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Abstract

The: interactions hCl\\"!o:t:n lhl..' at!1l0Srhcrl.: and tl1t: nçcans rlay a L"rilll'al n,k' III dl.:h:rl1lilllll~

our dimatc. Thcsc.: gC:llcraily consist of \'ariolls c\.changcs of hcal. tllass and IllPtlll.:ntulll

betWl:en lhe two media througl' the air-sea interface. Therelllre. the physical state (lf the

upper fl:w melcrs of the oceans influences tbe raIe al which these "changes take placc.

Furthermorc. thesc surl~lce waters arc of importance in afll:eting the primary hinll1gical

prnduetion of thc seas. In this contc:,;t. knowledgc nf the uppcr-Iaycr monthly avcragcd

IhcmlOhali"c slatc. i.c. temperature (Tl and salinity ($) as a function of lalitude-inngitudc

:lI1d dcplh. is ncccssary Illr limher dimatologicaLoccanographi(~studics in thc (iul l'of

St.Lawrence (GSLl. Thc primary goal ofthis research is tll produce. using basic stalistical

:lI1alyses. monlhly mean fidds "fT and Sand rdatcd quantities at various depths lhrough(lut

the (iSL. The historical hydrngr.!phic dataset eovers the last 75 ycars.

Objective lidds ofsea surface temperature (SST). salinity (SSS) and ehlorophyll-a

(Chi.,,) \Vere abo eomputed and eompared with othcr similar dimatologies (whcn a\"ailahlel.

Duc 10 the enhaneed observational cover.!gc of SST and Chl ..1 resulting l'rom the usc nI'

recent satellite-derived d:lla. these interpolated lidds reprodueed sever.!1 known physical

surlaee ehamcteristics of the (iSL \Vith a very small rdative interpolation error. L:sing th,'

alllrcmentioned SST maps in combination with usual atmospheric lidds and satellite-derived

(ISCCP) mon!hly avemged doud cover data. the surlace heat budget was computed ovcr the

entire (iSL 1l1r the 7 ÎCe-lj'ee months.

Monthly means or mixed-Iayer depth (MLD), upper-layer heat content (He) :md

upper-layer statÎC stability (El \Vere obtained for 15 sub-regions or the GSL. Using simple

1D ealeulations (heat translcr. mixed-Iayer dccpening rates. stmtilication change r.!les. heat

stO:'age mtes). the seasonal evolution orthe upper-layer themlllhaline structure \Vas studied.

It was observed that "qualitativdy". the upper-layer eould be rclativdy \Vell modded 1l1r

most areas by eonsidering. only the vertical proccsscs. Il'dusion of horizontal dlècts (e.g..

slow advection or buoyancy lrom runolli should kad to beller results. particularly in the

western and northem (iulf.
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Résumé

I.cs illtcractil'ns cntrc I\ltmosphi:rc ct "oci:anjoucnt un ri,le critiquc cnycrs le climat. ('cIles­

ci SI.: composl.:nl t.k dinërc:nts cl.:'hangcs dc: massc. dt: 1111'I11l.:ntUtll c:1 d"0nc:rgic il tra\"c:rs

lïntcrl'ICC air-mcr. Par conséqucnt, l'état physiquc dcs caux '1 la surl'lcc dcs l'céans inllucncc'

dc l'l,on critiquc le taux auqucl ccs échangcs ont licux. lk plus, ccs caux dc Surl'ICC solll

d'unc tri:s gr.lIldc importancc cn cc qui :;onccrnc la production biologiquc océaniquc. Dans cc

cont..:xtc. un:: connaissance: approfondie: dcs caractcristiqlll':s thcnnl.lhalincs mcnsu""II ...·s

moycnncs dc ccttc couchc dc surtàcc, i.c.: tcmpératurc (Tl ct salinité (S) cn l'lllCtillll dc la

prot'l11dcur ct dc la latitudc-longitudc. cst rcquisc pour toutc mltrc rechcrchc oci:anl'gmphiquc

ct c1imatologiquc dans le (il,lfc du St-Laurcnt (CiSl). Ccttc rcchcrchc ayait donc commc

objccti l' prcmicr, il la suitc d'un long proccssus dc --liltr.Jgc ct nctlllyagc-- dcs donnécs, dc

produirc ccs ch:lmps mcnsucls moycns dc T ct Sil l'aidc dc méthodcs statistiqucs dc basc.

Lcs donnécs hydrographiqucs historillucs couvrcnt les i5 dcrnièrcs annécs.

Lcs champs horizontaux dc T, S ct chlorophylle." cn surlàcc (SST. SSS. l'hl-a)

ïurcnt calcules via methodc d'analysc objcctivc, ct compares cnsuitc a\'cc d'autrcs

c1imatologics similaircs. Gr.icc il unc dcnsite accruc d'obscrvations dc SST ct l'hl-a yia

l'utilisation dcs recentes donnœs S:ltellite, ces champs reproduisirent tidi:lement la plupart des

détails physiques ohserves via tCledeh:<-:ion (caux plus froides ducs il l'upwelling, gmdicnts

themliques later.Jux, etc.). A l'aide des champs SST mcntionnes ci-haut, ct gr.ice il Xannecs

de donnees satcllite de nébulosite men:;uelle (ISCTP), le hilan de chaleur de surlàce fut

calcule pl)Ur les mois sans glace. Les nlo)yennes mensuelles de la prol('ndeur de la couche

limite (MLD), de la quantité de chaleur lks caux de surlàee (He) ct de la stahilite statique (E)

furent aussi calculees pour 15 sous-sections du GSL. A raide de calculs 1D simples

(transfert de chaleur, conservation de v·)lume el d'energie), revolution saisonière de la

couche superieure du Golfe (T, MLD. El lilt etudiee. De làçon gener.Jle, son comportement

mensuel fut relativement bien predit pour 1'enscmble du Golfe maigre la simplicité des calculs

(1 D. vertical), Cependant, de meilleur résultats pt.urraient être obtenus, particulièrement au

nord et à l'ouest du GSL. si l'on tenait compte des cnèts horizontaux, tels l'advection d'cau

douce provenant des rivières.

Il
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Chapter 1

Introduction

1.1 The Physic:l! En\'ironrnent: The Gulf of St. Lawrence

"Pctit oeéan nu grand cstuaire" is a qucstion oncn ,lskcd by occanographcrs

stlldying thc Gulf of SI. Lawrcncc. a largc scmi-cncloscd sca (approximatcly 226 000 km:)

localcd at mid-Iatitudcs (approx. -16-51°:-; and 55-iO°\\'). Lying bctwccn thc Appalaehian

:-'!ountains and the highlunds nflhe Canudian Shicld. it rceeivcs the diseharge from lhc St.

LI\\TenCC Rivcr. whosc length (3060 km) and thc sizc of its drainage basin ( 13-1-1000 km:

excluding thc Guln. pl'lce it among onc of lhe largest rivcrs on carth. This c<lmplex

hydr<lgraphic system drJins nne ofthc world's largcst freshwalcr masscs. thc Grcat Lakes.

und plays a critieal mie in thc cnvironmcmal us wcll as cconomie lifc of thc North ,·\merican

c<ll1tinent.

......... ,..... ' .... '. " ..

fi~. 1..1: TIll! (iullofSI.!."",,'t'llct' cmel ils u'ct1l'r:o/tc.·d UÏ'OOl Kmuitonsky and Bugùcn. 1~l}I)
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RIIII,,!j""lIci 1>(/(11,"11/('('-)':

The Gulf of St.Lawrence (GSL) consists of a reservoir of conside.'ahk \"<llul11e

(34500 kl11'. Forrestcr. 19(4) and eomplex shape. Its bathymetry is profoundl:, marked by

a deep trough of 500m maximum dcpth. the Laurentian Channel. eXlendin:~ l'rom the

Saguenay River to the Atlantic Ocean (dctïned by the .::!OOm isobath on lig, 1.1 & 1.21.

Two smaller trcnches br.lnch out l'rom this main channel towards the northwe._tern and

northeastern region of the Gull: the Anticosti and Esquimain channels. An equally

important hathymetric Ii:ature of the GSL is lhe Magdalcn Shallows. The depth orth~ waler

eolumn there mnges l'rom 50 to XO meters and l''mns a large shallow platcau cl)\"ering

nearly the entire southem part of the Gull: The basin receives a consider.lhle mnounl of

freshwater runotr l'rom the St.Lawrencc River and its tributaries. This massive inl10w of

water exhibits a strong scasonal signal. \Vith maximum discharge v;llues during the spring,

lt is believed that this inplll of frcshwatcr throughout the yeatjs rcsponsibk l''lr the lypical

estuarine density-driven circulation pattcrn in thc Gulf (when a\'eraged laterally. see

Koutitonsky and Bugdcn. 1991. for schematic diagmll1 and l'or monthly rtmolT \';llues).
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GCl1crai /wri=ml1lI/lllld n'nicul circulation patlerns:

A similar vertical thernlOhaline structure ean be observed throughoul the (juif: it

eonsists of a permanent deep. saity layer of oeeanic origin (2 to 5°C. 33-35 l'SI·). an

intermediate cold layer (-1 to 2°C. 32-33 l'Si:). which is the produet of both in-situ

wintertime cooling and advection thrnugh the Str.tit of Belle-Isle (Petrie ct al .. 19XX l. anù a

surlàee layer (rnughly 50m deep) umkrgoing strong seasonal variations oftemperature (Tl

and salinity (S) during lhe ice-free season but merging in T-S ehameteristics with the

intennediate layer ùuring the winter. As mentioned earlier. the later.tlly aver.tgeù circulation

is ehar.tcterized by a fresher surlàee now towarùs the ocean with a weaker and saitier return

now at ùepth. through th,: Laurentian channel (Koutitonsky and Bugden. 19(1). At the

surlàce. the water CUITents cxhibit a large-scale countercloàwise circulation pattern with

s:rong horizontal velocities along the Gaspé Peninsula (the Gaspé current) :ll1d a hrnmkr

more diffuse now over the Magùalen Shallows (EI-Sahh. 1976).

SlII.1ùcc tempera/ures. in' COl 't'rage lll1d c!imatc:

As Déry ( 1992) repllrts. the Gui f of St.Lawrenee is one of the lew semi-enclosed

seas below the Aretic cirele which experienees seasonal iee Ii.lmlation. While most ofthis

iee is produeeù loeally in the estuary and in the Gui 1: some enters the GSL through the

Stmit of Belle-Isle. The surlàce covemge increases mpidly in January. usually sprcading

from the cast and from the northwest into the centml Gull: to reach its maximum in carly

March. The prevailing spring winds and CUITents. combined with mclting. hclp to rapidly

break up the remaining iee and transport it onto the Scotian Shclfvia the Cabot Stmit. As

will be discussed in the next chapter. the presence of an ice coyer has important eftccts on

the oceanography of the region. Monthly mean surlàce air tempcratures over the w:ner

exhibit a strong annual cycle. with maximum values reaching. on avemge. roughly 12° to

IRoe in July-August and minima ranging from -40 10 as low as -14°e in January. In gencml

(sec ehapter 4) there is usually (on the monthly time scale) a 3° to 6°e dillerenee between

the northem and southem Gulf (sec section 4.1 for monthly climatological maps).

Consequently. the sea surlàee temperatures display a strong seasonal signal. with their

maxima (10° to 16°C. but as Jow as SoC in the estuary) and minima (lreezing point ofsea

water) oceurring roughly a month later than those of the air (sec chapter 5 for a description

ofthese fields).
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()('e<Jllicfil/"cillg <Jlld lides:

The St.Lav,rencc is not recognized as ha\"ing a strong tidal Ilow (tidal currCnlS

rarclv exeeed 30 cms- I for thc Gui f region. Koutitonskv and Bugden. 1991). Howe\"er.
~ ~. ~

Pingree and Grinïths (19S0) dcmonstrated in a numerieal model studv of the M,
~ - -

eomponent that. in some areas of the GSL. particularly in narrows and straits ar.d/or

shallower regions. tidal streaming may increase substantially and !cad to mixing of Ihe

enlire water column by the cffect of hollom frielion stress. Consequently. they suggested

that. on the basis of the Simpson-Hunter par.1I11eter computation (sec Pingree and (iri flilhs.

19S0. for a delinition). wcll-mixed waters might be observed in the Jacques-Cartier

Passage. and the Northumberland and the Belle-Isle Stmits. The M2 constituent (with its

amphidromic point near the Magdalen Islands) and the KI constituent (amphidromic point

slightly to the south-cast of Cape-Breton Island) dominate tidal c1e\"ations. Tidal heights arc

mther low in the Gulf(0.2 to O.5m) but incrcasc signilicantly in the Estuary. In teons of

oceanic forcing. the Gui f of St.Lawrence is eonnected to the Atlantic through Cabot Stmit

(min. width: 104 km. max. unrestricted depth: 4S0m. min. x-section area: 35 km 2) and to

the Labmdor Sea via the Stmit of Belle-Isle (min. width: 16 km. max. unrestricted depth:

60m. min. x-section area: 1 km2• from Déry. 1992). The inllows and outllows of water

through Cabot Su-ait are more signifieant for the oeeanogmphy of the Gulfthan through the

Stmit of Belle Isle. In genemI. eurrents are found to bc seaward near the surfàce and along

the Cape-Breton side. whereas an upstream Ilow from near the surface down to the bottom

is ehameteristie of the Newfoundland side of Cabot Stmit (Trites. 1972). The Ilow pattern

through Belle-Isle Strait is rather eomplex. with the direction of inllow/outllow dependant

on variations of sea levcl pressure. following the geostrophie balance. aeross the sU'ait

(Garrett and Petrie. 1981). The hydrographie influence of both straits on the T-S

eharaeteristies ofambient waters will he discussed in ehapter 5.

Atll/osp!/(!ric.!orcillg:

The principal tlleteorologieal foreing inlluencing the Gulfs oeeanogmphy arc as

follows: the winds. the elouds. the air tempemture and moisture. precipitation and solar

mdiation. Sinee these factors arc deseribed in ehapter 4 in greater detail. only a brief

discussion will be given here. Although the presence of the Gui f eertainly affects the

spatio-temporal evolution ofthesc meteorological variables (e.g.: air temperatures milder in

winter and eooler in summer. eoastal and frietional steering of the winds. inlluenee on

cloud formation. humidity. surface albedo. etc). il is fair to say that. for the time and length

4
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scaks involvcd in the present study (sec chapter 2). this semi-encillsed sea is mainly dri\en

ily the almosphere (and not the contra!")'), Consequently. an ullderstanding of the seasonal

evolution of the GSL sur"lce waters must rely on a rather detaikd knowkdg<: of the'

atl110spheric systems passing o\'Cr Ihe Gulf, For examplc. the pre\ailing winds l"r this

r<:gion ar<: mainly l'rom the wcst (Saunders. 19ïï) with wind sp<:eds strong<:r during th<:

winter and minimum dming the summer (s<:e se<:tion 4,2), Consequently. this dominanl

surluce almosph<:ric Ilow pattern ad\'ects continentalm:lsses of air. hencc inllueneing the

air h:mperalure. relative hUlllidity and cloud cO\'er over the (iulr. MOrell\'er. the

atmospheric processes directly alTeclthe rJte at which the exchanges of Illass. monk'ntum

and energy take place across the air-sea interlàce (scction 2.2 & chapter 5),

1.2 Recent Oceanographie Climatological Studies in and near the

Gulf of St.Lawrence

There Imve heen several previous studies of the Gull"s oceanography and c1imate.

particul:lrly the excellent review paper hy KoutilOnsky and Bugden (1991) which

thoroughly examines most physical processes occurring in the St.Lawrence in light of

previous hydrographical studies (recent and less recent). Moreovcr. partial results of

several investigators that will be used lor comparison in the following chapters have heen

ohtained directly Irom Koutitonsky and Bugden's review work, An important study dating

haek to 1964 by Forrester, and later reviewed by Trites and Wallon (19ïS) was one of the

IÏrst global oceanographic syntheses of the Gulf of St. Lawrence. More reccnlly.

researchers (Petrie. 1990. Vigeant 1984, Bugden ct al.. 1982. Weiler and: Keelev, 1980).. - ~ ..
have investigated the surface thermohaline liclds of the GSL in greater detail. In làet. as

discusse.r-in laler chapters. Petrie's data report (1990) on the monthly-depth distribution of

tempcrature and salinity throughoutthc Gulfprovcd to be very usclùllor this rescareh and.

to the author's knowlcdge, constitutes pcrhaps the most complete c1imatological study to

date of the GSL T and S lields.

Previous studies conceming surface heat budget in the GSL are rare and Bugden's

(1981) work eonstitutes the only recent study involving surface heat nux computations. In

his study. Bugden segmented the Gulf into four large areas - the Estuary. the Northeast.

the Northwest and the Southcentral GSL - for which he then calculated monthly averages

oftempcrature, salinity, and other atmospheric parameters. This enablcd him to estimate the

5
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energy Iluxes across the surl;\ce of eaeh area. These results arc of interest t('r the present

stully since they constilllle the only known surface heat hudget with which cOl1lparisons

ean he made.

Although this researeh is not directly concerned with the (iuWs circulation. a

knowledgc of the CUITent vcioeities is use:ùl in explaining the possihle causes of the upper

ll1ixed-layer hehaviour and water mass modifications. The results of EI-Sahh (I9ï6)

provide a widcly accepted estimate of the GuIrs surlàce CUITents. More reeently. Toro

( 1991 ) calculated the three-dimensional density-driven circulation throughout the GSL hy

diagnostic mpllelling. I-Iowever. no lùll modelling studv of the entire GuIrs circulation is...... ... ..
yet available. Il is also worth mentioning the work of Gan (1995) on the upper-layer

modelling of the Baie-des-Chaleurs/Gaspé CUITent. and thm of Reynaud (1994) coneeming

the llynamics of the northwestern Atlantic Ocean. Although these two authors wcre

investigating oeeanic areas adjacent to the Gull: their contributions ean only help the

understanding of the dynamicallphysieal processes occurring atthe GSL boundarics.

Finally. four other studies have been selected as relevant to this researeh. First.

Déry (1992) eompleted an exhaustive study on the variability of the GuWs ice-cover while

DeTracey (1993) eontinued Déry's work in modelling the sea-iee rcsponse to various types

of physical forcing (air and water tell1perature, winds. mixed-Iayer depth. etc). Sinee the

present researeh was prill1arily eoncemed with the iee-free months (May to Novell1ber).

Déry's and Detraeey's results ll1ight be use fui in "closing" the annual cycle and

understanding the influence ofwinter ice-eover on surface waters in the 1è.)lIowing spring.

Furthermore. Petrie and Drinkwater (\ 993) and Bugden (1991) investigated the

extraseasonal temperature and salinity variability of water masses in and near the Gui f.

Bugden studied deep Laurentian Channel waters while Petrie and Drinkwater were

eoncemed with surlàee waters near Cabot Strait and on the Scotian Shel 1: Knowledge of

the climatologieal Iluctuations of these waters helps the understanding of the seasonal

formation of the Gulfs themlohaline fields as weil as thcir fluctuations in timc.

(,



• 1.3 Objectives of the Present Study

Thc inlcractions bClm:cn thc almosphcrc and lhc Oêcan pl:1Y a critical n>k in

dctcrmining our dimatc. Thcsc gcncr.llly consist of various cxchangcs of hcat. mass and

momcntum bClwccn thc two mcdia across thc air-sca intcrfacc. Conscqucl1tly. thc physical

stalc of thc uppcr Ii:w mctcrs of thc occans influcnccs thc r:llc at which thcsc cxchangcs

takc plal:<:. Furthcmlorc. thcse surface watcrs arc of importancc fi.>r thc primaI!' biological

production in thc seas. In this context. a gencr.ll knowkdgc ofthc avcr:tgc scasonal sta\<: of

thc surfaI:<: layer in the GuI f of St.Lawrcncc is dcsir.lbk for any further studics on dimatÎc

fluctuations and their n:latcd elli:cts.

Although much of the work donc in this rcscarch involvcs "ckaning-up" the

oceanic dataset Il,r the GSL. another goal is to dcscribe and understand thc dimalological

state of the upper mixed-Iayer in the Gulf. Ultimatcly. this may assist in the integr:ttion of

ail the oceanie constiluents (physical. chemical. biological) tl>r the GSL within its c1imatic

context. More specitically. this study has the following objeclÎves:

• To producc an updated version of Petrie's original monthly-depth averages of

telllper:llure and salinity throughout the Gulf for the same sub-areas bU! using an

improved (Iarger and with less errors) oceanic dalasel (proyided by K. Drinkwater).

• To forrn updatcd composite and Gult:'wide T-S rclationships and diseuss the

various water masses (thn:e layers) observed in the GSL.

To calculate monthly averagcs of mixed-layer dcpth (MLD). uppcr-layer heat

content and static stability during the ice-fn:e season (May to Noyember) fi.,r the

samc subscctions used by Petrie. and discuss their scasonal cvolution in light "fthc

othcr atmosphcric variablcs (mainly air tcmpcratun: and wind).

•

• Using objcctive mapping tcchniqucs. in eombination with various data sources

(hydrographie and satellite derived). to produce monthly tields of sea surface

tempcratun: (SST). salinity (SSS) and chlorophyll-a (Chi-a) for the seven ice-free

months.

7



• • Using these SST Iidds as \\'dl as allother neeessary almospherie dala (ehapler"l­

10 compute a detaikd dimalology orlhe surbec heal hudgel (shol1\\'ave. longwave.

sensihk. Iatenl and nel heat Iluxes). again. Il)r the iœ-Iree months.

To assess. using simpk 1D eakulations (heat tmnsli:r. mixed-Iayer deepening raIes.

strati licalion change rates. hem slorage rates). whieh meehanisms arc mainly

responsibk for the observed monthly upper-layer thernlOhaline stnu:ture thmughoul

the (iult:

•

• TC' pmeess .III the hydrogr.lphie data eolleeted in the GSL during the l) CJ(iOFS

(Canadian Joint Global Ocean Flux Study) eruises and compare them with the

appropriate climatologies previously computed in order to c1mr.lcterize the water

mass changes at these stations ov::r the annual cycle.



• Chapter 2

The Physical Structure of the Upper Mixed Layer:

Review of Currellt Knowledge & Related Lïteratllre

2.1 Introduction

The important l'Ole played by the oceans in afl"ceting the global climate is no\\'

generally aeeepted. and has ree<:Ïved considerable attention in the last deeade hy the'

scientilk community (Mysak and Lin. 1990). The inherenl themlodynamÏ<: properlies of

sea\\'ater compared to those of air clearly depict the enormous dill\:rences in Hllumetric

Jable 2.1: /'11"«(11 hccJf (lIl'm tfl<.·... lor lllr alld .'\l'mtlltC! (alar",,,,d .'.' 1'.\11 alW /0 ( J,

Sp.."Cilic 1kal Clpacil~ (Cp) : Dcnsity (fi)
: (l' Cp)

:ur ~ IIlOO Jkg" K" ~ 1 kgm-,l , !OOO Jm"K-1

SC':.l\\'ltcr , -lUllll Jkg" K'! ~ IIlOO kgm-·' ~ ·hIO" Jm-·'K ,
, . - . .- .'

•

thermal inertia bet\\'een both tluids. As illustrated in the third column of wble 2.1. the heat

capacity ofair is roughly 4000 times smaller than that of scawater.

Furthermorc. it is the combined action of the atmospherc and the oceans that rcnders

the c1imate so complex. As Phillips (198 1) noted in his book on upper-ocean dynamics .

