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Abstract

Icebcrgs off shorc Ncwfoundland represent hazards 10 bulh ships and eonstrueted facililies,

such as off-shore oil production facilities. Collision with icebergs represent hazards for both

surface and sub-surface lilcilitics. In the laller case, bazards arc associated with scabed

scouring by the iceberg keel. In both cases, hazard analysis requires estimation of the Ilux of

iccbergs and their size distribution. Estinmtes of the Ilux of icebergs ean be aehieved by

obtaining separate estimates of iccberg densities and of drift patterns of iccberg velor.ities.

The objective of this thesis is to devclop and apply estimation procedures for the density of

icebergs using presenlly available data sets. The most comprehensive of these data sets is

cOll1piled by the International Ice Putrol (IIP), starting in 1960. The IIP database comprises

data l'rom several sources and for icebergs of varying sizes. In addition, the spatial coverage

of surveys does nol appear to be uniform throughout the year. Several non-parametric density

estinmtion procedures arc investigated. The objective is to eliminate any apparent high

densities in the estimates due 10 the non-uniform coverage of the region during surveys and

retain statistically significant features in the spatial variation of densilies.

Several kerncl estilllators arc examined: (1) a uniform square kernel, (2) a uniforlll circulaI'

kernel. (3) a Normal kernel. and (4) an adaptive kernel. Uniform kernels have the advantage

of compututional efficiency, however. they do not aceount for spatial variations in the

densities and produce over-smoothing in regions of peak iceberg densities and under­

smoothing in regions of low iceberg densities. The adaptive kernel is computational1y more

dClllanding. but appears to fulfill al1 the desired requirements for prcserving significant features

'lOd eliminating erratic estimates.



Résumé

Les icebergs uu large de Terre-Neuve représentent un risque potentiel pour la navigation ct les

struclUres autunt temporuires que permanentes. Les risques de collision sont import:lI1ts

autant pour les instullations en surface que pour les instullations submergées. Dans cc dernier

cas, les risques sont associés aux sillons creusés par les icebergs dans le sol marin. Dans tous

les cas, les analyses de risque requièrent une estimation du !lux des icebergs ct leur

distribution en grosselll'. L'estimation du !lux des icebergs peut être obtenue par

l'intermédiaire de l'estimation de la densité des icebergs ct de la chaructérization de leur dérive.

L'objectif de la thèse est de développer et d'appliquer des méthodes d'est inUIt ion pour la

densité des icebergs en utilisant les données présentement disponibles. La hase de données la

plus complète sur les icebergs est celle compilée par le International Ice Patrol (IIP) depuis

1960. Celte base de données comprend des observations de plusicurs sources (navire. AES,

etc.) sur des icebergs de taille diverse. De plus, la couverture spatiale des reconnaissances

n'est pas toujours uniforme au cours de l'année ou d'une année il l'autre. Plusieurs méthod~s

d'estimation non-paramétrique de la densité sont analysées. L'objectif de l'estimation est

d'éliminer tout estimé apparemmcnt élevé de la densité associé 11 unc rcconnaissancc

préférentielle de la region ct de retenir toute variation spatiale jugée statistiquement

significative.

Plusieures procédures d'estimation utilisant des fonctions de type kernel sont étudiées: (1)

kemel carré uniforme, (2) kernel circulaire uniforme, (3) kerncl1l distribution Normale, ct (4)

kemel earré variable. Les fonctions 11 kcrnel uniforme ont l'av:ll1tage au niveau du culcul

numérique mais négligent la vuriution sputiale de lu densité, ce qui résulte à un sur-lissage des

estimés dans les régions où les icebergs sont ubondants et 11 un sous-lissage des estim",s duns

les régions où les iccbergs sont peu nombreux. Les fonctions 11 kemel vuriable sont plus

exigeantes du point de vue calcul muis semblent remplir toutes les exigences uu niveuu du

lissuge optimul des estimés.

ii



Table of' Contents

Ah~tract i

Résumé ii

Tahlc 01' Contcnts iii

List III' Figurcs v

List lll'Tahics ix

List 01' Symbols xi

Acknowlcdgmcnts xiii

1. IN'I'({()DUC'I"ION 1

1.1 Iccb~rgs 1
1.1.1 SO/lrces oj'Iceherg Data 1

1.2 SCOlll'S 3
1.3 Dcnsity Estimation 3
1,4 Tbcsis Outlinc 4

2. ICI~lll~RGS 5

2.1 Thc Grand Banks 01' Ncwl'oundJand 5
2.2 Icchcrg Sources 6
2.3 Drift 6
2,4 Intcr-Anmwl and Intra-Annual Variability 9
2.5 Classification 01' Physical Charactcristics JO
2.6 Sourccs 01' DaIa 12

2.6.lllI/el'11atiollallce Patml (IIP) 12
2.6.2 Dii Cfl/llpallies 14

3. SCOURS 16

3.1 Introduction 16
3.2 SCOlll' Characlcristics 16
3.3 Rclict Scours 18
3,4 Mcchanisl11 18
3.5 ESlinmting scouring ratcs 21

3.5.1 Repetitive Mappillg 21
3.5.2 Illferree/lceherg Gro/llle/illgs 21
3.5.3 /ce Keel Dept/r a/le/ FItLf 22

iii.



4. SPA'fIAI..t ANAI..tYSIS 2..'

4.1 Introduction 2.1
4.2 Unc Proccsscs 2.1
4.3 P"!nl Proccsscs 2S
4.4 Non-Paramctric Dcnsity Eslim'ltion Using KCl11cls JO

5. IJATA PRESENTATION .'2

5.1 Dalabascs .12
5.1.lllllel'llllliollallce l'lI/mi (111') 32
5.1.2 HI/sky Oil 3·1

5.2 Iccbcrg Sizc Charactcristics '7
5.3 Iccbcrg Drift 43

5.3.1 Resig!ll.\· ·15
5.3.2 Gml/Ildillgs ·18

5.4 Dcnsity Estimation ·IS
5.4.lllllrodl/clioll ·18
5.4.2 Ullij,ml/ Kel'llel 5-1
5.4.3 Normal Kemel 51)
5.4.4 Modified Adaplive Kemel fi2

6. SUMMARY AND CONCLUSIONS 73

6.1 Rccommcndcd Futurc Rcscarch 75

7. REFERENCES 76

Appendix A: Dril't Velocity of Resighted HP Icebergs 79

Appendix B: Annual Aver..~e and Monthly Iceberg Density Estimates 111

Appenciix C: Monthly Iceherg Locations and Density Estimates 93

Appendix D: Monthly Spatial Variation or Kernel Bandwidth 106

iv



List of Figures

Fil:lIre 2.1·1 Gmnd Ilar.ks of Newfoundland 5

Fil:lIre 2.2·1 Iceherg drirt pallern. areas of known iceherg groundings, glacial regions, paths of

salCllile-tmcked icehergs and extrerne iceherg drift limit 7

Fil:lIre 2.3·1 Geneml current circulation pallern in Ihe Grand Banks 8

Fil:lIre 2.4·1 Numher of icebergs crossing 48"N, by year, as estimated by III' 9

Fil:lIre 2.4·2 Monlhly avemge of the nurnber of icebergs crossing 48°N, as eSlimated by 111' 9

Fil:lIre 2.6·1 Typical III' ilighl pallern (Flight #22. Mareil 25 1993.7.8 hrs) 13

Jlil:lIre 2.6·2 Typical III' tlighl pallern (Flighl #33, April 20 1993. 7.1 hrs) 13

Fil:lIre 3.2·1 Seour ehamcterislics 17

Fil:lIre 3.4·1 Scours process 19

Fil:lIre 3.4·2 Benn formalion Ihrough iceberg scouring 20

Fil:lIre 4.1·1 Iceberg driflmodeled as the r:lte oricebergs crossing a given latitude 24

Fil:lIre 4.2·1 Tmjectory oriceberg #101. observed from April 2 1988 to April 23 1988 25

Jlil:lIre 4.2·2 Paramaterizalion of a line in 9;2 26

Jlil:lIre 4.2·3 Poisson line process in 912 27

l''il:llre 4.2·4 Poisson Iines inlersecting an arbitrury convex figure in 91' modeled as:

(A) a line process; (B) a poinl process 28

Jlil:llre 4.3·1 Model realizations of: (a) CSR; (b) Cluster; (c) Regular palierns 29

Jlil:llre 4.3·2 Effect of sample area on point patlern appcamnce 29

Jlil:llre 5.1·1 Decomposition of iceberg reports in III' database by source of report 33

Jlil:llre 5.1·2 Iceberg localions for Ihe 1974 iceberg season 34

Ilil:llre 5.1·3 Husky Oil drilling sites from 198410 1988 in Ihe Gmnd Banks of Newfoundland 35

Jlil:llre 5.1-4 Enlarged region showing locations of wellsites 35

Jlil:llrc 5.2·) Sampie size of iceberg dimensions in Husky Oil dalabase 38

Jlil:llre 5.2·2 Hislogmms of measurcd and estimated iceberg dmfls 38

Fil:llre 5.2·3 Histogmms of measlIred and estimated iceberg lenglhs 39

~'il:llrc5.2-4 Hislogmms of measllred and estimated iceberg heights 39

~'il:llre5.2·5 Histogmms of measured and estimated iceberg widths 39

v



Fi~ure 5.2·6 Decomposition of Husky Oil dalabase by month acconlillg 10 qualilati\'<'

deseripl(" of iceberg 111

Fi~ure 5.2·7 Decomposition of III' databnse by month according 10 qunlitative deseriptor

of iceberg 11

Fi~ure 5.2·8 Scaller plots of iceberg dimensions 11

Fi~ure 5.3·1 Decomposition of keberg reporls ill III' dalabase by year '"

Fi~ure5.3·2 Dec,)mposilion of iceberg reports illlll' dalabase by month 43

Fi~ure 5.3·3 Numher of icehergs. lIumher of repon days and average lIumber of icehergs

pel' report day as a function of latitmle 14

Fi~llre 5.3·4 Idealizatioll of the area surveyed during ail iceherg search ,.Ir.

Fi~ure 5.3·5 Some resighted icehergs.tracked by Husky Oil in 1987. Included arc Ihe locations

and names of the wel1sites where exploratory dril1ing was heing performed ,.17

Fi~ure 5.3·6 III' iceberg resigbts in 1987 ,.17

Fi~ure 5.4·1 Ideali7.n1ion of a survey region wilh area A I·)

Figure 5.4·2 Idealization of a region surveyed severallimes .49

Figure 5.4·3 IdealiZlllion of the cbange in Ihe probability of detection as a functionof distance

l'rom the survey path SO

Fi~ure 5.4·4 Idealization of probabilily of delection at Ihe sighting snurce SI

Figure 5.4·5 Idealization ofkernel funclion centred over repons ol'iceberg locations Sl

Figure 5.4·6 Plot of location of icebergs l'rom III' database reponed during mnntb of

May ( 1960 to 1993) S3

Fi~ure 5.4·7 Annual average iceberg density. obtained using a square kernel wilh sidcs of IIK) km SS

Figure 5.4·8 Iceberg density for May. oblained using a square kernel with sides of 100 km sr.

Fi~ure 5.4·9 Iceberg cOlmt for May. ohwined using a square kernel with sides of IlK) km Sr.

Figure 5.4-10 Coun! of repon-days. N•• for May. oblained using a square kernel with

sides of 1(K) km 57

Figure 5.4·11 Annual average iceberg densily obtained using a circulaI' kernel with a

mdius of 50 km 57

Figure 5.4-12 Iceberg densily for May. obtained using a circulaI' kernel with a mdius cf 50 km 58

Figure 5.4·13 Iceberg count for the monlh of May. obtained using II circulaI' kerncl with a

mdius of 50 km 5!l

Figure 5.4·14 Coun! of repori-days. N•• for May. obtained using n circulnr kernel with n

radius of 50 km 59

Figure 5.4-15 Avemge annual iceberg density. obtained using a Normnl kemel with

a 50 km standard deviation (, 1

vi



JliJ,:ure 5.4·16 Iceherg densily for May, ohtained using a Normal kernel with a slandard

devialion of 50 km 61

JliJ,:ure 5.4·17 Counl of report-days for May. ohtained using a Normal kernel with a slandard

devialion of 50km 6~

Jli:.\ure 5.4·111 Allnual average densily eslillwte ohtained using ail adaplive kernel function 65

JliJ,:ure 5.4·11) Iceherg densily estinwle li.r May, ohlained using an adaptive kernel funelion 66

JliJ,:ure5.4·20 Adaptive kernel handwidths for May ieeherg densily eslimates C16

JliJ,:ure 5.4·21 Annual average densily esliJ11ate using an adaplive kernel function and a smoolhing

faelor of 1 , 68

JliJ,:ure 5.4·22 Annual average densily. ohtained using an adaptive kernel funclion and a smoothing

faelor of 2 68

FiJ,:ure 5.4·23 Annual average densily,ohtained using an adaplive kerncl function and a smoothing

faelor of 3 69

JliJ,:ure 5.4·24 Iceherg densily for May, oblained using an adaptive kernel funclion and a sJ1100thing

factor of 1 69

FiJ,:ure 5.4·25 Iceberg densily for May, obtained using an adaplive kernel functioll and a smoothing

faelor of 2 70

Figure 5.4·26 Iceherg density for May, ohlained using an adaptive kernel funclion and a smoolhing

faclor of 3 70

Figure 5.4·27 Ralios of sJ11oo1hed 10 unsmoolhed annual average iceberg density estimates 71

Figure 5.4·28 Ralios of sJ1100thed 10 unsmoothed densilY eslimates for May 72

Figure 11·1 Annual avemge iceberg densilies (0=0). Maximum densily of

1.058x 1(r' icebergslkm2/day 82

Figure 11·2 Annual avemge iceberg densities (0=3). Maximum density of

0.81 Ox 1(r' icebergslkm2/day 82

Figure 11·3 Iceberg densilies for January (0=0). Maximum density of

2.044x 1(r; icebergslkm2/day 83

Figure 11·4 Iceberg densilies for January (0=2). Maximum density of

1.645x1O'; icebergslkm2/day ; 83

Figure 11·5 Iceberg d,,"sities for Febrnary (0=0). Maximumdensity of

3.3 13x1(l'" icebergslkm2/day 84

Figure 11·6 Iceberg densilies for Febrnary (0=2). Maxi mum density of

1.905x 1(l'" icebergslkm2/day 84

vii



FiJlure n·7 Iccbcrg dcnsilics fol' March (6=()). Muximum densil, of 1.1)')(,)<I11' k,·I1L·rgs/km'/day .. S~

FiJlure 11·8 Iccbcrg dcnsitics for Mareil (6=3). Maximum dcnsily of 1.~94x Ilr' kehergs/lom'/L1ay .. S~

FiJlure 11·9 Iccberg dcnsilies l'Ill' April (6=0). Maximum d"nsily of 3.SS9x Ilr' keb,·rgs/km'/day. ,.. sr,
FiJlure 11·10 Iccb~rg dcnsilics for April (6=3). Maximum density of ~.~%x10" kel,.,rp/km'I..Iay.. Sh

FiJlure 11·11 Iccbcrg dcnsltics for May (6=0). Maximum densily of ~.ll71x Ilr' kebergs/km'/day S7

FiJlure 11·12 Iccberg dcnsilics for May (6=3). Maximl"l! density of 3.6S3x Ilr' icebergs/km'/day S7

Figure 11·13 Icebcrg dcnsilics for Junc (0=0). Maximum dcnsily of h.1 (,Ox Ilr' iccbcrgs/km'/day SS

FiJlurc 11·14 Iccbcrg dcnsitics for .Iunc (6=3). Maximum dcnsily of 4.1172x Ilr" icebcrgs/km'/day SS

FiJlure 11·15 Iccbcrg dcnsitics for .Iuly (6=0). Maximum dcnsily of 3.S43x Ilr' iccbcrgs/km'/day SI)

Figure 11·16 Iceberg dcnsilics l'orlu Il' (6=3). Maximum dcnsity of ~.134xtir' iccl,.,rgs/km'/day S9

FiJlure 11·17 Iccbcrg dcnsitics for AuguSI (6=0). Ma.,Îmum dcnsity of I.S4(,x Ilr' iccbcrgs/km'/day. 90

FiJlure 11·18 Iccbcrg dcnsitie!' for AuguSI (6=3). Max imum dcnsity of 1.~37xIlr' kcbcrgs/km'/day. ')0

