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Ass'mAcr : ¥

cavaon cunyon Is Jmlod on thé aularn ulepl of Ih- Gmnd Blnk and

Is uoul !D km wid

. 80 km long. and 700 m ue-p wncr‘b It |mo<uc|a the

shelf brénk (70 m).- Data lram June of 1930 “and 1931 urs Inllrpuud In

terms . ul steady and o ¢ . L. ot the

Labrador Current with the canyon. The mean valocity fleld 1--0!“!3(5\‘-6

ny relatve to 200

dbnr. /Up ,and -downstream- . lha' aunym the llaw was pudcmm-nny

along: Isabqlh wllh lpnoas of 0(20 cm a ) :near the ihalv 'break 10 m

« above ‘honom. -and 481om. 87 at the  velogity. axis “over - the 500 m

lsobath. A '20 - thick cold core ot < =) *c water ~upumm. of_the

nnyon aepualld into Inner and oum cofd cores over khe canyon axis,
and coalesced (a rclorm a singlo core downurum The degree o which

the canyon perturbed the mean, l(ovl__chang d - with pgsmon both along and

perpendicular to the canyon axis with along-isobath flow near the shelf
o o

break: cros:—isobnm flow on the upstream sldi .and cross-canyon fow Im

_-the “center: further off-shal

e meéan flow In the vicinity of a sec®hdary head on the

Divergence of
_upstream side Is indicated by the m-au’nnmlnu. Implying- steady upwel-
Jling: * Tis 1 snppomd by a 0.96m s mldu-l' near-batiom flow
toward * the s.cnna-ry “ne ad. A single upwelling mm lasting 5-d was
observed folicwing 18 < 23°m s~ southwesterly winds'of abéut 0, 5' ¢

duration. . Current re ;rul ‘at lh. shelf break occurred soon zmm the nlgh

‘Vanm winds. c.nnd. followed py abrupt temperature (2.8 'C) and ullnlly

pth In the central

canyon reglon.” lgohalines roseat m}a of 0.2 - 0.5 cm ™', "The rever-

(1,2 ppy _Increases up to 1 d later.. At 167. m

sal was baroclinic:  the® Labrador Curfant Continuad to flow southwestward.

the flow remained undisturbed by the canyon. -
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This thesis constitutes the first description and analysis of physical

‘oceanographic data’ lrom any of the submarine canyons that indent m-

. soum«sum edge of the Grand B-nk of Ngwfoundiand.

An. outstanding feature of the dynamics Is the prasence of the Labra-

dor Current: a strong. shelf-edge Jet which flows with shallow water to Its

right and which Is ‘also a western boundary current. This thesis addresses

two ‘important ‘aspects of canyon  dynamics In the eastern Brnnu Bank

raglon: the effect of -abrupt topography on mo mean flow. of the Llhrldnr

cumml and the effects of lmpull!n wind forcing on the:lacal circulation

and cross-siope malerial fluxes. These processes are expected 1o be

Important to. problems _related 1o biological n and

problems_related to- the- oll indultry.

1.1 Physical description of the mr-

* The Grand Banks of Newfoundland (Figure 1.1) extend southeastward
more than 445, km from the Island of Novnoundllnd The Grand Blnk
covers an area of about 25 x 10% km2, s on average only 60 m Py
and Is the largest bank. In thé world. The Flemish Cap th to the east of
the ‘Grand Blnl(‘lnd l; separated from l‘l by the Flemish Pass. '  Carson
Canyon is 1¥e nonhnmmopl \of the canyons at the mulhua(sm odgo of th‘

Grandrank

The bathymetry In the vicinity of Carson canyon Is lhovm Iin Figure

1.2, Carson Canyon IsjU-shaped upsiope of the 732 m lsobath when

viewed:  in vertical on. and -ls 10 km  wide.
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The shelt_break In. the vicinity of Carson Canyon Is Identifiable..as the 110

m isobath. ~The canypn hesd lmrucn"z&m Intg-hey shelt: A ans{mcuve'-

. lsnlurc Is the presence of a "secondary head” on the nonhnsl side of

Cafson Canjon: i i o < ¥ %

1.2. Historkcal review

.'. LB

The eastern odqc of the Grand Bnnk hu been lyslomnllcally surwyvd.

‘by. the U.S. Coast Guurd since- the * nlnklnp ul thq Tlumc in 1912 ‘as pln

. of the- Imemunonq_l Ice Patrol (IIPJ @.g. ‘Scoble, . 1975). Wlih Vaw

-xce'pnons sinoe. 1913, . statiohs hee beon oboupied

during Aprll and Mny niong lransnclu across . thu eastern margln of the

. Grand*Bank. ; o

-In Tec of the, sl of physical’

o th- ﬂsharlss on lhe Grund B.nk mo Canadian govemmsn( has snpple- .

mcnloﬂ the I!P lrunsocu slnct 1951 (in the momhs ol Juna and July) us

N
pln of- its contﬂh\mon Ic IQNAF» Cinternational  Commission “for the

sauslly by the, e’ -

S -
Ncnhvmt Atlantic Fluherln), Ruulln VI:hurlu oonunouuphqrs have nlso

yubllshod repam ‘on the data lhey hava calloumd in the “the  @rand . Blnk» .

area.  The reader Is rote(roﬂ to +ICNAF. Special Publication Nc, i

(wis), Kudio- and aomov (ms), and Kudio, Burmakin ‘and - Sterkhov '

(1979) lor summwlu of the ﬂmorln-ml-xeu smdlou.

it the prumln-nco of the: ﬂlhlng Indus!ry coul} be illd ln ncllpm

in locul current ‘affairs itd ‘be die to Inc dllcovory of’ massive oil
afid naturat gas rouma In the H(Mrnla ﬂald on Iha east side of the Blnk
(Figure 1. 1), Hu)omln is located on the shelf tppmxlmluly»as km ‘due

noith *of ,Carson Canjon. * Existing physical Geeanographic dal‘:_ﬂo( this

'rlglon’ have ‘been found- Inadequ: e to permit assessment of safety and




.

. e e

environmenta) factors. Dnl{ colloclo by lhl polrolnum Indualry as. part ol

“are | iing  to

thelr tory driliing?

undmundlno ol “the physlcal acunoarnphy ol mls |roa as “th

. ‘availabie’ in the publlc ddmain (e.(g. Pml.‘ )932 Petrie and Andorunn.

i .
1955).v- e w g N |

hY:

i this saction. . previous studies of the Labrador Gurrent aro. reviewed

1.2.1  Librador Current studies

wﬂh’uspec\lo the chamcmlaucs ot the m§n flow' and its varluhlllty wllh N

'pamcular rehronct 0 poeslbl wlnu—lnducld eﬂects.

i3 Wit mqum w (I\o m ‘n ﬂw, a plonoorlnu aludy ny Smith, Soule Ana

Mosby « 1937) qmbllshod trm morubudor currem origlnlm at the

qomllm extmmlty of (hu thr.dor shelt lnd la churnciurlz-d by low Ilm~
p-ramru (4 2 *0 ‘and’ Iow nllnnln (( 34. s PP . An on:horl branch
passes over Carson Clnyon a it flows seulhg&rﬁu nlm‘g the nshrn mar—

gm M the Grund 8 nil an. Inshore branch runs ulonéle chﬂoundlnnd

Wn. rom thig, point on, the term ‘Labrador Current® will
refer only to the omnou1u/ncn unless otherwise stated.® ’

The speed of the Lubrldur cnrrnm at . the soulhnushrn ndp‘ of mn

Grand. Bank buod on - ger Pl nn been to be

ubnu( "30 om s % (| q.’

HIII. Jonc’ui F\qmntnr and Follmd, \915) Hill ot
(ma) ..llio 'epcn mn lhu hlgh upnd core (> 20 cm. s ) Iu about

30 km_wide, In a recent lummlry of Grand Blnkl physlcll ocnnogu-

phy: Patrle’ and Anderson (1989 ‘give 4.1 x 10% m® ) " a5 the mean

uconh’opmg: !unlpon of the \marmu hrunch and a‘mean spu& range M

20 10 60 m f‘ relative to 1000 dblr. A Irond mwurda Increased spnds

durlng Iale spring and early summer hl- been ebumd by. direct curranl :

~

‘),"



measurements (Hayes, 1984: . Mountain. 1980), in  apparent ‘contradiction
a3 X of obsefvations ‘of -a“ decrease In I"w geostrophlc mass transport -over the

L] samp season (Hayes, 1984). . ‘\ S e )

A curr-nl meter aludy WQM rtnkun by Roha (1.915) (n tnll the

valld_lly of the 1000 m.depth of m mollan nssumpllan (uud by the e
singe - It8 Inception) to .compute go\aslmphlc velooities. - Two maorings.

each with a single current ‘meter 40 m. ahavc nonnm; ‘were deployed o(ou

lo the 1000 m lsobam.‘ the first In April - May on the mld-onmm slopu

= Coo ol lhn Qrand Bunk md tho second | May = June to the xomhausl The..
i b

L . llnm at bolh melars are (lpomd to! he sIrangly rocmleﬂ ln lha ulong-

.slope direction ‘and an =5 cm s 1\ suumw_omurd

abserved In' both chses.; It .was concluded -that' the

undornllmu(o ma speed by 10-30%. ' : \ 7

. Moumuln nsaux pusams results r from a slnqle moonng deployed jn

Aprll-Junc, 190 km scumwosl of Curaun canyon on the ‘southeastern slope

at a daplh ol 490" m, .with curranl mal‘qr:

t 110.m and 380 m. Mean
¥ spnds of 46 cm s dﬁd 18 cm s ‘vmo reported for Iﬁe upper and

lower current meters v“pccuuly Tho\ direction was' toward - Iho saquth,

and mera/bn a_marked roc(lllcauon wol‘ currenln paraliel . to lha Isabaths

lnlmllfylnq wlm depth. Hlll at-al. (1973) discuss results !mm- three

current molna at émnpoclllcd dnplhl an‘a slngll mncrlng In lha Flemish

Pass pmlllunld on . the west side of mo veloclty .core Ql the ‘Labrador

Current 'In‘AprlI. *Rm current ‘meter mooring was - near the shelf. break
i

idual Abuthwest ¢

ik Lbollom ‘depth %130 ™ and ” lang-siope) tiow of

18cms ~ was measured ny all lhro- curr-nl meters.

Several studies hmh ullcuuad the vurllblmy of the Labrador: Current.
-

Hill of “al.. (1973) rcpon a ‘luddou revarsal to a northeastward, 6 cm s




. centered to the northwest that causo‘dv strong .C

o 1

B )
drift which- persm-d lo the end.of the' current’ meter racord a 5 day

period. . It was' suggested that the ahlervad HWI uvlrul was. Ilkaly due to

The reversal oncurrod 4 days aﬂor a ‘pefiod . of gnla-lorc- uoulhnu(oﬂy
winds; "L Lo o, #

Both wind .stress and- actual displacement of the-position of the veR-

an nslwlrd shift In the pasltlon of the - ubrador cu;unl veloclly core.

clty -core hdve: also -been proposed as’being responsible for certain varla- .

7 Jlﬁns In lh- Labrwor Gurrem by Soueoneull (1978) .- A mooring posltloneﬂ "

in lhc northern and of Fromlsn Peu at about 1000 m depth fok monma.

uno«har 3" manma at lne southern ond. Lalso’-at lbou( moo m»dspm.

B Basad on_current: meter aaln cell-clod lrom the” four meters on ha south-

< erm mwrlng (at.depths of 168, 481, 151 .and 961 m). It wls wwostnd

that maundnrlng of the Labrador Currnn( veloclty  cora causbﬂ vurlu(lnns in
‘the - ‘records. lncludlnq vulullunu mal would okherwlu Appur ln be a

spring/summer sanonul change in —Iha pmpomu‘ of the currnm The

mcorda from “the. three curran\melon on the nor\hom moorlnq (at depths *

of ‘87. 767, -and 927 m): Indicated reversed normualward flow during the
A .

first 4 - 5 d 'segment of the data, followed_ by persistent southward’ fiow. ©

The northesstward flow was' related toa. ‘serles of low  prassure -storms

9. 18.m h along-

.umll. uulhwea'urly winds. myn' (1984) combined udo;tropﬁlc valocitles

darived from CTD (conductivity-temperature~-depth profiler) 'data - with the

. same current meter records.’ . The rﬁulon 01 reversed flow was shown to

"l bctwun two southward ﬂw!ng bram:hn of a *bifurcated” Labrador

urrent. 4 . ol < e

Hayes -(1984) also suggested that bléoollnlcally unstable w
iy

|lurlln In. mld-Aprll was ncmrad am! then lmmsdlutaiy vodaylnysd for
9



the » 2.5 d perlod. peak énergy ‘signals In the cumm. meter specira. - |

- The coherancy beween the veloclty “fleld and the wind “stres calculated.
' from the Flest Numwlcnl Oceanographic .cen(rui, Manlaray Gull!ornu J2= [
hourly an.nlylls wid llgl} was examined. - Thé only significant. cohorancy . /
S was Ihll between the non‘n—snum wind stress and the ncnh-wulh' velacity o

comporiéats in lhggprlng for the currenl mo(ev at 50n m for tho 8-2d

band. The com(jﬁ’y peaked for a 15 ¢ pcllm‘l m zer0’ phase anm,\
L.t o [ The nreaenco ot :anlllcnnl “energy. at the inartal poriod siggested the g :

pouiblll!y ol some mschamm for lrnpuln storm l‘omlng.' (Heyws 1084 1

P9 2 ) Y ;
i

% Mounnln 1980 lam\d tha a low-frequency” signal 'o' 1010718 d

p-rlna In ms along-siope componnm at nom 110 and 380 m-yas ‘caherant

with me ulong shall wind slrasa (dorlvcd from lz-hauﬂy wlnd yal

o8 sup— . -

plied by the U. S Navy Fle-( NumerinnI Weather Oﬂnl(al). murr‘!‘

ennrglos for the alnng-slogv veloclty and wind alress. racords were rnpﬂr(.d

to lle In. the 10—18 d band. TL« atong-shelf. low !rwqusnc_y rupunuc of
the Instrument at 1\0 m Ilggnd the wind stress by apprexlr'nmly.t;m day
and the lag was abaul two days for the curréni mator i 380 m.+ A2 - 4
,bnr\ndlchy was roporlad for the crosa-ulroam compmsnk of | vamclly at
‘baln meters with ' tha alronqost signail at ma uvpor meter. __No current. .
’ +  reversals * were ln‘dlcalnd-by_allhl‘r meter, _but nvar“bjm. velocities v(a;ra
recorded By the' Icv;ir meter on’ two snpnmn ocoasions in Apm‘ ’Furm‘n\
more, 'the’ onnt of rmucnd vclocl[lcs often appeared to occur at, on: sub-‘ ‘t

sequent to, times n! ‘maximum upstrelm wind slrau‘

Tiow reversed dlr.cuon towards

Robo (1975) ahnrved that ﬂ!}rﬁsl

the nnnhou\ with a speed of 1cm fal ‘lor 2’ perlod an 1d atthe

riorthedstern mooring arid. with a ‘$paed.of 2 ‘om 87 o .a 5 d period at 4

. L sy

-
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the southern monrlnp "It was : reported  that “no clear nl‘atlomhlp' edstedt
bamon the low mquency fluctuations  and mo sirtace wlnd flold at alther

wbnu—dr[vm cunanu nn the Grlnd Bmk may. hc substantial. Pvlr(._
(1?82) discusses dala qum muazlngs “sitiatéd on. lﬁo shulf n| the tharnlu

site (Flyuro L. Mnunl mean cwronls at, Hlblmia were ‘@stimated m be

nnguulhls. Gurrem dirgcllans are gvenly dltlrlbuud arol nd thn nnllra cam=

pass. . 'On the_ other hand,’ max!mum residual currulu In_1860. whrnh.

B w-ro Iow-pn /ﬂllmd 10 vorncm slgmla of pmods < 1 8 . ‘mch'

70"cm s Tat mid-dépths and 30.om s % one—lul' metar- oﬁ nomm and

were lound 1o/ be cwﬁllnd with: the gaonlwphl‘u wma fno ln(lrucﬂan of

Strong wind-Induced shelf currents with

1o the direct sffects of. wind on the Current Itsell, may'be _important, ‘but

has yt to be modeled,: L Fatl s
& " 1 -
1.22 Canyon 'studles : e .

'A'panlcuurly Informatte . review . of in- recent literature on - canyon-

ﬂynumlu iIs glven by Humnlnc. (1931) ‘see: also Inmu. Nnmlrum and
Fllnk (1970). ‘l‘yplcally. 0"0 un sanl ta find l(gﬂlﬂcunl up— l‘l\d
down-unyon moﬂnn, which s often pnrponﬁlcuht lo the sheif braak’ oven
whon lhe mean ﬂw I- along the sheif. Rcunlch Inin the’ olmulaﬂan of

ohqlwu Indonlld by canyans canlllmn%lndlcluu .that carmmn provide

pre! mlul und localzed ‘soirces, of Intormmlalw ﬂnplh we
‘shélf. This uvwojllnu can oecur n a result of the .effects. of qa\nyar]

lapuqnpny on the moan Mrcula(lon. oron wiid' or long perlod wave

" Inducad motien, : Fe, o aT

5 ISP X

La_prndor curm‘g\ .&n oppoud

for the  fnner




i along-

: whlcn drives an, alanu-uxh up—vnllny ﬂow‘ .Cannon_ 11372) reports. "w

" qurrens -In m- submaring canyans - of m Eumlm Basin - accuu\ng to -

Hudlnn Ehall Vlllcy Is mu

Freeland nnd Dlnman (1982). have- shown that slndy lopngnpnloﬂly s

conlmud upmmng at Spur Ganynn n" Vlm:ouvnr lsland ls dlmn by an

nyon pfuwu -grndltnt asaoclnled With  the gaun\mphlc Mlow above”

the canyon. Mayor. Han und Manuno (1982) hlvo dstﬁrmln-k mal the™

pressure . gndl-nl due to” the seay uunuce sloge driving IM gso:traphlc lla< .
¢

Above the Hudwn Shalf ™ Vﬂlty is hn!unced hy the preasuu gradlnnl’ asso- 4

PR
claud/wllh the! dnna(ry field a * tovel .\mmp the cmynn galled a 'horlzon

BolWrme horizon ;. the da

lry varlnllon nnsulls In'a et prsssura gradlnnl

A

sama phanomsnon w;‘ura within - the Juan de Fuca Ganyon off V-ncouvir‘ 3 !

Ialana‘ Seavard llmr at the sunnce drlves uluanna-llxp. nhol'w-m

AotV

Coachman and sarnor 1962,

W|ng (1980) dlmusna a Ilnonucnl modsl for - Icca’llzod upwelllnn‘O“'"

c-uu@ by the . scaulrlng of Iam u:aln cvnunemal shol] “waves’ by a

cnnynn In_the near-uhnre region. . e b

that. are| ) will ha commen!ld upon In Iunhnr dmll ’M\un an up ng . S

riodel fofl the Carson canyon are Is presented. Cannon unn)’ |ugq/h

that mmng alnnrahm wlml ulr-nn c.uu llenrlxls curron(s
.muln thermacljne. In “the Juan do ‘Fuu Canyon,  Mayer nl,l. (laaz) h‘n
synthesized resuits by Hsueh (1980) ‘and others 'to show ‘how a wlnd- i

induced raversal ‘<o & ng sastward flowh of ihe mean current at the,

by Irction so. that up—valiey flow davelgps . |
i

o thl vnlley axls Gnnuluunl With this naull. Mayer. “Mofjeld . and

Loumun (1981 1ound llgm of lo¢lllnd ‘upwliing In the 'Hudson Sh-ll Vll‘. = i I
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tial signal ragist

: -9

s -,
ley due to the ocaumut of Hurricane Belle: currents within - the canyon
were shoreward and parallel to the' valley ule[ Localized upwalling on the

equatorward side of a mesoscale .canyon was found In a two-layer numeri-

.cal model Iéy Peftléy and 0’a>lon (1976). ' These authors report that the
. : <

model, resdits. are conaistant with, observations taken off the Oregon coast

and that upwelling “over the Ganyon persisted for. at least 2.5-d aher the

; upwellirig-favorable wind stress stopped. An analytic solution was found by

Killworth (1978) for the problem of the lntluonco ul‘ l"ullﬂclllon. and gra- °

dual llonu—sheu vurlauons of a vcnlcul enaaﬂlna over a fiat bottom. on

'_lmpulalve wlnd orcnd umillnn it ‘was spnculamd (hut a luoly three-

dlmanulnnal upw-lllngIanelllng rlulmb would Iuva rnhdmpwelllng on
}u -quarorwurd side of a cnnyon + The "effects ~due, to " the’ eemlnunw
slope were ‘not dgtermined: and. Kiliworth suggasts that the solution to the
upnlllng problem Io? 'man cross-canyon uclln (ryplcnlly - W ig!n
vmlch by F.lguru ) 8 2. |5 awul the ‘same es mul of Carson c.unyen)‘ In

probably intractabla analytically. TR e T . 1

Studies of Internal . wave ‘dynamics In Hudson Canyon 6y "@ordon.’

(1962). and by Hotchkiss und"%n’mnch‘ (1982), and in a non-rotating

oxpnrlmemal sﬂup hy Balnes ( 1983) ‘have shown that camyons trap Inlern-l

» Pruvlly waves. lntarnal waves may\ Mvo ummlmﬁu uvcul llmos those

“existing -noarby but eumdo ma.unyon. The Gpposite may hold for baroc-

linic inertlal osciilations. * Mayer et ‘al. (1981).:.while describing the pres-

. ’ .
ence of large’ Inertial, i ‘signals during “the

puuag- cl Hurrlenno Bcll- in curnnt mmr racordl Crom lm New Eng!nnd

R 3
shelf. ‘observed IhM. “axcopt “fear the lur’ae . there was,. nogllglble Inor-

d - by curnnl meters at ma same d.plﬂs wlmln the: Hud>

son‘Shelf Valley. " . ' 2%




© The-thesis |s organized into 7“ chapters,  This Introduction .forms the

 Chapter 2 s & summary of tho data sources and data pro-

Cessing methodology. - Tha 1980 and 1981 data are presented In Chapters ¢
8 and, 4 u’apocr‘mly ‘rha.' fitth ‘chapter’ consisis of a synthesis and -

s Iqerproln(lo\n of the data” In lnrmu of thu»aluﬂy—am. dynumlc.u at cnuon

Canyon \Mnd-lnducod In the  pi of the ,'

¥ = . Labrador Cur?m Is. dltnuuou“ln Chapter 6. " Tha seventh :hapui‘glm_& a

Faptupe pat summa;y and the” conclusions ‘of the thesis. i o
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2.1 Field programs . $ <

Two research cruises to Carson Canyon were undertaken. one-in June

1980 -on GADUS ATLANTICA and - second lﬂ June 1981 on PANDORA Ii.

Each cruise Involved CTD lumyt and dlplaymtm and recovery of monud

current meters.

“in cmum cases, ;‘:rn sure. were obtained from the uur‘ren( r‘neum The

CTD cnll vcvld-d vertical proﬂln ul terhperature and ullnny lo a max-

Imulvl dtplh of 500 m. Salinity for bclh the CTD'! and the current meiers

was_alculated ;by the formuia given by acnnm 11978).. Meteorological *

data. and Ugal_neight constituents were avallale,_from the drilling rigs at

Hlb'ﬂ‘lc (Fluun 1.1). Surlace pressure: charts .were ul-ﬂ o analyze a

‘storm’ wﬁlch oca)n-d over the Brlnd B.nl(’ln June of 1“1 . AII of .the

*sotware. fof. Gurfent meter and CTD a-u analysis was developed as part of

mhmun S N
’

2.2 Pmo-lng of curfent meter records

X Onx Mﬂd.’ll RCM& seurrent meters were \l“d In I'\l fleld pmﬂmmo

¥ gives m- i s tlons for m-u

mn.uuon of the’ Aarid

binary endoded currant . meter tapes| onto

i) |uek m-gnnllo \.po in phyllcnl units was p'riorm.a -| the ‘Bedford Instl-

m. of Oceanography (BIO). A first edit of the data was made’ at the

time D" n-mlmlun l‘ BIO. Sllﬂﬂlfd 'ﬂMI"B'II were calculated for the
‘alq-'eiqon, rate. tomperawre . and salinlty records. BIO . defined “bad®
™ ( _ »

®) : \,

' of temperature. salinity. cufrent direction’ and speed, and .
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records as those which were excessive In standard deviation: such records

- were °“flagged” with a specific code. Flagged data were replaced by

values which were calculated by averaging the two nearest neighbors.

TABLE 2.1 Aand

RCM4 current meter specifications

SENSOR RANGE ACCURACY  RESOLUTION UNITS
.Speed ¢ 2.510 250 2% or 1 Threshold 2.0 om s
Temp - -2.46 to 21.48 0.1 0.01 “c

Cond ot ” 0.2 o7 ke Vem™
or 1-360 .. s’(L 7.5 0.35 dogrees

Pras " 0-850 8ls 0.65 ® dbar”

"1 dbar = 10 kPa. , !

+ Aﬂ-r recelpt- of the -data 1rom BIO. magno!lc deviation was added_ to
valuss of dlrﬂcﬂon The- correction wlu 424,333 °T for Iha 1980 d.u-

and +23. 5 °T for the 1981 data. The magnetic variation at carson Canyon

) -wu dorlvsd by linear Interpolation of Iisogonic lines from the Magnetic

Variation Chart for the North Atlantic and Annual Rates of Change ~(British

Navy) for-epoch 1980.0. L -

In deriving veloclty components from the current ‘data. ‘two coordinate .