'-rhe lrallstér ,?(momelllllm alld ellelXY [and mass) aeross Ihe air-sea ÏJllel,1àœ pmddes Ih"

SOUlH' ,!(almosl ail oceallie moliolls. rhe immt'dialt' local rt'aeliolllo Iht'st'pllxes is 10 he

.fÏ1/(1/(1 illlht' disl/{rhed sUljàce layer: Iheir dislrihlllùm alld persistellC(' 011 glohal scale res/{ils

/{llimClle~I' illlhe greal oC<'{lIIie cirClllalùms", This surlàee layer (also ealled the Wind-Mixed

Layer. or the Mixed-Layer. or simply the Upper-Layer) consists of the top few tens of

meters of the ocean. going from the surlàce down to the seasonal themlocline (or

pyenodine when relèrring to density) approximately. within which scalar properties like

temperature (Tl. and most often salinity (Sl (hence density (pl) are ncarly homogenous due

to the verticalmixing action of turbulence. The depth to which it extends is usually marked

by a shallow region of very sharp temperature gradient. the thermocline (from herc on. wc

will consider only temperature. unless mentioned otherwisel. Il is also very sensitive to

coa.~tal upwelling. but for the present. as weil as for the scope ofthis researeh. an oiTshore

9
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mixed-Iayer will he eonsidered, Energy. mass and nll'mentum arc heing ellnstantly

exehallged aeross and within the mixed-Iayer (M L),

Sinee this researeh has for its ultimate goal a study of the seasonal evolution of the

upper layer T-S tidds. it is important to lirst try to understand how tllese near-surl;lee

waters hehave and to what extent the physieal processes involved control the e\'lliutioll. on

di fferent time seal<:s. of the mixed-Iayer, This ehapter will attempt to dari l'y most of the

physical meehanisms (figure :!,I ) that determine the vertical thermohaline stmcture of the

o<:can 'Idja<:cnt to the surlàee, Il must he kept in mind that. 'Ilthough the action of these

different pro<:csses may look mther simpl<: when studied individually. lheir <:llmhined

actions render the situation mueh more eompl<:x,

2.2 Description of the Various Physical Mechanisms

Sincc wc arc constantly r<:tèrring to the tcrm "mixed" layer (t"r this manuscript. the

term mixed-Iaycr - oceanic - relèrs to the one adjacent to the sca su.-làee). it is appropriate to

mention sorne important poinl~ about the origin ofthis "mixing" and its ovemll <:tlèct. As a

starting point. it is convcnicnt to look at the di ffercnt sources of energy producing the

turbulent motions that arc responsible for this mixing action. and their rdative location.

Thesc various l11eehanisms can he dassilied (according to Turner. 19R 1) as:

• The genemtion of turbulence can be either "n1<.'challical •• or "COI/I'<.'Ctil'<.''', For

exampl<:. in the former case. the breaking of surlàee waves and the instability of

shear tlows at the thermocline arc typical situations rclatcd to the mixed-Iayer. In the

convective case. the vertical motions leading to turbulence usually originate l'rom a

loeally unstable stratilieation as in the case of night-time or winter-time surlàcc

eooling.

• A further classification depends on the source of the mixing energy. i.e.: "ill1<.'mal··

or "externat", For the case of the mixed-layer (ML). the input of energy is usually

donc externally. at hoth interlàees (surtàee and thermocline). and the mixing

produecd extends towards the interior of the layer.

With this in mind. it heeomcs casier to look at the following mcchanisms rcmemhering that

they generally aet to tmnsfer sorne of the ene11:'Y l'rom their source into turbulent motion.

and then. by vertical mixing. to produee a nearly uniform layer in terms of il~ temperaturc.

salinity. density. and other scalar propertics (Radi. 1987).

10
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fi::. 2.1: .'\t.'/rc.'matic tliagram of the ml:rcd-Ia\'cr "nd mClilll"'l'."Ù'lI! !,,.oc('.~s('.\.

Figure 2.1 illustrates schcmatically the difl",:rent factors that play a rolc in the

dcvclopment and maintenance of the wind mixed-Iaycr: the l'lUr heal !lux eomponents (Q",

and 01" - short and longwavc mdiation. Oh and Oc - turbulent tmnsl"':r of latent and sensible

heal). the wind stress (,) as weil as the in!luencc ofan ice elwer. coastal upwelling. c10uds

and water turbidity. This chapter will thercfl)re eonsider qualitativcly most of Ihe

important physical processes that originate tï-om both principal energy sources li.)r mixing:

the wind and the buoyancy !lux atthe surface.

•

2.2. t Surface Wind Stress

The motion of the air above the sea surface earries a certain amount of kinetic

energy. Due to the viseous nature ofair. the pn.-scnee ofa boundary (the sca) will gener.llly

all"':ct the neighbouring !low by slowing it down. The shear increasc is usually considered

to be inversely proportional to the distance l'rom the sea surface and that the air motion

immediately abovc it has a logarithmic velocity profile (Gill. 1981). This ell"':ctive loss of

momentum is tmnsl"':rred downward to the sea via surface stresses. lt is equivalent to say

that the cfTectivc force per unit area required to slow the air down is the same as the one

applied. again pcr unit area. onto the occan surface (Kmus. 1972). This tmnsl"':r ofene!".;y

dcpcnds on many factors - air and surlace water tcmpcrature (Ta. SST) and wind speed

(Ua) - (Blanc. 1985) and is calculatcd using a highly pammetrized approach (Liu and

Schwab. 1987: Smith. 1988). Chapter 5 and scction 2.5 on turbulence will trcat these so­

callcd bulk acrodynamical formulac in more dctail and brictly discuss the surface stress in

tcrms of velocitics (Donelan. 1990). Ncvcrthelcss. it is fair to say that the air motion may

Il



• OC an;xted in lhe Illl1owin!! ways: lirst. skin In<:lion will a<:t to slow lhe winds immediat<:lv- . .
aO(1\"e the sea surlà<:e in a làshion analogt'us 10 a Iluid Ilowing on a Ilat plane e~perien<:ing

mnmentum tr.mslèr againsl ilS v<:lneity gradient: seenndly. duc ln the physi<:a! lopography

t'I"the surt:l<:e waves. Ilmn dr.lg will result Ij-nlll lhe pressure li,rœs applied t1l1to the rough

air-sea interlà<:e (Hlan.:. 19S5): linally. lhe air-sca temperature dilTeren<:e Cf" - SST) may

inlluenee lhe stahililY 01" the air layer immedial<:ly above lhe surlàee and [hus al"I"e<:t the

intensity t,I" turoulenee in that r<:gion. This <:an oc summarized oy the r<:lation li'r the surlàee

stress 01" air. '" = Cd l'" li" IL;"J. wher<: the dmg cocflki<:nt Cd=l( IU"I. T,,-SST ).

The various pathways lhal the wind-stress energy may take once transmitted ln the

water body will bc considered qualitativdy. Most ol"the wind-induced momentum is used

to gener.lte surlàœ waves (Dobson. 19ï 1J. The làte 01" this wav<: energy is divitkd inlo

di fièrent oœanic motions. St'me of it. as Denman and MiY'lke (19nJ reported. is advected

away. "some is dissipated or tmnsported into turbuknce through wave oreaking in the

upper lèw meters. and some is tmnsli:m:d into a drili cUITent"". Ther<:li)re. only a I"raetion nI"

this momcntum energy loss to the sca will go into turbulence and r<:sult in verti<:alllli~ing 01"

the near surlàce waters (Pond and Pickard. 1991). This is schematically summarized hy

ligure 2.2. where a surlàee stress is initially applied 10 a linear tcmpcr.lturc prolile and. at

some time later. a mixed-Iayer has dcvdopcd as n:sult of the stirring aclion of turoulenee.

oC
ë.
CIl
o

oC
ë.
CIlo

/
/

/

Mi.ad·Layer developed
Initial state Wind stress (sudden1v)

applied al the surtace

1iJ:. 2.2: Sdrelnulic diagram ,,(ML hehu\'iortr ('xper;endng :.;ur/u",· w;ml sIr,'ss.
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The kinl'til: l:11t.:rgy input 01" 1hl.: wind has th\,.'11 01..'1,:11 t1'i~d III a!ll..'r lh\,., î l/ll'rplik' h~ illl\lll:':'

the: \\'ann sl1rl~u:1.: wah:r wirh the hl..';I\ il..'r l'oldl,,'r \.llll' in1l1H:di;Ih.'h helo\\ 11. tlll! ... l~lnl1l1l~ ~l

11l11l1llge11l)US upper-layer ellider Ihan lhe tlllliai SST.

.-\lthllU::.h th:st.:riocd aOt)'''': in a n:l~lti\dy simple.: mam1l.:r. thl' I.'PllSl'qUCllI..'C'" l\( lhl'­

stn.:ss Îlllpost.:'d on the sca sllrl~lçc kali 10 IlHIl.:h IlHlft: \."ompli.:atcJ rhCnplllt.:I1~1 \\hl..:11 ;Irl' r1t'!

yt.:l l'ully UIH.h:rstpod. In Ütt.:t. the.: fral.:tion (m) of lhl..' I.:lllian l,.'ncrg: tran;-'!l\ftlH:d lIlll'

turouknt motions is not knowl1 in dctail hUI is stnlt1gly dc.:p..:ndant llil 'iCa-stail.: h..·.g.:

Denman and \liyake (!97.~) fllund m=O.OOI~: I\.alll and l'hdlirs 11<1(,91 ""s,'ned

m=O.OO 15 experimenlally and Turner and I\.raus 119(,-1 ,'akulaled m=O.O 1 fr<'m lidd

d;Il;I). Researchcrs ha'·c Iried III iSlllale lhe processes in lanllratllry exrerimenlS. l\.a1<) and

Phillips (19h9) u'l:d " rotating disk III apply a CllnSiant stress III a eireular tank llf Iluld.

inilially at rest and with a unili.'rm densily gradient. As the underlying Ihlld \\a,

pmgressivcly et1lrained near the turnulelll surlàcc. a mixed layer d,', cI<'l'ed. lh:y Ihen

rdated the elllrainment raie 10 the eXI~mal paramelers, namcly Ihe nlloyancy Ireqllen,·y. '\,

(Tumer. 19~ 1) and the mixed-Iayer derth. Althl'ugh se'eral mllre expcriments lried tll

rd;ne the various mixing parameters t" the ,;urtàc-: stress (Fllisl'l1 and Tum,·r. 1459:

Tlimer. 19~ 1J. some discrepancie.s slill remailled oetween each rcsllit as weil as n.:tweell

Ihe underlying theoretical assumrtions. In a rcview parer "n mi:ving l'n'cess". Turner

(19~1) pmpo,;ed. fmm dimell,;i"nal arguments. that the entrainmellt ,clocity rnldueing a

wcll-mixed layer in a stratilied tluid undergl'ing a mechanical surlàce stress (Wilhout

h.:aling) should oc prOrOnil'l1alto the overall Richardson numoer (R,. _ g .\" h ,'" u.:).

(g. ,\1', h and l'" arc the gravity accder.ltion. lhe d.:nsity ditli:rcncc acmss the :\ILD. the

d.:plh of th.: mixed-Iayer and the ML densily. rcspcetivdy. U" th.: friction vclo.:ity. will n.:
ddined in section 4.:!.3 along with lhe concept of mixing energ.yJ. This agr<.'Cs with mosl

CUITent .:nlrainment theori.:s. although .som.: authors .:hoos.: various seales 10 ddin.: th.:

eOITesponding Ri. Ali these exp.:riments resemole on.: another in thal they ail arrly a

.sudden .stress to an initially qui~'Scent tluid, This rath.:r complex initial "alue pmnlem will

be lùnher discussed in s.:ction :!.3.

Finally. an imponant asp.:et eoneeming. the action of the wind is that s.:,·eral

ditli:rent oeeanic motions (inertial motilllls. inenial wav.:s. drift eUITents. Langmuir

circulation. etc.) are dir<.'Ctly relatcd to this surtàce str<.'S.~. and they arc likdy \1' intlu~-ncc th.:

behaviour of the surtàcc water by proccs..scs at various tim.::'1cngth 'l:ales. Con'l:quently.

this S<.'Ction doc..'S not provide a full trcatrnent of the wind-occan interactions. but ,;imply tri,'S

to rclate the fonnation ofa weil mixed-Iaycr under the influ.:nce ofwind str<.'S.s.
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2.2.2 Solar Radiation. Penetration. and Backradiation

The second major factor eontributing to the seasonal fonnation and destruction of

the upper-layer is the sun. or. more precisely. the amount of cnergy gained and lost at the

sea surlàce by radiation. This section will describe the elTects of this ineoming solar

radiation. explain how the ocean retums part of this energy in the fonll of longwa"e

radiation. and briefly discuss how this incoming energy penetrates below the sea surlàcc.

For the picture to be complete. the following section will treat the turbulent Iluxes of heat

and mass transfer across the air-sea interlàcc. thus providing ail four terms needed to

estimate the net heat fluxes at the sca surlàce.

A more complete treatment of the fundamentals of radiant energy and the associated

budgets can be found in Budyko (1974) and other meteorological physics textbooks (e.g.:

Houghton. 1985: Peixoto and Oort. 1991). This section is rcstricted to an explanation of

short and longwave energy. the various environmentallàetors that influence their strength

and the resulting impact on the surface waters of the ocean.

First. Irom a c1imatological perspective. and beeause the amount of uneertainties

and Iluctuations involved in various other physieal quantities arc considerable. the sun's

radiation intensity may bc assumed constant (Peixoto and Oort. 1991) such thatthe incident

energy flux reaching the earth is referred to as the solar "constant"" (S" =1360 Wm·~).

Consequently. the total energy reaching the top of the atmosphere for a partieular area will

depend on its latitudinal location and the time of the year. Budyko (1974) eomputed

monthly average c1ear sky solar fluxes (in Wm'~) lor latitude bands of ten degrees. going

from 90' south to 90' north. From this tabulated data. a small geometrie correction ean be

applied (Bugden. 1981) to accuratc1y estimate the monthly average incoming Ilux at the top

of the atmosphere.

As this energy enters the atmosphere. several factors will affect its transmission.

Beeause of the presencc of air. aerosols. water vapour and c1ouds. and other atmospherie

constituents. sorne of the energy will be scauered and reflected. sorne will bc absorbcd and

reradiated baek according to the temperature of the absorber. This influences the actual

amount and type of n1diation reaching the ocean surface. A complete picture should

therefore consider several atmospheric parameters such as: cloud amount. cloud base and

top height. cloud optical thickness and temperature. relative humidity and air temperature.

aerosol and other gaseous constituents. etc. This makes the calculations extremely

complicated and requires the use of far more sophistieated methods. sueh as eomplex

radiative transfer models (Frouin and Gauthier. 1988). Although sueh a full analysis is very
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dirtieult to perfonn and not feasiblc within the eontext of the present study. one shou/d

nonethc!ess assess which of these fàetors have the gn:atest impaet on the radiation hudget

and try to incorporale them using simpler empirieal rclatio~ships.

Several authors (Budyko. 1974: Houghton. 1985: Frouin and Gauthier. 1988) have

considered these aspects with various levcls of complexity. For the present sludy. only the

efTeets of eloud eover. surfàee air temperature and relative humidity will be taken into

accoun!. Although this is largcly due to thc data availability. thesc three atmospheric

parameters are considered to be of Ihe utmost importance for the radiation analysis and are

generally includcd in global c1imatc studies (Bunker. 1976: Hsiung. 1986: Hakkinen and

Cavalieri. 1989) and modelling experiments (Oberhuber. 1992). In facto the simple

inclusion of the monthly cloud cover. C n' in thc short and longwave hcat nux rclations has

heen investigated by several rescarehers. The cxact dcpendence ofthese two r.ldiation lenns

on the cloud cover is still uncertain. Sorne studies suggest a linear dcpcndence on Cn while

others use the third power of Cn. More details will be given in chapter 5 of the methods

used in the heal budget calculations. Once it has reaehed the surfàee. the shortwave

radiation is then multiplied by the factor (1 - a) where a is the albedo of the sea surlàce

(Budyko. 1974).

Although the sun's incoming rays penetrate to substantial deplhs. the bulk of this

radiant energy [0.3 - 1.0 flm) is absorbed within the top few metres of the ocean (Phillips.

1981). On average. for the world's ocean. between 60% and 80% of the entering 1ight

energy will be absorbed within the Iirst one and ten metres. respectively (Duxbury and

Duxbury. 1991). This rapid decay with depth. innuenced somewhat by scatlering. but

mainly afTected by absorption caused by suspended particulate matler and dissolved

materials. may be exprcssed by the exponential relation. I(z) =I"exp(-kz). 1" and I(z)

eorrespond to the radiant intensity at the surlace and at sorne depth. z. and k represents the

atlenuation coellicient lor a particular water type (Pickard and Emcry. 1990). Although this

extinction coefficient varies with the wavelength (Pickard and Emery. 1990). it is possible

to deline an average value for k allowing adcquate use of the exponential relation mentioned

above (Denman and Miyake. 1973). Paulson and Simpson (1977) made further irradianee

measurements in the ocean on the basis ofan effective radiation band. which allowed them

to deline variou.~ types ofwaters aceording to their transmissivity.

Corresponding to this incident solar nux. there will he a response from the mixed­

layer in the fonn of long wave energy. emitled aceording to the temperature of the sea

surface (SST). This backradiation is assumed to take place within a very thin layer at the
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sea surface (Denman and Miyake. 1973). Thus. one can consider the SST as the only

oceanic parameter involved in this heat flux component. Unfortunately. the atmospheric

counterpart necds further attention. Reradiation by the atmosphere (by the layer of air abovc

the sea surface. by the clouds and by the aerosols. etc.) plays a complex rolc in the

radiation budget. Henee the need for an empirieal ,c1ation in terms of cloud eover. en.•tir

temperature. T". and rclative humidity. Il is not c1ear as to the exact rolc played by the

humidity and the cloud eover temlS in this infrared radiation budget (there arc signi licant

differences in the longwave equation between authors: sec Pickard and Emery. 1990: Gill.

1981: Budyko. 1974). Oualitatively. the ocean will respond in an manner anaiogous to the

land for the longwave term. namely: c1ear sky nights arc known to be colder than cloudy

nights duc to the increase in infrared radiative eooling of the earth surface (Ahrens. 1991:
~ ~

Piekard and Emery. 1990). Clouds and humidity tend to absorb the 10ngwave energy lost

by the surface and emit it back. thus slowing the cffective radiativc cooling.

2.2.3 Turbulent Surface Fluxes

Il can be said that the air motion ncar the sca surface is most likely to be turbulent

(Pickard and Emery. 1990). Difficuities arise when using the simple bulk aerodynamical

formulae in order to estimate how much hcat and moisture is actually transferred aeross the

air-sea interface by turbulent fluxes. Although these bulk transfer coefficients have been

given considerable attention by several researehers (sec Blanc. 1985. for a partial review).

and despite striking similarities in most experimental approaches. as weil as empirical

relationships. large discrepancies l'rom one scheme to another remain when computing Ch

and Cc (latent and sensible heat coefficients. respectively). Blanc (1985) found differenccs

as high as 45% and 70% for average fluxes of latent heat (±40 Wm..2) and sensible heal

(±25 Wm-2). Nevertheless. these two fluxes - Oh and Oc for latent and sensible heat

rcspectively - constitute two criticalterms in the net enel"b'Y budget at the air-sca interface. In

facto because they arc strongly dependant on wind speeds and air-sea temperature

differenees. they have important fluctuations in their magnitude on both the seasonal and

the interannual time scales.

The difliculties associated with the eddy transfer of properties arise l'rom a more

general problem: the complex nature of fluid turbulence. Although this is far l'rom being

fully understood. the conclusions drawn by several "air-sea interaction" experimentalists

have yielded considerable insights as to which factors do influence these transfers. It is

believed by many that the stability of the air immediately above the sea surface greatJy
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affects the turbulent intensity and. hence moisture and heat transler. For example. if the air­

sea tempcrature differenee is sueh as to give an unstable or "buoyanC <ltmospherie surlàee

layer. air parec!s will eonstantly tend to rise. thus increasing the intensity of turbulence and

its ability to remove moisture and heat from the sea surlàce. Conversely. in the situation

where the sea is actually cooler than the atmospherc. the surlàce layer of air becomes ùenser

as it loses heat to the ocean. thus inhibiting convection and reùucing turbulent transler

(Pickard and Emery. 1990; Smith. 1988). Furthermore. this air-sea temperature di fferenee

has a somewhat "double" innuenee: not only does it arise in the bulk fonnulations (sec

ehapter 5 for formulations). but it also affects the values of the bulk eoeflïeients unùer

various atmospherie conditions (cg.: Kondo. 1975: Liu ct al.. 1979: Smith. 1988 and

1990) as Ch and Cc arc funetions of IU"I and (T" - SST).

Another eontroversial aspect eoneeming these turbulent transfer eoellieients is the

wind speed. Dynamieally speaking. an inercase in the wind vc!oeity will genemlly result in

a more turbulent Ilow (Gill. 1981). The problems arise at both low and high speeds. Smith

(1990) and Wu (1990) disagreed on whether one should use a eontinuous or discrete

tmnsition between aerodynamieally smooth and rough flows. They also argued about the

exact location of sueh tmnsitions on the basis of seveml extemal parameters. \Vu (1980)

mentioned the possible effect of surlàee "ripples" on waves during strong winds which

eould prcvent or delay the airflow sepamtion observed in !abomtory for "smooth" surface

waves. Furthermorc. higher wave aetivity for faster wind speeds is bclieved to inerease the

sea spmy and lead to a grcater transfer surface area (Roebber. 1989). Finally. although no

consensus yet exists as to the exact dependence of Ch and Cc on IU"I and (Til - SST). Chis

generally considered to be smaller than Cc (Cc'" 1.16 Ch: Smith. 1980: Blanc. 1985). In

conclusion. large uncertainties remain when using bulk aerodynamical formulae and a

conservative approach should prevail until more experimental evidence is available.

Oualitativcly. Oc and Oh are important in affecting both the atmosphere and the occan

(Cayan. 1990 and 1992a.b). Their direct influence on the net heat budget of the Gulf of

St.Lawrcnce will be prcsented in chapter 5.

Ali four terms of the surface heat budget have bcen discusscd - namely the incoming

shortwave radiation. Osl" the effective longwave backradiation. Oll" and the turbulent

fluxes of sensible and latent heat. Oc and Oh . We arithmetically sum them (Onct = Osl' ­

Oll' - Oh - Oc) in order to obtain the net heat flux entering or leaving the sea surface each

month. Heat gained by the sea is taken as positive. Although each constituent of this
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budget is extremc!y important. it rcally is the net flux of hcat at the air-sca interface that has

critical consequences for the mixed-Iayer. The following pictures (figs. 2.3 and 2.4)

examine two possible scenarios - net gain and loss of heat by the ocean surface - and

explain qualitativcly the corrcsponding effccts ofboth cases on the ML devclopmenl.

Figure 2.3 describes the responsc of a mixed·layer undergoing a net loss of heal to

the atmosphere. Obviously. in such a situation. the temperature of the water immediatcly

adjacent to the surface will decrease and. eonsequently. the density will increase. As this

proeess takes place. surface waters become heavier than the layers just below and will

sink. a process calicd penetrative convection. ln doing 50. these sinking plumes

will entrain surrounding water and. as they break down into more turbulent water parccls

and mix properties (T. S. suspended matter. etc.) with their immediate environmenl. It is

this mixing that will redistribute the heat content of the surface layer with waters

immediately below the mixed-Iayer depth. thus deepening the ML and making it colder.

ln the second case (fig. 2.4). the ocean is gaining heat. a situation corrcsponding to

the summer months (chapter 5 and Bugden. 1981). The surface waters now beeome lighter

than the waters underneath. thus stabilizing the upper layer and inhibiting convective

overturn. penetration and vertical mixing. Nevertheless. ifmixing occurs at the surface (duc

to the wind action. the brcaking of waves. etc.) this will again result in a redistribution of

hcat in the mixcd-Iayer (Turner. 1981: Pickard and Emery. 1990) as depieted by the third

panel of figure 2.4.
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Although the arguments here may seem rather simple and obvious from a thermodynamie

point of view. eflieiently rciating overturns and penetrative convection to a net "mixing"

effeet is a mueh more eomplex lask (Galbraith. 1992). The penetrative nature ofthis mixing

is still the sllbjeet of debate (Turner, 1981). Gill and Turner (Turner. 1981) have argued in

favour of a non-penetrative heat loss during the eooling period and. under this assumption.

eonclllded thatlittle entrainment resulted from this. For the discussion to be complete. these

proeesses are generally diseussed along with the concept ofbuoyancy flux, which includes

the effeets of precipitation and evaporation. The next section will attempt to ciari Iy this

notion in parallel with the consequences of fresh water input and ice.

