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. sensunnl"cicle in the deep water in Fortune Bay, Newfoundland. qud

" methardisms “by vhich the wind can generate the Hﬂfhflcd Slope Wdter

state upwelling model,

ABSTRACT”

Temperature, salinity and density data are presented 'ghcwing a

Lnbrndb\' Curr!mt H&tEr Huws in from Sam(—?:ene Chnnnel an exzenslan .
of the Avalon Chamnel, in the summer. -Varm Modified ‘Slope Water flows
in from Hémiuge Channel in e winter. ’

A descnptmn of the vater stricture in the Forture Bay area for

1981 and 1931 is p:esenud. The transport. of the Lnbr.ndnr CurrAnz in
1

l’.he Salht—?ler:e Ch nnel is del:em!.ned to be 6.4 x 1 "Cold i

wauz axchange in r is fmmd to: be lated with a seasonal

variation in the Lnbndur Currént £lov. Direct current. menu measure-

- menits of, this| d:nn:y currenty mnaw are prnvlded uuh an ﬂna]y:x:al

iscussion! of the lnr_eratho\n between n.e'nm; and the tide.

Warm wvater' exchange in.the winter is found.to 'he',cerreu‘:ed with O

se'asima1 shift in the yind stress

Light, santhuesterly sunhet winds

are feplaced in‘winterby’ sttong nnxtheatterly vinds. | Two possible

“inflow are put forward: ' a, time-dependent upvélling model and a* steady~
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Chapter 1, Introdiction

171 ‘Prologue

This thesis is a ‘study of deep water exchange in-Fértune Bay, a
" three sill fjord, iocated on the. south coast of Newfoundland (Figures 1.1

and 1.2). ABounded by the Burin Penin

to the cast, Saint-Pierre and .

Miquelon to the :uuthve:l: and Hermitage’ Chalmel to the vest, Fortune it
n o g 0
Bay 15 pn:ucululy interesting because @f “its. unusunl geometry. Very N {
] wia a0

few. of the £jords. vhich haye” been studied have had more :thal one sill, —_

perpitting access to the fjord. It is rot ‘uncommon to have sills land-

waxd of thé:main mouth of thé sejord u.'gnby breaking the Ejord up into .’

partlally separated basins but 'in Fortune Bay: the slmnﬁon is much o 0 AR

‘different. ™o of the snl ‘om :he narthwes:am side. of the bay give . H
' access to Hetmltage Channel (sae pigum 1. z) vfule the thud sill to the LT

sounmes: gives access to.the Saim:- xerre Cham\el This unusial g <. % e
geumetty and- the; dme:enz water masses carried into the regum via

thederchannel systems allow the study of a nuiber of 'interesting physxcul

problems. ... . S

1.2 Deep: Water. Exchangs in.Fjords' , ;. =

\Rxchangs of deep ua:ex in fjords Ean oeeur over'a variety of time |, : :

- v
scales i luh may be tegula( or internittent. Exchnn;e oceurs when vater of ot

sufficient density arrives at the :xll to displace water at the bottom of .

“the tjord.

The tenewal may, be partml or l:nmplem d:pnndxpg upon the

trnnspnrt xnd du(n:mn of the inflow and r.h: nature, of thz systnm. A

“ good review of the-proces’s of, deep vater - exchange in: £jords i “given oy

.Gada nnd Eduards (19805 A more.up I.o,duu: nnd :mp‘lete reviow ot the;

genernl dynartics of no:d,uceanngmpny can-be Found in Farver and .
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Freeland (1983).

Forcing may come from within the £jord itself or more Somaonly “in

N . the coustﬂ waters beyond the siu. Relle (1978, for example, studied

dhanigds T the waiter stiucture outside ny_]qrd Novudy as a result of,
‘g variations in:the coastal wind field. .Replacement of deep Water was;

observed to take place during‘the summer as a result.of a longshore.

¢ 3% . N
_northerly wind. The exchange Brocesswas intermittent but well co*

Reggie -

related with 2 to 7 day variations'in hé longshere wind stres:

al is related to seasonal-variations in the density of the 'cm':inenm
ghelf source water: Deep wate'r _renewal vas observed o nccut in the sum-

 wbr as & resile offfpelexation of a winter coastyl dwnwellmg coiditite

mne’ renewal/may also be- controll;d by, intra-£ £ jordic events: Tn

)(owa Sound; BE\1(1973) ohserved tenewﬂl to becur at tm\es of mnxlmum
o fushuater runott _and 'to, be_augmented by a dovnt ford wind. Eduards and

i Edels[en (1977) " show that renewul in Loch- Etive is cauged by low

-
freuhwar.er runoff. .'The inflow is descrlhgd n terms of a density current

inflow down a fairly steep slope of, 6° Hatthaus (1681) ‘has also shown
¥ . the effect of freshwater runok'f in an Alaskan fjord where mixing in the

'\ £jord is caused hy 1d511y nduced_ internal vavas. .

I~ I i il length, Goupled vith the tides, can also exert.a cnptrnllmg
mEluence on dqep vat;er renewal - Where thz slll is long, um. respect :o
* the, n,.m exc_ur:lm‘ renz\u;l is expected duzmg neap.tides. - This is

beuuse the ¥educed eriergy available for mxxlng during’ l\eap tide periods

e © leads "td reduced mixing as dénge vater fron outside passes over the sill,

o . e The densxty of the Hatar enr_ermg mg c,md \ull thetefore), be at. R 4

. ) Ic-nnon (1982) mvoke this explanutio 15 it dt Goieaton” of deep'mm
; N :

and Butrell (1981) describe exchange in an Alaskan f£jerd in which renew-.’
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reneval in Piget Sound. -For a sill which s .shou, with respect to the

. tidal e)u:ursmn, the ‘effect of nixing over the nu wifll-not be as

lmpnr[all: and exchnnge is mpte Likely duhng spring tides. Stucchi and

P:mgr (1976) provide evidence: for :ms in their study of Rupert uunng

 Taler. . ‘ere :?fs/sxu is short wigh respecl’. £6 the tidal excursion and

. rsﬁnng tide. tunslents are observed. . i | & . .
X«:hange oF .deep vater in q:d will pecur via a density cufrent 4
in: » a phenomenon well descr ed both n\ao:eucany (Smu:h 1975 Bo &Y R

. Pederser,*1980) and in_the Labi)ratnxy (E11isoh’ and ‘Tuzher, 1959). The

oceanic énalogue has béen uudua in dlfierent _situations, most notably

by Bu Pedersm\ (1980) and by’ S\mth (1975) whb. both analyscd the dznse

water. avezﬂw in the Denmrk s:rau

Geyer

Cannnn ‘€1982) Ahd . ’

Eduards and.Edlesten (1977) applymg hz ‘theoreticalia d 1aboratory

b
Alr_hough it.ig well kl\uvn _that densx(y current mflw is generated
s .. during deep vater exchange and has heen identified as @ regular feacure

of ‘many* #30045 this, hes often beén inferred from density Field plots

pmduced £rom CTD' surveys Rately has- the dendity curret: idiflow heen

"

" studied dueuly. g &s result, therefis but a pobr understandmg uf,

many lspe:t5 Df the )nflow, in; pamcula} the naturé: of the- ‘bottom and,

interfacial messes. ey -

. * S
1.3 s:u‘dyAm‘ g TRt £

Channel thrcng)\ the s.u'n:—herre chnnnel w:st to, the “emitagz channel

of water'whose .,

0 Ml ol these chagnels contain nmy large bndm
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-dinensions and subsurface volymes) using the 100 meter contéar as the

‘boundary, ate given in Table, 1.1.

Table 1.1 WATER BODIES IN THE FORTUNE BAY AREA

Area . Length G Width (m) Nean Depth (m)”  Volume' (m?)
st.Pierre 275 7 By i0 - 15k 102
Fortune Bay 128 ' 2 . 120 4.0 x, 10t
““F”?tage Ghamnel 137 . ) I RS T

/The largest vokume of ‘water is.confaired in the,Saint-Piérre Channel (as
far’ eait as 53° 30' W) with ‘the least, down by'a factor of four, in -
Fortuhe Bay, u'.uli. :

.+ Fortune Bay is oriented along a sv NE Ning vith a humber of, small *

bays-aléng it mmm touards the heud of the bay.’ T\\e maxioum depth of

. zhe b;y is. 525 meters in nene Bay, sepnrated from [he rest of the bay by .

a sili 195 meters deep.’ 'l'he mean. depth of Fnr(une Bay is 120 meters, the:
maximum !ep:h in the main pare of the bay is azu meters. o the ce!\ter’

of .the bay is a, bank is- Kilémeters long'and' about 180 meters deep with an.
7.2
Do

arcn of 8 .x . On v_)ther side of this bank are two c}aannels: one
on the northweshern side ‘of -the bdy ‘and the other of the ‘Southeastern
side. The maximum depth . 1n the northwestérn channel is 360 meters, and .

that in the southeastern chAnnel is: 320 meters. - The bey has e sills:

one to the sau;hucst and two to the nor:hwes:. These ;xlls shall be

called the Snxn:—yxgrre, Miquelon and Sagona sills -ccur‘f to their
5

‘ .
geographic location. The limiting sill depths are 125, and 100
meters respectively. 5 B . ..

Very little.is known.of the geology of this area: In neighbouring™
Placentia Bay vork has been done on both the geology and oceanography
lthough very litéle of the latter has been published. The shores.

surrounding Fortunc-Bay and along the ‘south coast are for thé most __
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X part fa: In some places cliffs rise from the beaches to »

g v ke : ’ ) 2 . 0
hundgeds of feet in the air and’are topped by rundra-liks vegatation. The: ' 1
shores of the south coast area north of the Hernitage Channel have a =

mean elevau.nn of nheut 500 to 1000 feet. The uland of quuelan is an '

exception to this in that it is surrounded by and composed of numerous 1
sand banks.

The Langlade, a sand bat joining the two major’ land: masses,

of Miquelon, is a relatively récent geological ‘feature having ‘béen forped
at some time in thé last century. The hydrographlc charts of .the _area
- reveal that -hazéom‘ types of the area range from sand to gnv=1 with
clay pr:damuur.xng in many areas. In Fortune Bay u:self the charu )

indicate many sreas of gra\'el and gnvel and \nnd mixtures.

I:c very rarely forms i Forttne Bay and does so anly in the head
of the bay.

Loc:l ‘fishermen report, that-only & fev times in the 1usz

twenty years has ice ‘been observed anywheré in the bay.
.

The small locll
harbours often fretre over! by mid-February But” this cover does not: extend-
into the bayitself.

Sea ice_can exist. in the Sainé- Piérre and )lemltuge‘
. channels.. This ice is not locally produced but is advected “fron either
the.cast or the west. 'In vety heavy, ice. years, sta fce fomed nlong the

nnﬂ;h coast of Neuﬁnundland is carried by the vmd and prev.ulmg currents

southiards eventunlly p.’.\ssxng Cape Race uherz it can be carried as fax

west as Szlnt-l’xerre. leevme ice formed' in the Gulf ef St: Lawrence can 1

be :dvected eastwards actoss Bntgén Bank and into Hemltnge Channel. Tee
would geriexglly be obsgrved {n these aress in the late winter or the

early s{rlng “and is. nlmol[ llvays first year ice Ao ‘very lov
oncen

rations. '

reshwater Runoff

The. main source ‘of freshwater is from the Bay du Nord River wvhich ~

B . i




runs into Belle ‘Bay in the northwest corner of -4 bay. The mean annual
Elow for this river is 39.7,0% ) vith to peak flow periods, one in the
spring the other in the fall. . No inflow'data were obtainable for other
rivers but it is estimated, based upon the work of Murray andHatmon
(1969), that the average total frestwater input into the bay is about
100 a’sd’. 1t'is of interest to compare the relative .freshvater inflow
of ‘this system with that of a more typical fiord. Helle (1978) presents
data for Byfjord located on the west coast of No'rw.!y‘. This (jutd ){.s a
total area of 55.x 106-“2 and a freshvater runoft of 320 n%") uhieii

S |

gives a runoff tn sutfuce area ratio of 5. B x lO ms . For cumpﬂriaun

the total aréa of Fortune Bay is'3: 3 x lo u? which coninneﬂ with runoff
“gives a ratio of 3.0 1070 n's7L

One can-also Look at the. total yearly- freshwtet nw 1are Mhe bly

which, expréssed as o, percentage of the volume of thé bay; is 0.6%. We.
found no‘evide;\ce that this inflow had any controlling snfxuen‘c; on
the dynamics of exchange 4n vor:uné Bay. u;neiheless,' eabal Jedrly
inflov.of 3 x 107 m® does have sone ef\uc: wion 8 appeE - vatdse of the
R bay and this can be seen in some of [he CTIJ (Cunducthty»Temperature-

Depth) transect ‘1ines..

1.5 Regmnal Oceanography. ;

Akénhead et al.: a8y nmysfd 9 years of monthly adjusted u/a

.1eve\ data from'rwo coastal s:anons and monthly steric height ang

"at station 27. (Figure 1:1) e shoued that fresh vater ‘ran-of. £
" porthern regions gives Tise,to a'fréshwater pulse which :ruvels[nlong ’

. 'the “Labrador, and Nuwinuudl?nd :oasls. Sea level vas' found to tise néat

- ~
Station 27 m:?, and. to_ peak, in Dcl.uber. This analysis agrefs well
: with the: seasofial vnnaunnn at Station'27 as documented by eley 1981) *

and Huyer, and Verney (ms)

4
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The Labrador Current Water. mass has a temperature Tange of 1.7 to"
3°C and'a salinity range of 32 €o 33 x 107

according to the SUN Report, IUGG.Publication Office, Paris, 1979)

Petrie and Anderson (1976) escimate the mean flow of this current west-

ward mmugp the, Avalon Channel to be 1% 10° m? 5™} with fluctuating
Flov speeds of 0.05 to 0.2 m s rle . /

TH! flow of water within the Laurentian Channel has been studied

by El-Sabh 917, Trites (1971) and earlier by Ladzier and Trir_gs (1955)

Water in_the strait betveen Nova Scotia and Newfbund.und has 2 two-1ayer.

\mucme. The wpper 1ay=r above. 100 meters ids & lempenture range

& “1.7 :g 3% in winfer and -1.7 to 17°C i sunmer.

"The salinity
538 B B v t . X ¥ 5 [
rarige i¥ Between 30 and '33% 1072 On’the Nova Seotia side. there is-a’

concentrnted wtf!ou, vltl'/ mﬂow Tong the’ New[oundland side at 1rn:er—

mediate depths and pear the botton, Haxiaun flnws vere obierved o

becir in Jure anid August. -

Spme ai th: Russ:.an survey work, capried wt along the east mnsr,
has extended up the L.uurm’\n.'m Chamrel to”the mnllﬂ! of the Hermltuge

. Channel:» Kmlln and lurmakln (1972) hava compn:ed the. dynamu: to

'vgraphy‘
relative to 200" dbat whiet "indicates inflow along, the ‘northside of the

channel ith outflou alnng the south side. ‘They also shcw a cmed

§ umnanun pattern within the chénoél mﬂhmg vater crosses the

. channel, and- then £lows autwa?ds. Their datn )mwevet, do not nm)ear to

'Jusnfy this conclusion.

No evidence for -sucl\ a um:ulatmn i !ound

in, the | present ttudy‘ Mso shown in-Kudlo and Burmakin is muou\o:&
vnl'.er up into llernumgq Ghnsts

This~is in Agu!ement vith qur mum

- Thére appeats to be-an inflow of cold Labrador Gurrent Water along the

side of the

Channel if the uppet lnycr of 'the”
water colump. ok I

(Salinity will be expressed




units of kg m

-10~

1.6 Oceanography of the Fortine Bay Area

Figure. 1.3 shows the stations occupied during the course of this

Vo = “ B
.study. The Station numbers indicated in'the figure will be referred to

both"in, the ;:ext and on the plots of temperature, salinity and densityT’
A list of the s(nc‘ion positions and depehs can be found in Appendix I
together with the station number’s». x B N I

A single section running from outside the Saint=Pierre sill

Fortune Bay and .thea out into Hermitage Charinel is,presented in Figure .

14 lhowlng R — salinity and dew a-t expressed in .

=3,

"Mere are two distifet vate masses: present at.or below sill dep[h

* outside _l{onune Bay: w m (3 éo 7 c), saline (34 to 35 x 107 )

'+ ‘Modified Slope Water <uc\‘\gusn, 1957) Extendu\g from the bttom to

depths, of 125 to'175 meteks in Hermitage cr.am.el and cold (-1 to 1°C),

5 - "
relatively fresh (32 to B x 10 3) Lahrndor Cuzrent Water (xeeley,lgel)

5. Two d)snnc:, shysically separaied, vater

in the Avalen

" masses héving,simmneous access to.a single fjord across different

sills fs unusual and has important consequences for the dezp vater
exchange process in Fortune Bayu_ | - = 3
If the density of the water at sill depth 1s great enough then

deep water renewal will occur.’ ¥or cxﬁmple, if the dense vater at thg

» were to be driven over the sill

botton of mn‘mf’si, in Figu e .

then it would aisplace’ the 1ess dénse vater at che botton of- the bay.