3 syaloms were used. One uyshm used 6nly in ‘llgurn ol'Appsndlc es A

and B. was alignod Invterms of “U* and v companants. with U positie
‘eastward and v pesitive northward. Thn secdnd was lnrmad by ullgnmam
‘with the bﬂ"'ymﬂlry SP.C"‘E to each moo"!"s, 'Dc!"ﬂﬂ. ‘ha " comw"aﬂ'
Is positive polnting downstream -along fhe lsobath ‘and the" *i* ‘component I

then always' positive In the-logal uplope dirsction.
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2.2.1  Desplking * ’

‘Editing of the current meter data wyﬁﬂcrmad in § steps:

(1) ‘"Differenced” time-serlgs were created by uublruc(lng a })clnl from the

. next paint In the sequence. ¥

(2) Questionable valuss of the diffarancey series ware Identitied as being

among. the 10% of the points’ with the highest standard devlations. As

& further check, the programs used to perform this technique also

rated the questionable’ values In terms of the sign of the value with
rdspect to’ nolqhbonng‘palnia. n;e extremum whose sign is opposite to
that of both Its nelghbors Is probably. an lsuulod‘{plkn and Is tamq-
tively classified as 'bud"A " The remainder are co'qawor'd "suspect” o
varying. degrees. Rl

.

@ Al quasn\aQ.Me values wera marked on prifiouts which listed. all the -
. :

records for each’Instrument. An atiompt then was made to Iidentity”

_ visually any patterns in the occurrence of questionable points. This _
~  Identification was performed -for pannma vmhln a given time-series and
for yanema among other llmt—urlea br Oubh of the !lrum.nls In
several Instances. an l»u\trumunl would have a qruuﬁr of bad points
. for more than one puum}mr within‘the space of a few cyoles. In
these cases, many_ of tno fess - suspect points worc' found to h;n
present nur;;y as wel‘l. suc.h groupings were considered to be real,
possibly the result of Internal ‘wave-(activity. ' )

) Socatter plots of temperature & salinity, U & V and | & J component

pulr: also: were employed. to Identify suspect values. . Correlation
borwnn the points deemed to be bad or ausml uulng both methods  *
was cxcollcnl. 5
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(5) A visual Inupuclloli c!vmo graph of each time-serles was made. Bad
points, ,it was percelved. consistently IPFOILM as Isolated l/p‘(Cl

" Finally, bad values were replaced by the average of the twoiclosest

polnts’ * . 5

In total, less than 0.5% of all the data recorded for any Instrument
were replaced. -
A

2.2.2  Fittering

Low-pass filtering was applied to the temperature, salinity, U. V, | N
“i Bid~J_components of iiie..desplkied Girrent meter reGords susing, mowng: S
[

average fiters (Godin 1972. pp. -60-69) The first filter type employed on '

the desplked current meter data s called here the ‘first low-pass* CFLP) -

) llu.n.r. A single fiiter s npplfcgaa (hn}a_‘-, successive moving nvnraqgn:’»ln ,
. ‘ blocks of 8. 6 and 7 data points for .the 1981 FLP filter and of 15. 15 ‘
and 17- points for the 1080 FLP' filter. . - Different {liters are requind
because of the Chlng. in lhl sample Interval from 2 minutes In 1980105
fnlnulll In"1981. These FLP filters are symbolized (Godin 1872, p. 62)
au\.‘lﬂAeA7 and Ay A\ A, for the 1981 ‘ahd 1980 cases. respectively.

E Low-pass filtering re

es the: variance of the time-series.. and redyces - -
/ . me contribution -by short ‘period fiuctuations to uro n «mg as the stiort

' pnrlod fluctdations sum w Rro over the biock of data b-lno aver: od.“
This demonstrates one reason why special care was taken to despike \the
data . during editiny nuu Individual spikes blas the mean value of the >
slowly varyl}w (l. . - loy-passed)’ nlgnll. The lll r A"A"Ar".l corresponds '

to a pain function (Godin |972, p. 62):

f \
; : 1. {aln (nmmr)aln((nﬂ)ncmn] A
. n2(at)) sin® trosn 54

. & 1



. proparly allgned before the BP seris can be computed.
3 0
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multiplied Into the spectrum of the record. where o Is the frequency and
At Is the sample perlod. The spectrum I$ reduced to zero for periods
less than the “cut-oft* period (n At) determined by the operator. with the

aiat e
smallest Subscript. n. The perlod corresponding to the cut-off period for

‘the FLP fiters ‘of 1980 .2 minute sample period) and 1981% (5 minute

sample perlod) Is then 30 minutes.- Because the gain function Is not per~
fectly sharp.' there exists an “elfective cut-oft* ‘period where the spectrum

CoN . : 5 .
Is reduced.to < 1% of Its Initial 9alue. The gains of the FLP oparators

(Aa‘dA7 for 1981 and ‘ls‘_\s"n for. 1980) -are .both 0.7% ll the same

‘anmm cut-off_period of 38 minutes. Tno FLP filter nllmlnnu ‘hlqh fre~

quom:y “nolse” lh}l may arise from Imcrnnl waves.

A “second Iw-pumd (sLP) nrlu was created by doclmlﬂny the

¢ FLP lotiu 10 a half hour sample period (_by taking every 6th pojnt In the

_smoothed records of 1981 and every 15th point for 1980) &nd then apply-

ing. the- Apfpghas S8t Of moving averages. The cut-off period (=244t is

“12 hours. The effective cut-off pnrlod for the .SLP filter vtllﬁ Halt-hour-

sampling rate Is 14’3 hours at which point the lmwm is uced to

0.5% of Its origihal value. Therefore the SLP fiiter eliminates the semi-

diurnal tide.

B A “band-passed” (BP) series was created by vl\lhfll‘cmlq-m_vl sLP

series from the FLP" series T‘hd low and hlnh l".cllvl cut-off pollndu“

mon are uap.nlluly the same .as the FLP (38 minutes) lnd SLP (14, S

5 ~honm nmn(lv- cut-off porioﬁu. ot nouru the FLP urInAllrnl m\nl be

decimated to_a hall hour sample plrlod and. points ‘removed from - the

beginning and end 0' IM um-lnﬂcr lo that the set of smoothed urlu are

These low—pm'mun ‘}o ne ln.__mn

e S
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Loccurs at periods greater ‘than "th®) cut-off period. (see for example
Wailters and Heston (1982) for a comparlaon‘o' the .maving average with _

" various other fllters). . Nota that the» -8 48 -polnts “(gain = 0.5 occir at
7.00 x 10" "and 8.01 x 1072 cph for the FLP and SLP filter respaciively.
Table 2.2. presents a list of tha gain functions at selectéd Irequencies.

TABLE 2.2 Qains of the fiiters used in this thesis

f i 42, T 2.2
LABEL _fnsduEch‘ Aghy Aty ApPgs -
. teph) : '“
et N - 3 K % 6 i
M, ‘805 x 10 L. .0.991 0.991° " '7.84 x 10
o2 : s R
Inertial 5.96 %10 0.995 3.72 x°10
o, 3.87 x 10 0998 , - . 0.988,. - 3.05 X107
g ) i il . L
2 Day 2,08 x 1072 . 0,999 . 0.999 7.28 %1077

‘2.2.3 Kinetic energy spectra
The dasplked. unfiltersd 1. and. J' component serles Were used to
obtain -the lp'ctu Klnallc .n.wy (KE) spectra were tormed by adding

the sple(rul densities computed from the tvo componen Frloé to ‘com=

pullng Ilm spectra,. each pl of | and uomponoul llmo—umn were lnm-
cated at 4098 *ulma Anor remcving the average from each time~serle

mou with lnu .than WDG polnu/(z’v?u pagded with zeros evenly to the -

B.glnnlnq and end -untll each Serief was 4096 pelnu long.. The maximum

orowrllen «of ‘zeros added w

13%. Then the Hanking window

(Kanasewich, - 1975) was applied to taper thé:endpalnts and reduce . side~ -



added together-to form:a KE ‘spectrum.

-9~
5o by B

band -leakage. Spectra were calculaled via the fast Fourler: transform
using the program "SPECTRA" from the “Statistical Analysis System” (8AS)

library. The spectral densities were corrected by dividing by a factor of

"0.75 which -is the ratio of the variance of the original data to that of the

windowed data as given by~

o2 F L1 a2 .8 ‘
w3 Plevedle & vag = 6, .

'
where 7 Is the povlnd of the time-3erles (thé factor ol two In front of the

Integral lrlsn necauu ol the aymmntry of* the* window) . - The corracted
spactral- densitles .of the |.and J components for each Instrument were then
Y . . ) : 4

2.3 r'meuu'nq nmdodled and w,ld-r_q

Wind and ' tidal d.ll for_ 1980 und 1561 were obtained Irum drllllng rigs

‘;muoma at Hibernia. Tidal height préjoctions. for, Hibarnla wera performed

at BIO. oz il

.Thé wind .data were posed: Into" narth and

componénts aligned * with thé upstream shelf break orlentation (45°T).-

The positive A (along-siope’ s Is the o ent of the .wind

which blows: - from: m-" 45°T direction (northeasterty). "The /pesitive C

(nonhwulsrvy) cnmpnnnm Is lllgnnd 90° 10 the left of A
P
wlnd np«ﬂ lnd diraction ucord- were edited by visual, Inspocllon of

the data plotl. Large. llvlll“viplkl. Invlrlably wel

ericoding errors. "The anemometer used to oblaln the 1980 records was

80 m' abova sea level. * In: 1981 -tHe anemometer was positioned 76 m

"above sea leval. - Gill (1882, p. 29) ‘supplies an example of wind -speed

traced to obvloua .
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varlation with height which SBhows. a decrease In the speed at 80 m fo that'

at the sea surface by a-factor of 1.9. However, other factors. especifilly
the a.uhmry of the alr, -aré Important In “estimating wind speed and dirac-
tion at the sea surface. Lacking a sultable technique for the calculation
of the -wind stress at Carson Canyon. a qualitative analysis of the.geos-

lr’opnlc wind was performed on eight lur’aco‘ pressure charts (I’neluch In

this thesis) from ma’\Amwsphnrlc Eﬁvlronmom saMco’ for June, 1881,

These 'cr;v‘un‘s were also compared with surface pressure. charts for the

"same period supplied by Nordco Lid. of St. John’s, Newloundland.

P umlmiuzyw(pr

* Mark IIIB CcTD nmpldyﬂd for- the 1981 surv-ry DlYﬂunu 1983) dllculaes

|h. cailbra\lon data for \hlb ‘CTD lor the same period. Maximum calibra

2.4 Processing of CTD data . : o Ty
" Table 2.3 gives the manufacturers’ Specifications for the CTO's: used
ii~ihe surveys of Carson Canyon. The ‘1980 CTD data wére obtained
using a’ Gulldiine uo-sél 8707 MK IV GTD.(see Table 2.3).. Data weie
stored on caaaems and pmueud wllh a Hewlett-Packard 9825A: Calcula-

tor.* Salinity _and density” ware - computed - using the Bennett (1978). for-

_ -mula. Bottle and tharmometer data for’ sajinity ‘and l-mpcmuro callbration

by the compu‘m storage and hardware uonugu&uuons. 5

Table 2.3 nlves upocmcullnnl for the Neil Brown lnalrumunl.u Systems

tion nnors aro roponad for ullnlly and "temperature, whlch are resgec-

s

llvary, 0 0017, ppt. 0.008 *C .for mc ~mean’ errors, nnd 0. 012 ppt.

0. 023 'c for \h. lllndl'd ‘deviations. lP.my because no significant sen-

sor ' dritt was dlmwnred durlnq a’ tactory cnllhuunn in 1982, _the 'large

values for |h- standard dcv{lllonl are_thought lo be dut to the’ calibration

ting of the data was not feasible given the
g A o Y

o
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technique. and not In-mslT'ﬁm.) During a first pass through the
data.

computer analysis package written in BASIC for the MING 11/03
computer system automatically deleted all records that had a temperature
< -2.0 *C or possessed pressure values lower than the preceding ones
during the .downcast. In this way the worst digltization errors and

- untrustworthy values (primarily caused by the rasearch ships. ol were
Immediately removed. The data were piotted (as t.mp-rllur..\sallnlry and

density profil

were removed  via .screen adlllw\ci’ the data listings. - This latter pracess

was performed umuvuly until the data were consldered ‘cmn All' tem=

perature. salinity .nn density ulclluns were Interpreted fiom data lluungs.

vand contoured’ by hnnd. ‘I’-mpan(uu and ullnlw profiles were plotted hy

‘the MINC cgmpuu'r. . .

5

TABLE 2.3: NQII Brown MK I8 (lul). (N.B.). and Guildline 8707..
(1980) . (GUILD). CTD s ns

e AGCUFAGY__RESOLUTION ONITS
N.B.  Pres o—)uo;\/ . o024 . avar’
N.B.  Temp ‘-321032- 0.005 0.0005 -_i.-
N.B. - Cond 110 65 0.005 0.001 . Nenl om™?
QUILD . Pres 0-500 0.5 R TI i
QUILD * Temp -2 to 30 0.005 0.0005 “c
Qo Sa” 0.1w40 0005 o.001 :

) and :plgla! Identifled visually. Records considered bad

s-unny Is the Fatl
Salinity ~ Accuracy specified Inaludu nnumy. resolution,
relative to standard
_'1an.r-1o KPa. g




*fcorded shailower thar 5 m at some mﬂanr\ =

2.5 .Dynamic height calculations
« pZ

.~
9 (sigma-t) .values wem used to calculate the dynamic topography of
the 5 dbar surface with respa[:l 10,200 dbar. Using % values here Is
considered to be accepiable since the effect of pressure on dansity In cal-

culating "the .dynamic "helght incurs a relative arror ot only a;i,&u._n'lJ\% in

the upper 200 meters (based on CTD data from Carson Canyon! using

standard tables from Knauss, 1978). It was necessary fo cémpuis the

.dynamic - topagraphy of. the § dbar surface because CTD data wers not

.

The ‘level ol no mnllon Is' assumed m be.’ 200 m.' This. level was

Ghosen- for three reasons. " one 1nfor purpdses’of comparison. with the

results obtained by others In this area (e,q. Forrester and Benolt’ 1881,

and_ Kudio: ot al. 1979), Secondly. currant metors. used o siudy the
; v T

Labrador Current t the lrom ue calcula~

tions that the barocilnic, nlqh lp“u velocity core: of the' Labudor Current
is raslrl,clsd to the tap:200 m of the' Wiaher column (Seacnnwn. 1978) .

As wail, “Hayes (1984) states that the sLabrador ~Current valoclty core

(< 200 m depth) Is “decoupled” from baratropic curreits beiow because of
Voo
incoherency * betwaen' ‘spectra ‘computed from current meter - time-series.

Lastly. If a of no motion-had been chosen ‘much deeper than 200 m,

" then more oﬂonllvn mnpcmlnn of the dynamic mpogrnpny into shallmr»

uglanl would huvu baﬁn necessary. . E!ﬂmlll! for casty :hlllwer than

200 m were made unlno the method of Reld and Mamylu 1978),
Dyhamic: height’ was calculated to the meximum depth uvuillbln -and then
added to’ the rasult amlpullhd at (hﬂ' same depth from the ‘two nearest in’

line and downsiape.

eighbors.  Some blas ' In the dynamic topograhy over

-



. bathymetric, survey: The spacing’ of 2 on the

. . C _pa -

depths l¢ds than 200 m may ‘exist because of uncertainties due to the

of the { J Another possible source of bias
in the " of dynamic L which may be significant Is that
of positidhing error.
<
2.6 Navigation - - .
A o

Tha\_gcu‘mcy of the dual-channel SATNAV system used for na

on GADUS' ATLANTICA In |8M Il dlu:unod by Bunull (1978). An illl-
mate .for the - nccumul-lnﬂ error nxpucmd \u@ar normal circumstances Lv
navigation - by _ sA‘mAV on lho (’arlmi Bank Is uboul -2 km. The crulse
log for JDSD oceulonllly Includnd addenda of ohungn in Iho ship’s loca-"
tion during. or just following.’ & satellite” update. A changé In‘ recorded
position o_l 1.5 km was Indicated in _one case. .Nnvlqntlon in 190—1 on
PANDORA. If was performed with. Loran C.' Decca. and acoustic soundings of
the bottom l’opogrlphy Positions obtained In 1981 may be nearly as
accurate as hose of. 1980 simply Muu: in 1981, much effort was taken
1o align the ship with - the  distiactive bathymetry of Carson Canyon.
Nevertheless. “positioning error due to navigation by batfiymetry Is -difficult

1o evaluate. bm clearly dcp-ndu critically on the accuracy .of the orlglnnl

d
yvcy chart Is. =2 km. which suggests possible errors of the order of 1
!

km. * It iX{Ateresting to note In' this respect that-Shatter (1976) repoits an

acouracy of # 506 m. off ncnhwcil Africa using ‘only i'bnlhymivlu chart .

-




_Current mater: mooring and GTO positians, for the 1980 crulse.t Car-

son’ Canyon are ahm}in in Figure 3.1. The moorings were I"oci!od 1o the.

nonm&ot (80-1 ‘and nonh{wosx (80—2) of the .canyon. ~-The moorlnn‘

Information s .listed In Table 3,1 "Plots -of " thoge, dlll whlcn are dlu—-

eunoﬂ In |hc text are pronmaa wm-m thi: crpphr nddmanal ylom whld # "

care'not. ﬂlanuueﬂ in detail- may bo found /A Appondlx A.

L

TABLE 3.1: wsa Maaring Information’

s TR Moorlng EEET= “‘2&
2] s uttiw $ e .,
|ﬁuruméni depn’ - ‘126A'm L 1eém
8 Bonom dapth e ,.l%a‘r.n o A lfq_ -t

© N Latiuge T4t 28,10 © " 4ge4g0.8"

e W. Longiuds” assase a0, 38,1 -

. Deployed (GMT/date). - 1430/1 Jurtg" —2134_11_ June

[Recovered (GMT/date)  1818/6. June: '19‘4.5/3 June

<Sampl|ng’.Intervat 2min "
Oriéntation . ’ Tog o1

e * Comment ‘o ullnny o

5 : . ©and no ,anrmy_

K The orlentation is the ungm of the.
[sbbath_at a given mooring in the dcwnutrnm
C(.bcomﬂnml ot nlaclm) direction. 3




in’ maters);,

FIaURE!’.'I:‘ *‘cu‘rron‘(; meter »moor‘lnu (open- crrulpu).'.ind cTD stllicn 8

<

(solld -crcles)” locations for 1980 at’Carson Canyon - (depth- ' .~ -



, shalf.components. - .

3.1 1980 Current meter.records

Qraphs of the FLP (first low-passed) and SLP -(second low-passed)

S

of the 1 ath) and. J (along-isgbath)” of
vnlcclly for the 1980 current meter ;ala are given-in Flguros 3.2 and 3.3.
Complrlucn ev the two‘figures shows that the mu‘or source ol varlum:a is
the’saml-dlurnal tide. 'This Is also seen to be .the case in the FLP and
BP (.bund-pnud) fliteregy jomperature data trcmha southwastern current
malor planod In quure 3.4 (the temperature sensor on the nonhankam
meter. falled ‘shoftly after d-pioymo?t). A3 - 4d perlod variation Is also )
vls:uqlly‘ Idnnllﬂaﬂa In the SLP s.}ln for the J componi nl“nl-ﬁ Instru-

ménts.' No. current’ revolaalu are obumd In tho records for llong-.

] N 1, cwe g
Polrln (1982) ‘comparaed thn vurlibnlty ol the’ curranl reglma on and

off’ lhn shelf. by eanslderlng the ratio of the mean (n ma amndurd devia-

nnn of menured} :p“ds fitered 1o r-movm the dlurnnl and soml-dlumul

tide. 'Uslng Nlharnlu data, Petrle nblulmd ratios al 0.08- for malars at .

00 m. and 0 53 for Instruments bemsn\\wo and: 200 m.

‘ N
compurlng than to thn ratio of 4.7 as rnponnd by Mountuln €1980) for a

current mal & al 110 m daplh Ps!rl- (1982) (and Ia(nn\Pclrla and

Anderson, 10@5 conclwded lhal t‘no mo-n llw ﬂomlnulaa the uynnmlcn san.

* southwastern mi

At Carson Clnyun the SI.P lullullc- in Tuble Al of Appendix, A yleld rl(los

of 3 99 for the norlhoual‘rn meter (moorlng 80—2: and , 3.68 for the

er (moutlng 80-1). These values Indlcate that at.the
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FI'GUBE 3.2 FLF |Imn—nrles of the | ‘and- J componenls of velocity for
S the 1980 southwestern meter (meorlnq 80-1) —(top) and the."

0 ngriheastersi meter (mooring 80-2) ~(bottom)
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the 1980 southwestern meter ‘(mooring 80-1) -(top) and the
i 1980 northeastern meter (mooring 80-2)- ~( bottom)
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time of these measuremerits, the mean flow of the Labrador Current should
dominate the dyhamics at mn shelf break near Carson Canyon.
FLP (lllnrod pmgros:lvo voctcr dlagrams’ (PVD's)- for both 1980 cumm

manrn are presented In Flwre 3.5 A uml-dlurnul tide superposed on a

) prndamlnam mean flow Is evident In these plots. Tho meunu of the -resi~

dual (SLP filered) velocities at each of the two currem fmeter moorings.
are prosonlm in Figure- 3.6." Although the raslduul llow Is prcdomlnunlly

along-isobath, It is non that Ihnn axists a llgnlllcam up-siope componwn

of velocity at bolh sites. - for the of the dre

stmil

18.0° _'or the ponhnsmm ’.ﬂﬂlll and 14.0° for the »suulhmlam
meter. . From Figure 5.6. it can be seen that If the maoring ,Qoumqm are
translated by distances <2 km In each case. then It 4§ possible to_lnfer
along-lsobath llow &t both locations.  The 2 km spacing between: the

sounding - lines .from which the bithymelric map was drawn Introduces

luncnnalmy In the diraction of thé Isobaths at kilometer scales.  which
together with possible current meter compass - errors (Keenan.: 1979 .and

1881 lmi navigational uni:‘nulnllo's. suggest that the mean flow could in :

fact. be In .the direction. of the isobaths. Nevertheless. the fact that
upsiope résiduals ‘were observed at, both ocations indicat€s"that the effect

may be real. -

N\

3.2 1980 Kineic energy spectra:

., Tnis

otion . may be omitted at a first reading. since the results of
the spactral analysis- are not essential to' further discussion,” but .are

Included. for completeness. S .
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Muu (SLP)  velocity vocbn !or 1980 at Carson c.wyon
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Plots of kinetic energy spectra are presénted In Figure 3.7. The

93t pdak in both spectra may. be seen f the “, (l.ml—dlurnal) udal
%u::cy (8.05 x 1072 cph). The energy spectral density ot the semi-
diurnal frequency ‘for the wu:hwumn ‘meter at moor(ng 80-1 s

89 x 10° em? 52 cpn”’, ané 1 Is 66 x 10° cm"'u"’ for the

northeastern ‘meter at mooring 80-2. In the spectra for the ‘southwestern

o meter (Figure 3.7a). there Is & y. but
cant’ peak . ¢90% . conf o a y of
" 558 x 1072 ’cpn. which Is close fo the local Inertial. freqiency

o t R s % x 1072 cpn).  The energy wnctuvannlly at the 0, (diurnal\ydal
irnquom:y (3.87 x lo cph) corrupondl to.a minimum In the spcclmm
. of the southwestern meter. The second nlguﬂ p.aks visible in the lplo-

ndara for the mqumuu lo\nr than 1. 2 cph I’ both"cases.

