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A bst r a ct

t he Newfoundland SluM lIsin g two dilfc,Tt'ut ma lhl'11Iatil'al11lt't.hml:;, T IU' lirsl ill an

anal ytic almodel th at solv<':; t Ill' advl'rti oll-dilflisitlll l'C[ lIaliuli fur a lJille'l1uf larvar- ill a

spat ially h011logC'!WO\lS, li ll \{'-d"PI' IH II~ ll t current fur t il" IlrtJlllJl'tiu n of lan'w' rd ,aill"ll

011 till' shdf. w,~ show lha t UIC'l'l' b ,l weak c~ul'l't ' l<,L ion h"twc"' 11 l'l,t" llt iull of llll'\'ill'

a nd recr uitment o f northern cod, Furthenncn-, WI' (h'l1\llllstnLt,I' t Ill' SI' IISi t.i llity uf

ret en t ion to loca tion of the lnrvar- rcla fivo tu ti ll' shelf hn-ak.

III LIll' seco u l method we HS(' u lwo-dinll'nsiona l vehn-lty lit'ld t il sl,lllly lIw

luteranuual variations of n it! I'AA " ", I larval dil< llt'rllioli on ti l<' Nl'wfoulIlllim,1 alld

La brad or shelf. Th is mode l liSl~ a sl(·.uly StHt ,~ 1111'lUi flow l ll 'l' i v{ ~ 1 Irorn a ,Iia~llos lk

following the approach of Pollar d-Millard (1!J70), WI' st udy t lu- iLl lve-l'ti ull uf ll le' " AA~

a mi larvae using numeri cal LagrllllgilUJdrifters Sl~~d l'l l l h ruIl Jl;l l olll t h.. N"wrulludllLlIll

Shelf region. We identify Iavourablr- iLnd 1l1lfllV(I1U'llbl" ~<lI lrli uf rdl ~ lI l i llll Oil lI u ~

Newfoundla nd shelf. WI' show that ll o rt h l ~rly, shelf 1 Jr( ~ llk ~pawll i lll!: l'wll1.iulis ure 11101"1 '

favourable than southerly ~hdr brea k spawllillj!;hwat iolls for northcru ('(HI (f /tulJu
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Chapter 1

Introduction

1.1 Overview

NIIIlll'rir al l11Olld ling ill physical oceanography is a fundam ental tool for unders tand 

i ll~ t1 1l~ proper ty dist.rihu tiuns and circulation of sell wat er . Il can be help ful in thl.'

lnterpn-tation of spnlilllly and te tupc rully limi ted observat ions of cir-ulafion. How-

{'VI'f , a fI' I>r~ I'll tl~ti vl' mo del of ocea n currents mu st be based upon obser vat ions. Since

WI' n Ulllol resolve physical processes continuously in t ime and space, we ar e rest ricted

t tl describing ti lt>processes th at t he model and obser vations call resolve. Suc h models

may Ill', illitiidly at' ll'ast , somewhat simplistic. However, they can span a range of

t i l1U'" th']l{'lll ll'll l l~U l11 pO lJell t s (If the real now ove r a broad spatia l scale. Applications



of ocea n r ir eulat ion models include eulmuCl'd srure-h allli l'l'SCUt' llpt'f;lliOllS, d c'LI'Tlll i.

nation of oil spill trajecto ries, improved ( tl'si~ l1 s of ollshon- s l l"llt' l urt'S nlll IIlSSI'l\Slll.' n l

of the env ironmental impad of elu-rnical sp ills,

Ocean circulation models arc also m dlll in rildll'ri l's UI·t'ltlluJl;rnphy, O Ut' pussill]"

lIJlplicat ioll or such models is ill till' a.<;SI'SSIl1l'I1 lor tlu- snn'l 'SS " f spilwllinp; s l m l'l',l!;il'S

or fish . In the simples t models, t'~S and larviu' may Ilt' I n 'a l l'll as pas.o;ivl' elrin l'fl'!,

Egg am] lar val dr irl tl"tI~rll1 il1t,s if lur vue n 'ill'h s ll ili~ bl l' nursery p;ru lllllls , tll" l"d,y

illrrf'a.si n~ t heir chanre or survival ( Hjor t I!II 'I ). W llill' tlu- l'h ylti.-a1 r-uvlrunnu-ut

play s all im portant roll' , biologiralprceceses surh ilS pn~l lalic lIl aliII (irsl. r('('din,!!; ,'allll ut

be ueg lcuted in providillF; a n ex planation of larval su rv iva l. Bl'furt , i ll t'! lItlil1~ tllI',<;"

biological prun~s sc's in a 1l1001d , it is cUIIsLrurlivl' 10 look lirsL ut how euvirounu-utul

var iab ilit y r a n influence n fish pupnlafion.

In t his the si s, WI' explore ,lirl'rl lillk s hdwl't' li cnvironnu-ntnl ver iuhllity and tllt'

spawm.ig success uf a rod populat ion, We:look fi r~L aL II. ~i lll pl l ' 1UliLlyti,' ,,1 1Ilu<ld of

Rdvl~tion of ~~Q(l I~AAS and larvae. We t hen l, r lWI't 't l LII Rpply n drt ,u lnLiull 1I1urld of tilt'

Northeast Newfouudland shelf La examiu« tIll' slwr,'ss of , liffl'w llt Sl'iLWllillll;IIl ra l.l',u;il's

for Nort hern Cod ( Gadll,~ mo ,/m a in NArO di vision :UaKL).



1.2 Circulation on the Newfoundland Shelf

Tlll~ Now fcuudlnud uud Labrador Shelf is 0 111' of the broadest ront iuental 8111'1111'5 all

Earth (Figurl' 1.1). ll, rllugps from lludsou Strait La t he ta il of 1I1eGraud Banks

aloll~ LlH~ eastern CWlo"ts IIf Labrador and Newfoundland. The oce an ci rculation ill

lIJis rql;iull WiL" tirsl (l(~r.ri lll'(1 by Smit h ct al. (19:17) t hrough work car ried out by

tl ll ~ Iutenmtl uual If(' Pat rol (liP) . The source water of the Labrador Current is a

romhiuution of the wid and fresh Damn Land Current ( < -l aC, :la.a - :la.1i ppt]

with Hudson Hey outflow for the inner shelf region « laC, :!a.o ppt), (Smith rt ai.

1!1;17) and ;~ comhinaLion of ti ll' Ba ffin Land Cur rent wit h the warmer, sa ltier (;]- 4QC,

:H.H 1'1)l) WI'llt (Ireonlnud Gum'lll 011 t[\l~ outer shelf region [Kollemeyer rl al 1967,

SlI1itll rl ai. If!:17). The cor.erihuticn of the West f: reelllall<1 Cu rrellt to tile total

transport of tlw Labrador Currellt is a pproximately 10% (SutclifTed al. 198:J). The

La hn tdor Cllm'ntllow~ southward from Hudson St rai t a lollg t he Labrador Coast and

'.ppnars us two brunches at Hamilton Bank. (Smith cI a, . 1937, Lazie r a nd Wright

199:1). TIJ(' ma in branch of the Lab rador Current flows over the upper shel f break

Iollowing t he flQO III bo lJat h (Figure 1.1) an d contains 90% of the total transport of

.'i· ll Sv [Moynihan and Andl'Tsoll 1971, Petrie and Auder son 1983)( 1 Sv = 106nr1s - I ) .