Tl“s process is possible at any of ‘the three sills. fvo things are

requued uater at the sil] ‘with a density greater. i THOE -of E

daep vater in the bay and n machumsm to drive the water Gbu the sill.
A torigue of culd water can be seen m Figure'124 ndmg ‘up over -

the Saint-Pierre-sil] and djm ‘into Fortuné Bay. ‘Althoush rot as
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" sumarize the mpar:an: results GF thig work,

_for the' Fotmne Bay area in Chapter, 3.

3
dramatic as inflows observed in urer surveys, the cold vater (less
thgn 1°C) vu)bl: at mid depths in the bay ;s,. resulr. of inflow of Labrador
Cuﬁen: Water over the Saint-Pierre :uu.
There is a’ z;:rong density gradient separating both the Labrador '
Cu:}an: and the Modified éupe Water\Erom the overlying water outside
. thé Sdint-Pierre and Miqielon uus respectxvely By contrast, the
vertical, density gradient s very. mcL weaker throughout, the water- colum
|

in Fortune Bay. This s\lggests that intense vertical mixing acnempaniu

the’ d‘gep water ‘exchange prosess (Pick d, 1963).

Fnr the tempa(aturu and sal u:y »'ange of “the w.nuxn ubservgd here !

the densxty £ prlmarlly & Fiasrio of\the salxmcy. nm, the salinty

" aid e danslty ;ﬂm :untam :ssenuai\ly the" saine infornation, For this.

rason, aod to’ conserve. sp.-.c;, only the Eemperature and dmslty plots will

1
be discugssd dn thetext, The: ullmty plots not in the text are in

Appendix- i1 V

In this “Work it.will, be shown that mnnw Jover each of r.he sills is

|

seasonal with the warm vater inflow over) - the nurthveitem sills nccur')ng

in the ‘winter period and cold vater inf1bu over the sulnt-herm si1l

in thé summer, period. ‘A desn(lpt)\m of the field ytogtm and data

unalysxs (Chapter 2). will. be follawed by ‘a discussion of 1ong tern data.

A g cussum,of the tempenture,

satinity and dengity ddfa. forthe area will then be given in Chipter- 4.

 Density. current inflow will, then be reviewed in the l:cmtext of these data,

togethér with some theoretical anuym 5). mxmg and flow: over

the Miquelon sill will be discussed in Chxpter 6 fullowed, in Chnpter 7
by an analysis of upuening in Hermitage Chﬂnnel a5 it relates ta mntu

axchAnge over the northucsten\ sills, The eightt and £inal phnpr_er will®

!
|
i




" . Pigure 1.4 T
. o

= -

e e
o

enperatur
{erre Ch

igma-t (density) and salinity from the Saint- , °
el -across Fortune Bay to Hermitage Chatnel:
Station numbers are indicated along the top (am = 1.25um) .

.




§u . . W=

4 CHapter 2 ‘Field Program and Data, Analysis- .- g -
3 ) . S 5 o . k
0 2.1 station Plan v B KR = N
The' ¢m and curredt nater data ‘presented hefe ‘vere coll=ct¢d on 8

| cises e by Mesorial u-uversny Bnthy:henwgtaph dgta

loxthwest Athmtu: mnerm Center (NAEC) persomel
;V“)
on cruises conducted by them. .TabTe m summirizes the cruises canducf.ed

vere collected %

v g fron 1981 up until Novewser ‘1982, Tn this chaptex. gane’ of u.g_,gechmques

empluyed in l:cllectl.ng thé data on :hes! Crujses -will be

"’rms 2.1 cxuxszs

cmusa SHI? DATE LU0 A
811 ChS PANDORA i .5 16 Jun 108 "Gl ks, Vottine i.j Aves

Seony ' - -t Ges SHAMOOK & 7-198% 1981 - Fortume Bay L

iy 8241 CGS SHAWOOK 24 FEB, 2 MAR 1982 ' Fortine Bay '

“§22 ° oos DAWSN ' 4-14 QN 1982 ' Fortune BayAren
82-3 CGS SHAMOOK - 2‘-1L“ju_n 1982 - . Eortu;xe.!iay hrea "
‘arc ¢S SHAHOOK 1213 g0 19wz - For[une‘l;ay
B2 008 teaRniUS i Vi pov-om Fortue Bay B

. Fxgpre J 3 shows moét of the statmns occupied m the south coast

inthe course’ of this study. The numbers beside each station will ba ”

referréd to in the,text and will also be found on the figures, ol
Appendix I gives-the latitude, longitudé and depth fox all the stations e

discussed. ) I .

" pats fion nineteen criises will be presented, Tuilve of these.
cruises were conducted by NAFC personnel - part of an-._angoiflg lntvn_l. Ce
l:nerr.ing and®capelin survey.of Fortune Bay andittaken by E. b'-l_ley._ The *
six _He;norixl University chiises were dedicated to a study of the ‘pn‘ygin;l .

5 b p o




and biolgical Gceanography of the region. £

*- gtatiohs were Flaced - atrors the axes of thie’ channels, “The transect

15~

Te station grid was desigued £o piovide bith general.and specific
cnverage of the area. The stations in the Hermitage Ch:mnel were cl\o!en .

both to 1aok at’ the water szructura xn the chamel and to permit the ,

of the

éosputation of te dynasic y for
pattern. In'Fortune Bay and the other chatinels most.of the stations vere
plated along the axis of the chamnels and were app'npri'a:’exy spaced to

pmvlde go0d synoptic “coverage. Within Portune Bay and in the channel ©

between the Asland uﬁ Snlnt—l’xe"e and-tie. Burin Peninsuia, closely a{mced
L]

Line TT was chosu\ to i fgate the bay. di £fere nd

c)rculazlen wlthm ‘the- bay while the Imes T2; 5 and Q were nhosgn to
ook at' the detailed structure of the. density current flow into Fortune '

Bey. T . ;|
fhree curcent.meter moorings were deployed; M1, M2 and M3, 'The first

two vere placed on'the Miguelon siIl té-look at the exchange ang mixing

there while the third, ¥3, was plnced inside ‘the Sa;nl_ i

detect the dense wat&e mflaw over l:hat sille

2.2 BT and CTD Data .

The main data set. provided from the' NAFC cruises vas buthythermngraph

(1) tempexat re-data con;cted uﬂng thls).co b:r.hy:hermngrapnu The

muxmnm depth to which thue probel could be 'Lwered was 270, meters, (his

llmls. Thi:se B’l"s were eallbrned

hcmg a Tinitation of the pressurs

L‘onduc[\vl[y—Tﬂmpetﬂture—De})th (crn) aurvc;s were urned mu: by '

atems

Memnrhl i u‘suy pevsam\zl using ;2 Neil Brown Instruned




7

*
@ .
od by the
nanufacturer are; glvm in ble 2.
TABLE 2.2 - NEIL BRU"I‘ MK IIIB cTD SmIFICATIONS b ) - . .
SENSOR RANGE AccuRacY RESOLUTTON :
Presure | 0-1600x 10kPa  L6'x 10kPa  0.0% x107km O
Temperature =32 fo 32°C co 2005°C 0.000s°C : S g 3
Conductivity 1 to 65 ki }/em o. 005, ks Tem 0.00L K0 M en Rl !
pierd disede of thiie nstiaent wwre carcded qut using reversing 3 ¢
thexmoneters and Niékin-.bctxles on a aene'nl Oceanics sodel 1’015-15 o e
rosette to vhich the CTD was also sttached. Water sasples and temperamres o g
- were taken in regioms with y_eAk gradientS of :,mpgza:ure .md sanm:y v
at _every third or favrth station: Water samples vere almlysed for salinity 5
using a Guildline Model 8400 Autosal which was calibrated using'standird = 2 il

ua water obtained }rmn’:hg Instifute of Ocean .Sciences in Wormley,

England. The sectiracy of this instrument s rated by the manufacturer to i

be 1 part per aillion, 'The reversing thermoneters, made by Watansbe Keiki,

-are ratefi by the manuf cturer to Be accurate to 0.01°C  although in

w1 that an accurady of 0.02°C" is more realistic. i

Tlhl 2.3 presents the results nf the callhra:l.on ‘analysis for Elve PNy
. cnn(mn conducted during :h(ig study. In Table 2378 and T are the. mean
errors in salinity at temperature respectively. The standard devuner, : 4

¢ is also shown. e ol N .o :




o e ¢ ®

of Berteaux ‘(1376) uan}ergnued.“ Stainless steel shackles, stainless i
 otdff® thrust bedring svivels and galvanized shackles at & iimuad ‘number 5

‘inzs were us‘ed. Gllvaluud wire uas usxd with. Samson pover brazd

to 1solute wmpunems of the mnormg. Mesutech 501-AR acoustic releases -
vere uled, singly" in Hnor)ngx 1 and.2 and paxred in Mooring 3. AlL of the
moorings vere déployed huoy firat and bécause ‘of , the shallow!water depth,
by *llwlng the douPle train uheal anuhprs t\ £ree fall to the buttmn

The current meters used; A.nndexaa RO, vere calibrated post cruise

at the bedtord Tnstitute of ociin rap‘h Gulqhu:ivns verg carried out *
¢ graphy

¥ g sfor’ ; irecti ,mx

'l'zble 2. % gives the 7,

:pauh ahons suppuea hy‘the fo: Lhese i

¥ rsewsor M .+ Ravc .
2 2 RGM4 Speed RSN to zsn o s
: gl R e
. Row Tety/ »z 46 :a 21 an'c

KCMA Cand ° o 0 to 77 k' /cm-

o nan Dir PR T 1 L

ReM4, Prgs - 650 x 10 kpa

. M “
] B . 'Therm Chain —2 46' to Zl‘kc

L ‘:omponenn ih, the moonng : S |
) B : /f N
g The fhermistor chams used, also of Aatdecaa mnufuctum vere alss . g
o A post N hg .Bedford natitute of Océanography. The - A A
% is xar.her I\O'-’ “ :hue lunutei Y)u!‘.
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TABLE 2.3 | CTD CALIBRATION RESULTS

Cruise &5 (xi®) o . ' B¢ - o
811 0.0011 . o 0.012 --0.008 0.023
81-4 0.0071 KT .03 oo ©
82-2 0.002 © 0.0% 0.0040° ©  0.044
“oE . . 82F 0.0000  '0.011 " -0.0037 0.018
E - 82 0.0080 0.0080 . -0.0040 0.026 o
| ;
i

‘L_ v . as checks to ensure that the. dnskrugent vas i uubnuun. laud ‘upon’

‘this r.-ble, ve can say that 'the maximum errors in tempan’e and .

~ salinity vould be g.01° C and 0:01 % 107 uspmiveiy. The large Yaluas

|
I
! of the standard deviumn aré felt, to be a-result of the calibration
| .

technique itself m\ not’ instrumental errar. ‘In January of; 1982 the CTD

. went “through'a, parhu !‘-1 ration at the factary and vas ‘found to be

vtyclosato cifications in and ré. The maxims

_error in temperature was iuuml tu be ten -ﬂhdggreu A: ﬂut[n.ue a

nnly calibrated conductivity. sensor was mmued because of damage done

to i earlier oné. 5 . e

n-n frm the CTD were recorded at 31.25 Hz on & Svny TC= 339 anxlog

tape m‘rdex and, on crui es vhere p\mm.. on a MINC 11/0F t\un floppy

i . diskette drive mnxcoupuux. ummtny all CcmD m'lysn was carrled =

... . éut using’ the. MING 11/03 ﬁys:em. .

2. 3 Cuxrenc Hater Haanngn

nu;ranu fnr the :hree current. meter mx(n&l are shown on hgnm

2.1, Thand;

" the buoyancy in poinds (1 pound = 0.454 kilograns). 'Bo copputer. analys

\ vas carried out ifi the design of these ioorings although the wark™

1
) /
These aco o seanc to be {numemd as stxict alibrations but rather

.a.,lmmn inmediately to. the'left of the mooring m.m.n_



MOORING 1 °
6-12 MAY 1982 .
. Water Depth 144m

ORE.. SPHERE

78m - ?95 t
8m §'Power Braid '
100 ) BENTHOS SPHERES
Sm_ §Power Braid
38 5358]  Rcma

65m-

4lm= 20 &

J10m=

‘&m -

“Figure 2.1:

3m § Power Braid e

., 2im Galvanized Wire -

30m THERMISTOR CHAIN -

' BENTHOS. SPHERES
“3.5m § Power Broid - -

Zm ‘ Power Braid *

MESOTECH Acousnc
¢ RELEASE
] Sm ‘ Power Srald 2

noonng 1. The' measurements at ‘the extrm Le(( are hnlgh::
_above the bottom. Figures.to the right 'of these'heights give. .
“the buoyancy of edch component in pounds- €L poind = 0.354kg).




:‘ . 20~ :
| ey, ' :
: " MODRING ‘2 |
P . 6-12 MAY 1982 v ; i
2 Water Depth 148m . 1
" 7eme 2084 Q ' ORE. SPHERE i

8m E'Pmr Braid

100 4 BENTHOS SPHERES
. . . 3m } Power Brmd
= eme 38k -~ Rema’
et W 5m iiner quid . ‘, E 2 .
D, L N . ] le2m {calvanized Wire - oo, s
e 20 ; - 'mnﬂnz‘kmsmnv CHAjIN ’ L
L - | . ‘ ; ‘
; . 3im  § Gavanized Wire
1om - 00 +- [ * BENTHOS SPHERES ..
- 35m § Power Braid . s U
“em - 38 .4 ) acm !
] ;" 3m §'Power Braid Y ., ‘l .
A 5. 4. - MESOTECH Acousm !

RELEASE
3m §Power Braid

Figure 2,2 Mooring 2. The measuréments’at the extfeme:left.are the
¢ *" heights-above the bottom. Figures to.the nght of these |
" -'heights give the buoyancy: of: each campsnent in. paundl o

14 pound = 0.454kg) . . ’
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. ” s * i
MOORING 3 3 i
5-13 JUNE 1982 - i
Water Depth 166 m 5 . v
. B5m - 2951 - ORE. SPHERE i i
50 " 6m § Galvonized Chain i
8m § Power Braid ]
x . : [
i =4 50m § Galvanized Wire Rope . |\
» v 100 BENTHOS SPHERES
] % 6m § Power Braid '
o " 65m.- . 38 | !
: ! - |
i 40m §Golvonized Wire Rope~ . - Hasl
5 100 4 - * . BENTHOS SPHERES™ -
. = 4m § Power Braid . o
L Bm - 38 3 RGNS l‘" -
Sm §Power Braid . - .
100 f BENTHOS SPHERES '
| -4m § Power Braid. : e TR
Sm - 38§ . ReMe -7 oy u T s

2m ¥ Pmr Btmd :

. PAIR ACOUSTIC RELEASES
Figure 2.3 Mooring 3. The measuréments at the excrepe deft.give the, Y
o G height of €ach component above the bottom. Figires to the . i
H Lt . right of these heights give the bncyancy of each -;myanen: . j
i pounds (1 pound = 0. asnkg) i 5 @
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2.4 Dissolved Oxygen and Nutrients LT .

vlv:iss’o‘lved oxygen was determined at sea using cLe winkm“unrmmn
‘nethod ‘as described -in Strickland and Parsons, (1972). This ‘procedure. is a
SREARGERI €8 ba aRsHERER £OLE,ST L elanalved oxyget; concentration.

Nutrient samples, taken in 0200 1litre’Nalgene bottles, were
frozen at sea for"later analyais in the Taboratory. Analysis vas done in
the Water Analysis Facility of the ‘Chemistry Department at Mmorial

Um.vers;ty. The' analysis was done ‘on & Technicon Autoanalyzer 'to an

X accurlcy o€ 0.014 mg/l for. nltrogen 0,002 mg/l for phosyhorous zl\d

0.01 me/1 fut silicate.

2 5 Data Redu:tiop and An.’llysxs

CID data’vas selvaseen on zmho mag‘.ﬂ::m

B Minc 11703 micr L Al che data:
g C e

tapé and analysed using.a® . .

and analysis vere done

on sdf:uare written for this s)"stem in either BASIC-or FORTRAN

Sul).rur.y
and density wvee c

puted using the UNESCO 1978 practical: sallnx:y formula -

. described ‘by:Millero and Poisson,(1981), In,:ha-BAsrc software dénsity

B 5 and salinity vere compmd fx‘mn sxngle valges of pmssum temperature. and )

cnnducuv:ty. “In FORTRAN' :hese nnmpu\:at)nﬂs vere. made using prossure and-:

tcmperature uun an average aE the previous five l:anducc:vnxes. ‘his

“was' done in an aibuEt reduce the effect of s-lmu.y spkag caused by .

