-1968. 'lz»‘v-. found that at low

wind speeds the effects of ts, older én currents

and tidal currents predominate over wind dn'g and new mdrdﬂvm currents,
vhereas -at wind speed of over :@ Kaviaithe wtad hik.a significant effect |
on'the drift of an fceberg. The utia of the drag coefficient fuz the

iceberg's above water portion to the drlg coefficient for its lubmel'gad ot

portion was found to range from 1.5 "tox ‘atiiong vind. to Approzima:qu 7 -

for weak winds.

Riggs, Babu, Sullivan and-Russell (1979) reported ém a- field study

\
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‘carried out in the summer of 1978 where four hundred icebergs were tracked

by a radar ‘station for periods of up o 275 hours. Iceberg size and shape
as well as current measurement were obtainedfy A’'general relationship be-

tween' the current pattern and the'iceberg tracks was observed. Some ice-
= : B v

berg tracks, however, exhibited significant looping ‘and curving during and
after the passage of low préssure systems through the area. The gyrations

7 ’ -
and periods of these loops were much larger than those reported by Dempster

(1974) and Russell (1973).

dcebergs observed along the Baffin Island Coast.were aground from 8% to

73% of the time.  Maxinuii daily average speeds wére £0nd to be about 0.6

m/sec. The drifts were found to be rall twise in a sg

direction. . E . i

2.2" Theoretical Studies

Schiell (1962) estlwa:ed the drifts of 1|:ebetgs due to. aceai: currents

and currents and, ind: d that wind has a significant effect

on the ‘drift .of the icéberg if it continues in'one direstion over a long

pertod;

Murray (1969), discusned the factérs that affect the dtifts

bergs and pninr.ed out the efficdency of the sraristical approach in the

deterntnatign of ‘their drifts. - E 2

Cochkanoff, Graham and Warner (1971) studied iceberg fotion under the

effect of water.currents and Coriolis force. An analog computer model was

" used to solve the differentfal equations of motion. In the mathematical

3

T
i
¥
i
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model, the damping force was agsumed to be proportional to the square of
;21alive velocity of water current with respect to the ‘lcéherg. The ‘re~
sults indicated that for large Coriolis forces relative to drag gnd iner-
tia forces, the motion bécomes more osctllatory’ before uppraaching the
cur'rent direction.

Sodhi. .;nd Dempster (1975) presented.the Fesponse of icebergs due o
changes in velocity of water. The eq\la(icns of motlrm were derived by
assuming that the vater drag force is propor(ional to-square of relative -
velocity of the water with respect to-tlie Lcebergs 4nd assuning that lce-
hergs respond mainly to cun'ants, thus neglecting the effect of Coriolis

* forces. Txact ‘solutions were obtafsied M. ivo casés ~ rotary tidal cur-

rents gnd sudden change of £ translatory current valocit
v S

cheem and Aﬁuju (1973) used a kinematic model to amalyze the nvau—

able data on t:eberg drift in-the Grand Bunks./fn this modél’the velocity
of iceberg is assuied to be directly propnrclonal to current velm:uy.
‘Baued on the study, auggestinns have been made to improve the future data

colle:tlon activitied. . " "

Hime el FI973) 3 bse avalonediasnomes 1ol smidel s predict iceberg
drift, A fourth order Runga-Kutta T used to. integrate the
equations of mo:io:ﬁh consider iceberg-acceleration, thé water drag,

« the air drag, the Coriolis accelerbtion.and a sea aukgan:?1np= terms |
Testing of the odel over long pericds of time using ohser}ea arifts of,
dcebergs suggests that model error is Bomewhat randon tn nacire and beoh-
ably originaced fron inaccuracies fn the current and wind information. sup-

plied to the model;

L=




. to study motions of spl and cubical [~ {rae

. the inertial into the

i (1979) pi several cal dynamicmodegafor pre-

dictiom of iceberg drift. In addition to the enviroumental loading, ice-

berg rotation and L I water rakeén into ¢ for

_the arift on. The resulf that iceberg rota-
tion can dramatically alter the drift and that Coriolis force has signifi-
cant effects on iceberg drift. . \\
2.3% Experimental Work o

‘Russell; Rigge and Robe (1977) described' a laboratory model designed

objects made of

paraffin wax whose specific gravity vas roughly,the same as that of ic

bergs. - vere with o d'models with a trip wire

attached to ensure turbulent flow in the boundary layer. The results of

this study and the field study described above indicated that the.values

of. y drag f [ e 1n the model study were

lower than values norsally quoted for iceberg motion. This is due to the

inclusion of the inertial term in the drag force eguation. It was pointed

out that the practice of igioring the inertial drag term and incorporating

24 L may lead to [
-drag force s

e
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i g ICEBERG| DRIFT MODEL. . S
T ;

3.1 Mathematical Model / | .

Iceberg motion is the net ‘l‘resulvt of a wide spectfum of forces whlc‘h
vary with time and space. Soie of these Eotces: ard e vo Eraviby; prie-
sure ‘gradient, wind-drag, water drag, Coriolis agfeitn; ey madawaiiss
Since this study Lo matnly con ed with the Horizontal movement of fce-
bergs, only the horizontal components of these forces need to be consid-:
ered.” Wave and swell forces #e generally neglected as ‘thele magnitude
is emall I T P .:hg‘h‘ori'z};‘nml difictiogs. e
Sathematical model, dascribed in'jthe preseat study, takes into account Fhek
significant envixomen’t‘ul.forces“dua to vater drag, wind drag, Coriolis

acceleration ‘and sea surface slope (pressure gradient).
\ : . ol

& The drag force due to the water drag is proportional to the sqiare
of the relative velocity of water with respect to the iceberg. .The con-
stant of proportionality depend upon the size and shape of the under-watér

portion of the iceberg. -The current is made of many components, a few of

Which are the current, the dr currépt, inegtia current

and-tidal current. The dis fon of ‘the. and _of ‘the

various current components varies with depth. Hence, the ocean 1s consid- .
/ . s

ered in several layers, and the water drag force is ther obtained as the

vectorial sum of the drag forces in terms of relative velocity of current-

with respect to the dceberg in each layer. .

The magnitude and diréction of ‘thé wind dzdg force depend on the size

and shape of the above water portion of the iceberg. The average ratio of

. N 10

s : . CHAPTER III % k
|
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the fceberg velocity to wind speed is about 0,03 (Murray,.1969), so that the

relative velocity of wind with respect to iceberg is tnkan< be the wind

velocity itself in the-expression for wind drag force. -

The Coriolis force, caused diie to ‘the rotating frame of reference

with the Tarth, tends -to move the dceberg and the water surroundipg the

iceberg'to the Tight of their path (clockwise). in the Northein Hemi

In'a' geostrophic current, the pressure grndient force qué to asloping Sea
surface balances ‘the Coriolls force due 6o ‘its novement.". I¢ the iceberi
motion is. fot along a geoltzuphic current! ditection, there are two forces
acting o the\iceberg:" the Corlolis force ‘due to its movemént and the
pressure gradient due to the sea surfata slophs T ‘thel presenestudy, the
predsure gradient force in-each layer will'be expressed as the megative of
the current's Coriolis force (Hountain, 1979) which is equivalent to ex-
pressing the Corlolis force on the iteberg in terms of the relative velo-

city of thé iceberg with respect to the current. in a particular layer.

" If the water around the icas®rg is accelerating due to some férces,
the ‘same forces would also'beacting on the iceberg to dccelerate the. ice-

berg. So the force balance term must include a term which takes into

account the force accelerating the water mass and the iceberg at the same

time, and' this force on the iceberg will be equal to.the product of mass

of iceberg and acceleration of water s\.uqunng the iceberg (Bayly, 1971
A

and Napoleoni, 1979).

The equation of motion taking all the abovd mentioned forces into

account is writtén bel the, component. form:

et

i
!
|
|
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- )(’l (u - uj)), +_ 7 3.2)
(3.3)
.'Sf i (3:4)

= pol’.tlnn of the iceberg (x and y ‘axes are in the direc-

tion of east and north, rupecmﬂy)

= components of the iceberg 1a=1ty in the x and y di-
mum. Tespectively. -

= w-pauuu of m current velocity in the j:h layer.

= time. < 2

= mass of the xc;bexg and the added mass. A P

= mass of vater displaced by the icsberg in che Jehi layer.

- rh'-! bo-ffinian! of the iceberg in wn:ax and -1:. renpel:—
tively. :

= density of u.e;x and lt!,‘reli:u;tiéely.

= cross-section’area perpendicular to the Current direc-
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tion in the jth layer.
A - -section area p 6 the wind

of the above water portion of the lceberg.

=, w2+ (v, - w7, the relative speed of current

with respect to iceberg in the jth layer.

@y, By - components of water acceleration in the jh layer.'
£ =20 Sing, Coriclis parameter. -
.Q angular velocity of Earth rotation.
[ = latitude. ‘ p
S = wind speed. i
] ’ - dl‘rectiuvn of wind measured ln:l;blnckviag‘ from x axis

If the patameters related to tie iceberg are known, -the above set of

equuonn‘ may be integrated .pruvided the current and wind data are supplied .

as the foreing function (6r impuc to the model) to oBtain the respomse of
the model 1n the form of the iceberg velocity and position. “Siice the set

of affferential ki, cmpu\m non-linear, ic da expaditious to

i integrate them with the help of a digital computer or an.analog computer,

and both of these cu-puur- are used in the present -zndy. The :unu- of
the analog simulation are giver in Appendix ‘A. _The 4th- ordet Rungé-Kutta
method 1is used to integrate the set.of equation, 3.1-3.4, with the help of

digital computer (PDP n/bo) along withi ‘a plotting facility.

3.2 sumzm of :h- Icebergs Vndet Study

| Since the ma

, ‘4rea and drag coefficients of the 1icebergs . under m.dy
are not kaown, these values are choogen from the range of values quoted in

literatute,and this

ction the ‘manner 1o Vhich the parameters

uu;’ in r.hé'prennz study are -selected.

3
-3
H




¢ a) Dz!ﬁ Cnefficien:
| It has been shown by Hoerner (1965)‘thut the dug coefficlents
in vater, Cp_, and in gir, G , depend on the!Reyiolds number, Ry:'The'
5 ;:glues of R for icebergs are of ‘the ‘order of 10’ (Tntbrnationl Icesgatrol, .
| 1960’ . The stiytten reported By the Tntrationsl Ice Patol indicated that'
the drag coefficients.must be higher ’:/hm 0.2 but not h‘ighe.x than 1.0'and

that the drag coefficient ratio for'in air to water lies betveen 1.0 to: 1.5.

Ettle (1974) found that this fatis tanges from 1.5 for strong ulndn P

=
abnut 7 for weak winds.” In'a study on iceberg towing Chirivella nnd Mlllex“
(1978) found out .that R, for. ln water. 1s abuut 9 x 10 and for 1n s:l.t rmges
from 10 to 109 and the wrrespﬁnqhg vnluu of C .and C e 1.0 and 0.9 "

xespec(ively- Ban.ke ‘and’ Smith (1J74) towed small ice‘bsz‘gs on ‘the’" Labrador

" Goast and. obtained 1.2 as a medn vnlue for. QW um\ a's aidard devﬁstion iof

Similar. studles carried cut by. Weeks and ClmpbelL (1973) large

0.2
lcebergs indicated values of 0.6 to 0.9, " Iu another 1eebe!g twing mq)eriment.
Dempster (1979) found that a- vzlne of CDH tlken ls 0.5 to 0 7 prodﬂca t.he
correct trends of motion but a value of 2.0 .!chieveddl\e best, Fin betueen '

© the’d puted and actual, data. The, bigh-valua of G 80, his oplnién 15"

factor to cor

Cand a

_pn;b ‘j\y, a. of a drag

pensafe for errors 4n the estimation of the systen parameters.

Russell et al (1977} indicated that values of C ' that must be used in '
prediction of iceberg drift are usually very high because steady-state . "~

“are 1

Such y ble to take 3

conditions- are assumed.

‘place unless there 18 no relative motion betvee.n the h:eherg and thz vater in

‘whith case, the drag force is zéro. [Tnstead, the iceberg must accelerate and: . , ..

‘décelerate :onzi.m-‘nugly. They. conciuded that the practice of fgnoring. L=




choser from this table.

o 15

©.. e inertial drag term and  the inertial it ‘into the

‘may 1e‘m to’ is drag force cal

It can bé ‘concluded that water drag coefficient’ for Lceberg calcula—
tions ranges between 0.6'to 1.2'dnd that’ the ratlo Cpg / Cpy. 18 Gome

where ’urmmd 1.5, - e

It has been decided to use.a value of nw of 1.0 and Gy of 1.5 regard~"

" less of the size and shape of :h: <iceberg.

b) ‘Added Water Mass ./ 3

(T =l
The concept of "added water mass' is introduced’to accouat for

inertial drag. 'Inertial drag arises becansesof the accelefatién of the

5 'y p :
. £101d atound the object. The object behaves as if a mass weré added tb

it. The added water mass cau be determined from the potential Flow ‘theory.

The added mass in our model is assumed to' be half»the mpss of iceberg

- vhich agrees with measurements made by Hamilton and Lindell (1971) and~

calculations made by Lamb. (1879)' for spherical and cubic objects:

c) . Iceberg Mass and Area

Iceberg parameters needed for the model are themass and the cross—

sectional jarea in each water layer and in the air (Equ. 3.1). This infors

mation :cannot be obtained operationally for each icebérg. 'Instead obser-

vations made over a number of years have been used to establish seven
classes of 1cebe:gu “which could be dls:inguished from Al‘!l:l'!f[. ‘Tdble 1
orbcaraicene avirage AT AR RS SHBNEUAT LN L Tt L

1ished by Mountain (1979). Iceberg paramsters needed for this, study are

'

-

e
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in the first.part of this chapter, a parametric study of the: icéberg '

drift model is presented in which thé trajectory is obtained for an ice~
‘berg drift fn a steady l:urzgnt ucnmiug from rest. This study shows :l\-

dependence of the iceberg :ujectury on the yaramer.ers bbtained by wzl:ing
! 1

the equations of sotion’ 1n a unn-dxmansional forn.’
. 2

In r.he second part of this chapter, the verification of the fagfiery

drift wodel, presentP.drin thé previous ‘chapter; is xr.telnpced by rmaiag

‘ - the trajectories predicted by thé model with that of iceberg #20C observed

near Saglek, Labrader, 1n<i972. The d’aka used ds input to the model are
the current ‘and wind data obtained in the field.’ The Comya!isnn “between

[ %o tea prete et as oblewed iceverg trajectories is good.