FiJlure 11·19 Iccberg dcnsitics for Scptembcr ') 1

FiJlure 8-20 Icebcrg dcnsitics for Octobcr 91

Fillure 8-21 Iccberg dcnsitics for Novcmbcr 1!2

Figure 8-22 Iceberg densilies for Dccembcr 9~

Figure C-I HP iccberg locations for Janual) (1960-1993) 94

Fillure C-2 Icebcrg dcnsitics for January (6=3). Contour levels of O.20x ur' iccbcrgs/km'/day; 94

Figure C-3 HP iceberg locations for February (1960-1993) 9~

Figure C-4 Iceberg densitics for Fcbnmry (6=3); Contour Icvcls of O.2~xur' iccbcrgs/km'/day 95

Figure CoS HP iceberg locations for March ( 1960-1993) %

Fillure C-6 Iceberg densitics for March (6=3). Contour Icvcls of O.185x ur' iccbcrgs/km'/day %

Figure C-7 HP iceberg locations for April (1960
'
993) 97

Figure C-S Iccbcrg dcnsities for April (6=3). Conlour Icvcls of O.25x 1Ir' iccbcrgs/km'/day 'J7

FiJlure C-9 HP iccberg locatious for May ( 1960·1993) 98

Figure C-IO Iceberg densitics for May (6=3). Contour Icvcls of O.35x ur' iccbcrgs/km'/day 98

Figure C-ll HP iceberg locations for June (1960-1993) 99

Figure C-12 Iceberg densities for Juil' (6=3). Contour Icvels of O.30x ur" icebcrgs/km'/day 99

Figure C-13 HP iceberg localions for Juil' (1 S60-1993) 100

Figure C-14 Iceberg densities for Juil' (6=3). C"ntour levels ofO.20xUr" icebcrgs/km'/day 100

Figure ColS HP iceberg locations for August (1960-1993) 101

viii



FiJ.:ure C·l (, Iceherg uensilies for August (0=3). Contour levcls of 0.1 OX 10" icebergs/kmJ/uay 101

FiJ.:ure <:·17 JlI' iceberg local ions for SeJllember (1 %0·1 IN3) 1lJ2

FiJ.:ure C·lll Iceherg uensilies for SeJltember (0=3). Conlour levels of O.02x 10" icebergs/kmJ/day. 102

FiJ.:ure <';·19 JlI' iceberg local ions for Oclober (1 %0·1993) 103

FiJ.:ure C·20 Iccl,,'rg densilies for Ocloher (0=0). Contour levels of O.02x 10'" iccbergs/kmJ/uay 103

FiJ.:ure C·21 JlP iceberg locations for November (1 %0·1993 ) 104

FiJ.:ure <';·22 Iceberg densilies for Novemher (0=0). Conlour levels of ll.OO(,x 10'" icebergs/kmJ/day.1 04

FiJ.:ure <';·23 JlP iceberg locations for December (1lJ(,()·191)3) lOS

FiJ.:ure C·24 Iceberg densilies for Decemher (0=0). COlllour levels of O.02x 10'" icebergs/kmJ/uay. lOS

FiJ.:ure 1)·1 Regional variation in auaJltive kernel banuwidlhs in estimating iceberg density for

January 107

FiJ.:ure 1)·2 Regional variation in auaJltive kernel banuwiulbs in eSlimating iceberg uensilY for

February. '" 107

FiJ.:ure 1)·3 Regiorml variation in aU;lJltive kernel banuwiuths in estimaling iceberg uensity for

Mareh lOS

FiJ.:ure 1)·4 Regional variation in auaJltive kerncl banuwiulhs in estimating iceberg uensity for

April lOS

FiJ:ure I)·S Regional variation in adllJllive kemel banuwiutbs in estimaling iceberg density for

May 109

FiJ:ure 1).(; Regional variaiion in adaJltive kemel bandwidlhs in estimating iceberg uensily for

June 109

FiJ.:ure 1)·7 Regional varialion in auaJllive kemel banuwiuths in estimaling iceberg uensity for

July 110

FiJ.:ure 1)·11 Regional variation in adaJltivc kernel bandwiulhs in eSlimating iceberg uensity for

August. 110

FiJ.:urc D·I) Regional variation in adaJllive kemel bandwiuths in estimating iceberg uensity for

September III

FiJ:ure 1l·IO Regional variation in adaptive kernel bandwiulhs in cstimating iccberg density for

Oetober III

FiJ.:ure 1l·11 Regional vOIriation in auaptivc kemel bandwiuths in cstimating iceberg density for

Novcmber 112

FiJ:ure 1l·12 Rcgional variOltion in aUOlptivc kcmcl bOlnuwidlhs in estimming iceberg density for

IÀ'Ccmber 112

ix



List of l~ll)lcs

Tnhle 2.5-1 IIP iceberg size deseriptors J J

Tahle 2.5·2 IIP qualitative size and dimensi(ln deseriptors Il

Tahle 5.1-1 List or wellsite names. locations and the Illllnber "l'icebergs reported :Je.

Tahle 5.1·2 Husky Oil exploratory drilling sehedule. Alternate shading represellls a ehallge

or drilling site :J7

Table 5.2-1 Sample average no. slllnple standard deviation (a) and the numher (N) "l'icebergs

represented in the Husky Oil database 411

Tahle A·I Yelocities or resighted icebergs in the IIP database Xli

x



List of Symbols
Nole Ihul the ubsencc of purelllheses ufler u defillitioll illdieutes Ihut it upplies throughoui the

text, olherwise the defillitlon, or symbol, is particular only 10 the indieated section.

l'
t

!

i.j
n

N
N'

Rula_,:

9," :

IA/I;" Symbo/s

A Arca;
13(0) : Expecled value of .;
r,I' Cumulalive distribulion funclion of iceberg kecl deplh (3.5.3);
L Length of sonar lraek (3.5.1);

Peri meler;
NUlllber of new scours (3.5.1);
N'lmber of observed lines (4.2);
Number of repol'I days;
Nlimber of new groundings (3.5.2);
Probability of .;
Probability of deteetion;
Maximum kemel radius;
n-dimension spaee;
Sample rcgion;
Kerncl funetion;
Year (5.3);
Sel of objeets(4.3);
Random veetor eoordinates;
Coefficient of variation of .;
Wuter depth (3.5.3);
Distunee l'rom u point 10 Hne (4.2);
Distance l'rom the centre ofa kerncI to a point (5.1.2);
Probability distribution fllnetion; Probubility distribution funetion of x;
Histogram bin widlh (4.3);
Kemel bundwidth;
Indexing variubles.;
Nlimber of observations (4.3);
Correlation coefficient (5.2);
Time of year (month) (5.3);
Vector Coordinates;

II. tl: Axes labels;
Vcetol' Coordinutes;

x), Xl: Axes labels;
Vector coordinates;

S

K(') :

T
X

V(-):

li

NI,
NG:
1'(.) :

PI> :

,r. J, :
h

xi



Greek Symbo[s

o Smnple space:

~T Elapsed time belween repelilive Illapping slll'veys (3.5.1):
Lenglh or observalion perim\ (3.5.2):

n Random sel or Hnes:

~t Time periml (5.3.\):

a. Angle;

o Sllloolhing raetor (5.4):

<1> Flux or icebergs (bergs/klll-day) (3.5.3):

Â. RaIe or seouring (Section 3.5):
Intensily runetion (Chapler 4):
Iceberg density (Chapter 5):

IJ. Mean:

v Iceberg drift velocity:

1t Pi;

P Corelalion Coeflicient (5.4):

a Vector coordinatcs;

cr Standard deviation;

\) Iceberg crossing mte (5.3);

xii



Acknowledgments

Il is with deep apprecialion Ihat 1aeknowledge my researeh advisor, Luc E. Chouinard, for his

invaluable insighl and assislance. His enlhusiaslic inlerest and constant cooperation deseJ'ves

the heartiesl of aeknowledgemenls.

1would also Iike to express my gralitude towards Gary Sonniehsen and Michael Lewis of the

Geological Survey of Canada (Atlantic), who were able to provide the data for this study, as

weil as some Iinancial assistance.

Finally, 1 would like to seml my warmest regards to my parents, fmnily and friends, just for

being themselves.

xiü



1. Introduction

Currently, lhere is substunliul interest in the eslimution of iceberg reluted huzurds inlhe Grand

Bunks of Newfoundlund. The discovery of oil reservcs in Ihis region hus mude the Graml

Bunks u potentiully viuble souree of oil, however the presence of icebergs uml puck-ice in lhis

region represent u huzurd to developmenl. Drifting icebergs represent u huzurd for holh

surfuce und subsurfuce production systems. [n both cuses, huzurd unulysis requires eslinlUtes

of Ihe flux of icebergs, their size und shupe distrihulions, und their drift velocities, us u

function of locution.

Huzurd analysis for Hiberniu hus focused nlUinly on chumcterizing collision between the Iixed

production structure und icebergs. However fulure developments ul I-liberniu, Term Novu

and Whiterose will rely extensively on sub-seu production systems which cun he udverscly

affected by iceberg scouring, which has not been weil churaclerized to dute.

Only spurse data is currently uvailable in order to characterize the frequency und severily of

scouring over the Grand Banks. Scouring modcls bused on u churacterizution of icebergs drift

and size distribution can greatly reduce the uncertainty on the estimates of iceberg huzurds.

These models can be used to c1iminate relict scours, to estimale in-Iilling Mes of seours and

to interpolate over locations where scouring dutu is not uvuiluble.

An important element of the scouring model is the flux of icebergs at a given locution which

can be estimated l'rom duta on the sputial density and drift churacteristics of icebergs.

This thesis foeuses on the estimation of the density of icebergs in the vicinity of the Grand

Banks. Severa[ density estimation methods are examined in an uttempt to develop an optimul

procedure for the available datu. The proposed methods of estimation ure based on kcrnel

density estimators for point patterns. The results should help in developing an iccberg

scouring hazard model, which may be achieved by coupling estimated rcgional iceberg

densities with regiona[ probability distribution funetion for iceberg draft and rcgional drift

velocities.



1.1 Icebergs

The eslil11ation of regional iceherg densities has recently gained more attention because of the

inhercnt risk causcd by thc presence of icebergs and an anticipatcd increasc in the level of

activity in tbe region. Risk of collision betwecn a vcssel and icebergs has been studied

extensivcly (Blenkarn and Knapp. 1969; Evans-Hamilton, 1975; Cl'Oeker et al, 1995). Similar

10 iceberg-vessel collisions, the risk of iceberg scouring increases with the concentration of

icehergs. Although, for iceberg scouring, only ieebergs witb large drafts are of significance.

Other factors involved in iceberg scouring and collision include iceberg drift patterns (Garrett

etai, 1985) and the probability distribulion of iceberg sizes (Wadhams, 1983). The estimation

of iceberg densitics for the purpose of estimating collision probability foeuses on the lower

end of Ihe probability distributions of iceberg sizes. The emphasis on smaller icebergs, which

arc much more numerous than large icebergs, is related to the inability to detect the smuller

ice features in a wuve environment 10 prevent collision. In contrast, scouring hazurds are

exclusivcly related to large icebergs. which are relutively un important for navigatiun becuuse

of Iheir high probubility of deleetion.

1.1.1 Sources of Iceberg Data

Two dalU sets were availuble for analysis: (1) the International !ce Patrol (lIP) database; und

(2) the Husky Oil data sets.

The IIP wus established in 1913. one year after the sinking of the Titanic und has since been

responsible for determining the Iimits of iceberg hazards for navigation in the Grand Banks.

Il P compiled a digitized dutubase of iceberg locations that dates back to 1960. This

represcnts the largest and most comprehensive iceberg database uvailable for the Grand

Banks. Iceberg databuses have also been compiled by the Canudian Atmospheric and

Environmental Agency (AES) und oil companies drilling in the Grand Banks, but ure not as

comprehensive. Husky Oil performed exploratory drilling on the northern edge of the Grand

Banks between 1984 and 1988. during which they collected a database of iceberg statistics.

This dutabuse is more Iimited in scope and range than the lIP databuse and is useful only for

estinmting regional iceberg characteristics close to the drilling sites.
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1.2 Scollrs

Scours ure long fLll'rows cuused whcn the kecls of pressure ridges embedded in ice Iloes. 01'

icebergs drag ulong tbe sealloor. Scouring muy disrupt OJ' damage sub-sea struclures. such as

pipelines. wellheuds und cables. Scouring was originully idenlilied as a potentiul impedill1ent

ta development in the Beuufort Seu in 1970. where seours urc prmluced by drifling ice Iloes

(Pelletier and Shearer. 1972). Soon ufler. icebergs drirting 011' eastel11 CanUllu were also

recognized us u hazurd 10 development (l-Iarris. 1974: Harris and Jollyml1l"e. 1974: Lewis and

Keen. 1990).

Seveml methods for estimating scouring rates oiT eastel11 Canada huve been devcloped.

including repetitive mapping. inference through iceberg gl'llundings. inlcrence thl'llugh iceberg

keel size distribution. iceberg !lux. scour degrmlution and scour dating (Lewis und Keen.

1990). However. these methods typieully use data obtained over a relalivcly short periml of

time and a small region. und muy nol be representutive of long term regionul scolll'ing rate

trends. By using the HP datubuse. estimutes of iceberg densities fol' the entire Grand 13unks

region muy be obtuined using u sumple thut includes 34 yeurs of observulions und which may

be more representative of long term trends in regionul iceberg densities.

1.3 Density Estimation

Estimutes of iceberg densities ure obluined by ideulizing iceberg locutions on u given duy us a

point puttern process und then unulyzing the duta with kel'llel eSlimutOl's. Kerncl dcnsity

estimators ure non-pul'llmetric estimators which include. us u speciul cuse. hislograms.

Difficulties ussociated with the estimution of iceberg densities ure reluted to the vuriubilily of

the process spatiaJly und in time. both intra-unnuully und inter-unnuully. und to the surveying

und reporting procedures for the icebergs included in the dula sets. For the HP datubuse. the

muin difficulties ure associuted with the different sources reporting icebergs. the non-uniform

rate of surveying ueross the region. und the Juck of informution with respect to the sizc und

locution of the surveys. Issues reluted to tempol'lll und sputial vuriulions in the densities ure

not as important given the extent oF the dutubuse both in time und spuce. Conversely. Ihe

Husky Oil duta set is more homogeneous l'rom the reporting point of view. given thut ull

icebergs within 100 km of a drilling site are thought to have been reported. However, the

data set is too Iimited in space and time to develop reliable estimates of regional long term

trends in iceberg densities.
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J.4 Tlzes;,v Outlille

Chapler 2 presents a Iiteralure review on iceberg occurrences over Ihe Grand Bunks und of

Iheir characterislics. This is followed hy u dclailed descriplion of the lIr and Husky Oil datn

sels.

ln Chupler 3. Ihc meehunies of icdJerg seouring is described. A qualitutive description of

ohservcd iceherg scours is prcsented und cstimution procedures for the scollring rate ure

reviewed.

ln Clmpter 4. rundom fine processes ure deserihed us a lIleuns of representing the drift of lurge

icebergs. Given the nature of the avuilable dala few reliuble iceberg tracks ure avuiluble and

Ihe bulk of Ihe duta hus 10 be anulyzed us rundolll points. Variolls non-parumetrie kcrnel

density estilllators arc rcviewed for the estimation of the density of icebergs as a function of

time and location.

Chupter 5 presents the results of the anulysis for both the HP und the Husky Oil duta sets.

These include the eSlimution of the density of iccbergs us a function of time and locution. as

weil us sorne rcsults for the distribution of iceberg dimensions und drift churacteristics.

Finully, Clulpter 6 highlights Ihe muin conclusions und offers recornrnendutions for future

rcscarch.
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~ 2. Icebergs

2.1 The Grand Banks ofNewfmmd/and

The Grand Bunks 01" Ncwl"oundland arc siluulcd approximulcly 1SO kilO111elel's l'rom the

soulhcustcrn lip or thc island of Ncwfoundhmd. Il is comprised of six hanks. the largest of

which is the Gmnd Bnnk. a ncnrly nal l'cgioll \Vilh huthymctl'il's Icss Ihan 100 111. Il is sl'pmull'd

l'rom Ncwl'oundland by the Avuloll Chunllel. which is ur 10 200 III decp. The nnrlhern n:ginn

of the Gmnd Banks has Walel' depths of 200 m 10 400 m. Thc cuslcrn l'dge of the Gr:md

Banks bordcrs Flcmish Pass. which is over 1000111 dccp. Eust of Flcmish Puss is Flemish Cap.

an isolatcd arcu wilh water Icvels us shallow as 126 111 (Figlll'c 2.1-1). A lhin laycr of sand ullli

grave1 covers the Grand Banks. This surface is conlillllBlIy chunging duc 10 wave m:lioll.

burrawing marine animaIs and iceberg scouring (Lewis et al, 1988). Tmdiliollally. thc Grand

Banks have becn mainly known as excellent lishing grounds. More rl'ccntly. discovcrics of

hydra-carbon dcposits has Icad to the promise of the Grund Banks hccoll1ing a 11l.~jor smm:e uf

oi! production.