" the msmuch '\:etwtan ‘the time ¢

“of the ivity n'nd :

9 ‘sensors. 'Plotting of the data vas ‘done using.a Tetronix model 4651
) .

28 . digital pln:ter.‘ Sulne of.the BKSIC snfr.ware thch vas used is descnbed'

in Dodge G9g2). “cim data Erom NAFC, as: used fogggnly ‘one cnhsz:.. A1r

‘contour plattmg of, :he crd dutn was “done by hand.

: The' BT data vere analysed by technicians from are who read the slides

%
_using BT readers calibrated tothe BT.in use.

The values were ‘recorded’ on
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log sheets, copies of which were then used for our analysis.

The data for the current meters and thermistor chains were recorded
on 3 1/4 inch™magnetic tapes which . EFLN ERATAE ERG MR EORI R SR
of Oceanography. Plots of the raw and filtered data wére made on computer
faulxmes at’ the Hedford Institute. Furthier Bﬂlly!is of the translated

data was thén dcne on the VAX 11/780 cmnputer system at Memorial University.

. Contouring of -the thermistor chain témperature data was done using the

Surface 11 éoncem}ing package preyaud by the U.S. Geological Survey and

Ll\stalled on the VAX 11/750 cnmpul:er 53 stem.

Bortle data vere ébiained for the south coast area from the Marine -
Eivironmental Data Service (MEDS). The daca vere collected_uslng Niskin
and Nansen boctlés with’ rgvérsi;{g therimometers. Most of fhe data were.
ihy ey, o s

H:ilther data vere obta:ned frum ~the. Atmusphenc Elw:.rwmm:nt Serv)ce

collec:ed rlnnng‘che winter.

for three stanonl on’the suubh coast.. The' data were' checked to,ensure that

‘the pressure dau used were p:opaﬂy recnrded by comparing uxuﬁ% ure

charts képt at Nordco Led, in St ahiva. The data yere, Analysed us;ng
o r.he VAX '11/780 cnmputer system at Hemonnl Unxvers)ty 8 R

erre were obtained directly from the .veather

" Wind data for. Saint-]
charts kept at Nordco Ltd:, in St. John s. Wind speed and dxre:tmn vere *

rehd (hrectly £rom the” sutfnce plessnre charl’.s. This was done because it

| vas not pusslhle to nbmn the data fron nny of the xntetnatmnal veather

2 sexvu:es Tlm accuracy: of the data tnken frmn lhe weathe: :har:s is not

considered to be high: 20 degrees in direction ahd 5 knots in spesd.




«channels. : The positions of-the ‘four stations, to.be discissed (Station 27,

" conseciitive years;.1953, 1954.and 1955.- These were the only three years for

at all the stations

. TABLE 3.1 LONG TERM TEMPERATURE AND SALINITY. DATA. - ' = . ~

K : . :
Station 27 * -l.14 0227 -.27 o}%j 33,28 0.09
L . =L04  0.17° -.49~.0026 33.18 0.02°
RN 0.27 -1, 0.30  32.84 0.08
- 0.30 0.73° .0.53 32.70 0,06
0.78 ., 0.19 1.21 0.64 -0.48 0.07 ~.
0.10 >

2=

-
Chapter 3 Long Term Data

3.1 Channels-Adjacent to Fortune Bay

Several types of -long term data exist for the Fortune Bay area. Bottle
data for the ;Li;d_lgz.a—ma were obtained from the Marime Envirorment Data
Service (MEDS) for the entire south coast area shown'in Figure 1.1.
Unfortunatély most of the data were taken outside Fortune Bay in the Saint-
Pierre and llerm‘itage changels. " In spite of this, the data obtained did
provide ‘some useful resilfs concerning the Labrador Current Water in the
Saint-Pierre Channel. ' ’ : ‘

"'The data set consists-of temperatire and salinity data ‘at a set of

standard oceanographic depths for stations.in the Saint-Pierre'and Avaion
L1, 12 and 13) are shown in Figures“1.1 and 1:3. The data are for, three

which' data were available at each of the stations. . Table 3.1-presents the .

temperature and salinity averages, together with théir 'standard deviation

for Maroh -and August, again the only fwo months for whith datd were dvailable

station Temperature (°C) - .. salinity (x10%)
Seittn s, he iy R
: August . . March . August March

s B e T D F

0.33 011 0.3 0.06  -0.34
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/_/ . From Table 3.1 it can be seen that the lowest temperatures and ‘highest
. salinities, thus highest densic'ie;, are in Augist. The highest temperatures .
and lowest salinities, thus lowest densities, occur in March. Data obtained
in two separate months of the yeir do ot ‘locate the maxima or minima but
do show the difference, between the spring and bummer bottom water conditions *

. outside the Saint-Pierre sill.’

The obse‘r\.led seasofal #ignal corresponds uell with that described -in -
o e much gregter. detail for Station 27 by Huyer and.Verney (1975) and Keeley HX.
’ " (1981).  Petrie and ‘Andersen (1933) have described this seasonal variation as ©
arising’ fron the spring melting of. the pack ice'in the Labrador Sea’and *
i . " Battin Bay. This neltidg ‘Causes a pulse,of cold, relatively. fresh vater to

move along the coast.

© " The data also show a JNorizontal gnm‘n: :‘empezam:e; nd toa

e ® Tesser extent salinity. Listed below the a:anon means_in Table 3. fare

) 5 " the means-of the differences between pairs of the stations., 'A'he bottom

temperature increases to the west while' the salinity Appeats to desrease. s
To some extent this may be a funceion of bor.:om depth (Statwn i1, L, ’
L2 and L3 are 176, 210, 160 and' 100 meters deep rnspectlvely) although

. the stratification belw 100 meters is veik. Tlua horxzontal gr—ad.l.nn,L .

ke in mttlguxqg though not. deﬁuunver thVen ‘by :hese dat:

. This seasonal variation in vater properties outside ‘the Slln:—E)erre .

. 8ill will uffn out to’exert a4 important influence on the exchange of .

/ . decp uater in Fortune Bay. Tt is important’ that'the nuximum donsity
. and minimun tenperature are observed outside the Saint-Pierrs 11 e

, " ‘some time in the, sumer although the' seasonal data presented in Figure

3.1 cannot be used to define, more preciqzly,.y}lei’! the pimimun ,nempet;-:‘

ture vill be cherved. . Observations to be-presented indicate that thia |

}

i

|

)

) time is highly varisble. . v . O 4 R 1 S ‘
i o g, = e e !
; 3
3
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3.2" Seasonal v.riacians in Fortune Bay
Time ‘series of temperu:ure data for stations 4 and 8, in Fortune

Bay, (Plgure 14 3) are plotted in Figure 3.1. CTD data for the cruises

" listed in Table 2.1 and BT data for the-other NAFC cruises were used.

The maximum depth at which temperatures were recorded was 270 meters

because of the previously mentioned limitation in “the BT.
. The maximun deep. vater temperatures at station 8 were observed in . g X
Fehruary 1950 (1.9°C); June 1981 (1.9°C). and Pcbmuly 1982. The pinimum
temper&tures were ohserved in AugusL 1980 (-:1°C), December 1952 D

. . 5°C) ‘ana June 1982 (-.25°C). Thus, the maxina are observed to occur - -

in the first half'of the year while the minima-occur in the Jateer nate.

. *-IUp until 1980 the. visual correlation between' stations & and 4 is S
strong. Aftet this tine station 4 was not occupiéd as regularly as
sg:ian 8 making further comparison difficult. "The. timing of these
. wiufne an¥imidxinesere notexace becaise of the paucity of measurements
and the.irregularity at which they. were made: They do nonetheless
indicate a trend of.war|;\ deep water i-; the. vinter and cold. deep water’
in the summer. ™ ’ . ) '

e o
% . Some visual .correlation exists between the, Lempnmr.ura changes at * o

o g # 270 meters and 200 meters amd hxgher np.‘ 'l'hg visual carrelanon : >

breaks down above 1’50 meters. This may be a result of advection of

. water over theallls which are all at.a dzpth of betvoen lDu and 125

“in this work once the CTD data have j!een presented in more detail. -This .

i
!
C merers. . ’ d . .
‘ e » . Discussion of the sulnuty daP% will be reserved ta a later point "
is well !

is.arcasonably in that the

5 i . corrélatéd with each water mass'so that a low tempgrature will always
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be associated with the Labrador Current and a high temperature with the

Modified Slope Water.
3.3 Seasonal Variations in the Wind Field“

Having established this seasoral variation in the deep water
RS E 15 logical to search for a driving force which can control
it. The forcing function should drive warm water over the Miguelon
sill in winter and cold vater over the Saint-Pierre sill m’?un@
Section 3.1 it vas shown that botcom vater outside the Shint-Pierre sill
is colder and more dense in Augist el 15 Wase, vl eokee1itan weh
with the p‘hser‘{ed wintiim despryafer :empe:atug;s within the bay. A
‘lack of d&ia had made it impms{ﬂé to 105k -for seasonal variations.in
Mernitage Channel although some clianges a’re_ expected (El;Sahh;1977).
"It is expected that changes in the wind field from summer to winter
will exert a strong influence upon the system. Wind data (Canadian Noroals,
1975) for ihe-ueather station at Grand Bank, located about one-third the
way w ‘the eastern shore of Fortune Bay show, a clear shift in the
seasnnal wirﬂf\. In the summer, July-August-Septembed, the winds are
predoninantly from the southvest (over 30%) while winter winds are from
the northwest (28%) and northeast (18%). .The mean wind,speed- increases

‘Erom 10 mph (4.5 m s7)) in the summer th 17.mph (7.6 m &1 1n 'the uincgr.

Tt analysis of these wind data-is in agreenent with the earlier vork
of Snundexs (1977) who analysed 31 years of Hlnd dam teported from ships
along the Atlantic' sesbord. Mesn wind stresses were computed in one /

degree square areas, over four three-month periods corresponding to winter, a
spring, summer and fall, Saunders' results for a point jusf south of

Saint-Pierfe, a degret square centered at 46° 30' N 56° 30' W, are

presented in Table 3.2. Wind direction is'given as the direction from
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which the wind ‘is blowing. -
TABLE 3.2 WIND STRESS FROM SAUNDERS (1977)°

PERIOD ' WIND STRESS N m 2 WIND DIRECTION (degrees true) .
DEC-JAN-FEB 0.136 276
MAR-APR-FEB 0.028 300 3 -
JUN-JUL-AUG - 0.020 . a0 . .
SEP-0CT-NOV * 0.051 : 275 ~.

There.is a Yleat seasonal’ trond with the greatest wind stresses occurring

«in the winter period when'the wind direttion is from the west.  There is

a summer shift tothe southwest. when the meanwind stress is significantly

reduced. =

Annlysls of the wind fxeld for thrée’south ‘coast, stations was carried
out usitg atsiospheric pressuie . data, Feduted ta sea lovel. The pressure’

data are accurate to U.02 KPa:* The threé stations uséd were St. qurgnce,

St. Alban's and Birgeo which are indicated in Figure i. 3 by Ly A and B
respectively. The wind ‘data ol et seatiaoe were not ised because of
prographic effects. The line be:ween St.. Alban' 5 md se. “Lawrence will be

referred to as the oifshore direction with that betwéen s:. Albqﬁ"s and

Burgeo as the longshul'e direction, The pressuré differences will ba"
computed as P, mifius P and P, minus Ry 80 a posuwe offshore d:.ffetence .

will mean that % -

PL.
No datn:z:vaxlable for the night period at station A g0 unly data

from 06:00 until

18:00 lécal time were used at ull three !L.!tl.ons. The . *
coorai;{ie system used here has pnnnve x directed inland and positive y
directed wstyard along the coast.’ The wind velunuy was caleulated’ usxng

the geostrophic equation written a

N apy el -
Gy - ﬁ’E?(Aviv'*T’) o |




P,) § AX = offshore
i ar = pressure diffe (B, = B) ; 8Y = longshore
¢ .
distance and f is the Coriolis’ parameter equal to 20siné where - is the

vhere 8P_ = offshore pressure difference (P, -

rotational speed of the earth and ¢ is the latitude. The data were used

to compute, the wind stress according to the quadratic_drag law!
: ‘o 1 B %

2 2
(3.2) ;. = D,Cpm ﬁ‘ ) 2

efe  a _ .
b 3, - vind stress 5 ;.

b, - density of aix ,

. €, - drag coefficient for a wind at 10 meters Co

Here CD vas tiken ta be 1. 5 x 10 ‘based ‘ufon the work of Pond (1975). J

substicution of 3.1 ints 3.2 yields: i
1/2
2 2
C oP AP -
OO o N e B i ) <
0,8 | ax I B :

The offshore T, ﬂin.e i) and longshore o (Kha b :u-ponnnu of the
wind stress computed uuns thig wumm wvere then filtered using

three successive 10 a.y moving nveta;e type h\u~ vhere the sampling
poriod vas one hour with 12 points in & day. This was done to'remove any
signal having perfeds shorter than ¥ days. The real ©effect of this
ﬁlr.;ring on the data ig.difficult to deduce bec-uu\af the uneven -
lamplulg frequency of the dataAThis filter. vas'chosen to remove the

eifec: of high frequency atmospheri¢ events, éince it is exin:ml that the

response, of the ocean to.variable winds will act like a low pass

’ filter. 3 o ¢ ; o v

F
A ploc of pressure lnaotlmd using a 30 day wving average ‘of the data
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the offshore pressure signal’ with positive gradients observed in the

vinter and negative gudi:nt: observed in the susmei. Pigare 3.3 Ahw-

}
the computed vind stress which is filtered-as dncnbed&v! and more i
. i

c';eu'ly shows Lhe seasoial variation in the vind stress in boty direction b}
and magnitude. (A pressure of 0.1 KPa, a =) betubes & and L corresponds

to a genstlwphxv_ vmd of 12 ols ). The maximum ‘urflce stress nccnxnd

in the., uzly winter of 1980 vxth a . valiss of 113 x‘ cu:xespondlng I

‘ -a.gaoumpmc \n.m'l nf 25, mfs. Nute ziut the Hmd -paqu :nnPdtgd - .

fn.r.tmn and we-mer system A;ructu:e.uill eftect: the mu.l wction
ot n-pncny ve mu

m mnd.-a; 10 weten (Nehon, 1977

* dn:uss the, gacatrophit ¥ind acl:ep},inr that i is to t,igh. iz -

-1

“High “wind- mu’e., gunen than1.0- M .u ohserved onl, in

paul Ko polx:lve lonphore stresses. ‘Such  ’

the’ m:er “nd llv.y.l corr

s cotrupmldl to a wind Va

a wind.,; stun ‘combined vlﬂl the’ onﬂ.mta stre

hu the northeast.  In l:he I\-ez -pu' mere are mo periods’ ot high

ltxess. }‘or the First thue ylax: yalk ngyuve- lonanl\n\'ft-d

e ;um\e; i

ot B(rong wirds:

'Frum numq o Hintgr there should be an. 1' redse: in the .urma

.vmd relative’ :r.- e urophm

stability argus

ely stable.. In the vinter

h;.m over v-mr vu!er -mng it ununhle. These

O
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. N .
effects will not be detectable~in the pressure data.but will mean that the

real stress in the winter relative to the gens[tophi: wind {e larger than

in the summer. ., ® .
The shift in the mean wind direction from the, summer to the' winter

is interpreted to be a result of & shift in the main storm tracks. The

- N .
change in intensity from summer to winter is a feature .commen to all the

winds in the ares. It is the change in the wind direction that is

particularly interesting. AL of the reporting weather stationg to the .