T Ill' main brand! i~ a narrow jet of water 50 kill in width (Lazier and Wr igh t 1993)



coincid ing with 1\ stron g c!t'llsity fruflt (Smill l c/ (If. 1fJ:17, Allt'll Wi!'. !.1t7.ic'r m ul

Wrigh t 1993) di viding the brackis h, cold shelf wall'r,~ frum llll' warnu-r, sllll il'r Nort.h

Atlantic waters ,

J ust north of t he Craml Bunks, tlw La hl'lulul' ('111"'1'111 splits into t llf{'" pa rts ,

flowing thro ug h the Avalon Cllalllll'l with O.li Sv (' 't·t d,· and Allclc'TSUll IlIS:l), tht ·

Flem ish Pass wit h ,1.2 Sv (Gf{'t'ulll'rg ami Pd rit' I!ISS) uml "i111 tWllrllly nort h of tl U'

Flemish Cap {Mat hews 19(4) wit h :1.2 Sv (C: rl~I'llllt'r~ '\I111 !'.·trip 1!IXX). CIlITl'll tS

on lll{' G ran d Banks a re inl'gu!; (r aml wr-ak (tIl' YOll11~ ,ulll Ta uI'; I!JSS). Driftt'r al ill

irc·bel'g st udies on t he Gra nd Hank s ( Pdril' I!JSIi. Pdrit ~ and Isc'nur HlH!"l) iud ie-atl'

no ch-ar menu circulati on pattel'll 0 11 tht~ Grand Bnuks, alt hough t lwy .10 !,oin t ttl

a ge nerally so ut herly flow the re, Some of thl' wl'st wlln l !lUI'.' north of Flemish ( :1111

circulates an ticy clonically aro uml Fkuu ish Ca p a lit! rl ~jui lls llll ~ malnbrune-h that l'l1llH'

through the Flemish Pass, At t lw southern P il ei of 1I11' Gml1c1 Ban ks, it rrad ilm IIf t ilt!

mai n branc h flow is l'n t raillt'eI dlrcctly inlo t1w t: ulf Sl n' lllll nml tl U' Nur1.h At lnlllk

Cu rrent. T he retuainlugS Hv ( McLellan W."i7) flows wl'stwards ulf t h l~ sUlltlll'r11 Hank

of t he (lrnnd Ban ks (Chapman and Bl1ardslcy IflX!I).

T he re ha ve been several circulat ion lllodd s tu c''';lllniu f lifrl ~J'l ~ll t fc'at lln' s of L1u ~

Lab rador Current. Ohservation s or significa nt hullo l1l vd udtif's fClr t l l f ~ mail! all/I

inshore branch promp ted C: rt~lmber9; and I J(~t ri (1 ( I!I&l) t" 111'IIIy ;( I,aw t r0l'k 1Iltll id
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to the Newfoun dland s helf elrr-ulntlon. Bottom Vt,lul'itit's 1,lml1lp;h Fh'mish l'nss 'In'

roughly 80% of t he uu-nn lluw though t ilt' I'm;.~ . T IU'hawlrupk Ilwcl,,1'1IlHlil.lll.i\'t'ly

describes till' <.'i ITIlI'll ion Ill! t ilt' NI'wfolll\dlllllc! Slwlr with till' inshon- alld ulrshol'l'

hruurh, 115 well as How throug h t ill' Avalon (lluuuu-l ,11 ,,1 t.lle' FI,'misll 1'1iSS ilrtlllilll l ll\'

Grand Bunks. Model flowVII l ilt' {leuud Hunks is wea k imd \\·c'sLwanls . tvkm<lIrt'lIIt'lIts

of modelled t ransport. and nh~wrVl'd transport showed rt'lIsUll1Ib lt· a~n 'I 'lm' lIl" While'

lIw baro tropic mudd approach oxplaius Slllll "tlf ti ll' ~c' lH' rill "irrll lll,l iull r,'at ll l",'sllu l.Ill'

Newfoundland Shell,such as topographically ~ t C'C'rt '{l How, it im-h..1c's Ill'i t lwr density

gradients 1101' S(,iL'>Ull id d(~lIsily variatiolLs. Sutd lit" illl ' IP;''N shu..... i ll ,l1; ILmllllill illllS <If

pack icc edges with ho rizontal lenglh lind( ' of 7r, kill uhove tlu- m nill brunch or tl1l'

Labrador Cur ren t 011 four rolls,~r. ll tivt, winter day s lUlAA('sl h,~rud i ni( " ill "~ I, ahi li ly a !.

the slwlf break ( Lemond 1982). III tlw Ava[ull C ll1lllnd, d ll rill~ p,'d",ls ,,1' iw n'Hsl,d

sl rali fir.alion t he !low is lmrocllnlrully 1I 11 .~ l 'lhl ( ' (!\ n,I,'rsOlI 1!J~(j) .

Th,~ temperatu re and salinit y [ump lll'twc'('11shelf Wll11 ~rll ,ulll Nurth Atla llt i, '

water s is a bo u t ;J'e a nd I ppt fI',~]l ('divdy. Shelf water salillily vllrit,s p;w,llly ,hi" to

spring freshwate r runoff ,IS well ,IS llwllill/!; "f St'a leo. Harmoui«an alysis "r , la1.i~ Irum

Stillion '27 in t he Avalo n Chlllll11'1 hy I'l'l r il' ,"t el, (l!J!lJ) fl'vl'alll thal1.ht, IlIlIplil,1l'Il"

of the seaso na l cycle ut Llu1surfill '" is 7"<: and 0 .7 ppl fur ll 'lllp t' ratlln~ aw l silliuity

respectively, Th e sl'as tlllal variiLticlIllI dt'eH~IL~(1 g rc'al ly with depth, Sll 1.llIlt a t til('



" utt UIil Clf1.l1t' AVl,IulI Challllf' l, temper ature a nd salinity vary only slightly during

t in' y('<Lr lJy 1°C and U. I ppt f('Slll'.~tivd y, Noting the salinity min imum at Stat ion

'l.7 ill S"lll"II1Ill'1" ill 1I1l'Avalon Chanud , Hailey ( HJ61) reasoned that the 1)IIIk of low

salinity wat..'r fJrip;irl1Lt, ·,r from Southern Labrador , assuming an adv..ction velocity

of III n IL «- ". DfJllblinp; tld s velocity to 20 em s- ' would mean th at the fresh wat er

lJri,!!,i.'lit"d fnllll l l.~ fa r north as Davis Strai t [Pet rie and Andorso u 198;1). Myl'l'Set al.