42
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Figure 2.1-1 Gmnll Banks of Newfounlilanli.
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2.2 Iceberg Sources

Calving of' glaciers oIT Grccnland's wcslcrn coast is the principal source of' icebergs. Icebergs

arc also liJrmed by calving glaciers along Greenland's western coasIiine as weil as Ellesmere.

Bylol and Baffin Islands (Figure 2.2-1; Clark el al. 1990). These icebergs are carried by lhe

slrong ocean currenls through Bamn Bay and south along tbe eastern Canadian seaboard. Il

is eslilllated lhUl 10.000 10 30.000 icebergs are produced eaeh year and lhUl up to 40.000

icehergs arc Illaintained in Baffin Bay. sollle of which exceed 25-30 million tonnes in mass

(Clark el al. 1990; Lewis and Keen. 1990; Dinsmore. 1972). On average. a few hundred of

lhese icebergs arc lransported as far south as the Grand Banks of Newfoundland each year.

while Ihe l'est deteriorate mueh sooner. However. the number of icebergs whieh reach the

Gr.md Banks is highly variable. both seasonally and yearly.

2.3 Drift

An iceberg's long-term drift is governed by ocean currenls. However. iceberg trajectory may

be inllueneed by such short-term factors as strong winds and tidal currents (Lewis el al.

19RR). Icebergs originating l'rom the south-weslern Greenland coast follow one of three paths

(Figure 2.2-1; Marko. 1982; Marko el al 1986. 1987. 1994). Icebergs may f10w northward

along the West Greenland Current into northern Baffin Bay and then move westward. joining

the swift Baffin and Labrador Currents southward. Alternatively. icebergs may follow the

West Greenland Current only until Davis Strait bcfore joining the Baffin and Labrador

Currents. The third pathway accounts for those icebergs which move beyond the extent of the

coastal currents (Marko el al. 1994). Near complete coverage of far-offshore iee during the

1:111 and winter monlhs allows icebergs to travel in a predominantly southerly direction with

velocities of 5 ta 20 kmlday (Marko. 1982; Marko el al. 1994).

Icebergs entering the Grand Banks Ilow wilh the Labrador Current. which enters the Grand

Banks wilh a southerly speed of 0.2 mis. Once in the vicinity of the Grand Banks. icebergs

follow one of three main paths. They may either drift east. along the north'rn edge of the

Grand Banks and lhrough the Flemish Cap; south-ea~t. between the Flemish Cap and the

Gmnd Banks. through Flemish Pa~s; or southward. traveling between Newfoundland and the

6
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• Grant! Banks before drifling wesl and rounding the south-caslern tip of Ncwfoundland. This

pallern c10scly rescmblcs the llow of the Labrador Current as it enlcrs the Grand Banks. The

Labrador Current diverges into three hranches: one llows south until the northern edge of the

Grand Banks and then continues cast, north of the Flcmish Cap; unolher follows the contour

of the Grand Banks soulhward lhrough Flcmish Pass und then easl towurds soulhcrn

NewfoundJand; and u third nows lhrough Avulon Chunnel und follows Newfoundlund's

western couslline. Figure 2.3-1 shows the mean circulalion pattern of currenls in the Grand

Bilnks. Thesc currenls have rneiln vclocities of 0.2 mIs to 0.6 mIs (Lewis et al. 1988).

The distance lravclcd hy icebergs l'rom Grccnland 10 the Grand Bunks is approximulely 1300

nuulicul miles und may luke more than 2 years 10 complete (Clark ct al. 1990).

Figure 2.3-1 General currcni circulation pattern in the Grand Banks. (NOle: to enhance smalJ. but
cqually important eurrcnts, the arrows were scaled by the square root of the current magnitude).
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• 2.4 1llter·AllIlllai alld 1lltra·AllIlllai Variability

The number of icebergs dl'ifting south of 4HON hus h~~n the Il'mlilionul indÎl:atOl' of thc

sevedty of thc icebcrg scuson sincc it rcprcsents the historieal houndary or trans-Atlantic

shipping routes passing south of Ncwfolll1dland (Clal'k ct al. 1990). Iceherg !lux 01' densitics

exhibit lnrgc vuriubilitics both intcr-m1l111ally and intra-unl1ually (Pigurcs :2.4-1 and :2.4-:2),
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The intra-annual variability of iceberg flux givcs rise to the nolion 01'.111 iccberg seuson. Thc

iceberg scuson cxtends from Mtlrch 10 luly and accounts for 91 % of ail rcportcd icchcrgs

drifting south of 48°N (Figure 2.4-2).
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I\n cXrlunulion Jill' Ihis rhcnomcnon hus bccn suggcstcd by Murko el al (1994). Bctween

I\ugust and mid-October. when therc is no lundfusl iee ulong cuslern Bnflin Islnnd. icebcrgs

lIIay drift close to shorc. subscqucnlly grounding. Grounded icebergs urc nol likcly 10 drift us

fur soulh us Ihe Grand l3unks. us scvere delerimution is necded befme the iceberg is

1II0bilized. I\lso. un iceberg muy ground sevemlmore limes ufter bcing remobilized. Lundfust

ice. whicb urreurs in eurly October. rrevents icebergs frolll eJ1lering slmllow wuters. As u

rcsuit. u greutcr numher of icebergs uvoid shullow eo.llinentul shelf ureus und drift south

lowurds Duvis SII'uit. LandfusI iee eun ulso "nlmr icebergs loculed ur 10 70 km l'rom shore

and prevcnt their rcleuse unti/ Ihe following summer d!lril1g icc breuk-ur. Icebergs which do

nol ground or ure nol enlmpped rcueh Duvis Struit belween Junuury und Februury. The

presence of iec cover in Duvis Slmit al this time of yeur keers sea water temperalures low und

dumpens wuves. both of wbich ure key fuctors in iceberg deteriomtion. By preventing

grounding und ubuting deteriomtion. icebergs ure more Iikely to reach the Gmnd Banks. In

ull. il is estimuted thal only 0.5% of icebergs formed euch year by eulving drift south of 48°N

(Murko el al. 1994).

2.5 Classijicatilm ofPhysical Characteristics

By nuture. icebergs ure wndom in shape. Nonetheless. the International Ice Patrol (IIP)

c1ussilies the uhove wuter uppcurance of icebergs as either tabulaI' or non-tabulaI'. The non­

tabul'lr descriptor includes such shapes as growler. domed, dry-dock, pinnacle and bergy bit

(Tuhlc 2.5-1). Tubular und blocky icebergs arc very stable and are least susceptible to rolling

und splilling. Icebergs in an udvanced state of deterioration will generally exhibit rounded or

pinnacled features (NORDCO, 1980). Since the Gmnd Banks is close to the southern limit of

the iceberg corridor. icebergs :Ire then in the final stages of deterioration and are typically non­

tubulur. Bergy bits .md growlers are pieces l'rom larger icebergs or icebergs in a state of near

cOll1plete delerioration.

HP Ims udopted a standardized size classification which it uses when reporting icebergs (Table

2.5-2). In 'lccordnnce with this c1assilication. length refers to the longest waterline dimension.

whik hcight rcfcrs to the grcatest vertical dimension measured l'rom the waterline. Estimates

on iceberg dmfts suggest that 50% of icebergs drifting ioto the Grand Banks will have drafts

in excess of 60 m. but less thnn 10% will excced 100 m (NORDCO, 1980).
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'1'\'1'1' OF ICEIIERG DI':SCIUI'TION

TABULAR (TAB) Horizontal.l1at-topped berg with length:heiglll ratio 01' S: 1 llI' more

BLOCKY (BLK) Stcep preeipitous silles with horizontal or fiat top. very solid ber~.

length:height ratio ol'~: 1to S: 1

DOME(DÛM) Large smooth rounded top.

DRY-DoCK (DDK) Eroded such that a large U-shaped slot is Ihrmed with twin columns or
pinnacles, Siot eXlends umlcr Ihe water line or close to it.

PINNACLED (PNC) Large cenlral spire or pyramid 01' one or more spires domimuing Ihe
shape. Less massive than domed-shaped icebergs 01' similar dimension.

BERGY BIT (BBB) A mass 01' glacial ice smaller Ihan an iceberg. hut laI'ger than a growler.
aboui 1S mlong. Small berg or large grmvler is the prcferred usage,

GROWLER (GGG) A mass 01' glacial ice Ihat has calvcd l'rom an iceberg or is the remains
01' an iceberg, A growler bas a height 01' less than 1 m and a Icngth less
Ihan 5 m.

Table 2.5·1 IIP ,ceberg slze descroplors

TAIIULARICEBERGS

Description Lengtll Ileigllt

SMALL Between 15 m and 60 m Between 5 m and 15 m

MEDIUM Between 60 m and 122 m Between 15 m and 60 m

LARGE Greater Ihan 122 m Belween 50 m and 7S m

NON·TAIIULAR ICEIIERGS

Description /..ellgtll llei~lIt

GROWLER Under 5 m Ullder 1m

BERGY Brr Between 5 m and 15 m Between 1m and 5 m

SMALL Belween 15 m and 60 m Belween 5 m and 15 m

MEDIUM Between 60 m and 122 m Belween 15 m and 60 m

LARGE Greater Ihan 122 m Belween 50 m and 75 m

Table 2.5·2 IIP qualitatIve Slze and d,menSion deseroplors.
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2.6 Sources of Data

2.6.1 Internlltionallce PlItrol (IIP)

The lIP was formed in 1'J13 and is operaled by the Unitcd Slates Coast Guard. Ils mandate is

10 palrol Ihe Grand Banks in order 10 determine the southweslern, southern und southeastern

limils of Ihe iceherg infested re~ion. lIP's seeondary objective is 10 nminlain a dalabuse as

complete as possible of iceberg local ions wilhin these Iimits (Anderson. 1(93). The area

survcyed by lIP is houndcd by lutitudes 400 N 10 52°N and longiludes 39°W to 57°W. III'

supplements ils dUlabuse of iccberg loculions wilh reporls l'rom olher sources, sueh us reports

l'rom ships, commerciul Ilighls und l'rom the Cunudiun Almospherie Environment Service

(AES). This dutu busc is considered 10 be the most comprehensive source of iceberg

infornmlion uvuilable, yet it is believed to undereslimHle the uetuul number Pl' icebergs in the

region (NORDCO, 19S0).

lIP focuses its surveys on lurge icebergs und. in general, does not report growlers or bergy

bils. In uddilion, III' is muinly concerned with the southern extent of iceberg infested wuters,

which ure ureus wilh low iceberg densities. Consequently, III' only reporls icebergs in ureas

of high iceberg densily incidentully when llying to Ihe survey regions. The more extensive the

outer Iimits of the iceberg inlested areu. the less time is uvailuble to coyer interior ureus, such

us at the northern edge of Ihe Grand Banks. III' oplimizes llight times by using un iceberg

drift model 10 prediet Ihe future location of icebergs. However, this model is Iimited to

regions where icebergs arc frequently found. In years when icebergs drift further south thun

uSllul, such as in 1989, III' must putrol more extensively southern regions because they ure

unuble 10 predict iceberg movemenl. This leuves less time und resources to putrol the inner

rcgions where the m.tiority of icebergs arc locuted. IIP's inability to survey interior regions

does not affect it's mandate, however it uffects reported number of icebergs crossing 4soN

(Anderson, 1993).

III' has been using aerial reeonnuissunee missions since 1946. Before 1946, ships were used

to truck icebergs. In 1983, IIP introduced the Side Looking Airborne Rudar (SLAR) on its

uircruft 10 improve iceberg delection. Previously, uirbome reports had been done visuully.

Aircraft eq!Jipped wilh ~J.AR putrol froman elevution of ISOO m to 2400 m (6000 to SOOO

teel) using u stundurd pamllel leg Iype seureh with u 50 km (25 nuutieul miles) truck spucing.

With a SLAR mnge of upproximutely 50 km (27 nuulical miles), IIP ensures 200% covemge

12
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of the interiOl' or the regions patrollcd (Anderson. 1')93). Figures 2.(1-\ Hnd 2.6-2 show tWll

llight pHllerns pel'formcd by the HP in 1993 amI cxemptify how sean.:hcs shirt soulhwal'll as

the iceberg se41son progresses.
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Figure 2.6-1 TypicalllP I1ight p:lltcrn (rliglu #22. March 25 llJlJJ. 7.1< lIrs).
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SLAR hlls the lIdvllnlllge of not being wellther dependent. The introduction of SLAR enllbled

IIP to perl'orm reeonnllissunce llights during foui welllher conditions when visibility is POOl'.

However, li mlljor drawbllck to SLAR is largct discriminlltion. Fishing vcssels and iccbergs

clin be conl'used when visulii conlirmution is not possible. IlP trics to eliminute non-iccberg

tllrgets, but does include SLAR rcports of icebergs which have not becn visually conlirmed in

its databllse.

IIP includes iceberg sightings l'rom other sourccs in its databasc, such liS reports l'rom

commercial ships, commercial and military flights and coastal sighlings. IlP also includes

reports l'rom the Canadiun Atrnospheric Environment Service. AES instituted an iceberg air

reconnllissance prograrn in the early 1980's. AES patrols regions of the Grand Banks with

high iceberg densities. AES also ernploys SLAR, but ernphasizes visuul searches. As such,

SLAR turgets with no visual conlirmlltion are not reported liS icebergs.

Finally, IIP c1assilies sorne icebergs us l'esights. ln order to be c1ussified as a resight, a

pl'eviously sighled iceberg must be reported in a location predicted by the dril't mode!. As IIP

1ll1lY only survey a region once every two weeks, errors on resights arc highly probable.

2.(,.2 Oil Companies

The presence of large reserves of hydroearbons has led to drilling exploration and

devclopment in the vicinity of the Grand Banks. Canadian drilling regulations require that

iceberg surveillance be donc in regions of explontlion (Anderson, 1993). Oil companies

searching for commereially viable sources of oil and gas comply with these regu1ations by

conducting research into iceberg characteristics, such as size and frequency of occurrence, or

l1ux (Crocker, 1994). Such research foc uses on icebergs which may collide with gravity based

structures or which rn,IY scour pipelines on the ocean 11001'. As a result, the compiled

dalabases prirnarily document the characteristies of large icebergs. These databases are

dependent on the methods used for tracking icebergs (usually a combination of radar and

vism1l reports) as weil as the location and the period of operation of the drilling platforms

l'rom which information is gmhered. Explonltion sites are occasionally abandoned during

drilling opemtions duc to the presence of icebergs. pack-ice invasions or for refits (Banke.

1989). As a rcsult, it is gcncrally recognized that these databases are incomplete due to the
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Iimited l'linge and scope of the reported icehergs (Banke. 19R9" However the datahases do

provide a very good source of ieeherg size distributions. As opposed 10 III'. which gives a

quulitutive estimate of iceherg dimensions. datahases compiled hy oil companies provide

meusurcd or estimated quuntitative dimensions. In uddition. the location 01' icehergs l10wing

within the ohscrvution l'linge of oil rigs arc tracked ut regular intervuls, providing un uccllrate

time history 01' iceberg drift.
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3. Scours

3.1 Illtroductioll

Iccbergs drining inlo waters where the bathymetry is similar ta lheir dran pose a threal la

structures loealed on the seabed, such as pipelines, wellheads and under-water communication

Iines. Icebergs may scour the seabed and may cause faillll'e of any structure in its palh. One

solution is to hury lhese structures. However, determining the depth ta which structures need

to he buried is a non-trivial dilemnm. Burial depth is dependent on several factors including

lhe scour mechanism, geology of the sea !loor, and the size distribution and densily of icebergs

wilhin lhe region (Gaskill, Nicks, Ross 1985).

3.2 Scour Characteristics

Two lypes of seabed disturbances can oecur when an ice keel cames inlo conlact with the sea

11001': scouring or pitting. Pits arc circulaI' or elliplical in shape and may occur as an iceberg

splits and l'Olls. Pils may also be pl'Oduced as an iceberg oscillales vertically along its tn\iectory

duc to wave action or instability or due ta the weight of a grounded iceberg which may cause a

bearing capacily failure of the seabed (Clark el al, 1986; Lewis el al, 1987; Simms, 1993).