-east of tfiis area-show the mean wind to be from the southvest for both

the summer,and the winter. -

the Crand Bank data dlscussed earller arid the vork of Saunders (19‘17) ’

s 20 a y i S s winds,

to Ilpvell ng

B " in Hermitage Chanfiel, have béen shown

.- have also been shown to coincide with the petiod vhén vara vater is |
& ohlerved deep in_’Por:ui\e Buy. This 5uggestl that the northellteﬂy or

northyesterly H)nds are at least partially responsible for the  winter.

inflov of warm-ModiFied Slﬂpe Wat¥r into"Fortune ‘ﬂuy‘; In ch-p:er 7an

analytical argument will be made t§ show!that northeasterly winds are

'+ . " indeed capable of generiting an inflov. .
X eed capal £en 13 . B ,

ALl Of these observations are in agreement with -

to occur in.the winter. . These winds
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. Chapter 4 Thé Oceanography of Fortune Bay and Adjacent Chanels 1
: & b B i
. . 3 5
1

4.1 Circulation in Wermitage Chantel

“Temperatuve and depsity sectiohs across Laurestian Channel and up
L. s 1 g ; P 4
Hermitage Channel in Msy 1982 are presented’ in Figure*h 1. The positions
of ‘the stations discussed in this section and 411 others vithin this

chlpte‘r ate, shown fn l’lgure 1.3 and luted in Appendlx ir. Appmnt in

ki P:gum 4. l isa strong Dutflow i the, top lDD m:erx o( ‘the water on lhe 2

'smu’.huzst side ni baurenn:m Chnnne) Thxs tepresmts [he Bprmg untﬂnv
from the Gulf of st. W
. The :nldast wate

tends only to :he centre. At é\m‘canter statmh ‘theve |

-of .

© T - [h | the chamnel but

¥ . m on‘ly a very tlun section ag vxtﬁr vuth (2mpexature belml zezu chrees 4

The. section of cnld vater on the north Side of tha channel appears to be
\ ﬂoumg up:hannel consistent wich the, observations of Kudlo and Ko o
& Burinakin <197z) to th: southeast and of 'E1-Sabh (1977) to the nnrthwest.’
Flow on the northvest of the chaunel -is éxpected to be mlluenccd by
Hermxrage Chann:l " o X Boo B P
Strauf:\canm\ ‘and, tlow below 200 meters are veak. The lmmedn:g w5

" source of ghe Hodified Stope uanu for' Hernitage. Channel is observed

hére, . Temperature and snl)n)l:y belaw 150 meters are 3.0 to w0 unu

I;A'ﬂ £0.35. D x‘lD .

he m.n\/}mum dcnsxl:y abserved withi Laurnnuun :

\ Chammel vas just’ gre&r_ﬂ,&,ﬂ\nn 27.6. R B .‘«-_ :

Iﬂ “cm)tlge Channel the water balcu 150 @ is-varm, gxam:er zhzn

o . 5‘, 3:0°C, and’ dem, greamr than’ 27.0. Thgre is a thu:k Lens of cold ater . 1y

¥ b= .in ‘the upper section of the water cchunn ulmh chins towards

Y. 70 Ustation’h. Thé.slope of the isopyéhaks. at this ‘station”indicates the <, i




presence of current shear, hunzonm, venxsal or hnr_h. The. i'sopycnals

rise ip from the lett and i, d¥op devi taERe FIght actess Enbiecaelad.

Figore 4. o fransect of ‘température and dénsity across
C Hernitage Bt e Fa gk The weak slope of the isopycnals

downwards to the. right between 100 and 200 Heters provides some evidence
for weak inflo’ in the lower Tayer on the southeast side and veak outflov

on the northuest side of the channel. . Figure-4.3 shous the temperature

-and, |, density- for a cross section just to.the southwest of qunulon. A
. strung northeasterly flow qf‘n&e cold Labrador Current Water n'lang the:

D souzheasten\ side of the channel in mdxcu:d - The core of this water '

at’this point is betuéen 50 ‘and 150 meters vith a  temperature of less i

+“than ~0.3

kS woild appear’ rom other transect data (Appendlx m .
_ that’ this :aid water, is dxscha(ged from” the mouth’ of the Snnt‘?len’e

. Channel and ‘spreads out’and décreases in’velacity as it moves upchannel.
" The: flow of the Labrador Cutrent into Hermitage Channel occurs as a
buoyaney“driven Flov sinilar bo that sbserved by Hamblin and Garnack

(1978) in Kamloops Lake in ‘British Columbik, In that situation river

" water énters a lake entraining laké vater thereby reaching a depth of
n'euu‘ar buoyaney. The. Corfolis effect causes the Flowing ®ater to move #o L

R " to the xight thereby. hugging that.'side of the lake. The sxr.unhon

w P . 11\ Hermitage Chalmel is slmilar in dmz ‘l..nbmdor Cuxunz Hs;er L

N, x i
catering Iletmitaze Channel 1s much less dense than m\detlying .

Horhhed SlopeWater and :herefarexove‘tr)den u and ﬂnws up th ‘channel

(nnmng the nghr. hand q'xde of. the ehanisl

5y 19 Lo The dynamin tapng(apl\y of.thé 50 kPa surfacé .was computed éel’nzi«e/ T
- £ 2000 kPa folloving Femin (1964) and is shown i | Figure 4.4, e veper
7 n g level vas. chosen to clininate the.efficts of the variablé surface lnyer. '

- The lower level was, chosen to.torrespond, to what supsrboito'hs wilevad
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of minimum cross channel slope in the isopycnal Surfaces and to permit

comparison with earlier work (Kudlo and Burmakin, 1972). Because the

survey took two days to complete some aliasing might be expected ‘in the

“datd. ‘The mean difference for*four repeated stations (numbers 30,36,40

and.44) was 0.012 dynamic meters. The mean error of 0.012 dynamic meters K

is just .over tuice that of the contour interval, 0.005 dynamic meters.

‘This suggests :m aliasing xs m}‘xgnmcsm problem, although, if oné

<y
removes:the difference o\yy{d at station 44-then the mean becomes 0,008
dynamic meter's, Aliasing is clearly a‘problem,-although it dags not

seen to ‘obscure a general trend which is dpparent .in

. topogtaphy pio:'armg.;ra Rk P . : Pk

The outflou of Labradon Current Witer £rom the mouth Of Saink-
Pierre Ch:mnel is cleatly ev),denl. in the dynamc togography. - Interyletfng‘ . il
—_—

the contours of ‘dynamic hughb as 'streanlines, this .mlr_flnw appears to

be deflected to the rrortheast and spread laterally & it slows down. ‘This® '

agrees well with tlic obgerved ivater aistribution in the transect plots. -

*A‘thick core of cold water, appears .to spread out and become varmer in

sections successively further up Hermitage: Chamnel beyond the saine-pierre
Chanie; ou!flow poine (Figure 4.3 and Apperdix 1DV, . | o

Flow ‘in the regwn of the mouth of thie channel’ is qun:e weak and,

wuhm the CTD grld used here, ‘rather i1 déined, allhough, thz: data.-

do suggest ‘inflow on the séuthuest side and ou[flm-l on the ncrllwzst Side

at-the mouth. The Plow in the, region of the hend af tie channel )s also

rather d'ifr{(:un' to interprer: Townrds “the hend Of. the. chahel tlure are

some aspects of the fIaw, paruculsrly the quemun of the flow ta'.uxds

Fortune Bay, tha: the €10 grid dc!s not rcsnlva. & i
It is also possible to computd the transport. GE the Tabrador. Current”
in the chamnel with the use of the dynanic. height datg. . The Yeault will




&
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be used later in comparison with the inflow of Labrador Current Water

into Fortune Bay in an attempt to compute the total transport,through

- . Saint-Pierre Channel. We can use a simple formula to compute the-flow
b ‘ speéed between two stations across the Labrador Current Water in the channel. 4

From Pond and Pickard (1978) we find:

. v v@ah -0

i | ‘where V is the speed L the a;sum between statiohs, .f:the Cariolis

,pxgamecer, D‘ &d 0 the 'dynn,.mic hexght in dymm: meters at the :uo

. _fatguons. Vsing. eqnm:)on (4. 1) the velo:ny between/Etations 40 and 41

is 0.4 m o '. This. gives| the mean How of the vater betveen.5 and 200
et prebabiy represents an under:stl.mr.e of the flou spee

w)[)un the core of the’ l:ald wster 'n-e ‘cross. aectxonal arey{ the water

vithin the =.3°C xsou\erm ('F)gur; 4. 3) u 3.7 x m u? vhich gives a
i el “transport of 5.2 x 10 u &7, it was not SRR e StEthE L .
£ . - Lvelocity in the core dn'ecr.ly ‘using dynanic hexghtl s0 u is expected :h t

this_estimate of the transport: In the cold core will be low. :
* The usie of -thie ‘peostraphic method is often fraught with traps,

- particularly so when it is applied on or near shelves. Sevéral

different approaches o this problen have bk suggested
S (Rem md Mantyla, ms, Csanady, 1979) none’ of which huve proved enn:ely
nptnguctqry, In this suuatxcm for exanple, it may be' possible to
; lrgue that son of the #lope ui the  isopycnals. wvident, i Figure 4.3

is J \‘eiull of negativuly buoyant ﬂw and riot gms:rnph)c flnv. This

uould mem\ reducnm\ in the cmnspo:‘ nnlchlatum ngen above should

be Mite,, | < , w L o

The June 1983. survey showed quité“a different picture with no

) clear pattern 4t all in thei50'to 2000 kPa'dynamic height plot. The

outflow of Labrador. Current Water.into the channel was greatly
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e \ﬁs—' v:th{ water < 0.0°C being observed: This corresponds with

. the ion oytside the Sai sill where the minimum ! watér

température was found to be about =.2°C. The inflow into Fortune Bay of
cold dense vater at the Saint-Pierre sill vas also very much reduced.

The, conclusion is that the transport of .Lsbrador Current Water

through Saint-Pierre Chanmel was much lower than that for the previous

year. - " .

4+2 Saint-Pierre Channel

Saint-Pierre Channel is an extension 6f Avalon Channel bo which\\
access is-somewhat restricted by a shallow sill just east of Placentia
. Bxy (Figure:1.2). Figures 4.5 -and 4.6 show the vater structure in the .

channzl in cross section and alang its axis. The stations shown in

these gwq\ hgures arc plotted in Figure 1.3. Looking at Figure 4.5 it
can-be seen that there is cold Labrador Current Vater in both ‘the
north sub-channel, which leads into Fortune Bay‘, and in the south

one, which leadsﬂacross to Hermitage Chammel. The slope of the N
isopycnals ‘in the northern channel indicates westward flow into Fortune

Bay. ~Flow in the southern channel is more complex; the slope of the

isopyenals downwards to the left.on the south side of this section

between 30 amd 60 meters mdxu;es eastuanl flou of warm s ‘- on

[ha north !l.de of the southern channel there appears to be vestuard flow
of-cold vater betucen 60 and metérs. ” '

The longitudinal plot (Pigure’ 4.6) shous the butflow of cold
Labrador Current Water into Hermitage Chanmmel. It is intriguing to
_note the"incresée i temperature tovards the botion at station 62, The
slope of the isopycnals indicates strong upchannel flow of this water.
.The field bathymetric chart obtained from m'c;}.mi_i.m Hydrographic




" temperatires are !,cu ‘than l'C.

Service indicates the possible presence of a sill depth of 90 meters.

In drawing in the bottom and making this analynl ve have ignored the

" possible présence of this sill. ¢ st

4.3 Fortune Bay

June 1981
Figure 1.4, discussed in Chapter 1, shows the resulés of the June
l9Bl.cmile. The effect of the cold water outside the Saint-Pierre sill
on Fortine, Bay can be seen in the cold mid- depth layer vmun the bay vhere
Hecer deep in he bay id varm G 1.5%0)

and quite dense, 2@.15. The density of the water at' the Miquelon sill’

and rising of the isopycnals between stations. 55 and 56 indicate the

possibility of inflow over that sill. ‘There is éome evidence in

* Hermitage Channel for cold Labrador Current Water outflow from

Saint-Pierre Channel ulthough it is m-euh..:bma'ua No water .
<0.0°C vas. observed in Hermitage Channel, the only evidence of cold LA
vater being the lens of < 2°C around station 44. - -

Decembbr 1981

Figure &7 shous temperature and density from Saint-Pierre scross

. T B
to Hermitage Channel. Conditions inside the bay have changed since

June 1981. The bottom water is colder by 1°C while the density has
‘increased by 0.05. Water outside.the Saint-Pierre sill is similar to .

that observed there in June. A lens of cold water can be seen in -

Hermitage Channel between 100 and 200 meters depth. There is a well’
developed mixed layer with intense stratification|petween 50 and 200

meters in Hernitage Channel. As in June, Fortune Bay once again exhibits

weak stratificarion below 150 meters.

Figure 4.8 shows the transect across the Sagoma sill in Décember
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1981. This is the shallowest of the three sills having a limiting depth
| ;

of only 100 meters. The difference in stratification between the bay

water and- that across the sill is strong. Water dense‘enough to

displace the bottom water is present only 30 meters below sill depth.

In spite Bf this there has bee no direct(EVidence that dense water, .

inflow occurred at.this sill. If there-were inflow,a significant amount
i g ¢ ’
of mixing would be expected ‘since the slope ‘inside this sill is a°
. : v ;
which is ahmnt twice that of the Miquelon sill and five times that of

1. (This will:be discussed in more detail im Chapter

_the Sam:—hern: s:

5). The water” in *e bay from the mwuth up to utan.o 7 appeared

uni formly L v botton, No ‘cross or long 0 r-nae;:- were run
at this time. . 4
Februnxy‘IBBZ . . O
. Temperature and densuy over the Miquelon sill are plotted in Fxgure

4.9 for ‘the Februaiy 1982 cruise. The temppfature of the dedp vater vas

.°¢, with

higher. than in December 1981, The botton temperaturé vas.> 1
" a density of 26.38. Warm and ety dense, water'vas observed naazvtﬁg
botton lat station 55 on ma quualnn si11. " The water there vas'4.1°C
with a demuy of 26 ae 'me depression of :hc 7_7 o 1sopychnl and 5°C ’
isothetn on ‘the Hermizage) Chaning].side of ‘the sill suggest that the
influk of, warm ater into e ental, daprasaton e the o111 had -

oecurred earligr. An extra station.vas inserted between the sill

© ‘and station 8.in the bay to see if a density current flow could be

detected. In spitegof the fact that no’ warm, water inflow was observed

directly it was apparent that such-an inflow had just occurred.,
May 1982
Figure 4.10 shows the density and temperaturc transects across the

O s incpiorre andN\¥iquelon sills.. The bottom water towards the mouth of
! /

|
.
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the bay was now -0.27°C with a density of 26.23, 0.15 kg W

less than
that observed in February. The slope of the isotherms and isopycnals
leading into the bay dnd over the Saint-Pierre sill indicate that cold
vater inflow was occurring. There is still comparatively var wate in
the depression on top of the Miquelon sill with temperatures greater than
1°C and densities greater than 26.5. Even at this limaa when strong cold
wateE: Infiow e scouciingae Be Selarplerre il furedivarer at

ch.a'ﬂ Miquelon, sill dense enough to replace the botton vater in the bay.

Figure G L1 shows the temperature and density along the bay in May

“1962. . The water towards the head of the bay is remant wars'vater lefe

gver from the winter exchange. It has a maxima telpar;mn of 2U6°C
and demsity of 2.4 kven the vater decp fnaide Belle Bay over m\lga
meter sill is vam and dense, though the temperatugk does dcrease

toudrds the bottod.  The ¥isirg of cthe 0°G isothern fovards the back, of
the bay is consistent with :m presence of the.cold vhter inflow. Cold
Bl enters the bay over the Saine-Pierre sil) and then rides up over -

the denser warm bottom water, which is gradually eroded J
and-eventually ' replaced, b

Figure 612 shows® emperature 2 and density across the Sagma sill.

The veak stunhucmn of the huy water compared with that cutside is

once again apparent. Warm dense water capable of replu:l.nJ the botton

“water of the bay is present just belou sill depth.

Analysis for mutrients at selected depths vas carried out in May
192, Figures 4.13 and 4:i4 show the resul s of - this work together with
that uf some wotk done ii‘June 1982 for. dxssnlved oxygm. Dissolved
oxygen was not done earlier becausé a kit for doing “the analysis was

not available before June. For simplicity we vill discuss the results of

both surveys together. E g .-
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The nut rient al:alysis showg the Modified Slope Water to be/high in i

¥ total nitrogen, silicate and phosphate. The maxinum values ¢bserved in %
the Modified Slope Fthet are about twice those observed for| the Labrador b

Current Water, At each level the two water masses show fnir%‘ly constant

nutrient concentrations. local stations do show afigmalous nLtrient values
& |

‘ |
for example, the high nitrate and silicate values gbserved at! 50 eters
depth at statitn 36. B !