(I!J!JO) nm llll1.f{'{1sllrfa.",. sal ini ty al Sta tion 27 with Hudson Bay runoff, Uugava !jay

runoff 111111 h-c-un-lton lin ' Nvwfouudlnnd ami Labrador Sh..I(, They conclu de that ice

IlId t uu tI" , Newfuundlundand Labrador Shoif is tlu- I('a, ling cause uf t he September

saliHily minimum at St at ion :n. Hudson Hayalld Ungava Bay runoff had litt le effect

till Sta tioll '1.7salinit y. Thu s {'1Lf:h spr ing a pulse uf fll'sll water stem ming Irom spr ing

rllllulf 111111 h-e 1l1l'lti np; is advccted down the Lab rador and Newfoundland Shelf. On

t ill' slu-H, tIll' rokl frl'Sh wate r layer reaches down to aro und 200 III while uuderueath

Iii'Swunner hut ~Id ti (' r water lhal 1111." been a dvecterl from offshore (Leelcr and Wright

1!l!J:J). ]) lIrill~ t il<'NlI 1II 111" r, I.ht· surface heats lip, leaving a cold arctic water layer

ltl mid ,1l'pUlI". t.lu- Cold In1...rllu..liate Layer (Pe trie d uf. 1992). This layer of cold

Will,l'r is lhoup;ht to alfel't t hl' migra tion and dis t ribution of cod [Templeman 19(6).

Variability or th e Labrado r C11rlX'l1t is probably qui ll" significant. T he seasonal

\';,ri"l.iolls of till' lluw an' comparable to t he mean 1I0w (Laaier and Wright IH9:l).



The main br anch of the Lab rador Currt'nl. shows n mlnlnuuu in wllll'i ty ill Murch

and April aIHI a maximum ill October (La;.:it'!"ami Wrip;ht 1!1!l:J). Tile' v"riittiu ll ill

lota l flow which rt'iU".I ws 5 Sv ill rallllt,1! by tlw .Joint Elfl'r l. IIf Harudin ki ty mil! Ih ' lil{

(.IE BA R) [Laz ier and Wright 199:1). T his variation is prn hllhly dnvcu by l\ 1e ~ sLrnnl':

seasonal cyclo ill Iresh water flux into the Labrador C lll"l"t'n l , sillt'l, fl"t's llt'niIiA\>f1,11l'

she lf watl>rl! tlrawl! ill water frum olfs hllrl' . A!l hnllAh wind furd np; Il Hl Y nut 1I1fe'do

the Ilt~t trallSPUl"t IIf t l.., Labrador cur rent , it r-an n ' rt "ill ly shift. till' l'" sil.iull ur t ill'

ve ry narrow (50 km) m ain brunch of Lln-La lJraelllr Cllrrt 'n l with r,'s lwd to !,,,Uu m

topography.

Ollt· way 1.0 account for density Ircnt s ill it circnlatlou IlIlIIlt,! is loy c1ia,e;tltlsiu/I;

tilt' circulation Irom a given tl l ~lI si ty lield ( t l t~ YUlIl1R 1"1 d . 1!I!J:la ). 'I'bey US,"! a ll

objectively analysed set of seusonully blnnerlohSl'rvati u lis Fnuu all availa l,lt, , la ta rtlr

the Nort hwest Atla ntic frum 1910 ttl IlIS!1 (.1" YOllllR rt. nl. 1!l!J1h). elL... ' w;~~ litkl'lI

to ensu re t hat tho strong density gradients 1~'tSUl~illtl'( l with ti lt' muiu bnuwl l ur tIll'

this lIt'usily fid ely idtls lL steady stau-, :i-IJ (~ lIrr< 'lIl Hehl t rlut 1'f'l' ro'!'i/·lIl.s I.Ill' "~";~'(" lIill

averaged flow over It period of 7f1years. TIll! n':>' lllt; t1RI!llrfllt~" dr/:ulati! m lij.jtl ;.~ N; lIlilllt

to thllt of Gn'Cube rg and P.-M il' ( 1988), lhlls .~ll~,l!;I'Sli ll,l!; t hat ll p ~t rl ·1l.I1l b"l lll,IIl1Y

con dit ions and topogf'l phy s l e'('rillg domiuato in dd~~r Jlli ll ill~ l l ll~ d ...:ulht iwi l'il tLNII



in this l"l 'p;ion,

'1'0 (1II.ll~, tlll'rll havo IWI'II no sheJ( circulation models for the Newfoundland

Slllo[f t hat lwrrnil resolut ion of haror.linie-illslahility.dr ivl,n-eddies. This would be

1I 1~( ' I 'ssary to rl'sulvl' tho li n1t~d(1jJl~lld(ml variations that have amplitudes of t im order

of ll ,, ~ IIWII.n llowof ti ll' Labrador Current main branch. For lim present we must

Ilt ~ ( :II11 ll ~nt with ( l i agll( ~~tk or barot ropic models. We have briefly summarised the

llydrop;raphk environment o( the Newfoundland and Labra do r Shelf, as well as some

nf tl ll~ I11 lJIld s th'l>il:r ihinp; t he circulation for this shel f. Our main regional focus is

l ite NUl'tllI'ast Newfoundland SluM, for which we shall exam ine the link between

circulation and dispersion of cod eggs.

1.3 Biology of northern cod

Al1illltk 1'011 , (; ndll.q M OI'hun, lire adapted for bottom feeding, living in waters ranging

(mill till' l'Uol'll'lll lwra k to suba rtic waters and are found ill dept h~. ranging (1'0 111the

Surral" to -1M III (Scott an d Scott 1988). On the Nort heast Newfound land Shelf,

cod mainly spawn close to tbe bottom near the sh elf break ill water dept hs greater

th an 'l.'iO III wilh 1ll\lhil'llt temporatun-s aro und 3°C [Temp leman 19tH). Spawni ng

ti llll's ext end Iroru Ap ril to .luly ( MYI~rs fI al. 199:1). On average a female cod may



release ~ million c'ggs per hatch several times 11e '1' spll.lVnill~ Sl'<L~OIl ( I\j t'!lhu I!IXX),

Survival rates for t'ggs anti larvae urn very low, with, perhnps, only Olll' t'~~ ill a

million surviv ing to the ad ult stuge. Eggs art' positively bllnyan!. und start dsil\~

slowly ill the water column. EU density vJ\l' i t,.~ with lIurrotttu liul'; water Ilt'l t~i ty atlll