2.2.4 Precipitation/Evaporation. Runoff and Ice: BU(Jyancy Input

So far. radiative heat fluxes and turbulent translèr of mass. momentum and hem

have been considered. This section will discuss other environmental factors that also

influence the upper-layer thermohaline structure as they alter the stability of surface waters

and thus aflèct vertical mixing.

Swjàce hlwyancyjllLr:

Buoyaney is delined as "pg" and links density differenees and gravity together.

whieh can produee or inhibit water motion (often delined as "- pg" because a water parcc1 is

said to he more buoyant when il has less weight). In essence. it ean be viewed in terms of

water Iayers ofdiffercnt densities overlying one another. Their relative vertical position as

weil as their density differenee lead to the well-known notion of water eolumn stability.

19



•

•

Consequently. lluxes of buoyaney (negative or positive) at the sea surl~lee willmake the

surface-layer more or \css stable in comparison with waters immediately undernealh. Gill

(1981) delines the surlace buoyaney llux by

B '" Cp·1 g a (-Ono,) + g /3 (E - P) S.

where Cp. a (-1' 1l'l'liT) and Il (-P' I l'1'1('5) are the heat capacity and the themlal and haline

expansion coefficients of sea water. (E - P) is the difTerence between evaporJtion and

precipitation. and g. Sand Ono. arc the gmvity. surlace salinity and the net hcat llux (taken

as positive upward in Gill. 1981). respectively. Hencc Irom B. one can asscss changes in

potential energy to the water surface through lluxes ofheat (lst term) and mass (2nd teml).

Motion induced by buoyaney contrasts arc due to di fferences in both tempemture and

salinity. Evaporation contributes to a increase in buoyancy in two ways: via evapomtive

cooling. included in Ono' (the lirst right-hand side teml of B). as weil as by increasing the

surface salinity. as expressed by the second term of B (refer to ehapter 5 lor the specilic

formulation ofOno,). Finally. lor mid-latitude oeeanic conditions. tempemture dilTercnces

genemlly result in stronger density changes than salinity (Gill. 1981). However. Ihis mighl

no longer hold truc lor the estuarine region of the Gulfwhere water is considembly Iresher

than in the rest of the basin. This is related to the faet that both temperJlure and salinity

inlluence the value ofa and Il (Prinsenberg. 1982). Apart Irom the surface heat llux ,md the

evaporation. the environmental factors afTecting buoyancy and hence stability arc

min/runoff. icc mclt and ice formation.

Icecover:

Not only will the presence ofan ice coyer be signilicant in temlS ofbuoyancy llux

as weil as in affecting the transfer of momentum. mass and heat. but its growth and

disappearance. and the rate at which these two phase changes take place may also be

important. Wc consider lirst the freezing of the surface waters. As crystals fonn and

agglomerate. salt is rejected (Pickard and Emery. 1990). This incrcases the ambient density

and. in tum. leads to sinking and replacement of this adjacent laycr. Therefore. as ice is

formed. it resulL~ in a positive buoyancy flux (aecording to the delinition of B above: Gill.

1981) near the surface due to an increase in salinity. The exact amount of buoyancy

gcnerated through this process will depend on how fast the layer of ice formed. A rapid

freezing may trap more salt within the crystalline structure. forming pockets called brinc

eeUs. In the spring. the reverse situation occurs: the ice coyer mclts and generates an

important "puIsc" of relatively frcsh water. hence lcading to a more stable surface layer via
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a negati\'\: Ilux ofbuoyancy. It is extremdy dil1kult to assess the qlwntitative il11portall<:c of

Ihis process l'or il is a runction of several parameters which are olkn nol known. For

exampk. in the Gulf of St. Lawrenœ. although the seasonal and intcrannual horÎmntal

coyer of ice is rdativdy wdl documenwd (D':ry. 1992. DeTraœy. 1'19:; l. liuk Îs kl](l"'ll

about the distribution or ice thickness and hence Ihe actual volum<:/muss of sca-Îcc.

Secondly. since the mte of freezing will inlluence the amount of sellwater Irapped as brine

cdls. it is dirlicult to estimale Whlll will be Ihe concentralion or salt in the mdled icc in Ihe

spring. Thirdly. il is bdiewd thal Ihe time of Ihe year al which ice fonns may Înhibit Ihe

surfaee thcrmalloss llllhe atmosphere. hence Ir.lpping more (or kss) heat within the upper

water column. The dates al which ice is lonned are genemlly known (Garrigues. 1995:

McGill Univ.. personal communicalion). bUI there 'Ir<: no corrdation sludies rdating the

upper-waler hcat content 10 the ice lomllltion. Finally. winter cvolution orthe lemperature

undemeath thc icc dcpcnds on the heal conduclion of the entire sea-ice co\'\:r which is a

function of the amount of snow that accumulatcs on the surlàce. Ice cover nol lll1ly

insulates the water surlàce. but also reduces Ihe tmnsmission of kinetic energy l'rom Ihe

wind str<:ss. thus alTccting uppcr-Iayer turbulence and mixing. Thcre is. hll\\·evcr. a stress

at thc icc-sca interlàcc induccd by the ocean currcnts . Prinsenbcrg (l'Ill:!. 19lG) considcred

the clTects ofsuch icc-sca str<:ss in Hudson Bay and concluded that. l'rom McPhec's (i 979)

ice-occan strcss relation. t;w ::: 0.01 V",1.7S 1V", is in cms-I). a tidal CUrrent of 20 cms· 1

would genemtc a lriction veloCÎty. U-. ofaround 1.42 cm s·l. which roughly corresponds

to the elTeet a stonn would produce in intemcting with the sea surtàce. Ther<:lor<:. ice coyer

may cause mixing of the surtàce water which should consequently intluence the winter

evolution of the mixed-Iayer extent and the associatcd T and S profiles. Finally. Lepage and

Ingmm (1991) report that this ice-ocean stress bccomcs negligible when the ice is not land

fàst but free to move with the surface eurrcnts.

RIllIO.ll"consequences.-

A second important environmental factor direetly linked to the surlàce buoyancy

flux and the stability of the upper-layer is the runoff. Similar to the ellcets of iee melt.

runoff contributes to buoyancy variations by supplying fresh water. For instance.

following the mclting oflake iee and snow 'vithin the Gulf ofSt-Lawrence watcrshed. ther<:

will be an incrcase in freshwater runotTto a seasonal maximum during late spring - carly

summer (Koutitonsky and Bugden. 1991). Not only will this fresh water pulse affect the

stability of the surface layer. but it is genemlly believed that the the GSL density gmdients

21



•

•

resulting from river runofT "maintain a basic state of motion" (Koutitonsky and Bugden.

1991) mueh like the typical density-drivcn circulation or estuaries. Moreover. year-to-year

fluctuations of the river diseharge resuh in consider.tblc changes in the surf~cc salinity.

Bugden ct al. (1982) and Lauzier and Bailcy (1957) have compared average (jull~wide

salinitv fields between high and low runofrvears and round significant dilTerenees al the'" ... . ...
surface. especially along the Gaspé shore and in the Magdalen Shallows. These efTects can

also be felt relatively far downstream from the river source (EI-Sabh. 1976; Sutclirre ct al..

1976; Koutitonsky and Bugden. 1991). Finally. Prinsenberg (1983) reports that an

increase in runoff can signi ficantly increase the surface stability. thus reducing the

deepening rate of the mixed-Iayer and keeping the winter salinity and pycnocline depth at

values lower than normal. From a eombination of modelling results and hydrogmphic

obsel"\ ations in Hudson Bay. Prinsenberg (1983) concluded that an increase in freshwatcr

diseharge couId result in "a tendency to produce more iee" by a decrcase in winter surface T

and S. However. this laller consequence might not hold truc in different oceanographic

basins. For example. Déry (1992) found no significant correlation betwccn the icc coyer

and runoffin an intcrannual study of the GSL ice coyer. which indicated that sevemllactors

interact in a more complex fashion.

Precipitation and evaporation:

After ice effects and runoff. precipitation and evaporation and the corresponding

surface salinity decreasclincrcase cause the next largest changes in surlace buoyancy in the

GSL. Although the amount ofhcat addition associated with precipitation is relatively small

(approximately 100 times smaller than the net summer l'':at flux for the GSL - Bugden.

1981). it may however have. in certain regions of the world ocean. an important impact on

the surface stability by the flux ofbuoyancy. It is weil known that precipitation over the

tropical oceans generally results in a colder. fresher and more stable surface layer (Miller.

1976; Price. 1979). During a field study near the west coast of Florida. the formation of a

"new" shallow mixed-Iayer as a result ofa strong rainfall was observed (::: 6 cm in < 2h;

Price. (979). It this case. the strong. "ncarly impulsive" negative buoyaney flux yielded. 3

hours after the storm passed. a new haloeline at a depth of about 10 metres which

eventually mergcd with the existing mixed-Iayer (MLD::: 30 ml. It is important to note that

not all precipitation events will have such a drarnatie influence. During the BOMEX (Price.

(979) field program. (as weIl as in the Gulf of St.Lawrence during the JGOFSS

hydrographie eruise. May-June 1993). no signifieant mixed-Iayer and surface salinity
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re~ponse 10 raintàll~ were observed. Ieading to the conclusion that much st ronger evcnls

may be required in order to have a sub~tanlial impact on the upper-layer. Finally.

evaporation also contributes to changes in the surlàcc layer stability. In the wanner regions

of the world's ocean. thi~ proccss play~ a major role in gener.lting density gr.ldient~ by

removing water from the sea surtàce and rendering it heavicr duc to the salinity increase. as

weil a~ becausc of the assl'ciated lo~~ of latent heat. Miller (1976) also showed Ihat. in

areas (e.g. lropics) where the pycnocline was inlluenced by changes in both T and S. the

latter should he included in ML models in order to accur.ltely predictthe deepening r.lte.

2.2.50ther Processes

ln thi~ last section. wc brielly discuss sorne oceanographie processes that also anect

the physieal structure of the mixed-Iayer but play a less important role within this sludy.

The reasons for not considering them arc numerous and vary greally: sorne of them arc

simply not relevant from a monthly c1imatie perspective: others arc not quanti liable or

apparent within the present dataset: tinally. some of these proce~ses arc bclieved 10 be

important to some degrce but. duc to limited time or improper tools of analysi~ (computer

modcls. satellite imagery. missing datasets. aliasing. etc.). they will be negleeted in this

rcsearch. It should he kept in mind that the following briefdiscussion on the oceanogmphic

proeesses eonstitutes a r.lpid and rather incomplete overview. and the topics arc presented

in no partieular order:

Tida/mixing :

The sun contributes to the gravitational pull generating the tides. but the moon's

efièct is stronger by a factor oftwo (Pond and Pickard. 1991). For the GSL. tides arc

sustained by extemal forcing from the Atlantic Ocean (Koutitonsky and Bugden. 1991).

Tidal eurrcnts rarcly exeeed 30 em s-I for the Gulf region. Nevertheless. in shallower

and/or narrower areas. tida1 currcnts may be sufficiently high to mix part of the water

column as a result of cottom friction stress (see section 1.1). Again. the ambient

stratification will inhibit this vertical mixing action from being fclt throughout the water

column (in this case. turbulence is generated at the bottom and its effeets propagate

upward). Thercfore. only those situations where bottom generated mixing might be strong

enough the reach the thennocline and/or the surface (hence affccting the characteristics of

the mixed-Iayer) are important (Pingrce and Griffiths. 1980).
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C(}as/alupll'ellil1~ :

Sinee the prevailing winds generally blow from the west over the GSL. one would

therefore expeetto sec wind-driven Ekman upwelling along the north shore of the Ciulras

weil as on the south side of Anticosti Island (relèr to lig. 1.1). From eonservation of mass.

and rememberim: that waters undemeath the mixed-Iavcr are rclativclv eold. one would also
~ --

expeetto sec surlàee signatures ofthese upwelled waters (a nice sehematic diagr.lm ean be

Il)und in Peixoto and Oort. 1991. p.llW). In làct. the presence of eold coastal waters <:an be

c1earlv observed in these Gulfrcgions \Vith the aid ofsatcllite imagerv (Anonvmous. 1991)... ... ..... ..
Rose (1988) and Bourque and Kelley (1995) also observed upwclling events in the north-

cast sector of the GSL duc to alongshore wind stress. The offshore distance to whieh this

upwcllcd water will spread is rclated to the intemal Rosshy radius o(d':fill"llla/itlll . Î. j

(Pond and Pickard. 1991). For a two-Iayer system. ).i ean be delined as. ).i ~ /.1

(g·(h·h/(h+h·»I'~ (Csanady. 1982). where h and h' correspond tothe depths of the upper

and lower layer. respectively. f is the Coriolis parameter. and the reduced gmvity is

expresscd by g' ;; gl\p/p". Assuming the following typieal depth scales (h:: 30 m and h'::

70 ml. and a density ditTercnee. "'p. of 2 kgm-3• yiclds typical Àj values of the order of 4­

7 km for the Gulf of SI.Lawrence (Bourque and Kelley. 1995) . This gives a measure of

the horizontal extent of upwelling events and indieates how làr from the eoast one might

expeet to observe the signature of sueh processes.

Sw:fàce processes:

Langmuir circulation is an example of the complex and non-Iinear nature of the

intemctions between oeeanic motions (Pickard and Emery. 1990). This circulation has

convergence and divergence patterns and associated zones ofdownwelling and upwelling.

These featurcs aITectthe upper-layer T and S profiles by entmining (and detraining) surlàee

and subsurface waters. thus blending their sealar properties.

Thermoc!ine processes (internai waves. inertial motion. erosion) :

Movement of the therrnocline is also important for the mixed-layer. The presence of

a eontinuously stratified fluid supports a wide range of internaI motions. However. several

laboratory and model studies disagree on the forrn of physieal meehanisms that oecur

within a simplified two-Iayer system. Le.: a sharp. nearly discrete aensity interlàce

(Phillips. 1981: Turner. 1981: Gregg. 1987 and 1991). Gregg (1987) reports that internai

wavcs evolving into dynamical instabilitics eonstitute a major factor in generating mixing in
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the thennocline. This mixing may also resuh l'rom inlert:leial shears in situaliolls where

sharp density gradients exist along wilh a change ofveloeily aeross Ihe inlerfaee (Turner.

191' 1J. Krauss (191' 1Jobservcd and sueeessfully modcllcd Ihe upper ocean re"pllllse 10 the

passage of a sequence of severe stornls in the Saltie Sea. His conclusions. supp0r!ed hy

similar oncs l'rom Priee's (191' 1) modcl study of a hurricane in the Gulf of Mexico.

suggests that thennocline erosion resulled l'rom the slrong shears of the stornl-generated'-... ... ...
inertial waves. Further evidenee of internai wave-indueed mixing has been reported by

Galbr.lith (1992) in studying lhe elTeets of internai tide and solilons al lhe head of lhe

Laurentian Channel. The entire topic of mixing in Ihe ocean inlerior eonslilules a eomplcx

subjcel. Howevcr. il is ncvcrtheless important 10 note lhe Iwo signilieant sources of energy

Il)r lhis mixing. i.e.: breaking internai waves. and interlàcial shear. as a resuil of dynamieal

instabililies (Piekard and Emery. 1990). This lopie will be lùrlher discussed in seclions

2.3.1 and 2.3.2.

Diurnal etli!Cls :

A dislinel daily cycle can genemlly be observed in lhe surlàcc heat budgel on cairn

and clear days. Iflhe wind aClion remains weak.lhis cycle will rcsull in stabilizalion oflhe

upper ocean during the day lllllowed by a posilive (according 10 GiIrs delinilion. 19S 1)

buoyancy llux assoeiated wilh lhe nighltime cooling (Turner. 19s 1\. The main dillicuily

lies in delennining if lhis inerease in potenlial energy can kad to sullicienlly strong

penetmtive convection during the night and thercforc alTeet the mixed-Iayer. Woods and

Barkmann (1986) and Woods and Strass ( (986) investigaled this phenomenon numerieally

and predieted a ma:I:imum variation of the early spring upper-layer eXlent mnging l'rom a

daily depth of 35m to 135m al the end of the night. ln another modcl study. couplcd Wilh

high rcsolution hydrographie observations. Priee et al. (1986) report similar daily lèatures

but of much shallower extenl. Furthennorc. they noted the oj)posing effects of stabilizing

mid-day buoyancy llux Wilh an onen seen concurrenl maximum wind and ilS associaled

mixing action. Hencc. bolh winds and the ambient waler column slabilily can greally

inlluence these diurnal ellèeL~. They also observed the presence ofa diurnal jel within lhe

mixed-Iayer. whosc cycle strongly eorrcspondcd to thal of the wind.

Advection:

Although most earlier mixed-Iayer studies (mainly ID modcls) assumed that the

horizontal advection would have negligible effeets compared to the vertical mixing
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occurring ncar thc surtàcc. this assumption can only bc truly validatcd by exact knowlcdge

of the existing currents or with the hclp of more sophisticated multidimensional modcls. ln

làct. in areas where horizontal motions arc large (Gaspé current in panicular). one should

expect lhat local surlàce propenies (T. S. plankton concentr.ltion. etc.) might be carried

sulliciently tàstto adjacent location such as to modity the upper-layer structure there. One

must now distinguish between the "slow" horizontal displaccment of oceanic properties

(e.g.: advection of nutrients. or salinity minimum as is the case in the GSL. l'rom the Gaspé

coast towards Cabot Strait; Koutitonsky and Bugden. 1991) and the "dynamical" etTects of

stronger currents on the deepening of the mixed-Iayer. In the tirst case. the advection may

cenainly have an observable inl1uenee on the oeean over longer time scales. say weeks to

months. by changing the heat input and/or inl1uencing the str.llitication. In the second case.

it is the vclocity dilTerence across the themlocline (i.e.: shear value between the surtàce and

sub-surface currents; Gan ct al.. 1995) that will be imponant in lerrns of production of

turbulent mechanical energy and hence. entrainment at the base of the mixed-Iayer. This

will he diseusscd in grcater detail in the next section.
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2.3 Temporal Considerations of the \lixed-Laycr

ln the pn.:\'iolls seclion. the most imponant upper ocean prol.:'l.:ssl,,"S whidl inl1w:nl".·'·

the scasonal c\'olution of the mixc:d·laycr and ils corn:sponding. tcmpcraturc.: and sallJlit~

chamcteristies were diseussed. Anenti,m will now he giyen to the temp,'r.I1 e\ "Iutl"n "f Ih,·

mixed-Iayer. more partieularly to the di fli:rent time seales over whieh \arious pmee',e' aet

and to the energy balance. Although the tirst widely kn"wn ,tudy of the oeeanic upper layer

dates back to Ekman (1905 J, and that the tirst realistie themlOeline nlOdel ineluding the

cffects of stmtilication was that of Munk and Anderson ( 194~ l, a signitieant eyoluti'lI1 in

the field of mixed-Iayer study ean oc altributed to Kraus and Tumer ( 1%ïl. Th,'y

fonnulatcd a successful and realistic model of the seasonalthemlocline and supported their

results from labor.1tory experiments. Since then, eonsidemole rescareh et)lm, were made in

order to understand the immediate response of a quieseent tluid to an imposed surtàee

stress and heat llux. This Ied to a series of labor.ltory experiments (Kato and l'hillips.

1969). theoretical studies (Pollard ct al.. 19i3. Niiler. 19i5) and numerieal simulations

(Denman. 19i3). as weil as an increasing number of hydrographie obseryations (Denman

and Miyake. 19ï3l. Consequently. the present section will cmcr thn.:e topics:

• First. after having brielly reported on the historieal evolution of the upper layer

study. wc will lOCus on the "initial value problcm" (IVPl ofmlxed-Iayer dccpening.

referring in particular tO three signilicant contributions (Denman. 19i3: Pollard ct

al.. 19i3 and Niiler. 19i51. The notion of energy balance within the eontext of

mixed.layer dynamics will Oc introduc<'d.

• Next. wc will relate the conclusions from these IVP slUdies to more realistie

environmenlal conditions. ln particular. the eni:ets of stomlS on the upper ocean

wili Oc considered. Numerical. as weil as observational studies. will Oc presented.

• Finally. the seasonal evolution of thc upper mixed-Iaycr will Oc discussed. with

special emphasis on the balancc ofenergy associatcd with this longer time scale. as

wcll as a description of this seasonal cycle l'rom observations.

2.3.1 The Deepening of the Mixed-Layer - Energetic Considerations

As mcntioncd earlier (sec schematic picturcs of sections 2.2.1 and 2.2.31.

considerable insighL~ might Oc gained from the rather simple·looking problem ofan initially

quiescent fluid body undergoing a sudden surface str<'SS and heat flux. Since this rcscarch

focuses on the seasonal evolution of the upper mixed-layer through monthly means of
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various quantities. emphasis will he placed here on thc fact that. although the theorctical ML

deepening behaviour deals with rclativclv short time scales (from hours to a few davs - sec- - -
section 2.2.3). it has nonethelcss significant implications on what the ocean will look like

on seasonaltime scales. The ML dcepening problem is the subject ofmuch debate among

oceanographers. This can he explained by the fact that. regardless of the scales of interest

(both spatial and temporal). turbulence is the ultimate agent transferring properties in the

upper-ocean and thus will determine the temperature and salinity fields near the surface.

More precisely. the results presented below result from one-dimcnsional analyseslmodcls

and. unfortunatcly. rel.juire the use of several (debatable) parametrizations of physical

processes (cntrainmcnt. energy dissipation. inertial motions. turbulence c1osure. etc.).

Denman and Miyake (1973) were one of the first to successfully predict the

observed time dependant modifications of the upper mixed layer (for sub seasonaltime

scales) with a generali7.ation of the Kraus-Turner one-dimensional integrated model. Since

the goal herc is to qualitativcly describe the ML rcsponsc. the modcl descriptions will be leli

aside - rcfer to Niiler and Kraus (1977) for a complete discussion on the subject. and a brief

overview in section 2.4. One featurc of Denman's modcl was the sensitivity of the rcsults

to the mixing energy produced by the wind stress. as weil as by the absorption rate of solar

radiation. which varied signilicantly with the extinction coefficient. k (sec section 2.2.2).

An important aspect of this model is the exclusion ofrotation; eonsequently. Denman's

physieal explanations of ML deepening will differ somewhat from those of Pollard ct al.

(1973) and Niiler (1975) (whose models indude rotation but laek observational

eomparisonslsimulations). Denman eoncluded that the mixed-Iayer extent was dependent on

both wind stress energy and water eolumn stratification. and thatthe initial deepening rate

was proportional to t l13 (wherc t is time). as reportcd by Ellison and Turner (1959) and

Kato and Phillips (1969) in laboratory experiments. Denman suggcsted that diurnal effeets

were too small to be c1early notieed. He also observed that during strong summer wind

conditions. surface heating was less important but should he eonsidercd during relatively

calm wind periods.

ln a more complex mathematieal treatment. Pollard et al. (1973) found that rotation

was important in limiting ML deepening after one half inertial period. as strong inertial

oscillations prevented further deepening. Their results suggcsted that the maximum depth of

the mixed-Iayer depended on wind. rotation and stratification as MLDm.. '" u. (Nf)-112.

Furthermore. they argued that. on the seasonaltime scale. surface heatinglcooling would he

dominant. A few years later. Niiler (1975) integrated both Denman's and Pollard's rcsults
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and showed that both inertia! motions and surface wind stirrÎng were important in the initial

stages of the mixed-Iayer. In his modcl study on the asympllltic ML deepening regillles. he

extended the work ofhis predeeessors by ineorporating three layers - a surlàee mixed layer.

a thermocline zone of perturbation energy production. and a quieseent abyss. and

eonsidered two possible sources of turbulent kinetic energy (TKE): the wa"e-induced shear

of the surlàcc currents and the turbulent entrainment al the therrnocline (a natural extension

ofNiiler's work is the weil known and now widcly used 2 and I/~ layer modcl . e.g. Gan.