Unlllu the situation dmnbod lof the sou! l.fﬂ meter. thére exists a .
distinct minimum in the woetrvm (Figure 3.7b)- of the noctheastern ineler
al the inertial frequency. - Also: different Is' the existence of a broad pesk
i the sp}:«mm of the northeastarn meter In the !vv-quincy range of
3.50 x 102 and 4.23 x 1072 cph which encompasses -the ‘frequency. of

| : the O, tdal constituent. : L i

r‘ 5 . Mountain® (1980 discussas the spectra obtalned from the along- and

f » cross-siope velocity mcrdsv‘tAprll—Juno) lron; current meters at.110" and

# "' 380 m (450 ‘m bottom dapth) I the high speed core of the Labrador

B xx ‘ curun«p m- southwost ¢ Carson Canyon : ‘Strong spactral poaks @):m

uml—dlumal signal In" all the velocity amqponom records are reported. as

cl umn!l, statistically non—-lgnmcml pnla (at mo 95% confidence tevel

for -the Inertlal ‘and "diurnal frequencies. Buonnlull €1978) reports a
nqllglnhA tigal signal and a strong inertial ildnll (as does Hayes. 1984)
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for the aumTenlmo records of a current metfer at 168 m depth (= 800 m

above bottom) In the Labrador. Current at Flemish Pass.® The absence of

strong tidal signals Is prcpably related to the greater water depth at the
mpurlnj In Flemish Pass. The Séaconsult (1978) report specifies that the
jtrong currents obaarvod"ut (h; 'Inenlgl frequency :_onsl‘sl of bursii of
Internal wave activity. According to Rébe (1975). the. M, tide was the
only porloﬂlc,’cnmponnm that could be Identified In the Muy-Ju;\f velocity
‘racords. from'a’ current meter which was sll‘ua‘tadvf? m, above bottom, 315 i
km upstream of Carson Canyon where-the bottom d:aplh is 951 m. )

7 ¥ Be g B
3.3  Metecrological lmi ﬂt_lal data ’ g

« Wind velocl(ioa‘(Flguma 3.8a. and b). ‘oblilnbd at H!b:mla In 1980
are resolved along the -dlrocllon of the co‘n(lnan(ul‘ uln’p:”\mmadlalaly
upstream of Carson Canyon In the metaorojogical senses Lon’mm A
(45 'T). gives Ihu‘norlhulmrly‘ ‘(llong-slopo) ‘wlnd compénpm ‘and - positive

C .(315°T) gives thg ly ¢ p "1t Is evident

from Figure 3.8a_and 3.8b that no-major storm activity took place during N

the research crisise. Note that the recorded.wind speeds did riot exceed

1

.
16 ms” lated eflects In - the

. and, that there are no’ obvious wind—
current meter récords. i : E . g

—~"The tidal height at Hibernia for the mooring perlod in' June o& 1980 is

o
given' In Figure 3.8c.. .The tide at Carson Canyon Is estimated to lag

Hivernia“ by. about 1'3 minules (as estimated from a co-tidal chart for the
M, tides In the Atiantic.: Neumann and Plerson 1966, p. 320). -
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5.4 1980 CTD- data / ' »
. N . |
Sixty-four CTO casts, the lacallons of which are shown) In Figura 3.1.
were made In_the Carson Canyon area. The time." positiofr: and depth of
each cast are listed In Table' A2 of Appundix A, A 2-hogr var—sevlns of
hourly GTD casts was conducted at station 11 atthe centari of MF canyon.

| o

| :
3.4.) Temperature and Nlnl'lymﬂom

<
. The vartical cross-sncllons of !empnmurn taken qun'l CTD transects -

are presented in Flgur. a9 anu 3. 'lo. Thes- figures mp&aunl transects.
- acrosd the slope ‘1o me nor\hounl (NE) _of Sarson: Canyon. Flong' the. eon— !
+ tral ads (CAl, alnng the soulhwnr canjon  wall (SW): “\"’ across the
slope 1o _the far southwest (FS) of the canyon. \corrnpanalnd salinity-sec—~
tions follow In Flnu_vu 3.1 =312, The presence of Labfdor Curfant
Waler is indicated by cold temperatures of O °C or less. de salinllles
betwesn 33 and :uhppl. (énca\m of the cold xnmparutunli densily is
“Brimarly - dotermined by sainity, . and . s0. Isopyenals are n\pprnxlmullly
equuient (6" Isghalhies) Noos hat sulons 2. 21 and s_a‘ 39 are
repeatéd In'the CA and SW seclions. a8 are stations 39 'unﬂ‘lo in the
CA. SW angFS uo‘«l‘ons'. 5 ' ‘
intruslons of warm water ;pn‘u"lbly reprasanting Interleaving,| are cen—
tered at aboit 200 m to the souheast Ghe right hand sido) [on all the
lemplra!url‘nnd. salinity u;:\lona oxodpt for the NE salinity Asntm .
Thn‘»prlunco of localizad deformations™in the Isolines of (‘M\p’oumm
and salinity at con‘lln o" the su;lanl.,whlcn appear as peaks, are prob—

ably caused by 'na.l‘-amg as vill shortly be demonstrated. .
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A Labrador Current “cold cor.". as It Is referred to here. Is defined
by the region enclosed by the -1°C lsotherm. A core of temperatures
< -1 *C centered at about 100 m depth Is a feature typlcally observed in

the Labrador Current (Seaconsult 1978, p. 22) and measurements of

©=1.5°C have been observed uniformly throughout the length of the Labra-

dor Current as far south as 43°N (Smith et al. 1937, p. 27). At least

one cold core Is observed at a depth of ~70 m In every temperature sec-
tlon. A single cold core Is observed above the shelf break (the 110 m,
lsobath) In the two temperature’ sections (NE ‘and FS) furthest removed
lr/am the canyon (Figures 3.9 and 3.10). Tn; ‘CA and the SW l‘cmpora—
ture sections exhibit two cold cores. An ‘Inner* cold core Is seen to
extend over the shelf break at the head ol tfie canyon in each «.af‘mu
two canyon transects. Note. however. thaigaithough the -“outer” core Is
defined by different stations In each section. the same pair of stations are
within the Inner core in each case: - '

‘The cold core in the NE transect spans the 500 m contour. which Is
the location of the Labrador Current velocity mu»uu@id by Mountain
€1980). - The projection of the 500 m Isobath from ‘l’m northeast siope
Into m} canyon (Figure 3.1) Intersects the outer cold cores of the CA
(Figure 3.9) and SW (Figure 3.10) lemperature sections by passing
through the” canyon just to the northeast of either CTD 28 or CTD 33,
The center of the cold core In the FS8 l‘ﬂllﬂn (Figure 3.10) Is located in
much shallowar water than In’ the NE seotion*(Figure 3.1,

The existence of two cold cores In the canyon transects do;c not
appear to be an II‘;III‘M of.the t}TD cast times (see Table A2 In Appendix
A). If two cold cores are observed because a single stream (as ln‘ the
NE and FS sections) was laterally advected along the canyon axis. then

ol




~ P ;

tie siream would have had to move up-canyon. from station 24. past sta—

1

L 2
tion 238 to station 21 at & rate in excess of 2 m 8 . Then the single

stream would have had to shift down-canyon along the southwest wall from
‘station 21. and pass station 28 to arrive at station 30 withta rate gmm;

than 3 ms 1. These high speed iluctuallons are unrealistic.

3.4.2  23-Hour time-serles

. N
The temperature and sallnity time-series data from the 23 CTD casts

performed at station 1) are displayed as depth vs. time’ graphs In Figure

3.13. The 23-hour ﬂme-ﬁlu'!ﬂhlhl\‘ an apparent. Internal tide at the

semi-diurnal irequency.’ T upward dispiacements ‘of the isotherms and
Ilohnnnos above 300 m. depth are largest between 100 and 200 m. Puk
dllpllmmmn occur at about. 0800 * houll and' 1800 hours und covulnh

3.8¢). lﬂ the

well with the occurrencé of high »wnmr at Hibernla (Figu
previoug section It was pointed out that the ‘peaks in the lmomo[mu’ and
Isohalings_In the off-shelf .transects are probably due to tidal dliasing.
The' observation of verlical tidal excursions on the order of 100 m in only
3 16 4 hours. corroboratés this point.  Note 'ul-‘o' the sudden Increase In

inthe Width of the

the" width of the cold core at 0700 GMT. andgatel
reglon enclosed by the ~1.2°C Isotherm 'at 2000° GMT. both of which
# limes correspond to_ high tide. i ned "
Ship drift while on_station may contribute significantly to the varlability

nxr are difii-

however, slly because : y and

observed. In the 23~hour ‘series. Elﬂ;ﬂﬂu of this sort of

clit to mak

salinity gradients_are not known.
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3,5 ' Dynamic - topography . .
c?nwura of the dynamic topography of the 5 dbar surface relative to
200 dbar are superimposed on the ha‘(;\‘ymatry In Figure '3, 14. 6ushcd
c‘onwur.s‘ Indicate where ll!- extrapolation technique of Reld l_nd Mlnlyln‘
(1976) . _has been used been. sed to obtain values ori_lpe shelf (see
Cmplor 5), and where there l\\ﬁ Insufficlent number of stations on the
dmslnam side ol the nmyon. ~ w
[ /
A time-series of the dynsmlc holghl (F!gurn 3.15) 0f the 5 dblr sur-
‘tace ‘relative to 200 abur has hecn derived from the 23 aauls al ‘station”
Tnorc is proneuncod vurlublmy In the dynlmlc hulgm vaiues at Iho

'4“ . traq ’,, with pe peak changes. of as much. as

2 dyn cm. ‘Thn mlnlma In lhw ‘nynurrilc 5hq|gm series _ approximately

corresponds with times’ of high' iide (Figurs 3, 8c). -Similarly, the' max-

. Imum peak In- the nynamlc helgm 'covrewonds to Icw ﬂdo (whlon ocours nl

1300 hours). Tha v-rllblllty bears important connqunncns for lh- contour=
Ing of ﬂynamlc lopapruphy “at Carson Canyon since a rungu of 2 dyn cm

renroums a slgnlﬂcant mctlon of the variation In dynamlc heluhl over the

’uppar ‘canyon (Flgum 3.14). .t Is possible that’ ln(omul wave "BDPIng

"(Chapter 1) may enhance tidal nllaslnq within. the canyon. Praelwy how

mueh shlp drift at station 11. oomrlbuhl to IhO varluhllliy QI the Klmb-lnfhs

. In Figure S 15 ocannot be ucoruln-d. It may be noted. howaver. lhnl

" the gradlent of the dynamic topaornphy near station 11,_(Flguvca 3.1 and

3.14) Is such that as much as 50% of the -| ul;-ié—puk qhnnﬁn In 1_n'¢

ﬂygaml'c nilgm serles could be |ecou(|lnd 1er:tyy .a ship drift-of a




TN
FIGURE 3 14: Dyriamic topography (heavy lines) of the 5 dbar .surface
2% = relative 1o 200 dbar (expressed In dyn cm = (dynamic
helght - 189) x..100) superimposed on the bathymetry
(Hight lines  with dej In meters). The solld circles Indi~

cate 1980 CTD stalién positions. \ L

10
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"Despite. these uncertainties. " the - dynnmlc topography In Figure 3.14~
exhlhlls & number of intergsting 'Ollurll, Including lhouward deflection of
the dynumlu helght contours at the cm\yon and 8 uunncllva wave-like pat-

B v tern In'the canyon .(ltn. These ln‘tur‘n are dlacusud further Iin Chgp(sr
. An esiimate.for the geostrophic speed a the. Labrador Current axis
upstraam of Carson Canyon-Is 48 om s '." calculated from’ the 1980 GID

pair 10-8 (see Figure 3.1). The ‘axis of the Labrador Current velocity

V" - core (as disunct from the axis of the -1 +cBcoid core Is estimated to

e . 1 S !olluw the 500" m. isobath whor- the uuulanl ol.ll(ﬂynamu: lopographv

(Flgum 3. 14) is grnwai at this location. This depth. It muy hn rgcalleg -



|-
i
i

- 48 -

from Chapter 1. compares with a depth. of 480 m which Mwm,fn (1980)

estimates to be-the depth over which the high speed velocity core of the
Labrador Current may be found. The figure of 48 cm s ' compares
tavorably to the values .of 46 cm s”' and 60 cm s ' for the average and

maximum speeds reported respectivaly by Mountain (1980) from direct -

current measurements and by Robe (1975 from g-o-yophlc velocity esti-
’
mates.
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. - CHAPTER 4 1961 DATA

Figure 4.1 shows the locations of the:1981 current meter ‘moorings

- and CTD stations at Carson Canyon. . Table 4.1 presents details concern—
ing the current meter moorings.
¢ 2

TABLE 4:1: 1981 Mooring Information

Mooring . 81-1 81-3 B1=2
i J central ads
Inst. . southwestern norll_m_ngur_n upper lower
" Inst. depth 145 m' .. 144 m 68 m 708 m
Bottom. depth.: ° :* 155 m Ui 154 m 713 m 3
N.. Latitude -~ »—45° 29.5° 45°°31. 4" : 45°°29.1"
W. Longitude . 48° 43.9" 48° 36.2° . . 48R 39 .
.. Deployed © 2185/5 June 2305/5 June : 165074 June,
Recovered: - . 0930/18 Juneé ’I’MSI'IB June' +.  1800/19 -June
Sampling ‘intervat . 5 min o s min 2 ©.5 min
Orlentation _* 150 °T 350 T A 210 °T -~

= The orientation Is m- ungla of the lnubulh nl a given
mnorlng In. the W t velogity)

The data for each of thd four chrrvm_ meters ‘are 'pregonhmqn soﬁarals

figures In the following ord the. mulhwaatwrn malar. the only meter t-‘l

P
a ﬂbamI of 145 m) on.moaoring 81-1: the cenlml axls upper meter, (168 'm
Bt A

depth) . " the ‘yppnrmoa(o[ two m

s on monrlng 81-2 and lho only

current meter not posillnhnd. 10 m above bottom: the central- axis lower !

Moter (703 m depth). the bottom ‘meter 4n mooring 8172 the
vnonhoaslom current .meter. the sole meter (144 m depth) on moorlnd

81-3. The 's'outhwn‘surn, central axis ﬁp;;or and nonheuahrn current

molers will sometimes be- referred to as. the ‘shallow" current m&u &

Dllll marked on llme—nrln pld\l doﬂolt 0000 h. Additlonal, pipts of data

not discussed In’ dotall In ;w text appear in A_Ppnnﬂlx & at the ond of this:

thesis.. *. . *



’ FIGURE 4.1: . Gurrént ‘meter. m

ooring .- (open’ clrcles) and CTD "station .
e (solld- circles) locatlons for 1981 (depth'in meters). T
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4.1 1981 Currgnt meter records

Figures 4.2 - 4.5 give the FLP (“first um-p-u fitered) series ol

. g
temperature. salinity. and the | c and J (along:

components of valocity for each of the 1981 current meters. Prior to
about 9 June and after about 15 June. the FLP records of temperature

and salinity. of th lhlllavl current mll.fl exhibit characteristics (l:e. tem=-
peratires < 0 aod. sallnities befWeen 33 - 33.5: ppi) typical of fho Labrador

Current. .The |amp-r-mm

nd_ salnities: are goneraily much nroalsv at

'm- cnnlral axis..lower meter (qunro 4 2N because of lhll currum meter’s

greater dcpm (nqh th , . different umperllure lcnh (or mu lmlﬂlm-nn.

T D

A ‘striking féalire In the FLP-time-serles. beginning about” midday ‘on
9 June. s the large and’ abrupt increass and-subsequent gradual decrease
In both temperature and salinlty recorded by the shaliow " current” meters
(Figures 4.2, 4.8 and 4.5), and o a lesser gxtent, &n Incrdase In tem-
perature recorded by the central axis lowar. Woter (Figure 4.4). Maximum
temparatures (nearly 2 *C). and salinities (nearly 34.5 ppy for"the shai~
low current meters are characteristic of deoper water. These records
therefore -suggest the ‘occurrence of an upweiling overt of = 5 d’ duration.
The most Intense signs of upwslling In the temperature and salinity ncoro-: :

were registered at the southwestern (81-3) ‘mooring. starting at 1420 h, 9

June . (Figure 4. 2. Th | starting times of the Increases recorded by the

y other shallow. current . meters - are difficult to nooi}lln'b-u‘uu of the
stronger semi-diurnal alqn‘ul. Although better d-mon-lr-lo‘d In subsequent
pk"u.'mmlnllllon of Figures 4.2 - 4.5 Indicates that substantial changes
in"the current velocities preceds the tomperature and - sallnity Increases
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. 1
which ocour during June 9. This effect Is most apparent In Figure 4.3 as -
an abrupt decrease of the J eo{npom:' of veloclty as recorded by the
central- axis’ upper meter at near 0000 h on ‘9 June. which. upon com-

" paridon with the top two plots In the same figure. precedes the Increases
In temperature and salinity by about half a day. Henceforth. -the upwelling
of imermedidte water, along - with associated ‘changes In current pattarns.
from those existing prlor to 8 June, 1981, wiil be nlarnd\la Ini this thesis
as the “upwelling cnnt’. or Mllfty the “event”, _. /

v i

Wu'rfm axcoptions, & vigorous semi-diurnal tide Is clearly evident In

all of the records presented in Figures 4/2 - 4.5. The exceptions) are:

the absence of this tidal signal ‘In ‘the temperature. and 'salinity records
: -

“from the southwestern (Figure 4.2) and central axis lower (Figure 4.4)
meters; and In the J component of veloclty for the central axis: lowar
meter. vy ’ o

The SLP filtered records (“second low-pass® flitered to remove Iner-

tal, 56 and. higher signais) are pre in Figures

4.6 - 4.9. Peak .temperatures and salinities were recorded by the

southwestern mater towards the end of 10 June (Figure 4.8). and by the

northeastern meter early on 11'June (Figure 4.9). The central axis lower «

meter also Indlecm a umpaum response ln the avent. At vﬁluduy on

Jiné 9, the mea: rose by 0.2 *C (Figure 4.8); about 110

that at. the ‘shallow Th. nlqhur Ilmp'uluru at the dnp, central

llll lower meter p.'llll longcr than the llma taken -for the nhnllow Burrent

metars to show &' recovery from the upwelling. evnt.
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Changes In the veloclty fleld assoclated with the event are brought out
m;lu clearly -In Progressive Vector Diagrams. PVD’s computed from the

SLP filtered data for .each of the four 1981 currémt meters are given In

“Figures-4.10-~-4,13.- Asterisks mark 0000 h for ‘each day. Figure 4.10.

the PVD for the southwastern\mater -C145 m depth on mooring 81-1, Fig—
ure 4.1), shows clearly the start of the upweling event on 8 June when
the mean seuthward flow siows |£,\Mn completely reverses to the north.

Alh‘-%ubou( 1.5d of reversed flow. an anticlockwise  rotation of fho flow

5
direction develops. The flow Is cross-canyon to' the east on June 12:

during June 13 It accelerates towards the southsouthwest: and on 15°
June. the’ velgcny shifts toward the ' muﬁ and. decelerates for the
remainder of iheé recard: ’ ’ :

lh Flguri 4.0, swlhwuiw.rd flow Is Inulcalnd by the PVD. for “the

central" axis . upper malnr (1!8 m dopm on moorlng 81~

prior to B Jnno. On 9 Jlml m. current slows. 'reverses toward the north—

northwest, und eonllmuu In ‘this dlrm:(lun alrl\olt un!ll June 12 A olnukt-

southeastward. ‘sthe ‘same directjon as that prior to ‘the event. and main—
> : 3 .

Ains thia direction to the end of the" record.
: i

" The PVD for the central axis_lower meter presented In Figure 4.12

€703 fn ‘depth* on mooring 8)-2, Figure 4.1) Is_scaled .16 times . iargkr._

than the.others. _A net northeastward drift of:0.9-om 8~ . toward  the
-od&ndnry head (Figure '4.1), Is ob'nmd beween 5 and 8 .ll.m-. A
fean downcanyon (mmmnmm arift of 0.5 cm s~ ;meun during the

event bamtn 8 And 16 June.. § ~
f

Figure 4.1

_wise rotation then occurs uvi::'.lun- 15, wh:n the flow - shifts abruptly.
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I ! The PVD lul the nonhanmm meter (1« m on mnorlng Bl—a. Flg&n . )

A s oru.nm in Flpuro 4 13. euummmﬁlrd flow Is Indlcaud durlng
| = : the period .before lhe start of the upwcmng event. md trom 14 Junu unty i ot

the rncovd ends. During Jum 8 m- ourrent nqu:nnn snmv ]o mmnasi— 3 . M

" d. but d@es not rewrse. Lste on § Jum. m. current d(m:llon rotans ., .-

elnckwln. and s qamully wasinorthwastward untll ln&u on 13 Juno, From

\d.!uno V4 on,. the flov® returns to the southwest diréiction: but beglnu la alovl
-
g m.mealy on 16 whe. . - N P

The PVD's pmnll ﬂlq onul' of kha nvom _In the Oeloelly (aourds Io

v 2 B : bl deﬂmd n mmu ol lhs Inllll\ changn In nlm:tlon. Ihl lliﬂl’slll‘l.

lnd 1000.h. & .luno at the nwmoasum mollr ‘ucluul times,

=

- ‘of onSet, corr |o initial de of Khn mean flow: . are dlm- a1, %
oult to defl

in (s ol the. 8P veloolly compomnh @. PYp ’ :
gt : F a6 estinaiod; 10 lGad 'the timos clofned ‘above By 0.25 < 0.5 ¢ For s e 4

oumplc. the -brupt dnnuaa. of the J compomnl nmrdnd by tha o

al

L. i ull upw mtor at 0000 [ ] Junc (Flguro l 9. wﬂluh deu ot lpr-r m ..




‘

‘. 9 noomol on June 8. A palhm suggestive al a ulonmlu Qyre ovur

" less 'lhauvo.7 cm.s . The midpoints of the segment ln(srvuls correspond

“.and that _although  the

4131 Veotor plots * -
. The 24'h segment-averaged vilodty vectors for each -of the shallow

meters are plotied In Figure 4.14. The vectors reprasent the sum of the

SLP filtered components from each of the 1981 shallow current. meters

" atter ¢ over 24-hour The seg

averaged vector's are plon‘d at the’ corresponding mooring positions on a
plan—vlnv_t chart showing the 160 m lIsobath at Carson Canyon. Only data
from the conl;-! axis uppor meter were lvull.-blc during the first 24 h
parlod (6 June). V'c(ou were ot drawn (after 6 .luna) it the speed was

-1

10:0530 GMT un: the ‘Gorresponding day. (12-hour uqmlnl’-nv-uqu vec-
g W\ <

. In Figure B23 of Appendix B.) =~ 5

lor, plots are g

. o
‘Nay state circulation  at Carspn Canyon. unperturbed by the’

upwalling_event. Is Inferred from the vebtor plot for 7 June (tho currenis

‘are averaged betwsen 1730 h. 8 June - 1730 h. 7 June). Note that a
IIM’ﬂrevn through_the northeastern (81-3) and central axis (81-2) moor-
ing positions™ parallels the continental siope upstream of Carson Canyon

s some sheifwarg _fiow (l.o. “20* deflection

“towards the canyon head) Indluud by the northeastern meter on 7.June, 4
the cross-canyon flow observed by the cnmrll axis upper meter Is puullol

la m- uplwum isobaths. The current vector at the cenffal axis upper

moonnn’ In mc 6 June frame don shav(,.a dowfg-canyon do"-ctlen of lhn/

mean nmun( . o . |
.. The first .vld;n&. ot the upmlll‘r‘m averit - in Flgur‘o_t 14 Is a- i'

uémrnaon of-the flow at the southwestarn (81-1) and northeastern (81~

wmmw-JmmmaWhmmwm .




24 HR.,'SiAR‘T',OSQOZ e/o's'/sr.- 1cm=rocn/ssc ;

¥ a4
. FIGURE 4.14: 24-hour ugmon‘—l
it P B N B current met

: o «~are  shown.
(@7

ged voc(fr plots for (‘e Wal
160 ‘and the date

-hlllow
In- June .
80’ GMT *
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L

_pattern _on 10 June.  The arlclockwiss mollcn peraists untll 14 dune. i

when’. \,na panqrn changes y ‘with lhe of up- y

flow at the central axis (81-2) mooklng. The circulation indicated In Fig—
X . i

m{l. 14 for 14 June shows that maximum medn gurrents are observed by

both the southwestern .and northeastern meters at this time (1730 h, 13
% June — 1730 h. 14 June) which reflects the accelerations ‘Indlcated In the

i X
PVD's In Figures 4.10 and 4.13. A day’ lal

. on 18- June, the circyl

_ « tion pattern up'pdan'm nearly return to tiat of 7 June, aithough the mean

s . . ¥
flow over the canyon continues to decelerate as indicatéd by the plot for

16 June. ' Figure 4.14 shows that the currents a1 fhe’ southwestayn (81-8).

e A mooring” generally are constrainad to follow the ‘bathymetry. The myan

. «
. current on 9 June at the northeastern (81-3) _muq\ng possesses a large

cron—hobain l:ompnmml (see also the | component of velocity. Figure

4 9) which ls cam:u‘nnl with lhl initial temperature .n’ salinity increases

4 N
»nuoululod with lnn upwalling .von(. However, this fiow is In fact dlncml
. “ofi-shelf. Only a north to northeastward flow, such as indicated W the

vm:tm of June 11 at !ma same mooring, c&n definitely .travel onlu the

: . shelf. 'rn- mperature and ullnlly maxima lat _mooring 81-3 ocecurred \

urlnp thu pcrlod (Figure 4.9).

Figure ' 15. prnan\s un uvouay of md'/ BLP‘mmpumuro time-series

recorded by the shullow current meters. The highest temperature

. (1.8 *C) .was recorded by m- southwestern meter, the maximum tem~

‘p. tures observed at the nomuuﬂrn ana c-mral axis upper mnhrs both

T Mlnn 1.4 ‘C The first lnuuu. n mun \omporlluve Is Indicated In .the

X northeastern meter record n‘mno h. 8 June, foliowed by I.ncvuuu

| Lr'com'od by’ the southwestern _mctc‘ at OEbO h, 9 Anc. .ng then the cen-
| tral ais upper metar at 1000 h on © Juns. This ‘sequence Indicates that

i\ s

Ry

i
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" same as that measured. by the' central axis upper meter, byl

~ Coen-

the upwelling perturbation propagated - along the lip' of the canyon with

" shallow water to the right before moving “into deeper water. Peak tem-

" peratures are’ observed ‘al ;;rog}.ulv-ly later times: on the evening of 10

>
June at the s'uumwe_uhm meter, . early on.11 June at the northeastern

meter. and early ‘on 12 June at the ;cbqtul \axis upper meter. w‘ of the

* records. Indicate essentlally nomplale decay of upwelling by 18 Juno, g Max-,

lmnm temperatures nt the southwestern and nortl -auum meters correspond -

ln of upulopo\llow Al each mooring (Flvure 419" on June 10 lnd
mn rumllvaly, Note, however. that these upllope flows Indlclln on-shelf
.

upwelling \In gppoaite directions.  Referring ‘now- to the -8LP temperature

record of the central axis lower ‘meter (Figure 4.8), jthe maximum ‘tem-

perature. occurs near the énd of 13 June. later thar in the Giher tempeta-

" ture records. The start‘of the Increase, mldday on 9 Juno{'ls about the

time Is much longer lhun (h- 5 or-so days eutlmaiod for lhe shallow

current m.{tra. Also sﬂown in Figure ‘4.5, aro a)r;own indicating the

¥ .
times at which the onset, of the event was refiscted In,the velocity field.