,1('nl>lL~es with developmcut fAuderson nnd dc' YOIl IlI';HI!H). III fl l.!l III days, q!,~s riSt,

int o the top SO111 layer of l!1{' ocea n (And erson and elc' YUll n~ IfI!H). The' t'AA sl ;t~I'

ends al hatching, which occurs afte r ,10days ill 0°(: water atllillftt'r :!UII1IyS in 'l"C

water (Page and Frank 1!l8!)). At hat ching, tlw yolk sar-k is tl ll 'll tlly liUllrl'l' of C'lI1'rJtY

r· . lite larvae for the next Ii days, i~f1,t't' which larvae mtlst fll r;~~I ' UI' sl.al'Vl', FIll' I'url

on the NOl'th~ast Newfoundland slwl r, th en- is i~ Ill'ar th IIf infcrum ticn unt ltt' Vt'l'ti"1l1

dist ribu tion of cod eggs and larvae ( lJd hip; rt rd. I!J!rl ). Uivt'tlt lu' IItm tili1-ill.iun uml

t he vet-tical diffuslviry of a water column , WI'van prt 'did larva e' nml C'AA tlilll.l"ibut iull

if we know t1w egg or larval density [Auderson and tiel YlI lIl1~ I!J!JIj, I{jl'slJII 1!l!J'l)

as well as tll(· swimming ability of the h~rViU" (SdllflUli 1'1 ul. !!J!J:I) . Fnuu t'AA lIn,1

larval densltles, W(' ran infer t llat healthy l'g~~ prjnr ttl hatdlitt,l!; and larvlu' 1~1'l~ ill

the sur face layer for most waters on t1 11 ~ sluM, Larval mohllity is very limitetl ( $ fJ,:l

cm s- I ) (Sclafani tt a1. l!J9:I).

Metamorphosisof cod larvat1intu [uveni]o fish is a /(mduul pr<"~I'SS lll..t may b•.

demarcated hy the <lesrent of la rvae uut of Uw sllrfat:t11ayt'r ( l't~IJi'l aud MY1 ~/"H If'!JI).

10



TlI 1 .~ 11 " sl:l~n t lJcr ll rs !i tu !J IIUJllth s a ftt'r s pa wning (BroWII ct al. 1989). Ju veniles differ

(ro11l 1"1,,lts fly rt',ulily wilhstillirlillg sub zero d(~p.:rt't.'_~ water due to higher production

of allti-rfl,(':Wproteins (Goddard rI al. 19!1:l) . This enables th em to overwinter in the

l:ul,1 iushcre wa ter of NI~Wr(JlIlld la ll d bays. Juvenilesdo not associate wit h adult cod

l l ll l ~ tu predat ion risk , hil t by ag( ~ tlncc t hey join the adult cod population and become

I mrV(~~l. ilhh· by LIlt' fishery. Tlu~ newly recr uited cod do 1I0 t rea ch full maturity till

ap;t' 7 (llim is rt. Ill. Ill!}1), when they become reasonably proficient spawne rs. Cod

ill na ture may ft'lu:h ti ll! agt~ or 2!i or older ill the absence o r a fishery. Northern Cod

Ili\V( ~ 1 "~ '1l ohsl.'Twd to llligrat<~ and spawn in large gruups (Rose 199:1).

A ,l!;ftlllp or rod th a t spawn togct hel' is re fer red La as a popu lation. A stock

may III' f\ltllJlo:;I ~1 IIf OIH' or me re populations. The physical requir eme nts for th e

spawniu,!!; ground or i t popula tion is th at the re be a current sys tem that tra nsport s

t'MS lind Inrviu' to suit able nursery grounds (lies a mi Sinelalr 1982). T he size of the

population rlcpends upon tln- size of the spawning ground s as well as the charec

tl'rist irs of tl\l' cur rent. On t llP Newfoundland ~heIr, favourable spawning locations

an' rl'AiullS from which fPh'il.sel! I'ggs ami larvae a rc retained shoreward from the 500

III isobath. Va riahility ill tIll" sle« of t he retention zone du e to variable wind driven

uurrcuts, buoyancy driven currents and lime of spawning may reflect variability in

tl H~ rccrnltuu-ut to that population. Suitable spawning environ ment s are spatial and

I I



temporal win dows of cpportunlty, ill which 1.111' survival SlllTI '~S of tlu- yenr d il SS is

determined [ Bakuu rI af. (982).

1.4 Modelling Larval Dispersion

Many studies rega rd ing t ill' links hotw een retention uf ],lrV,lI' and UII' l'llVirulillWllt

ha ve been ear ricll ou l for ~eV<'ral Slwdl'S of Hsh Ilutsillt· uf t ill' Lalu'ador nm] New

foundland shelf region. Lc r-ation an ti riming orspuwu iu~ wit h fe·SIIl'I·t to hytlrudy-

namie Ieat ures is im purtant in t' nsll ri llll; lfim spurl Irum t ill' Sl'ilWll iuJl; ).!; rwlIl ,ls til t Ilt'

nursery grounds wherelarv,lI' aml juvenilos ma y grow (llj url 1!1I..J, lit's iUl.1S:lld llir

1988, de Young and HO!iI~ 1rJ!);j ),

Willil driven currents ma y lie' i llljJurlili lL to lilrva l lnmsl' u rl.. Ne·l.so 11 rt. /II. ( J!J7ti)

oil-shelf transport corn-spom l to ycnra (If guot! rt'l:ruit nwlIl . II! i~ st udy (Ill ,IaI'ILIU·St·

sardine lar val t ra ns port with fl'llped to tht~ Knroshlu <:llrrt' lll, I\wlai d ,d, (I!J!I'l)

showed that offshore Ekma n transport a lltl spaw ning c1 i s l ,u u:( ~ from thl' 1( lIrtJshiClaxis

were important factors in enabling larva« lo r<'I«:h t.lldr nursery p;rollll'ls.

For North Sell h(>rri ll~ (ell",rt! Iwrr/t91tJ< I,,), Ba1"l~rh d'll. ( I!lH!J) u:-«~d I~:l



Il illlt ~II Sio llal bawdiuk eirculation model to illu sttatl~ the eastward advection of her-

riUKlarvae. Their nonlinearmodel was forced by seasonal mean den sities, t hree hour

will/Is, thm~ hour IJwss..n ~ fidd s as well as t he M~ t hle. T racers with a given diurnal

v('rlin tl lIIil!: ral ioll IYI' tl ~ ;t1 sl'rll'!(! into llll' model now fidd to simulate hf'rrillg larvae.

'I'hl' aul.lulrs 1Y1't(, allle' to Sil1ll1latl ' the drirt of larvae from northeast Scotland and the

Yorkshire roas t t el t Ill' IJall isll 1~IJ;L~t and into the German Bight , They found t hat

rur mmll'l tr;u~I ' I'S tu ontor t ill' German Bight , as observed, required adjust ment of

vt'rt,ka l mil!:rat iotl, illilir atillp;that for herring larvae in th e Nort h Sea , t he amplitude

(I [ their dinrunl wrli"al llIip;ratioll as we'll as thei r mean dep th ar.. important Iact ors

rot SIllTt'ssrulll rirt til tl ll'ir nursery I!:nJlllltls,

1-'01' fish whh repr oductive stra lt'gies such as cod where millions of eggs are 1'1'-

11'ILsl'd Froma fernuledntiug tlw sp awning seaso n, proximity to suitable concentrations

ur prey al ti llll' or first feeding is importan t, Portier d al. (1992) show tha t capeliu

(iHflll(lUll .~ lrillo.'l ll.~) and sand Ill.nrt~ (Aml1lodylrs sp. ) larvae in the ncrthwes te m Gulf

of St . Lawrourr-dependuuhip;h r-onceutratlous of prey uccurring in the GasP(~ coastal

current jd II ll d SU h~I,(] lIl'lI t lra nsp ort into t he Anti costi Gyre which is their nurser y

ground .