The results of the dissolved oxygen survey show that fot sven the. surface

vater reaches saturation level. ‘The levels are presented in /1t but

~ the - hfghest. values represent & samrunon ot abigut 0% (Sérigkland and . i
) varsons) 1972, Table XIV ). Mree stlglon‘e vere dhserved to \ave Tow axygen
coneentrations at the batton, stations 53,51 and 3.- The. :onc'\emazi‘gnlu
these stations vas 5.50, &.46 and 5.92 m1/i respectively. It appears that
s the loW oxygen concéntratiglis are associated with the Modified Slope r
5 Vater. o stations wers found to be anoxic. Oxygen Levels of the, infloving
Labadar Currént Water over the Saint-Pierre sill were eqund £ohe
nlufofml\y high, greater.than § m1/1
‘The low oxygen lewel.at smmn 3 can be used as a quAlta:_Nl measure '
. of the residence time of the varm. water found there. It will’ latef be shown
" that the infloving’ Modmed Slupe Vatér mixes l.u/au with. the ¢ bay witer, so
that when i€ resches the botton of the bay it should have an axygu\ ,
concentration of nbout 7 ml/l ;‘ram its - time of entry the.battom Jme: has ‘
: thus decreased in oxygen by about 1ml/l. ¥ s ‘l 7 .
‘ June 1982 . N f ' i
’ A transect run in Jugng’982 alang the axif .of the bay is shouw‘ in
Figure 4.15. Cold wa‘ukservnd in May 1982 was observed to advince i
i ' - : .
: : o
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) “further up the bay. Dense water inflow was sti!‘.l.;::curring and was T,

observed with a current meter mooring placed just inside the Saint-Pierre

sill. Data from the mooring will be discussed in Chgpter 5.
Near-suzface vato® in the bay have inefessed in temperature. The
% saximun temperature observed was greater than 7°C compared to 5°C in .~
-, ' May 1982. In this transect the conditions outside the Saint-Pierre sill
. upfbar uckaagda. SeaElon: 1N, oCSiplal. GHG EAKTRARLIE NS qutEe. ¢

¢ different conditiones thesbotton temparstuza vas —A3°C with density, of-

26.26. \This indjcates the short tern variability in the bottom witers at
yates ) Harg 3 :

station 9. The thickness andposition of this lens is unchanged from

May 1982, et q H

“Comparing the density plots (4.11)and (4.15) there is less stratif
. cation in the bay water in June as a direcEresylt of the inflow of

Labrador Current Water. This inflow has also decreased the bottom water

temperatures at station 3 outside Belle Bay. by about 0.5°C. The demsity

4 there Mas docreased by 0.06 kg 13, These changes over a period of abaut

three weeks are quite significant and indicate how qpickly the dense vager
at the head of the bay can be eroded, ) )

The varning of the neax-surface vater mentioned earlier has extended
"to 100 meters. This ,is most cuslly seen by lobking at Ehe depression of Sl

the D°C no:hem. This represents heating of the winter cooled aurgace %

vater of the bay. Winter cooling and wind mm@ of the vater in the bay-

vere unusually severe in 1982. Advel:twn of cold water into the hly

‘ . over the Saint=Pierre sill in the winter is another source of the cold

¢ water observed in the upper 150 meters ni the bay in Pebruary 1982, e &

Figure 4.16 shows the temperature lnd‘denlity‘rohle from the
A N 2
i Saint-Pierre sill across to Hermitage Channel. The temperatures at the

Miquelon sill were not noticesbly lower than in May (Figure 4.9). Cold .
: S o
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to overtide the wicmer and denber vater. Figure 4.1, shows the,26.22
unpycm;l slaping upwards to the right and the 26.24 isopycndl sloping
uyvards to the 1e£c 1|\d1catmg the moverient of the celd vater in’this
mid-depth layer i's a;sn touardg the hufi. By 14 June the warm bn;_mm
uat’er has been replaced by the headward ‘flowing cold water. 3
" The infloh thus drives's net Elow of cold water up the bay. The

pxs[exe’ntill_plth 'fuz the cold water’ 'nw is through .:he southeastern
thannel because of the influence of the Coriolis force; orthrough the

- S
northwestern channél during conditions of strong inflow, because if is

deeper. |

“ oy 1982 oo Ly

A short survey of e Bay vas conducted I July 1982 by NAFC :
personnellon our, pehalf. Temperatute is' the same as for June. Cold
vater ‘inflo is still taking place as shoun by the very cold dense

vater obs'arve;&gt-s:a:ion 9.

" The 0%

~ps. far’as sur.m 7. The warm bottom vater at_ ltl[im\ 6 hzs cooled

#e0 c@glder-bly to -0.2°C. " The indifect effects o nls{ Kestingiand

“wind .mxmg are evident in the further de))x:ssmn of the 0°C isotherm
'to below 150° meters and the varhing uf the surface water to 11 to 12°C.

Very cord dmse ‘ater is still prennt mts\de the Saint-Pierre Bill.

November 1932 =, & N
... The iad survﬁy‘{o be discussed was cu{ned out in carly | Nnvcmber :

iahous ‘the tomperature. and densuy plotted fron

b 193’2. Fxgure 4
outside the 5

in‘the Saif¢Fierre Channel hdve changed greatly since the ‘symer; the

,. although-

o

"' vater tgiiperature at of below pill depth béing some 0.5°C vith ‘a density
43

“of: 2| The'wator™ in the depreniot on. the Miquelon ‘sill

g w5 g Y

isothern has advanced still further up the bay now extending

t-Pierre sill fo Rernitagé Chamnel. Conditions outside,



range 50 to 175-meters, is probiably’ a result of discharge from the

S YEEE e ﬂ,e lexity ‘ands ink ity of e deep water within

45~ - . |

- ; s 3
water appears at this point to be running over the Miquelon' sill and S
mixing.avay the warm vager which vas in the:central depression on the N
sill. Water below 0°C was observed at stations 56 and 55. In spite of

this outflow of cold water, varm water at the bo:mm of station 55 is -

still sufficiently dense to replace deep water in Fbetune Bay. In

Hermitage' Channel 'the 27.0 igopycnal and the 5.0°C isothernm are '
depréssed below their February (Figure 4.9) and May (Figure 4.10)
1982 positions.', Cold water between stations 53 and 49, in the depth .

Saint-?xerre Channel. ” ; P

Transects ruf along’ the bay. such as that shown in Fxgurg 445

3

the bay. Cmss bay transects Iurther 111uatnm the water sl.rucr.\n-e v . i

in the bay by showing®ha differences betwann the tuo channels on -
either side”'of the cedtral bank (see\ Fxgure 1.2);" Figite 4.17 shovs the | :
rebults of a. duriey canducted on 7 June 1982, The Sokron tameretpesid 7
the no:chveszem chidnnel was gigater. thae zeJo.umle that in the" . »

oo
eastern‘channel is belowfzero. ™Mhe densityAfn the PO, T— .

was greater than that in the other by 0.04, Figuré 4.8 l\ous the :esults X

"of a durtey condicted ofe week later on 14, June 1982.

“and density in the southedstern channel repained relatively unchanged, ey
but™the northvestern ghannel niow contained mclf Golder and less dense.
bottom vater.® The water on the top of Brunette Bank at 180 meters is *
also colder, by sone 0:2° ct ‘ A g -\j -y 'v o

The slope of the igobytnals in the fortheastern channel indicate

flow towards ‘the head‘ The ﬂuv in thu ndev of :he bay is Blmllar for‘

both ‘the 7 and 14 June, although the ac:ull dennues\d{b change. In

the. nurl‘.lwestetn l:hﬁnnel the 1esd denle cold water is’ lnztllly (m’ced




* near the mouth. The cold water ha

* Bay displacing the warm water which

247~ i I

" still comparatively warm, is less dense than. the bottom water in the bay.

The position of the 27.0 isopycnal and th.e 5.0°C isotherm below 200 -;xzr.

if Hermitage Channel appear- sisilai to that observed ia Juse. Onlgg thin

section of cold water, with 'z’g-pguuus- les’ than 1°C, is apparent at

station 43. ;lone of the very cold water observed there in June is present.
The plot of temperature and density in Figure 4.21 shows the distribution

of varm water inside the bay. The range of bottom water temperatures

inside the bay is mow Lery low, about 0.2°C. The coldest water is found -

at the head of the bay at station 3. " The 0°C isothern now divides the bay’

in much the same way as if had in the summer, except now in the opposite

sense. The cold vater is near the head while the warm water is found

; even extended over the sill into Belle

been observed there in May 1982. The

(S
temperature at the bottom has decreased by about 1.0°C, although the denmsity

has changed by only 0.1. It appears from|this plot that the warm water
which entered the bay between June and November did so over the Miquelen
sill. No > 0°C bottom water in the bay w

N

From Figures 4.21 and 4.22 it can be seen that the surface mixed

observed beyond station 6.

layer is wargest (7°C) at the head of Fortune Bay. Along the axis of the
bay, the mixed layer thins towards the Saint-Pierre sill (Figure 4.21).
Across the Sagora sill, it initially deepens to near 100 méters and then’

thifis, cooling towards the southvest out of the bay. This shows the

; = 5
effect of freshwater addition to the bay and the effect, of open access

to the west and southwest béyond the Sagona sill. -

Figure 4.22.shows the umpm}um and density across the Sagona Isle

Ssill. Water of sufficient density to displace bottom Witer in the bay is
still present at about 50 meters below sill depth on the Hermitage

Channel _side. e s .
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Figure 4.5 Signa-t and temperature, ‘plotted across the Saint-Pierre

Channel, looking westward, in May 1982
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Figure 4.7 Sigma-t and temperature, plotted from Saint-Pjerre across
- Fortune Bay to Hermitage Channel, in December 1981. The
station numbers are indicated along the top of the lower
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Figure 4.8

Sigha-t and temperature, plotted’ from Fortune Bay acrdss the
Sagona sill to Hermitage Channcl, in December 1981.
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Figure 4.7 Sigma-

‘and temperature; plottod from Fortune Bay across the
Saint-lierre sill to Hermitage Channel, in February 1982

Note that an extra station was inserted between stations 56

and 8.
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Figure 4.10 Sigma-t and temperature, plotted from Saint-Pierre across
Fortune Bay to Hernitage Channel, in-ay. 1982.
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: Figure 4.12. ngma-—: and temperature, plotted from Fortune Bay across
the sn.,ona sill to Hermitage menncl, in May 1982.
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nluu 4:15" Sigma-t and temperatyre, plotted -im; the axis of Fortune
Bay, .in June 1982.
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Figure 4,16

Sigma-t and temperature, plotted from Sai

across Fortune Bay to lermitage Channcl,

\

~Pierre Channel
“in June 1982.
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Chapter 5 Density Current Inflow

5.1 Review h
4 : foui .
Density current flows are an almost ubiquitous physical phenomenon. They

occur, in both the atmosphere and the olean, on a wide range of length and 4

time scales. Powder avalanches, sea breezes, haboobs, mudslides and

turbidity currents are all examples. The recent review article by Simpson :
v

(1982) shows how varied and intensivezthe work on density currents

has been. ! = . »

Density current flow occurs as a resulf of a buoyancy-force within a
fluid which exists because of density layering. Usually the fluid can be i i
" considered as being, conposed of ‘tuo layers'of - £ixed, but dif£ering qehsities.

In the ocean this density difference is commonly.due to temperature - ]

. and ‘salinity differences.

The current may be either comtinuous (Ellison and Turner, 195

o 1975; Bo Pederson, 1980) or surge type (Middleton, 1966; Berijamin, 1968;
Turner, 1973). In burge type £low a characteristic head develops which
is thicker than the following flow. The gemeral fqrm of these flows is

well described in the review article of Simpson (1982). Jhe nature of such.

a - & £lov has been recently described by nay (1983) vho stulied a turbidity

current flow which was artifically created by the discharge of mine

. tailing into an inlet. . : - I i
Density dffPent inflow has often been invoked as a mechanisn.of ‘

exchanige in studies of deep vater rencwal in £jords (Gade and Edwards,

1980; Helle, 1978; and Farmer and Freeland, 1983). " There have been, as

H

well, some direct studiés of these flows in the ocean .and in fjord:

. Both

smith (1975) and Bo Pederson (1980), for example, studied the density




i 8 e,

- “ fiords there has ek wiEE o§ ;Zd‘uards' and Edelsten (1977) and the

B receriic vorklof Geyer and Ganoen (19895, Tn iele study ot Puger Somndy
Geyer and .Cannon present direct .phs!rvgtinns ‘of den‘sity ﬂ.nw‘g but “in
" region of iy non-uiiFoln botfow stoved “Hamisiin and Carmack (1978),
ey innres(ing piece of work, describe the effeita of iRt AR

i rotation on a positxvely Duoyant “density current ﬂuw in a large lake

"+ in Britjsh, Colusbia. - » . 5 ™ -

5.2 Ohsetvutmns gl : 4 .

In chipter 3 the T tem' data ‘erg’dxscu%sed il\ustrat).ng the exchange

 of déep’w ter_in Fnr:une Bay;a d culslon carried further dn’ the de,scr)p-

non of the c‘m data pruentnd in cmpter A Fxgurc <11 and;4.15 show

‘ :
: the :empe;ature and demxty ulnng t’he axis of the bay xn l‘h)’ and.June 1952
It.is xmpnr(ant to noter Che cold Hater thch extends over the Saint-
- " Herre sill down ‘ml:u Fortuné Bay and beyond ‘station 9. (This iea:ure is, ’
. we " also present, bﬁt‘is less prmun'cea; in Figure 1.4).-The gucvey in June -
shoved mt the volume of the pibzero. uam— _in the bay' had increased
signi€icsntly, asa resul’t of inflow of cnld ‘vater. i

In .lm\e 1951 a cuxx:m'. _meter . inteing warplaced tyn kxlqmetexs upslope

from station 9, and just €0 the cast ‘of .the ﬂenl’.er of ‘thp channal leading

into’ thebéy. The - mooring vas descnbed in Segtion 2.3 and is shown -in

! Figore 2.3. Three current metets vere' adployeds at’s, 15%and 65 meters

apove nm borgom. - . o

Setvice; waz)z The north axis of the: plots pnxnt: slmost |

 hydrographic

dlrectly dnto “the hny nlnng ehe’ Line of :Im chnnnel

o s . .
current flow through the Denmark ‘St’aik between- lcellnd_ l‘nd «Greenland. In \
.
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Stick plot of currént meter data Fron mooting 3. I.uge:her vh.h
the predicted tidal height at Saint-Pierre..The’depth eacl
curtent meter above)the bottom is, indicated st ‘the ext:

ene
lege. Thé siick poé is oriented with tHe north dxis ncmsm 5
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of the rlecord Lheu is no reguld? flow inta the hny, instead there.is

B wacxlla?mg tidal f¥ow. Twn'ds the end ‘of 6’Jun: the .£low-pattern cnnngcg

and at 5 and 15 mezen ‘the flow is .directed alnost can:xnuouﬂy into the
bay. A; the uppet current. meter the ‘Flov is more variable since this meter

y.¢ is not lh-'nys widhin tie densu:y currenn. A variation. in.the\mn_n n

‘current ' be{weeh the meters at” 5 and 15 m can also be observe: The lowut‘

*meter! '_

i

ows reduced fluw speeds ‘which, ni'e :nterpnted :a be a reaul: of

N, .

: P Fxguxe 5 2 shows rotsl‘:ed current plutn whe:e the U compall!nr. is' A

bo::am fnctmn. ' '

. Pmur.we U is directed into the hay, positive .V acxosichnnnEI to the frest.

The LEwo uﬁm meters ' uhou Elm-r into_the b;y ‘after 8- June‘.mx{ the upper

. meter’at 65 n “above the bottom contxnues to show oscillating tidal
. g .

ﬂt into and out’ of 'the"bay.
Th! lIIDBt obylaus fe-ltutﬁ. of the denslty curn:nt flow -is .that it is
-tidally podulated.”. Visual comparison with the s.m: -Pierre predicted

" ndul plot. shoys a; sicTear relatibnship between the tud. Msxiam flow. - v

spudé at. the two Iower n\tzri’uccur at,’ or very near to, B{lnud tide.”

Mmiguum flow dpecds ate ‘observed at, or very near t 'ehu nde‘ Figure:

5.3 nhmﬂ n CTD profile tajggn at. 1612 GMT on 9 Juno dn the wter of the ,

:hlnnel; The nututa of the dennty current m sparent in the' dxstxnct

" jimp dn Lcmpernture, salinity and denéi:y Abo\m meters above the *

* Bottom. Althnugh not_taken at a time when high flow ‘speeds vere

ugu:ergﬁ by the ne.z-ho:’v.om mer.el'n, it can be lo:n from Figure 5. 2%

+ that Il‘.mg demhy current mflou did occur onh June. ! v .
l-lluud flow .pud. are vhunlly cor{ellted vl;h thn pnuod about.

dg with ‘the period hhout £flood :ida. For

cv b zld-, incu sed flow s

: dxrec:ed aldrig’ 28 degreds true-and ihe v cmponant alohg 208 degrees. trug.
.