1995: Gan ct al.. 1995). Again. a rapid deepening followed by a subsequent slower erosion

was observed: Niiler allributed this response to the initial input of TKE from surtàee

proeesses (until 1 pendulum hour). and presumably followed. on time scales of a few

hours. by the action of inertiallllotions. Similar to Denman. Niiler also noticed that the

deepening rate was strongly dependant on the extent of the mixed-Iayer atthe time ofwind

onse!. For the seasonal cycle. hcating and dissipation should play an important role.

ln conclusion. a rapid initial deepening of the mixed-Iayer followed by a slow

erosion has been observed and simulated by several researehers. but the exact lllechanisms

explaining the partition ofenergy amongstthe different processcs is still debated. The laek

of understanding of turbulence in a strati fied medium resulting in di fferent assumptions

and/or parametrizations can probably help explain the di fferent conclusions and slight

variations in the obtained results. In essence. different processcs may dominate 'lt di fferent

stages. Nonethcless. a nearly eommon fcature in allthesc studies is the consideration of the

balance ofTKE inputs against the changes in p<Jtentia\ energy and dissipation within the

surface layer. Consequently. for the simplified yet realistie theoretieal case of a sudden

stress applied to the surface of a quiescent Iinearly stratitied fluid body. four distinct

dynamic stages wcre identified by Niiler (1975) and deSzocke and Rhines (1976). Assu­

llling no heating or enerb'Y dissipation. the TKE equation for the ML can he exprcssed as:

1 ah( , N:h~ l' 1:] ,-- ÇU- + -- - è5V = mU-
~ at • 2 •

A 1 O,5dh/dl (1; U.2) 1 The slorage mte ofturbulent energ)' in the mixed-Iayer

13-1 O,5dh/dl (N~h~ 12) 1 The rate ofinerease ofpotential energ)' due to entrainment from bclow

Cl O,5dh/dl !l>VP The rate of production of turbulent mcchanieal energy by the stress

1
as.<;ociated with the cntrainmcnt aeros.< a vclocity diffcrcnee ISVI

DI mU.3 The rate ofproduClion oflUrbulcnt mcchanical cne'b'Y by surface processcs

Table 2.2: ML cleepening .<tages anclthe corresponding halance "fenergy.
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(Turner. 1981) where h represents the MLD. ç and marc fraetional dimensionless

coefficients. and where eaeh energy term is explained in the previous table. As a result of

the sudden stress impulse. the fluid body will exhibit four successive behaviours according

to the dominant balance ofenergy:

• A _ D: (Inilia/~l". up 10 a.tew minules)

First. there will be an immediate reaetion of the mixed-Iayer in "storing" a fraction

ofthis turbulent kinetic energy produeed by the surface winds. The mixed-Iayer will

usually grow to a few metres very rapidly.

• B _ D: (A .tell" minules. up 10 an IIour)

1f this process continues. the surface TKE production will. within the tirst hour.

contribute in changing the potential energy of the entire ML. resulting in a

eharacteristie thermocline (typically a few tens of meters deep: Turner. 1981) and

inereased upper layer horizontal vclocitics.

• B _ C: (Unlil a lime scale ollla!!a pendulum day)

Meanwhile. the surface eurrents have been accclerating as weil as the shear value

increasing across the thermocline: eonsequently. rotation will have a stronger

influence on the mixed-Iayer motions. resulting in an energy balance between the

TKE produeed at the surface and that generated by the inertial shear stress and

charaeterized by entrainment at the base of the mixed-Iayer. This balance should

dominate on a time seale ofhalfa pendulum day. After this time. the MLD ean be

expressed in terms of U•. / and N. Different authors proposed varying

formulations of this depth dependenee (i.e.: Turner. 198\). but these will not be

prcsented explieitly.

• B _ D: (Longer-Io-seasonal lime .çcale)

Finally. the inertial eurrents deerease and a slow ML erosion follows. thus restoring

the initial balance between the mixed-Iayer potential energy change and the turhulent

kinetie energy rate produeed by the wind stress.

Note: (Longer-to-seasonaltime .<cale)1

1: Although the SC3.<onaltime scale is usually taken to he of the order 01''1 month in the Iiteraturc.
it is herc rcferrcd to time scale ofprocesses roughly grcater than a pcndulum day (Turner. 1981). This ean he
explaincd l'rom the following energy balance: as the mixed-Iayer dccpens l'rom a sudden wind sl=<. it goes
through thrcc distinct stages specilie to differenttime .<cales. proccs.<cs and energy balance (A:B. B:D and
B:C). The ML then undergoes a slow and stcady erosion. with relatively no change oceuring as for the
dominant proccs.<cs taking place. Unlcs.. the surface forcing suddenly changes. this energy balance will he

. dominant in deterrnining the evolution of the mixed.laycr on longer time .<cales (month to monthl. henee
the somewhat mislcading name "seasonal-. However. this energy balance does not include the effcct of
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Although it is unccrtain as to which dynamical criteria should be used to close this IVP.

similar qualitative behaviours werc oblaincd with diffcrcnt modcl fomlUlations. Most of the

methods used relate the entrainment to the shcar aeross the thermoeline with various

formulations of the Richardson number as an independent criterion. Kundu (19S0) noted

the laek of vertical structure resulting from these "bulk" models and eonducted similar

studies on the mixed-Iayer response to wind stress by using the turbulent e10sure mode!.

The improvements from such an approach arc the ability to resolve velocity shears in the

upper-layer and the assessment of the turbulent diffusion influence along the water eolumn.

but. overalL the ML behaviour remains qualitativcly the same.

2.3.2 Typical Mixcd-Laycr Dccpcnin~ and the Consequences of Storms

Aller having introdueed the various response stages of the upper-layer to a suddenly

applied wind stress. some results will be presented as weil as their relations to typical

environmental conditions. First. Denman (1973) modelled the mixed-Iayer behaviour

resulting from a Gaussian shaped surface stress. The purpose was to represent the effeet of

a storm and its associated wind fluctuations. As depieted on figure 2.5. the wind velocity

varied from calm. increased to a maximum of 15 ms" and decreased back to zero within a

period of4 days. As a consequence ofthis. the mixed-Iayer. whose initial depth was 10 m.

started inereasing slowly during the first day. reaehed a maximum deepening rate which

eorresponded to the strongest surface stress. and continued deepening but at a slower rate.

The important aspect depieted here by this theoretical storm was the irrcversible nature of

the wind mixing that took place: as the winds inerease. the ML deepens - but continues tu

do so and remains at this new depth when the winds cease. In spite orthe highly idealized

nature ofthis numerieal experiment. one might wonder what would happen ira series of

"stormy" events were to occur. Most probably. the sum of these synoptic weathcr events

superimposed onto a background surface heat flux cycle eonstitutes the two eritieal factors

affeeting the scasonal evolution of the mixed-Iayer.

ln a more local study. hydrographieal observations were taken by Roehe-Mayzaud

ct aL (1991) at three different locations in GSL. along a transeet aeross the Gaspé­

Anticosti channeL On figure 2.6. three graphs of salinity and temperature (for eaeh

location) are displayed. eaeh eonsisting oftwo profiles - one before (avant) and one after

(après) the passage of a storm. The events oecurred over a two day period. with winds

reaehing a maximum of 13 ms' t. These three sets of T and S profiles correspond rather

surface hcal nux. a procCl's found 10 he imponanl on lhe monlhly lime scate (Hancy and Davics. 1976).
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weil with previous lheoretical results (Denman. 1973: Pollard et al.. 1973 J. The MLf)

before the stonn was about 10 m and varied l'rom around 40 to 65 m aBer the storm.

Several other researchcrs have reported similar responses to synoptic weather

forcing event (Krauss. 19R 1: Price ct al.. 197Rl. However. upon comparison of field

observations and numerical modelling results. Price et al. (197Rl found no evidence

supporting the theory that stornl-induced deepening events would be driven by wind stress

only. They suggested that beyond a certain time sea1c (during the second halfofthe inertial

period) the deepening rate would decrease along with the interlilcial shear in spite of a

continued increase in surfilce wind stress. Consequently. both proeesses - heat flux and

wind stress - need to be considered for the seasonaltime seale (Haney and Davies. 19761.
Mt n 'lnll U lU - f<limc)

•

•

2.3.3 The Seasonal Evolution of the Mixed-Layer

Having deseribed most of the surface processes in section 2.2. and explained the

various stages exhibiled by a mixed-Iayer under a surface stress. an explanation of the

seasonal structure of the upper layer of the ocean will now be given. Although several

researchers have studied the annual cycle of the upper ocean. laboratory and model studies

by Turner and Kraus (1967) were most used in mixed-Iayer studies. as they were the lirst

to model the seasonaI ML variation with the use ofa "bulk" mode!. Many of the concepts

proposed by them are still in use today (with various degrees of modilications. e.g. the

general circulation model ofOberhuber. 1993). In their study of the seasonal thennocline.
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Turner and Kraus ( 19(7) had lirst hypothesized that. "j l'ail the kinetic energy of stirring is

used to change Ihe potential energy of the system. one can calculalc Ihe temperalurc and Ihe

depth of the wcll-mixed surl;lee layer as a function of time. given the heat input". That such

an energy balance is indeed dominant throughout most of the year lix mid-Ialilude occanic

regions was later conlirmed by several olher sludies (sec Slevenson. 1979). Dirticultics

wilh Ihis oversimpli lied Ireatment arise during the win1er monlhs. when net cooling at thc
~ ~

surface leads 10 a inpul of buoyancy and results in penetraIive conveclion (B > O. rel'. to

seclion 2.2.4). BUI before discussing Ihe specilic problems associated wilh Ihc various

modcl formulalions and assumplions. IcI us lirst consider Ihe c1imalological slruclure of Ihe

upper ocean in terms ofa specilic example oftemperalure-deplh-monlh rclalil'nships fi.lr Ihe

GulfofSI.Lawrence (sec figure 2.7 on Ihe ncxI page. adapled l'rom Pelrie. l'J90).

The Iwo graphs of ligure 2.7 - lemperalure-deplh-monlhs - conlours (Iop) and

proliles (bollom). were adapled l'rom Pelrie's monlhly "box" c1imalology for Ihe GSL

(1990) and are l'rom Ihe cenlral part of Ihe Laurenlian Channel. jusl soulh of Anlicosli

Island (box #9 in Pclrie. 1990). The lop figure corresponds 10 Ihe monthly evolution - l'rom

len (Jan) 10 righl (Dce) - of the T-z values for a fixed arca. From this graph. a distincl

warming ofthe sea surface to a maximum around July-August as weil as the establishment

ofa seasonal thermocline are c1early visible. The corresponding lempcrature pralilc graph

(bollom part) emphasizes the development of a "summer" mixed-Iayer. This is depicted

again by the formation ofa sharp thermocline tTom May 10 August. followed by deepcning

and cooling ofthe ML in the Septembcr and November profiles. By December. the mixed·

layer has subslantially cooled and complelcly merged with the inlermediate waters of the

Gulf. Both graphs reveal a significanl aspect of the annual structure. i.e.: the scasons arc

not l'cil beyond a certain depth (.. 100 metres) below whieh the tempcrature values remain

cssentially constant.

To understand why this rcpeating cycle occurs. it is instructive to look at sorne of

the concepts discussed earlier. First. in their theoretical scenario. Niiler (l975) and de

Szoeke and Rhines (1976) suggested. like Turner and Kraus (1967). that the mixed-Iayer

rcsponsc on longer time scales (seasonal) would bc dietated by the energy balance betwecn

the surface processes and the associated change in potential energy of the upper waters.

This presumes that the wind mixing elTects are constantly balanced by the buoyancy nux
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(for they consider no heat !lux in their rJther simplilied ease). The buoyancy !lux no longei

opposes the surface stress during the "wintcr-- months because of the net heat loss

experieneed by the sea. In facto in their modcl and an analytieal study of mixed-Iayer

deepening. Pollard et al. (1973) suggestcd that the ML seasonal evolution would be

dominated by hcating/cooling laking place at the surfacc r.llher than incrtial entrainment

occurrin!.: via interfacial breakin!.:. On the other hand. Hanev and Davies (1976) eoncluded.
~ ~ .

from rcsuIts ofa 1D eddy diflusion modcl intcgrJtcd for scvcrJl hundrcd ycars. that surface

mixing played a critical role in reproducing important fealures of the upper-ocean monthly

thermal structure. Consequently. a more realistie situation should consider both mixing and

the fornlation of cold/heavy water al the surface but. as observed in several c1imatological

(annual) modcl studies. the mixed-Iayer depth reaches infini:y at the end of the cooling

season ifno other mechanisms are considered (Stevenson. 1979).

Leaving aside the even more complex thermodynamic situation ofsea-ice fomlation.

the problem now lies in determining whieh additional factors come into play in order 10

prevent this unrcalistie --numerieal-- decpcning and close the annual loop (eycle). Stevenson

(1979). in a theoretical review. stated that a number of sueh physical processes limit ML

deepening: TKE dissipation. internai grJvity wave rJdiation from the ML bollom. a net

annual positive (negative according to GiIrs. 1981. fornlUlation: sec section 2.2.4)

buoyaney !lux. upwelling. etc. Aller studying scverJl parJmetrizations ofsuch processes in

mixed-Iayer modcls. he eoncluded that --the dissipation must be able to balance the wind

generJtion of TKE in absenee of a surface buoyancy Ilux: and that the dissipation must

exactly balance the TKE generJted by the wind and relcased by convection near the end of

the cooling scason--. In other words. wherever the TKE had becn produced. it couId not he

--absorbcd-- simply by changes in ML potential energy. Therefore. to complete the annual

cycle. dissipation should be considered. This leads us to an even more complicated

situation: what is the value of TKE dissipation in the upper ocean (as a function of both

depth and time)? Some aspects ofthis will he brielly discusscd in the next section.
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• 2.4 Miscellaneous Aspects of the Mixed-Layer

This linal section serves one purpose: to introùuee brielly Iwo aùùitional aspects

which arc nol ùirectly rclateù to this rcsearch but are of signi/icance to mostmixeù-Iayer

stuùics. Sincc it has been staleù Ihat turbulence is centml to Ihe process of mixing. this wi Il

be ùiscusseù tirs!. Thcn. as mosl conclusions ùmwn so làr eoncerning the upper ocean

physics come l'rom various modcl studics. sorne introductory noIes on 1D mixeù-Iay,'r

rnodclling will be presented.

2.4. t Turbulence within the Surface Layer (AsslIlllptio/ls & Ohs(!/"l'lttio/ls)

Much has bcen wrillen aboul turbulence (e.g. Tennekes and LUl11lcy. 1972).

Conscquently. only a lcw aspeets of lurbulenee that have already been mentioned in relation

the l11ixed-layer will be described. We leave aside the mther long historical backgrounù of

turbulence researeh. and purposcly avoid trying to de/ine it. but eon:,ider the genemtion of

turbulence in the ocean. Monin and Yaglol11 (1972) considered the following p,)ssible

mechanisms in their well-known book on Slatistical Iluid mechanics:

• InstabiIity ofvertical velocity gmdients in dri/ling Ilow.

• Overturning surlàee waves.

• Instability of vertical vclocity gradienL~ in stratilied large scale oeeanic Ilows.

• lnstability ofloeal vc!ocity gmdienL~ in internai waves.

• Convection in layers with unstable density strati /ieation.

• Inslability of vertical vclocity gradients in a bouom boundary layer.

Next. a uselùl expression in describing. oceanic turbulence and often used to derive some of

the quantitics that eharacterize microstructure data is the turbulent kinetic energy (TKE)

cquation. In its approximate l'Orin (sec Oakey. 1985). it reduces to

d -,-, -.-. élU
'dt( Tq- ) = - u w élz

p w •
- & - g-­

p

•

(1) (2) (3)

wherc 1/2q2. the rate ofchange ofTKE per unit mass. is the sum ofthree quantities: /- the

rate ofgeneration ofTKE by the interaction of the Reynolds stress with the mean shear.

2- the viscous dissipation rate of TKE per unit mass. and 3- the potential energy rate of

change duc to buoyant production/destruction ofTKE. In this equation. tmnsport terlns of

TKE duc to divergence arc ignorcd. and averaging (denoted by the bars) and Reynolds

deeomposition into mcan (unprirncd) and turbulent parts (prirned quantities) has becn used.
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For isotropic turbulcncc. thc dissipation is onen wrillen as

15 (~l'!:= -p --
2 èI=

whcre li is the kinematic viseosity (Oakey. 1985). This expression becornes of centr.!1

importance since the turbulent shear (tenn in the brackets) is a directly measurable quantity.

Recalling Stevensons' deductions (1979) in the previous section about the signilicance

played by dissipation in the seasonal evolution of the mixed-Iayer. an accurate values of"

near the surfacc could greatly help in fonnulating "Iess intuitive" O1odels and thus

improving one's conclusion about the uppcr-ocean behaviour.

Oakey (1985) carried out several microstructure measurements during the 1978

JASIN experiment (sec Pollard ct al.. 1983. for a summal)') and. found a strong correlation

between the surface wind forcing and the dissipation rate. As will be seen in chapter 4. the

surface energy flux lrom the wind can estimated by Ewind = r.,C ,U(U III)3. where U lU is the

wind speed at a 10 meter reference height. and Pa and CIO are the air density and drag

coeOicient. respectivcly. Furthennore. as argued by Pollard ct al. (1973). turbulence could

also be generated from inertial shears in the mixing layer. Nonethcless. since the inertial

currcnt intensity depcnds on the wind specd as weil. both sources of turbulence would be

imbedded in the (U III)3 - c correlation. thus reinforcing Stevenson's suggestion that

dissipation is essentialto the scasonal evolution of the ML.

ln order to further investigate the physieal signitieanee of turbulence data. one can

assume the ocean surface to behave essentially like a constant-stress boundal)' layer (e.g.•

Turner. 1981). For such a case. the shear layer can be expressed as iJU/iJz =u.(kZ)·I.

where u. is the friction vclocity (sec chapter 4 for a detinition) and k ("'0.4) is the well­

known Von Karman's constant. Returning to the TKE equation. if the dissipation and

production ofenergy are in balance. il follows that

,au u: (Po ),l"U;u
& - Il'-- - - - -C --- • a= - k = - p. Il k =

(Oakey. 1985). From this. the dimensionless quantity. a(U 111)-3 can be fonned to compare

with results obtained elsewhere. One should also note in this equation that the dissipation.

when assuming a constant stress layer. is inverscly proportionalto the depth. z. Grant ct al.

(1962 and 1968) were amongst the tirst to successfully mcasurc turbulence quantitics in the

ocean. From their observations of the occurrence of turbulence in and above the

thermocline. thcy rcported the following rcsults:
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Dc:plh (m) 1 t\\'cmgc: t: (cm~ s·~) 1 !!II ol"lurbulcnl W;!tI:T

15 1 Z.5 x 10-~ J. . 100

n _.J. S.ZxIO-J L_.. 100

43 1 .. Z.3x 10-).. L. 100

SX 1 3.7 X 10-·) l ,,7X

73 · .. I----I,;}~O~)-.~ [~= _-~~~_~-

X'I 1 ...3.:'.~()~ . L... -,
_. 90 Il 3.1 , I()-~ TL --,,-3S----

90 1.5 x IO.J .,

Table 23: Ohscr\'lItiolls (~"l"t' on:urencc (~rmrnu/C1Icc
IIcur "Zt' suljun.' trcsu/tsfnm, Gra1l1 t'/ al.. /9fJ8).

Although their observations were mainly descriptive. it is interesting to note that the

dissipation rate seems to exhibit an inverse proportionality with dcpth. as stated earlier. In

addition. the vertical distribution or turbulent waters during their hydrographic

measurements scem to be conlined essentially within the mixed-Iayer and the thennocline.

Furthennore. their observed turbulence spectra (Grant ct al.. 1962) were round to match

KolmogorolTs k·s l ;\ law and. l'rom their measuremenl~ in a titlal channel. proposed a value

of 1.5 for Kolmogorotrs constant in E(k) = 1.5 &21;\ k·SI;\ (here. k represents the wave

number).

Figure 2.8 displays vertical prolilcs of various oceanographic parametcrs in thc

GulfofSt.Lawrcnce (June 19. 1994. lat. 49.66N.long. 66.06W) during a JGOFS croise.

Noteworthy are the signatures of a surface mixed-Iayer delined by the sharp thennocline

and halocline (hence pycnocline. 1sI panel t'rom the left) as weil as the much larger values

of turbulent dissipation corresponding to this surlàce mixed-Iayer (c. 41h panel l'rom the

Ieft).
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• 2.4.2 Brief (heniew of Onl'-Dinll'nsional :\Iin'd-Lawr :\Iodellin". ~

The intention here is 10 pnl\'ide a hrief o\,en,i.:w of Ih,' 1'11, si(al lllllll.:n(ai

impiicatilllls in\'ol\'.:d in most llf lhe modds discuss.:ù Sll I~lr. il should nol h.: cllnsid.:r"ll.

in any s.:ns':. as a comp!.:l': anù ù.:tai!.:ù ù.:s(ription llf on.:·dim.:nsional 11() 1 Illi ,.:d-Ia, .:r

moddling, bUI r.lth.:r an att.:mpt al inlnlducing. hllW somc of lh.:s.: on.: dilll.:nsionai Illodds

arc formulated with respect to other lypes of modds. To do so. wc will Ill!!ow lhc

argumenls proposed hy Niilcr and Kr.lus (19i7) in th.:ir re\'iew artic!.:: "One-dim.:nsiollal

modcls of the upper occan",

The basic mtionalc hehind most 1D ML modds is that "8ulk" T and S \'ary nlllrc:

along the vertical. on scalcs of IOOm as opposed to the horizontal. which sca!.:s arc llf th.:

order of IOOOkm in the open ocean (Nii!.:r and Kraus. 19iïl. Consequently, "where

vertical processes arc dominant. one can assume that the vertical e,changes across the sea·

air interlàee. as weil as vertiealmixing within the water column will atli:ct the local state of

the upper layer much more mpidly and elTectivcly than the horizontal adveetillll and

horizontal mixing", state Niiler and Kmus (19ï7) in their review pal'cr. Furthermore:, the

tempemture as weil as the depth of the mixed-Iayer probably arc mllre important to the

prediction beeause of the centml role they play in the dynamics of c1imate as weil as

biological produetivity. The tùndamental physical equations (mass. momentum. heat. etc)

must he approximated. To do so. two approaehes are: otien used:

• D!lli!/'(!lI1ial uppmu('!I:

ln this case. the entire: set of primitive equations • salt. heat. momentum. TKE - are:

eonsidered in their di ITere:ntial tomls and tre:ated numerically aecording tl) various

linite difTerenee (or other) schemes. The ad\'antage is to not make any implicit

assumptions as to what the ocean should look like. but the numerÏl:s of the

associatc'd set ofalgebmic equations are very eomplex.

• Bl/lk or IlI1l?gralf!d mode!:

Hcre. the conservation equations are integmted l'rom the surlàce tll the "bl'l!om" II l'

the mixed-layer such that the physical variables il1volved now carry "bulk"

propcrties which are valid over the entire mixed-Iayer depth.

ln both approaches. however. the resulting set of equations arc not c1osed. i.e..: there are

too many unknowns tor the numher ofavailable equations. One must therefore lind explicit

relations for the turbulent fluxes involved in order to "c1osc" the sct. This is usually referrcd

to as the "c1osure problem". Following is a list of tour commonly used mcthods ofc1osure.

with a very briefdescription ofcach.
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Dc/cr",inisl;!" Solutions Nurncrical ~olutions of the "fuli-blllwn" Navier-Stokes cq's on a fine spacial
grid. \Vith very short incrcrncntal lime stcps. and spccificd initial conditions.

TlIrhu/('1l1 Closurc Paramctri7.:Ition of the highcr moment products in which the Rcynold's fluxes
l\fru/ds arc cxpn.."S.."'Cd.