£ " 4s2 " ‘Deigr-of en'Tosbotn Srarting from Bstiins Usifhrk Cacrent

Iceberg. grounding is a frequent occurence, and in fact “icebergs have

‘been cbserved to remain grounded for the 40% of the observation time

(Robe, Mater and Russell, 1979). ! mha Tiabetis sonecines becone Toos, and
start drifting agatn which provides the motivation of this !tudy THe
N trajectory of an I’pe‘berg tnder the. influence of nnly a' uuiﬁom ‘and steady

geostrophic current in the x-diréction, U, is governed by the following

equations of motion which are obtalned from equations 3.1 and 3.4 assuming

the water colum to havé a constant vélocity at all depths,

U e & B —ng(u—n)/{,n—u) +v2 i 4 " @ -

k.i---—..' i A




17

dc

& TR < ) G- Dy
(4.3)

(4.8

where

* the initial values of x, y, u and v aré assumed to be zero at the begin-
ning of the integration process. The above set of equations can be writ-.

ten in a non-dimensional form as given below:

= ey e E e s it a @.s)

ot Z A2 wrgaead) DT “6)

o L ; et
Pt " : SEER <)
e e et

= /U, £ =t/t, x' = xx.and ¥' = K.

where  ©.= 1/0c, u' = ufU,
The po-xmm. of the iceberg (x'; 7') are plotted for variéus values of

<f in Fig. 4-1.  The positions of the icebergs are marked after intervals

" obtt m2st The parameter Tf takés into consideration the ‘Cortolis factor

and the, iceberg characteristics such as mass, area under water, density

and dfag coefficient. The raige of values assumed for Tf have been com-

. puted from the values given in Table T for area and mass of icebergs.
‘Thesé ploes are similar tp those obtsined by Cochkanoff, et al (1971)-

’ nsing analog similation of the problem. 1.'1:‘ initial motion is the result-

ant of the forces due to’ the water drag,and the pressure gradient (the sea




i fgogether iith the. Canadian Ammed Sérvices, Maritime Command, collected . {
1

o

of their activities has been described by Allen (1972). Icebergs were

- current’ meters’ were nstalled at depths of 13m and 75m at each of these

siicfacé slope) causad By ‘the! jeostrophic cirrent. As the iceberg picks
up speed, the drag force decreases, and the Coriolis fofce 1ncre\é\sgs to
:uunterbalanc; thie pressure gradient force. . The initial wavy motion of
‘an lcsberg as déplcted by cupve s fn Pig. 4-1 s the result of {nteraction
of the pressure gradient. force and the Coriolis force. . After a_long time
from the start of the iceberg mcr.iun, the trajectories become straight in

a steAdy—stnte darife,
- w % i
4.3 Study of an Tceberg Trajectory Near Saglek

In August of 1972, the Faculty of Engineering and, Applied Science of

Memorial University of a’ an

7 7 .
tion collecting ‘data on iceberg'drift, cuirents and winds. AYfull account

tracked using a radar installed in a shore station at Saglek, Labrador,

while the C.5.S. "Dawson" provided by the Bedford Institute of Oceatography, 4

” oceanographical and metrologi¢al data in the vicinity. A total of one

hundred and ten icebergs were tracked, some for several days and others
f£or only several hours. .The scientific party aboard the "Dawson" obtained

extenslve: data on currents st fonr Jocations. e ehovn in Fig. 4=2. The i

four locations, and three additional current meters were installed 10m §
aboye the ‘sea bottom at locations A, B and €, shoim. in Tig, 4-2. The

data obtained -from the current meters is presented and tlanalyiad by Holden
(1974)." 'His conclusions are ‘that the curfent at Saglek oscillated with

“the tidal period of 12.5 hours befdre the stoim of Augu_;: 22, 1972, ‘and

the oscillation period after the storn was imertial for current meters
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close to the surface of water. . This suggests that the storm influenced

the £low conditions in the oceanic boundary layer. .,

The iceberg drift trajectorles obtained before, during and after the
storm along with the cyrrent and wind data present a unique opportinityes”
to. test tﬁe, iceberg drift model. The information related to the shape,
iea s aress, Shove ie LN wate: okt (beEas VadeE v estization
are” not available, and ressm‘ublev'v.uues &f these ‘parameters have been

assumed from the data quoted in the literature (Mountain, 1979).

In the following, we present .the results of ‘two s’r.udins‘ based on
this set of data and their main conclusions. Later, the discussion is
continued with the results of the present study..

) Soulis (1976) used the drift data of approstascaly 33 issharge
to détemine a vector cross-correlation between the iceberg drift velacity

and the wind and currént data, -Although detailed behaviour of an iceberg

‘is highly individual, Soulis (1976) concluded that, in general, “the ice-

berg studied:

1) moved 2.5 times faster, but in the same direction as, the mean
current experienced by the deeberg at 2 depth of 13 meters. -
2) had a tramsitory velosity: sonponent whick squilied 0:5 of the

fransitory current experienced by the icéberg at a depth of 13 metérs

and-lagged. 73’
/ 3) had a wind-induced vélocity component equal to 4% of and 25

degrees to the right of, the wind velocity:"

The above conclusions by Soulis (1976) have been arrived at by corre-

lating the .iéeberg drift velocity with the current data: obtainéd at 13
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meters depth. These u-ﬁ{.t- should be used with care because an iceberg

extends below the oceanic bol

layer which is about 30 to 40 = deep,

‘and the curreat data on the 13 meter level would be an indicator of current

composition i the boundary layer eoly. A siaflar cross-correlation

. betwee the icebet‘ vdncl.ty vectors and :h\eqtnd and deeper current
velocity was not attespted perhaps due to malfunctiois-af the two current
seters at 75 acters. beloy ‘sea surface level However, 111_.: the curreat

meters 10 meter above sea botton were operational and, perhaps, cross-

coxrelations, between the current dats obtained from thobe current meters

and“the iceberg drift velocity may have been meantngful.

" b) Dempater and Bruneau (1973) nave given general uplu)mtinn
that the dcebergs move under the inflience of currents which cause them
to have trajectories in the. form of loopé and spirals’when there is weak
or mo wind.

As mentioned earlier, the storm which moved over the area

on August 21-22, 1972, caused

in the
of four icebeygs. Dempster and Brunesu (1973) suggested ‘sn.explsastion
for these deviations to be the effect of currents u; up due :u‘ changes
in the sea surface elevation ss the low atmospheric pressure: zome passed

.over the area, For a motionless sea and homogeneous watér, the chamge

1n height. (h) of the sea surface is related to the change in the atmos-

‘pheric pressure (P) by the expression (Neusanu and Plerson, 1966).

Sh(cms) = ~AP,  (mbars) b

(4.9)

‘The above, expression shows that in the areas of low atmospheric pressure

the sea surface level mist be higher than the mean sea level, and vice
versa. Although the inverse pressure law is not strictly applicable to

a_dynaaic, non-homogeneols. ocean, it does give an indication of magnitude,

7

" i
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‘of dt ince caused by an

1 B
When the ‘sea’ surface level changes, the currents are sst up to sat-
isfy confinuity, and the equation of continuity is written below (Neumann

and Pierson, 1966):

(4.10)

P

where u and v-are ’r.he Rorizontal water velocities in the x and vy direc—

tions, h the depth of ocean and n(t) is the change of sea surface level '
g g o ! - v

above the mean level at a particular time t. During the storm, the atmos-

pheric pressure f£é1i by a total of 36 to 38 millibars in about 6 to 8

“hours which'Would fesult in-a very'xuu rate of change in sea surface ele-

. vation (—’l).  Purther, the depth of ocean 1s in.the order of 1004 and

more which makes the right hand side of equamm 4.10 insignificant. A
detalled Finite element analysis was undertaken to solve equation 4,10
taking various océan depths ints consideration; and the resultd show that
the currénta developed 46 b angee i sba-surtass Teveliare dasrfatble
when the ocean depth is in L_ha order of 100 méters for' the same approxi-

mate conditions as those prevailed during the storm. The details of this

- study are given in Appendix’B, . -

©) ‘Present Study
3 /

The'only other reason for the complex iceberg trajectories during

the ‘storn cad be. the diréct action of the wind on the sails of ‘the ice-
bergs and the indirect action of wind on the oceanic Bhtaey TaaEIEa
sulting in wind driven currents which in tirn affect the iceberg sotion.
Figure, 4-3 shows the cpntours of atmospheric pressure system before and

after the crossing of the storm ceitre through Saglek, and'it alsp shows
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the reversal of wind directions during the storm; It is for this purpose 4

the present study is undertaken to develop an iceberg.drift modél and i
'/, compare the predicted iceberg trajectories to the observed ones. The i o)
s 4 !

sources of these:data’used to'run. the model are given below.
(1) Currents : N

As mentioned earliér, the cirrent data is obtained from meters

'installed at four locaticns; A, B, C and D'(shown in Fig: 4~2) and at " 2

three different levels befow the sea surface level (A B;,.C) and D, at ‘

oo 1m0 Ay, By G and By éc'75m'and Ay, By C5 10 meter above sea floor,
" which are 165n, 146m'dad 176m below the sed surface at.locations A, B and
G raspestivally: o1t byt fetire A, énd B, recorded only the current
‘ - direction and ot the magnitude due to seme'malfu‘m:tinn of this instrument.
The ‘data used.for runiing the icebers drift ol yang L /dh:ecl:iu-/z\s

" measured' by A, and B, and the magnitudes measured by A, and By. This is

~Jigtified becayse "the magnitude of the current is

conatant betueen the top and the bottor whnants loupdsey Sayars:

5 Since the iceberg drift model mnslders the vater column 1n tvo
layers, the ocean boundary layer extending from the ocean surface to *
about 40 metera depth and’ the deeper layer from 40 meter depth to the

ocean bottom, the current in the deeper layer is assumed to be geostroph—

ic and constant with respect to depth for ouf calculations whereas the

eiszat Laithe boundary layer is assumed to be the vectorial sum.of geo-,

strophic and wind' driven currents. Aau\lmlng that the. structure of the

afiie, o wind driven currerits to be'in the form of an Ekman spiral, we can derive

the ‘information about the direction and magnitude of the water mass trans-

port from thie current meter data located in thé boundary layer and in




: .- " deeper water.

If the wind shear stress vector is acting in the +y direction (i.e.
to the morth), the wind driven current velocity components to the east
and north, u and v, are given by the following expression (Neusamn, 1968).

=y e M/D)Z
B

v v D s~ iy o 5 (611)

cos (45% = mz/D)

where D = 36.7m/ /515, V, ‘represents the speed of the sirface current, 2
the depth below the water surface and ¢ the latitude of the location. The

above current distribution is known as the "Eknan Spiral':

|

The latitude of Saflek is 58.5°N, and the depth of boundary layer {5

D=39.7 meters which is approximately -equal to the depth of mixing layer J

» as s evident from the contour 1lines of the measured STD data (Allen,

y . 1972). The net water mass transport, 5, and S In the casterly end

. northly directions dcross 1 cm.wiith are given by (Neumann, 1968).
- Von e
s =P3s ’ : a4
- "y s =0 . 3 (4.12)
This 15 a remarkable result which states that total water mass transport
16 directed 90° to the right of _the wind shear stresy dlrsctronu tha
. Northern Hemtsphere .and to the left of qfi wipd shesr“stress Vactor' direc- ,* -
g t1on. in’ the Southern, femisphere. The nMt_effect of wind driven curreats. .
on the motion of an iceberg is to integrate the drag f;am_. at different
levels ‘in the boundary layer. In this thesis, it is asswed that the

boundary layer has a unifors velocity such that the net water mass trans-




! P..‘.,Mwm_ -

port 1s egual to that given in equation 4.12 and the direction is 90°
o the Tight of thelwind shear stress vector.’ Thus, the average water

velocity component in the boundary layer is o = 0.225V  and v =0.

Using equations 4.11, the velocity components at 13m below the sea sur-

_face level are:
S0 w=0.38 V, Cos(+13.9%)

. v = 0.358 V, $in(-13.9°)
Hence, we obtain a factor, equal to 0.628, éhich s the ratic of theé
magnitudes of the average velocity in the boundary layer to that at 13m

level, and the difference between their directions is 13.9°.
¥ The following procedure is followed to calculate the input data for,
the currents in the model described in Chapter 3 to predict the iceberg

_drift trajectories. Let the measured velocity components at the 75 meter

depth by

esignated as U, and ¥, in the easterly and northerly directions,
respectiyely, and let U, and ¥, be the designation given to the velocity
data st.i3 meter depth.. The iceberg drift siodel needs the input current
velocities at two layers of the water column U, V) in the h,gl;ndnty layer
and ﬁz, \'12 in the deeper layer. For the deeper layer, the input velocity

' data 1s taked o be the same as the medsured velbcity, i.e. U, =T, P

v,

= Vg The average water velocity components for the boundaty layer

"f taken as follows

2k e
n.m[(u_-’u') Co8(13.9%) = ) $in(13.9%)] + B

v, = 0.28L(U ) S1n(13.9%) # (V¥ Cos(13.90]+ V, - . (413)

S




" velocity and then adding the geostroplic componefts to obtain e wizage ,

B, respectively.