»eccordlng o the deflinition " e it s seen

mn% |nm-| Increases“fn_mean temperature (and ullnlty compare F'g-

ures 4.6, 4.7 and ’.9). lag the onset Umes d!llnod for the vol‘elly

roaow the northeastern and southwestern meters by = 0.26 - 1 d.

4.2 . Mewsorological and lidal data . g R

WIfnﬁ velooitles pr'untsd n Figures 4.15b -nu 4.\50. obulnod in

1981 from ln momomﬂtr at 76 m above mean level on a drilling rig

in the Hibernia field (Figure 1.1). are resoived plnllol to the continental
.
slope upstream of Carson Canyon with positive A ,being ' northeasterty

\ 2 \

v
the relaxation




= - 72

(45 *T) and positive C northwesterly (315 'T)’. R Uniike the previous year
9a- Figure 3.8). Intense southeasterlies of about 0.5 d du{nﬂon (June 7 ;
PSR Figure 4.15¢) heomp-nlod a severs storm while the 1981 current
melar moorings® were npbyod. _The peak wind speed at Hibernia of
28\m s directed from 130 T (C u-23 m" ', A = 0) was observed at
0600 h, 8 .lu“nm The ng winds were generated by the gassage of a

trowal (‘transfer of warm air aioft") which was assoclated with a low pres-

aure* system centered to the fest .of the Hibe: Canyon

ge of the trowal

'

region. The storm development, Including the pi
Fy .

(marked by northwestward pointing arrows at Carson Canyon on 8 June).

is ‘'shown in the lllf"lu. pressure charts repraduced In Figures 4.16 and

4.17. These charis Indcate that the Intense southeasterlles on June 7

and 8 at Nlb..mll were pnccdld' by high- winds at sea level from the
south to southwest AYIA Carson Canyon. Consequently. It Is suggested that
high speed along-siope southwesterlies. which lasted for about half a day.
developed at Carson Canyon sometime on 7 Jun! and peaked earller than
ook P:\G\Juno. It Is near zﬁ. start of 8 June that the flow ;I the
southwestern and nom-:uum meters began lo slow before the onset of
the event (l.e. before the nifblluhm.nl of an anticlockwise pattern over®

the canyon apparent In Figure 4.14; see also Figure™B23), and about !,d

before }lhn‘ first -increase In mean ture was rogl‘urod by the
,horlhoul;rn meter (Figure 4.15a). . The/ role of m.{ronu. impulsive, .
northwestward (along-siope) wind' stress In the upwelling event of 1881 will

ba discussed later.

Tidal helghts at Hibernla are plotted In Figure 4.15d. Neap tide
- 2

ith a of the “2 signal between 10 - 13
June “m FLP filtered velocity components shown In Figures J.g - 4.5,
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FIGURE 4.16: 6-Hourly surface pressurg charts from 1200 GMT @ 7
June to 0800 GMT 8 June, 1081, at Carsqn Canyor (open
circle) “and Hibernla (closed circle to the north). . ~

.




oy Yo

. o :
©  FIQURE 4.17: 6~Hourly surface pressure charts from 1200 GMT (l)"l s
S June 1o 0600 GMT B June, 1981 at Carson Cany Copen
circle) nnrnnrnl- (closed circle 1o the north). ?’l
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The hlgher roquency lnlsrnal wave slgnals In tho vuluclly reaovds from lhn

central axis lower meter (Flgum 4.4) are “aiso supprauod durlng mls‘

perlod. The correlation between. neap "tide and the “observed curronis

might be colncidental however.' - Huthnance (1981) reports that the neap- -
\ 2 H -

spring cy'c_lrls not usually seen In current meter time-series ob(nlnn\u on

or near tﬁo continental slope. Addlilohnlly. It vinu.lnynd by  Hayes and

_Halpern (1976)" that the horizontal kinatic energy of the hurog‘img& M, fide .

: was reduced near the coast during an 'upwslllng‘lvnnl. A s‘lml!nr:ﬂleol at

Carson Ganyon Is by -the y iudo of the ) !

_ signal over the par!ud o! the event in the. FLP s-nn of (smpera!urn and

salinity for. the ahnllw curronl meters 9Iomd In Flgures 4 S and 4.5 (see

also the BP lmomd mcomu In Figures--B88 .and B10 In:Appendix B). ~The

Jlarger peaks 4n temperature nnd salinity during nedp tide suggest lncu:ud

gradients due to the prdsence of upwalled’ warmer. more nunn.waln_r dn
: = e g e K .

Carson Canyon. - (Take apecial note of the large, lsolated tidally induced

N poala‘ at 0600 h on 8 June.in the temperaiure and salinity rocordl of me‘

nonnoaslom M.lor, Figure 4. s before ma Increases bccams sullllnld

over more than one. pnan al mq ﬂdt.), ; f

4.3 Comparison onm\mo and 1981 current ‘fneter data ' -

Mean values 1rom me desplked lm-—urln of. lompomurn. _salinity

.and the l and J components of velocity roaov

‘the 981 current. mal-nn are pmunlnd ‘In T

also comparsd’ in Table. 4.é to mean values cver the entire d&ploy'ﬁu\l .

pmod for' the 1081 ourr-m m s ‘Cadditional lmltllnn are prnnnud JIn
T-bln B1'A-D), and 6 m- -lmllnr mean valun avallable Irom 1980 (als Isa |

see Tnblc Alin Appondh( A for « lm 1980 current mhr Illllll‘clL

}_. = i R H 5 S 2

befare 0000 h, 8 Juno by

e 4.2. Tnou ﬂgursa e
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TABLE '4.2: Mean values of despiked current meter data from 1980 and 1981

S . _ current - Temp . - Sal | ity W VR
meter 1 '(°C) (ppt) tems™" (ema™ ")
. 1981 ¥ E
, El : 5 w, ¥
< 8 June: '-0.73 83.15 4,6 7 7.8
Total. 0.00 33.45 0.4 6.3
. CAU .
<8 June --0.01 93,54 2.9 RRER]
- - Total - 0.38 83,70 . 1.1 4.4
CAL * 5 e )
i <'8.June -.3.48 , 34.89 ~0.4 b 1:1
Total . -8.57  34.90 -0.4 ‘ ‘0.5
T NEN ] .y :
< 8 June -0.60 33,30 =5.8 8:5
Total =-0.02 - .- 33.53 : -4.7 4.9 :
1980 - N 2
980 «
. Toal . -0.588 .- - 287 18.2 18.8
A~ NEN it 82 P
Total = - 3.9 J9.0 19.4 i
+'SWN = southwestern, CAU s ‘cehtral ‘axis upper. .
',CAL .= central axis lower, - NEN' = northoastern: : . & !
§ . $ " g N {4k
Table 4.2 shows that there -8 no large difference between the average - i
* temparature “recorded. by the 1980 southwestarn -meter and those for. the i
'1981, - southwestern - and northeastern meters. “prior to 0000 h, B June.
g ta . . i
& As a """‘.7 comparison, Figure 4.18 demonstrates the high degree of ‘
Simllarity beiween & segment -of the FLP temperature u@m from the 1980 A
A ; A : ¥ i
2§ preld "“"""'""Q"" (see Figure 3.4) and te first 2.5 d of the FLP tem=\ i P
i ¥ E . " :
s © . 4peratre ‘record from the 1981 “northeastern . ‘meter. (The ,11981 +
(T o northeastern meter was chosen . for comparison .since it Is possibly - the -

lesst_affected by ‘the topogrsphical Infience of Carson Canyon: no tem=

W,k ad "peratus _ record was obtained from the. 1980 north

\

tern meter. ) ‘Accord= ¢

Ing'to Table 4.2 veloolty magniiudes at the 1981 shallow: current meters < '

' 0000 h, 8 June, are typlélfly much - Idwer than -the values from 1980. i
2 e :
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s which ceuid be dua to lhe !nﬂuenco of the canyon or to the crosa-slopo

r:urrom shnr of tho ubudor -Current (discussed In Chnphrs 3 and 5.

‘\Avoragﬁ Increanu ol ‘temperature. 0. 57 c" and of \snllnlly 0.28 PP

‘ an\computod from. Table . 4, 2 for nll three 5hallow-wrnnl m from’

bclor\o a\.uuna 10 that of the tétals. . . Parhaps the gost noticeable effect of

M -even( on' the msan valuu Is a2t s-lold d-crean in me apeadu

' observed - al the un(ul ux!s (8"2) moorlng. In nddmon, the mun velo-

. e @
e & “elty eomponnnls for 1981 In: Table 4.2 are ‘greater during! the period prlor

. 16 the, upwalling. event than those, for the ‘entire period.

. - -
E 5 PO
bl
o - v B
\ o
- “o
‘0 a] E
o e b ) "
e al
¢ SR
- ’
. 8
R1: & i ~
T T T T o s 1
0,00 " 0.50" 1. 1.50 - 2.00 2.50
¥ . i AY g ‘L e
FIGURE 4, 18: ‘Overlay of 2.5 d-of the FLP-flitered temperature- time-serles.
Z ' from the -1880, southwestern (star) and’ 193\ northeastern.
= (llne) current meter, records.
d o/‘ s "
3 44 198) Kinetic' énergy spectra ‘ So 1
; s N ~
{ y As In Chapter 3. the results of the spectral ‘analyses dre not .central
[ 1o the thesls: but- are_presented for completeness. Plots of the: inetio
i : <0t energy Qpbolu for 3:0'1 of the 1981 current’ meters. are presented in Fi ..
T _u(u 4. JD and '4.20. apoolru for the 1981 current matérs dl;hr. in m-ny
! ‘ : ] =/
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Avor the  northy

" -northe

'Imvnon xho O tidal and ' tho Immm Ivaqunncl-s §3.87 x w and

oneray ¢-nuny does nat Incresse at i

dtﬂl\od ll 1.62 ,* 'IO

. déep, conln:-xn ‘Iowcr mt

o ¥ . L .
-80-" - o Cey ALy

respects from the description of 'those for ‘1980‘(ch5‘pt-r' 9. The

forempst ditference 18- that the: maximum Bnergy :éo'ou'-f densities ‘In the' .
1981 -specira -correspand. not ‘o the M, tide (|r'qucncy =.
8.057% 1072 cph)

¥

“but “ta” lower _ frequencies. m:apt lnr the . 19

m meter (Figure 4.20n)._'vior~ which _the maxirum gpcckrll»

sity occurs at the M2 tidal ﬁqquancy nAhoniu (nlur-'ohnrv- 4 n 'nll ii\e

1981 spcctra, but nol in lhd 1980 IM(I’I s the pruoncu of brond peaks i ol

5.96 x 107 cpn roapocunly). Thése maxlmn mlnm ‘be aueaclmad wlu\ Y

the nﬂ'm:l:) of the sheared current on lnhmal-lmrﬂnl olclﬂllluhs Inductd

by vdnd—lmpulsa lufclnu (Mayer ot ul» 1981). Thquponlrum of the cqn—

ds lower - mater (‘I;ann 4. m) cunmnu mo lual omrgy of ull and’

“shows two distinct und mlalmly broad puks conlond ll 2. 43 Q‘ lo “/1

1.35 x{\o cph._ This. spectrum’ .uniike tho “others Irn .dd ed:

.

lowest requ cles. A brnud pnk Rt

In “the sp.cirum ol the nomiuum meter- (Flgun 4,20-) Iu cl

a0 - i)
A noubln featire of” np-oxra lo the puunm ol ucon‘d.;_y pl

'llul mq\unny n ubcul 7.3 l 10 eph. wa r, only “for " th upoc!rum y

ern m-tor (Flgurn 4 20&) Is lht ucondlry puk mum—‘ 4

cally te) of the sect Y posfs naar. the M, tide

7 AN
in the’ c.mn clnyo -pwlu Is sgn) nol kmvm The smlmm for m-

T (Flguro 4 'In) nhm lhll lll(l‘\lﬂlly uln-

nlnoan( norgy (4 X io amz 8




. WO B Py T
R Table 4.7, there o ov
paver ‘of tha My tide: -

Flgur- 4. 203) canlrul

S 4.29b); . ‘and. aou(hwoslern (8% om? x" cp\‘ Figure 4200)/

éumnummﬁ position

|n 1980 (he M ‘4E\un the comlnanuﬂ

‘siope). . was._greater- at thé soumw-axom (80-1) erng
N

e (»x]oscmz\ 2 epn”
s “aoe x 10°. an2 s cph 1. CThe cayse of s _cross-

2 /o
than  at the nnnhuumm (80-2) mooring

anyon decrease .in -

d :s’h. abttﬁén'ul ‘\4\

. . 48 1981CTD data”- - S P

' CTD " station. locations .are - plotted In .Figure 4.1:.. The positions,

llmu.' and dnp(na of these. sullona dare listed " In Table- B2 In A‘\ppnndlx B. -

)

N i - BN

S O® 45 Tem

'-smy temperature (Flg‘\(re' 4.21). " salinity and £ >
\a{mlly (Floﬁg\ 22) ﬂ’o derived™from one transect along the’ axis of - LN
~ s g . S !
w;aon cnnycm on 11 June. 1981, between 1500 lnd 1343 GMT.  The

:a\dor cumml cold core (the roqlon bounﬂed by the

£ Vertical ' cror

°c Ilo!nwm)

I evident. In Figure 4.2 and the salinity Is auoﬁ 33.0 ppt at the depth

4 corrupondlng 1o the onld ‘gore [

bout 80 m). Thp‘ o, section Is Included

\ ] here to llustra of I and 8. The CTD -




ro . X . -
\ 3 . el
“\\ngga used In the 1981 sections (Figures 4.2) and. 4.22) were obtained

during the-3éMBd In which. the cantral axls upper metdr (st a depth of 168
e Sl !

m) reglstered ~flow™

awards  the sngondary'mad. counter 1o the mean.
~ FATIEN S X

direction .of. the . Labrador Eu‘rrergg (Figure 4,14} The mean temperature
and salinity . valugs taken from the ‘SLP filtered records of the central axis
upper - meter ’(.!BQ Figure 4.7) at this time were respectively 1.3 °C and

34,1 ppt. - . . st

v % e ) i o B . ™

FIGURE 4.21: Central ‘Axis temperature section for n Ju‘nu{ 1981
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FIGURE 4.22:  Central Axis salinity (lb\pk end
b June, 1981 .
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\ennoully, temperatures and the vertical temperature gradient below

m. cold core (Figure 4. 21): are grnl'r than for the 1980 central axis

l.mpofalun section (Flgun 3. 9)‘ Thm Isotherms > 0* C below 100 m
depth slope upvurdl towards the canyon head. In addition., the Labrador
Current cold core in 1981 (Figure 4.21) does nol extend as far down—

canyon as it did in the 1980 section. Nor dO the 'cold core observed In

1981 Inhmm that location “near station 25 (see Flgum "3.1) which was
nllmand m’bo near the pollllon\oi the velocity core,, 5 P

-lgnllldgntlkl.mm

elow 100 m the

The “salinity : ucllon for 1981 (Fluuu 4. 22) diffe

the central uxla ullnjly ucuon lar 1980 (quun 3. H

salinities are cn-r-lly guul-r and the Iwhlllnu whlcn are > 33 8 ppt

slope upwards from the center of the canyon at station 3 to the ad at

station 2B. The revers® In siope Is not-thought to be caused by tidal
illl&lug because the transect was completed In only 2.75 h. At depths

shallower than 100° m, the temperature and salipity transects resemble

‘more closely those from 1980. especially at the shelf break.

3 qun 4.23 Is « profile of umparmro and ullnny from a CYD cast
prior to the upwelling event:at 1400 h. G June at mooring 81-2 (see ﬂq—

ure 4.1). Salinities from Figure 4.23 are vccmplnd in Table 4.3 with

" salinities measured by the central axis upper *meter in nr?-r to estimate

the upper limits’ of vertical veldclties during the upwelling ™ avent. Values
for the central axis upper meler were taken lrom the dolpllu:d listing. The
first two lines of data In Table 4.3 show m-: the measurements obtained’

by the two instruments are coqgl:unt. The arrival tlmqn of isohallnes - at

the current meter, and the vertical separation of these same isohalines in ¢~

the CTD profile. are ‘used to calculate rates of ischaline ascdnt. The /. . .

values are not as fnlnq P of ‘y’lcai
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TABLE 4.3: L and sallnity

by the CTD and the ccnlrul axis_ upper meter (fCAU") at mooring 81-2

In:m(mnl Temp (°C) JII Cppt) Pres (dbar) GMTIDm

CTD-81-2 -0.10 , '33.45 67 - 1354/6 June'
CAU. <-0.70 . '/ 83.48 . 7 1335/6 June

= ¢ = 4 .

1o, 81-2 . * +0.07 . ..83.55 ~180 . \ 1354/6, Jui

CTD 81-2 7."" +1,58 34.18 ¢, 277, 1354/6 June .

+0.08 83.57 " 167 1255/9 June

CAU . ' 441 84.T8)7 . 167 0340710 June

CTD- 81-2 1 +0.07 33.55 180 z 1354/86. June,

CTD 81-2 +.12 " 83.99 - 229 . ; 1354/8 June
CAU +0.08 ., 33.57 : 167 1255/9 June

CAU +0.96 33,99 187 . 1525/9 June

_ A peak ‘ascent rate of 0.5 cm s Is found from the bottom four lines
In_Table 4.3 using the amoint of “time’ taken (2.5 K for the 33.99 ppt

Ilohlllm 1o undergo a 49 m (229 - 180 m). vektical s

9. A ulmllal uluullllon for the 34.18 7 ppl Isohaline results -in—a—mean —

.'lcam.uh of 9.2°.gm s tor the upwelling of Intermediate depth water on
June 9 and 10. Asfent rates might possibly be greater at thé othér
moorings where larger Mpulua and more .rapld Increases than at.mooring

81-2 wn_rn.rueonicu (cumpim Flguui 4.2, 4.3 and 4. 5!',.‘

.‘cTD stations 1A and 2A (quunv 4.1) were oceupl-d one d-y oal
But In_the same locations rnpoonvnly as ‘stations 1B and 2B. used In the -
ucuons "(Figures 4.21-4.22). Tcmp'rllur' and salinity profiles collected

at station 2A (Figure 4.1) at 1418 h on 10 June. 1981, are presented in

_Figure 4.24a. Figure 4.24b shows similar profiles for the CTD data coi-

lected at station 1A at 1256 h.  also on 10 June. The two hmp'rglur.-

N
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profiles in Figure 4.24.are of particular Interest begause théy show no

(€-1C) .at the' head of Carson .

Labrador’ Current bo‘?d core w
cpnyon. even muugh one duy later, on 11 June. the cold core ¢

posnsus an obsamd thickness, oﬂm m (Figure 4.21) m station \B.

The' dynlm!c heights calculated lor the 5 dbar lnrues

dbu from CTD data collected on June, B (station 81-2 only) and Junn H.

1981.. are-listed In Tabl. d.4.

. AN : o
\ TABLE 4.4: Dynamic helghts for June, 1981 . .
Station - * \Dynamic Helght (dyn cmi .
. ! ; i ) N
: e W
26 L8, N
81-2 ) ' m . .
. T . 91 ; . \
. © s i ) .
i R

. 52 ar e
The range of values in Table ‘4.4 (88 - 94 dyn cm) Is nol grossly dif-

/Vernnt orom ﬂu( Indicated by Figure 3.14 for the 1900 aynnmk pography,
along the oanyon axls. -As In 1980. ‘the dynamic nolgm for 11-June 1981 "
are .seon to d-cu ‘e lway from lhn shelt hruk wheén refergncéd to the

_amlon locations -shown ln Figure 4. 1. Implying geostrophic: flow to the
-adymwut. “This direction Is oppeulu to the ~ 10 cm s = nnmlsnamnd

flow mea

red .by the central axis uppnr meter (Flgura'4. 1) at_mooring

81-2 over the same parlod. . 3 N

4.5.2. " Dynamic heights and ‘gecstrophio velocty pmﬁln‘ . g A



U283 (the solid line

-, ‘counter currept. ot B L

3

B
. T’ea— gt " T

™~ A vertical promo of qnslroprthr vcloclly lor m. pllr of CTD nallons
in Flguu 4255) |l uud to lnusllaulo this

dl-crofa_lncy. The llnc\bcmon t 80 .two . statlons lmarncta mooring 81-2

Note thl oxiaunco ot a matlmn tae cm 'y
current at 130 m and vosmn (1 T‘ t ? t v above

100 m. Thl ma]or dlﬂurﬂ»cts b‘oman this prnﬂln and’ (hs cormapondlng

profile lor the 1980 smllon pAIr 235-24 nhe dashed Iln- dn Figure 4. 25.)

(Fiqum 4.0, noumor

\
I Vud of mo unycn \(lm:allone are olv-n ‘In Flgun 3. 1) are tmn

counter cunonl und the elgnlllc«Tn( velocity dncwana at all depths: above ~

: 100 m in 1981, Then obn\ﬁnlnns th-rﬂcu mow that “the Labrador
Currént - was. puunl “at the &mlm axis dum\g (ho raver:al at moorlng

«du and ,dlapl(cad upwards by a

8122 on 17 Junes- but wllh;nd‘béld ‘

" ‘A geostrophic - velocity- profile

line In” Figure 4. esm further 'Unvm- pe from mooring81-2, ‘and along

uy
the canlral axis of Carson canyon\ bears . little reumhlance to . the

cerrelpondlng prallln from the 1L80 lmiah pnlr 24 26. (the dnhed line in
surface currom In 1981 sug~

Figure. 4. 254:)‘ The near douﬁllnﬂ of rh
\
geits a soaward shift of tha. valoclty' axis ol the Labrador Current,

\ the 1981 station pair 3-4 (the solld - .

-
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CHAPTER § msusﬂuﬂ.giﬂ ) :

In this chapter. “the sgn.dy—s{afe mean fiow of the Labrador Current at
Carson Canyon |s analyzed., Important observations with respect t‘; the
m}eun flow are 5ummarlzed first. using selected data from 1980 and 1981
10, define a_mean circulation .pattern in 1ha upper lay®r. Flgure 3. 14 glvu
the dynamic topngrupg? of the 5 dbar survuce ralativé to. 200° dbpr for the
* 2980 survsy Allhough ugsastrophlc effects are. Impnnunl. as shown later
ln this chapter. and lhorcfora affect Iha Intarpremlun of Flguro 3:14 as a
slrumllno pattern, seyeral features o! !hu meun clmula(lon us In!armd

from the combination- of the dynamic lcpogruphy with the measured mea;

curmnts. Flgur- 5.1 g|vns the compnuue mean curr-nl vaclurs ‘lrom 1980 -

(Flgura a8 and 1981 (1rom mn 7. June plot o( -Figure 4.14). The' 198\

precada the upweliing event. - The mean ‘Gurrents up- and

downstream of the ‘clnyon (moorings. 80-2 and 80-1) - are prauamlnan(ly
¥

along-isobath as Is the dynamic  topography (Flgurs 414 "I the ‘same

mgla& “This rosult ‘Is” consistent with findings * by thers at points

" removed n—orﬁ canyons along the southeastern Grand Bank (Kudlo et al.

1979 Mountain 1980). ' There ls.  however. an upélope: deflection of the
mean current at mooring 80-2 and the dynamic topography also shows “a

shelfward, turning directly upstream of the canyon, which may represent an

: : ; :
| upsiream, 'canybi-fhduced disturbance - (Chapter 3). Gross-isabath flow,
i+ g el ekl

" over the northeastern wall, at and seaward’ of the secondary head. Is Indl~
5 i e ¢

9&!5(1 at mooring 81-3 and by the dynamic «lopoguphy < 82 dyh cm. The

»gsnn flow at the 1881 aoulhw-sum mooring '(81-1) ls predominantly
parallel to the anuihwnhm wall, whlch Ia consistent with lho llong-lsohum
flow uruund lhc hend and along the southwestern wall- implied ty l '

. and 93 dyn cm contours. The mean gurrent at nﬂ‘ zonlral axis mooring
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FIGURE 5.1:. Vector plots of the mean, steady state currents at the 1980 o Vg
i and 1981 moorings. and “the coordinale system. for. the.
mean flow analysis . . B St R
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(81-2) Is cross-canyon. lppnzlm-wy mnnontm m the cemura ol

dynamic’ ii-mm. le-l!lm features are’ pfmm ln dynlmll: lupoa“mphy

, In the-lee of the clmpn Tward the canyon. fouth ln ann vll.r. uln—.

tlvlly unperturbed. oruu-canyon flow Is Inalul by lho dymfg_lc lopoﬁn—

pny<n¢yn¢m . i :

Flnally‘ - the 1990 CTD ucumu snovl that mc col’d core -of the. Labra—

dov cu(ront Mlurc)\u ll lho unyon (Flwru 3.9 and.ﬂ 10). —TM

: o
'a ml ncur-hullnm drlll o‘;s om u,"

lowum t'lq snnand-ry hud pom prlor

’

4121 By T, o
7 : o ¢ 2
5 Thnu ooummm Gombine 1o_produce’ a consisioMt- mean -flow _pat—
"ol which the’ principal” s, arex prodomin 'auong"—'

lmbnm “flow ln m- “far n-w up- and davmulrum of the. . canyon.. cross—

Isobnm and _cross-canyon flow

e northelstern vall and mtrll m
atong-isobath ﬁw at the ,nun' and st the. southwestern wall. wave-ilke
- Teatures In the unyan lee, aplmlng of m. oold hmporlluro core. nnd a

dup return nmv on(-w the mondlry hnd at the c-nlrll axls .’

x
In this nhlplur. after co “the od and of

ond-hostropnig vegoi-

xl. . JM lmpon.nc. of ‘bottom Mcuon o 11(1 current mauuumqonu is

Then. lor the i of the princlpll haturnl

ol the man llow (listed above). are lwgm hy oxlmlnlng "L' Impllulhno

"% ¥ .