Edl~l' CtJ<:llidcl11 . Classical (and relative!y old) mcthod bascd on the analogy bctwccn the
Alixin,1!. Lcug.!" Afclhoc/ turbulent trdnspons and mok~ular diffusion.

A1i.'((·d-/~~r(·r Mm/cl V cnical intcgration of the basic set of go\'crning cquations throughoUI the
surface layer. Icading to expressions of the turbulent transports in lerms orthe
c;xtcmal inputs and the rnc:J.n quantitics.

T3ble 2.4: Commonfl'-US(·tf mel/lOcis (~l c/OSlIrt.· in numerica! moddlinJ:..

As Mellor noted (in Niiler and Kraus. 1977). the mixed-Iayer modcls (4th method)

are somewhat diseonnected from the existing methods of analysis of boundary-Iayer

theories but. on the other hand. reveal insightful physies and simplieity due to thcir specifie

applications to the surface oecaniclatmospherie cases. An important differenee betwcen the

more popular turbulent c10sure modcls and the mixed-Iayer modcls lies in their treatment of

the turbulent kinetie energy (TKE) transport. The equilibrium c10sure models omit triple

correlations. and set the mechanical energy flux arbitrarily to zero whereas in the mixed­

layer modcls. the TKE. usually received at the surface by the action of the winds. works

against gravity near the bollom of the ML. where denser water is entrained upward.

Therefore. the existence ofa flux ofTKE is essentialto the mixed-Iayer modcls. as for the

2nd order turbulent c10sure ones. since deepening of the ML ean only oecur ifthere is a

local supply ofenergy. This makes the ML models espeeially appealingand adequate for

the diagnostic of the mixed-Iayer deoth.

Mixed-Layer Model ASSl/lIIpliolls:

• T. S and the horizontal current velocities (u) for the ML are quasi-uniform.

• For the depth and time scales (h. t). there is a practically discontinuous change in T.

S. u aeross the lower interface (thermocline) as weil as the air-sea interface.

• Rates of change of local turbulent velocity variance are small compared to the

turbulent dissipation and generation.

• Changes in T due to frictional dissipation change arc small and neglcctcd.

The first assumption. reprcscnted by the vertical inlegration of the tcmperalure. salinity. and

the horizontal velocity.lcads to expressions ofbulk parameters (T". S.,. U.,) in terms of the

neighbouring layers influence (T". S" and U" refer to temperaturc. salinity and current
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speed for the entire mixed-layer). The system is. however. not c10sed because of the

introduction. whcn integrating the basic equation l'rom z=O ta z=-h. of a time dependenl

parameter. the mixed-Iayer depth. h(t). Since there is no mcan venical vcloeity (w = 0). any

subsequent deepening of the ML should be induced by fbid entrained within the surfàce

layer. According ta Phillips (1981). entrained flow can "only" be directed towards the more

turbulent fluid (region). in this case. upwards into the ML.: This tr.lnslates into :
dh dh

w = - for -> 0'dt dt .

where Wc is the entrainment vclocity. Finally. to close the system. Wc is calculated Iromthe

integration throughout the ML of the TKE in its balanced form (i.e. d/dt = 0). and

knowledge of the flux boundary conditions (at z=O and z=-h) is then required ((l evaluate

these integra1 equations. In conclusion. simple 1D modcls arc indeed valuable tools of

analysis used to study the behaviour of mixed-Iayers. But it shou1d be kept in mind that.

although praetical and effective. they arc limited and do not yet reproduce nature's

complexity. In shon. as Turner (1981) reports.••... the modcls seem to have run ahead of

the physical understanding on which they should bc based".

2: Although the idea of entrninment oeeuring against the grndient of turbulent intcnsity is
genernlly weil explaincd by currcnt turbulence thcones. some upper-oc.::.n modcls do. howcver. allow both
entrninment and "detrninmenC (Krnus. 1972) to take place in thcir formulation> (e.g.• :<cc Gan ct al.. 1995).
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• Chapter 3

Oceanic Data and Analysis Methods

3.1 Introduction

ln this ehapter. the data used to produee the oeeanie climatologies and to compute

various related physieal ficlds will be deseribed as weil as the procedures and methods

(statistieal as weil as both objective and subjective analysis) taken to ensure quality of the

resulting interpolated set of oeeanie T and S profiles. The database for the St.Lawrenee

Gulfand Estuary was kindly provided by Dr. Ken Drinkwater from the Bedlord Institute of

Oceanography. N.S.. Canada. Il consists of 43601 stations (T and/or S profiles mainly

obtained by meehanieal. expendable and digital bathythermographs. eonduetivity­

temperature-depth (CTD) probes and reversing bottles) eneompassing 809585 records

(values at a specifie depth). Although some ofthese measurements werc taken during the

carlier part of the eentury (-1915-1930·s). the bulk of the datasetlies roughly within the

GSl. 15 cllrna'oIOQIc:al r.lftCllon~

51
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fil:. 3.1: The 15 area.. (.'ame Il as Petrie)for wMeI. month(I'/ield, were compllled.

1945-1990 period. and is believed to be the most complete historical archive of temperaturc

and salinity profiles for the GSL to date. Its domain range is defined in fig. 3.1.

Obviously. not ail data have been used for the present study. the spatial range of

this rcscarch bcing smaller and foeusing strietly on the Gulf of the St.Lawrcnee (GSL). The

GSL was first divided into 17 areas (the same as those used by Petrie. 1990). This would
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•
allow the use of Petrie's box climatologies as a referenee in order to detennÎne rapidly if

inaccurate data were present and/or if errors had been commiued in the averdging proccss.

"cail J:ln 1 Feb 1 Mar ! Apr 1 May 1 JU" 1 Jul 1 Au!.! 1 Sep j Ocl i No\' j Ile"

(lI 154 J__ ~!I __ 1 :w j _5.~ J '~,~_5 L ';~_4.i :!~?..1_}41 J _1 ~7 j 1,15 i J62; Il

_~_~ ~7~ 1 .1 !6J 71!_l ~2 J. 25~ _L_~7?J_ .1.~_~J .._~Y!_l. 114.~ l.li 1 ~Xll 511

()~ ,2(,1) 1 :n! ï j 1~ 1 155 L 210 i IXI) i 2Xll, IX:; i 140 ~ 2X:; 1 25

04 56 i 36 i --5 -j-----~,.~ r ~7--I---l- ~~) ·1-----Î2x-r ~34-\- '51-i 109 1 1(I:!' i 2.1

OS "\- -- 41\ i .. 5.21- - ~ i _.~J -"-~_;)I :~~!~~~10:7~[ 1.10 J 150 r__.'.~~ r 144 1 X

(}-(~- -- 451- -5(, r -~)-I XI 1 206 i 2361 1421 :;l)2! - i62.i 173 i 257! 4(,

. 07_ ~_. 4QL_~s [.~), [;'0 [103J m _1_ "h i .i(,31~3t,4 f!Q41. "0 l 47

-!:: ~L~!'_L1' L_~I_LIQ' L~;(}~..I m L42~_L '4'L 17S l_,~72 i 4S
._O~)_f--~_.:.l-2Q 1 S 1 40 L~L 92 \ X3 \ 127 \ XX i.~L~It!J~ __~x

10 31 1 13 l ,1 41! l ,1 1 111 1 4.; LI 06! hQ 1 1" l '6 i 4
-1'1--I,-r-II~'i--ï;T-3Cl 1-;;371 6041 ml ,461 7441 16114:T---;
-111-' 12 'r--I;!--'-ï~I---~s--I--51~r i27-1-~~l-~I;T 375 r-I-I;-i---I~;I"-17

-l:i-~-~4T=-~L_~!.T_-iIl.~~J I~L'4J ,,'1 1- 1~;T-·;3~C~~.L-~_~~

~4 si .. Cl 1 Cl 1. 7 i.y~L_41~L:~~L_~4.1 mJ_!QsL.!..sJ._O
..IL __ 26 L__1l __~L_.~·J._ 37:..~I_~_6.L2~_L22.!_L 37~L_I.:.~J_~:::..L. 20
1(. 11 1 41 Cl 1 17 1 3Cl 11 3SS 1 1ClO 1 643 1 3Cl5 1 13Cl 1 QI 1 1

-17- -50r-~--I-i Q1 210 1 6hO l '61! 534: 17S 1 134 1 n 1'S;;-
total 1029 1 542 1 224 1 765 1 JB:ill1 ~ 1~ 1 f!l.U i :!lli 1.u2.I. 1~ 1 3X1
Table 3~J: DI.'unhmum (?/lrydro~rtlpluc ()h.~en'allOns (per area anel per nleJ!lrh).

Finally. this geographical segmentation of the entire database into 17 sub-arcas "on

the basis of topography and physieal oeeanography of the Gulf' (Petrie. 1990) and the,
spatio-temporal hydrographie coverage makes possible the construction oftime series

in order to later invesligale longer period (extraseasonal) c1imatie fluctuations and
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again compare with prc-existing knowlcdge of such variations (Bugden. 1991; Petrie and

Drinkwater. 1993). Displayed in Table 3.1 and figure 3.2 are the monthly and per area

distribution of hydrographie observations initially contained in the original datasel. A direct

relation may be observed between the number of observations and the absence of ice covcr

(l'rom May to Nov).

3.2 Initial Filtering of the Data

The first procedure was to filter out unrealistic temperature and salinity values. or

determine a "global" range within whieh ail measurements should l'ail. The limits were

bounded by zero-surface depth and by the maximum depth prcscribed by the GSL

bathymetry. Then. a characteristic T-S envelopc was defined (using Forrester. 1964. as a

guide) by a set of maximum and minimum allowable temperatures and salinities.

indepcndent of its geographicallocation. depth or time of the ycar. These were:

Tmin L::max Smin 1 Smax
. 1

.2.0°(' _1 25°(' opsu
1

35.5 psu

Although this initial criterion may seem rather conservative l'rom a physieal point ofview. a

surprisingly large number of records were dcleted for these conditions.

The next step consisted in vertically interpolating each individual profile 10

predetermined standard depths. thus allowing intercomparison between similar relcrence

levels. Again. despite the fact that this procedure. eommonly used by oceanographers. is

relatively simple. serious difficulties (which will be described in section 3.3) were

encountered and required a eautious approach to this problem. The reference depths used

for interpolation arc the same as those used by Petrie. except that additional levels have

becn designated within the upper 100 meters to bctter define the details of the mixed layer.

The 20 levels are: o. 10. 20. 30. 40. 50. 60. 70. 75. 80. 90. 100. 125. 150. 175. 200. 225. 250. 300

and 400 mclcrs. The choice of a 10m vertical resolution yielded a proper balance between

retaining as many profiles as possible. according to quality criteria. while having

(hopcfully) a fine enough vertical resolution to properly characterize the upper ocean. Alter

ail profiles were brought back to these reference points via the interpolation method

described in the next section. the second and pcrhaps most important stage of filtering was

performed. It consisted in separating every T and S value according to its respcetivc

location. time and depth. and then comparing it with the corresponding climatological value
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obtained by Petrie (1990). Although Pelric's rcsults were obtained with a less complete set

of data (Petrie. personal communication) and using a much coarscr interpolation technique

(zeroth order "bin" method). they nevertheless constitute the best guess of the monthly

mean physical statc of the GSL. To do so. cach eomparison was allowed to di l'l'cr l'rom

Petrie's average value within a predetermined "window". i.e.: ± some ~T or ~S. but

al ways within thc "absolute" T-S envclope delined earlier. This is summarized as li.l110W:

T allowi:1blc wÎnùllW S allowahlc windo\\'

Om;:deplh;: IOOm IT1lclri.:·5 "CI $" T uhs -:; ITrC'lric +:; -CI [Sl'clric: - ~ PSUI '5 Stills '5 IS()CITll: + 4 PSUI

depth • IOOm ITPC'triC'·3 -CI:::; Tuhs::; ITPl,,'lric + 3 'Cl ISPclril'·.2 I)SUj:S:: S(lhs $jSrC'lru: +:! PSU!

This "window" method of liltering was chosen instead of the conventional statistical

approach where the observed data point is allowed to lie within ± N standard deviations

l'rom the mean ealculated with ail the original points at that reference depth. (The problem

with the laller is that it is di flieult to assess what N should be.) Each prolilc was thcn

ehecked "visually" via an animated computer program in order to rapidly veri 1).' whether

any spurious data had bypassed the fillering procedures. Nonethcless. following extemal

suggestions. the original dataset was "refiltered" twice (independently) for a few areas (0 1.

04 and la). keeping only data poinl~ làlling within ± 1. and ±2 standard deviations l'rom the

standard level mean. For thl' monthly averages. no differences greater than 5% were

observed (i.e.: ~Ti/(mean(Ti)) < 0.05. where Ti is in OC).

Finally. before computing the monthly means for each box. ail profiles that were

taken during the same year. for a partieular month and area. were lirst averaged out to a

single observation. and then treatcd as sueh when grouped with the other profiles to

compute the c1imatologieal means. By doing so. it avoided biasing the monthly average of

any area to a speci lic year. when perhaps more observations had been taken. Il also allowed

the construction of monthly time series. per area and per depth. having then only one

observation point per month for the entire time range. Although this is believed to represent

more aeeurately the monthly average T and S state of the GSL waters. it redueed the total

number of observations by tirst averaging together ail profiles taken during the same

month-year-area. hence diminishing somewhat the monthly spatial eoverage of

hydrographie observations. Consequendy. this procedure was only done when eomputing

the 15 box-elimatologies. whereas ail interpolated profiles were kept intaet when eomputing

the objeetively analyzed fields (section 3.4).
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3.3 Analysis Methods for the Vertical Hydrographie Profiles

The motivation lor vertieally interpolating proliles of oeeanic quanti tics results Ii'om

the discrete and non-homogenolls depth distribution of observations. i.e: telllperature :md

salinity. This vertical distribution depends on seveml factors: the type olïnstrulllent lIsed.

the purpose of the hydrographie measurement. the condition of the sea when the

observation was taken. etc. Furthermore. whcn dealing with historical archives of

measurements sueh as those of this dataset. the researeher has no way of knowing what

were ail the prevai!ing environmental conditions associated with these observations.

Therefore. once an objective/subjective liltering procedure has been applied. each data point

is considered as representing the water state for that partieular site and time. From these

remaining discrete T and S depth-values. the values at other depths (predetermined

referenee levclsl can be determincd by the chosen interpolation technique.

3.3.1 The Problem of Vertical Interpolation

Since the underlying goal of this research is to study the physical aspects of the

oceanic upper-layer and their c1imatic implications. greater care mustthen be given to these

near surface observations. More speeilically. it is the "geometric" signature of the Illixed­

layer that is important to preserve l'rom the set of initial discrete observations and their

corresponding interpolated values. As mentioned in chapter 2. the extent ofthis mixed-Iayer

usually corresponds with a rc1atively thin zone of density change. the pycnoc1ine. in the

upper water column. Although eharacterized physically by a density change (whieh is

determined by both temperature and salinityl. observation of several typieal T and S

profiles in the GSL during the iee-free months showed thatthe signature ofthis gradient is

also c1early delined in the temperature-depth eurves for the ice-free season. ln addition.

temperature measurements were substantially more numerous sueh that the resulting set of

density observations were too small for a c1imatological study. Therefore. allention will be

given to the interpolation of the T(z) curve and the difficulties associated with determining

the mixed-Iayer depth from il.

ln figure 3.3. a typieal distribution of"raw" temperature values corresponding to a

profile section eontained in the historical database (area 01. August) are displayed. From a

general knowledge of physical oceanography and of the Gulfs waters. it is relatively

simple to deduce what this temperature profile should more or Icss look like in a continuous

fashion. As iIIustrated. warmer. and lighter waters constitute the lirst 25 meters. followed
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by an abrupt temperature gradient in which the water column cools l'rom about lOto

approximately 2 oC within 10 meters. This typieal distribution can be observed in most T(z)

profiles during the May to November period. with sorne variations in the dcpth of thc

thermocline and/or in the magnitude ofits gradient. It is this "eurvature" in the T field that

will be eritical in determining thc extent of the ML. thus innueneing the cvaluation of

quantities like the heat content of the upper layers. the biologieal production. the stability of

the water column. etc. Henee. a major aspect coneeming the ehoiee ofa proper algorithm

regards the persistence of the interpolated results ifsome obscrvational points were to be

removcd at random. In faet. one might explore this scenario tor the profile displayed on

figure 3.3 by excluding (or nol) the cirelcd T value. In generaI. the thermocline region

eontains eritieal information required lor this stl'dy and thus requîres a more precise

interpolation. whereas at the other end ofthe prc-,:te (bclow a depth of 10001). both T and S

have relatively less structure. and are consequently easier to interpolatc. It is t~ereforc

appropriate to have a method whose numerical criteria and fcatures are local and do not lirst

require pre-proeessing of the entire profile. As will be demonstrated later. surprising
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• and rather different results will be obtained for the two cases. But beli.lre discussing

speei lic numerical experiments. it is important to enumemte the various "computatiollal"

chamcteristics the algorithm should have to be suitable for processing the entire datasct.

1. The lIIelllOd sllOl/ld hi! "rohl/sl" nl/llli!rical(l'.

\Vhe" an instf'JOlcnt likc a (,TD rcmains quasi-st:Jtionary al sorne dcpth. or wlu:" il undcrgocs a

vcry slow dcsccnt. the rcsulting profile oite" comains c1ustcrs of discrclc T and/or S points for

sorne \'cnical sl'Ctions. Although thcsc dense accumulutÎons of Ob.sCI"\'iltions could clcpict v:uious

microphysical proccsscs taking place. thcn: is no rcalistic wuy 10 asses..... the truc nature of thcsc

local phcnotllcna within a large ùatascl. Consequently. thl"SC points rcprcscnt vnlid hydrogrJphic

inlllmlation and must thererore he included in the eompuMion. Unrortunatcly. they arc diOkult to

procc'S.< numcrically duc to the sharp locali7.ed gmdient fe:lIures they cxhibit. Third and higher order

splines gcncrnlly "blow-up" in thc.."Sc situations by gcncr.lting unrcalistic ··7.ig.~7.ug."' curvl..'"S and poor

intcrpolated ,"'Sults.

2. The imerpolaling seheme .•IIOI/Id he ':flexih/i!" graphical(I·.

By Oexible. it is meant thatthe ,"'Sulting interpolation should link ail points bY:l sel ofpkccwise

smooth and continuous cun.·cs in accordancc with the gencrJI urientation of the discrctc

mcasurcrncnts. Obviously. the "atural relation bctwl.."Cn Ti_1 and Ti+l~ as iIIustrated in figure 3.3.

ruos through the value Ti_ It is thcrefore expc..~tcd that ;) ··tlcxiblc·· numerical schcme woulll yicld a

similar smoolh link rram Ti_' to Ti+! as it did bct\Vl.."Cn Ti_!. Ti and Ti+!-

3. The chosen techllique"hol/ld hi! rclalive(l' "nalllral" and "easi(l' mallagellh/i! ".

By natuml. it is meantthat the numerieal algorithm uscd to compute the interpolation on Ihc basis

of neighbouring points should be as simple as possible. Several mcthod< existlo do sud. task. ail

having various dcgrct."S of complcxity. In particular. thcrc cxisi numcrous modilications to the

standard spline eurves. ail introdueing eXlemal and/or artilieial computational faclors in order to

modify Iheir gmphical hehaviour (e.g.: "tension" pammeter. "c1amped" boundary conditions.

extemal poinls and Slatistieal weights for splines. ail ofwhich can be tunc-d manually for dilTcrent

purposes and therefore constitutc computational anribulcs that complicate the algorithms: Kinc:lid

and Cheney. 1991). Moreover. as in the case of the common cubie spline. mosl of thesc

interpolation techniques rcquire the use of ail the prolile points in a Iirst computation. usually to

detennine some additional parameters (statis1ical structure. nlh arder derivativcs. skcwncss. weight.

ctc...l. an aspectthat is extremely undcsirable for such a heterogenous situation as with occanie

vertical prolilcs. Most diffieultics will occur ncar the surface where sharp property gmdients arc

cneountcrcd and this is why caution should he taken.
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Keeping these fealUres in mind (robust. Ilexible. compulationally simple and

natural). three interpolation methods have been testcd on the hydrographie datase!: the

simple linear interpolation (also known as a Isl order spline). the '"natuml" eubic spline

(Kineaid and Cheney. 19(1). and the parametric-cubic cun'cs. The firsltwo techniques arc

commonly used numerieal procedures. whilc the third seheme is somewhal more original in

the field of hydrographie data analysis. Il is a relatively novel alternative using local

piecewise and smooth eubic constructions in parametrie form. Like the spline method. the

par,lltletric equations arc of the cubie order. and generate their interpolating curves using

four neighbouring points. Their intended gmphieal chamcteristics arc essentially the same

as those of the eubic spline exeept that the associated computa:ional algebm is mueh

simpler. more robust. and requires the use of only 4 local points per interpolating inten/al.

Its numerical formulation is described in the appendix. Sorne additional criteria eonceming

the minimum number of points. the maximum gmdients and the allowablc depth between

two points arc also included in the interpolating algorithms in order to l'ully copc with ail

realistic and unrealistic tempemture and salinity distributions. The results were then

compared for monthly climatologies. anomaly time series and individual profiles.

In geneml. the three methods yiclded similar results for the climatology case. and

showed only small diserepencies for the anomaly time series. However. looking at

individual profilcs reveals that the three sehemes bchave dilTerently. For example. the upper

section (::: 125m) ofa typieal summer T(z) profile was extmcted fn'm the dataset lor area

01. Shown in figure 3.4. this prolile was ehosen because it exhibited three eharacteristic

oceanic features that were important in ehoosing an appropriate interpolating technique. In

zone'A• (fig. 3.4. left-hand part). the transition l'rom the upper mixed quasi-isothermal

layer to the thermocIine is depicted by the tirst four T(zj) points. Although only four

measurements eover this zone. the parametric-cubic method c1carly yiclds the best

interpolatcd eurve: the IinC"dr scheme oversimplities the thermocline structure by generating

colder temperatures and a much shallower mixed-Iayer depth. As for the cubic spline

technique. an intercsting erroneous behaviour can be observed: this characteristic extreme

"'overshoot'· originatcs from the imposed "'local"' boundary conditions. In facto since this

method requires the 1st and 2nd derivatives to bc preserved. a slight displacement of one

data point is enough to change the curvature sign ofthat interval. thus foreing the 3rd order

polynomialto go in a completely opposite direction. to curve. and come back to the next

point. ail this while preserving the local slopes given by the vertical distribution of

observations. The problems associatcd with this reversaI of curvature can sometimes lead
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• the cubic spline method 10 "blow-up" numerieally ifneighbouring data points fonn a too

c\oscly packed cJlIster with successive chant:es in their 2nd derivatives. As illustrated bv.. .
zone 'B', this c\usler distribution shows nothing abnonnal Il)r both the Jinear and the

pammetric-cubic techniques. bUI lorces the cubic spline cur.·e to litemlly "zig-zag"lhrough

this dense army of points. In this situation. the method did not yield any numerical

singularities. but neverthcless misinterpoJated the thennocline zone.

B~",__C

..· ··..··!·..· ·..· ·..-r ·..l· ·..·.. zone leaend.
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As lor the deeper portion of the profile (zone 'C' on ligure 3.4), a quasi..linear

vi-riation oftempcrature with depth characterizes both T and S proliles. Conscqucntly, both

lincar and parametric-cubic methods yield intcrpolated rcsulL~ corresponding to the expccted

(quasi) straight line behaviour. The cubic spline algorithm carried the inf1uence of the

eurvaturc condition a few points beyond the cluster section into zonc 'C'.

ln Iight of these results. the parametric..cubic method was chosen over the other

three schemes for it is robust and flexible, yet simple enough ta process accurately a large

number of data. Perhaps its most important characteristic is to represent adequately the

curvature observed in the near surface T{z) profiles as weil as yield straight line

interpolations where expccted.
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• 3.4 Anal)'sis Methods for the Oceanic Horizontal Fields

Oncc aIl prolilcs \Vere interpolated to the 20 rclèrence levels. an objective analysis

\Vas perlormed on the surlàce ficlds in order to produce a horizontal description of various

climatological parametcrs (SST. SSS. Chl·Cl. etc ... ). By objective analysis. it is meant that

the ficlds interpolated l'rom the initial observation \Vere obtained through computer

progr.tms/numerical algorithms. and not based on the analyzer's personnal cmli (Daley.