The equation 4,13 effectively performs the, operations of adjistment

of magnitude and direction on the vector of the wind generated cprrent

velocity In the boundary layer:

| stmce khe current velocity vary spatialiy as well as, teaporally,

the ‘current dafa is interpolatéd from the curren:u.valuea“ut cone'pt;nding
depths ai locations A and B to predict the.trajectory of d particular. ice-
teEE denignated 45 200 whoow dutit vt Happensd to ba’ losa o tha cuzs o

rent meters. A cubic interpolation function is used to- give more weight

to the current meter closer to the iceberg: . : ,
Disterpoiatan™ Ua F ¥ U 01-F)
where B o 3EE 0 ag0 b ey, e jeey - " 20
. " S M Ao N ;
Uy Uy = data from current meters' at A aad B respectively. U

¥, Y, = ordinates of the iceberg position and locations A and

(i1) - Wind Data

At first, the wind data was obtained from the atmospheric

pressure charts obtained from Baviroment Canada (Gender office), The

interpretation of these six hourly atmospheric pressure data was done

by, an expetiencéd meteorologist -(Mr. Duncen Finnayson of NORDCO Ltd., -

St. Jomn's). The wind data thus “obtained gavé a good ideaof the wind

apead and directions.

PRSI oo _speed and direction at the sea surface are
requiud to run the iceberg drift model, we cbtnined the wind data from *

the log books of C.S.5, "Dawson" where such duta was, recorded at'2 to 4

SRR _.V,T‘_4_4.¥..:..:\_..«_._.A iz S ot




hours interval. A linéar interpolation is used ‘to deduce the wind '

and direction atan intermediate, time. \
s ]
|7
4.4 Results . . ’l
Since :hz mss and other parameters of the Leebérg ‘are not kunmy

the trajectories of 1ceberg drifc are obtained using small, medium and

. large mon-tabular icebergs as gwen 1n fhble 1, and Figs. 4% and 45

show the px«&czud trajectories n'long with the observed :njec:ery of

iceberg #20C during the storm S Saaa e the area .on August 21-22,
1972. The predicted trajectory of a medfum non-tabular Lceberg (Fig. 4-4)
gives, & good, £t i the ohsadived ‘Erajetioryy end thus the iceberg #20C is

assuned to be’ asiedium non-tabuldr icebers.

Fig. 4-6 shows two préql:c‘eﬂ dceberg trajectories when the iceberg
is driven by the wind alone and by the currents alone: Fig. 4~7 shows
two iceberg trajectories when the iceberg is driven by geostrophic curs
rénts only and by geostrophic curresits and wind cogether . fn thege two
% figures, tlfe effect-of excluding a particilar enviromental force, can*
“be seen as the observed iceberg trajectory is also shown there. Itds
evident from thse remits tht curzents and wind have significant effect

on the iceberg drift.’

Fig. 4-8 shoys ‘the effect of including and excluding the Coriolis
force on the predicted iceberg drift. trajectory. The CoTiolis. force

nust Be included in’ the cal

for' a good predicti 1ceberg

trajectorys Fig., 4-9:depicts the effect of inéluding and excludifg the

“water acceleration id the drift model. Thoush the net effect of excluding

water acceleration teim is mot large, a better drift trajectory is obtain-

i ki ki i
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w
ed in this case by including the water acceleration tem in the model.

3 \
Finally, Fig.4-10 deplcts two predicted iceberg drift trajectordies

¢
when equation 4.13 1s-used to estimate’ the average water velocity in the

boundary lajer arid when the current data at 13 merer depth is used as

Obtatned ‘(dee., Uy = U and Vy = V). As it is evidest from ‘the results,
the cirrent data at'13 meters depth alome does not givé a good prediction
of ‘iceberg drift, and this data’ along with data at.75 metérs depth has to

be used to estimate the wind gemerated current in the boundary layer.

4.5 Discussion of Results

Asentloned earl 6k, one GF the objestives of this investigation ia
to amalyze the observed . drift trajéctories to find seme interpretations of
some of the sbserved strarge behaviour of 1c;hexgsb (looping, aptral motion:
and 1rregular U tun\s) . A detailed stud‘y 18 presentéd in the previdus .

)
section o= the cbuervad ice\:erg drife ‘trajectory f20C with an irrégular

_ U—turmn that thok place during the storm. This study vas feasible becmas

the iceberg noved dn the vicinity of two curreit meters (F1g:U2) and,
bence' datatiod data o currents ‘conld be obtatned. Tnfortunately, mo’
sinilar data is available for iceberg trajectories withloops. The ldoping
motion either took place in locations far away from current meters (e.g.,
tracks #10F, 11L and 136'tn Fg: 1-1, -and 178, 17D and 198 in Fig: 4-2) ox
close to a current meter but at a time where b girrent data 1z svailible
(6.5, track#7M; Fig, I-1). Therefore, detailed analyses, similar ‘to that

performed on trajectory #20C, cannot-be carried out for other trajectories.

Hovever, a better ing of thelooping motion can be obtained by
studylng 'the ‘behaviour .of iceberg under the same enviromental conditions

suggested to cause looping motion and other Gonditdions under which icebergs

-




'(Pernnnl Cmunical:!.un, 1980). The !esd.'l.cs presentg__, in Figures 4-6 to

e

Ju & .
vere’ réported to have spiral sd Looping motins. A decaued scconnt of

this study 15 pxesented in. Appendix A, and the. 'helwvlour of il:aberg! during "*

the stofn that passed sver saglel on Augus: 21-22, 1972 is dlscusaeﬂ below. &
l}

Fle i gutensins somin of the fecherg trajectories that were: dist\‘nbud .
by the storm. Generally speakifig the icebergs moved back and éoxch fornthg |
elther I-turns (20 aid 200), or: loops (173, 17 aad, 198), The tidyecs |
tnries with U-turns’ were close \‘:o Saglek while the others were far to the /
nerthy “This dlffeckne Lo tebicg teavions scem to tieltie e MiFterente i, |
in Tocal current Field," However, the direct action of the vind on the 1
sails. ofathe cebeigs ia esoliegt: £ronthe fact that icgbe‘rga noved back
and forth as the wind du—ecmn changed .due’ to the passage of’ the storm

centre thtongh the . area. (Fig. 4-3), and "that the deviation from the regular ) i

drife trajectories start and stop at sbout the same time (Mg: 4-2). . )
) 3 :

Aveilability of detailed current and wind data for iceberg 20C pre-

sented a unique oppertunity to yerify the validfty of our nodel-and to

evaluate the significance, of each of the Fforcgs included in the fodel. (alr

drag, vater drag, water accelerationand Corlolis force)..:The predicted:
drL€E trajectory of an Lcebers 1o sign ficshely Influenced by the itze of
feebers (Figs. 44 and 4-5), The assumpefon that eebers /200" 5 & siadlion

non~tabulax 1ceberg 1s suppmed by visusl cbservations"made by Dempster

#-9 demopstrate the importance of “each o thepies forsasy

|

o, 8 . |

Db £ ks S Eilhara disttihutin:n of the current velocity in the ﬂ
‘scada bindary Tever; the mietent date: L thd boundsry layer along wiEh. i
data at deepar depths should be fuséd to estinate the average velocity E i
“ihe boindaxy leyer for good prédiction of the iceberg drift (Fig, i- m). §
g . 4

/ ) - ; i




CHAPTER V'
g :
CONCLUDTNG REMARKS 5
A dynamic model to predict iceberg drift has been developed and veri-
" fied by co the d iceberg to that observed dring

i 'a storm.  Changes in oéean surface elevatfon due to a. low'atmospheric pres—

sura system have mo effect on ocean current in deep water deptha a8 14 the
B casg’ near S.lgle)(. The dixect action of vind is :he m-i.n caise of the

observed back and forth thun of 1|:ebergl rluring thg cl;om. The indlrgx?l‘:‘

effectof wind on the motion of-tceberga 1 via'wind-generated currént and |

the c'hnngen in 'mltroyhic curreat, 1f any.
o

*Tceberg n-;aumu with inops and _spiral motion were obtained under
si-nlated conditions.” However,  no gan:tll conr.lu-ivn to the unle of thil

h!hniallt can be d!nm mainly because of the lbl:nce of -the in-ui.tu wind

lnd currest for | with such

o our knowledge, this xs' fhe tirat published study here an feebers
e Sodel s tested dm a stors using detdtled curréat and wind daga
1 mad 1n the imediate vil:lnlty of en icebers. . From this n:uly it is

mdznt that the physics of the mu; drife model s knowa m extent that

& good of an xnbug Guring a storm can be made pro-

taput £ the model.

¢ vided deialled current md ldnd d.ltﬂ are nvllhblc

1: is r-cnm-nd-d zh-: a model 6 predict ocean currénts 1s needed to

gnarnta the neces

ry i o cneiats which 1s to, bé daput tato the dce-
herg drift model. In the absence of such a model, the current data must

3 S L
be obtained by_a ‘string of current méters inithe vicinity of a location
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! Table 2. 'H.nd
. (Fron the Log Booke of C. S5 Davsor) ’
- Date “@me | wind speed -“Wind Direction
3 3 - (kts)
August 20 . g8 200
: , 5 - a0
"y . a0 200 . ;
g 15, 230
i i1 2030
Augist 21 - 10 o 240
9 150
- 9 150
Lo 35 120
1500 ’ 25 135
1800 . 30 125
(TR 125
2100 - .20 320
- 20 320
August 22 0100 10 240
0300 R L} 280
[ esoo ). 30 280
st 0700 i 30 275
0900 50 270
1100 36 265
1300 3 “280
1500 28 265
1700 2 280"
5 1900 20 285
- 2100 18 20 -
4 2300 18 260

7
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FIG. 1.1 'DRIFT PATTERN OF ICEBEMS OFFSHORE SAGLEK ;
i ‘BEFORE PRESSURE DISTURBANCE.® (DEWPSTER AND BRUNEAU, 1973)

i
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FI6. 1.2 DRIFT PATTERN/OF ICEBERGS AFTER PRESSURE DISTURBANCE.
(DEWPSTER AND BRUNEAD, 1973)

T
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o = 2
TAU = 1/C UGKK > CURVE 11+ TAUNF:= 881
XS XnK CURVE 23 TAUF = .10
g S bR RC CURVE 3@ TAUMF = 8.25 . g
i T = T/TAU No 2 CURVE 41 TAUWF = .53 )

CURVE 51 TAUWF = |.28

2.22 5.02 12.20 16.80 — 20.29 25.208 30.20° 35.00 40.20
X3t

FIG. 4.1  DRIFT OF AN ICEBERG IN NON-DIMENSIONAL COORDINATES

: DUE TO GEOSTROPHIC CURRENT FOR DIFFERENT VALUES OF
TAUWF. CURVES ARE MARKED AT EQUAL INTERVALS OF T*
OF 2. ! :
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NUMBERS ALONG ICESERG DRIFT TRAJECTORY PRESENT TIME
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20.80 22.58 25.88 27.58 . 38.20 3z.50 '

X CKMD> i Ll

FIG. 4.4 .PREDICTED AND OBSERVED TRAJECTORIES OF

52 ICEBERG #2@C DURING THE STORM WHICH
_PASSED 'OVER THE' LABRADOR SEA ON
AUGUST 21-22," 1872.
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INCLUSION AND EXECLUSION OF WIND.
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A .
SOME PRACTICAL APPLICATIONS §
rl 2 i 2 .
SA.1 Introduction ' ; el .

One of the major benefits of analog processing is the ability to
modify parameters during problem execution while observing its quanti-
tative effects on a variable. In stulying iceberg drift problems, this P il
AR5 R B e FFOEEAR AN atag s Lo Beate apied Fesetts.
tive operation with the iceberg drift being (r"lphicll]‘.y’dilpvlayerl- Typi-

cally, one can alter a coefficient value (e.g. iceberg parameter, current s

wind --- etc) while its ‘effect on the

«  iceberg drift. This technijue presents a fast and efficient way to pro-

duce 2n iceberg drift:trajectory similar to an observed track. This can /(

be used to find an interpretation of the strange iceberg behaviour, e.g.,

looping after a storm. It €an also bé used to deternide ome of the model -

s dniidasil

| parameters (iceberg parameters, wind or current data) if the rest of the

“parameters and the iceberg track are known.

A2 of Analog Computer

Probles. solution by enalog computers is accomplished by analogy,

that-is, the computer is programmed so that its circuit equations have = - i
the same mathematical form as the equations of the problem. In this ' :
, type of computer ; voltages represent various physical quantities, such

as acceleration, force, displacement and so on. It 'is necessary, there-

fore, to arrange the voltages that present these variables and their

45




46 " ' i

b edarob Changusenitl shac thay WA T paval have vsivad) Tabibs Ehes e
\voltage limitations of the computer (+ 10 volts), mor stich that. they
W11 ever change rapidly: enough to exceed the' frequency of the computer
and its recording equipment. The generally accepted duration of a
solution run is some ‘here betveen 15.and 60 sec, (Jenness; 1965). If
“the solucim’x'nk_es o5 l‘ong, errors due to integrator drift will be

introduced. .0n the other hand, if the solutfon time is too short, the

1 . of t};e nts and Equip—.
n;ent may be exceeded. 'xeep{ng the maximm valués ‘of variaples, their
rate of change in the analog model, and the duration of the solution _u}.ﬂ.-
in “the above-mentioned Limitations is accomplished by amplitude scaling"
and “tine ‘scaling”. The .techniques of time and amplitude scaling des-
cribed by Zulauf (19§6), Rekoff (1967), and Hausner (1971) were used in.

scaling the analog variables.

To illustrate the analog simulation of the equation. of motion and
the scaling techniques, let us consider .the case of an iceberg moving

under’ current. the ocean surface

slope and assuming no-wind condition, the equations of motion becomd:

du 2 . 2 g
I UERO RO NN USRS SRR 4.1

L Y 7 ;
a »c(vg ) (Ug w + (vg -9+ f(UE - ) (A:2)
G P
Dw w w ¥
where . Kk = —rmt .3

Time and amplitude scaling Were chosen so that the length unit is 10 km




- and time unit 15 ome hour. This means. that one second of the computer .-

time represents 3:Teal time of one hour. ' A.unit length in the nodel is.
Bt b Dreer dis s ee it e Tengih sealeiia s aifvolt
and velocéity scale s (1 km/hr)/volt. "
i g wah . G 3

Having ‘chosen these scales, then the requirements of the voltage
and frequency limitations of the-analog computer componehts are a1l )
£illed, S, the makiyun value of k' (Eqn. A.3) i ‘approximately 24

which corresponds’ to a voltage of 340 (10.volt = unity). In ofder.to

‘keep the value léss than unity (less than 10 volt), equations A,1 and A.2

can-be rewritten.as:

du

du LT85 R A L =
Pty (5|.|g Su) (5\:g 5u) (SVB' 5v)° - £ (syg 5v) . (A.4),
Y v (v - 5u), 50 = 5w 4 (5v. - 5v)2 4+ £ G S0y @s -
dt - 8 e 3 g :
where - 4 .
. s . 3
i o y
' =% alvays < 1 } (4.6)
fdl alvays <1 : @7

L] . /

So all the maximum values of the varisbles and coefficients in the

analog model are kept below unity (less. than.10 volt). The analog com=

. puter simulation of the above e of sotion is in Fig."