Tu altnulutorml am I haddock larval d rifton Georges Bank , Werner d at. (1993)

apply a ;j·t1illlt'llSiollll lllontilll!nr time-dependent diagno sti c circulation model (Lynch



rI I'll. 1991) foro-d hy lnfluwbo unda ry c'omlitiolls nud I,lli' l\ 1~ tidt'. 'I'1lt'Y 1,1'll1, tlu'

importauc'l' of hyclrOlIYIlamic fc" ,t llrl'll alit! hlrwtl Iwhal'iullr I,ll tI ll ' rl'tl'liliull of ' ·AA.~

spaw ned Oil t .ln- Nort ln-ast Peak of Gt'Ul'gl'S Hank . EMs rd t·ilsl,.1 in tlu- tllP III III

of th e water colullin are SWt'p t off tilt' AiUlI, hy thl' whul tlriw lI l'UlllIKIIlC'lIl nf llow.

Eggs released below :10 111 IHIVI' 11 gn-ato r clranre (If twin!!; rC'1 l\illt,.1UlL t in' Balik . EI!J.,'N

releasee! at 50 III are rdainl'<l. T heir model C·lI1llhl\.'lisl'll t ill! huport.aue-r- of vt'rtie'" l

rlistrl butien in the wate r column011 la rva l drift .

TIU'rt~ have been t wo prc'violls llttPlllpt s at t'xp lur iliK thc' ll1l'dmnist jc' links 1",-

tween t he envi ronmen t and tlw recruitment of n lll ill ti ll' Nr-wfuutulhunl SIlt'lf n-.

glen. Myers aud Drinkwater (1988) applied a simplo l-dinu-nsional La,l!; t .u l ~i ;t ll IlrHt

model nsiug the cross shelf Ekman COlllP tllll'llt uf vd C/d ly. "l'11I'y all c'lIll' u ..11.u lilltl

a correlat jon l)I'lwc'l'1It Ill' 11111111" ,1' or lar vae within it .'in kill clis1.1UlCt! Irorn sht ,n ' und

recruitment. Their rps ll l l~ showed li t! rd l~l i(J l1 s h i lJ , however t llt'ir ITIl't.hucl iKlItJrl,,1

along-shore currents and spatial inholllop;I'ud ty of 1lw mean llow lit'lel. Ildhi~ d ill ,

(1992) used th e baro tropi c velocity fid el tlf n rc'(!lIhc' rR 'lIJrl Pl ~t ril ' ( J!lXX)with all ad-

dit iona l wind driven com ponent of 0011' 10 "X'I111i llt! l tIL"ks uf IJiL'lsiv,' tlriftt 'r SI'c ',b l "II

the Newfouudluud shelf . TIlI'Y c1c 'Il1t11\Htratl 'd t h ,Lt, 1I1(! It t IVI..:tiulI IIf l'AAH itlill l ilr vl u ~

from th.. Nor th eas t Newfoundland Shd r lu li lt! hay~ or Ntlrtlll'IL~ t NI!wfclII lII llUlIrl re

quired appropriate wind forcing. They also ,I" J}lollstrn 1c!t l tlm1 '11111,,1' rueun Imrutrul' ic:



Hewm,I ,~us un tIll' Ncwfouudlaud Shel f llrif t around the Gran d Banks rat her t han

Ullto tlll ~ G nu lll Banks. T his reinfor ced 1hl! hypot hesis 1hat cod on t he Nort heast

Nl'wflllllllllllru[ SIIl'If tnay Ill' twall' l! a... <l sl'par all1 pop ulat ion from COIl on th e Urand

Ballks (d 11 YOlIllK and I{USI~ [!l!l:~ ) .

1.5 Objectives of this st udy

III t his t1110sis WI' a re' inl NI-st ffl! in de te rmining how physical Factors infl ue nce year 10

yl',ll' varii~lJ ilily ill survival or t he cod cggs and larvae ,

( :Imph -r:l rJT(~11 n ts It semi-anulyt.ical model or retention of larvae 0 11 the Nort h

'-,1...1 Newfoundland Shelf (til- Yonng an d Davidso n 1994)_ Using an idealised, ti me..

depl ~ t1dl-ll t homoge neous circ ulatio n field. we invest igate interannu al variability of

f!-tl-Illi lill of rorl I~AAS aIHIlarvae on t he shelf. We discuss t he sensit ivity of the model

lo l"tJd spawnlng loca tions. As well, we summurise 110d rrcr ui cment data for ll ll~

NurLIll'ilst Newfuundlunrl SluM.

111 I'hap Lt-r :1 IVt~ present th e numerical model used to solve t he advect ion

dillus iou equation for a two-dimensional, time -depe ndent flow field. T he flow field

nJll~is ts uf 11 tl uu..dl'l"· lIdl'lIt, Pollar d-Millard slab model with wind-d riven curre nts,

1IIlp"r i1l1 1Il1s"d U1l a stondy st a tl' circulati on field ta ken from the diagnost ic model of

l'



<If' Young r t aI. (1!J!J:la) a!l appl il~ l ltJ l lll' Nl'wfullllllliUlll SIll'lf. W" mak e- lilli' III a

Lagrangian trarking model to l'xllmi1lI' interan1lual \,nri.1.llilily ill larval .Ir ifl IWllh!l.

To ana lyse disperslou of II IIMdl uf dri fll'!"5wr- USll' n J(l'tllllt'lr!-:al IIlI'l ho,1 tu Io:< Liwllt..,

the area and shape of II wl of Ilfissivl' d rif1l'OI. Thi!l ~l't lllll't rkill Sd ll'flll' j" I'n",,'nl,,1

ill App f'nclix G. III Clulpll 'r ;l WI' also Il j~us.~ yl'a r-lO-)'I'/Ir vlIrialitJlIs ill N·t..'uli llll IIf

I'W find larvae in tlilfl'r!'l1t slld r rl'~itln . Ilrifl tr ajt ...tllril·lI, , lis])'n"('llwlll IIf la rval' lIIlil

we idl'nt ify idf'al sp awning lor at iulls hW'll'tl Oil I'IL~si Vl' clrift,

III chapter " we ('olld lldl' with Il (lis(~ llssi till of Lilt' rl,llIli vt, I1wriLs ur Slli\Wllillp;

locations ill view orou r 1110111'1 res ult s . W" cli!l(,lIssUti' limilnl itJlIlIurlI11r 111",1.,1mil l

fut ure research IJOlISiIJili til'll on till' Ilrifl ur.~tJl l l'l~s i.wl la rvi"'.