1991). Several methods currently exist. most ofthem arising l'rom geology. meteorology

and geometrieal moddling. Although Lorene (19R6) revie\Ved eight analysis methods in the

context of numerieal \Veather prediction. thrce of thesc sehcmes that arc olien uscd in

occanography will be briclly discusscd. They arc listed in the diagram bclo\V. \Vith some of

their advantages and disadvantages. Afterwarùs. the method of succcssive corn:ctions

(MSCl. the optimal estimation method (OEM) and kriging will be brielly introduced.

3 Common Metbods of
Objective Analysis

1
Empirical Schemes: Variationallntemolations: (ieometrical Methods:

MSC (Mcthod ofSucee,,"sivc SOI (Slatistica! Optimal MCM (~..tinimum C'urvaturc
C\llT\."Ctions) Intcrpo!'ltion). Kriging MClhod). Splin<'S

Advantages:

Ea.sily pcrfomlcd numerically.
intuitive. computationally

incxl1cnsi"c (no matrix
inversion)

Deriv<'t! l'rom ba.sic principk-s
(Baysian). allows fhr crror tield
Io."Stimation. optimal in a Jeast­

squan..'S sense. Use of mixcd data

Disadvantagcs:

Proùuc,,---s smonth fielùs of noisy ~Iat .. h~
minimizing curvalurc. rcquif\.'S nO;:l

priori knowkxlgc of the tield. n.-li'-."S"ln
intimnalion cont.lin(,.x! in 1 rcali7.3tion

Empirical (intuitivc) in ils
l'l..rmulation. difficult to assC'ss

interpolation crrur (bUI
fc-ol.~iblc). implcmcntation is

also cmpirical (dccr(,.~:.;ing rJdii
ofinnuence. etc.)

Rcquin.."S a pril'ri ~nowk"dgc
of the field ~tatlstics. computua

tional1y inlcnsivc. scnsitÎ\:c to the
covariance structure. onen al\sumcs

isolropy. homogcncity and
functional form of co\'uriancc

Knm,,"n 10 have probic-nl in
c.xtrarol:lting. ur "car the

boundarics. ùitlicult to as."'..:"''''
interpolation crrur (hut

Ii:a.siblcl

•

3.4.1 The Objective Analysis Methods

The Method a/Successive Corrections (MSC):

Simple yet efficient. this iterative $Cheme consisls in assuming an initial guess field

for the variable to he mapped (T. in this case). and correcting this field \Vith a distanee­

weighted average of the differenee between the observation. Ti. and the guess value•
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T~uc". within a certain area olïnlluence (denoted by a radius R. for the ease of a circie),

This can be expressed li.)mlally by:

'l' _ 'l' + ~wQ h Q 'l' ..'- --.\\'crc = .,-1 •.:,..." ~Q ~'''" 1

The weighting lùnction. W. similar to that used by Levitus l (1982). assumes a

decreasing Gaussian-shapcd radius of inl1uence. where r =the distance bet"'een the

observation and the analyzed grid point, This iterative process is perfonned successively

\Vith srnallcr radii. r. using thc previously correctcd field as thc new guess. T~U''''S' until the

rcsulting diffcrcncc is less than a prescribcd error. andlor until a maximum number of

iterations has becn reachcd, The common practicc ofsystematically rcducing the inlluence

radius has. tor rationale. to analyze tor the long \Vavelcngths lirst. and then build in details

of the smaller scales (Achtemeier. 1987).

Originally. the monthly SST and SSS fields describcd later \Vere proces.~ed with the

MSC \Vith six succes.~ive radii ofinl1uenee (400. 200.100.50.30 and 20 km) to meet a

predetermined error criteria (less than 1°C and 1 psU total R~lS difference: Haltliner and

Williams. 1980). Afterward. the analyzed fields were smoothed \Vith a 9 point H:lllning­

type filler (Haltliner and Williams. 1980). Smoothed temperature and salinity values at

every point are replaeed by a distanee-\Veighted average of the surrounding nine points.

hence preserving their initial field features and property gradients while smoothing the

overallmap.

Although empirical in nature. Bratseth (1986: sce also Lorcnc. 1986. for a morc

complete review) showcd that. \Vith sorne modifications to the wcights (W). the fields

interpolated with the MSC coineides with those ofthc optimal interpolation in the limit of

some iterations. He also notes that this modified formulation of the MSC allows for the

inclusion of observational crror statisties and multivariate analysis. Allhough the time

needed to perfoml the analysis will dcpend on the number of iterations required for

convergence. this technique otTers the advantage ofnecessitating no matrix inversion.

IThis seheme was uscd by Levitus (1982) to uniformly map the ocCilnic fields of the world. as
weil as by Miehaud and Lin (1992) and Lin ct al .. (1992) in the Nurthern Atlantic and Pacifie. by Reynaud
(1994) in the Northw<'Stern Atlantic and the Labrador Sea. and by DeTracey (1993) in the Gulf of St,
Lawrence. to only name a fcw,
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Optima! Estimatioll Met/lOci rOEJf) li/Ici f\rigillg::

Kriging is sonlctimcs discusscd in the.: litc:rltture along with StlH10thing srlincs and

surJ~ee timetional interpolation. but sincc the latter method Was Illlt used in this thesis. and

dw to the striking similarities ol'its fomlUlation \\'ith OEM (Lorenc. 19X(,: Thi'::haux and

Pedder. 19R7). they will he introduccd together. Sever:t1 types of kriging exis!. hut Ihe

main diflcrenee between the t\\'o methods is: while hoth (OE"l and kriging) seek the hest

interpolation estima!e (in a Icast-square sense) through:l linear eombinalion llf llhseryatillllS

that n,inimizes some er.or variance (also ealIcd a penalty or COS! limetion) hetween the

interpolated and observed lield. kriging ean aeeomplish this using a measure of spatial

association (often ealled variogmm) in the observations given lmly one reali/.:ltion ("Iadden

and Katz. 1994). In contr.lst OEM does so using the expeeted value and covariance of both

the estimated lield and the observations (Mclntosh. 1990). Thercfore. OEM requires

kno\Vledge of the spatial correlation structure of the lield 10 be interpolated. henee several

realizations. and kriging may he donc \\'ith only one realization of the process (although

modifications ofvariogram estimaI ion allow the use ofrepeated llbseryations through time

to hetter represent the spatial structure: Madden and Katz. 1994),

A last point of interest eonceming these methods: Mclntosh ( 1990) showed that

OEM and splines \Vere fomlally equivalcnt. Mllreover. Lorenc ( 19X6) and Thi':baux and

Pedder (1987) reported lhat Kriging and splines may also be shown to be equivaIcnl.

Finally. as \Vas mentioned eariier inthis seclion. Br.ltselh (1986: and also Lorene. 19Xo)

sho\Ved thal. in the limit of some iterations. interpolation using the empiriealmelhod of

successive corrections (MSC) coincided \Vith OEM results. Consequently. despite r.lther

different fommlations of thc above mcthods. thcy can aIl bc shown to be mutually

equivalcnt (\Vithin thc framcwork of Baycsian probabilistic argumcnts: Lorene. 19X6).

Hcncc. onc may not say that a mcthod is bctter lhan anolher. but perhaps that a particuler

situation Icnds itselfhetter to the use orone technique mther than another. given the context

within which the analysis is perfoffiled.

2: The goal of Ihis seclion wa.< 10 briefll' describe Ihe melhods uscd 10 objc'Cli"cil' anall'le the
horizontal ficlds~ as weil as to mention sorne important fcatures conccrning. the use of thl.,."SC t,-"Chniqu\.~.

Detailcd dorivations mal' be found in Melntosh (1990) and in Thiébaux and Pc'Ùder (19S7) l,Ir OliM and
splines. in BralSeth ( 19s6) for MSC. and in Marcotte ( 1991 ) for kriging.
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• 3.5 Hydrographie Data during the 9 JGOFS Cruises in the GSL

This last section dcscribcs thc hydrogmphic data obtaincd during the 9 JGOFS

(Joint Global Ocean Flux Study) eruises in the Gulf of St.Lawrence. Several types of

measurements were eollected during this lield experiment (biologicaI. chemicaI.

mierophysieaI. etc.) but the purpose of this study was to mainly foeus on temperature and

salinity. Thesc were obtained using CTD profilers from 1992 to 1994. On average. profiles

were done every 1 to 3 hours during at least one daily cycle (exeept a few stations). This

was donc to minimize the aliasing effects of shorter scalc proccsses (diurnal heating and

motions. internaI tides. ctc.).

#. yr

crui:-oc 1__S_I'_I_iO_O__I-iL station 2

1 49.;°:'01 6~ow

J2.92

J4. 92

J5. 93

1 st:ltion .3 1 station 4 1 station S 1 st:ltinn 6

! 47.7(>N 60"w 1 ..n.2°N lI2"\\' 1 ~7.NnN Mnw --1 4Q.3~;-;;"'.\'-

JS.94
IfJ_7_._9•.3'-1-1_1_(°..1_11_2) 32h·~6. ~;;;1iii~"".ii':.~!I'e·:'"."""o;;liii~",;!-12_(_27_1_"_)_2_Sh-+_I._2_(2_9/_1_1)_3_2_h-E~",:~1;"'%iii'~",;rf."t!?'~f1"'~'i'ft",ik;H.d,

16 (I1104)32h IS (I4/04)2Sh "'.~ 12 (16/04)43h 17 (IS/04)26h ~~ij

J9. 94 14 (19/06) 26h 12 (21/06) 34h 111 (24/06) 21h [14 (15/06) 33h 112 (17106) 35h I!Ai'iJl~i5

•

Table 3.2: Summary '!f hytfrographle ohsen'aluJns (per slallOn) tflmng Ihe 9JGOFS enuse.' ln Ihe GSL.
lnc!utfetf in lire laMe are tire numherq(CTD prafiles laken al eac!I.'lalitm. lire tfme on \l'hici. Ilrefirsl CTD
WclS laken. rire ammmt (?!"'im,' .\]}(!n( Qf the ,'Otutinn. as wcll 0.'\ the stalion coordinutc...... und tire crubœ.l'eur.

The original data quality was excellent for temperature. but sorne of the salinity

profiles wcre "spikey". This is perhaps due to a slow response timc of the conductivity

sensors in comparison with the descent rate of the CTD instrument. Consequently. grcat

care was required for the data processing. Both T and S profiles in the raw database were

sampled every 1 m and funher interpolated at every 5 m interval starling with thc surface.

Due to the high vertical resolution of the T data. we used a simple "bin" method (zeroth

order) including ail measurements within 1 m of the interpolated depth. Due to the rather

"quiet"" atmospherie and oceanic conditions during most cruises. investigation of the depth-
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avcraged variance (per station/cruise) revcaJcd very small standard deviations in the "daily"

sampling cycle.

For the salinity case. no objective interpolation sehemes \Vere I,>und smislàetory and

processing of the entire dataset \Vas donc manually. Since T and S ,,"cre observed tn eovary

for each station/eruise (based on the good and noise-free data). one coulJ easily "guess"

wha! the truc salinity profiles would look like, despite the "spikes". Theref(lre. I(lr each

S(z) cast, '"dubious" spikes were removed individually. This signilicantly redueed the

amount salinity points, but the overall number of S(z) observations was suflicient to

produee an interpolated sa!inity prolile for eaeh station/cruise using a 3 m "bin"

interpolation. Both T and S standard deviations eompared favorably ant: \Vere very small.

This enabled us to reprcsent each station/eruise observations by one average T and S prolilc

with a 5 m vertical resolution. A summary of the hydrographie information from the <)

JGOFS eruises is provided in table 3.2, and the averaged T and S proliles arc includet! in

the appendix.
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Chapter 4

Atmospheri~ Data and Analysis Methods

For climate studics in or ncar the Gulf of St. Lawrence. atmospherie datasels :lre

availaoie from the AES Canada (Atmospherie Envircnmenl Service) and eonsist of archivcd

daily records from their network of weather stations surrounding the OS!.. The (juif of

St.Lawrenee is a rclativcly small basin and is weil covcred byapproximatcly 12-15 regional

eoastal weather stations. as shown in ligure 4.1. These weather stations arc primarily used

for operational meleorology. i.e.: to produce weather foreeasts for hoth surrounding lands

and waters. as weil as in eonj.mction with the Coast Guard in case of marine emergel1eies.

It is. however. eostly and time-consuming to aeeess the large amount of atmospheric data

for these stations from AES Canada. Consequently. most of the atmospherie datascts used

in this thesis have been obtained from other sources (e.g.• Internet public domain. lihmry

disks. library atlases. NMC/NCAR CD-ROM disks. eollabomtors. etc.).

4.1 Aiï Temperature and Precipitation

The data used to evaluate the monthly c1imatological fields of air tempenllurc (T,,)

and precipilation (Pr ) were extr.teted from the WorldWeatherDisk CD-ROM (Anonymous.

1988). This small subset consists of monthly time series of T" and Pr for 13 weather

stations located around the Gulf of St.Lawrenee (lig. 4.1 and Table 4.1). Although the

record length for caeh station is not the same and various gaps exisl in the temporal

eoverage ofTo and Pro cnough data were available to produce reliable monthly avemges for

caeh location. After examination ofseveral time series. the dominant nuctuation scales were

found to be essentially seasonal. interannual. with smaller variations at the interdeeadal

seale (sec Daoust. 1991. for more details). Time series length. as weIl as location fi"r eaeh

station arc included in Table 4.\. The weather station on Anticosti Island (ANTI) was

moved from onc end of thc island to the other. approximately halfway through
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SAil!.

~~---
.(,X _(~, _(~ .6~ ==""_("'.c-,----~_:'x

lie. 4.1: Positif",... or ,!t<' 13 11't!atlzer sfu,irms lISt..'~llo prOf/lIct! Ta th-Ici,'.

ils record. To circurnvenl Ihis problem. individual rnonlhly observations \Vere lirst

interpolalcd onto a regular grid l (0.75 °lal x 1° long). and monthly aver.lges ro~ caeh
,

Station nanlc Il l."(.x~ location lime rJ.ng.c (+/- 1 yr) Icngth

Pnimc·dr..~·Monts 1 POIN j -lX.SN 6S5\V : IXïj·!951 & 19.:'7·1i.J7~ :::91 yrs

Sept-Iks .. : SEPT . \ 5().2N;'6.3~V- ·'I-1944.19SS '" 45 yrs

Anticosti lIsl.l - ---j J\~1:1---T4~:4N~:1.6W --[ ISX2.19SS----- '" ï4 yrs

Natash'~~I;-- INAi\- T5o.;N(,I.xw--lI922.1~42 '" 21 yrs

BcIIc.lsl~ ----Ti3IÙiE__~~~ 55.4W 11911.13:IS-=-~,)&-;ï'-7;-, -'- '" 53 yrs

&~ph~n\"i;----l STE; 14S.5N 5X-6W r1942·19ss ---- ----- '" 4ï Y"

(;rin~;';~e-(;~ï.) ---- -[GRlN--- F7AN6i:9\"--Tï9.iï.;-i;-----··-- -- l '" 32 yrs-

ë'h~;I~;;~(~~--rc:HAR -1,-46.3N 63.IW l, ISï4-ISS6&IX9()~19ïï-- -T~'~;~~ -
CI~:;;~m-- . ------, êl';.i--··--r4ï.()N~5.5W -î 19.U'-19SS-----.. _. 1-"":;(;;;';'
Sl;~;- --1 SIIEA 14-Ï·~,N;,3.5\V---Tï9.!.1.19.~X-- - i ",45 yrs

S;d~~;--- ---rSyl)N--T.ü,.2N-(;(;.I\,,----!·194~:i98;;- --...- -- --.-F4~~rs ~

St::Pi~;;~(I~I~;--- TSTI;'--j46.XN 5(~~2\V---11942~i9SS--- -- '--- i '" 4ï yrs
1----_.._-- ----------------.- -----.------.---- -.- _ .... -- _ .. -- .
Sable Island 1SABL· 143_9N 60.0W l' s90·19s9 only ror co",p:lri,,," i '" 99 yrs

Table ~.1: '''<'Cllher ,';fa/jOlt'" IIunu'.". abhr(·\·iutiou.... {ocUlioll and tin,,· range (~I c/aleJ r{'c(I,.tb•.

1: An interpolated field was produced only whcn a sufficient numbcr of stations wcre prcsent. in
conjunction with a cenain spatial distribution of observations. For example. the minimum total numbcr of
srati,,"s rc.:quircd was set 10 9. but cxtrapolatcd valut.'"S were also rcmo\'c..~ l'rom the final lime series.

59



•

•

independant grid point were eomputed. \Vith the resulting set of monlhly averaged grid.

point v·\lues. the monthly mean lields of Ta and Pr produeed. Throughoutthis process. ail

inverse distance interpolation scheme was used (several methods were used - inv. dis!..

minimum curvature. universal kriging. etc.. - but since extrapolation was not allowed in the

analysis. the results were essentially identical). Finally. thc resulting lields were eompared

with those produeed by directly interpolating the station monthly means Ta and Pr.

assuming the ANTI station to bc located in the middlc of Anticosti Island. and again no
~ ~

important di ffcrcnees were noticed.

The rcsulting Ta and Pr e1imatology fields. pcr station arc displayed in ligures 4.2.

The temperature licld in thc 12 graphs (lig. 4.2. solid line) shows a strong seasonaltrend at

ail stations. namcly colder in the wintertime with minima ranging bctwcen _5° and _15°C

(January-February). and warmcr during the summer months (July-August maxima vary

l'rom + lOto +20 OC). A similar scasonal eyele oecurs for ail stations. Although eaeh

temperaturc value for the same month varics notab!y l'rom station to station. as seen in the

Ta-Months graphs of lig. 4.2. the similarity of the temporal evolution patterns suggest that.

on the monthly time seale. the air mass modilication over the Gulf is hasin-wide~.

Concerning the horizontal distrihution of Ta. the no. ;h~rn part of the aSL is genemlly

eolder than the Magdalen Shallows. a situation that prevails ail year long in the thennal

lields (on the monthlv time scale).

The Pr values arc plotted in ligure 4.2 (cireles) as mm of precipitation> in histogram

form. Study of each individual location could probably explain their specilie se:lsonal

characteristics. but no clear monthly signai. common to ail stations. could bc obscrved. as

was the case for Ta. Furthcrmore. when comparing time scrics of Pr (monthly values and

mnmhly anomalies) for various locations. thc signais showed no signilicant correlation

betwecn ail twelve series. Similarities wcre found only betwec.. neighbouring stations.

which suggest that thc prccipitation structure. on the monthly time l'cale. might be of more

local innuence. i.e.: no consistent Gulf-wide pattern.

2: Indccd, comparisons of anomaly time series bctwccn various stations yicldcd no correlation
coefficient' smaller than o.s.

3: The Pr values arc those of"melled" pn..cipitalion. i.e.: if il consisted of snow. Ihen the amounl
was dividcd by 10.
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4.2 Gcostrophic Winds

As melllioned in ehapter 2. one of the important physical proeesses acting upon the

surface waters is the meehanieal mixing action of the wind. Again. despite the GuJrs

relatively small seale eombined with the broad observational eoverage by 13-15 land and

island stations. assessing the aetual winds (direction and magnitude) over the water is- -
di flieult. Koutitonsky ct al. ( 19S6) report differences between observed wind speeds ;lI1d

directions and those obtained using the geostrophic method. and suggest that orographie

steering may play an important role in affecting the wind liclù (sec also Herfst. 1%4).

Another problem is the availability of a complete set of aeeur.lte records. long enough and

lor ail stations. in order to properly estimate the c1imatologieal winds. Sinee the purpose of

this study is not direetly eonccmed with the dynamies of the Gui f circulation but deals

primarily with the thermohaline structurc of the surlace waters and the heat exchange

aeross the air-sea interlaee. the magnitude of the wind would be sullicient to properly

estimate the amount ofmixing taking place.thus avoiding the dillieulties associated with its

direction. This assumption is valid only ofiShore. where coastalupwdling is not important.

For these reasons. geostrophic wind data will be used.

The sea-Ievcl pressure data used to compute the geostrophie wind was extraeted

from (compact disc) the National Meteorological Centre (NMC) Grid Point Data. vers:on Il

(1990). a subset for the northern hemisphere archived by the National Centre for

Atmospheric Research (NCAR). It consists of twice daily (00 and 12 UT(") gridded data

lor various atmospheric variilbles (pressure. height. etc... ) at pre-scleeted vertical pressure

levels (sea level. 850 m. 700mb. etc.. ). These parameters. displayed on a 1977 point

(47x51) oetagonal g:id and equally spaeed \Vhen viewed l'rom a stereographie projection

eentred at the north pole. arc based on the NMC final analyses tapes lmd include data

reeeived up to about 10 houffi ancr the data time. If the final analyses \Vere not availahle.

data \Vere filled in \Vith oper.ltional results. \Vhieh have a data eutofi'of 3 hours 20 minutes

aner the data time. The assimilation system uscd by the NMC to treat the heterogenous

global dataset is based on updating a nine-Ievel primitive equation prediction modcl by a

local. multivariate. three-dimensional. statistieal interpolation method. Updating is
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perllmned at 6 hour intervals and observations arc weightcd aecording to estim;!tes of the

observational error l'rom di n<:rent sourees:1

ln order to ealculate the geostrophie wind climatologies. time series of sea-Icvel

pressure Illr sixleen (16) points covering the Gui l' \Vere eXlraeted l'rom the dalabase. This

array of observations covers the study area \Vith a 4x4 grid of approximalely 275 km wide

square eeils. The lime records incluùe ùata l'rom 1946 to 19X9. For each inslanlaneous

pressure lield. a eorrcsponùing geostrophie winù liclù \Vas ealculaled. and a spcci lie \Vind

observation was lhen inlerpolated to the desired location using a Bessel 16 point central

di rt<:renee seheme. The proeess \Vas then repeated fi.,r the loilowing observation (12 h

later). thus yiclding a twice daily time series of 42 years in length. This is bclieved to be

long enollgh that the c1imalOlogical liclds dedueed Irom this datasel would not be overly

allèeteù by intemnnual and interdeeadal Iluetuations.

4.2.1 Spatial and Temporal Variations of the \Vind Field

The aspect oftempoml anù spalial variability has already been addressed by sollle

rescarchers (e.g.• Saunùers. 1977) anù their results hav.: bcen reporled by Koutitonsky and

BlIgden (1991). Neverthcless. it remains dit1ieult to know exaetlv how olien and at whieh
~ .

locations in the Gulf the wind speed should be reeorded in order to properly estimate its

action on the oceanie surface'? The horizontal extent of the GSL arises when trying to

deternline whethcr the aeolian structure is essentially local or whether the winds arc indueed

by large sea~e pressure fields. Variations taking place on shorler time scales. sueh as diurnal

elTeets. cannot bc included in this analysis. The simplest procedure would be to take hourly

observations in as many dilTerent locations as possible. Un!ortunately. eomputational as

weil as data limitations. do not allow such an approach for this study.

To examine spatial dinèrences. three points were chosen - northwest GSL (49.5N­

MW). central (4XN-62W) and northeast GSL (50N-59W) - for whieh the monthly mean

geostrophic wind speeds were computed l'rom their respective 42 year time series. The

results (monthly avemges) showed no signilicant dilTerences l'rom one location to the other

(Iess than 0.75 m S·I). To ensure that the computed climatologies were accurate. the central

point geostrophie time series were a1so compared with those produced by the C"anadian

Climate Program (Swail. 1985) at a location slightly to the east (48N-63.5W). A very good

4: For more infomlation about the the NMC global data assimilation system lim"rovements of
""hemes. eom"a...tive studies). sec: MePherson ct al. (1979). Kistler and Parish (19X2). ,md Dey and
Morone ( 19X5).
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corn:lation was flllmd bctwccn thcse records over a 33-year perim!. FurthemlOre. when the

geostrophic wind magnitude \Vas reduced to approximate lhe near-surl~lec conditions and

the wind strcss calculated (sec section 4.2.4 and fig. 4.4). they also compared weil with

existing climatologies (Saunders. 1977).