A1, " B

The programne circult was patched on the patching pannel! of the

computer. An osciloscope and an x-y plotter were used to display and
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plot iceberg drift and the time history of iceberg velocity.
.3 Practical Applications - ) ;

£,
&) Effect of Coriolis and Pressure Gradient Forces

. Somé kinematic and dynsmic models developed to predict iceberg 1

drift ignore either Cordolia force or ocean slopé (pressure gradient), or

_both. To eqtinate the error imvolved in such practice, icebers drift, in
aaepstrophic carrent darobratusd for the different cases shown " Fig.

A2,
&

) " '
Coriolis force'acts in -~y direction and the slope force in +y direc-

don. The results indicate that ignoring Coriolis force, ocean slope, or
both leads to erroecus prediction ‘of iceberg drift. The error is signi~

ficant and increases as time increases.

) Ieeberg Drift iu a Rotary Currents with Translat
. This kind of current has’ béen observed and recorded by several
investigators (Neumann, 1968). The iceberg trajectories are in the form
of 1o0ps, the size of which and the distance between them are'function
of the ratio of the rotary to the t!anﬁlatn;ry componénts. For large
atios, loops are large and cloge to eich other. Fig. A-3 shows an »
example of iceberg drift under such conditions. Only che loop i shown-
in each case. Similar, but larger, loops in the iceberg drift have been
observed by "}Uggl, et al (1‘979) in I.am:asl‘:er Sound, :Baffin Bay 1n_§me:
of 1978. ] ST 2

c) Iceberg Drift in a Periodic Current

Fig. A-4 shows iceberg drift due to a horizontal current with
“velocity time history givem by: . -

\ .

U= U, st ut L A.8)




The ‘tidal movement of water in the Strait of Belle Isle has this type of

velocity function. The iceberg moves in an elliptic loop the width of

" Which is a function of the coefficient k. Loop size is larger for large

icebergs. = #
. d) * Inertial Morion of Iceberg ) '

3, A ahoE iceberk motdon after leaving a current field with
an initial velocity uy. The family of curves show the effect of varying
the initial velocity. For these cases it must be assumed that some aspect
of the current or wind force has taken the iceberg from a major current
into still water area; Under such conditions the iceberg moves in'a

spiral pattern and its velocity decays rapidly.

Fig. A-6 shows: t)l‘e Iiceberg trajectories of small, medium and large
fcebergs for'a similar situation described above and for an initial veloe-
ity of 0.25 m/sec in’each case. . :

) Iceberg Motion in Currents Due to Inertial Oscillations

Figl A~7 l;resence ‘the drift of an iceberg with draught less bg-an

depth of the oceanic boundary layer-in a rotary current of 12 hrs.

If the iceberg'has draught larger than the depth of the oceanic,
boundary layer, D, the iceberg will be affected by the drag force of the
water below the oceanic boundary layer in addition ‘o the rotary durbent
1in the boundary layer. If the water under the boundary layer is still,

then the size of the loop is greatly reduced as seen in Fig. A-8,

=
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EFFECT OF ATMOSPHERIC PRESSURE SYSTEM ON

" OCEAN CURRENTS INDUGED BY CHANGES IN SEA LEVEL

B.1 'A'he Equation of Motion
The contimiity equation for a body of water of constant depth h,

with surface profile n (+ve downwards; Neumann' and: Pierson, 1966) fs:

1

% e 3

' : -

u s ‘the current velocity in x direction

v1s the current velocity in y duecmm

(3-1)

The' factcr (hen)* can be replaced by B sm:s, usually, 0 << h, the Eqn‘

B.1 can be written in, the form:

For drrotatfonal £low,. -
a2 LT T
u Bx‘ . -and Vi
s " i

where ¢ is the velocity potential.

Subbtituting From Eqn. B.3 into Equ. B.2, we get: .

o, 1
) ayz h 3t
i .
- o
62,2 o e,
r
; y
%,

3.2

(B.3)

(B:4)




A

{

]

59

(8.5)

. ‘The boundary conditions of this problem may be prescribed by specify~

ing the values of velocity potential, ¢, and/or water uand v °
.

@ ana &, at the boundaries. 5

o 0 gyl s

The finite element technique is used to solve the differential Equ.
B.5. B8 <
B.2 Pressure Distribution

The moving low pressure system is approximated by a function similar
to that of two dimensional: nm.<1 (Gaussian) distribution defined by:

2735 T N - .
o UL ©.6.

nx,y,€), = P, M- G
where -
N 45 ceesh surfoié elevaiton (n):
P, s the peak pressure (mbar).
0, and 0 denote the extent .of the pressure system in the X and'y
directions. | . g

s g B
G, and C_ are the components of the travelling speed of the systen.’

t' s the time. : ;

“3.3 Practical/Applications g

) shallow Water
10 study the effect of actusl low pressure systems on ocean
* currents, the actual characteristics of.the low pressure system that’
caused the storm over the North Atlantic in the period of A§nsc 2122,
1972 have been used. That low pressire difference of 36'millibat which

corresponds to a maximm rise of ocean surface of 36 ¢m. We assume the




pressure d by B.6 which

gives reasonably similar pressure distribution to a low pressure sfites

travelling at a fixed velocity. g % £

The F.E. zesh of the 1600 x 1600 kn area.is presented in Fig. B-1.
Toi casiire, of "Ehi prechore ayston; i sesul 5 mave: sl wasie: of tie
model, and the y~axis represents the Labrador Coast. The analysis starts
from the moment the (edge of the) pressure system starts to enter!the <
studied area, Since 4th£ effect of the pressure ”ey-s!eu is Iinear with -
respect to.n/h valued (Equs. B.2 and B.6) it is de::ldld t; assume 3 water
dépth of 10m (/b = 0,036). For other ‘vg‘luu of n/h, the results can be

interpolated.

The results prasented in Figs. 5-2, B-3 and B4 indicate thac the
‘aaximm vater velocity occurs under the centre of the pressure system
(at the point of maximum surface elevation). Generally speaking, the
water particles situsted on x-axis moves in a direction parallel to the
locus of the pressure centre. The water velocity at the centre depicts
the back and forth movement of th€ waters. *

b Actusl Case " ; »

The next step is to study the area of the ocun‘ near sa;lel‘, -

constdering l:hz actual profile of !he ocesn bed and an lpp!oxl.nlud pressure

systen (such as given by 3.6). The mintmm dimension of the ¥.E. model
15 ‘taken to be about 1600 ku as shown in Fig. B-5 between the Labrador
Coast and Greenland. The F.E.

the same as in Fig. B-1, .
and water depth profile is' presented in'Fig. B-6. Appropriate boundary
conditions are used to simulate the, shore at Labrador and Greenland (i.e. :

zero normal velocity to the shore }ine) and the open sea in the other two

i




4y

_ less tham 20m). Since oceandepth is about 100m in the’area near Saglek,

* 61

sides of the F.E. model. . .

The results presented in Figs. BL7 and'B-8 Hascate that the effect
of the low pressure system on water velocities is negligible due o the
Targe water depth with respect to the peak pressure head. Also it x-'zo

be noted that chc effect vnni-he- as ch. pressure system moves into areas

‘with large water depths.

3.4 Discusston and cnncxu.um
When 2 low pressure system passes over am ocean, it raises the ocean 4
‘surface and causes currents similar in nature to tidal curreats. The

current velocity is a function of }zbmvaung speed id the peak

value of pressure system. It has been foupd that the effiect of a low

pressure system i significant in shallow water (e.g., £br water depths

1t has been found that the changes in’Rurreat velocities due to the low '
Ppressure system 1s negligible. B

The -conclusion of this study is that the obgerved changes in iceberg
paths during the storm were not necessarily due to the rise in' ocean sur-

face’which was caused by the traveling low pressuxe system.
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| of 1c bergs under ‘different windand current conditions.

Runga-Kutta method. .

the

“, . 'The meed for a‘'numerical.model to predict iceberg drift arises
primarily due to‘the ‘hazards that icebergs present to the drilling
vessels and platform in.the offshore areas near Newfoundlapd and '

Labrador ., o i

- g
. A dynamic,model has been developed ‘and used. to study the behaviour

The fo:c':_et; conpliered ave dus ty-wind} Gubradt, Cortolin effects,
pressufe gradients (ocean surface slope) and the acceleration of water
body surrounding the icebérg. - Two differéat techniques were used to

,sul{e the coupled non-linear dif_fgrm:iél‘equa:ims of motions:.” 1)

analog computer simulation and i1) digital computer using 4th-order
Vi :

The' validity of this model ‘is veriffed’ by comparing the predicted
.and observed iceberg. trajectory -durifig a storm on August 2132, 1972
when an oceanographic study, conducted by, the Faculty of Engineering

mcﬂnp/ 1ied Sclenge .of Memorial University of Newfoundland, was in pro-

gress fnear Saglek, labrador to monitar icéberg Rositions uith the help

The detailed wind and current data. measured in-situ: near-

o aftar

cebergs, provided 4 unique opporfunity td verify the model and to

study the effect of each.of. the emvironmental forces.. Several trajectoriés

ard obtained after excluding each one of the emvirohmental forcel

In an attempt to obtain better understanding of the obsérved loop-

" ing and spiral motions of icebergs, several trajectorfes are plotted

s oisntan




3 .

N ! .. for lcebergh drifting under ‘the environmental conditions thought to be
responsible for this strasge behaviour. Changes in thé ocean sirface.due. ,

to low pressure syatems vere fownd, using Finite element analysis)-fo’ 2

have mo effect on'the currents, and hence on the iceberf trajectory.

This qtudy has’ demonstrated Jc‘ha importance of ‘each of the enviton- A
mental forces -included in the model. A good prediction of an icebers

{ . drift trajectory is only possible if all the environmental forces are

decounted for and detailed wikd and current data in the immefiiate vicin-
ity of the iceberg as well as good -estinates of lceberg paramsters are: .

ayallable as input 'to the model.

.
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PR - -mear’ uhippxng Toutes, ofstore drnung platforms and b\lried pipelines or

V. cables, Teébergs” vgighgng up to ten miliion tons may presenc a threat to

2t N e of ol by -ddsrup or g offshore

stxuctute5 orfstourtis botttbuﬂed pipelines or:cables.
o

Y e
™ apue of the, serious problems :hey cause to the offshore petrolem
1ndustxy, hzebergs presem: a potential snlutinn to water supply problems

Jna mnnbe;; of dry areas of the uorldvs)nch as the deser:s of .Austtalia,

nvauahlelffreshvuer resides ‘ds ice in the Ant. x::in and meland (Weeks

end Cempbeld, 1973), the 1m'.eresl: s presently im./teal'i.ng in the ututuuon

of icebergs as a source of freshwater and other y (e
- cold “uuzaumL ™
i o, ~
4 SRR o i {m:kgmund : L L.

re lcebet of the Soutbem Heatspheré are produced by ice shelyes of
}

“the Anparcblc. These icebergs are mainly of mum shapes and con be as

& vive fa cnld vater fox many yes‘u Lo

F IR

Icebexgu'uf the”Ngrt m-iremtsphaxe ire pm‘duced from-the glagiers:
2 v

~

¢ of Greenlund, the Nartheastem Cabadian Arctic, Spitsbergen, the Siberian

i Islmdu and Sn\y:heustam Aaska.. The aréas where icebergs’ are mout fre-

t:hne and. Saudi Arubia. In'vied of the fact that 85 per l:enr. of the vorld's

Lol . )aong [as 170 kn” Due to their. size amie ahnpe they are stable and can sut- .
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quently and where they n's activities are

in Baffin Bay; the Labrador Sea and. the'Grand Banks of ‘Newfousdland. These
Aeaersnase om-the average much smaller than. those of the Antarctic and

" have very erratic shapes. Tceliergs seldod exceed.a few kiloherers dn lergth
ind by the time they reach’the southctn Labrador Sea they are rarely longer

than one kilometer. OFf about 40,000 icebergs ahnually produced by Greenland

sglaciers, only am average of 380 cross the 48°N latitude (Murray, 1969).

However durin{the 1972 seasqu, a record' of 1,587 1cebergs were” counted by

Xce Patrol sbuth of 48°N latitude. Most of the 1cebergs drift over a period
. years across Baffin Bay and through the Davis Straits into the
Labrador Carrent. _This current carries the fcebergs southyard to the rand

Banks of Newfoundland.

. 5
1.2 Iceberg Hazards to Offshore

With the ‘excéption of hunan error, the-iceberg probably.poses. the
largest s, v Eastern Canada's offshore oil drilling apd production
op_eu;loné. In viéw of the hydrocarbon pnmmai in the Labrador €onti-
nental Shelf and the recent discovery of oil in the Grand Banks of, New-

’ foyndland, the need hig risen for year—re;;;‘d operations and, hence, effec~
tive protection from icebergs! Small and mediuh icebergs are towed away

while the big ones can bé avoided by moving the platform.. Dynamically

stationed drilling vessels can evade icebergs by fast disconmect procédures -

and sybsea acoustic rg»entrias. Both strategies require a method to 1dén—
t1€y'a dangerois Sceberg with suffictent ledd tive to ddopt a defensive

action. Dempster (1979) an ope 1

6 be éllowé

by rig operators to avoid iceberg collision using a hybrid dynamic/kinematic




prediction model.