A} . )
Q. . ) . ( ) o

do\vnu!rum ot lh., N

omw In laal. was ona-rvga at ma,oqmr -nh lowers.imeter . (Flgure

nsiain Imposeg, w-i-;f‘mow consarvation. anuy. the
n of the L Holls - acc n tefms in’ m- comrll ’

, canyon lmglan are numnlod and eomp-rod




o The ~coordin: sys'l'am for the mean. flow ,analysis (Figure 5.1) s

aligned with the y. The g-slope velaclty ¢

uis positive polnting . toward 285 °T (+%x) and the cross-slope component

v Is positive In' the off-shelf d_lrwllou\'mwurd 185 ,°T (+ y). Note that

5, this system' is; distinct from the | 30D, and J (glong

_ " velacity component s;alam wsed 'earll ! %
\ o In the measu and ’( maan ; are_now .
i ,4 - A representative estynate -for of the mean speed at

" - Carson Canyen Is %5 cm s A (from the slundard deviation of the SLP

componants for thu 1080 curunl meters, Tnble Al in Appendix A) Thol\

varlallun In=the’ direction ol (ho observed mean curmnl Is small: f‘ts‘

o !he sLP PVD s lor 1980 “in Flgura A8 In Apmndlx A). Tht time-vari- -, -

atlon ln dynamic. bblgm at a single smlou in lhs canlral canycn reglun Is
My . 2 dyn cm (Figure 3.15). .As discussed in qr._;;:m 3. ’(hls Is‘lpparlunlly
- 'gua io’u'»saml-ulufnan‘ Internal tide. although the .contribution ffom ;hlp

- Vit is unknown and’ could be significant. “To the digred to’ which. this

. oburvsd vurlatlon is both roal and represunlnllve of the arn, the dynumlc

lopngraphy Is ‘likely . to bo tldally alluud . Nevertheless. the flow .pattern

« < Interred from m. ﬂynnn’,lc is I with the mean
Ly ’ the varlations’in these are small. It Is!
d that. fiow. from’ Figure 3,14 are not grossly

‘e In error. -

g it" remains _to make a dirett comparison between geostrophicvand

s Y which : wifl test the' assur ‘of a'200

level A0t no motion.  Unfortunately, this comparison can be ‘maqo only -at
S v 4 :
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the southwestern (80-1) mooring. ‘because lh- loss of salinity ‘measire-

ments at station 4 (ua Figure 3.0 preciudes the posalh‘llty of obtaining a

rellable * geostrophic, nsllma‘v at the narlhcnlem (80-2) mooring. The

- -
meusured velocity at 120 M- depth at ooring 80-1 -(approximately the

ocation as station 37; see Figuray3. 1) Is ‘17.3 cm 5! (from the

om s”! comporient gerpendicular to the line Jolning stations 37 and

.su"moln components of Table Al. Appendix A)., ‘'which ylelds a

16.

38. ' Tne gedstrophic velocities calculated at 120 m betwaen stations 38~

.and 39 'ua.s om s, and stations 38 ‘and_37 (14.3 om 5 V). have

been linarly extrapolated to staion 37. The result Is 14.6 cm s at

station 37. whleh Is: smallef than lha rnensurad value by only 9% Part of

be pointed ﬁ
.across- a s ud Jot botween stations

" ldefined here by the symbol Ug) such that,

- 5.2 Bottom friction E ¥

this difference -may arlse ‘because "the " use ol a 200 dbar dspny.'ol no

motlon’ results In an underestimate’ of the geostrophic velocitles.: it must

s

. however. that the ‘geostroghic: veloclties represent averages
1"0!0 "average spacing Is

0CI0km).  The observed agreemant’ betwaen ma: ured and goosnrapmc

voluclllas may lhculorn nn lormllcus

% w 2

The Ekman layer depth D s dofined as . (24; 112 (9.9 Pediasky

19?9. P 1IN Av Is the vertical I!dy‘ vlwonlly coeﬂlc)ant and f Is the

Corlolis . parameter. - which at "Carson Clnyon (45 5° N) I8 |
104 x 1074571 @ (1982, p. 332) estimates o by'a quadrati’drag

law for the bottom: slrng,s In terms of the Interlor. geostrophic velocity

.wDu st : . 5.
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. 7 ¥
where an’ofder of magnitude estimate of C, |Sryp|cauy 2x107° (o.g.

Csanady 1982, p. 12).

Estimates of Uy and 8 for the northeastern meter (on the upstream.

80-2 mooring) have been calculated In the following manner. The velooity

components In the bnndm Ekman layer nr'e. (Pedlosky 19\18. p. 178).

-z/uéLc g
u=ug [1-e 08(2/00) ~ (5. 28
and. )
. ~ ~
~2/0,
v=Uge 1 8incz/00 . (5.2b)

where z ='0 at the sea-floor. ~The speed. A. Is therefore given. by

. ‘luz +2, or,, L . i

+=.19.5 cm,

3 -2
-22/0 -2/0
te. E_g¢ E ]

cus(l/ﬂg (5.2¢)

X 2 2 A 172
(Note that the definition of DE = [——’—] Is different from that used by

Armi and Millard, (1976) . who: used the height (DE) at which the speed in " -

the bottom boundary layer was 99% of. and: In the same direction as. the
. / =

Interlor flow. That Is. A =0.99 Ug. For comparison. at z =0~

R.=0.86Uy and s directed at an angle of 21° 1o the left of the Interior

lly, and QE - 5°E") Substituting for UE using (5.1) with z =10 m, R

= 2'x 1072, "equation 5.2¢ bacomes.

g 174U, -1/8Ug e
01955 U [14e 1 O -2 cos(1/8Ug) . 5.3

This equation can_In principle be solved iteratively for UG' tor which °E

i ) -

(the SLP ‘mean <components from Table A1). and ¥

-
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s
can b-\lﬁen obtained using equation 5.1. Table 5.1 was constructed by
lollbwmg- this procedure for differant values of CD4 The valués In Table
5.1 are therefore the geostrophic vcl‘ocmcs and Ekmanl layer thicknesses

. required to give the observed speed Gf 19.5 om s ' at 10 'm above bot-

tom. The directions were obtained using nquaﬂuna‘ 5.2a_and 5.2b. Note

N “that the right hand side of equation 5.3 has a maximum value of 0. 177
3 which Is approached for values of Uy > 100.cm s™'. Tharefore. equa-
3 1 1

tion 5.20 cannot be satisfled for C, = 2 x 107 and A = 19.5 cm s~
[ .~

TABLE 5.1: Geostrophic velocilles. U, . Ekman layer depths,
T °E‘ and deflection angles (positive Is to the left and
down-slope) for the 1980 northeastern meter at.z = 10°m.

\\\d x 10° Ug .(m/s) 0 (m) Angle. (degrees) -

= /
> N7 —_— - -

1.6 0.495 30.0 36.0

1.4 0.312 17.0 30.0

1.2 0.240 n.0o 23.0

1.0 0.203 7.8, 16.0

0.9 0.194 8.7 18.0

0.8 0.187 57 9.6

0.7 0.183 4.9 6.3 -

0.8 ,.0.182 o 4.2 3.4

0.5 0,184 3.5 — 1.0

0.4 0:188 2.9 | =0.52

0.3 0.184 22 =0. 64

. The larger (> 10*) deflection angles In Table 5. which correspond
to :co 308 x 1073, are to the left of the interlor geostrophic flow. and,
ware this Interlor flow to.be approximaisly ajong-isobath as" erpected (s0e
the next section). would result in' @ large dwnslope\component of veladity.

‘al 10 m above .bottom. In. contradiction with observations. The smaller
(-1 to 6°) deflection angles correspond ta. low: values of CD and vaiues of

°E <5 m. Similar Ekman layer thicknesses are reported in the literature.
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For exané:. a value of 2.94 m was derived by Janowiz and Pletratesa
(1980) In a barotropic model of the "mﬁ?d;ﬁp“ﬂdﬂﬂ' response In the
shelf-slope reglon to a uniform applied wind-stress. In the limit' of long
times. the predicted Inleﬂnr uaqulrophjb velocily paraliel to the slope Jml

found to be time-independent un_d equal to_ 19 cm a_l. Using (5. 1), this

 geostrophic veloclty and 2.94 m Ekman layer thickriess gives 0.3 x 107>

for the value of C,, (f =0.8x 105D In the remainder of ‘inis

chapter it will be ‘assumed lha!‘oE < §.m. and that as a result, the

currents p .the .Interior flow.
Although this raq;&lrai rather “low_values of CD (v 0.5 x 10—?), compar-
able values have appeared In the re’c\ml’ 'ils?{!\ure. Mo’reover,v'ceunady' *
€1982. ’ p.12) sfl s that CD Is known to ;llhln an order of magniitude at

best. Therefore. In .the absence of velocity measirements distributed in

‘the vertlcal to- de 6 the associ-

ated with Including frictlon In the analysis are probably unwarranted.

5.3 The velocity field upstream of Carson Canyon

) Obuwlﬂnn; of .the . velocity field upstream of Carson Canyon: are now
: - > i
analyzed In terms of the potential vorticity of “the flow. ~ According to direct
current measurements at mooring 80-2 (Figure. 5.1), the mean.. near

1

shtil—brnk;pnd of the:Labrador Current Is 19 cm s-' at 10 m above

“bottom along ‘the 170 m isobath. The ‘maximum velocity Gf the Labrador

currat( is estimated to be ‘@8 cm s-l from ythe 1980 CTD pair 10-8
assuming geostrophy and a depth of no rﬁotlon at 200 m (Chapter 3).

The velaclty axis colncldes with the seaward half of the cdld core (Figure

: \ . .
3.9, top) and the 500 m isobath (Figure 3, 14).



and for the: lower layer
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An estimate for the cross-stream varlation of the mean veloclly Is
needed at this point because It determines the magnitude of the relative
vorticlty, which itsell partly determines whether or not the mean flow' will
follow the Isobaths. It cannot be reliably obtained lrom the dynamic
topography because the station spacing s s0 large. An expression for the
cross-stream veloclty' profila of a free Jat Is therefore derlved. ard lis

applicabllity .to the Labrador Current discussed later.

The _vertically. for ‘a two-
layer system In which the. upper and lower tayers move at speeds u and

u* In geostrophic equilibrium afe. for the upper layer -
1 G 2 e _ % 5.4,
', o -,

fu=-ga-g £8:5)

14
where the subscript y denotes differentiation with respect to y. the cross—

stream_ coordinate. 7 ls the sea ‘surface elevation. 7° Is the elevation of

the Interface between:the two layers. g g. and the.density . p' In’

X P
the lower layer Is greater than the density p 'in the upper layer. (A simi=

lar 'rep 1s shown In Figure 6.1.) The .qumPrtwh

‘thicknesses of the ‘upper and lower, layers are h'+n-7’ and h'+7’, whi ro.h

and h’-are constants. The ‘potental vorticlty (e.g. Gill 1982, pp. 232

233 and p. 235) is, for the upper and lower layers respectively:

¢4t

Ty AL
! .

and : . ; /

' / N

Lt o . “

h'+n’y / )

where ¢ = - uy and (' = - u'y are the relative forticities In [the - upper

‘

o




= 100. =

and lower layers. since the cross-stream velocities are assumed to be
_zero. Stommel (1965, pp. 108 — 10§) showed that the potentlal.vorticly
Is nearly uniform acv:aus the éulf Stream. The a;lumpllon is ‘made here
that this is alca true of the Labrador Gurrent. although It cannot be justi-

fled in |.mm of- the D returns to &

this point Iava Cnnnquemly, the’ palcnull vorticlty of gach lay-r, n{-
form In the “cross-stieam diraction. Is equal 1o the constant value — n dm
upper ‘layer and In the lomr |hyor ouul« the ]sl ‘where the nlaclty l-‘
zer0. Equa\leq the potential vorticities ¢5.6) and. (5.7) In sach layer with
_thelr inlform, values. outside ‘the ;gQ .reygn}r?,’ the " following -relations - aé]-

: 3 ¢ .
fund: fof the upper and lower layers respectively: _ * L | -

£ 0 c
(5.8) =
[EH R

of 7' by sublracung E;

(5.10

Subtracting (5.8) from’(5.9), making thé upproxlmdllon o< i

i hrsnllmlng _the usuu'wlm respect “to y and then subulllu(lng " Icn',A

from . (5.10) ylolds * ¢
4 ) .
- : ; "
[ -_%ﬁ : ) LR ) ; .

. With “the = assumption that - the - ]6( is _'raalrlctea to " the . upper . layer

<< )., u replaces § in (S:11V. which..may then be |m;W’ 0.




speed at ‘mooring B0-2 Is u = 18 cm s

'l.abvmnr cunon\ <has b

=101 - i B

Here. U_ Is the maximum speed of the Jit at its axis (y = 0) and R, Is

the lmmm.‘l Rossby radlus of déformation. given by,
S

- . .

HI = (5.13)
é . g

“for two-layer flow. where ¢’ = I; h”:h s the (first baroclinic’ mode) long

Interfacial wave Bp‘ld (ain 1982 p 207) .

N Equmlon 5.12 wlu now ba uppllod 1o the Labrador Gurr-nl. cncoulnq

lho orlgln of the y-axis. to’ hs at me 500 'm luob-lh. the' nppmxlmu(- laen-

llon of ‘the volucny axis. as. shown In Figure §.1. -TIB‘ 5.2. prasenls

3 values of R csllm-lnd lrom the. CTD dau uslno equation ERER tyalcnl

_vaiue ol HI |= 8,,0 km. The line  segment porp'ndlcullr Io lha conllncnlll
‘slope, between mooring 80-2 -nd 500 m depth- northeast of c-rmn canyen

Is 8.0 ki iong" Csgo Figura 5.1)." Employing A, = 8.0 km. y = 8.0 km.
the speed- sstimate U, = 48 om 's™!. and equation 5.12. the estimated
"l This i within 8% of the

measured spéed (19 cm s

Using the above resulls, the cross-stream: shear near the shelf break

=22 x 107°

Is estimated. to be lcl- _‘:

This may be an upper limit.. A decrease in !hll‘ on ‘the lh.ll side: ol the’

on. {poma By Hil ot al. (1973). n-u ngun

' 4_5( a) lnr the qnoulrovhle ctmnnl conlcurs lor a nollon aorou m. slope

about 30 km scuth of Carson canyon shom an nymmalry bomo n. the two
sides of tno velodcity corn with greater sheu on the |¢n lunﬂ ald- of IM
unnw cu tn( looking dmmllmnm ntis conoludod that ltl << I

|n¢ mnlly of the shelf break upnnlm of. the canyon.




.
, !
5 _TABLE 5.2 A esiimated from GTD data by equation 5.13
co BBy« henas At e
. i ) ;
UL Station ’ (meters) (kllometers) -
1980
10 ~7.3878 | 400 8.2
s, 6.98897 50 9.0
" 4.00971 - k50 6.8
15 4.08144 ~e40 7.6
- 18 4.30989 690 7.5
sy 5.00203 - | 870 . aa
26 -4.73081 . 180 8.4
38 424375 . 800 6.5,
1981 . L .
82 749502 . 600 9.5

*p_taken at’ 150 m:
. P’ taken at: deepest level ul cnsl (normally 500 m.
Ho *xh = 200-m Is the lavel of no motion and™ .
hth' = bottom depth. 2
t the. mean .of- all casts Is n =8.0 km.

-
n'oiﬂy barotropic.: Thlt Is squuud “by the close ag t between m

—mcuwed—wloelly 10 m above mom and the Inlnrlov gooulmphlc v-locl'y
at, the 1980 northeastern meter ‘clicullln from equation 5. 12. Further-

more. the downward sloping_Isohalines > .33.2 ppt Intersect ‘the botiom

" well below the  shelf break (Figures 3.11.and 3.i2). This Indicaies

sity” gradients. close to the. shelt break (isohaliries

reduced horizontal de

bnlng P L dnt_to + which lmplln

the vmlnl shear bocaun ul the, m-rmul wind* cqulllun (a.g. alll. 1982,
N P21, Hil et al. tnm ropon an-i8 om.s™), _ barotropic flow at

« 130 m ‘depth nonn-nt of Carson Canyon (also see Chapfer. 1),

‘Urider ‘barotropic conditions.’

where DD' Is the water depth (e.g. Do - Oo(y) Is the depth upstream of

= e E % ) B
-The flow near mq shelf. break upstream - of the canyon ‘appeas to'be -

ducrun In"

et
[ Dorw | 1o the polental. voriily.



Carson Canyon). For hydrostatici (1. shalloy water) motion In the
|

un-anc‘s ot friction. patential vorticlty Is” censerved along a pathiine.  That

Is. .
a $+ ! & % .
3 [Da = 0 e : €5.14)
2o 3
, ‘where @ = 3 + U Frid "3; It is holed at this polnl that _ this provldu

-some lusllﬂcanan for the. use of unllorm . potential vonlchy in the previous
3 model: that, In mo Ilgm of (5.14), f:rou-ulreum mlxlng woulﬂ cuuse the
timo-averaged potential vorlgly to heﬂunumm. For steady ﬂuw pathiines
‘.and streamlines are aqulu‘i‘am, und\ ¢"in natural coordinates- along a

straumllno_ is given by (Glll 1982. (3 235), -

VR T S s s
¢t - % \ 3 (5.1

\
Here U Is the spead uf a fiid z:clumn ulcng lhs s(raamllns and r ls the .

" local radlus of cuwlmro of the s(raarpllnt The signs are ‘chosen -for
rlgmwara curvature and ——- > 0. as apfroprlate to the right hand side of °
the Labrador Current looking downstream'. and the northeastern side” of the

'3
canyon.  Negative vorticity Is ussoclamd with the cmss-slream shear "and

the . rightward  curvature of the ﬂow. N |The cnndlllons lur which Alonq- o

Isobath flow may be  maintained while \oonservinu poumlal venlclly, ‘are

found by sclllng ¢ with rnpncl to f. \ Con!equ‘nlly_A dividing equation

5.15 by f defines two Rossby numbers: the shear Rossby number

.ﬁo’ = I;aau = %’ ly equation 5.12. and the curvature Rosaby number

T

Ao ‘%] [For small A ' and irge I of curvatre. i¢1 << f

and. provided m << 0. equation (5.14) requires that &-0, '= 0.

" Therefore. 'the flow Is g-isobath. It R,' or R," become large. then

conservation of potential vorticity no longer. implies. along-is
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Upstream. of Carson Canyon. r = =, and therefore Ry << 1. Using
the estimates obtained above. R, < 0.22 <1 near the shelf break. The

. flow should therefore. be approximately alonq-l:obnm,’ It can aiso be

shown (@Il 1982, p. 23%) that "under these conditions- the flow at the'

shelf break Upstream Is geostrophic.

5.4 Disturbances of the mean flow by the canyon
" For a bardolinic j-f/!.l'ku‘ the .Labradoi Currént In the. upper layer of ‘a

two-iayer system. the axtent to which ‘the ei responds to chlanges in the

underlying’ topography depends on‘mn depth of. and stratification In, the

B layol of water lmwaen the Qomm and the jet. For example, consider the

-layav raprnsemuuon of the ubrador Curranl at.Carson Canyon ‘In”

Jire 5, 2 For 1. = &onstant, conservation{ol poténtial vorticity for sleldy_
flow In a two-laye fluid, In tﬁa limit of Small Rossby number, reduces io
. (Pedlosky 1979. pp. aas\\sw, #
P T - - i
u-a—;fvaay] (¢ t,] M= 0. L sae

517

) ety

where primes refer: to the' Iow-r layer; and the zero subscripis Indicate the

values ol the varlables in lhs noos(mphle ~IlmlL oxc»p!lng D [§2] vmich s -

. the depth ups!rum. CInrly, the “terms In - the squlm'bruclms are con-
stant ni?np_atralv'v‘lllnea‘ It Is diso clear that if theré is' no flow In. the
lower layer.. ‘no verbcal valocities ‘will ‘arise from “changes ‘In topography
nnd lhcrn!ora the "bot m boundlry condition “cannot ln!luenco the ahnpe of
1he Interface. ' In :this case. thé” flow Is along Isopleths/"ot vf provided
o << %"'o' and 1,° does not lntomcl<thn bottom. Examining Figure

5.2, this argument. suggests that because the Interface slopes downward
B b .
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doward the shell. the Labrador Current will be Influsnced by canyon topog-

raphy In varying- degrees as a function of the ofi-shell coordinate. y.

. Three reglons of the canyon are definad In Figure 5.2, In the upper

.
canyon region (UR) . corresponding to the head. the flow Is approximately

barotropic. but with lower speeds due 1o cross-stream shear. The central

canyon, or tFsitlon region (TR). Is In the vicinlly of the Intersection of

2= h tay % ‘the bottom. where the flow will begin 1o be Influenced

by the stratification. - In the lower canyon reglon R, which extends sa}ai
ward o"lha transition region. the bottom lies. v;all below the mar'acn.

N
N Z=-D

FIGURE 5. 2: Two-llynv‘rcpuwn_m\lon of the Laprlﬂor’ Current at Carson



e, 128 m -[sobath,

. €1978).0 . G

‘cunatire of the. Iscbaths on ' the north

: e .
= 10e:

Consider the upper canyon reglon. b The radll of curvature of the Iso—

e
baths between =140 m and the shelf break ()10 m) at and Immediately

upsiream of the head are sufficiently large that the mean flow Should be

along-isobath. 'AFG‘ example. typical values of the .'lﬂ" of curvature for

the 128 m Isobath are 7.5 km at the head lndv,". im' upstream of the

head.  According fo aqnlm;n 5.‘12, - the speed and cross—stream :Q,huv at

the 128 m lsobath. Jising 10. 5 km as the d’ls!lm:o between the 128 m and
i} "

500 m iscbaths upstream of the canyon, are 13 cms | ‘and

1.6%:107%7) rnn‘-ctqmy. " Therefore.. Ay ¢ = 0.18 and A”, € 0.17 ar

Becduse. R',. and A* are both’ small, it - Is sug—

gested . that. the mean curent s slong-isobath at”depths: < 140 m at the

‘head -of “Carson Canyon. as, Indicated’ by the dynamic topography (Figure
3.19)._although no current, mieter data ‘are avallable o support this.

" The region shelbvard of the head (e.g. ‘of the LI0um iscbath) In Fig—

ure 3.14, is somewhat perplexing. The coritours of dynamic height cross

iscbaths. and speeds upsream appear la‘ Increase In m&—on—sbel’l direc—

tion. These effects may be artfacts of the extrapolation of dynamic

heights 3nw this shallow region using the method of Reid and Mantyla

~ L}
in ‘the “reglon. 8 and yon flow were

obsaved at moorings 81-2 and 81-3 (Figure 5.1). These directions are

. oy et =
consistent vith the local dynamloc opGgraphy. (Figure 3.14). Jhe radl of

st side of '_Gluon, Canyon (Figure

5.1) are <2 km between approximately the 146 m and 914 m isobaths at

* s \
‘about -48° 35" W) . Seleclion of thess radil as length ‘scales .yields

R“,>1 when U =20 oms This siggests that the relative vorticity

associated with the curvalre of the paih would bécome too large for
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steady along-isobath flow. to bé maintained (e.g. & -30,_# O In equation’
5. 14). consistent with the observatlons. 7
5 . i

The theory of flows over topographic depressions is ‘not well-

developed. In contrast. flows over raised topographic lutum; have  been
v .

O

studied extonsively (e the reviews by Hogg. , 1980: Smith, 1979 @S |

(1979: see also Glll 1982, pp. 274 ~ 283 dluounn,mn effects of ulu-
ﬂﬂfloﬂ on the hcrlmnul dlllncllon olwlndu caused by a_mountain rldgo
vma_fa-rolallon Is  Important. Thmo Is a l.llNlLﬂ dnﬂﬂﬂlun of lsobars and
'slroamﬂnu‘a Mginnlnn upstream: pronounded agoostrophic - (cwu-laebnn
flow in the reglon. over lh- rldga. and a stationary ln wave- In the p;n-
:urn ﬂtl\i wlm a mmlcnqm cumpmhla w the width _of the* rldqu “ The
equivalent pmlom for *an infinite ranch does”. ot appear to, n&k been -

studied. but simflar ph-namlnn ‘are 1o be oxpucnd. ullhough wlm dmn-

enceq arising from the changes in the vortex culumn lengths bllng of dif- D

ferent sign. For example. .Satchbior (1967, pp. §73 - 574). shows that
uwﬁsmm of a ridge. a uniform barotropic flow s deflected 1o the’ fight,

of its upllr.qnl dlr-mn the snm. now over a mnch wwld be deflected

*pln:sm‘in the dynamic . topography. in the lee 9' the ;:nnyon nl‘ urq,(

result of a response similar 1o that presented by Smith (1979), but In the *

oppasite unll‘. o The val-Ilko-' features may. nuw’-’vcr. be assoclated,
instead with lh; small unmmm’ canyon Irhm-dl.uly }downilraar_n of Carson
Canyon (Figures 3.1 and. 3. w. L4

The. velocity axis of the ‘Labrador Current lies within the lower canyon
reglo: o t='l§ur. 5. 2)' wherein the ?uck lower lllynr affectively isolates
the upper ~m§ flow from the mpoﬁlriphi. Accordingly. the dynamig

7
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N topography > 89 dyn cm (Figure 3.14) . Indicates undisturbed. cross—
= canyon flow in this reglon. -
E e \

5.5 The momentum balance In the central canyon region

Thie measuréfents to be employed, are the 1991 mean currents prior
to the upm-lllpg event” shown n Flgurﬂ 5.1, Tne u and v components of

these vsloclllu are -presented below in Table 5.3.