Ifi



Chapter 2

Analytical Retention Model

2.1 Introduction

In til is chapter we' present an ana lyt ical soluti on to a model of retent ion of cod la r

ViU ~ till lhl ~ N t~wroll lllll a l\(l and Labra dor shelf. The egg and larval stage is crucial

to tlw sur vival of a fish pcpulatio u (Hjort 1914, Ilea aud Sinclair 1982). Advection

mny play a n itir al role i ll their surv ival. We shall explore the fundame nta l cherec

It' ristics tlHlt gOVl'f11ti ll' retention of cod larvae on the Newfoundland and Labrador

SluM. W'l extend a model of Kusai rt al. (1992), originally developed to explain

till' impc rtunre of SPflW lIillP; loca tions of J apanese Sard ines (Sardillops mclafloslic:us)

fur n'lt'1I1;01l of larva e shoreward from the Kuroshio Current T hey solve a one-
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dhnensional, edvcction-diffueion equation with constant vdnd ty for il ~iVl'Il illitinl

Gaussian distribution or passive t1ri(lers. TI1t'Y ,[,'lilw a 'I\,'klll;nll Hal.,.' /l liS llu'

propo-t lon or eggs and larvae shoreward rl'OI11 tlw Kuroshio( :lIl'n 'n1al. iI Ki\"'11 lillu' t,

Here, we shall extend this model by making it two-dinu'uslonalmul illl'lllllinp;II. !.i1lH' 

dependent wind driven velocity ecmpouout. Wf' shall reuuuu- till' ' 1It'1. ,'n1iulI Hal(" of

I\asai rl al. \ 1992) all ' Retenrlon HiI1;u' s; nw it ('XPTI'SS"S it ratio (If ];lr vlu' TI'laillt, ,1

;11 a s pec ific an~a e ve r 1111larval'. WI' ex plore llw iufluenrc uf SPilW ll i ll ~ groum l [ne-a

tlon, diffuslvity, size of egp; palch, lIlt' I1WI UI Labrador Current Il1lt[ th ,' wirul-driveu

current on t he retention of eod larvae Ull tIl!' Ncwfeundluml Slwlr lllrullKh til<'uS<' tJf

en nualyrical model.

Since the Newfoundland aml Labrador SluMlnllugraphy is ,~ntl1p l( ' x IIml II1f 'i\lI

flow in the region is topogra phically Slt't~Tt~I , Wf' m llsl, IlS'~ nil idf'ldiS<',1 lupugraphy.

The shelf i'! simplified 10 II. rectangular shapowith It 1( ~ lI p;l h ur lOon km mill It whlth

of 240 krn [see F'ig\l r~ 2.1). The nWl111 now of tl1l' Lahra(lur (~llI'l'('lll iMsilliplilil'll 1.u a

homogeneous flowin the along.shdf d;rt'ctioll, with It tix('11vdud ty uf lJ.~ I ll S- I . WI'

shall consider tht' now to b~ all average or 1h( ~ hurizonlal ' ~lI r rt'l1 ts over L1 w luI' ."ill Ill.

T he roteutlon ratio fl is the proportion of Iltrvll( ~ on nnr r, 'e~tllllJ.!:11 111r 1I111'U itt

,\ given time. The shd f has three UI)~ II boundurios and UlH' llIlu! 11l11l11l 11lry. W( ~

shall consider the (Irift of 11 pat ch of 1)1~'illi ve w eI '~AA'I IItlll I /lr v/l.l~ st/lrlill~ ill lllf ~

I'



I " j g ll r(~ 2.1: TIIf~ mudd domain eud axis orientation showing the shelf (shaded re
giou] and till' direction of the lIlt'an now (o.2Q m••- I), n-l'r t'Scntin g the southeastward
"uwing Lahr adcr Cum'nt.

Nort llf'asl ronwr of the' !I1wH alld exam ine till' ment ion ra tio . For sa rd ine lar vill'

ill t l... I\utn'lhio r1lro 'cnt sYlitl'lIl, Ka.sa.i rl Ill. (1992) rcusidered t he region inshore

Irotu the~ Kuroshio current U ill iU be ing the ravourable environment for success ful

tle'v t'10JlIIII'Ul of I'W and larval' . Ou t he Newfoundl and and Labrado r Sbel l, the

mai n braneh of th t' Labrado r curre nr sepa rat es th e favo urll.bll" shelf waters [rom the

It'K>! favourab le' til'!' p Or t' lU I WAlt'llI . Siuce tlil" main bran ch coincides with tlw shelf

bn-nk , WI' 1I 111 ~ li lt' slwlr hrt 'ak as t he demarrntion Z01ll1 for ret ention . Altho ugh we~

IlllvI' p;rt'lltly lIiml'lilit'tl the topography, we have 11111.intainMI t he basic feat ures of the



system; i.e., a long Ilhd r t ha t ill hundreds or kilulIlt'tn':l bn l<ul.

We shall assullI, ' that t ill' t'AA-~ an- ill ti ll' lIurfal'" Ekmlll1 I,ly,'r (1I1'U ,iA rt Ill,

to p rJOm or the wate r eolunm (Gill 1982). Al1tl"fl't}1I" 11I1 .1,' YUlllIA(I!I!J.I) ,,1I.>\v,..l

t hat eggs take up to 5·10 daya to n-ach L hc~ snrfafC' !'ly,'r, whc'n ' 11ll'Y n'l11Olill lllltil ll(L.'r

hatchi ng. TIlt' tim e from spawning to hat ch is ah llllL10-:m llay:"allhl'St' l" ll1l' l'l'lll ,IIl'lt,

Young 1••rvae cnu I", l1'I'1I1,1,1 no'! pns"i v,~ ,lrir h 'rll 1Illlil1 1lt'y art ' (ill ,lily" cl.l.

2 .2 Model D evel opment

T he lime rate of chau l;l' of larval nMlfC'u lra li ' J1I ill a ,ltivl'u volurue- j" 1"111;.1 t il till'

advectio n an d tl ifful<ion of Jar """ out of this ".. lunu-. T Ilt' lwu·. lil1lt' lIl1i"",.J iulvc"'l iulI-

dilfusioll l.'qllat ion ii'!,

iJC iJG iJC (()~ ( : i1'(:)m+ "0; + tJTfij = ". lJ.J:"l + 0"2
(2. 1)

where C( x , y, l) ii'll'OIlI'I'nl rntioll, t is timl'. l.I(t ) itllfl ll(l} arl' l ilt' r ,mel!f nm tl,ull"ll tlt

of vejocjty and "/r, ill t1lt1ha rizontel tlilrllsivity. Th l1;Ulvt'I'liull ·,lilrtlltiull ' "lIIt;lLiul1",II.