Times series of geostrophic winds (twiee daily) were computed Ii.,r the 1963-l-i9

time period on a 21 point (1 °x 10) grid. and principal eomponent analysis (empirieal

orthogonal functions or EOF analysis: Peixoto and Oort. 1991) was then perfomled. The

results. as displayed in ligure 4.3. show that the lirst two modes. whieh explain l-i4 'Y., of

the total variance. arc essentially homogenous. Since the geostrophic wind vectors can be

reeonstrueted by linear combinat ions of lhe principal eomponent Iiclds (PreisendorlCr.

19l-il-i) in aceordanee to their rcspeetive weight (% of variance). it is fair to say lhat. at any

installl oftime. the geostrophie wind conditions (speed and direction) arc virtually the same

over the entire GuI r. This can be appreciated intuitivcly when looking al the ehar.lcteristics

of sea-Ievel pressure maps covering the study area. Typical length seales li.lr synoptic

pressure patterns. henee geostrophic motions. usually r.lnge l'rom hundreds to thousands o'

kilometres (Ahrens. 1991). thus encompassing the area studied. The geostrophic wind wa··

used on the basis that aUllospherie motions were elTeelively synoptie over the GS: .

Consequently. although diurnalS and local effeets might actually be present. especia"y

nearshore. it is believed that sueh features (e.g.: land-sea breeze. valley winds) do ""t

extenl rar enough orfshore to disturb the air motion. thus justilying the choice or a

hOl11ogenous geostrophie wind sampled twice-daily at the centre of the GSL.

S: The 12 h sampling resolutiun in the geostrophie time series corresponds to the minimum
Nyqui'1 frcqucney rcquircd to rcsolve diurnal processes (peixolo and Oon. 1991)•
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4.2.2 The Climatol()~ieal Wind Stress

As m~ntion~d bcfor~. a primary obj~ctiv~ of this study is 10 d~t~rmin~ tht:

c1imatological th~rmohalin~ stat~ of th~ surface wat~rs. and th~ ~xt~nt to whieh various

atmosph~rie proe~ss~s inllu~n~e this l~mp~ratur~ and salinity stnIetur~. Cons~qu~ntly. on~

main eone~rn is to ~stimat~ th~ mixing action orth~ Gull"s wind r~gim~. Num~rous studi~s

hav~ addr~ss~d lh~ qu~stion of turbulent kin~ti~ en~rgy transf~r from th~ wind surl:le~

stress to th~ ocean surface. Although it is rclativcly simple to estimat~ th~ ~n~rg~ti~s of a

sp~eilie wind regime. it is more complicated to know how much of this ~n~rgy is

tmnslèrr~d to the o~ean. and what arc the resulting motions. Ellison and Turner (1959\ and

Kr:lUs and Turner (1967) followed by a numb~r of similar labomtory studi~s (Kato and

Phillips. 19(9). num~rical simulations (Pollard ~t al.. 1(73) and o~~ani~ obs~rvations

(D~nman and Miyak~. 1(73) tried 10 rclat~ th~ mcchani~al mixing ~nèet ofa surlàc~ slr~ss

to various o~~anie paml11~t~rs such as ~ntminment mt~. mixed-lay~r d~pth and d~~p~ning

mie. Richardson number. ~t~. As reporl~d by Turner ( 191': 1). in an ~x~~II~nt r~vi~w pap~r

on mixing proc~sses. most mix~d-Iay~r studi~s bas~ th~ir modcls on "~n~rgy argumt:nts

thal balance the inputs of turbulent kin~tic energy (T.K.E.) against ehang~s in pot~ntial

energy and dissipation".

According to a common fornlulation introduced by Turner and Kmus ( 19(7). and

summarized in Denman (1973). the mte ofwork donc by the wind (usually taken at a

reference height of 10m) on the water surface is given by

.'E, = t U'U = P,C,uU,u •

where E" represents this r:lte ofworking. and t. Poo. C III and UllI. are the wind stress. air

density. dmg coellicient and wind 3peed. respectively. In this fonnulation. the wind stress

ternl and the associated dmg coellicient are delined by

C IU ~ 0.63 x 10-' + 0.66 x IO'"IU",I.
where the empiricallorrnula used to estimate C 10 is from Smith and Banke (1975). as used

by Saunders (1977) in his wind stress study. and assumes that neutml conditions prevail

over the water surface. Although il is weil known that the air-sea tempemture di fference

plays an important role in inl1uencing the turbulent exchanges of momentum. heat and

moisture across the air-sea interface (Saunders. 1977: l.arge and Pond. 1980). the use of

this simpler relation for CIO was motivated by its independence on the near surface
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atn1(l~pherie ~tabilily. a parame1er that wa~ availablc only fi.lr later year~. huI Illr a period

ll1uch ~horter than the winu record~ u~ed in the pre~enl ealculation~, It i~ lhen po~~iblc 1(1

udine a friction vdocity ~eale, li'. (Denman. 1(73) for Ihe ~url;lee water~.

, [\ ' 'r ", 1", • 1 -' •
u. = (p-,'! = r:- i (,,, lJ ",,

~ueh that an e~timale of the mIe (lI' tr.ln~li:r of turbulclll kinetie energ.y downward~, E",

bel"w the ocean ~urlàee can be made:

( ' , . E
lU .,'

Making. u~e of the expre~~ion Ii.)r E" eombined with that fi.>r u·. EII can be expre~~ed in

term~ of the friction velocity ~ealc or in teml~ of the direetly mea~urablc rdi:rence wind

~peeu. U Ill. a~ 1i.)lIow~:

fi ' .
•1 '-, • .\= -" ('lU U 1U '

~'.

•

From thi~ la~t relation. it i~ elearly evidem that the mte at which the energ.y availabk Ii.)r

mixing. i~ trJ.n~ferred l'rom the wind to the ocean ~urlàcc i~ proportionaltothe cube of the

wind ~peed. U Ill>' Henee. any evaluation of the monthly value ofE" will rcquire adequate

treatment of U Ill, Knowledge of the momh!y mean wind speed will not he ~ufticient to

propcrly estimate the corre~ponding monthly avemge of E" but will nece~sitate analysi~ of

daily or twice daily Ullltime series. Thi~ is ~hown by the relation:

-1 (-') -,Ew lnunlhl;. - / U1U ' f ( UIII ) •

On the basis that the overbar notation designates momhly avcmges.

UI/ > Uln;.

The problem associated with the use of monthly mean wind speeds and stresses has been

addressed by Oberhuber (1993) in the development of a coupled sea iee-mixed layer­

isopycnal general circulation mode\. When estimating the amount ofatmospheric turbulent

kinetic cncrgy input in his modcl. Oberhuber notcd that:

"monthly u.> detennined only l'rom the monthly mean absolute wind U111 is mueh SOla11er than
the rl"luirc't1l monthly a\'emge oflu.''',
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FurthemlOre, he suggested Ihal:

..·thl.... cffcCli"c u",:; musi he \ktcnnincù by the additi\mal use tif the tlHlnthly mcan SI;IIH!;lfll

Jevi"I;"n "l'the "hsolule wind, ('Tt ('/11)'" as indiealed by the lollowing approximation:

Consequently, three ways or ealculating Ihe momhly averages or u•.' were eompared (1­

direelly rromlhe u. lime series, 2- from Ihe monlhly means ofu., 3- l'rom Oberhuber's

methodl. Il was observed Ihal Ihe lasl Iwo methods yielded monlhly u•.' values mueh lower

Ihan the tirsl one. Wc now diseuss an olien debaled pammeter thal has either been

experimentally delermined or simply adjusted "manually" for numerieal purposes, the

rmetion (m) or E" used 10 inerease the pOlemial energy of the upper ocean as a result or

mixin\:. A tirst eslimale of this fraction can be obtained bv ne\:lcetin\: the elTeets or... ..... ...
dissipalion. Ihus expressing il aS,the ralio of T.K.E.• E", used l'or mixing 10 the lotal

T.K.E. of the wind, E",

m - ~ - [~l"'c "E - III •

, P.

•

l'

A simple seale analysis assuming thal ": - 0.001 and thal C III is of Ihe order of lO"~ yiclds

1 '"
( ) '( ')'" [ ']m - 1000 1 x 10' .. - 0 1 x ID •

which is approximately oflhe same orcier as that used by Denman and Miyake (1973).

Figure 4.4 summarizes Ihe monlhly mean wind-rclaled statislies compuled l'rom

equations deseribed above, using wind spccd approximated l'rom geostrophy, at a central

GSL location. Although dilTerent in magnitude. a distinct (and typica1) seasonal cycle may

be observed, with stronger winds in winter and minimum values during summer. To

estimate the actual wind magnitude in the marine surface layer. Zverev (\972) suggeslS that

the wind spceds be scaled down to 70 % ofthat ofUI,:' For the present study, geostrophie

wind statistics (Ug.IUI, Ua. Ew, etc.) wcre computed for both 0.71Ugl and 0.81Ugl so as to

define a "window" within whieh the real wind spceds are likely to l'ail .
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4.3 Clouds

As mentioned in seetion 2.2. the cloud caver is an important làetor which inlluenees

the heat tr.mslèr across the air-se:: interlàc<:. This direct and vel"'; sensitiw dep<:nd('nee of

the cloud fraction on the total incoming solar radiation will be shawn later in the

computation of the net surl~~e heat budget (sec ehapter 6). In làct. until the magnitl:de and

seasonal evolution of ail the terms of the net heat Poux arc known. and 0!1l" assesses the

sensitivity of each term to the atmospherie and oeeanic variables involved in the heal

caleulations. it is nearly impossible to determine the aecuracy required for each datasel.

Conscquently. an assumption will be made thatthc spatial structure of the doud caver is of

eritical importance ta properly determine the heat budget al the surlàee of the GSL. thus

justifying the ehoicc of the best cloud cover datasct availabk.

4.3.1 Intercomparison between Various Data Sources

When ehoosing the kind of cloud panlmeter needed for later computations. sever.!1

options were eonsidercd. Firsl. a monthly mean value for the entire Gulf taken at one

central point location would be the simplesl choiee on the assumption that the spati,li extent

of the entire basin is small enough to be reprcsented by one single observation. However.

despite the rclatively short length scale. i.e.: approx. 500 km from Gaspé (Quéhec) to

Stephenville (Newfoundland). there is a strong cast-west gradient in the monthly cloud

fraction throughout the entire Gulf. thus rcndering inappropriate the single-point approaeh.

For the next alternative. cloud data from the several (approx. 13 to 15) weather stations

surrounding the study area eould be analyzed in order to lorm a monthly "land" c1imatology

and then be interpolated over the GSL. This method was also rejeeted beeause of two

problems: tirst. the entire atmospheric data set for these 15 AES st.nions were eostly and

would take a long time to obtain and analyze: secondly. the cloud data were not taken in the

same fashion t~lOughout 'he network ofCanadian AES stations. sorne using fractions ( 14.

IR nr tenths). and the measurements were not taken at the same time ofday.

The third option considered was to ::se NCAR's global cloud atlases for land and

sea (Warren et al.. 1986 & 1988). Unfortunately. only two data points were available from

both atlases. one to the west. near b;.ie-des-Chaleurs. and one to the cast. near

Stephenville. The spatial rcsolution ofboth atlases was eonsidered too eoarsc to adequately

rcprcsent the horizontal stlllcturc of the cloud cover. However, these atlal>es have been used

quite extcnsively in larger scale global c1imate studies and eonstitute thereforc a valid source
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of"coarsc" data to be uscd lor comparison. In Tablc 4.2. Warrcn's monlhly mean valucs of

cloud cover (in %) lor the two observation points within the Gulf arc shown. Th,' land allas

data were deduccd Irom weather station observations reported during thc pcriod of 1971 10

19X 1. The oceanic counterpart consists of ship data averJgeG ovcr thc 1952-1 9X 1 inh:rvai

(Warren ct al.. 19X6 & 19XX). An obvious li:ature displayed by the resulls ofTablc 4.2 is a

net increase in cloud cover l'rom west to cast. As mcntioncd in section 4.2 (Koutitonsky

and Bugden. 1991). the dominant winds ovcr the Gulf generally blow towards thc cas!.

This motion Icads to an advection of continental masses of air over approximatcly 500 km

of water. thus altering the stability and humidity conlent of this air mass and promoting

cloud lorrnation.
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1 (" 4XN. 63W) 1 !" 4XN. 60W)
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Land all;ls (.:asl)
(" 4XN. 5X\V)

7'"- "

711 <1 ...

(,7 " ..

7 ' ".' .1)

7~ "
l "

•

Table 4.2: Alo1ll"~r meu" cloud ("th'(.'I". in % (1,.0111 IVarr(''', /98fj & 1988J.

ln facto within the first 50 km or so lrom the land the first convcctivc cloud ccII has already

had enough time to forrn. (R. Davies. McGiIl Univcrsity, personal communication).

4.3.2 Cloud Cover Climatology for the lee-free Months

ln order to ovcreome thc problem of the coarse spatial resolution, the use ofsalellite

data was therefore considered. This datascl was oblained l'rom the Inlernational Salellilc

Cloud Climalology Progmm (ISCCP). It consislS ofan internalional scientific collabomlion

using a large amy ofbolh geoslationary and orbiling salelliles. and the monlhly mean cloud

amount from July 1983 through Jl':le 1991 were exlmcted as a subsel l'rom Ihis larger

global dataset (Rossow and Schiffer. 1991). The resolulion is a 2.5 degree square. which

yields a lotal of 15 observation points overthe Gulf in an array of 50 by 30 (long. by la!. l.

ln lotal, 8 ycars of data were available for each month. The data were avemged togelher into

a mean for each month. The resulling c1imato10gy (figure 4.6) was contoured onlo
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a interpolated grid of 1/12° resolution (only contour lines over the water are considered

accurate ).

The results comparc (qualitativcly) weil with those of Warren (table 4.2). The cloud

amount. on the monthly time scale. is very close in magnitude. The zonal inerease. as noted

earlier. is also reproduœd. Two aspects of the satellite c1imatology should be notieed. First.

the liner and more homogenous resolution neccssarily yiclds a more aceurate pieture of the

horizontal cloud struclure over watcr. Sceondly. a strong (also present in other monthly

lime series) inter~nnual tluetuation in the cloud amount. observed even using monthly

averages (lig. 4.5).

Typicallnterannual Variation orCioud Covcr
(Jut,scr-Aug: 4X.7~N.61.~W)
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Cloud Coyer - MAY (%)

Cloud Covcr - JUL (%)

Cloud Covcr - SE? t%)

Cloud Cover- JUN (%)
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Cloud Cover - AUG (%)
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4.4 Hourly Wind and Air Temperatures

As mentioned earlier. one of the main objectives of this study is to provide a

"c1imatological picture" to be used whcn comparing resliits obtained during the Canadian

J(iOFS program in the Gulf of St. La\Vrence. Consequently. hourly \Vind and air

temperature data corresponding to the 9 JGOFS cruise periods (see chapter :;) \Vere

purchased from the AES. Again. one of the main problems was dealing \Vith the

interpolation over \Vater using shore-based measurements. These dilliculties were

"somewhat" tolc:rable for the case of Ta but various tests of wind interpolation yielded

completcly erronous results due tothe "vectorial" nature of the field analysed. Fonunately..

Besner (1994) devised a regression method to estimate hourly air temper,llure and wind

(speed and direction) bascd on land-based observation and air-sca temperature dilTerence.

ln his analysis. Bcsner (1994) created "vi nuai" weather stations at lixed locations

throughout the Gui f and the Estuary and. using historical archives of co-registered hOllrly

weather observations on ships of opponunity and shor-: stations. was then able to dedllce

appropriate regressions for both wind and air temperature at these "vinual" locations.

Llickily.these matehed e10sely the locations of the 6 hydrog.mphie stations used during. the

GSL JGOFS eruises. In this way. we were able to obtain (throug.h analysis of AES) hOllrly

wind speeds and air temperature (both corrccted to a 10 m rclèrence heig.ht) fl,r each

day/station dllring. the 9 JGOFS cruises. These resulL~ are presented in thc appendix.
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Chapter 5

Monthly Surface Climatology during the Ice-Free

Season

ln this ehapt<:r. monthly horizontal climatologies of several lields (SST. SSS.

Chlorophyll-a. Qnet) will be examined. First the monthly spatial autocorrelation structure

ofsea surlaee tempemture and ehlon.phyll-a eoneentr.llion (Chili) will be diseussed and

objeetively analyzed lields (lfmonthly SST. Chili and SSS will be presented. along with a

discussion on their assoeiated interpolation errors. Finally. the surlac<: heat budget will he

eomputed li.>r the 15 regions eoyering the Gule

5.1 Surface Climatolo~y during the Ice-Free Months

S.1.1 Monthly Spatial Autocorrclations

As mentioned in chapter 3. a central feature of most statistieal objecti."c analysis

schemes is the "a priori" knowledge of the covariance of the parameter interpolated

(McIntosh. 1990). Ideally. one \Voliid like to kno\V how an observation. say SST. at some

location (i.e.• a point in time and space) is rclated to the surrounding observations (again in

space and time). This is olien relèrrcd to as the covariance of the field. or sometimes as the

alltoeorrelation. For most climatological studies. this covariance is usually extremely

dimeult to obtain becallse of the poor data eoverage (in both time and spaee).

Consequently. the covariance structure is olien assumed to obey some lùnctional Ii.mn

(e.g.• Gaussian). In this study. duc to the availability ofhigh quality and g(;od resolution

satellite-derived monthly images ofSST and Ch!lI for 7 recent years (Anonymous. 1994). it

was possible to calculate the spatial autocorrclation structure for each of these two fields

(fig. 5.1). Theoretieally. thc "unbiased" correlation structure of a physical variable should

be 4-dimensional. i.e.: it should include the dependence of ail three spatial directions as

weil as time. Practically. this was impossible to do for various reasons (please retèr to

Daley. 1991. for a complete discussion). ln this study. once again duc to data limitations.

statiom:rity as weil as isotropy and homogeneity have been assumed when caleulating the

correlation structure. The first approximation may not be so bad (Thiébaux and Pedder.

75



• 19S7). How.:\'.:r. as will b.: s.:.:n Iat.:r. th.: last two assumptions impose a som.:what s.:v.:r.:

restriction on th.: optimal interpolation method. Coastal areas ar.: wdl known l'or th.:ir

anisotropic b.:ha\'iours (D.:nman and Frœland. 1985). and a study ar.:a lik.: the Gull' or

SLLawrence is likdy to ha\'.: r.:gional dillèrenc.:s in its corrdation structur.:. How.:\'.:r. as

point.:d out by Mclntosh (1990). it is rar b.:tt.:r to assum.: isotropy and homog.:n.:ity and

calculat.: a "tru.:" spatial autocorrdation structure than to simply assume som.: lunctional

covarianœ and proceed with the interpolation. This last point is eritical since the entir.:

"powcr" of th.: statistical interpolation lllethod depends on this covariance structur.:

(Thiébaux and Pedder. 1987). More impl>nant to note is th.: fact that. without th.: use of th.:

monthly satdlite-dcriv.:d data for th.: 7 recent y.:ars (1979 to 1986. 1987 and 1990). th.:

hydrographie database alon.: would not hav.: p.:rrnitted the asscssm.:nt or th.: corrdation

structur.:. In such ;1 cas.:. empirical m.:thods like that used by Levitus ( 1982) arc p.:rhaps

mor.: appropriate.

Spatial Correlation Structure Func~;ons

o

o

.003
.081
.513.472 .300

.833 .130

fer) ::: a,cxp(-b,r) + a,cxp(-b,r)

a, b, a, b,

\\
è\O
\\
~~

fA..,-t:. Q....0

.~ ;- tr _ ~O.Q, 0 0 00, 0 0 ~~ - - ~
0 0 "0 0..

" .........
"'~..
~ ......_....-......... _-••••

0.2

O.S

-.§
;:; 0.*
1Ëo
u

ë
.~

..g tl.1>
'­
C)

o
U

•

OL--.L...----'---:'7--~-:::---_:_::_-___:
o S \0 IS 20 2S 30

Grid Size Radial Separation (lgrid '" 18km)
Fil:, 5.1: Spalial <"orrelalian slruelllre .Iimclion ,,l'.<alellile-d/!ri.'cd montlz(\'
SST alld Chia anomalic.< al'cra!:cd <JI'cr IpLrci separalion ('" Il/km radial
dislall'·c). (TIl/! thick da.<lzcd lin/!.< correspond la the slru':lure.lùnclion. Ji")'
.Iillcd la dola pailliS). Tlzc coefficients a,.: and h,.: are Ihe 1I0n-linearfil (in a
Icasl.squar/! sen.<c) of /Ir). Tile slnlelur/! Jùnclitm f(r) assllmcs spoliai
Î:wrrnpy and Irnmogc:nc!i~\·.

76



•

•

On ligure 5.1 arc displayed the spatial autoeorrelations of n,'th SST and ('hlll as

calculated from the monthly satellite-derived images (unl(lrtunately. Ihe hydrographic'

dataset did not render possinlc such a computation lor the sea surl~lce salinity data). A

Iypical aspect ofthis relation is the "near"' perlect 1 correlation at zcro "spatial"lag t(,llo\\'ed

ny a distance dependent decay in the correlation. Monlhly ChIli dala do nol seem to

"plateau"like its SST counterpart. and dccorrcJate a little more r.lpidly than the tcmperature

sh:nal (Ii~ure 5.1 J. Ho\\'ever. naturc does not necessarilv behave in an exact manner. and- - .
duc to the previously l11entioned assumptions. these spatial autoeorrdation trends should be

used with caution. espeeially near the coast and when eonsidering difrerent time scales.

Figure 5.2 displays typical error Iields resulling l'rom the objective analyses. Only

June and September arc snown sinee ail 7 icc-rree months were very similar. As expccted.

the largesl interpolation errors fi.,r the SST and Chili maps arc fi.llllld near the (northJ shore.

This is likely to resull l'rom the isotropic/homogenous assumption lllentiom:d earlier.

Mon:over. since the over.lll resolution of the satellite-derived images is only 1S km.

occanogmphie Icatures of eompamble or smaller scales ean simply not be eaptured by the

analysis. As lllr the case of surlaee salinity. the optimal interpolation should be eonsidered

valid only over the Magdallen Shallows duc 10 the laek of adequate data coverage

e1sewhere. Most of its interpolation errors oecurred in the data poor regions.

A last note on the objective analyses coneerns the funetional covariance IllOn used

in the present study. Based on the results of ligure 5.1. three correlation structure liltlctions

were tested: 1. a elassieal Gaussian (sec Denman and Freeland. 1985): :!. a double

exponential (as expressed by the algebmie relation on ligure 5.1): and 3. a modilied

exponential in whieh the tirst terrn is similar to method #2 but where the second exponcntial

terrn has been replace by a constant. Allthree lùnetions were iilled to match as c10scly 'IS

possible the sp'ltial correlation points of ligure 5.1 (for both SST .md Chili. sueeessivcly).

and a background error (Denman and Freeland. 1985) of 10% (0.1) was assul11ed for ail

Iields and months. Although it was di flicult to assess whieh funetional covariance was

bctter. based only on the relative interpolation maps. the double exponential was chosen for

it matehed the spatial correlation points beller than the other two. As for salinity. wc used

covariance forrns and seales similar to that tor SST.