. B . L 3 . N
’ q . v .
» > . TABLE 5.8;-v lnﬁ v components of veloclty for 7 June. 1981. ro
: ; 2707 Mooring - _Meter u_(cm's™ ) v tem sH
P ! -.81=1_. = southwestern ‘ 8.7 6.8 v
S . ..B1=2 "' Gentral axis upper | © ' 14.6 - 0.2 N . ,
. . ._81-8 horthgastern B.2 =31 o, e 3

Values - for the. non-linear. terms in the horizontal momentum equatiohs

7 » i 0
'were cbuln-d wlth mpecl to"the central axis mooring using the qulocltlas

Vrum Tuble 5.3 lnd“!he L mns below. subscrlpu are defified - as;”

‘lnll(hwﬂlllrn caum mmral axis: upper, nenm nom\nuhm Primes *

reprosent ‘the; ulmncu betwesn ms southwestern and central axis moor= o

i X
’ In, 4y’ In the ernn-slopn, direction (4,48 km) Ax’ in the a|onu-slopn

d(ncllon (3.50: km). Ax is the separation«(the - lhng-llopc dln.ncu) ol’*‘.
" the normunmq-and central axis moorings (§.14 km). In the x- ¥ ;.

e~ " _direction. < . ‘g I P

i (5188
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" or lhe other nan-llnenr

.su:uon 5.4, It wa

D\ -’l\)?-“'v

and In the y-direction,

av . . :
u % ucnu [ (5.18¢)
3v swn -2

5om 572 (5. 180
.

3y cau'

F%r comparison. the Corlolis accelarations are. for the x-direction,

-5 . -2 &
) Woay = 2:1 x‘w cm s L
and ‘In the y—dlrnénan, . « v
ty -'150x105cma'2.. : O

cau

<t Is clear that in me off-shalf ) diraction, the non-linear terms .are .

negl!glbly smlli In complrlwn with me Corlolls: nccelnrallon nl lhe cenlral
‘uls moorlng In, lmr cross-canyon direction, on the o(her hand. the uﬂ :
tarm Is an. order of muqnlludt Iarqar ‘than either me corlolls .ccalarullnn

.mf Frovldad ﬁlct{on Is not lmponam. mls sug-

gnstu “that In the st.ndy sm-. |hn mnmonlum balunca In’the crous-cnnyon

direction Ia between. the non-nnaar torm nnd the prusurs gradient. nnd ls’

gﬁostrophlc in m. aﬂ—:he" dlncllon almu the canyon axls, .
. ~

¢

Tne warmer. watar nparuﬂng the twu cnld eous at me cumrai axls

. uppoln at stations - 233 and 28° (Flgures s 9 and 3 lo) wnncn are doﬁn\,

wnm ol the ncandury d (Flgura 3. ]) Thls sugges(a thul the
> s

'wurco ul mo wurmnr “water' Is In the vlclnlty of lht sacnndary nud‘ ln

5

d that along A‘ flow is italned durlnq

vlh‘ wrn around the llp ﬂ' Ihl canyun on (ho uh(lmrd sldn ol the lscun"
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dary head. bu‘l that cross-isobath flow occurs ncro;s the northeastern wall ' [
seaward of the secondary head. This may fesult In a horizontal diver-'

gence at the secondary head. which on;a would expect to - cause a
decrease i the vertical thickness of the cold core. Further. such a
dlvaryun;:o would result In steady. local upwelling of the warm water needed

to dlle;e the cold core. . Evidence ‘to support this interpretation may be

the deep. 0.9 cm s_l “drift toward the secondary head registered- by the .
«central axis lower mstqr hol;:ro and after the upwelling event (Figure

r mlz).'wnlcr} oluld represeni 1’ icompensatiivg, fiaw; diiven (by thestendy
upwemng ‘

-on pmcnsans will probably ‘result qlvan (ha! there As persistent upwal‘v

By ling. at .the uocondnry ‘head: 1), mixing of deep water Into the Labrador
Gurrent: '2) other, ‘upwelling processes would possibly be enhanced (e.g.
‘Blanton. Alklnai:n: Pletratou and Lée 1981) MMt thé secondary head. That

§ . the lomperutuxb Ind salinity increases during the 1981 upwelling event

were first. obaqrve it the northeastern r‘shr (Chapter 4) may be evidence

of this dnnu_ncsfnenl. * T

157" Comparison with other canyons
; y \

y Nl : v E
.The circulation at Carson’.Canyon Is dominated by the cross-canyon ¥
flow of the_ Labrador Currént. ‘Singe: this current flows with shallow’ water ’

Lo Iu rlghl. ‘Isopycnaln slope’ dm&ard toward the 'shelf,. laadlng to the

b t
N ! ed In the p A-cllons and sketched In

L% % Figure'5.2. " it s perhaps not surprising. therefore. lhu! the resuits of -

3 ninor c‘ar}yon studles have been difficult to apply directly to this system.
Mounmn. Connnman nnd Aagaard (1970) report that barometric puuurn

t RN d(lvu khe up- and down-axla flows’ okurvod at ‘Barrow canyonQA the *
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Chukchl Sea. Unlike the situation at Carson Canyon. however, where the

Is by Ihe-‘ ! flow of the Labrador Current,
Bu;ruw Canyon’s axis Is parallel to the major current directions of the area
(Mountain. 1983, personal communication).

The model reported by Mayer et al. (1982) for the Interior flow at the
head of the Hudson Shall’v.llwy applies only where the canyon axis Is
shallow (« 70 m belo.w the shelf) and the frictional l%ptlom‘boundary layer
Is about 10 m thick. 'In. that case. the nonndary layer represents a signi~

(lc-m fraction of the canyon depth. and meulore. bottom stress makes an-

P 1o the Along canyon flow Is ubsorvad in
\ 2
the Hudson Shelf. Valley and the model by Mayer et al. (1982)° predlcts a

auw-r(d flow -Iéng (he central axis. curson Cnnyon Is much deeper anu

the “frictional ballnm boundary layer Is pmhably < 5 m. Bottom® siress Is
N’°“ probably léss Important to the Carson Canyon probiem. -and was
lgn‘or:d‘ln the previous sections.

Below a certain depth In a canyon’ called_the’ horizon by Mayer et al.
€1982), a non-zero axial pressure gradient associated with the stratification
may exist. This leads' to an esfuurlnv-llke. hcudwarﬁ llov; in the dobp‘
layer of the Hudson Shelf valley. Provided the cross-canyon lerigth scale
is sman enough, the prnaurn grad!om in the lower luynr Is balanced by
boncm stress (Mayer. ot Il. 1982)‘ Cannon (1072) ropom that the same
bnlanee exists. In- Juan d-_ Fuca cnnyol!. Carson Canyon Is wide at the
‘central axis mooring position and the Corlolis term would probably cause a

. rightward- amplification of ,a deep baroclinic current in the uﬁ—o-nyon
sense.” Nevertheless. this effeci may " provide ‘an alternate explanation, for
the observed residual flow toward the secondary -head. 4

Freeland and Denman (1982) have modeled residual up-canyon flow




e

-2 -

and steady upwelling In Spur Canyon off Vancouver Island. Shelfward flow

within the canyon Is Implied by the along-danyon pressure gradient associ-

ated with a persistent cyclonic gyre to the north of the canyon head and
by the narrow canyon width which Inhibits cross-canyon flow. Conse-
quently, thn; along-canyon mnmenu;m bglance (in accordance with the
coordinate system of Figure 5.1 and with z increasing positively upwards

from zero at the sea surface) Is given as. b ad

av _ 13 '
”’az e (5.19)

where %5 s the pressure gradient assoclated with the geostrophic flow
-‘above the c;nyon. This mean current flows crass-canyon. bit with shal- i
low water to ‘the left, so that Isopycﬁal: slope up toward the shelf. - Within
the canyon. the..pressire gradient-Induces mem_m'u flow (l.e. v < 0. In

equation 5.19). and "‘.,coqdmo" that a(audy;ﬂow be parallel to the Iso-

pycnals, g s

-, ,,a.,%e+~%§ 0 m *
therefore requires that ;'mu’y shelfward upw.'mng aceur. s to be noted

that this flow can be ‘coupled to the shoreward transport In the bottom L
Ekman” layer on the shelf, ch\ls to the left of the maan current adsoci- . i
ated with the gyrw p kS

v $
. N

Useful Insights' are gained by- qualitatively ‘applying the resuits obtalned

by Freeland and Denman (1982) and by Mayer et al. (1982) to' Carson

Canyon, assumimg Initially that' within the canyon transverse flow is negli~

gible. At Carson Canyon. ‘the pressure assoclated with - the | geostrophic

flow decre s off-shelf which.. using (5.19). would . imply a seaward ¥
current (v > 0) within .the canyon. Qeoaueo isopycnals ‘slope upward nléy

from the shell (because. the mean curreni flows with -the shell to lis
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v ~

right), equation 5.20 Implies steady seaward upwolllhq along Ilqpyc)\nll.

At Spur)Canyon,, the sloping bottom was represedted by Fresland and

Denman as a streamiine parallel to the axis and the source for the

upwelled water Is inflow at the mouth from the Ju_un de Fuca Canyon..

This approach meets with dlfﬂculty at Carson Canyon, - because the Isopyc—
nals Intersect the bottom. Furthermoréy, a source for the seaward. along
Isopycnal flow Is required. This could be ‘thq seaward transport In the
bottom Ekman layer beneath !hn ‘Labrador Current on the shelf. 6r a return
flow from deeper water along the canyon axis of the type discussed by
VM-lyBr ot al. (1982). it it Is assumed thi( the pressure gradient which
drlvos me seaward upwelling drives the bottom ﬂow as well. then' the fol~

lowing relation gives the alppq-ennyon momentum balance In the bottom

2 z
=1 ag v o
0= B3y g Av—alz. . . . . . (5.2

where 22 < 0. This balance necessarlly impiles offshore flow at the bot--

3y

tom. - Suppose. however, .that a “horizon®, ‘simllar to that propesed by

Mayer ot al. (1962). forms the upper boundary .10 the Hottom layer. At

the horizon. the offshore’ pressure gradient-Is . nnumad to vanish. Equa-—.

, tlon 5.21 then lmplle- shoreward flow In the bottom layer, since the 'pru;*

sure gradient'Is due solely to siratification. -
: s
An order of magnitude estimate of this shoreward flow can be obtained
using the approach of Mayer et al. " (1982). Alsumlng that the bottom

layer s vomc-uy mixed. then It follows, that p@® Independent of z, and

. 'that the preuure below the horizon at.séme depth z is

P) = p(=D + B +pydgl-D +A-71  + (5.22)

i

&
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where D = the bottom depth. A = thickness ef the bottom layer. and -

D + A) Is the depth of the horizon. Thé axlal pressure gradient Is there-
N

fore - - / . =

» . o7 - -
o qay[ 0 +& -z ] ) 5.29)
‘

»

since %e Is assumed to vanish at the horizon. Substitution of (5.23) into

(5.21) and iransformation of the result using .1_-'%!‘ the

dimensionless depth below the. horizon, gives.

) Bzv a' 3, ¥ %

Av——=%—a£A’r. R . . (5.28)
ar? v . '

Equation 5. 24 ls)lnte‘gm(sdv subject 1o’ the boundary condltions: :'Yr =0 a

T= 0 (the. shear stress Is zero at tha horizon). and v = 0 at v 1 (the

no-slip_condition at ‘the bottom). Therefore. the ' flow inthe ‘bottom layer

g 8p,3.3 _ L
woh gaat -, ; .

which Is equivalent to the result given by Mayer ef al. (1982): 'An esti-
mate of the along-axis density gradient is obtained from the ‘34,6 -and

5;:7.ppl isohalines shown in the 1980, central axis ullnl\y'leetlon of -Fig=

~ure 3.11 (bottom).. These isohalinés, aré about 4 km apart.at the bot- -

“'tom, .ylelding a poslivé density gradient of 0.05 x 103 g om 3
4 R

4x10%-om. = 1.25x 10'° g em™*. MBecause. the “high frequency

1

ter than the 0,9 cm s~

currents have -amplitudes gre. _residual (see.the I

component record In Figure 4.4). the eddy viscosity ls estimated using the

mean amplitude U, ' of the high ~ ‘frequency .currents: _ that s
A, = s2x m’zuif_(em 1982 p, 332). ‘which givas A, = 8 cm? &\

using U,, = 5 cm 8™\, "It Is-not possible to estimate, & from tho Carson

" Canyon_data. It nor;u reasonable. howevar. to take 4 = 10 m as a
’ ’ “ m
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.rough estimate of the thickness of this frictional bottom boundary layer.

Evaluation of (5.25) at the horizon =0 ylefda_u shelfward velocity of
v = -2.5cm s . which is the same order of magnitude as the measured
residual. ’

‘ln a_un?mry, seaward upwelling below the lip of Carson Canyon may

be supported by Inflow_from the botiom Ekman layer at the head of the

canyon or by up-canyon flow In a y frictional bottom 'layer.
The latter Interpretation ls supported .by the. ob!ervatlbn of the 0.9 cm s__1
drift téward the sobondary head at 10 m above bottom. It s o clear,
howBVe'; that - the lssumv“oﬂ 0' no Brﬂ!s-cﬂﬂyﬂﬂ HO'W is Vﬂlld In cﬂf!ﬂn

Caﬁyun. Thls aasumpllon d-pands on .two condulom (Freeland and Den-

man 1ssg). D that the “width of lhovel_nyon A= the length ‘scale of the
geos!roéhlc «Hov; Qba% the canyon. nnd 2) that the walls be venlcal At
c-ruun Cnnyon, cundltlon » cihnot be readily ]usmlnd as an approxlml—
tlon because the " wld(h ~ ﬁ ‘.- a km nnd connmon 2 Is nal Immediately
.sallslled because of the ~ 1:10 =lope n( the walls (Flgum 1.2). Aa’ a
: compar‘son, H’ = 17 km = 3 x width of Spur c:nyqn. .nd Fraalgnd-umi
‘Dnmv_\an question *wimelher the aure bottom slope ;l the walls at Spur
,Canyon s sufficiently clou»w vertical: Finally. 1t Has: ‘e b'een sug-
gested” that - the residual : upcanynn drm ‘might be- driven by ;teady, topo-

}gruphlcally ‘controlled upwnlllng in |h- vlelnlty of the secondary head.
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CHAPTER 68 . WIND-DRIVEN UPW_E.LING

During the upwelling event of 1981. a counter current existed beneath
the sonmwo;ﬁwlrd lluwlng i.a/bcadar Current (see ‘_C'haplsr 4). The tounter
current was northeastward at the central_axis upper meter. i the sane
direction as the pnuk“wind stress (Figures 4.16 and 4.17).° A clirranl
reversal at the southwestern (81-1) mooring and a near revorul at lns

nonheg,qjarn 81-1) mooring . occurrnd nearly !lmullll’!ﬁoub'y and 0. 26°- 1

d earlier’than’ increases In mean !amperalure (Figure '4..15) and sullnlty

(compare Flguran‘4 G 4,7 and 4.

dacruso abont 0.25 -0.5 d bn'aro the ma]or chungna in dlrec(lun “The

N umporamrn and salinity | Incruus at_thé norihnaslarn monrlng led those. at

the saulhwulern by about 0.5 .d (Flgura 4'15) Bacause the " pnane

Y, Furmar.‘ the' speeds. started fo,: .

speeds of long sur'ace waves are much grntsr than !huso of Iong |mnr1;— °

. clnl waves, the daluy between ‘the changea in v-lm:lty und masn In tem-

perature un_d salinity may ¢esult.from a lag belweanr the ccrrespnndlng

and. the 5 fo the wind impulse. The- distance

along the -isobath. of “depth. & = 160-m. between the northeastern and

TR - 4o 5 .
southwestern ‘maorings is 20 km. A barotropic wave. of phdse speed JgD

would tequire 8 min to traverse this distance. In contrast, the first-mode
‘ ! ;

u.mn.'uc wave speed = A, “xt mpo, 8'm-s " (where n % 8 km is the

Internal - Rossby dolomunon radius alacuuad in Chapter 5) ({npuu a time

;ditference of 7 h between m. at the

0 of - the

and .....‘ ings. it the response ia

chlracmmnd by’ Interfaciat K-Mn waves, which lrnvsl wllh sh-llow w-lnr to

lho rlght the rasponse at th- southwestern moorlng would Iug lhat -at the

m.mhnl(am manrlnw by this lmaunl‘ N . .
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TI’ transient npwpllgm response to a wind-impuise .

‘In order to snw&hw the deformation ‘ot the sea surface by the wind

stress might cause a current reversal at the shelf break. cansider a two=,

layer representation of the Labrador Current over the continental siope
¢Figure 6.1).> If the Labrador Current were not present. the equilibrium

sea surface at z = 0 and ‘the equillbrium Interface between the twd layers

at z = -h would both bé -level. . Here. the Labrador Current s directed -

~ Into the -paga, parallal to.the x axis with an undisturbed vslocfly ot fu in
the uppar Itysr. Tho Initial, undll(urhau_sog aur(aca_ displacemént (7)) is
'pqsmve ‘and the dlaplicamonl v(n‘) of ma/lmver‘vace belwsen’ma Iwo Iiyars
‘s ﬁegullve. Both docruse in magnllude wllh dlslnncs y away from mo

;‘lbcll. The lnlllal valncl'y v’ In the bonom lysr Is zero. (Prlmed varl=

.'(‘,ahhs refer-to the lower .layer.) The momentum equations iq‘lhe upper

layer are: .
! ®.n
W 4, 8.2) "
K ’ T3
6.4
wiis7e Ao pts- denote. g. s the- , mi; o
oraviy. 5 1a,the pr‘ouu'l‘o: and p Is the densly. . The sea siirtace “eleva-

Man ll defined by n(y.t), and the nvl(lon of the I'mnrmcn lbdvs ~his
ylv‘cn by n'ty.t). qun(lnns 6.2 and 6:4 may bo vurllcally Inhurutad to
I . .

. obtain,



- 118 -
»”

o —>
3

R |
/ S

FIGURE 6.1! Schﬂﬁ!lllc and coordinate system for the upwelling analyses

S
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'
P =pgn-2) ~htn' <z <
In the ugper layer. and 4 b
. .
P
P’ =pgnth-n)+p'gl-h+n'-2) -z <chen' '

P’ = pg(n-2) thpg t-htn'~2) *2:g —uar—k?

In the lower layer. (where Ap m p'-p « p). . Sea lavel atmospheric pres-
sure has been set.to zaro. When differantiated with -respect to 'y, the

pmuui"a gradient terms for_the upper and lower layer become respectively.

1 N, Y

1 p st
Py T 9%y
l':=',,* e g o tee
PPy = OM, } B
where L . : t
ST ST oo ' R
¢’ =300 = fa . - ) .
since Aa < p (Boussinesq approximation).. .
E . [
Equations 6.5 and 6.6 -are fnto .the
. equations 6.1 and 6.3 to obtain.
~any i, : ERCEN
y ,
0=gmny +tg'ny" : "% = 6.9
) % Yy .
The subscript O refers -to the undisturbed state -of lnl Laurldor Gurmm
Suppon that & lhoﬂ time umr the wind lmpulao uccur;, the sea sur- !
/ face Is d-prnacd Impulslvelx by'a factor 7 with' | 1) 1< "0 ! |5 Tho

cnaruclnr of the rupcnu Is llpocted lo be dcmrmlnod by the properties

(6. 5)
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of the wavéh generated on the sea surface and the Interface. For time
scales grular than 1/1 unor mo Impulac, the ‘time ﬂarlvnllvu of velocity

. may hg\.nored and long waves will have truvclau distances greater than
the Rossby radil of doformation. " Because the phase speed of lang Inter—

faclal gravity ‘waves 'Is very much less than that of long surface gravity

§ -
of of the sea surface and that—ol the

L4 lmer!uce In mspogsn ‘o ma Impulu ' Bacause ths sea surface slopn Is

o

lag Infpiles an imbalanced pressure gradient In ‘the’ lower laye‘;.‘ Assuming

'gga Fophy. the resultant offshelf momentum ‘balance for "

where ¢* Is the current: Induced In the lower layer by the non-zero pres-

" sure :gradlanl‘ Thklnq Imo nccnunt mn' aigns In the last reldtion, u'" £.0.

break. Slmllavly, tho -ddmcn u' -qno “on the rlgm hand side, nl (6.8)

. reduces. lho volno!ty \n the ‘upp-r Iuyer Evidence for a reeucllon in the

waves, "It is reasonable to suppose that there is a time lag between the’

axpoe(ad to d-creaao In’ responu to an u@tlnq favorable wlnd this ums_

9 lower layer;

That 18, a counhr current !o S ln the lnwsr laydr to m- left al m shelf

upper I-yar How ‘with a concurrent revnrul‘ In the lower layer at Gurs_on"-

\
<" Canyon' were pr

trophic Wigdity profles In section 4.5. 2) sm;ciinlo adjustrhnt. and the
aaleciuloﬂ upwelling, of deep wulul. |hould then taka place Ia(ar, llin:i
- the baroe!lnlc response llmo I- expected to bo dlurmlnnd by'the (slower)

Internal waves. Altarwurd:. the' uylllm wlll rslum to" the p

nt oqulll—

brium. Punluy und OBrIan *(1976Y . discuss . lh-orﬂlcul and cburvallnnul

ayl(-mu nm up\nlllng uluxallqn llmou are at least 2.5.d, nohslslom wllh

ted .in' Chapter 4 (seo the discussion of the geps— -
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thal observed here (Figure 4.15a).

6.2 Steady upwelling with a sheif break et .

’(!950) has developed a numerical. mode! of the very cev‘nphx'upwalllng

A comprehensive model for the upwelling event of 1981 at Carson

Canyon &ould require that t and the

shear of the Lai:? Current be considered. Killworth (1978), however,
1

- : @
., that o the problem posed*by a combination of the

first. two conditions will* radl‘nlre a sophlancawd numerical model. Wnnh

situation lur a, slmpla canyon gaumelry wnh sxranﬂc.non That .prablc;n

- was slmpilﬂnd somswnm by the ‘addition’ ol a coaalnl boundary at gr’m'

canyon head. very lwallzad upwelling may be induced at \’a canyon + -

because of. the - Ingre g-canyon _transport 2 ited -with those
short waves whlch rasul! from scnnsrlng of large scale conﬂnenul shell
waves (lor which the transpnnfla eredomlnunuy brou—cunyen) by lhs
canyon. A solution for - the problam of shelf break upw.lllng in thn pres— '

ence of a major. horizontally shearad curur\l haa— not been pvewmuly

addressed in "the literature. ' N"Isr €1969) inxsllq!md lh. upw.lllng

response at' the base of a free bnrucllnlc Jot (q|_ol coastally t(dPFBd) due

to wind stress parallel 1o the et axis. The principal feature was the ‘role

Lii-nShow L vetonh
s ’ :

of the ! of vid the mnn.

cross-stream shear. . A similar formulation Is considered holow for lhe
S

coastally trapped case. ° ;
e VA .
. An analytic.- two-layer .mode!’ of time-dependent upwelling In the pres-
o . ) £ 5 W
ence of a horizontatly sheared Currect Is presented below. The madel is
5 . 5

based on a coastal upwelling schems. presented by /GIll (1982, pp: 403 -

408). which uses the linedrized - momentum’ equations * te describe ‘the -,
B : .

- Pt %

N\ '

S

=
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P ‘o a col wind stress that ls suddenly applled.
"The -pmvblem is made non-linear by I’he addition of a term involving the
cv'ou-s}u,am shear of an upp‘or_-luysr Jet. The continental slope - is
represented by. a vertical wall at the sheif break. to the l;ﬂ of which lies
~+ 'the flat bonom (Flguu 8:1)." h Is the. thickness: of lha uppér layer and

h’ is the lmckn-su ol the Iowar layer. -Only the raglnn wlmln =~ 30 km of

Iho sholl break wall -Is considered, so: that the canmnuﬂon of !he .”m"a_v

pic ‘mode to- lho. dluplncsmed& of the Inhr’acl (cansldand by cnnnﬂy,

1982, pp.. B8-91)_ will be'ignored.  (The tarolrapié mode Is, only Impor-"

YAM at’ distances 4- the ordar nr me Rnuby nolormlﬂan radlul (Pedlosky

f?\-‘mw Jothwestward C+x). "and off-shelf (ty) veloclty components

- X ‘r;sp‘ncll_vuly. zls posmvu vanll:llly'upwards. The wlnd stress at
B sufface

" acts In the x dhrection ¢l.e. nonhnasmarda) “and - spatially

R unilomi Il Is assumed {hll Along-slopa grldlonla
RS o croea—ulapl vrudltnu so that -

cases:

/ the upwvlllnu will- be - mucu-ua qualitatively at a . lnm poinit.  Interfacial

méa witi u anouu Tns set ol honzonm momenium equa-

and botto
. .
- tions for the Upper u\yor |r'
. el
My vty = v ¥ 6.10)
B e b IO ' ‘ TR
ot LY F ) .