Scours are formed as the keel of an iceberg drags along the sea !loor. Seours are accompanied

by the formation of small mounds on either side of the scour, called berms, which run the

length of the scour. Bath berms and scours can be characterized by their length. width and

slope. In addition, scours are also characterized by [heil' depth, defined as the vertical distance

from the deepest point in the scour ta the level of the undisturbed sea !loor, and by their

incision width, which is defined as the width of the scour at the level of the undisturbed sea

11001'. As weil, berms may also be characterized by their height, defined as the vertical distance

belween the undisturbed sea !loor and highest point of the berm. (Figure 3.2-1). Lcngth, width

;lIld depth of scours vary for different regions. Regional geology plays an important l'Ole in

seour slmpe and preservation. Scours formed in days have steeper slopes and theil' shape is

preserved for a much longer period of time than in sandy soils where hydrodynamic reworking

and burl'Owing marine animaIs will act ta quickly deeay scour shape.
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• Gcncmlly, SCOlU' dimensions incrcasc with wulcl' dCplh. In inl"l'casing watel' dcpths 01' IO() III

ta 200 m, the nllmbel' 01' scollrs ulso incrcascs (Simms. 1<)9)). Howcvcl', as water dcpths

incl'cuse from 200 III 10 225 m. the nUl11ber of SCOlU'S decreascs, ulthough this lllilY he

utLl'ibliled la incomplctencss in the slll'vcys (Silllms. 1993). Seour dcpths aIsll inercase wilh

\Vater depth, und have a maximum mcan 01' 1.9 m in watet' dccpcl' than 200 111. Finally. senllr

Icngths cun be very long. with partially seanncd lcnglhs in exeess of 1() km (Com fort and

Becn, 1990; Simms, 1993).

Seeur width
~-~_._._-~.~

Berm2,
Berm 1

Height

I----I-!----~.._._.-

L.-Berm 1--........1 ...1---t....1....__

1 width 1 1
Incision
width

Berm 2
width

•

Figure 3.2-1 Scour chumctcristics. Nole that the malerial exc:Lvalcd
should bc cquallo the volume orthe bcrms.

Two populations of iceberg scours cun be idcntified in the Grand Banks. In water depths Icss

that 110 m, a relatively young seour population is charaeterilcd by a sparse iceberg seaur

pattern. At water depths greater than 110 m, the pattcrn is dense and the scours urc partially

buricd, suggesting that they are reliet scours (Simms, 1993). Scours in water depths Icss thun

100 m are 1 m to 2 fi deep, while scours in water dcpths grenter than 100 mare 1 fi tu 4 m

deep (Lewis et al. 1987).
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EstinHltes of scour density in Ihe vicinity of the Grand Banks vary greatly. These vary l'rom

40 scours/km2 along Ihe perimeter of Ihe Grand Banks and in the Avalon Channel to

approximatcly 1 scourl km2 along the northern edge of Ihe Grand Banks (Lewis el al, 1987).

Ilowcver, Simms (1993) suggests, bused on empirieal evidenee, Ihat densities in the Grund

Banks can nmge l'rom 0.3 scours/km2
10 86 scours/km2

, with a mediun of 2.6 scours/km2
, a

I1lcan of 6.3 scours/km2 and a standard dcviation of 9.3 scours/km2
•

3.3 Relief Scollrs

Rclicl scours arc seours thal were formed during the Paleocene era and are of no signilicunee

in terms of risk to sea 11001' structures. Typically, these scours are much deeper than modern

scours, Iherefore including relict seour dala in determining burial depth will lead to burial

dcpths much deeper than required. ft is important to identify and exelude relict scours l'rom

data sets, as the information they provide can lead to over-design. Relict seours ean be ellsily

idcntilicd if the oricntation of their pattcrn is different l'rom modern scour patterns, if their

dimensions are different l'rom modern scours in the region, or if modern ieebergs no longer

scour the sca bed either due to a decrease in iceberg size or an inerease in regional bathymetry

(Lcwis and Keen, 1990). Relict scours have been identilied in water depths of up to 750 m

oiT the Baffin and Labrador shelves and in water depths upward of 650 m along the Flemish

Pass. Relict seours have been discovered with lengths of several kilometers, widths up 90 m

and depths up to 4.4 m (Pereira el al, 1988; Simms, (993).

3.4 Meeha,,;s11l

The interaction between an ice keef and the sea f100r is li complex process involving the soil

properties of the sea bed, iee charaeteristies and the driving forces. Icebergs are driven by the

combined effeet of eurrents. winds and waves. The seour process begins when a deep keeled

iceberg is driven into an ureu of shullower buthymetry. The iceberg may then lift, rotate, split,

scour. und/or come to l'est (Comfort and Been, 1990). The iceberg will ground if the driving

forces ure not suflicient to sustain its drift. As scouring progresses, the soil experienees a

18



• l'ange of dcformations depcllding on the proximity tn the icc keel. Induced stresses ilnd sll'llins

arc transfel'red to any structll1'c intcrscctillg the lmjcctory or a scouring iceherg, sllch as II

pipeline. Three zones of icc-soil-pipclinc lntcmction clin he charactcrized us l'ollmvs (Figure

3.4-1 ~ Coml'ort and Becn, 1990):

l, Zone 1: Lurge sail movelllents me observed as suîl is displaccd. A pipeline in this zone will come
into direct contact with the ice keel. A pipeline locatcd in this zone is likcly III he curricd forwanl
with the iceberg.

2. Zone 2: Locuted close to, but beneath the busc of the icc ked. Large soi! muvements ure ohserved.
The pipeline docs not come into contact with the iec kccl, but lindcrgoes large displuccments as it is
carried along with the displneed soil.

3. Zone 3: Small soil displacements and stmins arc observcd. Strains in the soi! impuse stresses on
the pipeline. A pipeline in this zone is not expcctcd ta llndergo large displacemel1ts.
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• ,,' "Zone 2.. ~...,.. " .. ' '•

Figure 3.4·1 Seours proccss (adapled t'rom Comfort and Becn. 191JO)

•

As the ice keel drags through the sail. a wedge of soil forrns in front of the keel and Îs

transported along with the ice feature. This soil aets as a "dcad wedge". rneaning there is Iittle

relative rnovement between it and the ice keel. This wedge of soil increases the cutting angle

of the keeJ causing it to be more blunt. Suil is pushed out and in front of the kccl us the

iceberg rnoves forward. The wedge eventually stabilizes and further scouring causes excess

soil to be pushed to the sides of the kcel, forming bcrms (Figure 3.4-2).

Damage to a sea floor structure is not limitcd to forces imJuced through direct contact. but

also by the large deformations causcd by sail dispJacemcnts. The soil displacemcnls produccd

during the scouring proeess can create excessive strains to scabed facilitics rcsulling in

damage or failure.
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Figure 3.4·2 Benn formation through iceberg scouring (adapled from Comfort and Been, 1990).

The scouring mechanism is very different from other types of soil cutting, such as by

agricultuml implemenL~. Cutting devices are sharp, rigid. are much stronger than the soil and

ure designed to minimize the required dmg force (Been et al 1990). By comparison, an ice

keel is blunt and does not lift soil up as it moves forward, but presses it down. Ice keels are

very inefficient cutters. Finally. ice ut the bottom of an iceberg is weak und may break during

scouring allering the cutting surface.
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3.5 Estilllatillg scollrillg rates

Several methods can be used to eslimate the potential of seabcd scouring in a l'cg ion (I.cwis

and Keen. 1990). The two most eommon methods of detenllining scouring rates is either by

direct observation of the sea 11001' through repetitive mapping 01' thl'llugh inlcrence by

measlll'ing iceberg kecl depths and combining lhis information with iceberg drin pallel'lls.

3.5.1 Repetitive Mapping

Repetitive mapping involves using sonar to survey the sea 11001' fol' scour marks. Successive

mapping of the same region gives detailed information as to the frequcncy of scouring. This

method is also useful in identifying relict seours, which are cul by modern scours. Estimates

of the raie of scouring are obtained l'rom:

À(!) = N(lÜ ._1_
ôT 7t. L

(.\.5·1 1

where À.(~) is the rate of scouring atlocation~, ~ are the coordinates in tenllS of longitudc and

Imitude, N(~) is the number of new scùurs observed in the vicinily of~, sr is the time c1apsed

between two surveys. and L is the length of the line tmcked by sonar.

Repetitive mapping is expensive and its accumcy is depcndenl on the rate of scouring, Ihe rate

of scour degradmion and the time inlerval between mappings. Repelitive mapping is most

effeclive in areas where the rate of scour formation cxcecds the raIe of scour degmdalion.

such as in the Beaufort Sea (Lewis and Keen. 1990). Disadvantages of repetitive mapping are

high cost and the relatively small sample obtained in terms of spatial cnvemge and time perim!.

3.5.2 Inferred Iceberg Groundings

Estimates of scouring rates can also be infeITed l'rom observed groundings of icebergs. An

iceberg is assumed grounded when it remains motionless for one lidal cycle. The frequency of

iceberg groundings is calculated as the number of inferred groundings over Ihe numhcr of

icebergs drifting through the region during the observation period.

Estimates of the mie of scouring arc obtained l'rom:
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where NG(!) is the number of iceberg groundings in lhe vicinily of !. ~T is lhe lcngth of thc

peri()(1 of observation and A is the area of the rcgion hcing observed. However, lhis

proccdurc can undcreslimale the lrue rate of scouring given that not ail scouring icebergs are

observed and that not ail scouring icebergs gl'Ound.

3.5.3 Icc Kccl Dcpth and Flux

Eslilllaies of lhe an nuai iceberg flux and of lhe pl'Obability distribution function of drafl depth,

cal1 be used 10 estimale the frequency of scouring. Eslimales of the mte of scouring arc

oblail1ed l'rom:

( 3.5-3 )

where <j>(x) is the iceberg flux (icebergs/km-day) and Fd,(d 1!) is the cumulative distribution

fUl1ction of dmfl size of iccbergs al location 2! and d is lhe water depth at !.

The advantages of the above proccdure are thal:

J. il can be calibmted using iceberg and scour dal:l;

2. il cun be used 10 inlerpolule lbe scouring raIe between regions wbicb buve been surveyed through
repel itive mupping;

3. il eun he used 10 eliminute relicl scours.

Procedures for the estinmtion of the flux or density of icebergs as a function of localion ure

preser.t.:d in the next chaplcr.
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4. Spatial Analysis

4.1 Illtroductioll

The occurrcncc of iccbergs at any given local ion is onen modclcd as a Poisson process in timc

for estimating design criterion for nxcd offshore oi! plalforms. such as I-lihernia. The

charaelerislics of the Poisson pl'Obability distribution funclion (pd!) make it a popular choice

for modeling a variety of natllral phcnomena. Thc Poisson distribulion has been used 10

describe the random occurrence of extreme evenls in time . such as hurricanes and lornadoes.

ft has also been used to deseribe the spalial and temporal distribution of extreme events. such

as earlhquakes. The Poisson pdf is detined as follows:

e-Îo.À"
P( X = 11; À) = for n = O. 1. 2....

Il!
1~.I·I )

where À is the intensity function and corresponds to the expectcd number of observations for

the sample region. For a homogeneous process. À is a non-negative constant. The rollowing

properties define a homogeneous Poisson process (Barber. 1988):

1. Occurœnc'o of an event is independent of occurrences in any olher mutually exclusivc intcrval:

2. The probability of occurrence of an event is proportional 10 the interval size in whieh it occurs.
Iherefore Ihe probabilily of an event occurring in a small interval is snmll:

3. The probability of multiple occurrences in an inlerval approaches zero as the size of the interval is
rcduced;

4. The Poisson distribution is prcserved when seveml Poisson distrihutions are added together. for
example for earthquakes or hurricanes of different intensities.

5. The intensity factor. À.. is independent of location and is a non-negative constant.

Heterogeneous Poisson processes obey ail but the lasl condition whereby the intcnsity

function may vary according to location. 1. where 1 is an array of coordinales for a suh-rcgion.

or interval, in n-dimensional space (9\") (Veneziano, 1980). For poinls on .! line, n = 1 and!

represents a segment of the line, and in 9\2, 1 represents a surface. For Ihe heterogcncous

case, the expected number of observations in the sample region, S, is detined as:

E[N(S)] = fÀV)·d!
s
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• Icehcrg o<.:l.:Ul'rc/l(,:c can he l1Iodclcd as li Poisson point pl'Ocess on a line ()l' as a Hne proccss in

9t!. ~11 1he lirsl cuse. Ihe kchcrg drifl is chunlctcrized. for cxumplc, us lhe l'ale of icehcrgs

cJ'ossing a Hne (c.g. 4X"N), which cun vury us li fUllclion or longitudc (Figlll'c 4.1-I). In the

second l:lISC. Ihc IWO dimcnsÎonulnutlll'c of iceberg drift is cxpHdtly accollnlcd for, which is

discusscd in morc dClail ncxl.

LI
ai
t i
i 1

t j

UI
dl
el

1

,
Longitude

-_ ...__ ._-_..~-----~----------.

Longitude

Fl~ure 4.1-1 Iceberg urifl mndclcd :IS the nlle nf icebergs crnssing :1 gi\'cn Inlitudc.

4.2 Lille Processes

As \Virh .1 point process. a Hne proccss can he either homogeneous or hetcrogencous

dcpcnding if the intcnsity function of lhe process is constant (À) or a function of location

(À(!)I. In 'HJdition. the Hne process C'1Il he char.lcterized .l-; isotropie or anisotropie.

dcpcnding if the oricntution of the tr.ljcclories is uniformly mnùom or nol:

ln the ca.-;c of iceberg tmjectories. the Hne proccss appeaes to he heterogeneous and

• .misOlropic.
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• Sevcrul estimalion procedurcs cun he llsed lo estimlltc Ihe propcrlies 01' Il lille proccss. thesc

me lIsliully vulid 1'01' iSOll'Opic llnd homogeneous processes. hut clin he cXlended lo Ilon~

hOlllogencous. anisotropie pl'Occsses l1l1del' cCl'lain condilions.

ln Ihe case 01' icebcrgs. ohscrvations an.: lIsually in Ihe llll'lll 01' dail)' rcplll't~1 on Ihe location of

iccbcrgs over li detincd al'ea which is survcycd l'rom shorc. l'Will ail' 01' l'rolll ships. Thcrc arc

ollly a l'cw dala sels (c.g. Husky Oil) which aclUally tl'ack imlividuul icebergs (Figure 4.2-1).

Iceherg lrujcclories can nlso he inlcrrcd l'rom resighl observations lIsing the HP databusc.

48
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47.2

47
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46
-49 -48.5 -48 -47.5

•

Figure 4.2-1 Trajectory of icebcr~ #101. ohservcd from April 2 19Xa lu April 23 191'11'1 (49 rcpllrtcd
observations). Also includcd is the 1{1C~ltion wcllsitc Whitcrnsc B·U9.

An iceberg tmjectory cun he idealizcd a'ô LI Hne in 9\2 and can he chamclcrizcd. wilh respecl t<r

a given point! E 9\2, by pammcters d und a. Thcsc paramelers rcprcsent. rcspcclivcly, Ihe

shol1est distance from the sclccted point ta the Hne and the angle. mea..urcd c10ckwise from 12

(Figure 4.2-2). The cquation for such a Hne is:
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where n ùelines a sel of runùom Iines. The angle a ranges l'rom 0 10 1t anù Ù ranges l'rom _00

ln 00. If 0 represenls the sampIe space for possible values of 0, which is a veclor arl1lY

representing Ihe parullleters [:: ] • then:

0= ((d,a.) = -00 < d < 00, 0 ~ a <1t J ( 4.2·3 )

-0 (8)

Idl

,,---------------".,------~

Figure 4.2-2 Paromaterizalion of a line in 91'.

5uch a reprcsenlation is very convenienl when the proeess is analyzed for establishing design

eriterion with l'CSpeel to the location of a oil production or exploration platform.

A sel of nmdom lines. [n (0)]. has a Poisson distribution if the pammeters, (0), depict a

Poisson point process in 0. However, an homogeneous point process in 0 is not a necessary

conùition for the line process to he homogeneous in space. A homogeneous line process

rcquires only tlmt the intensity function of the point process has the form:

À(d ,lX) = À· fa (a) ( 4.2-4)

wherc À is a positive constant and fa is the pdf of a (Veneziano. 1980). This process is

homogeneous but anisotropie, since the spacing of the lines is random, but their orientation is

govcrned by a given pdf, fa' If ex is uniformly distributed over [0, 1t], then the line process

26



beeomes isotropie, us weil us homogeneous. The intensity function fol' un iSOll'llpic.

homogeneous line process reduces to:

(U·5 )Â.(cl. a) =
Â.

constunt =­
lt

An isotropic, homogeneous line proeess implies tlmt the spucing und orientulion of the lines

arc eompletely random in 0. Fol' un unisotropic, heterogeneous line pl'lleess, hoth the spucing

of the lines und lheir orientution ure determined by ujoinl pdf of (d, a).