A accurate wodel to predict lceberg drift will reduce the rink of
collision and the time and cost. of unnecessary towlng of 1cebergs or

temoval of the drilling: vessel.

1.3 Statement of the Problem’ B

The purpose of this study is to develop an accurate and easy-to-

_ ‘handlemodel that can be used on the deck of ‘A drilling vessel to pre-

dict the drife of icebergs.

A mathenatical model ‘to predice the lceberg drift trajectory hae a
few paranetirs vhich depend on the chiracteristics of cebergs (a.8,
mass, area under and above water, drag coefficients in water and air),
i e predicted iceberg trajectory of such a model depends largely .
“upon Shi dnfut  te the model whidh are thir gmvirorentai Barces (a.g:

wind and current velocities)., The validity of such a model is based

on. the 1 rison of the with the obaerved trajec-
tory of an iceberg under any, concelvable combination of forces. For
thia purposé, attention will be pald to the iceberg trajectories vhich
were recorded wear Saglek, Labrador, by the Faculty of Engineering,

Memorial Uniiversity. of Newfoundland, in August of 1972 during which

time a low pressure system passed over the area causing deviations

from the rejilar fceberg tracks (Figs. 1-1 and 1-2).

Though' detatled dats on tceberg arife trajectorics and wind,

.velocity is available, thexe 5" Lintred. thtormation about the para-

me:eu 9F the icebargs and the current velocity hear the icebergs

um‘ler investigations. Under these circumstam:es, ‘detaiied analysis




check the validity of the model.
=4 &

i . o
1.4 Thesis outline g o O P ; . j e
Chapter 1 1s an dntroduction. o
5 " )
Chapter 2 presents the review of previous field, theoretical and
experimental studies on iceberg drift. Tl . 7
Chapter 3 describes the mathematical model ‘and the selection of the - LT [
lGE Phesbey 160, e Radely i ; ‘
5 : : 4 J
Tu chapter 4 a detailed gtudy is presented on an observed icebers i
-'asife trajectory (20, Fig. 1-2) with an frregular U-turn that took ]
plece during & storm. A paremetric study on en iceberg drifting ida
steady : current s in . i
Chapter 5 presents analysis of the observed trajectories, discus- i
sfon of the results and concluding Femsrks. e % } &
¢ » i
|

1s carried-out on iceharg trajectories where detailed information about

current data is availsble and an effort is made to estimate Aceberg

using ed in the 1 >

Finally the-results are compared to the cbserved trajectories to

Analog ‘computer simulation techniques as well as some practical

applications including looping and spiral motion of icebergs are pre-

- Vi a )

A finite element -:udy on the effect of changes An-orest EEfite ‘

sented in Appendix A.

elevation which are caused by low -m.p\um pressure systems on the

ocean current is'presented in Appendix B.




" 2.1 Fleld Studies

CHAPTER II . )

REVIEW OF LITERATURE

“Smith (1931) p:esenteﬂ general drift patterns of icebetg motion under

the influence of ocean currents and Hind generated currénts based on fce-

' berg observation fear the Grind Banks. - Post (1956) has shown that the

drift of icebergs in the North Atlantic 'is mainly due tl:)'the rEL!tvlve
stréngths of the Labrador current.and the Gulf azream.‘\ Kollmeyer (i969),
Bevsieai s Dempster (1971), and Dempster and Bruneau (1973), indicated
that water ciirrents are the primary driving force. Teebergs with large
draughts_ ite found to be- influenced strongly by décp steady currents vhile
enall bergs are more sensitive to windoinduced surface” currents. .The °
direct wigd force on the above water portion of the iceberg is' considered
to be significnnt if the wind speed 1s. greater than fifteen kofts (7.72

m/sec) and its direction is constant for periods of the order of days.

Dempster (1974), carried out ‘field obseryations on éighty icebergs
and ocean currents near sagiek Labrador, in 1972. The study indicates

that the main influence ‘on iceberg motions is the strong Labrador current,

the semi-dfurnal current,a aeccuduty cuprent tesulttig from a bobton

" €EEedE, Eud) foi.a BELSE period, inertial currents resulting from the

effects of a severe storm. " Vg : i

‘Russell (1973) presented field measurements of the ‘current off the

coast .of Newfoundland which were found to be rotary with periods of 15.5

hrs., almost equal to the theoretical period of inertial currents. The

study of measured iceberg tracks indicated that the:loops made by icebergs




e hapne

could be caused by inertial current effects.

Soulis (1976) studied the cross-correlation of the iceberg drift with
the wind and current forces using & klneastic model to approxinate the
dFnmmic equiticas of Sotion by aaswiibg that ihe foebery.velocity wouid ba
the oum of the mean.current velocity and some transformation of the trans- .
latory compoment of the current. The study. indiceted that the itebers

moved 2.5 times faster than the current at depth of 13 meters.

Risdell, Riggs and Robe (15173 cxporeed o8 WiELaLa study on two ce-
bergs, and.‘wﬁ a laboratory model. In the £e1d rudy two icebetgs were:
. tracked for a nunber of days while drﬂk\l&l were used to Iel ure the cur-
\ rTents in ‘the Vil:!.nity. ‘The l'ela[ive dl‘iﬂ’—l between the icebergs.and. two .
' ! divgues (one nexx the surface and the ofhio- st a depth bf 100 i) were B {
Tecorded. The analysis bf the resulty indicated that the fceberg moved % J
i )~ mgra cloualy to tha desp diogus aid vhat o stwpls’ Correlntite wAth the 2

local wind field was found.
N

Ettle (1974), reported on a field observation by the U.S: Coast Guard

"on eight icebergs in the period of 1965-1968. 'lz»‘v-. found that at low

wind speeds the effects of ts, older én currents

and tidal currents predominate over wind dn'g and new mdrdﬂvm currents,
vhereas -at wind speed of over :@ Kaviaithe wtad hik.a significant effect |
on'the drift of an fceberg. The utia of the drag coefficient fuz the

iceberg's above water portion to the drlg coefficient for its lubmel'gad ot

portion was found to range from 1.5 "tox ‘atiiong vind. to Approzima:qu 7 -

for weak winds.

Riggs, Babu, Sullivan and-Russell (1979) reported ém a- field study

\
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‘carried out in the summer of 1978 where four hundred icebergs were tracked

by a radar ‘station for periods of up o 275 hours. Iceberg size and shape
as well as current measurement were obtainedfy A’'general relationship be-

tween' the current pattern and the'iceberg tracks was observed. Some ice-
= : B v

berg tracks, however, exhibited significant looping ‘and curving during and
after the passage of low préssure systems through the area. The gyrations

7 ’ -
and periods of these loops were much larger than those reported by Dempster

(1974) and Russell (1973).

dcebergs observed along the Baffin Island Coast.were aground from 8% to

73% of the time.  Maxinuii daily average speeds wére £0nd to be about 0.6

m/sec. The drifts were found to be rall twise in a sg

direction. . E . i

2.2" Theoretical Studies

Schiell (1962) estlwa:ed the drifts of 1|:ebetgs due to. aceai: currents

and currents and, ind: d that wind has a significant effect

on the ‘drift .of the icéberg if it continues in'one direstion over a long

pertod;

Murray (1969), discusned the factérs that affect the dtifts

bergs and pninr.ed out the efficdency of the sraristical approach in the

deterntnatign of ‘their drifts. - E 2

Cochkanoff, Graham and Warner (1971) studied iceberg fotion under the

effect of water.currents and Coriolis force. An analog computer model was

" used to solve the differentfal equations of motion. In the mathematical

3
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model, the damping force was agsumed to be proportional to the square of
;21alive velocity of water current with respect to the ‘lcéherg. The ‘re~
sults indicated that for large Coriolis forces relative to drag gnd iner-
tia forces, the motion bécomes more osctllatory’ before uppraaching the
cur'rent direction.

Sodhi. .;nd Dempster (1975) presented.the Fesponse of icebergs due o
changes in velocity of water. The eq\la(icns of motlrm were derived by
assuming that the vater drag force is propor(ional to-square of relative -
velocity of the water with respect to-tlie Lcebergs 4nd assuning that lce-
hergs respond mainly to cun'ants, thus neglecting the effect of Coriolis

* forces. Txact ‘solutions were obtafsied M. ivo casés ~ rotary tidal cur-

rents gnd sudden change of £ translatory current valocit
v S

cheem and Aﬁuju (1973) used a kinematic model to amalyze the nvau—

able data on t:eberg drift in-the Grand Bunks./fn this modél’the velocity
of iceberg is assuied to be directly propnrclonal to current velm:uy.
‘Baued on the study, auggestinns have been made to improve the future data

colle:tlon activitied. . " "

Hime el FI973) 3 bse avalonediasnomes 1ol smidel s predict iceberg
drift, A fourth order Runga-Kutta T used to. integrate the
equations of mo:io:ﬁh consider iceberg-acceleration, thé water drag,

« the air drag, the Coriolis accelerbtion.and a sea aukgan:?1np= terms |
Testing of the odel over long pericds of time using ohser}ea arifts of,
dcebergs suggests that model error is Bomewhat randon tn nacire and beoh-
ably originaced fron inaccuracies fn the current and wind information. sup-

plied to the model;

L=




. to study motions of spl and cubical [~ {rae

. the inertial into the

i (1979) pi several cal dynamicmodegafor pre-

dictiom of iceberg drift. In addition to the enviroumental loading, ice-

berg rotation and L I water rakeén into ¢ for

_the arift on. The resulf that iceberg rota-
tion can dramatically alter the drift and that Coriolis force has signifi-
cant effects on iceberg drift. . \\
2.3% Experimental Work o

‘Russell; Rigge and Robe (1977) described' a laboratory model designed

objects made of

paraffin wax whose specific gravity vas roughly,the same as that of ic

bergs. - vere with o d'models with a trip wire

attached to ensure turbulent flow in the boundary layer. The results of

this study and the field study described above indicated that the.values

of. y drag f [ e 1n the model study were

lower than values norsally quoted for iceberg motion. This is due to the

inclusion of the inertial term in the drag force eguation. It was pointed

out that the practice of igioring the inertial drag term and incorporating

24 L may lead to [
-drag force s

e
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i g ICEBERG| DRIFT MODEL. . S
T ;

3.1 Mathematical Model / | .

Iceberg motion is the net ‘l‘resulvt of a wide spectfum of forces whlc‘h
vary with time and space. Soie of these Eotces: ard e vo Eraviby; prie-
sure ‘gradient, wind-drag, water drag, Coriolis agfeitn; ey madawaiiss
Since this study Lo matnly con ed with the Horizontal movement of fce-
bergs, only the horizontal components of these forces need to be consid-:
ered.” Wave and swell forces #e generally neglected as ‘thele magnitude
is emall I T P .:hg‘h‘ori'z};‘nml difictiogs. e
Sathematical model, dascribed in'jthe preseat study, takes into account Fhek
significant envixomen’t‘ul.forces“dua to vater drag, wind drag, Coriolis

acceleration ‘and sea surface slope (pressure gradient).
\ : . ol

& The drag force due to the water drag is proportional to the sqiare
of the relative velocity of water with respect to the iceberg. .The con-
stant of proportionality depend upon the size and shape of the under-watér

portion of the iceberg. -The current is made of many components, a few of

Which are the current, the dr currépt, inegtia current

and-tidal current. The dis fon of ‘the. and _of ‘the

various current components varies with depth. Hence, the ocean 1s consid- .
/ . s

ered in several layers, and the water drag force is ther obtained as the

vectorial sum of the drag forces in terms of relative velocity of current-

with respect to the dceberg in each layer. .

The magnitude and diréction of ‘thé wind dzdg force depend on the size

and shape of the above water portion of the iceberg. The average ratio of

. N 10

s : . CHAPTER III % k
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the fceberg velocity to wind speed is about 0,03 (Murray,.1969), so that the

relative velocity of wind with respect to iceberg is tnkan< be the wind

velocity itself in the-expression for wind drag force. -

The Coriolis force, caused diie to ‘the rotating frame of reference

with the Tarth, tends -to move the dceberg and the water surroundipg the

iceberg'to the Tight of their path (clockwise). in the Northein Hemi

In'a' geostrophic current, the pressure grndient force qué to asloping Sea
surface balances ‘the Coriolls force due 6o ‘its novement.". I¢ the iceberi
motion is. fot along a geoltzuphic current! ditection, there are two forces
acting o the\iceberg:" the Corlolis force ‘due to its movemént and the
pressure gradient due to the sea surfata slophs T ‘thel presenestudy, the
predsure gradient force in-each layer will'be expressed as the megative of
the current's Coriolis force (Hountain, 1979) which is equivalent to ex-
pressing the Corlolis force on the iteberg in terms of the relative velo-

city of thé iceberg with respect to the current. in a particular layer.

" If the water around the icas®rg is accelerating due to some férces,
the ‘same forces would also'beacting on the iceberg to dccelerate the. ice-

berg. So the force balance term must include a term which takes into

account the force accelerating the water mass and the iceberg at the same

time, and' this force on the iceberg will be equal to.the product of mass

of iceberg and acceleration of water s\.uqunng the iceberg (Bayly, 1971
A

and Napoleoni, 1979).

The equation of motion taking all the abovd mentioned forces into

account is writtén bel the, component. form:

et

i
!
|
|
!
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+M’f(v—‘7))i-2 Coa B (3.1)
25
i j-l ( cwp CRUREH sjq-lj By
H »
; STl
- )(’l (u - uj)), +_ 7 3.2)
(3.3)
.'Sf i (3:4)

= pol’.tlnn of the iceberg (x and y ‘axes are in the direc-

tion of east and north, rupecmﬂy)

= components of the iceberg 1a=1ty in the x and y di-
mum. Tespectively. -

= w-pauuu of m current velocity in the j:h layer.

= time. < 2

= mass of the xc;bexg and the added mass. A P

= mass of vater displaced by the icsberg in che Jehi layer.

- rh'-! bo-ffinian! of the iceberg in wn:ax and -1:. renpel:—
tively. :

= density of u.e;x and lt!,‘reli:u;tiéely.