'rhe ctols-chnnnel speedx are- very.low (about 5 cm/s) in §11 three records.

v
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* 5.4, taken on 5 June just after the deployment of the current meters,

'with flow speeds scon. in Figires L'

the garly portion of the récord, up to about 8 June, when the inflow is
‘weak, peak velocities are nearer to high than flood tide and minimum

: £ - T
velucx\tiu are nearer to low than ebb tide. Inﬂow in 'Hay and June was

|
1
i
H
i
i
3
1

found to be at #maxinum during periods of spring eides, further
xuy:mzmg the tie betveen the inflow and the tides.. i
When station 1l.was occupied on 14 June 1983 conditions: were much -

‘different from those observed there five daye ear_lie:> The bottom

temperatire had decredsqgiby- 0743°C and the demsity 'h.d increased by 0.14

kg w3 is indicates the ‘short term van.buzy in’the deep water

outside the Saint-Pierre o111 and provides an  explanation for the
absence of - inﬂow in the early section of the current meter records.
While the current meters were in the water CTD transects. were run
across the channel nlnng three“line#s. T2; T3 and T4 (see Figure 1.3). ¢
rigu:—{s's.A and 5.5 p:enﬁ the'CTD data from two runs along. transect . H

T2 taken on 5 June and 9 June respectively. 1In the first plot, Figure y

there appears to be a weak demsity current inflow. This is infer'r_.a

from the tilt of the isopycnals upwards towards the right. The *
current record during this period*(see Figure 5.2) shows oscillating

tidal flov as dischssed earlier. The same transect conducted four ' .
dnys llxur on 9 June (Fxg\u’e 5.5) shows strong inflow with an increase .
in d:nuty BED, 1 Ke it bt tom 1ayer.. Tie qutrent “record ! L
during this perfcd shows steady Inlov to hug the ki habid side of | T

ha channel ‘indicating that the flou is in gaoltrophil: balance. .

Calculat using. the mé# h -qua:{on (r”'\-mx Pickard,

1978), ‘based on the alope oil:hc isopycnals neaf the bottom in °

-1

ngm's 5 give a flow speed \of bout 0.4 m - 4 in reasonable agreement

nd 5.2,

\
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“looking

. Figure 5.5 Temperature and sigra-t, plotted along transect T2,

into the bay, on 9 June 1982,

]
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Interpretation of the other cross-channel CID transects is made
. *
difficulf by the complex topography of the Saint-Pierre sill region.

These other data can be found plotted in Appendix II.

" o, sxplanations ore possxbln for the observed oscillatory flov.

Ia one the txde acts to force the dense water over the sill and so any

» vnrur.umu in the flow of this dense currem. down the slope are r:lut:d

to tidal ‘control of the, source water: nuring ehk tide the dense water

will be held back), l‘.hut the Ilou of dense water will be zed\mad or

curtailed. On flood tide the reverse will occur and the flow will

! increase. The other po-;ible explanation is that the density ;urrent
Yé-xiore 9¥ Tess:” continous but: is axrasted:by the vecediip, tidal Flow
both through. the action of the stress applied to the upper layer of the

- density current and'the adverse pressure gradient imposed by the slope

e of the free surface.. On flood tide the flow would be accelerated by
the inflowing tidal current. More shall ke gaid in the next few sections
~ abgut the nature off these two mechanisms.

t . . A.
: 5.3 Theory - . S,

S

In this section an attempt shall be made to model a continuous
3 ‘density current flow along a slope: Previous treatments (Ellison and

{ Turner, 1959; Smith, 1975; Bo Pederson, 1980) have discussed flow into an .

1 g i +  ambient £luid which was considered to be“at rest. ' In Fortune-Bay, where
: . the intlow occurs . through a narrow strait 'um.v reasongply large tidal :
! * eu ts, this approximation may not ‘hold. To begin, .the case whére there 5

is flow.in the upppr layer will be considered. The effects 'of entrainment

B Eai upon the density current Flow will be-ignored. "Entrainmefit will be |
“pe W discussed soparately in gite following section.. 4" . ' -
K‘ El 'nu model n:ompn to -n-ly:ic-uy describe the n«m .1on; thc alope

leading from the Saint-Pierre sill wuna Bay. Pru the 160 m 1



system is rotated such that positive’

point in the Center of the channel to the 322 m point.in the bay at

station 8 is approximately 20 kn. The mean slope along this path is EI

0.6° although there are variatioR® iri grade between the two points.
Figure 5.6 shows a schematic of the ‘systen which is to be,discussed.

The densities in the lower.and upper layers are pq' andép respectively.

h is the thickness of thejdensity current and d is the referende depth. for

the analysis. £ is the suxtuu“elevutiun dué to the' tide and d + n is the

total dépth vhen § = 0.° The botton slope is tanB. The coordinate

<

x is directed/intn the bay along

the center if the channel, and that positive z is normal to the bottom. . .

No cross-channel flow will be comsi an ic .

by. the measurements plotted in Figure 5.2. The crass-chsnnel flow can

be seen to be much less than that along the channel. Al{ terns in v and

v' will. therefore be zero. Only the nonlincar terms u % End u'du’ will :
o x ™ . i
be kept. = . i
. The equaions of motion and the continuity equation in the upper )
layer can then be written, for the case of -steady flow:, At
- 2 -
LTS " IPRPUPIO B L . ;
(.1) ax " pox tesing + 5 % . N . .
-1 _32. t. ) 7
SRR 7 TN § ne
(5.3) 4
_In the‘lower layer the equations are: "
(5.4)  w'dy' -1 3p' 1 a*® . C 4
[l i LA r - o
5 S apt > . i . 3
L (5.5)  fu Ty . 1.
L e oS -
5.6 F-ti-=0 . i . .
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.
The non-linear term w'ie has been dropped because, after vertical

. integration, this term becomes part of the interfacial stress. The

argument for ignoring the time-dependent terms can be made by considering

the tidal velocity to be of the form U(x,t) # U(x) sin 2xt/T where T is

: the tidal period. It cin be seen from this that o¢ will be 90° out of

e bl

ph-ne with u and so when u is large, which is the case we are conudtn.n.

bexé,. thin 2 vitl be small. . : s .

o The pressure in the upper and lower layers fan be written:
! k (5.7)  p = -pgeosp (z-n-E).
O R Apgeosh (d-htz)’

Noting ‘that 3—- - tanl, the resultant -mnentml equations

vhere Ap = p
B & can now be written, ‘
& Xz
P

(5.9) -0 = ax

-pgeosB

= 2l

(5.10) 0 = “-pgeoss 2 + to(sing —coll%%)} Spdl e Xt
w4 3
These can be hm. ed to give: '

‘Gan - I [n.aa.;;;w “] a -

(5.12) 1} —‘

where 'r;. and 1;’ are the innrhcul and bottom stresses. The terms

HTnlp.nlD— spg(aing - toll——) +p'u ': &

cotp2E and’sind - cosBit are independent of z. The densities,in the

t

# upper and lower layers can. also be considered l-Lndep:ndenl. _The last
/terms in each of the equations, the nonlinear ones, are the ﬁ el

lwnilhti e it is not

plrnnt that they should b-

- indlpendlnt of z,' These are potentillly nwrnn: umu chh must hs
o ‘dnl: with.

LI - The v-r:h:n.uy integrated cm:im-i:y -qunlm in the upper layer is:
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3 i [ _an
G135 < T [ﬁ ax] '

Equation (5.13) is derived assuming that the following statement is true:

(5.14) :—5«3«¥ ' -l

A scaling u\rgumnt can be madu'tu Justify I.lsis ussumptiw.~ For Fnrtuna

Bay the imaximum tidal range can'be taken as 2 m §o the lerm on the leit

: 4,
! “ . will be, at mos:, of order 2n/20 kn = - 10 ™. . This'is clearly an, overes-
: timate since ‘the lemgth scale for the'tidal slope will be -much greater
than 20-kn, Using the same value for x and taking h over ‘this range as :

2 ® d
20 m and 0. as 157 m the terms on the right hand sidd of 5.14 will be
2 107 and 8 x 107, respectively. From this it can be seen that (5.14) is -

a valid assumption. .

i In the lower layer the vertically integrated continuity equation is:

ped - (5.15),

. In mzu-aqn.ﬁms 3 and u' ape verr.icnlly averaged veldcities in the

is'independent of z.

upper and lower layers. It wll\be asunmed that u

This'is reasonable based upon two arguments which are best mede ¢leat by

" reference to_one of the CID transects, for ‘example Figure 5.4, The upper
layer is considered to be.a homogeneous afxture o which,‘the cffects of
Pt "the pyenocline on the dedsity elrrent dre ignored. The'thickiess of
i v .’ this upper layer is mich greater than the frictional Noundary Yivks

thickness. Frigtional. effects upon u will therefore be' small over most

of the water bblum. The second argument is that the k‘.mumtic ccmur:rlint

at lhe nurflcc mplleu that u at the aurfﬂce \-ull be raduced by 1 - cohﬂ

i
§

: S that is by leas than 107 Therefore — uill be conddared tobe
negligibly small. A i, @ : i P

SRS

In'contrast, “ iu not axpnnud to, bz zero singe™the veloci:y urnhlu

*in the lover layer should bg of :hkfnm e schemdtically in Piguro 5.6
. 3 o e VS .

e B ¥ :
. ‘ by, 4 L e o g




| - . .
{
I

(Ell{!on and Turner, 1959). The thickness of the frictional boundary

layer may not be mich less than the flow thickness h so u' can not be

: : considered independent of z.
-
Equation (5.11) can now be writtén:

> . (5:16) 14 = -pg @ h+n) :u-a +pu? 3 ﬂ 2 e }
y "

“where following equation (s.u) ﬂ is ignored with respect to = s

The integral of the nonlinear term in equation (5.12) can'be
treated by recalling the continuity equation (5.6). Simce w' mist be
nlp at the mterfau ( in the absence of enr.tlmment and under steady-

state conditions) and at t,hﬁ botton, then it partial derivative vith

respect to z will be B Zero. So, the , will the pagial
Ao derivative of u' with respect to x and thus the nonkinear terms in ha
{ - lover layer:can be dropped Tt is 1easunah1= to drop the termi.in the
P, lover, luyer and mot in’the up‘per Layer-since they sre proportional to

= .und — respectively.
Once again following equation (5 14) the, lategr-ted equations (5.11) .

and (5.12) become:

5.17) - -pg(d-h+n);—§ cos + p 4220
(5.18), (V; ¥ pgh 3= cosp = Apgh sinf

The streés equations cam be uritten as in Bo mumm(a (1980, p. 36):
o'f - T -
.19yl = T‘ @=o J ; 4
p'f, e % . g 5 B \‘

.. (5200 1'|
. b —2 . r“t/-_J .
. Here ‘1 is the friction Woafficient at the interface, and £othe L

must be conf

y
coa[ffcxent at ‘the botton. At the interfite m stre

80 Yy i Tht pchematic vllunuy prnﬁll in l’muu .'!I "6 (Elliwn And
\Turnet, 1959) makes clelr that \'"'>’ 0 dm the lowr layer. velncity is

W L 3 /" . i




directed tovards the left and 7;<'0 at the interface. ,
"The' tidal term will be elininated by substitution from equation(s,18)

intg (5.17). The result of ﬂus substitution is:

(5 Zl) [1 +~(———5~]— @ =

' Equation (5.12) Teduces ¢’ the follawing vhen there is no flow in n,:).pper

7

* layer, i.e. u = SR
v, - -
s . . .

s 12

'h: ¥
(5.22). ' = /£ & 2 i )

It is also lasumed here that d_>> h. This iss a«Ghezy-type equation in
-greement mh results of Bo Pederson (xsso)
For the case vhen the upper layer has, arrested £low in the lower

layer, i.e. u''=0, then: . < .

T Y N 1. : . E—
. .

5.4 Entrainment’

Entrainmept has been ignored in I:l';e previous section but is in fact
a very ‘important aspect of the flov. The dense ‘water that flows over the
fn.ill__d;)es not arrive at the bdttom of the bay unmodified. Entrainment can
bé Vieped ‘s a oné-way uixing process vhereby smbient £10id s entrained

into the density curren

Bo Pederson (mo,w g-ao) provxdel an extensive ducuu‘x of the
problem. & relationship extsts betieen the hulk Richardaon m

(..'l.zlu) RL 2' N R e

u

and the enttaimmént v:locl:y. . i
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the density current as it'flows down the slope. : +

on me density current overﬂou. . [% .
2kgw

& :
: it b ; , p . :
(.29 | Ri= g i Py

+ This shows that fnr “Fixed alnpe unndxn:mn Rz should be a l:qnn:mt and ao

@ '.L /,':;

For suberitical fiow the fatis of the entrainment vélocitfto ;h.

thetefﬂn lhaulrl the em:rnnment ve!ocx:y.

flow vélocity is. given by Bo Pederson (1980,p.76) -as:

v
(5.26) —= = 0.072sing
ur

This result will permit the of. the total inmerft into

5.5 Cowp}xinon of Theory, and Observation

It is possible to use the results of the Previous sections to umpn‘u
thie expected velocitics and entmymgnt in.ordér to_test the v-!idi:y o
i

the theory and also the ‘nllydxu of the effect’of flw in :he upper’ l-y

From the G data (e‘g. Figure 5.5)i h = 20 m,'Ap,

unhg sinf = 1,05 x 107 2 ailovs the cnlculation of the expected £lov -pud'

Huh the use of ‘equagign (5.24) fmmd thak for suberftical l'lu-,u the sum V

of I:he bottom ll\d interfacial friction flctnrl

ould bej

£ VR ]
b+1(3x10 i e
= :

(5.27) Z x lﬂ

which ;ive,s, upon m.mumn the (ﬂllowxng range ‘of .valu

- 0.11m 8 <u'koas.n-
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le to.assess the effect. of flow

n the upper layen on
.the Ensity current Elm.'. To do this it.is bes'. to modify .au.non 5.23
by dividing above and beow by the" incnnn coef[xclen:, vhich fof-

simplicity shall ‘be writtén f, = f;

' (5.23) becomes: ~ . % :

¥ ae T
(5.28) u'= U7,

w!\eu ‘yepnnem the velm:ny of thé density current in'the .nmu

of flau in che “PPQ!‘ layer. Thu =v11\lxnng the tetm on the ught('m

current with flow speed T T,

factor as uséd in the earlier cncnuuan xxves' 1. o'u' | <] | < 4.0 07

which says thb@the upper llya( velocxty mist be at least 3s greac as
the density current velocity to atrést m flaw

; his is énly an approximate resule singe the interfacial and \mm
frxcuon factors are ot vell known. t&oes stow, hoever, that!

at 1=au theoreucally possible for :‘I\e uppsE layer flow to arres the

demstty current* The curreht record in Figte 5:2 5hnua, for the period,
\

£rom 9" June, onwards, ‘reducfd £low speeds \at thie botton tvo meters lag the

e
"upper meter by one \twp hours

b
This is Ecnsutent with the u;;{ar ‘layer
Flow exerting a direct :nnt!olbnglxnflu!m:e upon the’ density Curent.

7 The entrainment prohlem can be considered by applying eqm\m (5.26)

to. cmlpute the entrainment velqcity‘ The renuzt of tlu.*cnlculatlnn

5™ using an inflow speed of 0.2 st determlned o

uleB:(lO

£rom 4 visual average of-the current at 5 meters ‘above’ bottom in F]gure
5.2 for the latter section-of the record. Ii the llyer_:hickneaa is '

N




. £ 1
ithe botton of the:biy .42°C) for the resultant vater. The bay water is

" chosen *from th

shows that more entrainment will oceur on steeper. slopes.

s ; o N

assumed to be 30 me[ern and the channel lenglh 16 kllomatzrl ':hen about 30%
« e,
Gt the vesultant vater vill have blen entraiped.

s = g W,
A direct nhuéfvu'mn of the mixing of the’inflow waters can be made

unng a T-S diagram.* Figure 5.7 shows the temperature and salinity of the *
r:sultl‘t waters at the two'sills together with bay watgr at thé time of
-exchange. For thd Saint-Pierre inflow, the temperatures and salinities of

ﬂ‘?; resultent water are based upon Figure 4.15 using’the coldest water at

depgh range 150 to 250 ssters at statiod 8; the g ﬁ\vq\iei
*is chosen from {én:tm of, station i m— the Miquelon inelov, tha
8111 water is chosen From thi Totton of station 55 and the bay vater :
ftﬂm mdd—t bpth u'a:a:inn 8 in Figure 1I 9.. The resultant hpttnm vnt:er’ ¥

ased was l:har: Tat the bottom of station 8. . <

The plot shows thal l‘.hh anﬂ:—l’lgrre inflow ruulhm’. water contains
about 557 ‘bay water.' The resultam: water from the quuelon ’sill inflow

water contains nearly 661 bay water. Tﬁeﬁe values caiy be cunn).dered as

upper lidits to the enzrnmen: since mlxxng is axpected to occur via

other menh-nxsm than ‘entrainment.