Figure 4.2·3 Poisson line proeess in91'.

Estimation procedures for Â.(d, a) ure bused on crossing mies of lines or of convex objects in

spuce. Given a homogeneous Poisson Hne proeess, the number of lines, N, crossing through a

convex figure with pcrimeter, L, in 9\' has a Poisson distribution with expected vulue (Miles,

1964; Figure 4.2-4u):

( 4.2·(, )E[N]= Â.. L
lt

When the Hne process is anisotropie, the expression is only vaHd whcn the convcx figure is a

circle, but for the isotropie case, the figure may bc any arbitrary shape. An eslimate of the

intensity function at a given location can he obtained by positioning a convcx figure cenlred al

the location of interest and by counting the numbcr of observed lines, N', which pass through

il. The intensity function can be estimated as:

•N ·ltÂ. =._-
L

(4.2.7 )
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• This hlst estimation is espcciully weil adupted for the analysis of data reported by HP. As

Illcntioned previously. only a smail fraction of the historical data set is recorded in terms of

actllHl iceberg trajectories. the majorily of the observations only provide the location of the

icehergs on Il given day (Le. iceberg maps). The estimation procedure can be uscd in

conjunction with location daln hy assuming that every point in the convex ligure belongs to un

individual lrajcctory. The estimate is then obtained by counting the number of points within

the figure in lieu of counting the nllmber of lines (Figure 4.2-4b). The estimation problem can

then he trcated using standard procedures for the estimation of the intensity function. 01'

density. of a point process. which arc discussed ncxt.
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Fi~urc 4.2-4 Poisson Iincs inlerscctin!; an arbilrary convex ligure in 9t2 modeled as (a) il

line proccss~ (b) a point process.

4.3 PO;llt Processes

Sets of nmdomly distributcd points ure the most widcly researched type of set patterns and the

Poisson point process is one of the tirst stochastic models to have been developed (Serra.

1982). Typically. point proccsses describe sets of random points in 9\2. The simplest point

proccss is the homogeneous Poisson pattern. also known as complete spatial randomness

(CSR). This pattern is often lIsed as a standard for comparisons with other point proccsses.

Two conditions arc rcquircd for CSR (Boots and Getis. 1978. 1988):

1. Points ;lrc unifonnly distributed over the sample region. sa that the likelihood of receiving a point
is equal for ail sub·rcgions:

2. Point locations ;lrc independcnt of one another.
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Figure 4.3·] Model rell!izlIliuns uf: (a) CSR; (h) Clusler; (1:) Rcgul11r pallcrns.

Two other ideulizcd models, representing opposite extrcmcs of point pallcl1ls, urc the c1ustcr

puttern und the regulur pattern. The c1uster pattcrn displays signilicantly more grollping thull

CSR, while a regular pattern displays an even distribution of points througlmllt thc l'cgion

(Figure 4.3-1). Note that thc size of the samplc region muy inl1l1cncc the perccived pUlIel'll

typc; in Figure 4.3-2, the pattern in A uppeurs to be rcgular, while the sumc pattern in B

appears ta be a cluster (Upton and Finglcton, 1985).

~
..

. .
l

(a) (b)

Figure 4.3·2 Erfeet of samplc area on point paltcrn appcarancc (adaptcd l'rom Vplon and Finglclon. ILJK5).

If a point exists at location e on a plane, then it can be defined by the equution 0(0) = 1.

Since erepresents a very small interval in the sample region, thc probability of an occurrence

at any point on a plane will generally be zero, P[O (8) = 1] -= O. For this reason, thz ;;nruplc

area is divided into smaller regions, callcd quadmts. The numbcr of points in each quadnlt is

counted and defined as n(A), where A is the urea of the quadrat (Riplcy, 1981). The

expected number of points, N, in a quadrat with arca, A, can bc idcntificd a"i bcing:

•
E{N]=À·A
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with Â., Ihe expeeted numher of points pel' unit sal1lple area, a pu..ilive constant. Accordingly,

if n is the numher of points liJund in a quadmt with arca A, then Ihe intensily function can bc

estil1lated as:

• 1/
Â. =­

A

4.4 N(JII-Parametric Dellsity Estimatioll Usillg Kemels

( 4.3-2 )

A sample of randolll objecls, X, in a sample space, il, follows a probability distribution

function,j: A pammetric approach 10 the estimation of! assumes Ihat the parumetric form of

fis known and only thc paramelers which deline! need ta be estimated l'rom X. For eXaJnple,

if X is assullled 10 he normally dislributed, then only eslimales of the mean, )J.. and the

variance, 0 2
, of X arc reqllired. A non-parumelrie approach assumes that the exact form of

Ihe probability dislribution function is unknown. Il is then necessary 10 estimate! direetly

over the sample space il ". Kernel estimators can bc used to obtain a non-parumetric eslimate

olI(Cressie, 1993).

Histogrmns arc the simplest non-pammelric estimmor of! and arc widely used to give a quick

visual representation of Ihe distribution (Silverman, 1986). Histogrums consist of li set of /Il

non-overlapping bins of equal width h, with an origin at XII. To construct a frequency

hislogrum, a block of width h and unit height is associated to a bin when an event fulls wilhin

the bin interval (Scott, 1992). Since the area under a pdf must integrute to lInity, an estimate

of the data pdf can bc obtained by dividing the frequency histogram by the total number of

observations, 1/. The block associated with an observation then has dimensions of width h by

height 1/1/.

I-listogrmns can be extended to the multivariatc case by delining the bins as having dimensions

h, x h2 X ... X I~I. Thcrefore. in 9\2, a box of width h" length h2 and height 1111, would be

placed in each hin where an observation is found. The shape of a histogrum can be allered by

varying the bin dimensions and the location of the origin. Increasing the bin dimensions

inereases sllloothing of the data which eliminates sorne of the roughness, or "noise", inherent
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in a histogram plot. Howcvcr. ovcrsmoothing. can hidc somc thc more important features of

a histogram. such as the pcaks and lows.

A more general form of estimator is the kcrncl cstimator. Mathcmatieally. a kcrncl cstimator

in 9\<1 with bin width il can bc wriltcn simply as (SilVCl'lllan. 19K6):

".Î'(x) =_I_~ K(X - Xi)
1/ '/1" JC.J il,=1

wherc K(x) is a kcrncl l'unction in 9\,1 whieh must sutisfy the condition:

f K(x) = 1
9td

(~.~·I )

Kerncl functions usually take the form of a radially symmctric. uninllldal pdf (Silvcl11Um. Il)K6:

Scolt. 1992). A popular kernel function is the standard multivariate Normal distribution:

1 1 .,.
K(x) = exp(--x x)

( 'J )''''' 'J_1t _
( ~.4·3 )

Kemel estimators differ fundamentally from histograms in that they assign wcights which arc

centred over the data points, while histogrums are composcd of a rigid mcsh on which

rectangular kemels are placed (Scolt, 1992). Histogrums can be considcrcd as a special case

of kernel estimator.

Smoothing of data through kemel estinmtors can be controlled by varying the window width.

il. For long-tailed distributions, the choice of a constant il may prescnt a problem: Using a

small window width may cause excessive noise of the estimates in the tails of the density

distriblltion, white a large window width may oversmooth the peak of (he distribution and will

introduce a bias in the estimates of the intensity function (I-Hirdle, 1990). In order to smooth

the tails without oversmoothing in regions of higher density, an adaptive kemcl may he

employed. The purpose of an adaptive kemel is to vary the kemcl window width according 10

the local density of the observations. Therefore, a larger window width is preferable in

regions of low density, ta eliminate statistical noise, while in regions of high densily, a smaller

window width would he utilized ta l'clain important fcatures and minimize bias. In the

following chapters both constant and adaptive kemels arc used in Ihe estimation of iceberg

densities.
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5. Data Presentation

5. J Databases

5.1.1 Internationallcc Patrol (HP)

The UP dalabase spans Ihe years 1960 ta 1993 and eontains 92 911 reports of iceberg

sighlings. Bach report Iield incluues the location of Ihe iceberg. the uate anu lime of the

sighting. Ihe eslinlHled size and shape of the iceberg. the type of sighting anu the source of

sighting. Sighling sources arc grouped as being from ships. planes or other. The "other"

calegory incluues lighthouses and drilling platforms. The type of sighting indicates whether

Ihe iceberg was spotteu by radar. by visual observation, or bath. The various combinations of

sighting source anu type of sighting uefine ail Ihe possible moues of reporting. The size and

shape of icebergs in Ihe UP database are qualitative estimates derived from either radar or

visual observations.

The UP database is used ta estimate iceberg densities in the region bounded by ItIlitudes 52°N

and 400 N and by longitudes 52°W and 39°W, which accounts for 83 974 (90.4%) of the total

nUlllber of icebergs reported in the HP database. This region was chosen as it represents the

current area covered by IIP's operations (Anderson. 1993) and beeause it eneompasses the

Grand Banks of Newfoundland. a region rieh in hydrocarbon resources where iceberg

sClluring is a major hazard to sub-sea structures.

5./././ LimilllliollS of IIP t/alll!Jase

Despile many years of uata, the UP database does not exemplify an ideal sample set. Il is

incomplete in the sense Ihat it comprises only partial surveys of the area: icebergs are reported

only if sighteu; and reports of zero sightings in a region are not included in the database. As

weil. the database does not contain any information on Ilight or navigation paths. Note Ihat

Ihe omission of an iceberg report in a given region and at a given time does not imply that no

iceberg was present. Consequently, for the purpose of density estimation, it is necessary to

account for the aelual region which was surveyed.

IIP pcrfonns aerial surveys of the operation area every two weeks beginning in mid-January,

until the end of July. During reconnaissance Ilights, HP surveys only a portion of the total
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area, usually using prim knowledge lIbOUI the position of the icebergs. The regions lypiclllly

surveyed by IlP lire not necessllrity lhe regions with high iceberg densilies, bul Ihe outer limils

of the region lIffected by icebergs. This Slnltegy is consiste III with their nmndute to monitor

lhe southel11 limits of lhe runge of icebergs in lhe Grand BlInks of Newfoulllllllnd. For Ihese

relisons, il is generully Ihought Ihlll Ihe IlP reports undereslimale llll' 1ll1l11ber of icebergs

wilhin lIny region of the Grund BlInks by li flletor of 2 10 3 (NORDCO, Il)HO). Howevcr, Ill'

supplements its dutllbllses with reporls by other sources, nminly l'rom AES lInd sightings l'rom

ships. Despile those deficiencies, the IlP dlltllbllse represenls the mosl complete record of

iceberg occurrences in lhe Gnmd BlInks.

ln theory, densily estimlltes of icebergs could be obtllincd for elleh sepllrule mode of report.

for eXlImple l'rom reporls obtained exclusively l'rom SLAR imllgery. However. Ihis is

unfellsible ut presenl. since IlP only started to use SLAR inmgery on lIerilll plltrols in Il)H2 lInd

this would exclude most of the informlltion in the IlP dlllllbllse. Furlhermore. sighting sources

lire nol menlioned in lhe IlP dutllbllse for the yellrs Il)H2 lInd Il)H3. For these relisons,

observlltions l'rom 1I11 sources were used for the lInlllysis lInd lIssumed tu be equlllly relillble.

Figure 5.1-1 shows the decomposition of the reported icebergs pel' source from 1960 to 1l)l)3.

The "unknown" clltegory refers to the yellrs 1982 lInd 1l)83. where Ihe source is missing from

the dutllbllse, white the "other" cutegnry l'ciers 10 sightings reported by sources other Ihlln

from ships or lIirplllnes. such liS reports by the oil industry lInd from Iighthouses. Figure 5.1-2

shows 1I11 icebergs reporled in 1974 lInd illustratcs the incomplete nllture of Ihc surveys. In

this eXlImple. Iwo preferentilll survey roUies, slightly lIbove lInd bclow the 4HON 11Ititude lire

lIppllrent.

Air Visuai
40"/.

Other
24%

Unknown
4% Shlps

15%

Figure 5.1-1 Decomposition of iceberg reports in III' dmabase by source of report.
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"'i~urc 5. J·2 Iceberg loctltions für the 1974 iceberg season.

5.1.2 Husky Oïl

Husky Oil pcrforrncd explorutory drilling in the Grand Banks between 1984 and 1988. During

this lime. duta on iceberg size characteristics and drift patterns wus collected from twenty-one

exploration plulforms 10cutcd ut thirteen different sites (Figures 5.1-3 and 5.1-4; Table 5.1-1).

Local bathymetrics at the sites ranged from 100 m lo 194 m. The Husky Oil database is

composed of lhree separate data sets:

1. An index of drilling platfonns. with their respective periods of opemtion and drilling, locations
\Vith local bathyrnctry;

2. A caI<llogucd listing of sightcd icebergs. which includes location, iceberg rnovement (whether
drifting frccly, groundcd or under tow) the platform from which the iceberg was sighted, and the
time nnd date of sighting;

3. Dimensions of cach iceberg reponed in data set 2, informatÎon on whether the dimensions were
ll1easurcd or estimated. and qualitative sizc and shape descriptors.
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Figure 5.1-3 Husky Oil drilling sites l'rom 19H4 to Il)HH in the Grand Banks of Newroumlland.
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Figure 5.14 Enlarged region showing localions of wellsites. Weilsile numbcrs correspond tn Table 5.1-1
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rllhle 5.1-' LISt ni weilSile names, locallnns and the number ot Icebergs reporled.

WI':J.f.~rn: Wt:J.f.srn: NAMt: RIll NAMt: Wt;I.I.~rm Wt:J.f.~ITE NUMlml1 (W

NlIMIlt:R LATI'I'lIlm LONc:JTUlm ICEIIERGS

1 Voyager J·I H Sedcn 706 46°27"32.50'N 4Ho 17"00.49'W 82
2 Archer K·19 Bow Drill 3 46°3H"43. 17'N 48°02" 18.42'W H
3 Whiterose N·22 Scûco 706 46°5 l"47.99'N 4Ho03" 56,51 'W H
4 Conquest k·09 Bnw Drill 2 46°08"34,68'N 48°15"45,08'W 130
5 Norlh Ben Nevis P·93 Bow Drill 3 46°42"4H.10'N 48°2H"34.24W 281
6 Whilerose J·49 Bow Drill 2 46°4H"31.30'N 48°06"27.51 'W H
7 Panther P·52 Bow Drill 3 46°0 l"53,37'N 4H037"43,HO'W 1
H Whiterosc 1.·61 Bow Drill 2 46°50"34,12'N 48°1ll"2H.34'W 1
9 North Ben Nevis M·61 Sedcn 71 0 46°40"53.57'N 4H025"IH,60'W 3
10 l'orlune G·57 Bow Drill 3 46°36" 1H.90·N 4HoOH"ll2.21 'W 21
Il GoJconda C·64 Bow Drill 3 46°53" 1J.62'N 48°39"56.54'W 7
12 Bonne Bay C-73 Bow Drill 3 46°32" 10,74'N 48°11"30.51 'W 24
13 Whilerosc E·09 Bnw Drill 3 46°4H"26,24'N 4HoO l"22.65'W 15

..

The inclusion of data on iceberg dimensions makes the Husky Oil database both unique and

valuuble, since it gives an estimation of the size distribution of icebergs crossing the Grund

Bunks. To obtain this data, Husky Oil used four levels of surveillance in tracking icebergs

(Banke, 1989):

1. SLAR observlliions conduCled by the Atmospheric Environment Service (AES) during routine ice
Ilighls. This information is also included in the HP database;

2. Site specific radar nights. Information from AES surveys was used 10 deploy radar equipped
aircraft 10 specific regions within 100 nautical miles of drilling platforms;

3. Supply vessels kcpl records of icebergs during routine ice sweeps near platforms and when towing
away icebergs that drifted too close 10 the platforms;

4. Conlinunus local covcrage ncar oil platforms was provided by onboard radar.

Thesc four levels of surveillance make it very Iikely that ail icebergs within 100 nautical miles

of each platform were reported.