= cross-section’area perpendicular to the Current direc-
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tion in the jth layer.
A - -section area p 6 the wind

of the above water portion of the lceberg.

=, w2+ (v, - w7, the relative speed of current

with respect to iceberg in the jth layer.

@y, By - components of water acceleration in the jh layer.'
£ =20 Sing, Coriclis parameter. -
.Q angular velocity of Earth rotation.
[ = latitude. ‘ p
S = wind speed. i
] ’ - dl‘rectiuvn of wind measured ln:l;blnckviag‘ from x axis

If the patameters related to tie iceberg are known, -the above set of

equuonn‘ may be integrated .pruvided the current and wind data are supplied .

as the foreing function (6r impuc to the model) to oBtain the respomse of
the model 1n the form of the iceberg velocity and position. “Siice the set

of affferential ki, cmpu\m non-linear, ic da expaditious to

i integrate them with the help of a digital computer or an.analog computer,

and both of these cu-puur- are used in the present -zndy. The :unu- of
the analog simulation are giver in Appendix ‘A. _The 4th- ordet Rungé-Kutta
method 1is used to integrate the set.of equation, 3.1-3.4, with the help of

digital computer (PDP n/bo) along withi ‘a plotting facility.

3.2 sumzm of :h- Icebergs Vndet Study

| Since the ma

, ‘4rea and drag coefficients of the 1icebergs . under m.dy
are not kaown, these values are choogen from the range of values quoted in

literatute,and this

ction the ‘manner 1o Vhich the parameters

uu;’ in r.hé'prennz study are -selected.

3
-3
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¢ a) Dz!ﬁ Cnefficien:
| It has been shown by Hoerner (1965)‘thut the dug coefficlents
in vater, Cp_, and in gir, G , depend on the!Reyiolds number, Ry:'The'
5 ;:glues of R for icebergs are of ‘the ‘order of 10’ (Tntbrnationl Icesgatrol, .
| 1960’ . The stiytten reported By the Tntrationsl Ice Patol indicated that'
the drag coefficients.must be higher ’:/hm 0.2 but not h‘ighe.x than 1.0'and

that the drag coefficient ratio for'in air to water lies betveen 1.0 to: 1.5.

Ettle (1974) found that this fatis tanges from 1.5 for strong ulndn P

=
abnut 7 for weak winds.” In'a study on iceberg towing Chirivella nnd Mlllex“
(1978) found out .that R, for. ln water. 1s abuut 9 x 10 and for 1n s:l.t rmges
from 10 to 109 and the wrrespﬁnqhg vnluu of C .and C e 1.0 and 0.9 "

xespec(ively- Ban.ke ‘and’ Smith (1J74) towed small ice‘bsz‘gs on ‘the’" Labrador

" Goast and. obtained 1.2 as a medn vnlue for. QW um\ a's aidard devﬁstion iof

Similar. studles carried cut by. Weeks and ClmpbelL (1973) large

0.2
lcebergs indicated values of 0.6 to 0.9, " Iu another 1eebe!g twing mq)eriment.
Dempster (1979) found that a- vzlne of CDH tlken ls 0.5 to 0 7 prodﬂca t.he
correct trends of motion but a value of 2.0 .!chieveddl\e best, Fin betueen '

© the’d puted and actual, data. The, bigh-valua of G 80, his oplnién 15"

factor to cor

Cand a

_pn;b ‘j\y, a. of a drag

pensafe for errors 4n the estimation of the systen parameters.

Russell et al (1977} indicated that values of C ' that must be used in '
prediction of iceberg drift are usually very high because steady-state . "~

“are 1

Such y ble to take 3

conditions- are assumed.

‘place unless there 18 no relative motion betvee.n the h:eherg and thz vater in

‘whith case, the drag force is zéro. [Tnstead, the iceberg must accelerate and: . , ..

‘décelerate :onzi.m-‘nugly. They. conciuded that the practice of fgnoring. L=




choser from this table.

o 15

©.. e inertial drag term and  the inertial it ‘into the

‘may 1e‘m to’ is drag force cal

It can bé ‘concluded that water drag coefficient’ for Lceberg calcula—
tions ranges between 0.6'to 1.2'dnd that’ the ratlo Cpg / Cpy. 18 Gome

where ’urmmd 1.5, - e

It has been decided to use.a value of nw of 1.0 and Gy of 1.5 regard~"

" less of the size and shape of :h: <iceberg.

b) ‘Added Water Mass ./ 3

(T =l
The concept of "added water mass' is introduced’to accouat for

inertial drag. 'Inertial drag arises becansesof the accelefatién of the

5 'y p :
. £101d atound the object. The object behaves as if a mass weré added tb

it. The added water mass cau be determined from the potential Flow ‘theory.

The added mass in our model is assumed to' be half»the mpss of iceberg

- vhich agrees with measurements made by Hamilton and Lindell (1971) and~

calculations made by Lamb. (1879)' for spherical and cubic objects:

c) . Iceberg Mass and Area

Iceberg parameters needed for the model are themass and the cross—

sectional jarea in each water layer and in the air (Equ. 3.1). This infors

mation :cannot be obtained operationally for each icebérg. 'Instead obser-

vations made over a number of years have been used to establish seven
classes of 1cebe:gu “which could be dls:inguished from Al‘!l:l'!f[. ‘Tdble 1
orbcaraicene avirage AT AR RS SHBNEUAT LN L Tt L

1ished by Mountain (1979). Iceberg paramsters needed for this, study are

'

-

e




troduction - % % Y

in the first.part of this chapter, a parametric study of the: icéberg '

drift model is presented in which thé trajectory is obtained for an ice~
‘berg drift fn a steady l:urzgnt ucnmiug from rest. This study shows :l\-

dependence of the iceberg :ujectury on the yaramer.ers bbtained by wzl:ing
! 1

the equations of sotion’ 1n a unn-dxmansional forn.’
. 2

In r.he second part of this chapter, the verification of the fagfiery

drift wodel, presentP.drin thé previous ‘chapter; is xr.telnpced by rmaiag

‘ - the trajectories predicted by thé model with that of iceberg #20C observed

near Saglek, Labrader, 1n<i972. The d’aka used ds input to the model are
the current ‘and wind data obtained in the field.’ The Comya!isnn “between

[ %o tea prete et as oblewed iceverg trajectories is good.

£ " 4s2 " ‘Deigr-of en'Tosbotn Srarting from Bstiins Usifhrk Cacrent

Iceberg. grounding is a frequent occurence, and in fact “icebergs have

‘been cbserved to remain grounded for the 40% of the observation time

(Robe, Mater and Russell, 1979). ! mha Tiabetis sonecines becone Toos, and
start drifting agatn which provides the motivation of this !tudy THe
N trajectory of an I’pe‘berg tnder the. influence of nnly a' uuiﬁom ‘and steady

geostrophic current in the x-diréction, U, is governed by the following

equations of motion which are obtalned from equations 3.1 and 3.4 assuming

the water colum to havé a constant vélocity at all depths,

U e & B —ng(u—n)/{,n—u) +v2 i 4 " @ -

k.i---—..' i A




17

dc

& TR < ) G- Dy
(4.3)

(4.8

where

* the initial values of x, y, u and v aré assumed to be zero at the begin-
ning of the integration process. The above set of equations can be writ-.

ten in a non-dimensional form as given below:

= ey e E e s it a @.s)

ot Z A2 wrgaead) DT “6)

o L ; et
Pt " : SEER <)
e e et

= /U, £ =t/t, x' = xx.and ¥' = K.

where  ©.= 1/0c, u' = ufU,
The po-xmm. of the iceberg (x'; 7') are plotted for variéus values of

<f in Fig. 4-1.  The positions of the icebergs are marked after intervals

" obtt m2st The parameter Tf takés into consideration the ‘Cortolis factor

and the, iceberg characteristics such as mass, area under water, density

and dfag coefficient. The raige of values assumed for Tf have been com-

. puted from the values given in Table T for area and mass of icebergs.
‘Thesé ploes are similar tp those obtsined by Cochkanoff, et al (1971)-

’ nsing analog similation of the problem. 1.'1:‘ initial motion is the result-

ant of the forces due to’ the water drag,and the pressure gradient (the sea




i fgogether iith the. Canadian Ammed Sérvices, Maritime Command, collected . {
1

o

of their activities has been described by Allen (1972). Icebergs were

- current’ meters’ were nstalled at depths of 13m and 75m at each of these

siicfacé slope) causad By ‘the! jeostrophic cirrent. As the iceberg picks
up speed, the drag force decreases, and the Coriolis fofce 1ncre\é\sgs to
:uunterbalanc; thie pressure gradient force. . The initial wavy motion of
‘an lcsberg as déplcted by cupve s fn Pig. 4-1 s the result of {nteraction
of the pressure gradient. force and the Coriolis force. . After a_long time
from the start of the iceberg mcr.iun, the trajectories become straight in

a steAdy—stnte darife,
- w % i
4.3 Study of an Tceberg Trajectory Near Saglek

In August of 1972, the Faculty of Engineering and, Applied Science of

Memorial University of a’ an

7 7 .
tion collecting ‘data on iceberg'drift, cuirents and winds. AYfull account

tracked using a radar installed in a shore station at Saglek, Labrador,

while the C.5.S. "Dawson" provided by the Bedford Institute of Oceatography, 4

” oceanographical and metrologi¢al data in the vicinity. A total of one

hundred and ten icebergs were tracked, some for several days and others
f£or only several hours. .The scientific party aboard the "Dawson" obtained

extenslve: data on currents st fonr Jocations. e ehovn in Fig. 4=2. The i

four locations, and three additional current meters were installed 10m §
aboye the ‘sea bottom at locations A, B and €, shoim. in Tig, 4-2. The

data obtained -from the current meters is presented and tlanalyiad by Holden
(1974)." 'His conclusions are ‘that the curfent at Saglek oscillated with

“the tidal period of 12.5 hours befdre the stoim of Augu_;: 22, 1972, ‘and

the oscillation period after the storn was imertial for current meters
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close to the surface of water. . This suggests that the storm influenced

the £low conditions in the oceanic boundary layer. .,

The iceberg drift trajectorles obtained before, during and after the
storm along with the cyrrent and wind data present a unique opportinityes”
to. test tﬁe, iceberg drift model. The information related to the shape,
iea s aress, Shove ie LN wate: okt (beEas VadeE v estization
are” not available, and ressm‘ublev'v.uues &f these ‘parameters have been

assumed from the data quoted in the literature (Mountain, 1979).

In the following, we present .the results of ‘two s’r.udins‘ based on
this set of data and their main conclusions. Later, the discussion is
continued with the results of the present study..

) Soulis (1976) used the drift data of approstascaly 33 issharge
to détemine a vector cross-correlation between the iceberg drift velacity

and the wind and currént data, -Although detailed behaviour of an iceberg

‘is highly individual, Soulis (1976) concluded that, in general, “the ice-

berg studied:

1) moved 2.5 times faster, but in the same direction as, the mean
current experienced by the deeberg at 2 depth of 13 meters. -
2) had a tramsitory velosity: sonponent whick squilied 0:5 of the

fransitory current experienced by the icéberg at a depth of 13 metérs

and-lagged. 73’
/ 3) had a wind-induced vélocity component equal to 4% of and 25

degrees to the right of, the wind velocity:"

The above conclusions by Soulis (1976) have been arrived at by corre-

lating the .iéeberg drift velocity with the current data: obtainéd at 13




(-,‘___;.‘

20

meters depth. These u-ﬁ{.t- should be used with care because an iceberg

extends below the oceanic bol

layer which is about 30 to 40 = deep,

‘and the curreat data on the 13 meter level would be an indicator of current

composition i the boundary layer eoly. A siaflar cross-correlation

. betwee the icebet‘ vdncl.ty vectors and :h\eqtnd and deeper current
velocity was not attespted perhaps due to malfunctiois-af the two current
seters at 75 acters. beloy ‘sea surface level However, 111_.: the curreat

meters 10 meter above sea botton were operational and, perhaps, cross-

coxrelations, between the current dats obtained from thobe current meters

and“the iceberg drift velocity may have been meantngful.

" b) Dempater and Bruneau (1973) nave given general uplu)mtinn
that the dcebergs move under the inflience of currents which cause them
to have trajectories in the. form of loopé and spirals’when there is weak
or mo wind.

As mentioned earlier, the storm which moved over the area

on August 21-22, 1972, caused

in the
of four icebeygs. Dempster and Brunesu (1973) suggested ‘sn.explsastion
for these deviations to be the effect of currents u; up due :u‘ changes
in the sea surface elevation ss the low atmospheric pressure: zome passed

.over the area, For a motionless sea and homogeneous watér, the chamge

1n height. (h) of the sea surface is related to the change in the atmos-

‘pheric pressure (P) by the expression (Neusanu and Plerson, 1966).