Iw sulvetl by analogy to 1.1111simpl/' lJ tll ~ c1 i ttl t' ttll illllld difrllsiull 1" ttlHLillll

:w



(2.2)

whlch has tlu-selutiun,

,/,,, suIVI'tl ll'1.wlHl ilJWllSio llill , advertlon- diffuslou equntiuu WI' uscthe following trans-

furmutlou ur l'llonl i lla lps,

x - l lt(f' )dl' ,

.'I -l o(t /jrll' ,

I .

By t il{' rhnin rule or dlffcrcu tiutiou, ws- lind

(2.4)

(2.5)

'(2.6)
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dillnsionequathnu B

(:!.IUl

TIl(" solutio n approarh that WI' follow is simila r to that t1l1"'11 11)' I\ Hsa i d 1/1.

( 1!192), except t hat W I' milk" f('IV !'T sil1lp lifyi n~ assumptions. \VI' ussuun-, ilS dll t lll'y,

t ha t t he in it ial diatributiou of till' spawniug l'AAS is p;i\'l' ll hy 1~ (; a llssia ll , I i.~hih lltiun,

T his produces solutions for tl 1l1n-Lentiou ra tio ill 11'r11lsof error flllll' tilllls . VII' Ilu nut

assume t hat t l u~ vd or it it,s 1t anti II an ' ro nst' \llt ill t illll' , Both vl'ludt.v l'o llllllJ!Il'lll s

art' time-dependent yet spatial ly unifor m ,

Transforming till' stuuderd solutiou of tlu- ,lilfllSillll('llllal iUlI (<!,:I) inl,u t Ill' IITi~·

C I. (-(Y - f:J+
IQ

v(l)dl.)'l - (r. - fcf'+l" fl(I)'lIV) (<!.I I )
. =V4/1, h(7' + 10) I'XP 41~dT +IIIJ

T is t hp time aftl~ r l lll' initial s lliIwllinp; when li lt' variuurr- uf t ill' disl,rillllt iull uf t ill'

pa tch in the x anfl y direction is '11>:1,£0 ' '0 is till' 1 ill ll ~ 1ak('11 r.o I' V(JJ V( ~ ImruII sinKlIJ1Lri ly

to tilt' inilial patrh dist ribut ion, f.d l inK C\" = 4 I>:j,lu, alil l '.!It·1l ,~ i llll' l j fyir lK lIlI' s"Jrlti liu

we obtain



t 'U(l' j ill' +x o ,

J"
l' v(l' lrUI +1/"

iH1<1 al1uwillK fur rofh-etlcu of l h c~ la rval pat ch al the r-oast .e = 0 gives

(' I (-(/-'/l') {(-(x-ex)') (-(X+ U)') }, = fi "xp - -,,- x ('X I' --,, - + exp - -,,-

(2.12 )

('-1:1)

(2. 14 )

(2.1;' )

wln-reII is t Ill' lillll~dq)('Jl(h'll t variance of the larval distrfhnticn, an d ex and q, are

tIlt' nmrcl illal t'll of l l ll ~ pat d centre, The rete ntion ratio is th e proporti on of ('ggs on

t h f~ llhdf to tl lt! lo tal number of eggs, and is givcu by

when- A.~ a11(1 AIOrepresent the <,.ell of the shelf and l hl" whole rt·g ioll r(,spf~ti vdy,

I is t hl' wms-shdf 1I';(11 h and lJ is 1I1ealong-shelf lengt h. Note thal t he coord inat e

system is .~d sllch t l11l1 ,// is a long-s hd f and :r is cross-shelf (Fi gu re 2.1).

Makill}!; tIll' SUllsti tulioll

tr = (y-c,vl!( va) rly ==.j(irlf7



= (;r- (·.r)/(,jil) rlJ'= .;;ill ¢>

e nd applyi ng t111~ following boundary mnditiul1s:

,lI = 0 -+ iT = -qll..;;i.

.r. = I ..... r/J = (1- f~,r ) / ,jil

x = U -+ i/J = - ('x/ ';;;'

x = l -+ 'P = (l + (~x)/fi

.r = 0 --I I{J = f:.r/.;;i

t hen tlu- retent ion rat io for the IlImM domain is

where :: is just a dumm y variable, UIt\1l l l ll ~ re ll' lIl itJII riLlio' ,pnmll's

(2.1<)



U('I' ) - ~",j (="!!. (/,-"y)) x {",j(=="- (I-ex)) +"1 (==- I/;- C") )}
- 1\ .fii.'.jii ft ' ,fii .../ii' .,fi

('_ 19)

wlU'n~ (I , ( :;I: aml (:// dl' lwIlfl O il 1', as in equations (1.12), (2.la ) ami (2. 14 ). Noll'

U lilL we i1 1l~ primarily interes te d i ll th e region close to th« shelfb reak . T he reflect ion

('uuditioll at llw r.o1H;L1i llt~ is llegligihl t~ when ccnsid-ring larval drift at the shelf break

sinn ' L1 11 ~ wind-driven current r-nnnot transport particles across th e width of th e shelf

within t1w lil llt~ fmull ' 1l1n1 WI' an ' considering, appro ximately 50 days. T he iLverage

wind-d riven (:llrl"l ~ llts arc 011 t he order or I em S- I.

2 ,3 Mode l A na lysis

Dc'lail"d ; ll fIlTll lilt;o ll ti ll tilt' spuwnlng locat ion uf (~U{I is sparse though in a summary

uf rlJll I"l'n lli t ll lt' ut and rliat r lh ut ion dr- Young and Rust' (199:1) co nclude d that most

ur 1I11' 11 llilWllillP;uceurs in water aoo-uoo III deep , near the shelf br ea k. A recen t paper

hy Hutr-hiug s and Myt'r~ (ImJ:J) (llI('lItion:; th is couehrsion, udng t rawl ea teh data to

showt lll1t ~ pitw llillp; 1'011 have also been [01111£1 on the inner par t of the shelf. We

s llllll ussntne lhat til t· major ity of rod spawn 011 ti ll' out er part o f t1w shelf, near the

s llt'lf hn-uk ('l't' lIlplt'ma n l!Jl)u). Ht'allilllH'llt tla ta for ro rupa risc u with model resu lts
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analysis (Hilborn 1\1Id Wallt' rs [992) or t ill' md ill I,ll<'2.1:11": 1. rl'p;inu (Fip;lIrl' 1.1) ..r

t he Newfoundland Slielr ( Baird rl rd. I!m:!).