5./.2./ Limite/tiol/s ofHusky Oil date/base

Drilling operutions were not continuous throughout the four and a half years of exploration

(Tuble 5.1-2). Also, due to the risk of collision, operations were usually interrupted during

the peak of the iceberg season when iceberg surveillance is most important. As a result, the

dutabase is considered to be incomplete in terms of iceberg flux through the Grand Banks and

muy not be representutive of long term trends due to the large year to year variability in the

iceberg population of the Grund Banks.
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:",~~~~,\(~, 1984 1985 1 9 8 8 1987 1988
SITE JIFIMIAIMIJI J AI !lOiN D JIF MIA MI JI JIAI !loINID JFMAMJJA OND JFMAMJJA OND JFMAMJ

1 APR28'oJUN 12
2 ~N25'ODEC18
3 'JUN28'oDEC7 '
3 DEC10'oJAN5
4

NOVi
EB2

4 APP. 21loMA .-
4 1 MAY30loJUL25

D C1o'oFEB3
5

..".5 APR21'oNOVl
6 JUL251oDEC12
7 NOV3loJAN31
8 DEC1210FEB28
9 JAN9,oAPR 16
10 MAR211oSEP9
11 OCT4loFEB2
12 FEB21oFEB27
2

IJUN1810JUL1812
13 MAR20toJUN30_

Table 5.1·2 Husky Oil exploratory drilling schcdule. Ailcrouic shuding represents u chunge of drilling sile.
Site Numbcrs correspood with Tublc 5.1-1.

In addition, even though the Husky Oil database appears to eontuin u lurge sumple of iccherg

dimensions, most of these are estimated l'rom parametrie rclutionships using visible feutures of

the icebergs. For scouring hazards. the most important iceberg feuture is kecl deplh.

Unfortunately. only two iceberg drafts were direetly measurcd in the Husky Oil dutubuse. 1~1

the others were estimated l'rom the visible dimensions of the icebergs.

5.2 Iceberg Size Characteristics

Iceberg dimensions provided in the Husky Oil dalabase are for u snmll region during u limited

period of time. It represents the best sumple prcsently uvuiluble of iceberg dimensions

entering the northern part of the Grand Banks. However, it is too limited in spatial exlent 10

oblain uceurate estimutes of the spatial variation of the size distribution of icebergs. Note that

regional estimates of size distributions are important to obtain an accurate lL~sessment of

scouring hazards. For example, areas with high densities of small icebergs arc less susceplible

10 scouring Ihan areas of lower iceberg densities bul with larger dimensions. Figure 5.2- 1

shows the number of observations of each iceberg dimension, while Figures 5.2-2 to 5.2·5 arc

histograms of each iceberg dimension. Table 5.2-1 is a list of summary iceberg statistics for

the various dimensions as a funetion of type of data.
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• 400

.~ 300en
CJ 200-c.
E 100CVen

0
Draft Length Helght Wldth

Dimension

l''i~urc 5.2-1 Salllple size uf iceberg dimensions in Husky Oil dUluhilse.

Dran or kccl refer to the lowcst vertical dcpth of an iceberg. mcnsured from the waterline.

Nole thal the histogram of iceberg kccl si1..C has a distinctivcly diffèrent appcarance than similar

hislognllns for other iceberg dimcnsions. Discrepancies in the shape of Ihe histograms may bc

altrihuted to missing data for icebergs with sm,~1 dmfts. Length refer:oo to the longest projeclcd

horizontul iceberg dimension along the walerline. while widlh rcfers to the dimension along the

minor lIxis of the iceberg along lhe \V'lterline. Hcight is the highest vertical point of an iceberg

IIlcusurcd frorn ~he wulcrlinc. When possible. Ihe length. hcighl und widlh of an iceberg \Vcre

mcasurcd using .. sexlant .md nmge technique. olherwisc dimensions were eSlimated by "bllul

ohscrvalion (B.mke. 1989). On two occasions, iceberg drafts were rneasurcd using sonar. If

Ihe Illcusurcd length. hcight and widlh of an iceberg were known, the draft was calculated using

un en.piricul fonnulu based on these dimcnsions. Also, if an iceberg was llSsumed groundcd, the

dmft \Vus cstimated from the known bUlhymetry.

•
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• Type ofdala parameler l.cneth (m) Wldth (m) Hcieht (m) Draft (m)

K'i'I1MA'l'Im ~ 56.05 :\6,511 15.17 42.69
ANU MI':ASIJIŒU cr 50,:\6 :\3.40 14.54 25.84
1"~mNSIONS N 371 363 368 3711
MI':ASlJRJo:II U 93.32 63.16 23,91 100.00
U1~mNSIONS cr 54,OS 35,16 16.83 -

N 104 100 lOI 2
1'~'i'I1MA'n:1I U 41.53 26.37 Il.87 42.38-
U1~n:NSIONS cr 40.:;0 26.46 12.05 25.56

N 267 263 267 368
Tuhlc 5.2·1 Slllllple average (Il). sumple sllll1dard devilllinn (cr) and the number (N) (If icebergs represenled j n
Ihe Husky ail dlltnhllsc

SUJ11ll1ury statistics on iceberg dimensions indicate that the mean values for measurcd data arc

11111ch Im'ger and display much less variance tlum the corresponding mean values for the

cstil1Ulted dulu (Tuble 5.2- 1). This can be allributed to the fuet that Husky Oil meusured

l110stly large icebergs. while lhe dimensions of most small icebergs, growlcrs and bergy bits

wcrc cstimatcd. Husky Oil also provides a qualitative size descriptor of icebergs similar to the

one llsed by UP (see Chapler 2.5). Figures 5.2·6 and 5.2-7 show the proportion of icebergs in

cach cutcgory by month for the Husky Oil and HP data sets, respcctively. The unevenness in

the sizc distribution for the Husky Oil dalabase is mainly duc to the small sample size.

• NIA

• Large

lilMedium

DSmali

oGrowler

~Bergy Bit
30% -

40% -

10% -

20% -

80% -

70% -

60% ­

Percent
of 50%-

Total

90% -

100%

0% ,..,""-''''''''­
Jan Feb Mar Apr May Jun Jul Aug Sep Oet Nov Dec

Month
.'J!urc 5.2.6 Decomposition of Husky Oil dntabase by month nccording 10 qualitative descriptor of iceberg.•
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Fi~urc 5.2-7 Decomposilion of HP dmabasc by nmnlh t1ccnrding lu qualiwlivc dcscriplnr uf icchcrg.

Nole that, for Figurc 5.2-6, whcn the size of an iceberg wns Ilot available, il was rcportcd as

NIA in the Husky Oil database. In Figure 5.2-7, radar t'trgets rcfer tn SLAR images that ure

presumed to be icebergs, but which were not conlirmed visually us heîng icebergs. Also,

"unidentifiable" refers to ail the other size categories in the UP database, including null,

garbled and general, as weil as icebergs whose size dcscriptor is missing.

Figure 5.2-8 displays scaUer plots of all possible pair-wise combînations of iceherg

dimensions. The strong correlation between iceberg draft und olher iceberg dimensions

c1carly indicates thal iceberg dmfts werc derived usîng an cmpîrical formula hused on the other

visible iceberg dimensions.
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n!:ure 5.2·8 Scaller plots of iceberg dimensions. The linear correlation coefficient (r) is included in each
plut. although the rclationship belween dimensions is c1early non-Iinear. The value of r was calculated using
hoth estinl:lted and lIleasured dala. Values of r for measured data are only slighlly lower.
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• 5.3 Iceberg Drift

The 110w of icebergs inlo the Grund Banks is highly ViIIillhlc. huth inlr.:'NulIllllllly and intra~

unnually (seasonully). Annllal llllclllalions display a slighl cyclicul pallcrn. with pcaks in

annuat counls occlirring in 3 10 4 yeur hundlcs and lows occurring ul 4 10 9 yeur inlcrvals

(Murko et al.• 1994; Figure 5.3-1). Seasonally, icebcrg 1111x llas a more dislincl pallern. The

vast majOl'ily of icebcrgs arc ohserved frol11 April to June (Figure 5.3~2). Icehergs on Ihe

Grand Banks tirsl appcal' in Junuary. The llumbel' or icehergs on lhe Grand Banks incrcascs

steadily each 1110nth. reaching li peak in May, when they slarl dcc'I'casing. By Augusi. Ihe

number of icebergs on the Grand Banks diminishcs dramutically alld rcnmins ncgligihlc lllllii

lhe next season. Similarly. iceberg counls decrease as thcy drift southward inlo warl11cr

waters. The mte at which iceberg counts dccrease is graduai until 52"N in latitude. Pasl Ihe

52°N latitude. the rate of iceberg crossings is signilic.mtly rcduccd (Figure 5.3-3).
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Figure 5.3·1 Decumpusitiun uf iceberg repl1rts in IIP databasc hy ycar.
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Figure 5.3·2 Decomposilion of iceberg reports in HP L1ataba..'iC by monlh.
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The numbcr of rcport-days refcrs to the number of distinct days on which icebergs were

rcported in the dutabasc and is uscd in the calculation of spatial densities to account for the

loml numbcr of surveys compriscd in the database.
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5.3.1 Resights

Bach iceberg in both the IlP and Husky Oil databases is identilied as cither a new observation

or a resight of a previously reported iceberg. Figures 5.3-5 and 5.3-6 show paths of resightcd

icebergs in the Husky Oil and IlP databases for 19K7. In the Husky Oil database. iccbergs

were continuously monitored and icebergs nmrked as resights arc truly resigbts. This is in

contrast to resighls in the IlP database. IlP relies on an iceberg drift mllliei 10 estimate the

future locution of a previously observed iceberg. In following surveys. icebergs found near

predieted eoordinates arc labeled as resights. Although IlP has relined this mellmd over timc.

it Cllll generate biased results. This method can easily result in outliers with. fur cXlIIllplc.

derived drift veloeities in excess of 100 km/day.

The Ilux of icebergs at any given location Cllll be expressed as:

cI>(!.I. T.a) =V(!.I. T.ap.(~.I. T)- .r(~.I. T.a)

where ~ is the location in longitude and latitude. t is the time of year. T is a given year. v is the

drift velocity of icebergs. 'A. is the density of icebergs pel' km~. 0. is thc direction of drirt ami

f(·) if the pdf of drift direction.

In the following sections. it will be assumed thut the drift velocity is constant in lime. which is

a reasonable assumption for the estimation of long term hazurds:

( 5.3·2)

It is further assumed that the IlP database. whieh contains 34 years of observations, represents

a sampIe that is large enough to be representative of the long term average !lux:

( 5.3.3)

where 'A.(~, t) represents the seasonal variation of iceberg densities over the region.

Given the uncertainty assoeiated with the Il? resight data and the limited nlllnber of

observations in the Husky Oil database. drift veloeities could not be rcliably estimated at this

time (see Appendix A for velocities derived l'rom the IlP database).

The crossing rate of icebergs with respect to a line with orientation a.. can be derived l'rom

estimates of the spatial density of icebergs and of the drift velocities (Figure 5.3-4). Ciiven a

random distribution of icebergs in space with intensity function 'A.(~), the intensity nI' the

process within a strip of unit width normal ta no. and with length y. is equallo:

'A.(y) = À(!)' 1

45
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• The lowl area swepl hy a slrip of unit width during a time period 6.t is:

A =vC!)6.t.! ( 5.3-5)

( 5.3-6)

whcre v(!) is the drift vclocily al!, assuming vC!) is pcrpendicular ta il u (Figure 5.3-4). The

crossing rate cun he estimated as:

uC!) [icebergs] =À~)' v<!)· 6.t = ÀC!).vC!)
km - duy /).t

If the direction of drift is random with probability distribution function f(!, a), the crossing

rate, in terms of a, is:

( 5.3-7)

Finally, the total crossing rate, with respect ta sorne given direction au, is (Milan, 1964):

( 5.3-8)

--- --
--

•
-

Figure 5.3-4 Idealization of the area surveyed during an iceberg search.
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Figure 5.3·5 Sorne resighted icebergs. trackcd by Husky Oil in I~K7. Inclmlcd arc the locatiolls ,ml!
narnes of the wel1sitcs wherc exploratory drilling W:L~ bcing performed.

Figure 5.3-6 HP iceberg resights in 1987•
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5.3.2 GroundinJ.:s

The Husky Oil ùutuhuse recorùs the movclllent of inùiviùuul icehergs ùuring drilling

operutions. Iceherg Illovement is quulilieù us either l'l'cc. grounùeù or toweù. When un

ieeherg ùriftcd too close to un oil rig. it wus toweù uwuy to uvoiù collision. Toweù icebergs

ùo not give vuluuble ùrift informution. sincc they arc being ùisrupteù l'rom their natural ùrift

putlern.

Icebergs thul uppeured to be stutic were ùesignuleù us grollnùed. However. this c1assilicution

results in un lInrculistÎCully lurge number of reporteù grounùings. Applying u criteria of no

llIovcmcnt for 24 hours in less thun 200m of wuter to deline u ùelinite grounding. results in

only 44 groundings involving 27 lurge icehergs (Banke. 1987).

IIP does not report muny groundings, duc to their surveillunce methods. Typicully, I1P

surveys u lurge ureu only once every two weeks, which is not frequent enough to establish if

un iccberg hus bcco grounded or not.

An utlempt 10 inlcr scouring raIes l'rom reported iceberg groundings was not undertuken at

this stuge due 10 the inconsistenl metbod of reporting grounded icebergs in the I1P and Husky

Oil ùatabases.

5.4 Dellsity Estimatioll

5.4.1 Introduction

The crossing rate is uscd in combination with the pdf of iceberg draft to estimate scouring

huzurùs ul u givcn locution. The crossing rate is u function of the density of icebergs und of

the drift putlern (Eq 5.3-8). The following section uddresses the estimUlion of the sputiul

density of i;:ebcrgs, which are idealized as random points.

Estillmtes for the density of a homogeneous point process can be obtained as follows:

• N
À. =- (5.4·1)

A

whcrc N is the totul number of points contained in the region surveyed with area, A.
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~

,-"----_._-----~_. __ ._-_..._----_._ .._--- -. .

Fi~urc 5.4·1 Idcalizutiul1 uf li survcy rcginl1 with al'\~a 1\.

The lIncertainty on the estimate decrcases with an increuse in Ihe llllmhe!" 01" points conlaincd

in the surveyed al'ea. Consequently, the unccrtainty cun he dccreased hy sampling ove!" a

larger region or by re-sampling a smaller rcgion several times (Figure 5.4-2):

\.

1

11/ N
~="-:L
~A'• 1 JJ=

/
1

( 5.4-2 )

•

Figure 5.4-2 Idcalizalion of a rcgion survcycd scvcrallÎmcs.

In the context of iceberg reports, the sampled region corresponds to the region swcpt hy

SLAR or visual inspection during over-flight. or the region covcred by radar for a ship

crossing through the area. The estimators of Equations 5.4-1 and 5.4-2 assume that ail

icebergs within each surveyed rcgion are rcported. Altcrnatively. one could assume that for
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• sorne rcporling sources, such as ships, thal rcliabilily of reporling, or probabilily of detcction

PD, decrcascs with dislance from lhe observation point Then,

À- "'''CIVCt! = À- 1ruc • P /J (5.4-3 )

whcrc PD is the average probability of delection over the region survcyed (Figure 5.4-3).

/
>

•

00 00
Figure 5.4-3 Idc<lliznlion of Ihe change in the prob<lbility of detcclion as <1 function of distance l'rom the
survcy path: (a) prnbabilily of dctcction is constant up until a givcn distance (swalh width); (b) probabilily of
dctcClinn gradually dccreascs with distance l'rom the survcy palh.

The estimator introduced ubove assumes that the boundaries of the region surveyed are

known. However, in the case of the HP database, there is no information on the flight paths

of uedal surveys or on the shipping route of reporting vessels. Information on flight paths can

he obt'lined from other reports from HP or AES, but this information is available for only a

very small fruclion of the total number of icebergs reported in the database.

For lhcsc l'casons. an alternative estimator which does not require prior knowledge with

respect to the region surveyed has to be used. The proposed estimation is based on kemel

estimation procedures and can be used to obtain estimates of the ~ntensity function over

regions where icebergs have becn rcportcd.

Given that an iceberg has becn reportcd at a givcn location, il is assumed that aH ncighboring

icebergs arc reported with a probability which decreases as a function of the distance from the

iccberg (Figure 5.4-4). In ilS simplest form. the probability of delection is assumed to be 1.0

within .1 givcn distance of the iceberg and equal to zero outsidc of this distance. An
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• nlternntivc is to assul11e that the probability of dcteclion decreascs lltonotol1Îl:ally \Vith distance

according to some specilied funclion. The exact 1'01'111 or the prohahility of deteclion is a

function of the source of the report. Undel' these nssumptions. li 10cHI estimHlol' of the

intensity function. 01' density. cnn he forlllll\ated hy llsing a modificd version of Ihe classic

kerneJ density estinmtion procedure, An cstimate of the intensity fUllctioll is ohtaincd hy

summing the contributions of the kerncl l'ullclioll. lll' prohahility nI' detcclion. ccntrcd ove\'

cuch of the icebergs in the dalabase (Figure 5.4-5).