Sh(cms) = ~AP,  (mbars) b

(4.9)

‘The above, expression shows that in the areas of low atmospheric pressure

the sea surface level mist be higher than the mean sea level, and vice
versa. Although the inverse pressure law is not strictly applicable to

a_dynaaic, non-homogeneols. ocean, it does give an indication of magnitude,

7

" i
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‘of dt ince caused by an

1 B
When the ‘sea’ surface level changes, the currents are sst up to sat-
isfy confinuity, and the equation of continuity is written below (Neumann

and Pierson, 1966):

(4.10)

P

where u and v-are ’r.he Rorizontal water velocities in the x and vy direc—

tions, h the depth of ocean and n(t) is the change of sea surface level '
g g o ! - v

above the mean level at a particular time t. During the storm, the atmos-

pheric pressure f£é1i by a total of 36 to 38 millibars in about 6 to 8

“hours which'Would fesult in-a very'xuu rate of change in sea surface ele-

. vation (—’l).  Purther, the depth of ocean 1s in.the order of 1004 and

more which makes the right hand side of equamm 4.10 insignificant. A
detalled Finite element analysis was undertaken to solve equation 4,10
taking various océan depths ints consideration; and the resultd show that
the currénta developed 46 b angee i sba-surtass Teveliare dasrfatble
when the ocean depth is in L_ha order of 100 méters for' the same approxi-

mate conditions as those prevailed during the storm. The details of this

- study are given in Appendix’B, . -

©) ‘Present Study
3 /

The'only other reason for the complex iceberg trajectories during

the ‘storn cad be. the diréct action of the wind on the sails of ‘the ice-
bergs and the indirect action of wind on the oceanic Bhtaey TaaEIEa
sulting in wind driven currents which in tirn affect the iceberg sotion.
Figure, 4-3 shows the cpntours of atmospheric pressure system before and

after the crossing of the storm ceitre through Saglek, and'it alsp shows
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the reversal of wind directions during the storm; It is for this purpose 4

the present study is undertaken to develop an iceberg.drift modél and i
'/, compare the predicted iceberg trajectories to the observed ones. The i o)
s 4 !

sources of these:data’used to'run. the model are given below.
(1) Currents : N

As mentioned earliér, the cirrent data is obtained from meters

'installed at four locaticns; A, B, C and D'(shown in Fig: 4~2) and at " 2

three different levels befow the sea surface level (A B;,.C) and D, at ‘

oo 1m0 Ay, By G and By éc'75m'and Ay, By C5 10 meter above sea floor,
" which are 165n, 146m'dad 176m below the sed surface at.locations A, B and
G raspestivally: o1t byt fetire A, énd B, recorded only the current
‘ - direction and ot the magnitude due to seme'malfu‘m:tinn of this instrument.
The ‘data used.for runiing the icebers drift ol yang L /dh:ecl:iu-/z\s

" measured' by A, and B, and the magnitudes measured by A, and By. This is

~Jigtified becayse "the magnitude of the current is

conatant betueen the top and the bottor whnants loupdsey Sayars:

5 Since the iceberg drift model mnslders the vater column 1n tvo
layers, the ocean boundary layer extending from the ocean surface to *
about 40 metera depth and’ the deeper layer from 40 meter depth to the

ocean bottom, the current in the deeper layer is assumed to be geostroph—

ic and constant with respect to depth for ouf calculations whereas the

eiszat Laithe boundary layer is assumed to be the vectorial sum.of geo-,

strophic and wind' driven currents. Aau\lmlng that the. structure of the

afiie, o wind driven currerits to be'in the form of an Ekman spiral, we can derive

the ‘information about the direction and magnitude of the water mass trans-

port from thie current meter data located in thé boundary layer and in




: .- " deeper water.

If the wind shear stress vector is acting in the +y direction (i.e.
to the morth), the wind driven current velocity components to the east
and north, u and v, are given by the following expression (Neusamn, 1968).

=y e M/D)Z
B

v v D s~ iy o 5 (611)

cos (45% = mz/D)

where D = 36.7m/ /515, V, ‘represents the speed of the sirface current, 2
the depth below the water surface and ¢ the latitude of the location. The

above current distribution is known as the "Eknan Spiral':

|

The latitude of Saflek is 58.5°N, and the depth of boundary layer {5

D=39.7 meters which is approximately -equal to the depth of mixing layer J

» as s evident from the contour 1lines of the measured STD data (Allen,

y . 1972). The net water mass transport, 5, and S In the casterly end

. northly directions dcross 1 cm.wiith are given by (Neumann, 1968).
- Von e
s =P3s ’ : a4
- "y s =0 . 3 (4.12)
This 15 a remarkable result which states that total water mass transport
16 directed 90° to the right of _the wind shear stresy dlrsctronu tha
. Northern Hemtsphere .and to the left of qfi wipd shesr“stress Vactor' direc- ,* -
g t1on. in’ the Southern, femisphere. The nMt_effect of wind driven curreats. .
on the motion of an iceberg is to integrate the drag f;am_. at different
levels ‘in the boundary layer. In this thesis, it is asswed that the

boundary layer has a unifors velocity such that the net water mass trans-
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port 1s egual to that given in equation 4.12 and the direction is 90°
o the Tight of thelwind shear stress vector.’ Thus, the average water

velocity component in the boundary layer is o = 0.225V  and v =0.

Using equations 4.11, the velocity components at 13m below the sea sur-

_face level are:
S0 w=0.38 V, Cos(+13.9%)

. v = 0.358 V, $in(-13.9°)
Hence, we obtain a factor, equal to 0.628, éhich s the ratic of theé
magnitudes of the average velocity in the boundary layer to that at 13m

level, and the difference between their directions is 13.9°.
¥ The following procedure is followed to calculate the input data for,
the currents in the model described in Chapter 3 to predict the iceberg

_drift trajectories. Let the measured velocity components at the 75 meter

depth by

esignated as U, and ¥, in the easterly and northerly directions,
respectiyely, and let U, and ¥, be the designation given to the velocity
data st.i3 meter depth.. The iceberg drift siodel needs the input current
velocities at two layers of the water column U, V) in the h,gl;ndnty layer
and ﬁz, \'12 in the deeper layer. For the deeper layer, the input velocity

' data 1s taked o be the same as the medsured velbcity, i.e. U, =T, P

v,

= Vg The average water velocity components for the boundaty layer

"f taken as follows

2k e
n.m[(u_-’u') Co8(13.9%) = ) $in(13.9%)] + B

v, = 0.28L(U ) S1n(13.9%) # (V¥ Cos(13.90]+ V, - . (413)

S




" velocity and then adding the geostroplic componefts to obtain e wizage ,

B, respectively.

The equation 4,13 effectively performs the, operations of adjistment

of magnitude and direction on the vector of the wind generated cprrent

velocity In the boundary layer:

| stmce khe current velocity vary spatialiy as well as, teaporally,

the ‘current dafa is interpolatéd from the curren:u.valuea“ut cone'pt;nding
depths ai locations A and B to predict the.trajectory of d particular. ice-
teEE denignated 45 200 whoow dutit vt Happensd to ba’ losa o tha cuzs o

rent meters. A cubic interpolation function is used to- give more weight

to the current meter closer to the iceberg: . : ,
Disterpoiatan™ Ua F ¥ U 01-F)
where B o 3EE 0 ag0 b ey, e jeey - " 20
. " S M Ao N ;
Uy Uy = data from current meters' at A aad B respectively. U

¥, Y, = ordinates of the iceberg position and locations A and

(i1) - Wind Data

At first, the wind data was obtained from the atmospheric

pressure charts obtained from Baviroment Canada (Gender office), The

interpretation of these six hourly atmospheric pressure data was done

by, an expetiencéd meteorologist -(Mr. Duncen Finnayson of NORDCO Ltd., -

St. Jomn's). The wind data thus “obtained gavé a good ideaof the wind

apead and directions.

PRSI oo _speed and direction at the sea surface are
requiud to run the iceberg drift model, we cbtnined the wind data from *

the log books of C.S.5, "Dawson" where such duta was, recorded at'2 to 4

SRR _.V,T‘_4_4.¥..:..:\_..«_._.A iz S ot




hours interval. A linéar interpolation is used ‘to deduce the wind '

and direction atan intermediate, time. \
s ]
|7
4.4 Results . . ’l
Since :hz mss and other parameters of the Leebérg ‘are not kunmy

the trajectories of 1ceberg drifc are obtained using small, medium and

. large mon-tabular icebergs as gwen 1n fhble 1, and Figs. 4% and 45

show the px«&czud trajectories n'long with the observed :njec:ery of

iceberg #20C during the storm S Saaa e the area .on August 21-22,
1972. The predicted trajectory of a medfum non-tabular Lceberg (Fig. 4-4)
gives, & good, £t i the ohsadived ‘Erajetioryy end thus the iceberg #20C is

assuned to be’ asiedium non-tabuldr icebers.

Fig. 4-6 shows two préql:c‘eﬂ dceberg trajectories when the iceberg
is driven by the wind alone and by the currents alone: Fig. 4~7 shows
two iceberg trajectories when the iceberg is driven by geostrophic curs
rénts only and by geostrophic curresits and wind cogether . fn thege two
% figures, tlfe effect-of excluding a particilar enviromental force, can*
“be seen as the observed iceberg trajectory is also shown there. Itds
evident from thse remits tht curzents and wind have significant effect

on the iceberg drift.’

Fig. 4-8 shoys ‘the effect of including and excluding the Coriolis
force on the predicted iceberg drift. trajectory. The CoTiolis. force

nust Be included in’ the cal

for' a good predicti 1ceberg

trajectorys Fig., 4-9:depicts the effect of inéluding and excludifg the

“water acceleration id the drift model. Thoush the net effect of excluding

water acceleration teim is mot large, a better drift trajectory is obtain-

i ki ki i
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w
ed in this case by including the water acceleration tem in the model.

3 \
Finally, Fig.4-10 deplcts two predicted iceberg drift trajectordies

¢
when equation 4.13 1s-used to estimate’ the average water velocity in the

boundary lajer arid when the current data at 13 merer depth is used as

Obtatned ‘(dee., Uy = U and Vy = V). As it is evidest from ‘the results,
the cirrent data at'13 meters depth alome does not givé a good prediction
of ‘iceberg drift, and this data’ along with data at.75 metérs depth has to

be used to estimate the wind gemerated current in the boundary layer.

4.5 Discussion of Results

Asentloned earl 6k, one GF the objestives of this investigation ia
to amalyze the observed . drift trajéctories to find seme interpretations of
some of the sbserved strarge behaviour of 1c;hexgsb (looping, aptral motion:
and 1rregular U tun\s) . A detailed stud‘y 18 presentéd in the previdus .

)
section o= the cbuervad ice\:erg drife ‘trajectory f20C with an irrégular

_ U—turmn that thok place during the storm. This study vas feasible becmas

the iceberg noved dn the vicinity of two curreit meters (F1g:U2) and,
bence' datatiod data o currents ‘conld be obtatned. Tnfortunately, mo’
sinilar data is available for iceberg trajectories withloops. The ldoping
motion either took place in locations far away from current meters (e.g.,
tracks #10F, 11L and 136'tn Fg: 1-1, -and 178, 17D and 198 in Fig: 4-2) ox
close to a current meter but at a time where b girrent data 1z svailible
(6.5, track#7M; Fig, I-1). Therefore, detailed analyses, similar ‘to that

performed on trajectory #20C, cannot-be carried out for other trajectories.

Hovever, a better ing of thelooping motion can be obtained by
studylng 'the ‘behaviour .of iceberg under the same enviromental conditions

suggested to cause looping motion and other Gonditdions under which icebergs

-




'(Pernnnl Cmunical:!.un, 1980). The !esd.'l.cs presentg__, in Figures 4-6 to

e

Ju & .
vere’ réported to have spiral sd Looping motins. A decaued scconnt of

this study 15 pxesented in. Appendix A, and the. 'helwvlour of il:aberg! during "*

the stofn that passed sver saglel on Augus: 21-22, 1972 is dlscusaeﬂ below. &
l}

Fle i gutensins somin of the fecherg trajectories that were: dist\‘nbud .
by the storm. Generally speakifig the icebergs moved back and éoxch fornthg |
elther I-turns (20 aid 200), or: loops (173, 17 aad, 198), The tidyecs |
tnries with U-turns’ were close \‘:o Saglek while the others were far to the /
nerthy “This dlffeckne Lo tebicg teavions scem to tieltie e MiFterente i, |
in Tocal current Field," However, the direct action of the vind on the 1
sails. ofathe cebeigs ia esoliegt: £ronthe fact that icgbe‘rga noved back
and forth as the wind du—ecmn changed .due’ to the passage of’ the storm

centre thtongh the . area. (Fig. 4-3), and "that the deviation from the regular ) i

drife trajectories start and stop at sbout the same time (Mg: 4-2). . )
) 3 :

Aveilability of detailed current and wind data for iceberg 20C pre-

sented a unique oppertunity to yerify the validfty of our nodel-and to

evaluate the significance, of each of the Fforcgs included in the fodel. (alr

drag, vater drag, water accelerationand Corlolis force)..:The predicted:
drL€E trajectory of an Lcebers 1o sign ficshely Influenced by the itze of
feebers (Figs. 44 and 4-5), The assumpefon that eebers /200" 5 & siadlion

non~tabulax 1ceberg 1s suppmed by visusl cbservations"made by Dempster

#-9 demopstrate the importance of “each o thepies forsasy

|

o, 8 . |

Db £ ks S Eilhara disttihutin:n of the current velocity in the ﬂ
‘scada bindary Tever; the mietent date: L thd boundsry layer along wiEh. i
data at deepar depths should be fuséd to estinate the average velocity E i
“ihe boindaxy leyer for good prédiction of the iceberg drift (Fig, i- m). §
g . 4

/ ) - ; i




CHAPTER V'
g :
CONCLUDTNG REMARKS 5
A dynamic model to predict iceberg drift has been developed and veri-
" fied by co the d iceberg to that observed dring

i 'a storm.  Changes in oéean surface elevatfon due to a. low'atmospheric pres—

sura system have mo effect on ocean current in deep water deptha a8 14 the
B casg’ near S.lgle)(. The dixect action of vind is :he m-i.n caise of the

observed back and forth thun of 1|:ebergl rluring thg cl;om. The indlrgx?l‘:‘

effectof wind on the motion of-tceberga 1 via'wind-generated currént and |

the c'hnngen in 'mltroyhic curreat, 1f any.
o

*Tceberg n-;aumu with inops and _spiral motion were obtained under
si-nlated conditions.” However,  no gan:tll conr.lu-ivn to the unle of thil

h!hniallt can be d!nm mainly because of the lbl:nce of -the in-ui.tu wind

lnd currest for | with such

o our knowledge, this xs' fhe tirat published study here an feebers
e Sodel s tested dm a stors using detdtled curréat and wind daga
1 mad 1n the imediate vil:lnlty of en icebers. . From this n:uly it is

mdznt that the physics of the mu; drife model s knowa m extent that

& good of an xnbug Guring a storm can be made pro-

taput £ the model.