* The high proportion of 'bay tia:e:.aburvea to mix @ith :he“niquelun sill
1nﬂov is not unexpented since the slope xntxde the Hx‘\lelm sill is three

times ute:per than'“that fur the’. Sumt-hern nu. Squlr.xon 5. 26 cle: 1y

5.6 Labrador Current Transport Lo . .

©  The-mean flow, speed of the current can also be' used to compute the

transport of I:ab‘mdo'r Current Wgter into Fortune Bny. Assuning an

inflow speed of 0.2 m 5, a thickness of 20 meters and a chinnel width of
'3 kilometers gives a transport of 1.4 x 10° nd ™1, This

lg pet. to more
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"P‘

or. lus u\clnde .11 of th= water \lp to tha -.z'c unthem um the limi:ing

horizongal vidth-based upan Figure 5:6.

' 150. mete;

£ exchange al1.0f the water 'below. 150 meters, This provides a-po

is 3.4'% 10

o which means £ha

The vn],nmu of Fortine Bny below '

't would take over 300 days

expllmtmn for the ahsance of watef 1!.! than™~0.5°C at ltlu.onl 6 lnd

8 in ngnre 31




above the huc:nm. .

2 N . . M
time Erom the thermistor C{Illﬂ and current meter temperature data. . The
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Chapter 6 HMiquelon Sill Flow - J ..
6.1 .Moorings } B}
Two moorings, M1 pnd M2 (Figures 2.1 and 2.2), each with two current
meters and a 30 meter long thtmiato{ chain' were deployed on either side of

the Miquelon sill of:-Fortune\Bay for the period 6-13 May 1982. Théir

poli:iona aré indicated in Figure 1.3. They were defloyed and recovered

£ an i will be

nnm the css DAwson. For :he P

given a I:he hughr. above the bo::om. ’l’hus each mooring has a current meter

at 6 and 65 meters and‘a themxstet‘chun running: £rom 11 &

41 meters

5 2 'memuco: Ghain nnd Cutrent Meter Data

Figures 6.1A and 6.1B show the cempfu':uxg contours plotted, versus

temperature data.fron the.current meter immediately below the thermisfor

chain vere _used in’ :uh_nf these plnts, The:data-have b:en fr{ttred—nn

“three -nccenive moving average (11::1’8 of the’ type deunhed by Godxn

(1972) to rémove the high frequency componénts. | The filter used was . |

uzAlZAlA)‘ Lhree success)ve runnlng uvenge ixlters uhxch servg to relva\ve N <

aay idptal tasiog period shorter 'than e hnur.  TReSEHAERTSLOE, Chibtn.
dntu were sanpled at 5 minute m:uvalr urter in:umg the data. were’ dg:x— .

mn:ed to 30 mnute mtervnls (or the puzpose of Notl’.lng. ‘Also plotted in:

idal hught Setvu:e,

Eigure 6.1

.
1982) st Grand Bank, whick is sbout 32 kn enu>f the Miquelon sidd:
The current data are presented as stigk di firiie on Figure 6.2

together with :he yudin:ed tide at thnd Ennk.t Winds for. the maoring»

period at, Saint-Pierre, taken from surface weather charts, are plotted in
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{

low tide. Currents’at ﬂ(e botr_um meter are duacted b:twun eut nnd

" Figure 6.3. The open circles on the chart indicate no data were available.

. =93~ .
{ - : .

or chain records in Figure

U The differences between thé two therm:
6.1 are striking. . The outside chain (6.1B) shows more stratification and

varmer temperatures than the inside chain (6.1A). This is consistent

with the CTD. ﬂata discussed in Chapter 4 (Figure 4.10).

" In Figdre 6.14 there are foir pefiods when vatm vater intrusions at the .

bottom are ohwarved; at the end-of, 7, Y the start of 10 Hay, the em{ h?

The ldst ‘two events are \iuch- 1éss

of 10 Hay and carly on 12 Mgy.

pronmmced and will nn: be discussed in greu de:ul. e first two

northglnt for-“the twv peuodl vhen the warm water )nt:nl.smns are’ nbserverl

io-thus directed into the bay.. For 'the pe\‘lod around 10May"'

The fluu

h and nnuurdu..modem:a northe.snz&ly umds are obgerved (Fxgure 6 2).
For the warm water uplift on 7 and 8 May the 0.4°C nothem is i

- observed to Fise to 15 meters, and_ the maximun nbnrved temperature at6 0

"meters is 0.66'7 This water will have a density of 26.5, easily Qanse

enough to sink to the bottom of the bay. -The ise in temperature is

extremely sydden and occurs just after flood tide, indiating that :‘h'e warin

water hetuezn xtltxanu 56 and 54 has been farced up over the sau on .

the floodlng nde Once over the sill tﬁu Ilug-of dense vater should y

sink a5 a density current dmm ‘the H)q\lelvn slope- and mta Fortune Bay.'
Tlus is. r:onslntem.‘ vxth the ubletv:d current ap;edu at r.h\hmkhgute
6.2). . ) . )

It is interésting that no yarm vater was obsérved at station§

which was sampled ‘on-10 May some tyo days after this event. Station 8

“is located over a bathymetric. depression about 35 meters deep and less

than a kilometer across. It should be-possible to'detect ‘any dense water
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Figure 6.2
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stick plot of the current méter data: mm moorings: M1 and
M2. Figures in bold indicate the height of . the méter above
the bottom. Thr predicted tidal height-at Grand Bank,
located on'the eastern’ shore of Fortune Bay, is.plotted nt
the top. . '
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_ from the Miquelon sil!

which flows into the bay and is caught i this hole unless, of cours

bypasses this hole or is flushed avay. The current speed at the time was
observed to be 0.2 m s ', meaning the slug of Jarm water should have reached

station 8 after about one day. That the warm vater was not observed is

+ probably due to the intemsity of the ¢old vater inflow over the Saint -

Pierre sill. The strength of this inflow and its density, 26.4, were

such that it could over this comparatively small slug of

Current Meter Data . ©
\

Current meter dnn -z\ the inside ‘-nonng (ngn 6.2) ' presents clear -

_evidence of a net -wmm ard flow “mto the bay. At 65 m the inside

“mooring shows cons: ltent nounuemqa flow directed out of the bay.

Mooring 2 shows o-cﬂh_(ory flow at the bottom and, consistent with
. ’ I iy
mooring 1, northward flow at 65 m. Table 6.1 presents the results of a

progressive vector analysfs of fhe current meter data.

»

TABLE 6.1 PROGRESSIVE VECTOR PLOT DATA _ . o =

Mooring Isobath Aligament® Excursion (km). Dir® .Speed (m s 1)
Inside 6m 270/%0 | s o 0.066
Inside 65m ; 270/90 | 2.0 315 0.053
Outside 6m 220/40 {27 o 0.018
Outside 65m ' 220040 | 09 19 : 0.072

A% 5
{ L . \ 1 d

The mean flow speeds are quite low, lpss than O-Nw s . ‘The difference

in méan £low direction seems quite significant, almost 180° from 65
A e : A
meters to 6 meters. This reversal,is -pp-‘m: from inspection of .the

uwk dugnm

The flow is at .pp\m};mtzly 40° to the right of :h-
mt,.m at the inside station and 20° \(o 40° to the left of the isobaths
at] the outside station. m- result ﬂly nuply be an ﬁuﬂc.nm of

\

i

H
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the quality of the hydrographic chart in this specific area sad the -

ciaii in ing the directiond)from it. -

Figure 6.3 shows the wind for this period at Saint-Plerre taken from *

sorface pressure charts prepared at Nordco Ltd. A complex low pressure

. -?n- passed over the area during the period when the moorings were in

élue. A shift in the direction and speed occurred on 10 May and could
3 !

have caused strong (> 0.25 s7)) northerly currents at the upper

curunt meter at M2 which began at this r.uu nerb. did not. lppur ‘to be as

uyuhunc a change at the inside mooring and none at all :hT&ouom |

‘meters.

'rhe xecord from the bottom meter.at’ the inside site ‘shovs more or

“flow into the bay with direction oscillating from 110 to

less regul

than 0.1°C.

+ 220°. For.the most part this water is cold, often le
During these periods, if it is demser a.-\sm vater inside the bay it
B ; ce

will.be by only a small amount. . ¥ 4

e
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Chapter 7 Upwelling in Hermitage “Channel

7.1 Introduction

The seasonal (ampetalure‘ data, Figure 5.3y e clearly that: téplace-
ment of the deep water in ForSune Bay by Modified Slope w_a:.s;- occurs in
the winter ye‘;iod. In Uhagter 4a corr‘elation wag?drawn between this
exchange and the seasonal variation ‘in the wind sttess. The data preseited
here do rot permit the time scale m?ar vhich thisg prfg;s- occurs to be

, precisely resolved. Here two possible ways in which: the exchange ot
occur will be discussed. Bdch involves an upvelling mechanism but one
assumes a fong term wind stréss over a period of months where the other
assumes @ series of strong winds Leatfyg to Lntemx?tzm: permds of

exchange. The wind stress data (Fxgul‘e 3. 4) suggescs :lm«buah

“mechanisms could be involved. K .

In this chapter the two models will be.applied to the Hetmitage
[ e o .
Channel system. The wind is considered to'be blowing down the chamel

from the northeast ineach of the two models. Because of the nature of

"~ the two boundaries, it is unclear vhether or met this is the only wind

capable of leading to upgelling of warm water into Foftune Bay. A nr.rong
wind from the west or northwest may .also 5eneu:e the npproprhte upuellmg
: response. n@xaumsm of Chapter 3 does “make clenr howavur, that a_

Atrnng norr.heaste(ly wind in thz wmter period is a common camhcwn.
7.2 T{me—nependent “puelling % . . .

* The approach pmenud here is based upon that of Gill 1 (1982, pp. 403

408). A-simple two-layer system is' , ah assu which is

reasonable for the Ilerluuge Channel system (see Flguta b l) Here the . *

Mothficd Slope Hnter is Auociuud l-u[h the lover hyet. The n‘.ootdinl!a

seten 1o Piodtated 5 PGS Ti1 ivee the primad varisbise wre dalfhn’s o




lower layer and tbe'\qp.rhnd are in the wpper layer. The Sriglh of the

coordinate system -u1 be at the surface partway llon; the. lcmt.hult llde» Y
Tha sill, leading into !ortune Bay, will be considered fo rua. from t.hn’idl

of the chnnnd at the pnxn: vhere the coordinate system is centered” The -

PN uind stress 1 t6 be a and’ tize 1n
- . The far atde of the, channel-vill be ignored because the wideh 18 mch
N r gmtg{ than the internal Rossby dafomtion nuu- a, which 1- the P
FE . e-folding dlstance for the upvliing. This radius a a1 .
Coe e . L2 & : TR
. . way : 5
By T8 ~-(71) .-"‘;’l . 5 .
g ! b4 9 5 N -
! : vb-n b and b nn the ‘wpper and lover hyet thickiedges and g = § “
) From Hg\lre % lppropr‘hte vnlue: for h, h' and § A
. . and 2% . This ylelds'a value of 7 km for a in Hermitage ﬂhlnnel. .
\ flgu'te which is far less.than the ¥1dth of ‘the channel;. 40 kn." ¢
\ ' .
J Terns in ;ywux be ignored because of the length of the-chanmel, . '
7 o
4 approxinately 275 km. If ane Lh_z speed of 1 waves
LY propagating within the,chamnel;, i . : .
-% y /2 s G =
5 et : X .
4D (e S : : i
o O then'tt will take ghout 1.5 days fof such ‘a vave b veach the middle of the

<1 chatinel from nither ead, sincé zlu propagation ‘sheed based upon the sbove:

3o, oo o1

© 'formula ll I, Z ms Th: lodel can be lppllyl after the tlme taken for an

interfacial wave to travel one incernal mmby radius avay "t the co

d.e. after a time a/c' = 1/£. 'Thil t!.na !l lbaut 2. 6 llnurn at this latitude, ..

's0 withinthese ting acales an infinite coggrline 4»«1 can be adopted,

The 1near equations of metion tn the upper layer can.be written;

.~ -

(RSP 25




. b N -1'ep Y

; @) FEre g TR4 .
L, 5 T . y . P

- .

L3 ; .
a 5 PX Uy o - »
. e pressure in the upper tayer is given by' )
8 . .
. N
P = pgln 5 : .

L. . .
s In the lover layer the £ull set of linear equations are: =
}‘ .17.7) . %'— v = z ) +
4 avt _ -1 2p! g o B o

. . 7.8 Frm=S KA 2 .

o . . 4 v

v Sy ool B .

. ; A % X
. s
Veu : »v','(no) p'=ng(n+h—n)+ox(‘1 “h-2).

dlere £ is the Corlolls parameter, v the velnclty llong tha chnnnel u -

3 < ®  the velogfty across the cmml and 7 the stress. < The cinarions aie ilrat o i

4 T vegt cally Lnlggxated with vertically avmaged velounes defi

‘s -\., and V'. ' The verncnlly mtegn:ed ccmtmuty equation:

u,

.. upper and Tover lnyers ian then be wpitten: . .

= ~pt W% g
(7'l,l> (n + h n ) + e + By 0 ) 5
gty AR "L LR 1 ' Er
(7.12)‘ +|| %t By 0 ‘ ) L

m:‘e‘:f‘.cial and botton stresses will'be ignored. - The lover layer '

equations are then subtracted from theupper layer equations defining;
L(.13) a=a  ave ‘7 o
v P " ol
* Including, the combined con:il\uity equakion and dtnﬂpu\g the 'a% téxms, .
b %y a8 d;'cusud-m—ugr, the fifal set-of eqnnt)wns reduces to: ’ :

v ) . g &
] i 2




s equxhbnnm very qufouy. s0.the sec .
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2 o
G.14) Fp-fo=g :

5 .
> % e v
(7.1_5)- AL B

/ ahe é[%«\

»

¢ wlds the * stress at the sea surface. The rigid 1id approximation

(2 << 2% a5 well as the Boussinesq

The t\\re'e equiations 7.7, 7.8 and 7.9 can be rediced to a single

‘equation in o %

hh'" 3‘0 f

. T\un equl[inn i. to be mved for an Appruprhu -ez of incm lnd

roximation have been applied.

R
: 8% 1
a. m o a:l e f"‘ L4 (hﬂ: W

(o bmlmhry gnndiﬂnn-. The crosl-chnnml vulécuy ﬂ is expected to eo‘g r,o

lu-ins ‘the final* eq\uum.

(7.xa) g( )1’-‘1+-»flo-o
N . 5

Ianntlcry eandxnmu Fequire. tlul u ="y

ar

=0 along x~ 0 and’that

infinity. The

shoald: not becme arge as x'
—~— : X

is:
5 “,’.
(7 19) ‘o ‘T

vhere ¢! is-defined by equation (7,2).

24
brdex tern” 34 may be dropped
: > 5 R

d u

Ton

Y

Each of 0,0 ‘and ! Will decay ex

ially. avay from the ¢

L

A bbbt
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within the e-folding distance defined by the internal Rossby deformation

radias

_The ial di ént and the alovg: velocity

s 5 .will both increase lineéarly with time. @ is time independerit.

P ¢ 7.3 Steady State Upwelling

.. The phyllcll situation to_be modelled heré is : similar to that d cribed
in the previous ucnm with the excep:ien that the wind stress is now

2 : * cénsidered to fiave béen impoved for Pong enough to allow the system to i

i - " reach a’steady state. Ao betore, the coordinate systen is untered ata,
point halfway along thé l:hlnl\al‘ 'n\e walls of the chaunel are :onndaud *
- to be pmmble I it i e tontinuity is mured. The wanenmm

y .
; equations in the upper layer Vil be statlat to those yritien bafors:

(7.22)

y RS

$ i In the lower layer the equations will be: . 5w

(7.28)  p=pgln-2) s . o .

4 (7.25), p' = pg(n+h - n') + o'’ ~b- &) . - .
g Thése equations can be simplified since all the —a- terms are zero, a -

i proof for which is .iva’n‘ in Apye‘naix I, In the suady state there is'
no van!tlo{ in the lurfucg or interfacial slopel Alonp the chlnnal- Bvﬂ\

! e u and'u' must aléo be zero since-u ¥ U’ = 0'at the boundary x =0 and no .

T .

variation in x is expected. Thus,.u and u' will be zero everywhere.

| Under these conditions the equations of wotion (7.22-7.25) can be reduced. i

to: .
7.8, go= 30 & &
v 5 " ’




- $fress pust be continuous across the interfa
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" .
(71.29) 0 = %—:y .
(7.30) | £v* = .%+ _'"La:'
am o= % '

Equations (7.29) and (7.31) can be integrated to give:

Y- Fu .
(.32) 1 -e0 -
Yedwion = £
.33, v-qd=o0 /

Equation (7.32) says that the surface stress will be balanced by the
\
interfacial stress in the pper layer. - Equation (7.33) says that the inter-
facial stress in the lower layer will be balanced by the botfom stress.