“The set of equatins. for ‘the -lower layer ‘are. .

<'u'-lv‘-0 X .. " s,




(8.18)

The vertical momentum balance Is assumed ’lé be hydrostatic (e.g. equa-

tions 6:2 and 6.4). Therefore. equations 6.5-and 6.6 wlll be used for

the pressure gradlent terms.

| The vertically Integrated continulty- equations are.
B s B T ~
=) + a_y“"f’"_‘"v’d%“’. R 6.1

for the upper myar."ang . .

—;I-f—!(hfn)v]=0 -

(6.15)
for the lower Iayur‘ In-these and, eubuquom aqu-llonn, the m com*=
pononts are vvrlleally avoraged ovor euch layer. ’ f
After subslllullng 6.5 and 6.6 In equations 6.11.and '6.13, and mak-

ing use of the rlgld lid- approximation. lﬂ!l << l"n’[I (which" Is - expected

to yield the baralinic responsa) . the vertically  Integratéd equations -

bacoma. for the uppor l-yﬂ, ¥y L s

. o .
Up Uy <Y = S

* (8.18)

(6.17)

_.un—vnv] = § s g oo . (0_\.\55
. unu for me [ Ilyor. z .
~fyr S0 : O 6.19)

fur = L : (820
¢t fu —vu, any .. " 2

a—y [h'4n* )v"l = "VI‘, (8.21
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where it has been assumed that il << h . For brevity. scripts are

dropped from :r'; with the understanding that 7 refers to the wind stress.
Bela‘ro‘ the upv}-nlng event begins, thie undisturbéd. horizontally
= R » E

sheared Labrador® Current flows In the +x direction with a velocity
' F
2 » E
Yo "7, . €6.22)

(wim Vo = O in ihe uppor layer: The voloc]iy iy Is zero in the

lowor Vayar fl oy = v“ = 0). so that 710 a»d 1,0 are r-lntod by

@quation 8. 20 wlkh lne |el'| hund side = 0. .The] momentum balance before .

“‘the event Is glynn»hy oquallor}s 6.8 and 6.9. .Let

LA R - : s L,

7. and 7' are p-nurbnllons caused- by lhe applied wlnd stress.

These ralagloqs lre luueumad Imn equallona 6.18) = (6. an ‘and the

tildes are dropped. (wnh m- mumptlon that u‘ << uo . the only, !evmul

change m:curs in squnlon (B 18), vm-n u * bacomes * Yy ) The lqllowlnq
I
operations are performed on the indlcated lqlllﬂol‘ll.

-
-t % (6.18) + —(0 m for m- uppu Iuyor'

" and -l x (8,19) -<a.2n) for the lower, Thn‘ rm;lts are; for mo‘uppu
and lower Iny-'uMly. s T h e 2 R

*V"y; =0 8.29)

Y ' 2. . tr .
'n-"”o"""pm-n')

#
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=g
Vi t s amt am, = 0 .20
Equation (6.21) Is used to eliminate the 7° term In the last ulllloL\
and the approximation gt >> lﬁ.‘l is made. This result. combined
with equation 6.23._ylelds. - ’

o sl iminias Sy @ i 2 '
v"n y-g;F((nmo)vl Yo Ivuoytl v+ p(”_",,o,'

A boundary condition of rio flow across the sheif break h
by the vertical wall at the shelf break (Figure-6.1). This selaction might

be criticized. but It Is not entirely unwarranted.

Exchange of water across
the shelf break In the real ocean Is probably limited to the bottom Ekman

layer. Some models (e.g. Johnson lnd_mltwonh, 1975, and .U, ‘1979)A

_ axplicitly result In a_situation whereby most of the water Upwelled along a

boltom layer of the continental siope does not cmﬁ the shell break. but
instead m:u'culum back out over the continental slope and above the bot-
tom llyor. It- has been found theoretically by Johnson and Kiliworth
€1875) that no normal ﬂo- -cmu the mon Break occurs In the interior.
and that on-shelt flow, Il rnmcud 1o the botwm Ekman layer.  This layer

Is probably < 5 m thick at Carson Canyon (ln section 5.2).- On-shelf

flow. restricted to & 5-10 m thick bottom layer. is reported by Janowitz

and Pletrafesa (1980) for a wind-induced vupmlllng event at the New Eng-
land shelf- break. .Aonordlnq to Huthnance (1981, pp. 202 .- 215).

~
upwellinig, the effects. of -eddies or - meande:

‘and mixing all sedl to be,
restricted to within ~0 (R’) of the shelf break. Fln-l\y’. Ih‘u Ekman tran-
sport In the bottom boundary hy;r ‘underlying the Labrador Current s to
the left, which Is offshell. The restriction of negligible flow across the )
shelf brul.x Is therefore not pu‘r-ly arbitrary, and It provides a boundary

condition at the shelf break In the absence o! a canyon. Consaquently,
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requirement ‘again supposes that a time of “at I
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eliminating 7°, from equations. 6.18 and 6.21 and Integrating with respect
% .
to y. the boundary conditions v(y=0) = v'(y=0) = 0. requiressthat,

%

'\(n-q'o)v = ~th v / : ) (6.26)

A single equation for v' resuits ;vhsn equation 6.26 Is used to lubﬂllul‘g

-
for v in (8.25);
g -7’
T o e ol ., oo Tt
Vit t n°'~”°, ) —--——mtouoyv:- 5 e
o L s

where D =-hth’. " ’ Lo 3

A steady solltios wugm‘. 80 v, -Is :taken' equai to uru.v‘ +This

- since the beginning of the applied wind stress (Qlll,. 1982, p. 396).. In’

this Inllylll, it ll u-umod that D0 3000 m Is the depth at the top of
the continental srise and that A = O(100 m). Therefore. -0 =~ h’ >> h
leads to the possibiiity of assuming’ that | .(O 1 << h* In (6.27). . Mak-

ing all the above assumptions, equation 6.27 bgcomes.

!

2 _ v - atth - ')y’ = XL \
t fuo;)v @'th qojv"-po (6.28)

By making the substitution @7y =-g'n’y and differentiating - (6.22)
y (4

with respect to y. the result,

u, = lln' ¥ (6.29)
o 70 /—> 2 E
5 . ; & 4

glves a 2"d order differential equation’ In n'o and v’ upon substitution In

(6.28). &3 ‘ .

TR W S S B R :
e g nnw)v LU Al (8.30)

A relation for 7'y In torms of y is now sought. In Chaptér 5. the

nur!wn-ul)n-u relation. X

0(t™1) has passed.

Al
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u=uy et ’ (512)

(where 'a & ' Internal Rossby deformation radius) was shown to provide an

approximate description of the Labrador Current. Similarly. - an expression
for n°g Is. E

>y 0

2 g¥/8 . <

=~ (6.31)

where 7"'0 Is the Initial separation between the Interface (below) and the

upper lajer at z ='-h (above) at the shelf break. Substitution of (6.31)

Into (6.30) results In a 2"’1 order ‘differentlal equation for v°.

B S PR e R S .
0 (R £l I L R (6.32)

. y Y ;

- The ‘'solution” to (8,32) Is.not known. However. a solution fo (6.30) can

be obtained if. the exponential fofm of L Cequation 6.3D) Is approximated
by a parabolic " shape. '

L )

st m =2 -n? . . (8.33)
0 L2 ¢ . C

where' 'L Is the distance from the shelf break at which n o bccomn tqnal

to’ zero (Flpnra 8. l) . . © .

Punlng (8. 33) In. €(6.30) and dlvldlng lho combination’ by -g'h. the

fallowing dittarential oqu-uoa\,u oblllnld.

2%'
4 —9 ORI / M
Mve BDhg"

Tho ‘exterior* solution - for 7'y = 0 whon y > L s found from the

rodueuen of (Q 34),

[ A /A B Ry
iR T . . . (6.35)




- 128 -
& ) ! . .,
One of the boundary condifions Is limv = a constant. Thersfore. the
. . yaL
exterlor (“ex’) solution Is,

o aeV/A T
e . L. (6.3

- RVER
where A Is a constant to be deternined bhd a =) L7 kmis L

the Internal Rossby deformation radius for D'~ h’ >> h (see, Chapter 5.

By matching (6.36) With the . “Interior* solution of equation .6.34 .for |

#0 when O < y <L the conlllm A°may be ds(srmlned Before

dorlvlng the’ Interior uolullon. howevar, :a value - for L must Ilrn be chosan.

. For L= 3 X o~ 2]-24 km, (6.39). Is. a good appmxlmuxlon to phr

sxpononnal ‘form ol the Inkeﬂuce (quure 6.2). ) DA

0.00 _»

'7‘-60 3. OU . 44 DU 500 '
lNTERNAL ‘DEFORMAT 10K RADIT

’FlG‘URE_-‘BKé; Gomparlson ol the the oxpnnanllll Ulne, -see -equation -
7 6.31) and the parabolic (star, ~See gquation” 6.33) forms
of the interface (normauzeu as' K) /).

r'uu T LIS SR s :
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The figure for L quomd above Is used In Appendix c to comme the inte-

rior, solutlon of (§.34) uslng the method of Frobenius for lhe speclal case
7y
= 0-9. and to obtain the value of A" in equation 6. 363 Solutions from

Appendix G are raproduced here: -for the Interior (“in*). .
v"" - mv— [0 2385(1?6( f5£ ) d (6.37)
- 2A403(£+2£ +D.G{§

0.11420£7+0.0476106% + 5]

0Ky &L . ’ .

where, : 3 /_/ .

e

and. for-‘the exterior (*ex"),

" 5 ~y/a). ; - : 5
¥ p!D[]‘ - 2.550" ] R $7 wi, % (6.39)
In the absence of a shearad. jet. (6.36) ‘again resuits but A Is deter-

mined ‘solely by the bauh}in_ry condition, v’ =0.at y = 0. In that case.

p,D[1"’”‘] t A.‘i,o.<y N ‘ a0

" “which Is the -usyal result (s“ Csunsdy 1982, p w - A ﬂ;a‘\nntern
'Grlnd Blr;k (Flgun 1.1 snom me bamymntry) whou T < 0: (6. 40)

Indicates that in - the- annc. of a sheared m there wcald be. shelfward

3
flow In m- lower layer wmch docny: oxpcncnllally uwuy from w
break, No!' Ih-l the rosulu\lor v' in (8. 377 - (0 40y “are Independent

o g 7eD,

"‘resulis graphed: In Figure 6.3 ,(‘bonolﬁ)‘lv - Comparing the _nol\mon for v*

and the

Solutions 8:37 - ﬂ.w have been normalized by

‘whon m.r- Is 'no"preexisting current, .10 v*

i
lom), ll l- ne.n thul mn llow toward. the' coast In the lower. Iayar is

shelf |

and vy, In Figuro, 8.8 (bot- '
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reduced by the presence of a Jet. and that the maximum reduction In the
magnitude of v* is about 14% at y = 2a. Therefore. on-shell flow may

be suppressed because of the Labrador Current. ¥
The welocity In the upper layer Is ‘simply found by using equation
6.26. which Is rewritten as.
~th:+y') ' v
gy v @ y .4
Therefore. -when 'y # 0, lu‘bsl!luﬂon‘ of £ from (6.38). and taking the

L llmn% >l 52 (0<y <L), gl%t the Interlor solution for the upper

e
Yin = ;%"T “"‘2) % “'QL.
x [a.zsn(lw§2¢se4)
T - z.aoscuu’w.us—o.114_295.7«)-. osie19¢% + 5]
. 0o<y<t . ’
or. . L : =
i -;,2'!5%“:‘2’ L 0(y><\L , u.ta;

In the case where 1'g = 0. the ‘sxterlor soifon tor v using (6.39) and

641 18,

3 -0y -y/a . ’
— 2[4 - 2550772 by o waw
or. * " N .

LA b = <6.45)
V“ ) '“‘ : ps 3

The solution for v in the absence of a hi Is lound by combining (6.41)

and (6.40) 50 that, B s



/

. R P . .

v o= '—;lv' = D"T"'T[!—c'y"] o<y <L (8. 46)
which ‘again Is the usual result. As In the case for -the lower layer. the

upper layer, cross-siope velocities are independent of time. Note too ‘that
Athe velociies [ the upper layer are opposite 1o those In the lower layer. .
Values normalized by p—',%% for the upper layer. cross-slope flow accord-

Ing to the Interior’ solution .(6.40). the exterlor solution (8. 42), and lho‘

solution In 'the al

mn of a jet (e 46) are shown ln Flgure 6,3 (top).
The uppar Inyor velocities are cnnsldnrnbly reduced In the presence of, thq
let, as may be *n By the 42% rnduc(lon between’y. = a ‘and y = 2 a.
(about 7“- 14 km from 'l’h' shelf break). e 3 -

An expression ' for ", ulw"’c.n.q 1;" before dmppi;\q the  tiide in
dquation 6.23) ! the perturbation of the Interface from 7’ at equilibrium
for 0 <y < L. Is° derived by solving equation 6.21. (or Qqulval.nlry
6.18).  Hers. equation 6.21 Is. expanded and - the lpanmdmnuon

rfier in “equation 6.25) is assumed. so

l"o 1> 17t (made.

that. s 9
|
ik e et
- t 7 oyV + (h'+n °)V y (6.47)
Equation 6.47 for the Interlor with 7’ given by (6.33) Is. . i
. ( B 3
= zi‘?- D) v, + [n' - [1-1]2 } v 6.4®
o ny T ) Vi To UL in, o
' 0<y <L %

d 5
. Substitution of £ (6.38) In the last equation and noting that
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The approximation. n,' >> 1 > EE €0<y<L) Is made (also used oar-
ller In connection with equation 6.41) which rem?vas the 52 term “from

1s roplaced by 0.9 Csee Appendlx C). L byda. and

equation 6. 4 ‘h

(8.49) rearranged so that.

. ___(8,'50)

Infagration of '(8:50), with - respect ‘to t with. the boundary. condition’ that
(=0 = 0. and substiiution for v’ from (8.39) yleld’ the-Interior soli= E
llon for the' Berturbation of the Interface, 4 'y

L =5 'Dv (8.51

B

27."-,{6.2335 ¢+ 662+ 565 . /

o 2424 &2 v26% 1 0.66% - 0. 11420£% + 0. 047619610+ 5]

-[ 0.2335 C12¢ + 206 ¥
- Mo 424 (14 062 £ 3¢t - 0.86% + o.~4zasve°)) ] }
. . ~. . - = LS
ocy <L ; .
e . \ *

The exterior solution to l)m Hm. Imoqrnl of (6. A7) with 7° 0= 0 and

‘ox 9VON by (6.39), 1. .

L<y ) (6.52. -

In the case where theré Is no pre-existing sheared fet. the solution to

(6.47) using (68.40) for v* Is simply. . L S .
v
S m=TLH _-y/a o
L i . 0< y _— . (6.58)
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consistent with earlier work,
>

Note that- 7' Is linearly dependent on time.

having been normalized by —t &

I

Ly "0*\

pra D are shown In Figure 6. 4. i

*
0.75
& L

ETA PRIME NORM
5, 0-30

0.25

o000
9
o

T
.00

/. FGURE 6.4;

T T
2.00, 3.00

.tine =

L
4.00
, INTERNAL DEFORMATION RADII

T
S.00

\

Normaized n°. Positive 7 pnme norm refers to uémm “te—
flections. ny .

~

‘and 7' after

star = ln(orlQr‘ and *rlungla =
exterlor solution In the presence of a fet. -

|

It may -be.seen In Figure 6.4 that ‘ the elevatlon of the Imorfac at the

shelf
present.

210 km away.- from

break (y =0

is reduced by 28%

the shelf break.

‘In the case where

Careful Inspoction of ‘Figure 6.3 (Sottom) ‘shows tha there s an

point at y = '3a.

derivative of this |§wer‘ layor_veloclty' Js. not Continuous there.

ton might be due

beloretaking the 2"

The ‘flattening of the ‘curve implies

that th

let Is

Interestingly. ‘upwellind Is/-'nhlncad at distances > 1.5 a, or.
A pesk Is evident at ¥ =3 a.

nflection
~

second

This Inflec—

he assumption *made in equation 6. 28 that ‘n' 7o

. R .
derivative with ‘réspect to y.

Th® discontindlty does
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. i . e
not result from truncation of the polynomial eqilion. G.16b of Appendx”
C. used to solve for V' Caloualion of the dorivalie of C.l66 (e~
Table C.2b) shows that the resultant series Is converbent.  and that the %

maximum smfls ‘only 2% because of truncation: At y = 3a. upwelling-is

greatsr by 30% when'a [et Is preser: ' . ¥

e 6.3 Discussion ° ) %
. & L - - 3
: Figure 6.3 shows -that velociles aré reduced In -both layers when a” -.. i
< shelf nwgk?st is pr\ouenn Nevertheless, transports must rmffma sg}r‘m
In the upper and " lowor layers indlvidually. bauau;a the cruss;slcp- monnn!
of water Ia lmlmaluly driven by the ‘Ekman (ranlpnrt in Ihl open ocbun
The daeveased vélociles are the result. of .an increase in lha fength sca)v. o
which Is called the “sffactve jnternal defarmation radius’, ‘Ta ses how the 8w
R .- Increased Innqlh scale arises. consider equation 6.28 and what ' the

absence -of a sheared et impiles. wr{r:\ Uy and 7'y equal to zero. thén,
14 ' -

equation 6.28 is given by (8.35) and the solution Is as gl'van by (6:40).

~ : .
‘ 2 e . o m ,
Thae typical length scale is the Internal delormation radius, a = 7
km. which may be seen to arise :from squnl’lon 6.35, und_lhernlnre. from .
aquation 6. 28] In an analogolis fashion. ' . L
% | » i . E W
i F (D] . 1 &
. ar . (8. 54 L
% : 2 - tug : W R
ra : 4 S '
Is the l"ocllvo lmernll dolarmnuon radids for (hn anund Jet case m:coru- " -

ing to oquaﬂan 8.28, By mallnq vpo by -ﬂ (round to be 80 m In
Appendix C) and combining (6. 29){;nd €8.31). l‘ 0 . (6.54) btc}mlm .
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iy :
R ' .
= : S L858
7 = o
' 2o . .
. *5h i
N
" P '
smco 4= T and with a, = 0.9 (as determined In.Appendix

C), m- new length scale Is therefore.

I]'.A',"' . .v, AR ‘v . v

=-1.26a - . (0.‘56)

\*%—u,"r ey, TR A "

| Consequently, a’ Is-26% more than a. or, . 8.8 km. Note that ‘since ;
lho.‘ﬁml of lhnr Lug ) s a ‘reduction of a: ‘but that lhe ettect of- the.
Y g

Inlllll deflection oi the lnlnﬂuco (\7': I- an lncraate of a. the presence

M a currnn\ *(a linear slnpa 'ar Ia probnbly more Important than b

0
shnr In rﬂduclng@e upwomng. n |ha Ihﬂ" b!oak. At leau( this Is so 1or
the param rs chosen ,xn ropr-um ‘the Lge;ador Current.
Thl' modal does not consider lho uhur on lha right hand ’uo of mé/ -

Lahrudor .Current looking uwmlln

* The effacts’ of Imnom slope would

hm to be oonlldmd In that ona l’ld the path to a wlullan is not

" clear. Nnvcmmn., from. brnvloua dlwuulm it seems that m- downward ., i
. sloping Ilovﬁn-ll assoclated with the ubrudor Current are more. lmpoﬂlm . §
to the V:ypprouuzn of up‘mulng mnn is the -hnr. Also, thl! Mmiodel dcu .
not lAko into uecuunﬂtﬁo ohlng- In‘sign. of lh. lh.lf nl Iho axis “of the
Labr.dnr Curronl NIIInr €1968) _has examined’ the on-cth on upwcl"nn of
wind stress over a sheared jet mrough lht non-ilnear (.rm His ruulls X
anguoﬂ that dwﬁmlllng could 'be” produnw along lha axis ol the Llhrldur 4

cuvunl by an upstream-directed wlhd swrass, : * T " . ’
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8.4 Localized wind-driven upwelling at Carson Canyon?

In ‘Chapter 4, a comparison of CTD data®®om 1980 and 1981 Indi-
cated that l\hn vertical structure along Carson Canyon's central axis Is
strongly perturbed by the* upwelling event close to the shelf break.

: umpllmd‘a of the temperature and salinity changes at the central axis upper
« meter are lower than at the shelf break meters, ' These oburvu(lons are
cenulslnm with the resull "IA( the magnlmdn of the disturbance (e. g the
upvlurd motion’ of the lnter!nu glvnn by -quallnm 6.50 - 6.52) should
decrease almost dxpononﬂnlly away from the shelf breqk. -The question is

whether ‘this e ct Is more or less pronounced &t the .canyon.

' Shaffer (1976) discusses data which were ‘collected In a canyon: of

dimensions simllar to_Carson Canyon, but off the norl_h\)lestarr; coast of.
- Africa.  Density- sections 'd'rawn from CTD transects parallel to the canyon
ulaJndlbn‘lap that up«iqmng_ of, ‘lmarmcdlul\a layer (~ 300 m) ‘water: due to
an nlons-shohwlnd slrin; was. most- Intense In a' O(3" km) wide zone at

™2 10 107" em 8™ were directly

the head. Mean vertical velocities of 10
inenu_rtd In the fixed upwelling center which -«irmad‘ul the head of the
canyon using lru floating, 'mlulrully buoyant venlcal'curnril ,meters.  Very

lor velocities were found outside mo zofte.

much -8

““No' data are uvallabl- In.the far fiald dnrlng ‘the Carson cunyan upwel-

ling event of June, 1987. and mm‘lora the. extent to, which this  event

might- have been amplified at the clnyon Is not knnwn. _However, - similar.

+ wind-induced upwelling evenis. but In the ‘absence of a strong let. <have :
. been observed at the ‘'shelf break a" Nova Scotia (Petrie. 1883). Upwei~

ling events associated with off-shelf Ekman surface transports wWere caused

=1

by alnng~aiopo winds of speed > 10 m 8 ~ blowing for. 2 otu;o'ra days.

A .
At least 20 evenits occurred ‘dur)ng the period October 1976 fo- March 1977
: . - ‘ i

! . \

SN -
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S and October to December 1977. Verticg) velocities of 0.05 - 0.2 .cm !
Z N -
are estimated from the ascent of from pths.

* On-shelf bottom currents of about 1 m s .puk speed are reported. It Is
Y suggested that varlations in the along-siope topography could nmpll_ly the

tross-shelf currents.
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QAPTER 7 SUMMARY AND CONCLUSIONS
.

7.1 Summary

There are essentially three parts to this thesis: 1) analysis of the

obsaervations pertaining 1o the mean flow ‘of the Labrador Gurrent at Carson
. /

Canyon. 2) analysis of the of a time:
upwelllng"_‘avam In the canyon in 1981. 3) a model of wind-induced llaady
coastal nvwvlllng In the presence of a coastally trapped jet. ?/“
The mean. flow chauclarlsllcs at Carson cnnyon were synmulud 'vam
data collected in 1980° and in 1981,  The dynamic mpoqr-pnmt the 5
dbar surface relative to 200 dbar. cross®ope CTD sections of temperature
and salinity. and moored current meter measurements from - both yeau'
were combined to produce ; mean .flow pattern. The principal charac-
" teristics of the pattern -;n: predominantly along-iucfbalh flow In the far
field up— and downstream of the canyon, crou-lgnbalh and cross-canyon
flow at the northeastern ‘wall and comva‘l axis, along-isobath flow, at the
hué and at the southwestern. wall, . wave-like features In the canyon' lee.
spilttiig of the cold (< -1 *C) temperature - core ' downstream of the
secondary head. and a dup‘murn flow toward: the-secondary head at the

central axis. The Infl of ' and on the mean

fiow was examined using a 2-layer. conc’i'pmnl modek and arguments based

on the conservation of potentlal vorticity. The mean flow models pre: ented
by Mayer ot al. (1982) and Freeland and Denman (1982) are lppilod to
Carson Canyon. ! ¢

A.wind-driven upwelling event of about 5 d duration occurred as' a

ol 10

. result of a storm with peak wind-speeds of 28 m 8~ ' directed par:

- -
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the shelf break in the vicinity of the canyon. The onss; of the event was
defined as a simuitaneaus reversal of the measured gurrent %n the
southwestern side of the canyon and a near-reversal on the nartheastern
side near the shell break at 145 m depth. 10 m above bottom on 8 June.
Abrupt temperature (2.8 °C) and s.‘llnny Q1.2 pp Incr.enson asscclated
with brief ‘porlods of on-shelf flow occurred at these locallonl. about 1 d
after l!\o start of varlations in the velocity fleld as“the result of upwelling of
water from Intermediate depths (~ 300 m). Both the magnitude “and rate
of change of temperature and. salinity dacroased away from the shelf broak
‘toward the center of the caffyon. Based on CTD data and moored’ cl;rranl
meter measuremants from the’ central cnnySn reglon. peak and mean rates

! and 0.2 cm 1-1 were found “for

of ascent of Isohalines of 0.5 cm H.
the Inttial p"a!ﬂ of the event. The gm‘l,ﬂph‘e Curr‘ﬂ;‘s‘ 5 dbar relative
to 20Q dbar exhibited reduced speeds. but l;mllnod ’uoummslward over
"the coftral axis during the upwalling. event. At the same time. however,
a 10 om s~' current. in the opposite direction was measured at ]87 m

depth. This counter current was also present in a vertical profile of
41

geostrophic veloclty at the mooring location “5‘ a 44 cm s flow con-
‘tered at 130 m. . ¥ .