¢ vided deialled current md ldnd d.ltﬂ are nvllhblc

1: is r-cnm-nd-d zh-: a model 6 predict ocean currénts 1s needed to

gnarnta the neces

ry i o cneiats which 1s to, bé daput tato the dce-
herg drift model. In the absence of such a model, the current data must

3 S L
be obtained by_a ‘string of current méters inithe vicinity of a location
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! Table 2. 'H.nd
. (Fron the Log Booke of C. S5 Davsor) ’
- Date “@me | wind speed -“Wind Direction
3 3 - (kts)
August 20 . g8 200
: , 5 - a0
"y . a0 200 . ;
g 15, 230
i i1 2030
Augist 21 - 10 o 240
9 150
- 9 150
Lo 35 120
1500 ’ 25 135
1800 . 30 125
(TR 125
2100 - .20 320
- 20 320
August 22 0100 10 240
0300 R L} 280
[ esoo ). 30 280
st 0700 i 30 275
0900 50 270
1100 36 265
1300 3 “280
1500 28 265
1700 2 280"
5 1900 20 285
- 2100 18 20 -
4 2300 18 260

7
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FIG. 1.1 'DRIFT PATTERN OF ICEBEMS OFFSHORE SAGLEK ;
i ‘BEFORE PRESSURE DISTURBANCE.® (DEWPSTER AND BRUNEAU, 1973)

i




© 34

FI6. 1.2 DRIFT PATTERN/OF ICEBERGS AFTER PRESSURE DISTURBANCE.
(DEWPSTER AND BRUNEAD, 1973)

T
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TAU = 1/C UGKK > CURVE 11+ TAUNF:= 881
XS XnK CURVE 23 TAUF = .10
g S bR RC CURVE 3@ TAUMF = 8.25 . g
i T = T/TAU No 2 CURVE 41 TAUWF = .53 )

CURVE 51 TAUWF = |.28

2.22 5.02 12.20 16.80 — 20.29 25.208 30.20° 35.00 40.20
X3t

FIG. 4.1  DRIFT OF AN ICEBERG IN NON-DIMENSIONAL COORDINATES

: DUE TO GEOSTROPHIC CURRENT FOR DIFFERENT VALUES OF
TAUWF. CURVES ARE MARKED AT EQUAL INTERVALS OF T*
OF 2. ! :
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FIG.4:2 DRIFT PATTERN OF ICEBERGS OFFSHORE - SAGLEK

AFTER THE STORM IN AUGUST -1972 SHOWING
LOCATIONS OF CURRENT METERS. b
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FIG. 4.4 .PREDICTED AND OBSERVED TRAJECTORIES OF

52 ICEBERG #2@C DURING THE STORM WHICH
_PASSED 'OVER THE' LABRADOR SEA ON
AUGUST 21-22," 1872.
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A .
SOME PRACTICAL APPLICATIONS §
rl 2 i 2 .
SA.1 Introduction ' ; el .

One of the major benefits of analog processing is the ability to
modify parameters during problem execution while observing its quanti-
tative effects on a variable. In stulying iceberg drift problems, this P il
AR5 R B e FFOEEAR AN atag s Lo Beate apied Fesetts.
tive operation with the iceberg drift being (r"lphicll]‘.y’dilpvlayerl- Typi-

cally, one can alter a coefficient value (e.g. iceberg parameter, current s

wind --- etc) while its ‘effect on the

«  iceberg drift. This technijue presents a fast and efficient way to pro-

duce 2n iceberg drift:trajectory similar to an observed track. This can /(

be used to find an interpretation of the strange iceberg behaviour, e.g.,

looping after a storm. It €an also bé used to deternide ome of the model -

s dniidasil

| parameters (iceberg parameters, wind or current data) if the rest of the

“parameters and the iceberg track are known.

A2 of Analog Computer

Probles. solution by enalog computers is accomplished by analogy,

that-is, the computer is programmed so that its circuit equations have = - i
the same mathematical form as the equations of the problem. In this ' :
, type of computer ; voltages represent various physical quantities, such

as acceleration, force, displacement and so on. It 'is necessary, there-

fore, to arrange the voltages that present these variables and their

45
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b edarob Changusenitl shac thay WA T paval have vsivad) Tabibs Ehes e
\voltage limitations of the computer (+ 10 volts), mor stich that. they
W11 ever change rapidly: enough to exceed the' frequency of the computer
and its recording equipment. The generally accepted duration of a
solution run is some ‘here betveen 15.and 60 sec, (Jenness; 1965). If
“the solucim’x'nk_es o5 l‘ong, errors due to integrator drift will be

introduced. .0n the other hand, if the solutfon time is too short, the

1 . of t};e nts and Equip—.
n;ent may be exceeded. 'xeep{ng the maximm valués ‘of variaples, their
rate of change in the analog model, and the duration of the solution _u}.ﬂ.-
in “the above-mentioned Limitations is accomplished by amplitude scaling"
and “tine ‘scaling”. The .techniques of time and amplitude scaling des-
cribed by Zulauf (19§6), Rekoff (1967), and Hausner (1971) were used in.

scaling the analog variables.

To illustrate the analog simulation of the equation. of motion and
the scaling techniques, let us consider .the case of an iceberg moving

under’ current. the ocean surface

slope and assuming no-wind condition, the equations of motion becomd:

du 2 . 2 g
I UERO RO NN USRS SRR 4.1

L Y 7 ;
a »c(vg ) (Ug w + (vg -9+ f(UE - ) (A:2)
G P
Dw w w ¥
where . Kk = —rmt .3

Time and amplitude scaling Were chosen so that the length unit is 10 km




- and time unit 15 ome hour. This means. that one second of the computer .-

time represents 3:Teal time of one hour. ' A.unit length in the nodel is.
Bt b Dreer dis s ee it e Tengih sealeiia s aifvolt
and velocéity scale s (1 km/hr)/volt. "
i g wah . G 3

Having ‘chosen these scales, then the requirements of the voltage
and frequency limitations of the-analog computer componehts are a1l )
£illed, S, the makiyun value of k' (Eqn. A.3) i ‘approximately 24

which corresponds’ to a voltage of 340 (10.volt = unity). In ofder.to

‘keep the value léss than unity (less than 10 volt), equations A,1 and A.2

can-be rewritten.as:

du

du LT85 R A L =
Pty (5|.|g Su) (5\:g 5u) (SVB' 5v)° - £ (syg 5v) . (A.4),
Y v (v - 5u), 50 = 5w 4 (5v. - 5v)2 4+ £ G S0y @s -
dt - 8 e 3 g :
where - 4 .
. s . 3
i o y
' =% alvays < 1 } (4.6)
fdl alvays <1 : @7

L] . /

So all the maximum values of the varisbles and coefficients in the

analog model are kept below unity (less. than.10 volt). The analog com=

. puter simulation of the above e of sotion is in Fig."

A1, " B

The programne circult was patched on the patching pannel! of the

computer. An osciloscope and an x-y plotter were used to display and
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plot iceberg drift and the time history of iceberg velocity.
.3 Practical Applications - ) ;

£,
&) Effect of Coriolis and Pressure Gradient Forces

. Somé kinematic and dynsmic models developed to predict iceberg 1

drift ignore either Cordolia force or ocean slopé (pressure gradient), or

_both. To eqtinate the error imvolved in such practice, icebers drift, in
aaepstrophic carrent darobratusd for the different cases shown " Fig.

A2,
&

) " '
Coriolis force'acts in -~y direction and the slope force in +y direc-

don. The results indicate that ignoring Coriolis force, ocean slope, or
both leads to erroecus prediction ‘of iceberg drift. The error is signi~

ficant and increases as time increases.

) Ieeberg Drift iu a Rotary Currents with Translat
. This kind of current has’ béen observed and recorded by several
investigators (Neumann, 1968). The iceberg trajectories are in the form
of 1o0ps, the size of which and the distance between them are'function
of the ratio of the rotary to the t!anﬁlatn;ry componénts. For large
atios, loops are large and cloge to eich other. Fig. A-3 shows an »
example of iceberg drift under such conditions. Only che loop i shown-
in each case. Similar, but larger, loops in the iceberg drift have been
observed by "}Uggl, et al (1‘979) in I.am:asl‘:er Sound, :Baffin Bay 1n_§me:
of 1978. ] ST 2

c) Iceberg Drift in a Periodic Current

Fig. A-4 shows iceberg drift due to a horizontal current with
“velocity time history givem by: . -

\ .

U= U, st ut L A.8)




The ‘tidal movement of water in the Strait of Belle Isle has this type of

velocity function. The iceberg moves in an elliptic loop the width of

" Which is a function of the coefficient k. Loop size is larger for large

icebergs. = #
. d) * Inertial Morion of Iceberg ) '

3, A ahoE iceberk motdon after leaving a current field with
an initial velocity uy. The family of curves show the effect of varying
the initial velocity. For these cases it must be assumed that some aspect
of the current or wind force has taken the iceberg from a major current
into still water area; Under such conditions the iceberg moves in'a

spiral pattern and its velocity decays rapidly.

Fig. A-6 shows: t)l‘e Iiceberg trajectories of small, medium and large
fcebergs for'a similar situation described above and for an initial veloe-
ity of 0.25 m/sec in’each case. . :

) Iceberg Motion in Currents Due to Inertial Oscillations

Figl A~7 l;resence ‘the drift of an iceberg with draught less bg-an

depth of the oceanic boundary layer-in a rotary current of 12 hrs.

If the iceberg'has draught larger than the depth of the oceanic,
boundary layer, D, the iceberg will be affected by the drag force of the
water below the oceanic boundary layer in addition ‘o the rotary durbent
1in the boundary layer. If the water under the boundary layer is still,

then the size of the loop is greatly reduced as seen in Fig. A-8,

=
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EFFECT OF ATMOSPHERIC PRESSURE SYSTEM ON

" OCEAN CURRENTS INDUGED BY CHANGES IN SEA LEVEL

B.1 'A'he Equation of Motion
The contimiity equation for a body of water of constant depth h,

with surface profile n (+ve downwards; Neumann' and: Pierson, 1966) fs:

1

% e 3

' : -

u s ‘the current velocity in x direction

v1s the current velocity in y duecmm

(3-1)

The' factcr (hen)* can be replaced by B sm:s, usually, 0 << h, the Eqn‘

B.1 can be written in, the form:

For drrotatfonal £low,. -
a2 LT T
u Bx‘ . -and Vi
s " i

where ¢ is the velocity potential.

Subbtituting From Eqn. B.3 into Equ. B.2, we get: .

o, 1
) ayz h 3t
i .
- o
62,2 o e,
r
; y
%,

3.2

(B.3)

(B:4)
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(8.5)

. ‘The boundary conditions of this problem may be prescribed by specify~

ing the values of velocity potential, ¢, and/or water uand v °
.

@ ana &, at the boundaries. 5

o 0 gyl s

The finite element technique is used to solve the differential Equ.
B.5. B8 <
B.2 Pressure Distribution

The moving low pressure system is approximated by a function similar
to that of two dimensional: nm.<1 (Gaussian) distribution defined by:

2735 T N - .
o UL ©.6.

nx,y,€), = P, M- G
where -
N 45 ceesh surfoié elevaiton (n):
P, s the peak pressure (mbar).
0, and 0 denote the extent .of the pressure system in the X and'y
directions. | . g

s g B
G, and C_ are the components of the travelling speed of the systen.’

t' s the time. : ;

“3.3 Practical/Applications g

) shallow Water
10 study the effect of actusl low pressure systems on ocean
* currents, the actual characteristics of.the low pressure system that’
caused the storm over the North Atlantic in the period of A§nsc 2122,
1972 have been used. That low pressire difference of 36'millibat which

corresponds to a maximm rise of ocean surface of 36 ¢m. We assume the




pressure d by B.6 which

gives reasonably similar pressure distribution to a low pressure sfites

travelling at a fixed velocity. g % £

The F.E. zesh of the 1600 x 1600 kn area.is presented in Fig. B-1.
Toi casiire, of "Ehi prechore ayston; i sesul 5 mave: sl wasie: of tie
model, and the y~axis represents the Labrador Coast. The analysis starts
from the moment the (edge of the) pressure system starts to enter!the <
studied area, Since 4th£ effect of the pressure ”ey-s!eu is Iinear with -
respect to.n/h valued (Equs. B.2 and B.6) it is de::ldld t; assume 3 water
dépth of 10m (/b = 0,036). For other ‘vg‘luu of n/h, the results can be

interpolated.

The results prasented in Figs. 5-2, B-3 and B4 indicate thac the
‘aaximm vater velocity occurs under the centre of the pressure system
(at the point of maximum surface elevation). Generally speaking, the
water particles situsted on x-axis moves in a direction parallel to the
locus of the pressure centre. The water velocity at the centre depicts
the back and forth movement of th€ waters. *

b Actusl Case " ; »

The next step is to study the area of the ocun‘ near sa;lel‘, -

constdering l:hz actual profile of !he ocesn bed and an lpp!oxl.nlud pressure

systen (such as given by 3.6). The mintmm dimension of the ¥.E. model
15 ‘taken to be about 1600 ku as shown in Fig. B-5 between the Labrador
Coast and Greenland. The F.E.

the same as in Fig. B-1, .
and water depth profile is' presented in'Fig. B-6. Appropriate boundary
conditions are used to simulate the, shore at Labrador and Greenland (i.e. :

zero normal velocity to the shore }ine) and the open sea in the other two

i




4y

_ less tham 20m). Since oceandepth is about 100m in the’area near Saglek,

* 61

sides of the F.E. model. . .

The results presented in Figs. BL7 and'B-8 Hascate that the effect
of the low pressure system on water velocities is negligible due o the
Targe water depth with respect to the peak pressure head. Also it x-'zo

be noted that chc effect vnni-he- as ch. pressure system moves into areas

‘with large water depths.

3.4 Discusston and cnncxu.um
When 2 low pressure system passes over am ocean, it raises the ocean 4
‘surface and causes currents similar in nature to tidal curreats. The

current velocity is a function of }zbmvaung speed id the peak

value of pressure system. It has been foupd that the effiect of a low

pressure system i significant in shallow water (e.g., £br water depths

1t has been found that the changes in’Rurreat velocities due to the low '
Ppressure system 1s negligible. B

The -conclusion of this study is that the obgerved changes in iceberg
paths during the storm were not necessarily due to the rise in' ocean sur-

face’which was caused by the traveling low pressuxe system.
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