-----_._-_._-...._--_.._----

. 1 1 .

j----.-~-- ··---1 .... -~-

~,~~A~:~"

( 5.4-4 )

•

(a) (b)

Figure 5.4-4 Idcalizution uf probability of dctcctÎnll al the sighling sourcc: (a) 1(JOry" prohahilily Ihal ail
icebergs within RIO;" will be repurlcd~ (b) Ihe prnbability thal .tn iceberg wilhin RI1IIt, will he deleclcd dccrcases
with increasing dislance from Ihe sighting source.

An estimate of the intensity function al ~ is:

l I/[(!-~)s,,]
Â.Œ) = - . .," "S RII/c/x

NR 1t'''.
where h is the kernel bandwidth I[(x - y) :::; h] is an indicator function and is equal to 0 or 1

and NR is the number of report-days, defined as the lotal number of distinct days for which

iceberg are counted at location! (i.e. 1[·] =1). Il is important to account for the numher of

report-days as evidenced by the appearance of a high density of icebergs along prefercntial

flight paths (Figure 5.4-2). For a circulaI' kernel, h is characterizcd by the radius of the kerncl,

while for a square kerncl. h is hall' the side length of the kcrnel.
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( 5.4-5)

•

•

Thc selcction of' the prop~r value of h in cquation 5.4-4 is a f'unction of the source reporting

Ihe kebcrg. the dcnsity of icebergs ami the spatial scale for the variation of the intcnsity

1'1IIH:t jon.

Flll.urc 5.4-5 JlIcali;r.mion of kerncl funclion c~nlrctl ovcr reports of iceberg locations.

..
Dcnsity eSlimulcs of icebergs, Â. (~). \Vere obtained for the Grand Banks using the IIP

llutuhusc through u moditied form of the kernel estimation mcthod (sec Section 4.4).

Estimatcs were obtuined .11 locations detincd by a grid spacing of 0.1 0 degrecs. ulong bath

hititlllle and longitude bclwccn 400 N ta 52°N und 39°W to 57°W.

As mcnlioncll prcviollsly. the IIP datubase is a listing of icebergs f'rom daily reports, thercforc.

thc kcmcl eSlimalOr has ta take into uccount the number of report-days at any given locution.

The numhcr of reports \Vas obtaincd by centering the kemel over each reported iceberg

IllcOltion and rccording the dates of iceberg sightings at grid points falling within the kcmel

huunduries. E'lch distinct date \Vas tenncd a report-day. It is assumcd that the probability of

detcction for an iceberg within the kcmel boundary is equal to 1.0. Therefore, il implies that

if un icchcrg is sighted by a vessel. all other icebergs within the kemcl boundaries, centrcd

uvcr the icehcrg. will ulso he rcponed. Using this procedure. both monlhly and annual dcnsily

cslimates arc obtaincd. To obtain :mnual dcnsity estimates, mon!hly density estimates were

tirst calculatcd and then combincd. givillg each month cqual weight:

.. 12 A Il ( 1 ) A 1 12 ..
Â. , = ~ w. . À,. = ~ - .Â.. =_.~ À,.

II"""" .L.J. , .L.J l 'l 'l?.L.J 1
j-I j-I - - j-l
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• Different kcrncl estinmtors me proposcd for thc estimution of the iceherg density rllllction.

Thesc kcrnel cstinH1tms can he dassilicd hl'Oudly into lInifol'lll. Normal ilml adapti"c kCl11cl

cstimation procedures. In the rollowing scclions, thcsc prucedlll'es will he eXlIIllined and will

he illust1'ated with results fol' the unmmi avcmge iceherg dcnsitil's ,ml! 1'01' the 1110nth or May,

which is the month \Vith the most Îceberg sightings. Figlll'e 5.4-(, shows the locutions of

icebcrgs in the HP database reported during May, from 1960 tu 1993. The HP datahusc

contains sorne erroneOLiS reports, which were Ilot olllilted l'rom the estÎlllation 01" iœhcl'g

densities. However. there arc few erroncolls reports .ml! thdr cffect on estinUltcs ..re

ncgligible.

52 r--~

50

•....
48

..-. .

.' .. . . ..40 L-......__........-_ ___�I.oo-._--'-_~...... ""_......___I ............

Figure 5.4-6 Plot of location of icebergs tl'Om HP databa.\C repnrted durin!! 1J1lInth ur May (1960 tu I(3). May
accounts for 25589 reports or 30.47% of ..II the report.; in the UP databmic.•
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5.4.2 UnU'fJrm Kernel

As lIIentioned in Seetion 4.2. ieeherg drift pallerns ean he idealized as a random line proeess.

Eaeh ohservation in the III' dalUhase ean he eonsidered as a point on an iceberg lrujeelory.

An estinlllior hased on a square kerncl funelion wilh a handwidlh. h, is delined as follows:

wherc

jIXI -Ylj!::;"
if or

h -Y2j! ::;"

= O. othelwise

( 5.4·(, )

(5.4-7)

wherc l, is Ihe posilion in longitude and latitude of iceberg j, N is the total number of icebergs

and NK is the numher of report-days. In Ihis ,Ipplieation, a bandwidth of 50 km was ehosen to

correspond with the runge of SLAR imagery and ship radar. As a consequence. aIl data was

trealed equaIly, however, the procedure eould be modilied to uccount for varying degrees of

reliuhility and range. or as a funelion of the source reporling icebergs. To account for the

non-uniformity of sampling over the region, the estimaled densities are divided by the number

of report-duys.

Figure 5.4-7 shows estinmtes of the spatial annual average iceberg density obtained using u

square kernel and the eslimUlors of Equutions 5.4-6 and 5.4-7. Similurly, Figure 5.4-8. shows

the density estimates for the month of Muy. Figures 5.4-9 und 5.4-10 show, respectively, the

corresponding counts und number of report-duys used ta obtain the density estimUles for Muy.

Iceherg counts ,md report-duys ure not provided for the annuai average iceberg densities

hecausc these were derived l'rom the estimates of the monthly density estimates. The results

of a similar analysis, which was done using a circulur kemel of constant mdius, can he found

in Figures 5.4·11 to 5.4-14. The resulls of annual average iceberg densities correspond ta the

mean annual density obtained using Equation 5.4-5. Bath the counts and the number of

report-duys vary signilicantly us a function of location. As cxpectcd, there is a high degree of
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•

cOI'l'c1atioll bctwccn thc llul1lbcr of rcporHlays and the cmmts. howc"cr. the reslilting dcnsity

estimutcs exhibit spatial irrcglliarilies. Purt of the irregulurities can he altribllted to the

discontinuolls 1'01'111 of the kerncl rllnction of eqlliltions 5.4-6 und 5.4-7. and part can he

atll'Îbutcd to the sl~ltisticul unccrtuinty or the estimates. cspecially l'lH' locutions at thc outcr

cdgc of the region whcrc icebergs densities ure low.

A disudvuntage of thc lIniform kernel bundwidth procedure is that it can reslIlt in

overcstimation of the densities in rcgions of low iccberg densities. l'or cXalnplc. in regions

where the spatial density of icebergs is close to 1 in u circle with a 50 km n1dius. ln sllch a

case, the kerncl should be udjusted to rellect the spurscncss or the icehergs. Smonthncss in

the spatial variutioll or tlie cstimatcs cun be intl'Odllced hy lIsing li conlinuolls kCl'I1el rllllClion

that decreascs monotonically with distance, stlch us the Normul distrihution fllnctinn. 01' hy

incrcasing the valuc of the smoothing constant h.
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Figure 5.4-7 Annual average iccbcrg dcnsity. obluincd using:1 Mluarc kcrncl wilh sidcs uf IOU km.
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Figure 5.4-10 Counl of rcport-llays, NK• fur Mny, obl:lincd using. a slluarc kcrncl with sidcs of 1lin km.

Figure 5.4·11 Annual average iceberg densily oblained using a circular kernel Wilh a rallius uf 50 km.•
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Figure 5.4-12 Iceberg densily for May, oblaincd using a circular kerncl wilh a radius of 50 km.

.'gure 5.4-13 Iceberg count for the monlh of May, obtained using a circular kernel wilh a radius of 50 km.
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Figure 5.4-14 Count of report-ùays, NK• for May, obtaincd using li circuJar kcrncl with li rmlius of 50 km.

5.4.3 Normal Kernel

For this application, an axi-symmetric Normal kernel was used with a correlation cocllicient

of 0 (p=O). The only free parameter is the standard dcviation, or the kernel bandwidth, or the

Normal distribution which is centred over the location of cach reported iceberg. Thercrore,

the wcight associated with a grid point a distance d from a reported iceberg is:

1 {1 (d)2JK(d)=-·ex ---
21t 2 "

( 5.4·K )

the estimator of the density is as beforc:

( 5.4-9)

•

N

iC!)= 1 .~_1 'K(d. =I~-y .1)
N RC!) ~ 7t • ,,2 J - J

j=1

where NR(~) is the number of report-days at ! and is estimatcd in the same fa'ihion a'i for the

uniform kemel function (Figure 5.4-17). Thereforc, the value of the k,,~rnel function a"isigned
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to an iceberg observation decreases monolonieally with distance, but the value associated with

each new report-day remains constant. Note that for the Normal kernel, the maximum spatial

exlenl of the kemel is equal to three times the standard deviation of the Normal distribution

function (h = 3·a = 3x50 km = 150 km). The resulting estimations (Figures 5.4-15 and 5.4­

16) arc lIIuch smoother than wilh a uniform kernel but slill exhibit spurious results in rcgions

of low iceberg density. A solution to this problem is 10 estimate densities through an adaptive

kernel procedure whieh is described in Ihe next section.

Figures 5.4-15 and 5.4-16 show that the Normal kernel eliminates some of Ihe noise at the

periphery of the region, where densities arc low. The spatial variUlion of Ihe estimates is also

much smoother. A disadvantage of this procedure is Ihat it ean result in an underestimation of

iceberg densities. This is allributed 10 the large kernel bandwidth and the unequal weighting

of reporl-days and iceberg reports, which makes the number of report-days relatively large in

relation to the iceberg counts.

Interesting features in the spatial variation of the densities derived using the Normal kernel arc

that the contour lines c10sely follow the bathymetry, specitically around the Grand Banks.

Changes in the direction of the contour Hnes at the periphcry of the Grand Banks appear to he

weil correlated with the position of known cddies (Figure 2.3-1).
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Figure 5.4-16 Iceberg density for May. obtaÎncd using a Normal kcrncl with a standard dcviatioll uf 50 km.
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FIJ:urc 5.4-17 Count of rcport-days for May, obwincd using li Normal kernel with a standard deviation of Sükm.

5.4.4 Modified Adaptive Kernel

The estimutes obtuincd wilh constant bundwidth kcrnels produce unexpected peaks at the

outer limits of the iceberg infested region. These features are regarded as anomalies. An

udnptive kernel method can be uscd to smooth the estimates over the outer regions while

prcserving statistically significant peaks in the interior region.

The idea behind the adaptivc kcrncl is that the amount of smoothness introduced in the

estimation should be inversely proportional to the number of observations. Note that the

coefficient of variation of the estimator for the intcnsity function of a Poisson process is

invcrscly proportiomtl to the number of observations N in the sample:

V(i)=~'Y/A) ==_1
.JVar(N / A) .JN

(5.4-10 )

•
..

wherc À. is the estimated density and A is the acea of the region sampled.
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[n regions of high densities, the bandwidth should be kept rclutively small in O1'der to eapllll'e

ail signifieant features in the spatial variation of the raie and minimizing the bias. Converscly,

the bandwidth should be much lm'ger in the outlying reginns to deerease the variance of the

estimates at the expense of possibly introducing a rclutivcly small ml101l1lt or bias.

Severai types of adaptive kernel function can be fonllulaled (Silvenllan, 1986). The one

which llas been retained for this application is a vuriable size unil(1I111 square kel'l1el:

where

l'XI - Yljl:;; "C!)
if 01'

IX2 - Y2jl::; "C!)
= 0, otherwise

( 5,~·11 )

( 5.~·12 )

The size of the kernel, h(l!), is selected such that a minimum specilied number of observations

NlIli" is contained within the boundaries of the kernel. This guarantees a degree of uniformity

in the uncertainty associated with estimates of the density throughout the region. The clioicc

of the square kernel instead of the circulaI' one is strietly dictatcd l'rom computational benelits.

A grid of equally spaced points at which estimates are obtained is laid out over Ihe region. /\

minimum number of observations, NlIli", is specilied and the size or the kernel is determined by

eXlending the boundaries of the kernel until the number or observations within the kel'l1c1 is

greater than or equalto N"'i'"

This method has the advantage of e1iminating unexpected large estimates in outlying arcas

which occur when using a kemel with a constant bandwidth. From Eq 5.4-11, it ean he

shown that, for a kernel with a constant bandwidth, these peaks ean be obtaincd when the

number of report-days is low, even if the number of observations is small. In other words, the

size of the region which is sampled should be proportional to the density of the observations.

The variance of the estimator increases with a decrease in the numher of observations, which

is inllueneed both by the sizc of the sample region and the density of the icebergs. Note that
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the number 01' reporl-days NIl(ll) includes ail the distinct reporls l'or the region defined by the

kerncl with dimension h(ll) centred at ll.

The selection 01' N",jll is based on several l'actors: the truc densily 01' the icebergs; the size of

the resulting kerncl l'unction, and the spatial scale of the variation of the densities. N"'ill should

he large enough such that the coefficient of variation associated with the estimator is sl11all,

while Iirniting the mdius of the kernel to avoid over-smoothing statistically significant spatial

variations, and Iimiting h(ll) to a range which is consistent with the assumptions ussociated

with the deteclion of reported icebergs within the region defined by h(ll). A value of N"'ill

equal to 75 icehergs appears to fulfill ail of the above requiremenls for the present applicution.

The size of the kernel h(ll) for each rnonth of the ycur is providcd in Appendix D. A

cOl11pumtive illustmtion of monthly density cstimatcs can bc found in Appendix B, whieh is a

serics of 1110nthly densitics constructed using constant contour levels. These estimates ure

then cOl11bined lIsing equal weighting to obtain the annuaI average density of Figure 5.4-18.

Monthly density estimates with corresponding plots of 1110nthly iceberg locations are fOlllld in

Appcndix C. The figures in Appendix C illustrate the effectiveness of the adaptive kernel at

representing the local density of the iceberg population.

The sequence of monthly density estimates i1Iustrate the seasonal trend in the variation of the

iceberg population over the Grand Banks and correlate weil with qualitative descriptions of

the iceberg regime. In carly January, most of the icebergs are grounded to the North-East of

Newlollndland when the presence of ice cover near shore prevents icebergs l'rom drifting into

coastal wuters. Icebergs begin drifting southward and closer to shore in February. The drift

pattern of the icebergs correlate weil with depth average currents which have been calculated

for the East Coast (Figure 2.3-1). By March, the density of icebergs starts to be mueh more

dil'fllsed north of the Grand Banks as the ice sheet continues retreating. Icebergs are now

drifting closer to Newfoundl'lIld and begin also drifting over the Grand Banks.

ln April und May. icebergs drift further South and around the F1emish Cap. Higher iceberg

dcnsitics arc app'lrent whcre there ure currents which concentrate the icebergs. The

dctcriomtion of icebergs may also contribute to an apparent increase of the density. There is

still u steady influx of icebergs l'rom the North. however. these icebergs drift closer to the

Labrador and Newfoundland coasts. where they ground more frequently due to the absence of
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• the icc cover. Dcnsilics decrcasc in June us the icebergs dctcl'iomte und melt undcr the

combined uction of warmcl' air und watcr tempemlul'es and wave uclion. und us the supply of

ncw icebergs l'rom the North dwindles.

Figure 5.4-18 shows the estimales of the anmml mean iccberg dCllsilies as the avenlge or the

monthly densities. The highcr dcnsilics arc highly correlatcd \Vilh the predominanl CUITent und

cddies in the rcgion. A signiflcanl feature is the marked contrasl hetween Ihe high dcnsily or
iccbergs in lhe domimmt current und the low densily ovel' Ihe Grand Banks. The adaplive

kernel is successful in preserving the distinct densilies for these Iwo rcgions. while eliminating

the spul'ious high densily estimates at the periphery or iceberg infested waters. Similm'Iy,

Figure 5.4-19 shows the density estimatcs for May.