Because the phase speed of a |on§ surface wava is much greater
than that of a long Interfaclal wave, and the ourrent reversal of June 8
preceded upwelling by about, 1 d. the current reversal waspexplained as
the transient. barotropic ro;pdﬁu to & sudden sea-surtace doprassion
caused by meteorological forcing. The: possible niuct of the Lahrqd;:r
Cyrrent on shelf break upwelling was studled by extending the usual Ilnur'.‘

two-layer coastal model scheme (e.g." Gijl- 1982, pp. 403 - 408) by

adding a coastally trapped upper-layer.jet. = This Introduces a non-iin
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torm which arises from ' the y adve of momen-

tum by wind-induced motlon. Cross-slope velacities in_each layer were

reduced compared 1o the case when no jet Is present. A final expression
' ~

for the Interfacial deformation Indicated a 26% reduction of upwelling at the

coast and an of up g at greater g due

10 the presence of the jet. The suppression of upweliing was ‘traced 10 a

26% Increase In the value of the Internal Rossby deformation radius

s A -
7.2° " Conclusions
L

-

of the n In subm canyons - w54 feosit
development ‘in physical oceanography. ' This. is the |_|rn\' study of any of
the eastern Grand Bank canyons. The dynamics at ‘Carson Canyon are
different from those of olv‘wr éan;ons discussed in the Iterature because of
the pr;unc. [of the Labrador c‘uvun). This current. Is a ' nafrow
50 cm(s™" jet trapped a the shelf break and continental slopa which flaws

across the canyon with shallow water onuhe right. and so ‘isopycnals slope

downward toward the shelf. Transport In the bottom Ekman layer |Is

expected 1o be off-shelf. ' L@ : o

The. mean fiow interaction with .the ‘canyon changes with off-shelf dis-

tance due to changes atification. and-due to an abript reduction of
the radil of gurvature of the Isobaths seaward of the decondary head on

the upstrear side cN' canyon. Horlzontal divergence and steady upwel

ling - &t the se y head are and may account for the

b a4 ,

idual flow. An alternate explanation

based on the Mayer et al. (1982) *and Freoland. and Denman (1982)
. b

- )
models s given. and lllustrates the importance of thé direction of the

‘oross flow above' the. canyon relative to the direction offincreasing axial
3 b i
3 . e
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depth. - )
' A wind~indused ulemln Carson Canyon was_amplified at
the shelf break and on the downstream side. ll‘la not ‘known to v{ha( :
. extent the effects were localized to the ‘Canyén. However. -model results

indicate that the Labrador' Current Inhibits wlnd-lnducud‘ upwelling at the

- shelf break outside canyon regions.
* The results Indicate that ‘topograpl y co may: accur
at the y head. 8 | occurs near th- shelf break

at'the canyon.. and that lhlu latter Iypo of upw-lllng may Be suppnls-d lry
thg Lnbladur_(:urronl outside cmyqn reglons.. These prucuuu affect thl E

local circulation and cross-siope material 1luxes. which: ‘ara npectid' to be

Important o problems related to duction * and
problam"a relatéd 1o the oll Industry. e Co
Future studies at.Carson Canyon ‘shiould bs hased on batter navigation

than has been svalable, -and should ' Include measuremsnts ‘of local winds.

“GTD surveys should be more closely spaced 1o resolve the cross-stream
’\'roleclly.a!vucluro und‘ should” be unlnwnuptsd anu.vlopeneﬂ 1o reduce tidal
ulluul‘ng and/ more and :longer |9rm current muswsm.nu both In the

v.rllcal and in lhe near And far field are reqnirIdA
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Appendix A

SOUTHWESTERN

TABLE A1 Statistics for the 1980 -current meters

NORTHEASTERN
MIN 7 MAX - MEAN:

o

__MEAN

MAX

MIN

COMPONENT
1 (om/s)
Despiked
FLP

. 8P

0.21
0.21

-0.02 =0.59

-0.06. -0.59
-0.54 0.10
0.00 0.15

~0.38
+0.43

4!
.28

~0.96
~0.96

J(em/s). -
Despiked
Desplked

BP

FLP
swp

BP
T(°C)
FLP
stp

BP
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B Y
TABLE A2: CTD. Cast Information for June. 1980°

Y

Statlon  Time/Date Latitude , Longitude Depth of
Number GMT/June deg. min.N deg min.W Cast (m)
1 0528/4 45 40,00  48"40.00 85
2 0654/4 45 36.22 48 35.10 86
3 211071 45 33.00 48 33.50 129
4 2252/1 4529.12 49 26.16 490
] 0045/2 4525.02 48 21.45 . 531
6 0218/2 . 45 21.38 49 16.69 503
7 1640/2 45 21.25 48 16.73 499
8 1518/2 - 45 24.96 - 48 '25.43 504
9 2319/4 . 45 30.61 . - 48 38.19 388
10 165571 45 26.97 . 48 82.27 370
n 2 9. 48 38, 500
hourly. Z
casts « ) B 2
12 0006/3 45 27.66  48,38.75  + 499
18 . 0552/6 © 45 27.56 48 37.82 500
14 1705/4 45 23.49 48 33,79 502
15 "0829/2 45 23.28 48 33/94 504
16 223742 4522.88  48.33.71 499
17A 2110/2° 45 19.10-- 48 29.12 501
7B . 1635/3 4519.92 48 29.33 502
18 0358/2 4516.18 48 24.25 498
19 - 181072 4516.12 48 24:73 501
20 0400/4 45 35,00 48 48.00 85
21 00595 45 32.56 48 46.50 127
22 124971 45 31.50 48 .44,897 179
23A . 0250/3 45.3T.26 48 43.45 252
238 0013/5 4531.18 48 43.3) 243
24 2235/4 45 27.52 48 38.96 405
25 5 1835/4 45'25.34  48.37.77 402
] 26 1805/5 45 22,05 - 48 36.56 500
27 0600/2 4515.76 48 29.61 500
-7 28 0204/5 45 28.08 48 44.96 126,
29 | 0143/6 45 24.86 48 48.22, 152
80 . ' 0240/5 45 23.72 48 42,44, 280
31 1985/5 45 23.79 © 48 40.37 412
32 0034/6 45'23.30 48 41.01 389
33 1547/4 . 45 19.87 48 87.94 502
34 0148/4 , 4530.05 .48 55.98 66
35 0010/4... 45 26.00 48 51.50 79
36 2335/ 45 22.44 . 4847.5) 104
37 2306/3 45 22.50 - - 48 46.70 131
38 2112/3 4518,53 48 42120,  _399
39 1927/3 4515.07 - 48 37.21 499
499

40 1751/8 4511.20 48 82.68
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TABLE Bla: Statistics for the 1981 southwestern meter

COMPONENT MINIMUM MAXIMUM ~_MEAN o
| (cm/s) -
s Desplked -28.2 18.2 0.3 5.9
. FLP : 14.8 0.3 5.7
' sLP 8.0 0.2 3.4
BP 10.8 .0 3.9
J (em/s)
Desplked 415 6.3 0.6
Sl e T AR 39.8 8.4 , 10.5
- .25.8 8.7 8.6
BP 15.7 0 5.6
T (°C) - - .
. Desplked 1.93 0.00 '0.95
FLP. 1.93 0.00 - _ 0.95
SLP - 1.79 © 7010 0.94 "
: —— "BP . 0.40. . 0.00 0:.14
- 3 .(ppd). -
Despiked 34,26 33.45 0.40
FLP 34.21 33.45 0.39
stP 34.18 33.49 . 0.39
- BP. 0.19. __0.01 - 0.08
. X - % .
. TABLE Blb:
v COMPONENT MAXIMUM MEAN a
.| tem/s) & Su g .
Desplked -28.7 - 27.7 11 9.8
e . -22.8 26.9 11 9.7
. e Lo -12.7 12.0 1 8.5 .
5 0 B8P 4 -185 7.4 % oo 7.3
. Y J (em/s), - L
,.  Despiked' -23.2 26.1 4.2 n.2
FLP =211 28.7 42, M. .
¢ s -15.6 18.1 38 9.9
BP -14.3 7., 0.0 5.0 .
LT ) =
: Despiked =0.44 1.81 0.38 0.58
-0.42° 177 0.38 - 0.58
stp - ~0.26 . 1.43 0.43 0.55
; BP : -0.58 0.53, 0.00 0.18 -
S (ppt) % . LA .
Desplkat © 83.18. 34.34 83.70, .0.26
N FLP | o -3385.. . 3429 83,71 0.25
; sp N Y 8348 © 84180 33.73 0.24
8p C o -0.24 0.22 1 0.00 0.08
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' 1981 Tables

3

Statistics for_the 1981 central axis lower meter

MEAN

MAXIMUM

MINMUM

TABLE Blc:

~ COMPONENT

I (em/s)

ToN®O
66~ <

vemno

X X-X-]
T

~NOo©
CEX

-1n.2
~16.5

Despiked
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-
4

<

naoo 38338

NG~ o0So6
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 «amo BBBS
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!
cbn
mo~N “500
ON~8 Booo
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F 57 g
nvw °
3% . %
3
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230358238

TABLE B1d: _Statistics for the 1981 northeastern_méter

MEAN

MINIMUM

~ COMPONENT

MAXIMUM

-37.4
-36.0
-16.7
-21.8

| tem/s)
Despiked
FLP
SLP
B8P

o~NO

Faes
i
gy
-423%

RRS8 &

R |

o0
N~ 0

39
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Table B2: CTD cast In‘vevvmnuo_n (br‘June. 1981
Statlon Time/Date Latitude Longlt . " Depth of
Number @MT/une .degree N s dogree' W : ',casulr_n)'
o 1256710 45* 3503’ 48 4p5 R
P —
B * 1600/11 45%,35.9 48° 48.5° 15
/e 510 4w ev.4 e 409
28 Taam i 917 ABe 435 >
81-2 REZZS 45% 29. 0" 48 4000 . 500 <
s as441 | aseer.d o age sger = 300
4T ,1345/1"1_ " : _gs'_'b 208" - 480 _se.e; . 500
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The . solution to the dlﬂnr.nunl squnnon 6.34 trcprodueed hnlw from
‘Chapter 8)° for. lhn Iowcr luyar. crcu-slope interior vnlnclly Iu derlvsd |n

this eppandix uulng Jacobi poyncmla!s and ‘the method of thonlul

. . .
B R 2 1"0 ]:" _ort -
n? = POhg
Is to'be rewrmnn ualng tho lollawlng substitutions: E
i Y - . . L % . < £
o ; s
U ; . ] A
el B _
t J.__ -4 ( e i ¥C.2)
% 3 ( ‘ .
' Cag P
R ‘ (C.3a)
" . < .
= ¥ L SR & .
. 3. B 4 . t . (G, 36
vayLodE ; ' v *
. a, 2 y
¢ —"i,‘, 2L ‘. (c.3e)
w Lo Bag? .
* 4 The cholce for L was made'in Chapter 8 such'that. -
. ‘o [ ATF ) e ¥ @
L,a.xT,.hﬁ;F-s—v'—.mrn»-h .9
1 g , - . 2 ; . -
(. Theratore. e rasut for v'(&) using .(C.1) = (C.4) s, E
:’1“(%:2) . ——-— [1 +2a; ] v =Tt ' P )
2 1V ™ 9 POhg" et

" e \
The right hand side of nqulllon« CiS s

"= 0, and the following, suhs@

4
tion.. 1




‘xﬂ-x)v'xx +  [%-é]'v:x_ o =0

‘1962,
bRl

N
b, = (9 + 2a,1

Is Introduced to ‘glve the homogeneous equall‘on for the Interior.

IR b, :
reed v - ey, =00 0Ky KL
R ! 14

CUntit smhd'omamlae. the ‘éublc;lp'l “In* Is dropped with the unders;l.and—

ing that only the Interlor sojution Is being discussed.) The following sub—

stitutions .are made In (C.7).

Consequently. (C.7) becomes,

ba

A,

A standard ‘uclmlon to (C.10) ‘in terms of Jacobi polyi\omdul; (Hildebrand
] CE g s

j!4&) exists when “o

5,

=22 v 1= nn-n =N s .

2a,
where n and N lr’s'poalflvo integers. Therefore.

__s ek
S 2N-D : .

>
5|

a, =

‘Possible values for a, gm' given below in Table C-l.

A

*  Appendix C
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» < Lo E
3G .» | TABLE C.1: Parameters determining &,
“[n TN a, >
o 1 7 T . b
} 2. 6 0.9 o
. g 5 . 0.32 .
2|38 > se, cgo08 . |¢
. e

‘A. (hlcknus for the upper an-r of h =100 m nnd the dap(h lor Alhe b

lnmr'nce ol 'n =90 m bolaw h-are’ augqaslad by the slructurn ul -the'
o b

334—838ppl

n.nuul anolc.. for 4 ‘o

© am

Tablu C.1.

(6 8 s uud hart 1o nlule lha ”spud of lﬁo lhnlv brﬂak Jet to.a,

. 6.33) of Chuplar 6. VI'O

«of the-jet at y =, 0'is.

o y:0) =

By ‘substituting L = 3 x.

obtained i

Isonnllnes

1982,

ln the cen'ral

:-The. near. equlva!oneo of 7

p. 404, suggests

Y ’

: E S

Yy

f E d

7 Celg.

o~
N

¢

oqd-(ion C. 4,

‘nndh

mrll axis ullnl\y sabdcn claarl'y luggolu |he cholc ol 0. D for. a,

N’ model.) ‘The lollowln’g relation ‘was: determined in", Chapter, 8. .

v

axls " sallnity setﬁnn (Flgure'

: : Q 'l]) und _by. the 100 m dwﬂh o! 'he.shalf hrwk wiiich aaama lo be ‘a

IH ‘the-. 1980
by
for “the "no-jet* i

L ..

By

-
. E
% '(C. ?3)

a final result Is

-
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| ) by equation 6.7 with ‘ap =5 x 1074 by Tablé 5.1). then
Uy y=0) = 42 om, ;./ Therefore. the' u_u&al 48 om sl"
i
o] geosfr tions In 3ectoN 3.6 of Chapter 3 for the
wvelocity axis of ‘the ‘Labrador Currant agrm rum.bly well with Uy (y=0)

u,mlnbdhmlorl,tov =

which “was

4 Y
Rerning now to .qu-uén.&m_ the solution for n = 2 [—‘ = a] Is

mo secdnd ‘order Jacabl polynomial “given j, CHildebrgnd 1962 p. 104y,

oy deld '.nga['z"’z‘"x]"*"_f5* . |xx<1‘ ci. o, 1G5

Gr. In terms of y by (C.2) and.C.8 ae.
FRC-hg SN F

- {-]2J Sy s, [1-4)2+ sag? 1 —f]‘ (‘(;Jisb)

e oy

> 0y <L  and &, =0.9 mtge 6 sy 5 5
®. * e v

. . . o o, . 3 ‘.’b
i+ Howgyer. (619 Is oniy one solution to (C.7). Now tat the value of '—'
4 , 2 : 7 9

. s known., (C.7) may be solved bj’thé method of Frobenlus (e.g." Hilde-
brand 1m.Jp 140 - 14D and €.15) recovered as_one of two Indepen-
' dm(wuﬂom Uﬂng values from above. (C.7) is written a8 " .

7 (}re)v‘uf—'-(-iu)v'-o.‘. EC (€. 18
P e e )

- - %
Tha assumptiori that v* = L A Gk" Is Introduced Into the last relation
k=Q. : ‘

6. A % *luunlnq in Il'll following condlllon. I
3 Ca- I)Aoez’ 2, sarnA, €7 “"‘-' o c.an
+ [(nn (st Ay - \240_] 3

stk=-2
',[(- K0 (a-k+D A + [ul—'m«nu-s’n - 12]4,_2] U
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' Recurslon relations for the A s .are lound for s =0 hy\csmng the coeffi~

clents to each of the terms In & eqllal 1o zero. Ao and A1 are set equal
to ynity. The A for k ».6 and k even go to zero. ‘Thnra are two

Indapnndsnl solutions_depending. on whether fk Is even or odd. . These two
N "

lolullona are, §

. 8 A § T
vy Ao 1{2 £ rALE L 3 (C.18a)
and . %
35 3 '3 5 P
4 Alik‘ﬁ Ay 0t Aag £ F At (C.18b)

The polynomial coafficients A, have been determined. .and are, given " below.

In Table, C.2a up:to n. = 15, for n ‘odd. = The valugs: Ay = 1. Ay =6

A‘ =5, and An>v8‘ =0 .Cfor even ). are’the. same as the -‘eoemc!e'r;n of

1>

™

The ‘tact lim € < lim (24]? = 0 Jnsures that the ntnarder term
d o jil A i

" of the iwiynamlal converges to zero. A maximum error of 0.5% Is Intro-

. duckd. by s-mv\h ‘the eoan nts > Ay = 0 (Table C.2a). Also shown in *

Tahla c 2a /-nd b are !he ﬂrat and second defivatives of the po!ynomlal
G 1

(not Incluulnq canshd‘vaclors of L). ~ Note that both these series con-
. A} .

vnvgo as well.

e s B x g s ki/*
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3~ TABLE C.22: The coefficients A . the sum of terms and 1h. sum ot~ ¥

the first derivativd’ terms for equation C.18b-a
y=0(C¢g={0.9)

. ” A, \”x;/—/g =0 - : A, F‘ £ iy=00

1 + 0.94888 -0. 94800

3 2.6583 E -6.07157

5 3.1174 —-8.37687-

7 3.0383 ~7.82358

.9 3.0680 —8.09034
1 3.0534 ~7.9302f

18 . O 016317 3.0616 -8.03723

15 -0.011189 3.0586 i =7.98107

- ~

TABLE C.2b: The the sum of the second derivative
C.18baty =0 (¢=0.8).

rms for equation

< a Ay . B R an-1) a, " 2=0 .
n=3 | o
s 2 . 10. 248
5 0.8 ¢ 19.487
z -0.11429 715.778
9 0.047619 Z7.912
11 - - -0:025974 16.312 a
3 *0.016317 17.595
15 -0.011189. ° 16. 529
'
Now. the particular solution for the_intarior Is found- simply by taking
‘ ,=01In (C.5). g a5
Vieg=0n(C ‘
TR PRI WSS PP . ©. 0
o . U'p gplD TiZa 7w ]
Is’the particular solutlon. @ e

. The solution of (C.5) Is a combination of equations C.18 and C.19
‘with 8, = 0.9 and with the A, truncatod at n = 9 as given by Table.

C.2a, ’
a0 S \
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Vi =BV LV v'p . ,
or. +

=80+ ”2 +5¢h ,, . (C.20)
' M e L8

+ e+ 26+ 0.66° - 0.11420¢7 + 0.047619¢% + T .

8pfD
for 0 < y. where A, 8. and C are Integration constants. These on—

.aun(s will now be determined.
’ .

Singe v* =n.n¢5={o‘omy=o‘ -
-0 =42 ;! Sr.. .2
Yn (y=0) = 0 = 10, 455 + 3.08797C + G\pT . 04 n
The exterior uolutlon was found urllnr In Chapter 6 and Is rswvlllen
here_for convenience. o . N
- ) % oy w ;
sots (6.38)
* (6.38) s, » AL
. -3, T
v”=Aa *pm (c.22)
v . . ‘
PR "
T'III'.'.OYC, aty =L, v B8 + ﬂpr by (C.20) matches (C.22). and.
8. 17 : g o L e
B =Ae "t 8pfD . ; (C. 28)

The y derlvatives of v', and v'o must be contlnuous because 7° Is Zlm

continuous and u" = BT';- by equations 6.18 and 6.21 of Chapter 6. ot~

dy,

‘ting T = =——— at y = L. equations 6.36 and C.20 q%o. =

or: since L = 3a. .

.

c = 243 il ’ " C.24)



N
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/nblal) g

A =

.- 195 -

23 for B 4nd (C.24)

—2.566—T~ ”
2.586 575 .

From'(C..23) and (C.25).

From eq

<

=

Vex pl’D

6 pfD, *

uation C.24 (or equation C.21),
e

-2.424 7
§ pfD

2 \
(1-2. 5660 ”'] YR

and by (C.20). (C.26) and (C.27) the Interior solution Is.

Yin = P

where £ =

~

IDG [D 233501 + GE + 5¢ )

e

~ 24246 +2€% + 0.6¢° - 0.11429¢7 +.0.047619 £%)

F[\-Z] L=Su.anda\

Appendix € A

g Thomlo(a, lG 36) and (C. 25) yleld the exteriof’ solullon which _is.

L+

K(or C are substituted ~In (C.21) to

(C.26)
.2n

(c.28)
.

€C.29)

o
















	001_Cover
	002_Inside Cover
	003_Blank Page
	004_Blank Page
	005_Title Page
	007_Abstract
	008_Abstract iii
	009_Acknowledgements
	010_Table of Contents
	011_Table of Contents vi
	012_List of Figures
	013_List of Figures viii
	014_List of Figures ix
	015_List of Figures x
	016_List of Figures xi
	017_List of Figures xii
	018_List of Figures xiii
	019_List of Tables
	020_Chapter 1 - Page 1
	021_Page 2
	022_Page 3
	023_Page 4
	024_Page 5
	025_Page 6
	026_Page 7
	027_Page 8
	028_Page 9
	029_Page 10
	030_Page 11
	031_Page 12
	032_Chapter 2 - Page 13
	033_Page 14
	034_Page 15
	035_Page 16
	036_Page 17
	037_Page 18
	038_Page 19
	039_Page 20
	040_Page 21
	041_Page 22
	042_Page 23
	043_Chapter 3 - Page 24
	044_Page 25
	045_Page 26
	046_Page 27
	047_Page 28
	048_Page 29
	049_Page 30
	050_Page 31
	051_Page 32
	052_Page 33
	053_Page 34
	054_Page 35
	055_Page 36
	056_Page 37
	057_Page 38
	058_Page 39
	059_Page 40
	060_Page 41
	061_Page 42
	062_Page 43
	063_Page 44
	064_Page 45
	065_Page 46
	066_Page 47
	067_Page 48
	068_Chapter 4 - Page 49
	069_Page 50
	070_Page 51
	071_Page 52
	072_Page 53
	073_Page 54
	074_Page 55
	075_Page 56
	076_Page 57
	077_Page 58
	078_Page 59
	079_Page 60
	080_Page 61
	081_Page 62
	082_Page 63
	083_Page 64
	084_Page 65
	085_Page 66
	086_Page 67
	087_Page 68
	088_Page 69
	089_Page 70
	090_Page 71
	091_Page 72
	092_Page 73
	093_Page 74
	094_Page 75
	095_Page 76
	096_Page 77
	097_Page 78
	098_Page 79
	099_Page 80
	100_Page 81
	101_Page 82
	102_Page 83
	103_Page 84
	104_Page 85
	105_Page 86
	106_Page 87
	107_Page 88
	108_Page 89
	109_Page 90
	110_Chapter 5 - Page 91
	111_Page 92
	112_Page 93
	113_Page 94
	114_Page 95
	115_Page 96
	116_Page 97
	117_Page 98
	118_Page 99
	119_Page 100
	120_Page 101
	121_Page 102
	122_Page 103
	123_Page 104
	124_Page 105
	125_Page 106
	126_Page 107
	127_Page 108
	128_Page 109
	129_Page 110
	130_Page 111
	131_Page 112
	132_Page 113
	133_Page 114
	134_Page 115
	135_Chapter 6 - Page 116
	136_Page 117
	137_Page 118
	138_Page 119
	139_Page 120
	140_Page 121
	141_Page 122
	142_Page 123
	143_Page 124
	144_Page 125
	145_Page 126
	146_Page 127
	147_Page 128
	148_Page 129
	149_Page 130
	150_Page 131
	151_Page 132
	152_Page 133
	153_Page 134
	154_Page 135
	155_Page 136
	156_Page 137
	157_Page 138
	158_Chapter 7 - Page 139
	159_Page 140
	160_Page 141
	161_Page 142
	162_References
	163_Page 144
	164_Page 145
	165_Page 146
	166_Appendix A
	167_Page 148
	168_Page 149
	169_Page 150
	170_Page 151
	171_Page 152
	172_Page 153
	173_Page 154
	174_Page 155
	175_Page 156
	176_Page 157
	177_Page 158
	178_Page 159
	179_Appendix B
	180_Page 161
	181_Page 162
	182_Page 163
	183_Page 164
	184_Page 165
	185_Page 166
	186_Page 167
	187_Page 168
	188_Page 169
	189_Page 170
	190_Page 171
	191_Page 172
	192_Page 173
	193_Page 174
	194_Page 175
	195_Page 176
	196_Page 177
	197_Page 178
	198_Page 179
	199_Page 180
	200_Page 181
	201_Page 182
	202_Page 183
	203_Page 184
	204_Page 185
	205_Page 186
	206_Page 187
	207_Page 188
	208_Page 189
	209_Page 190
	210_Page 191
	211_Page 192
	212_Page 193
	213_Page 194
	214_Page 195
	215_Blank Page
	216_Blank Page
	217_Inside Back Cover
	218_Back Cover