Wind data IIM,t! ill t ht· modr-l WllS IlII'as '1I1'i1 .~l hourly intl 'Tvnts ut Sl. .Jllhn's.

t he ocean (de YOll11Jt rl (If. I!J!J:lb ). Willli datn. al Sl. ,luhll':-I slluw .Il;tltut ilP;I"I'I' ltll 'ul

a nd Pond (I !JS1). WI' huve filn-n-d ll l t~ wind slrt'ss data IlSillP; 1< tUW - lIi LSII lilbr, tu

remo ve energy Itt pt'riods below half n duy. T ilt" wind 111.1'I 'SS WILS OWII "u llvN tnl ttl

t lu- vcrliralllvl'Tllgcd vc~loci ty Ior tlw Ekmun Il'YI' r by

T '
(1 .211)< 111'/\ > pJII

T'
(~.,, '< V I~I\" >

pJII

de pt h or ti ll' Ekma n layer ILSSIIl1](' <! to IJl~ i1f111l , f is tl lI~ ' :o rio !is ]JIlrilll ldl 'r ( 1lli.S'lllWS

co ns t an t at IO-~ .~ - l ) , p is lilt' ( h ~n si ly Or SI'a wal ('r (sd nl, [1I2" kP;III-: lj iLI1'1 < 11/-:/\ >

2(;



an.1 < 1110;,., > are thl' hOTizcmlal velocit y ecmpo ueuts averaged over the depth /{ of

t il(' Ekman layer ,

T Ill' model v(duri ty Heldconsis ts of the Ekman com pone nts, wit h -0.2 IllS- I

adlll'!l to the 1) C0111jlOllCIlt to rep resent the Labrado r Curr ent. Th e t ime step ill

mud d was twd ve hours. lutegrnt ions of the reten tion ratio over time were carried

011 1. for two d rift jJl'riods of flOclays star tin!!;I Apri l and 21 May, Thes e d rift per iods

wen- dIC l'll ~ll to C'OVI~r t hc~ spa wning period of t he cod (Tem pleman 19(i6 , May 1966)

a nd tu tc ~t sc'nsiliv iLyof t hc1 mudd to t he timing of t he releas e of the patch.

TIll!starli ng l~~ mass was ini t ially locate d i ll t he northeast r oruer of the mode l

dumuiu (Fi.e;HrI· ~ , :.! ) , corr esponding to ughly bel ween the south ern Lab rador shelf

nud Llll' north c'llll of 11 1 t~ Northl'u.st Newfoundland shelf. Some samp le t rajecto ries

for t hl' ('('ntw of lI H ~'lll of larval' pa tches urn she wn ill Figure' :.!.2. T he cross-shelf

C'(llllpOlll'lIl of 1Il(' wlnd-drj ven current is more impo rtant t ha n the along-shelf wind

II T i v( ~ll courponout of How in determining retention over a period of fiO days since

patc:llt's <lTC' along lIw eeetor u boundary of the shelf. T ile two plots in Figure 2.2 show

tr.~jc'duTi ( 's fill' yenrs wlu-n till' retention WIIS high (1975) and low (1981), illustrati ng

till' cliffc'n 'lle'c's in tIll' lm jc'doric'llfor t hese two years. T his particular model run is

from:.! 1 May t o 10 .luly cove-lug th e time when larval"arc present on th e shelf. T he

halfway poiut of t lw dr ift curves, marked with a circle in Figure :.!,2, show tbat 1981
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and 1975 are wry liilfl'n'nt in tho llrst hair of tlw period , hilt art- I l lli tl~ similar ill L11l'

second ha lf. Thi s sl' llsit ivily to tlu- timing of till' drift IIf larval lllll l'lil's l'ulIll' lil'" I.I'S

somewhat t ht>interpretatlou of our result s.

Figure :'.,2: Sample t rajectories of t ht> (',e;p; patch cl'lItruid fllr (al 1!17iJa wl (11) HUH,
The peri od for the simillat ion ill froru ::!iJ Ma.y tu HI.luly. TIll' llillrwiLy !,\lint. ill t ill'
slmulat lou is shown wit h II.lI open circle. T Ill' s llillll'(l un-a n ' l ln 'sPIl t.s tIll' 1l1 11 ,1r.

As a 1'l'll 'lItiotl ludex sllitah ln for romparixou wit h n'f:rllitllll'111 ,lat a WI' nVl'riI,Ur

th e n-tentlou ra tio OVIJr Ow period of the model run U"" , Thls IlVI~" IL~,'r1 rl'll,ntiull rutiu

cannot be accounted for hy IJsillAOw rd "lll iu]J mtillllt iJlld ays [l.e. H.{!ilhl )) in L]...

model run. To analyse the ,~lmsi t i v i t.y of lIw aVl:rlLl/;,'(1rd " nt.illil ratiu n ,,,,CIII') , WI'I'l" t

'"



for;" l1YI ~ll rs ill till' 11ludd Pili [(,,,,(YJ') n~;"inst horlzoutnlrliffusivity and initinllarvc!

!,'Ltd l rlllliui-l, FiAU fI' (:l,:la ) f1 ~ fl'rs I,ll an init ial startlug posit ion at tIll' shelf break lind

FiAtlrl' (:l.a ll) fdl' rs tlll 'M s ~tMt i n~ 1)0km inshore fWl11 t l1<' shelfbreak. Incn'asing t he

initial lmll'h rlLl li ll ~ f1'(llln'l';yr-er to YPMvariahility in rotent lou. Init ial patch radius is

pa rtk nlal"ly importa nt fllr patdll's init jally re-ntred at ti ll' shelf break where tlu- l'If(,r:t

uf i l wn~a."illF; t l l l~ pi,ld l rndlns inl"TI'asl's retention durin,!'; yt' lLI'S of OIlShUl'(' wind-drlvou

1 ~llr l't' liLs and dl'ITI',N'S rC'tt' lIt iu lI du ring YI'''1'li of olfshoTl'wind-driven C\lrtt'uts, For a

xmull (',I!;/!; pal l'll, rd ' 'nl10 11 of larvae OIL tIm shelf is high ly variubleNi uCt" 1111' current s

only lwt'd tOll1lvt'cLl ht, palrh slightly to " It('r the proport ion of I'AA~ 011 t l \1~ ~ hl' l f. For

u, "lIt l"l1rudiux uf !i kill, ltlt' sta nd;"rd deviation uf llw yt'urly averaged retenrion rutio

( [{",,) is O,:l wit h iLnu'un uf fl.:!, Irwf(·i1siup;!.I1t' ritd i ll~ to 100 km mist's t hn 1I11'all by

n:fad m' of:l lLJ lll fl'(!IWt'l'i lJlI' sl'/llulill'd rlovlntlcn by a Iactcr of:J. For lar val pat rhes

SI'I'(II'11lit tIll' slid f IIrl'ilk ill till' ilhst' lIcl' of lilt' cros s-shel f rompcncnt of flow, diffusion

1I11t1 patch radiu s have IIU dfl'd 011 retention. If II patch remains cen tr ed at t lw she lf

h re-ak dllUl ~ill ,l;: till' f mlilll'i or t1 11~ diflualvity ("()('/Iici l~ nt 1100'~ not a lter t he proportion

of Slll'lr hlllllllllarvlll'.

IJI ' pt ' IUl l' lH' I' 0 11 tIll' dllfuslvity (~odlicil'II L is limit ed {Figure 2,4 ). luereasiug

tlilfllSillll l h 'I'fI"l~~I'S slightly iuu-runnual variahility in retention. For years of high re

teutlon, 11 hurhmntal diffusivity t'ol' llk i l'nt of 100 tII~!l-1 decreases the yearly aVl'filget!
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