Thus, the surface stress will be balanced by’the bottom stress since the
I3

s in

Writing the stress
-

quadratic form with drag coefficients results in an equation of the form:

\[ParS M2

7.3 L Wind Speed

This eqlation will permit a rough calculation of the transport in
the lower layer. A similar calculation can be made for the upper layer.

The steady state case differs from the time-dependent one in thaf the'

cross-channel slope is constant. - Thus, both g—: and :—: are cmuf
the time-dependent case these slopes take on an exponential form.
This rather straightforvard approach was developed to deternine
Viathier o6 Hot dEeaty state: UvalItig condTEionn Vere GaNIEVEE 1,
sonatatisg n eutsielont reaptase tu’ tranport varn Sares diee Poritue Bay,”
The difficulty vith solving the full set of equations is with applying the

full set of boundary conditions.
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7.4 Applicatidd to Hermitage Chamnel '
P ) -
The/next step, having worked oup the theory ‘for the'two upwelling
situations, 1s to apply the data From Hermitage Channel’ to the equations

of the previous section. Table 7.1 presents the data for the Hermitage

Channel systen which shall firt be applied to the time-dependent upwelling

situation. . b v

TABLE 7.1 HERMITAGE CmL DATA
Upper Layer . Lower Layer Wind
p 1025.0 kg > . p' 1027.0 kg m >  Wind Spedd 1S m s
h 125n R 175m c15x10
Substitution-into equatlen 7.21 gives a\result for the gn:erfacul height
of n' = 2.9 x 107 t(w). Aftera petind of two-days n'.= 52-m. It 4
lmiortun.stz, but this will not alloy the computation of a transport
since the cross-channel zzlocity 1s Jassumed to be zefo along the boundary.
S0 this assumption was made in solving the differential equation (7 18)
uhich yielded a solution in which § goes to zero at the boundary
Examining the temperature and density plots from the Hay 1982 survey

it can be seen that this 15 ul ol Sl blowing for o;\a day would be
sufficient to raise dense water up over the sill. Thus this wind should
be sufficient to inttiste an inflow svent. 7

‘' The other possibiiity to be conaidered 1s that of steady state’ .
upwelling conditims’ where a rr-_latlvely weak wind blows. for dn extended

period of time. Such a wind ﬁeld is indicated by the wintér wind stresses

_ shown in Figure 4.4 for 1979 and 1980. The transport induced by the

upwelling can be by first ‘the upcharinel velocity

|
|
{



using equation 7.34.

=105~

The upchannel transport is then estimated by multi—

plying the velocity v' by the height h' and the width of the chanmel w.

This gives an upper limit to the :rans%r: since it is expected that the

real, boundary conditions will act to reduce this tramsport.
3 (csanady, 1982, p.’11),

frixtiqn coefficient CB is chosen to be 2 x.10

a value vhich Csanady describes as an order of magnitude estimate.

upon Figure 3.4 a mean geostrophic wind stress,of 0.3 N m

reasonable apreement with Saunders This corresponds to.a

geostrophic wind of 12 m s
Tms!
(see section 3.3).

1.6 x 106 |l3 s,

the. water in Fortune Bay below' 150 meters in just 2.5 days.

(1977).

71, shich seems high.

The bottom

Based

=7 & s
.is chosen, in

This is reduced to

based upon the observed wiid speed at Grand Bank in the winter
Based upon these vnluu “the transport will be

1. Such a ‘transport ol e, slbtast s exchaniga all’

This indicu:el

that the computed transport is indeed an upper-limit although it clearly

shows the feasibility\nf this mechanism to cause Modified Slope Water

inflow.

’
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Chapter 8 Summary and Conclusions

[

Seasonal variation in the surface wind has been related to a seasonal

variation in the bottom temperatures of Fortune Bay. Light winds from

: \d
the southwest occur in the sumer when the bottom temperature in the bay, .

is comparatively cold. Strong winds from the northeast occur in the
winter when bottom temperatures are comparatively warm.

A description of .the water structure and seasonul;ii?:ion, in

Hermitage Channel is' presented. A ‘strong, but variable; outflow of .cold

Labrador Currgnt Water from : Channel vas detected, The
transport in the chandel in May 1982 vas observed to be 5.2 x 104w oL,
This outflow was not cbserved in the May 1983 cruise.

* Upwelling in Hermi‘.lagelch.nnevlb in response to.a northeasterly wind
is shown to be capable of genarn[’ing sufficient transport to exchange
the 'deep vater in Fortune Bay. Two different uguelliqg mechanisms are
' propased for Modified Slope Water inflow.over the Miguslon sill; a
steady state model in which winds blow for a long-enough period of time
that steady state co:zditiuns are reached (about 4 or 5 d-yqi and the
other a time-depefident model in which strong winds blow for a relatively'
" ehSEE PALISA GE WIS, B 06 dEyE. YE'GS HOL aGteTRIN which.was the
predoninant mechanism. 1 ’

Banise wat ok fatlow. vt thejaiﬂ—?ierte.sin it described as 8 density
current flow (e.g. Bo Pederson, 1980). The results of analysis of this
flow are in substantial agreement with earlier work done on density
current inflows in'fjords (Geyer and Cannon, 1982; Edwards and Edelsten,
1977)! The infloy is observed to oscillate tidally with peak
velocities associated with flooding to high tide and minimum velocities

with ebb to low tide. LS e




Sy ® - resolve this.
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An adalysis of the effect of flow in the upper layer on the density

current inflow showed that a flow in the upper layer which is 1 to 4
times that of the density cuirent inflow speed but in the opposite

direcdon 1s capable of arresting the inflow.

Ttansporl of Labrador Cun-en: Water into the bay in June 1982

was computed to be 1.2 x 10 'n® & using the observed current speeds <

The total trdnsport of the Labrador Current in Sam—neru Channel
vas ‘therefore found to be-6.4'x 10* n> 5™ yhich conpares reasonably Well

with the valué of 10 x 10° n® 67! éstimated by Petrie and Anderson
(1983). i

More detailed observations of, the density current inflow are required

to detdrmine a number of factors.’ The relationship between the inflow-

and the tide and any forcing function in the coastal water oitside the

saint-Pierre sill must be more clearly established. Further current

measurements combined with wind data from s,i..z-gdm would help to

Direct, observation of the Hermitage Channel system r.ogecher with
ueasurement 3t the surface winds would make it possible to directly
observe the effect of wind upon the system and to determine whether steady
state or time-dependént upwelling is the predominant mechanisn driving

Lhe\exchange. " '
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Appendix I: Station Positions

These stations are those occupied during the 1982 cruises. There will be
saall differences in the earlier cruises, gensrally less than one .
Kiloshear; a6 for tha purposes of Labslling statioris on the plots the
sane numbers will be used. The position of the stations on the plots

is based upon the actual position for the cruise.
~
/ CTD STATIONS
v .

NUMBER STATION = LATITUDE (°N) LONGITUDE (°W)  DEPTH (m) vl
@

a Fol 47 35.75 " 54 56.0 a17 ¢

2 BeB1 47 39.5 ' 55 248 524

3 BeB2 47 36.8 - 55 14.4 547

1Y Fo2 . 47-31.36 55" 12 355;

5 Fo2.5 47 24.0 55 28 - 424

] Fo3 4715.03 55 36, . 380

7 Fol 47 15.24 55 47.6 360

8 Fo5 47 06.8 * 56 0117 322

9 sP1 47 00.0 56 06.5 183

10 sP2 46 54.3 56 08.4 . . 174 ? |
11 SP3 46 45.4 56 04.3. - 134 o
1 P20 46 42.7 55 48.2 115 f
13 SP21 46 41.1 55 53.0 156

14 SP22 46 39.2 55 59.4 137

15 P23 46,37.6 101 - Py
16 P30 46 3.8 101

17 sp31 46 32.7 12i . -

18 P32 46 29.7 99

19 PS5 46 40.4 . 104

- 5P6 46 464.6 101, s

20 5P7 4649.9 2102 N

21 Hess 47 00.2 300 . . -
22 46 06.8 293 .
23 LAG 4614.9 406.

2 1A2 46 33.5 448 &

25 LA2 46 33.5 . 448 ° '

2 1AL 46 40.2 33 7

27 HC66 47 01.3 160

2 HC65 46 58.5 220

29 HCh4 46 56.2 284, :

30 HC63 46 52.5 . 324

3l HC62 46 48.8 271

32 e HCBL 46 46.6 220
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o . ¥ - o
L ~ .- =113
i Ly Ve i .
L 33 HC60 46 43.8 . 57 17. - 114 S
3% HES4 47 19.6 57 11.6 234
! 35 HC53 47-13.6 - 57 08.2 . 265 . 3
36 HC52 47 07.2 5701.3 N\ 344 3
3 37 HCSL 47 01.7 56 55.5 240 PR
38 HC50 47 56.9 56 50.8 119 A
39 HCA3 < 47 19.3 56 48.2 316 "t
40 HC42 47 15.0. 56 43.0 375
74 HCAL 47 09.5 56 38.0 240 "
42 HC40 47 04.6 - 56 33.8 119 B
43 HC33 47 25,0 56 39.8 260 s ”
) HC32 47.2101" 56 33.0 384 5
43 HC3L Y 477161 o 56 25.7 T 240 3
46 HCO' 47 12.4 56 18.6 . 119 ;
47 Y He22 47 20.8 56 22 -263 5 ° s
48 HC21. 47 31.5 56 28.3 256 . -,
49 SAS 47 2%.5 56"19." 296, T
: 50 HC20, 47 28.6 56°24.5 : - 375 5
. 51 HC10 47 32.0 56 21.0 375 z
52 HBS 47 35.3 » 56 15.6 311 "
53 SAG 47 22.0 ss,gg 3 ».192 e .
54 F08 47°17.5 56 08.0° . - 124
55 FO7 b AT R 56°10.7 T 350 S S
56 F06 47 09.0 56 10.96 - 117 b
? A3 47 23,28 55 54.0 254, -
. 98 sA2 47 2.6 55 46.0 - 254
, 59 SAI 47 23.7 55 420 88
o od 60 SA0.5 47 2204 v 55740.4, © o128 - 4
61 P51 46 35.0 5. 55 27:5. 139
R 62 PAL 45 3.0 54 55.6 . ‘231
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\ i x . .,  TRANSECT 4 - T4 ~
' .. NOMGER -SIATION IATITUDE (°N)  LONGITUDE (*W) “ -

P § .
I T4-1- SP 8O 46 53.26 56 07.35
] T4-2 SP 81 46 53.27 . 56 07.68

46,53.28 56 08.0
46 '53.30 56 08.32

i -5 6 53.31 56 08
T4~ 46 53.32 56 08.9¢ o .
“14-7 465333 . s6o08.25 .t
’ L3 '3 B
: 4 . 1K ¥
: " " CURENT METER MOORING LOCATIONS - - )
- TR . : i % o
7 o WUMBER ° LATITUDE (°N) LONGITUDE (*W) L/DEPTH (a) ° 3
-3 W70,z Y e 3
M2 47121 146 s s g
Hy e , M3 .46 57.12 176 . i ¥ 2
t‘. g < i i A d
N R 5 1 : :
i S  SEASONAL DATA STATIONS Y k|
i LATITUDE (N). LONGITUDE (%) BEPTH () .
: > 46 28" LSk s 210 8

46 33 A 56 03 - 160 2 . .
4644 .. 56 34, . 100 g - RN
4733 ° . 5235 1 .U 176 o e




NUMBER *©  STATION  LATITUDE (*N) |

TI-1 FO 40
T1-2 O 41
T1-3 ¥0 42
T4 ¥0 43
TI-5 . FO-44
T1-6 FO 45 ¥
TI-7, ¥0 46
- T1-8 0 47 -
T1-9 0 48
4 a

. \
STATION

'SP 70
SP 71
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TRANSECT 1 - T1

47 15.9
47 14.8
47 14.2
47 13.0
47 11.75
47 11,4 Y
47 11.0
47 10.8,
47 10.3

TRANSECT-2 -T2
LATITUDE (°N),
- 46.58.67
46%9.12.
46 59,5
L 467598
46 59.9
46°00.0
46 00.09
(46 99.19

TRANSECT 3 - T3
LATITUDE (°N)
46 56.6
46 56.6
46 56.6
46 56.6
46 56.6

46 56.61
46 56.61

LONGITUDE (*W)

.,

%
<

e R R

DEPTH

300
300
200
180

320

* 56.03.9

LONGITUDE (

56:07.3 . ..
56 07.62 °
56-07.95

56 08.25
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APPENDIX IIT S

Along-channel variation in the Steady State Upwelling Model

In this section it will be shown that all :—, terns in the equations of

motion presented in Section 7.3 are zero. The physical situation described

here is that discussed atethe start of Section 7.3. As discussed in the text,
solations should be such de u= :—: = 0 in the upper and lower layers. .The

equations to be solved in the upper layer.thed become:

#1% s .
. . @ fves 3R

(.2) o

e
e
+ .
i,

(a.3)  p=pgln-2)

1 & v
3 In the lower layer the equations become: .
3 vl 2 §
! ORI ; )
i - Wy
ot a.6) 0 '22+‘ cid

53z g

A7) p=pgagth a4’ (0 b - ) '

These equations un ba vertmlly mn;nnd mzmg that w(=H) = 0
(where H is'the total depth) The variables used are the same as those

discussed in sections 7.2 and 7.3. The upper and lower layer equations

become: =¥
. g
o *.9) £ = g 30 3, “, * :
v - G
¥ (ha0) o wiegg_—o L !
! ¥ oth4n-n) N

# ©aab :—y ((h s n')v)- )

S K1) £ - 304 ..""
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@y - e
®*.13) 0 ._g__gvg_; —t b
p'(h' +n')
2 . ‘e
3 P 2 P
(A.14) W ((h +n)v) 0 —
floz: s
Here g' is the reduced gravitational acceleration = L is the
wind stress, t] is the interfacial stress, ‘rl); is the bottom stress, and

§ and V7 are vertically averaged velocities. .

By.analogy with ciu'; (1982, pp. 394~33a) treatment of a storm surge
along an infinite coastline, it is expected that the wind, blowing for agy
sufficiently long period of time, will gencrate a constant slope across the
channe'l. The response of the intérface uill be siaflac but of spporite ‘siga.
It is thus 'expected that v and v' will be uniform across the channel and that
ﬂ and ﬂ “will be independent of x, though, possibly still dependent on y.

The x-denvatgvé of (A.10) into (A.11} gives:

@1 EL e o+ 3B L
% 3!
Insertion-of equation (A.10) irto (A.11) gives: * .

@ie) -2 Mmoo SE-0

Upon similar treatment the lower layer equations (A.13) and (A.14) become:
. - -

N0, Ao 3tn D o,
.17 (m‘ay+—“,{a ) (' + ')+ Gy
(A.18) —‘13—")+(n'+n)( slodn, g

wxay T g Ay

Equations (A.15) and (A.16) can be combined to give:

an an'_ 3ndn' o

3 3y By = Tk .
necamng that 20 ang M are nonstant it is now possible to write: "

(2D gy < atdx b

(A.22)  n'(x)y) = a'ly)x +b'(y)
i ol

e A S i A
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. Explicitly alloving y-dependence ofnand n' it will now be shown that :7 v
\ ~
of these terms is zero.

Substitution of equations (A.22) into (A.16) and (A.17) and (A.19) produces:

da da' v da db _ db' ) b dz_'
(*29) xaF-af -2t P+ G- @) Ee0
o v( 8 y.tp da' Ve tedaly b DT dbY)
(a.24) m(‘y p dy)+(h *h)<dy’v.iy)“(dv+l dy) 0
da'_ db'_ _,db
(A.25) x(a dy_.dy)+.dy ?' & o

But these equations must hold for all x so all terms for which x is common
in equations (A.23), (A.24) and (A.25) must vanish identically.
Noting this, allows the follgwing equations to be written:

. ;
26y 222 -a Q2 R

da'_ _, da
(A.Z:) a 5

o

Combining (A.26) and (A.28) gives:

da _da
(a.29) & Qb - B

" da _da'
isfied then g2 = £2'- 0.

¢ - .
This means that equations (A.23), (A.24) and (A.25) become:

dy. " dy . .‘
: L@, o', : .
(A.31) ks & by ) .

For both equations (A.27) and (A.29) to be s:

db' c, db
32) a3 i db
(4.32) a3 % .

Again this Muplies This, therefore, shows

. ; v : |
that there'is no pressure gradient in the y-direction in the channel based

upon the assumptions that there is no'variation in 2 and that steady-seate

conditions hold. x - '
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