Note that the extent of the adaptive kcrncl is ulwuys bclow 50 km for the estimation of iceherg

densities over the Gmnd Banks and in the rcgions of high dcnsitics (Figure 5.4-20 und

Appendix D). Notc also that the apparent high dcnsities al'Ollnd 48°N in the HP historieal

record are eliminuted.
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Thc cstimatcs of Figurc 5.4·1 Hami 5.4·19 slill conlain a l'ail' amnuntnf irrcgularity assncialcd

with slalistical unccrtainty. A snHlnlhing pl'llccdurc was applicd ln lhcsc annual cstiltlalCS in

ordcr to cnhance lhcir inlcrprclability. A simple averaging prnccdurc is dclïncd as lill1nll's:

( 5...·13 )

whcre li is the smoothing parmneler and Nil is cquaJ ln thc nlllnbcr of nbscrvalions nI' ZCI'll

dcnsity. .\1t!lough the nuturc of Ihc adaptivc kerncl prevenls obscrvulions of zero dcnsily.

these wcre nmde avuilablc to Ilag bnd.

Figures 5.4·21 to 5.4·23 show u scqucnee of cstimatcs for incrcusing valucs of li for Ihc

unnual uverage density estinmte. Similarly. Figures 5.4·24 ;md 5.4·25 arc a serics of dcnsily

estimutes for the monlh of Muy oblUined using incrcusing vuJucs of li. The uvcraging

procedure removes the irregulurities of the estin1Ules withoul ulTccling Ihc ovcrall spatiallrcnd

in the variution of the densities. The contour lines ure sn1lJothcr wilhout ulTccting Iheir ovcrall

position. Only the lurgest IOCil1 peuks ure eliminuted. hut thcse represent u very snmll fraclion

of the totul ureu.

Figure 5.4-27 shows Mios of the originul to smoothed vulues of the amlUal uveruge iceberg

densities. while Figure 5.4-28 provides the sume unulysis using the density estinmtes of May.

These indieate that the spatial trend is preserved. while c1iminaling isoluled pe;lks in the

eslimales. Nole also thal after one smoolhing procedure (li =1J. the Mio nI' the originul

versus the smoothed value is Jess lhan 20% for both the annual average density estimales und

the density estimates for May. This is within lhe r.mge expected for the cncl1ident of

vuriation of the estimates for the present sumple size of Nil"" 2: 75 icebergs. The ratio of

sl1loothed tu unsmoothed values continues to decrease for incrcasing vulues of li. however.

these affect only a very small portion oflhe sampie. Further. peak vulues genemlly oecur neur

land. where the estimation of iceberg densities is not a.~ importunt a~ over the Gr.md Bunks.
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6. Summary and Conclusions

This thesis has examined several methods fol' estimating iceberg densities over Ihe Grand

Banks of Newfoundland. Three kerncl density estimation procedures were used 10 analyze the

Il? database: a uniforlll kerneI. a Normal kernel and an adaplive kerneI. The reslIlting

estimates correspond weil with given icebcrg paltel'l1s. regional bathymelry and wilh local

currents. Ovemll. the proposed methods of estinmting icebcrg densilies have proved sllcccssl'lIl

at obtaining credible results using available data. The proposed kernd procedures may easily

be adapted to emphasize certain types of data more effeetively. fol' example by growlcrs ami

bergy bits l'rom the database.

The Il? database is the most extensive historical record of iceberg occurrences cllrrenlly

available. Il contains over 30 years of data 1'01' the entire Grand Banks rcgion. The brllad

spatial and tempoml extent of the III' database provides useful inliJrlllation fol' the long lerm

density patterns of icebergs. However. the results of the kel'l1el analysis suggest that more

information is still required before rcliable estinltltes can be produeed. The III' database.

however. does not represent an ideal sampIe. Il? only surveys small portions of the region. and

typically, with prior knowledge of iceberg locations. In contmst. icebergs reported by other

sources. such as AES and ships. appear to bc more unil'ormly distributed spatially. Also, tllese

rcgions are generally at the periphery of the iceberg corrid:Jr. The mClhod by which icehergs

arc reported in the database has e'/olved with changes in technology. Il is diflieult to presume

that ail sources report the size and location of icebergs with equal rcliability and that il'Cberg

reports made before the use of SLAR arc as accurate as reports made using this teehnology.

As such. the III' database provides ;\ combination of reporting sources of v'lrying rcliability.

Ideally, reports by different sources would be analyzed indepcndently and wcighted according

to the level of confiden.:c of each. However, this is not feasible at present since the rmtiority of

the data in the Il? database wouid be excluded l'rom the analysis. resulting in incomplete sllb·

sets. With the use of smaller, more accumte data sets. such as the Husky ail dala sets.

estimates obtained l'rom the III' database could be calibmted to increase thdr accuracy.

The Husky Oïl database comprises three data sets chamcterizing iceberg drift and size in the

northern region of the Grand Banks. Il contains detailed information concerning icebergs
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entering this region, including numerous measured iceberg dimensions. The data sets were

compiled liS icebcrgs were monilored during explomlory drilling opemtions. Icebergs drifting

wilhin the range of lhe drilling rigs were 11l0nilored frequenlly, providing useful informution on

iceberg drift putterns. Thc Husky ail dutubuse, however, is 100 limiled in time und spuce to

derive relevunl estil1lulCs nI' iceberg densities. However, this datubuse, us wilh the IIP

dUlubuse, contuins quulitulivc size descriptors of reporled icebergs, which cun prove 10 he

use fui in dctcl111ining scouring mIes. The Husky ail quulilulive size descriplors, coupled with u

pl'Ohuhility size distribution derived l'rom lhe iceberg meusuremenls in lhe Husky ail dUlllbuse,

clin IJe used 10 eulibrule the HP size descriptors by exumining reported icebergs in the sume

region. Once uccurule iceherg size dislributions ure uvuiluhle. lhe IIP dulubuse clin he re­

unulyzed, but only using sizuble icebergs. This would producc iceberg density eSlil1lules of

icebergs Iikely to cUllse sClluring.

Iceberg densily estimules were derived using the entire IIP dutubuse. As such, each report wus

lreuted us being equally reliuble. Three types of kerneI estimators were used 10 derive

eslimules l'rom the IIP datubllse. These were the constant kerncI, the Normul kerneI and the

mhlptive kerne!. Euch of these methods has parliculur benefits und limitations, aIthough tbey

were .i11 subjected to lhe Iimitlltions of the dutubase.

The uniform kcrncl involved ussigning a fixed vulue to euch icebcrg observation. Two uniform

kerncls with differenl shapes were exumined: the square kernel und the cireulur kerne!. Both

kernels produced similur results. Irregulurities at the periphery of the iceberg region was

observed in both, und the shupe of the irregularities rel1ecled the shape of th.: kernel employed.

The uniform kel'l1el invnlved lhe leasl umount of compututionul effort und wus therefore very

'1uÎl'k ln l'lm. Ho\Vever, the uniform kernel did nol uccounl for the locul iceberg density. This

nlelhnd is prone 10 Ilirge unccrtainties in regions \Vith sparse datu, such as at the periphery of

the iceberg region. The estimutes ure improved by using u Normal distribution for the kerneI

fUlletion.

The Normul kernel ussigns weights to observations which decreuse monotonically with

dislllnce. It also minimizes the effect of isolaled observations.. However, although values

lIssigned tll iceberg observutions decrellsed with distance, the value assigned to each distinct

report-dllY, which was used 10 nOl111alize densities, remained a constant. As weil, the NOl111al
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kel11c1 eneompasses an area lhree times Im'ger than the constant kcl'l1cl. These tll'O factors

prodllce results whieh under-estimate true densities. The Normal kel'l1el. hOll'el'er. ll'as very

elTeetive ut retaining the morphology of the spatial distrihution of the iceherg population and at

minimizing spurious efTects atthe Iimits of the iccberg infested region.

Finally. an adaptive kel11el whieh accounlS for the regional icehcrg densilY hy varying thc size

of thc kcrnclwas inl'estigatcd. Since smonthing increascs with the size of the kel'l1el. a kel'l1d

that increases in size in regions with sparse data is ideal. The mlaptive kel'l1el c1Tectil'c1y

climinates spurious estinMtes and preserves important fealures in the spatial density of icchergs,

Although the results ohtained using the mlaptive kel11c1were nol as smooth as those ohtained

using the Normal kernel. the range of the estinmtes was more realistie, Smoothness was

introduced into the estimates of lhe adaptive kernel through a simple averaging procedure.

This procedure decreased the magnitude of isolated large densilies. however. lhis alTeeted l'cry

l'cil' data points. while the genei,11 shape and magnitude of lhe original estimated densities was

retained. One disadvantage of the adaptive kerncl proeedure is that it ean he eOlnplitalionally

intensive.

6.1 Recommellded Future Research

Densily estimates relevant for scollring hazard analysis may also he ohtained hy repealing the

above procedure with a Iimited (arm of the HP dutahase by excluding hergy hits and growlers.

Slieh an analysis would result in the density estinmles of icchergs with seouring potential and

avoid issues with respect to the eompleteness UI the data sets.

This thesis presents a method for estimating iceberg densities III the Grand Banks fur the

purpose of estimating seouring rates. Future work will require eoupling these resliits with

estimates of size distributions and drift patterns of icebergs.

The uneertainty and possible biases that eould he a~sociated with the proposed estimaliun

procedure need to be further investigated through simulation hut go heyond the seope of the

present thesis. Preliminary results from simulations indicate that the hhL~ is typically 1011' (-5%)

and can be controlled by inl" :asing the size of the kernel function. Further investigations

sholiid include sensitivity analysis on the minimum numbcr of ohservations in the definition of

the adaptive kernel.
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Appendix A

The lollowing tuble wus constrlleted lIsing the IIP dutubuse. It is u sllllllllmy of the

nlllllber of distinct icebergs reported. the nlllllber of resights of previollsly reported

icebergs. the uverage vclocity of resighted icebergs uml the nlllnher of reportcd

grollndings l'or eueh yeur of the IIP dlllubuse. The uverage vcloeity of resighted icehergs is

ruther high in the eurly yeurs of the IIP dutubuse. where l'cw resights ure repOl'ted.

However. in Illore recent yeurs, the uverage velocity of resighted icehergs uppl'lluches un

uveruge of 15 km/duy to 20 km/duy, wbich is within the correct range of drining ieehergs.

79



NII~IIlER OF
1

NII~IIlEIl 01' A\'I~I{,\lll:

REI'ORTED Il'EIlEIWS V1!I.( II 'ITY ()l'
NII~III1'1l 01'YEAR

1
R1!I'OIrJ'1!D AS R1!SII;( ITSlCEIlEIWS

RESltillTS (k 111/<1,,1')
(iJ{O(INIJINUS

.= -1960 2X70 0 ll.llllll II
1961 2H5H Il ll,llOll 1
1962 341X 2 12AI 1
1963 774 0 ll,llllO II

1%4 5279 II ll,llllll II

1%5 1431 3 154,11 II-
1%6 12X3 II ll,llllll II

1967 414ll 6 17.XX II

1968 360X X H,ll,97 II

1969 2257 2 ll,llllll II

1970 2021 3 21.6X II

1971 1099 0 O,llllO II

1972 7676 19 10.97 5
1973 4727 14 72.42 1
1974 6164 49 34,30 2
1975 X48 40 17.12 1
1976 1451 55 16,03 1
1977 1044 32 no1 3
1978 1733 25 2Ull 7
1979 548 108 II.X4 4
1980 197 65 14.X4 1
1981 180 25 22,ll4 II

1982 817 17ll 15,63 5
1983 1977 630 22.79 24
1984 2745 1214 25.99 X

1985 2175 2151 25.57 79
1986 513 272 23.174 1
1987 954 945 24.14 10
1988 1102 1072 17.9X 12
1989 1\ 57 1819 21.')l) III

1990 1\29 1563 20.36 9
1991 1599 1354 20,56 17
1992 1722 840 22.94 1
1993 4322 3628 16.75 2

TerrAI. 76118 16114 21.57 205

Tahle A·t Velucilies uf resighted icehergs in Ihe IIP dalahase.
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Appendix Il: Annual Average and Montilly Iceberg Density Estimates

The I(lllowing figures show the annual averuge keberg densities (Figures B-I and B-2) and

the monthly iceherg densities (Figures B-3 to B22) over the Grand Banks oblained with the

mlaplive kernel. Monthly iceberg density eslimates arc plotted using conslanl contour levels

of (J.4x 1O·] icebergs/km2/day. This illustrales the relative signilicance of each monlhly

eslillHltc tll the annual averagc estimate.

The following ligures provide the original densily estimales and the corresponding density

estimate. which \Vas smoothed using Eq. 5.4-12 and a given smoothing parameter o. Note

that allhough the maximum values of the smoolhed estimales ure less than those for the

corresponding unsmoothed estimates. the contours of the smoothed estimates retuin the shape

and IIltlgnitude of the unsmoothed eslimutes. The maximum values of the density estimates

represent a very slllull fraction of the region. generally close 10 shore.
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Appendix C

The 1()l1owing ligures display ll10nthly iceberg locations and estimates of iceberg densities.

ohtained using the adaplive kel'l1el. Iceberg locations arc as provided in Ihe !IP database and

as used in cuiculating estimates of iceberg densities. The!IP dalabase conlains some

erroneous reports which were not omilted l'rom the eaiculations (Figures C-9 and C-II).

However, these arc few and have u negligible elTect on density estimations.

Estimales of iceberg densilies arc smoothed and with conlours levels specifie to each month to

il1uslrale Ihe elTectiveness of the uduptive kerncl in representing the densily of the iceberg

populut ion.
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Figure C-14 Iceberg densities for July (ô=3). Contour lcvcls ofO.20xlO-l iccbcrgslkm2/c.lay.
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Figure C-16 Iceberg densitics For August (5=3). Contour levels ofO.IDx ID") icebergslkm2/day.

52
AUGUST

ICEBERG OEN51TY

50
ADAPTIVE KERNEL

NMIN = 75 ICEBERGS

48 8 ô==3

46 6 CONTOUR LeVELS;

O.100x10·3

44 4 MAXIMUM VALUE:

1.237x10·3

42 2
[ ICebergs}

km2<lay
40 0

-55 -50 -45 -40

•
101



• 52 t""""':~::no'ftlll'/l:Z-O:-:"Il-:r:'l.:~:':"""'"I'---Y-------"""--_""

50

48

, ,

42 '.

40 I...-....._---'t....-_......__..a...- ....._ ......t....-_......__..a...-~

-56 -54 ·52 ·50 ·48 ·46 ·44 ·42 ·40
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"'igurc C-20 Iceberg densities for October (3=0). Contour levels of 0.02x ID') icebergslkm2/day.•
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Figure C-24 Iceberg densities for December (8=0). Contour levels of 0.02>< 10.3 icebergslkm2/day.
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Appendix D

Figures D-I Ihrough D-12 illuslrale how Ihe adaplive kel11c1 handwidlh varies for l'adl

monlhly iceberg densilies. In regions of high iceberg densilies. kel11el hallliwidlhs ,,'nmin

below 50 km.

Some erraticity in the following figures is present al Ihe pCl'iphery of 111l' iceberg region. This

is eaused by the disconlinuous nature of Ihe square kernel (Eqs 5.4-10 ami 5.4-12) whil'h was

also, for computational l'casons, Iimited 10245 km (h"",,). If. 'It a given local ion. Ihe minimum

number of icebergs N",;" was not ohlained wilhin a kel11c1 of bandwidlh h""" Ihe eSlimalion

proceeds to the following grid point. This conslraint was used to avoid \cnglhy ca\culalillns

where iceberg densities arc negligible, sueh as the periphery or the iceberg region and in

months where iceberg counls arc very low (i.e. September through December).
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Figure D·3 Regional variaI ion in aduplive kernc\ bandwidlhs in cstirnaling iceberg dcnsity ltlr Mareil.

Figure D-4 Regional variation in adaplive kemel bandwidths in cslimaling iceberg density for April.
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Figure D·5 Regional variation in adaptive kernel bandwidths in estimating iceberg density for May.
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Figure D·7 Regional varialion in adaptive kernel bandwidlhs in eslÎI1lUling iceberg dCIl':ily t'ur July.

Figure D-8 Regional variation in adaptive kernel bandwidths in eSlimating iceberg dcnsily for August.•
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Figure D-9 Regional variation in adaptive kernel bandwidths in estimating iceberg density for September.

Fi~ure D-I0 Regional variation in ndnptive kemel bandwidths in estimating iceberg density for October•
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Figure D-11 Regional variation in adaptive kemel bandwidths in estimating iceberg density for Nnvclllbcr.

Figure D-12 Regional variation in adaptive kernel bandwidths in cstimaling iccberg dcnsity for Dcccrnbcr.
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