1: Wc uscd the leml "ncar perfect"o b.."Cuusc the "self" correlation coefficient is indccd 1 :ll lero
distance lag. but il is common prJcticc to assume a background crror associatcd with the tlbs..:-rv:ltions
(Dcnman and Fccland. 19X5).
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5.1.2 Monthl)' Objective Surface Fields (SST. SSS. ChIa)

The approach used here was to produce the best objective fields given the sp.nial

distribution of the hydrographic observations contained in the dalabase. For the surface

Chia maps. roughly 2000 observations with a spatial resolution of 1Xkm were availablc Jllr

each month, They were satcllitc-derived (Anonymous. 1(94) and covered the years J'J79

to 1986. For SST analyses. a combinat ion of remotely sensed data (again at 1X km

hOl11ogenous resolution) and hydrographie measurements yielded a total monthly eover.tge

of over 3000 surlace observations (roughly 2/3 of these were S<ltellite-derived). Finally.

surlaee salinities were lar less numerous and originated from the hydrogr.tphic database

only (ehapter 3). Gener.tl and speei lie features of these 1110nthly averaged surface liclds

(SST. Chia and SSS) arc now diseussed. with the eorresponding ligures following the

text. i.e.: !igs. 5.3a-e (SST). Iigs 5.4a-b and 5.5 (Chia). and Iigs 5.6 and 5.7 (SSS).

G<!II<!ra/ F<!atur<!:1

The surlaee themlohaline and ehlorophyll-a Ii:atures observed throughout the Gulf

are diseussed in light of the present objective analyses as weil as in eomparison with other

sil11ilar studies1 . In general. the following overail SST and SSS ehar.leteristics ean be

deduced from the corresponding ligures: The Magdalcn Shallows have the wannest surlace

waters found in the Gui 1" throughout the iee-free season (exduding the regions covered by

area 14 and 17); the coldest summer SST values ean be lound in the Lower Estuary and

along the north shore of the GSL. roughly l'rom the Strait of Belle-Isle to the Mingan

Arehipelago. For the surface salinity lield. the freshest waters usually appcar in the Lower

Estuary duc to the strong runoff from the St-Lawrence. Although they arc sOl11ewhat more

saline than those of the Estuary. relatively fresh waters can also be found near the mouth of

Baie des Chaleurs. and along the Gulfs north shore where rivers supplY an important

l.....letion of the total freshwater diseharged in the GSL (Koutitonsky and Bugden. 1(91).

Finally. surlaee waters oeeupying the east-eentr.tl GSL arc usually the most saline. In terrns

of tel11per.tture eharaeteristies. the waters there arc somewhat colder than those lound

further west over the Shallows. but are not as eold as the surface waters along the north

shore and in the Lc,wer Estuary. The Chia fields do not const:!ute OOthemlohaline" fields per

1; Vigeant (19X7) produeed monthly SST maps from ship measurements: Bugden ct al. (19X~)

studied surfae;: layer saliniti.-s: Petrie (1990) plotled contour maps of SST and SSS from his area-based
monthly climatologies: Koutitonsky and Bugden (t991) ineluded sorne satellite images of surface
lcmpcr.ltul\.~during the summcr.
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sc. hut sinee an excellent dataset was availahle lrom the NOAA-NASA Pathlinder pro:;ram.

and sinee they arc olïnterest fiJr the JCiOFS program in the Gult: they were also analyzed.

Cienerally. there is an overall cast-west gradient in the Chili liclds for Illost months

(northwest-southeast more preeisclyl. the western Gulf exhihiting higher surlàce Chili

concentrations (similar to previous studies: Dunbar ct al.. 19S0: de La fontaine ct al.. 1991).

It is eharaeterized hy higher monthly chlorophyll values along the nOfth shore. near the

Estuarv. and at the mouth of Baie des Chaleurs. When averaged over the usual 15 areas. ~

(exeluding area (7). sorne interesting features become apparent: First. the northwestern

areas (06. OS and Il) c1early show higher concentration values than the rest of the CiSL. as

weil as higher Chia in May and September. whieh is perhaps indicative of a spring and

autumn bloom. As will be presented in ehapter 6. the strong upper-layer stratilication of

these regions. in conjunction with a relatively constant supply of nutrients l'rom the

St. Lawrence (de Lallllltaine ct al.. 1991) might be responsible ll)r sueh increased surlàee

biologie'll aetivity. Aiso interesting (lig. 55) is the overall monthly trend observed

throughout the GSL. where Chili values arc high in spring. Ùeere'lse 10 minimum values

during mid-summer and inerease again in September. a behaviollr whieh is opposite to that

of the mixed-Iayer depth. Finally. Chili values in November show a rapid deerease in

northern and western areas while the surface coneentmtions continue to inerease in the

southern regions (area 01. 02.13.15.16). (NOTE: duc to the poor data quality ofmost

November images. averages lor this month have not been computed).

Specific Fealw'es

SST fields exhibit horizontal temperature diflèrenees oriented along the south-west

to north-cast direction during these two months sllch that warmer waters cover thc

Shallows (around 4 to 6°C in May and 8 to 12°C in June). while SST values for the

Esquiman Channel mnge l'rom 0 to 4°C in May and 3° to 7°C in June. An intercsting lèaturc

in the objectively analyzed fields ofSST is that. despite the ovemll gmdiem. they preserve

the more local tempemture diITerenees aeross the Esquiman Channel axis sueh that waters

along the north shore of the GSL arc slightly eolder than along the Newfoundland coast.

This is in aceordance with the known circulation patterns for this arro wherc currcnts going

northward tend to adveet wanner waters along the coast of Newfoundland. whereas the

ineoming surface now through the Stmit of Belle-Isle tends to follow the Gulfs north

shore (EI-Sabh. 1976). Relatively cold pools of surface water along the GSL north shore

are also observed. As mentioned earlier. these colder <\reas are likely to be the result of
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CO;JSI;JJ upwclling (scc Rosc. 19S5l. In cX;Jmining the s;Jlinity lïelds. distinct surl"ce

1i:;Jlures can be scen. Ho\\ever. one musl be C;Jreful because of Ihc Cll;JrSCr rcs,lluti'lll of

Ihis sel of hydrographic obSen';Jlions (sce appendix), ln geneml. re::illns near Ihe Estuary

and Ihe moulh of Baie des Chaleurs arc eharaeterized by fresher surl;,ce Iayers (SSS ranges

l'rom 26 10 29). whereas the easlern seelion of the CiSL (although much Jess sampled)

exhihils more saline walers (31 to 32). Aiso apparent in the surlàcc waters oflhe soulhern

GulL is a freshening l'rom May 10 Octoher. which is likcly caused hy the slow advection of

lhe freshwater puise associated with the spring runoff l'rom the Estuary (Koutilonsky and

Bugden. 1991). The summer season. along \Vith lhe monlh of June. generally provide the

hest hydrogmphic dataset for the oeeanic variables (lig. 3.2). Again. a region of colder

waters persists in the Estuary and along the north shore of the GSL. where lemperalllrcs

range l'rom 9 10 1DoC in July-August. and go as low as 5 to 6°C in Octoher. SST maxima

arc ,;till found in Ihe southern parI of lhe Magdalen Shallows (16-17°C). The warmest

month is August. During the summer season. the prevalent horizontal gradient of sea

surlàce temperature assumes an approximatcly north-south orienlation in the ccntral CiSL.

where SST isothemls extend l'rom the westell1 part of the Gull'(near Cap Gaspe-Baie des

Chaleurs) and follow thdr course into the Esquiman Channel. indic'Iling the presence of

wanner waters on the Newloundland side of the channel (l'rom 1 to 4°C w;Jnner). The sea

surface salinity Iiclds in the north-cast section of the GulL despite the heller distrihlllion of

observations. still renmin considerably less sampled than in the Simllows or the Estuary.

Nevertheless. relatively fresher surface waters is indicilled in the Esllmry and near the

mouth of Baie des Chaleurs. ln generaI. the seasonal cycle of SSS. ;Jlthough mueh weaker.

assumes ;J shape opposite to that ofSST. where surlàee sai inities deerease to a minimum

in August and then. begin to increase again. For exmnple. SSS values li.lr the Magdalcn

Islands arc around 31 during the late spring period (May-June). decrease during the

summer to reach a minimum of around 29 in August. and increase again III surlàce values

near 31 in November. Finally. thc same overall spatial characteristics of surlàce

temperatures and sa'inities can be obser"ed during the Oetober-Novemher period hut with

generally coo1er SST and slightly higher SSS than in August. The Magdalen Simllows arc

still covercd by the wannest waters throughoutthe Gulf(S-11 oC in October and 4_8°C in

November). with the surface isohalines (29-30-31) extending l'rom the Baie des Chaleurs­

PEI (Prince Edward Island) region ~!ightly beyond the edge of the Shallows in October.

The surface fields near the western part of the Gulf exhibitthe same coastal s;..matures of

frcsher waters (although not as fresh as beforc) duc to runolT l'rom the St-Lawrence.

SI



t:

SSTMAY t
(OC) ~

1:
:::
~.-..:::
!:
.§

à

" \ \
J~\12

./ 14,,\ \ 13
___.l\

•



•

•

"u



J

J. Contour r' am/oK" (SOl") . ( Clm,'s ar," 0.5 .:c (~1 sca surf ..aparr Ge. c. lc.'mp,·rall. m' /SST.

~/~~/(j
~\ 1 J"L

J J

~' /l~Y ~~\I_~~J
,_ "> ~. 0 1

f"n _ '\ ( ) ( SST NOV

~,:>.3o: .Itonrlr/\" ("linl 0

•

•



•

•



•

•



•

'Il J.I.'III' JOll,,1'

\,1"/",\ 'I·Jl/.) ,l'II JO "l.)': .I,l,no/ l'lin ."l,MU.ll/1 Ul.\~l:S·tll"Jol.l,'/!\·I'J/'1' .1//110 1'",l.U/\' .1//1 JO .)JltIUlI.\~) /\"llt/o.1 Il ,\"'

l'III' "'11'1' .'II'/fI .1/UIl,l.l,'.Jd 'l/~;~ ,ltll 1110.1/ l'JI'I' '')'11.10 .'/!JlI.l.>.I."II/J!::;: ,11/, ;"II.n""I/I/"'" .1~/I'·)ru,"'1 \', ,W)/ ,J'Il.
(He)1 J ,I;'j'mu •'/l/.tlJllb".l/lII •"fl .\'.1"'11 ç 1 1'"0.1:lC/ .\','''/l'.\ IJ-I'I.) .>.m f. +• .\~)."·.\"f1.I.) ,11/1 .ù/ 1'.1/011.11'/ ,«.1.1'/"'0 -"11'1'

.l/tl"IOUI ,lll' 10 /.\'.'.1 .11/'.1" JII.)/.\~) ,1'/' ,um!,' 0/ .rOt/.11/' /"/,".1 ".m.' 1II".~1 ;ill!/1Il.1/.P\'.",.I/ /""f'"/'/' .1.1lJ .\.I,'Y'/i/-"
,11/./ "\",IUI",\ "/11.11'11" .I.'ch/Il l',m "111.'1'.1111 ','/11.""''' .1.I.IUlI .1'1' Il' ,\~)11!1 1"lIm:!./O'1 .1.U'" ,\',l\t'" .1'1./ -"ml'
,l'JI 1" 1""l,u/,' /IJ!/IIcJ, .llt/llI01lt "'II .'010'1" Illdl',t;i Il{i'(1.11 ,'ll,l,1I' tl Ill' .10/ n~/'I.) ,l,ll'I·"" .1/'11110", If' '''/,1\011
F '(1P/ ,llli IItl ,'pUI1lI fJ 1',l.JlI ."Jc! "fllt :Ùll) ,"tm,1II1,IIII.UIIO, 1 IJ~JJ,ltlf/o.IOI'/.) ,ntJ/.m, .I/I/JUOI" :~-~ ·:t!:1

~

t-

,...,

~

':;
!~

~iTSIV

~~}
, -

~
_.~

1 _ i
h ~ t t "'1!."\J\,

i

lJl~

.,
, .:.

,.T

.,.,
: "'ï-

j-~
··:·•:·,•...:..

11

.:
••••••,
•·•·

...
, .. : ..

..

~ ..,,,. ., ...: .
•

~ll1l1nLU ";llllltllU

(l S \' f f l~ (l S \' f f I~

1 1 'L;: ::::::::::oc -0......- ]

,,·.Ir
d

IL..,·
::; ~ ··.

~

t

+

'/

---- _/~

ï -1- 11 V Il :>i 'J 'I~."\IV 'Ij'

( l:~J l: J~d) "·II·\ljdllJlllll.) ~~t~.IJns .\1lpUlll '\ •



• \:" l ,:

:\
\ "-

"-
\ \

,,,.

•

Fit:. S.n: .\fomlr~l· dimmu/ogy ,AfA r 10 OCT.I 01 ."CII ,..'urldl't· '''l,finity fSSS. ,..., J. (""11I0:11' li"",,,
arc 0.5 r...·t· dl'an. "Th(' oNiqll(' clel.\1I,'cl Iill" d('I101l'S ,ltt' Itmllldary hl'ru',"'" tlh' ;\fagc/,,/cIl

::;"I1I1O\t·.... clnd lire LdUl'(''''ùm C"",,,,d. rhe cie ""ily o"slIr/iln' _,,<I/lm,y 0",\("'"11"0"" i.\ ,11'",\/;,'1,111'
l'('c/tu'(''' 1101"" 0/ ,his Iim;t. (fm,\'(,c!"c:ml,', Il,c.' c/(/,'~"('d ;:",1",/;,,('.\" .... /t"IIM /Il' ('o""lf/l'/'('cl l,'.""
0("("""",1.',



•

•

Momhly SSS - July ll1~ul

Monthly SSS • Septentber Irsu)

:l.hm:hl: SSS - June Irsul

Fie. ~.i: ,\["mlr(,· dimll1%g,· o( 'Cd 'U"/ilt l"

.,·(l!;"i~1· (1'.\'''' .



•

•

5.2 :\Ionthly Surface Beat Fluxes

Ha\'ing I.:l'mputc.:d rdtahlt.: m~lp~ ,lI' sc.:a surl;h.."l".' II..·mpl..·r:ttun...•. Ihes\,.' \\ IIllh\\\ b\.' Ih\.."d

al11ng with sl..·\·c.:ralllt~~;:i atllll1sphc:ril"." fidds hl \,"llIllPUtt..' thl.' Ih." ht.:'~11 hlU.h:I..'t al the sUrl;l"'"l.' llf

th~ (iS!.. T" dn sn. Ih,' f,'ur h~al flux ê\'mr,'n~l1Is 1<.,1",. <")1-" <.,1,.. and ()J,) \\111 hl'

~akulal~d nn a simii:,r t:rid Ils km) I,' lhal I,'r lh~ SST. fnlm whi(il th~ r"sultin~ n,·t

surl;l~~ h~at (Qnet) will h~ ,kdll,·~d. FinalIv.th~ 1'''lr surl:lC~ h~al !lux (<.,)",. <")1>,. (.l,.. <")J,)

as weil as Qn\.0l wiIIl1\: ~l\'c:ragJ;d ll\'c:r the usual 15 arc:as.

5.1.1 Incomin:;: Shortw3\"c and ()ut~oin~ Lon~wa\'c Radiation I-lu,,,'s

Th~ most imrnrtalll ~omrnn~nt ~nterint: th~ n~t h~:ll !lux ~akulatinn is th~ am,'unl

or energy reeeived by the occan surl;lcc l'rom the sun. Aithough it is easy tn ev·aluat,· Ih,'

amount of solar radiation hilling the top of the atmosplll're gi\"Cn the time nrthe year and th,'

geographic location. it is much more dillieult to assess what happens to this incnmin~

shortwave energy as ittravels through the atrnosphere on its w:lY tn the oce:ln surl:lce. As

mentioned in section 2.2. one must eonsider both direct :lI1d diffuse surl;\ee irr:ldiatinn

undcr a clc:lr sky. which rcquin..-s an accumte knowlcdge or the atmospherie transmissivily.

Furthermore. e1oudiness. along with several other laetors (e1nud height. type and

tempemturc. aerosol content. surlaee albedo. sun spot cycle. etc). will :lfreet lh~ :lmoullt nI'

solar radi:ltion received at the surlaee. Allthesc involve unccrt:linties :lt e:leh st:lge nI' the

estimation and. lor lack of adequate knowll"Ùge of these aspects. one USU:ll\y relies nn

cmpirical rclationships ofvarious degrecs or complexity.

For the present study. two melhods have been used: the liN one is the ,;:une

lomlUlation used by Bugden (\9SI) and proposed by Budyko (1974). Although this

parametri7.ation docs not represcnt adequately the inlluenee orall atmospherie eonstituents.

it is generally believed that the cloud eover has the strongest influence on O,w (Perry and

Walker. 1977). Consequently. the use ofa better cloud dataset (liner reslllulion. more

reeent and better spatial eoverage) should yicld more reliable resull~ eoneeming the sp:ltial

distribution ofmonthly incoming radiation. The solar radiation. O,w. at the GSL surl;\ee is

givctt by:

Osw = 00 (1 - Cl) (1 - aCn - bCn2) (cos 0 1cos 00)

where lX (= 0.1) is the albcdo. Cn is the monthly cloud eover. and 0 is the latitude. ln Ihis

formulation. 00 is the monthly c1ear sky solar radiation for the 0" (= SOON) latitude. and a
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and h an: ~rnplrl\;al ~onstanls. ()". a. ami h \\'~r~ oh;ain~d l'rom Hudyk()s tahks (l<Jï4) Illr

thl' dl'~In..:d mUl1ths. 110\\'1.:\ .:r. somc aspects arc worth noting conc..:mi ng tht' doud

~orr~~lion ",,,or. Sinê~ s~\~ral aUlhors otkr difl\:rênt ll>r!llulations (Hsiung. !<JS6l in

Wllld1 th~ (kp~nd~nê~ on C n rang~d l'rom Cn" - 10 Cn'. and that il is nol ~kar l'rom th~

lit~mtllr~ \\'h~th~r th~" li'mlUiations \\'~r~ d~duê~d l'rom 11100lhly a\'~rag~d \'alll~s or l'rom

smallcr lime scalcs ohscrvations, one: shou~d 3void any non Iincar cloud CO\'l.:'f (,kpcndcncc

wh~n using monthly av~r.lg~d Cn simply b~caus~ of the sub-monthly variability or th~

doud rruction. Cons~queOlly. th~ s~cond method us~d. consisted in estimating th~ daily

incoming short \\'a"e radiation and using. this rl'sult 10 compute the 3\'crJgcs f<)f cach

month. The s~cond scherne is Ii'om Re~d (19ÏÎ):

Q,,, = Q" (1 - u) (1 - 0.6~Cn + 0.0019hl (cos O! cos O"l.

in whieh h now represents th~ noon sola; c1evation in d~gr~es. Th~ daily c1~ar sky radiation

was eomputed using the pr<'C~dl're by S~ckcl and Beaudry ( 19ï3 l and dep~nds on the day

of the ye;tr. and th~ latitud~. This method. uscd by Ul110h and Thompson ( 1994) and

Gilman and Garrett ( 1994l. has reeeOlly œen reviewcd by Schiano (1996). who lound it to

agree weil with direct measurements. Finally. although both surface Qsw Iiclds showed

sorne minor di ITerenees. thesc were almost absent aller the area averag~'S had œen donc.

The most obvious aspect to note is the common seasonal Iluctuation in the Q,,,

lields. A pcrhaps more surprising charaeteristic concems the spatial distribution of the

ineoming shortwave mdiation. Within an area the sizc of the GSL. one might expect a small

latitudinal variation in Q,,, in a decrcasing fashion towards the North (given by the COS(Il)

f eos( li..) correction). and a mthcr homogenous zonal distribution of irradl:ttion. However.

duc to the ellèct of cloudiness. the main featurc observed in the Q,w maps is an cast-west

gmdient (not shown). in accordanee with the satellite cloud coyer c1imatology of section

4.3. More specilieally. differenees as strong as 50 Wm-2 in Q,w ean be observcd for two

ditTerent locations within the same month (lig. 5.9). Finally. knowing that it is the sun that

"drives" the atmosphere-ocean engine (Gill. 1981). one should note that the use of

adequate cloud coyer c1imatolo~'Y with a simple cmpirical relation results in rather important

spatial variations of the Q,w lie1ds. evcn for an area the size of the GSL.

The outgoing radiative Ilux exhibits the wcakest scasonallluctuation l'rom the four

hcat Ilux terms of the surface energy budget (lig. 5.9). This Iongwave backradiation. Qtw.

was computed following Brunt's formulation (Budyko. 1974) with a correction factor for
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Qh' = >:nT,,' (ll..N - ll,ll5 ~"I:) Il - ll,-Ie,,:) + 4 >:n l',,' ISSI' . r,1

\\'h~r~" = ll,lJï and r: = 5.(,'7 x Ill,' \\'111':1\.·.. i, lhl' SI~I;I11-B\.II/l11a" ù'n'I::I1I, l'" and SS 1

I.:l)rrCSplmd In the.: air and sc.:a sllrl~l('C: lI:mpl.:ratun:. rl.'srcl"li,"d\'. ("II IS 1111.,' CI~Hld \,.",l\l.'1"

fra~tion 'll1d~" (l11h) is th~ atl11l1sph~ri~ \'apour pr~ssur~ (s~~ Budy~\', 1')"4), :'\0l'art'l'ldal'

spatial pan~rn in th~ 1110mhly tidds of QI" w~r~ ohs~l'\'~d, ln lact, th~ 1"nS\\"l\~ r.ldial;""

nux~s (positi\'~ \\'h~n I~a\'ing th~ surl;lcc) ap~:lrs 10 h~ r.lth~r h"l11og:nous Il.r ~ach nlllllth

and show linle \'ariation throughout th~ icc-rr~~ S~:lson, i\lonthly Qh. \'aIUl'S lil' wilhin thl'

.jO-SO \V111-: r.ll1g~,

S.I.2 Sensible and Latent Heat Fluxes

The llux~s of s~nsihle (Oc) and latent (0,,) h~at are cOl11pulcd frol11 hul~

a~rodynamical formula.

Oc =p" Cp Cc IUlnl (l'" - SST)

0" = L Ch lU III1(eSiII(Ta)- r~Sill(SSTI) (),(Œ~ 1 l'",

in which Cp (= 1005 J kg-1K-I) is the heat capacity ofair. l' the l'dative hUll1idilY l, I\, th~

sea surface atmospheric pressure and Pa is the air density. computed li'oll1 air tempcraturc

(Ta) the sea-Icvd pressure and using the ideal gas equation with an adequate ~orr~ctio"

compcnsating for the moisture of air, ln thesc two llux equations. the saturati'll1 vapour

pressure esa, wa.~ d~lermined following Bohon's formula (Rogers and Yau. IlJX'I).

eSill(T) =6,112 exp(l7,f>7 T 1 (T + 243.5»,

where Cs,,. is in mb and T in oC. and where the latent hcat ofevapomtion. L. was chosen tu

vary (Iincarly interpolated) with Ta aeeording to the following table (Rogers & Y.IlI. l'IX'Il,

LOg-l) 2525
1

2501
1

2489
1

2477
1

241>6
1

~45J

T. (OC) -10
1

0
1

5
1

10
1

15
1

2n

Table 5.1: La/en/lrem f?/ (~'(Jp(Jru/lon (L) fur "anolls arr (("lnpl·rUIUr(· (T).

The last aspect concerning these two bulk formulae deals with the ehoiee of the

turbulent transfer eoelTicients. Ce and Ch- As Blanc (1985) reponed in his review paper on

transfcr coefficient methods. there is "no single. universally accepted bulk transfer

coefficient scheme", ln reviewing 10 bulk transfer coellieient schemcs published bctween

1973 and 1982. Blanc noted that "the most reliable bulk schemcs should be those ba.o;cd on

J: ~r~ wo..' obtaincd from the Canadian Climatological Atla., produeed by the AES,
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din:l.."lllhsl.'r\';tlions. 1::.: cddy-cllrn:latiun 111l.:asun.:rnenls". \"t..'\t.:rthc:h:ss. "\\1.: ha\'\'" IHl \\:J~

llf kll(l\\'IIl~ '.d1ich nI' tht..' hulk SChl:l1l1:S. if any. is CllrrL'c1. Thc.:n: an: almosi as many

urinions tlll rhl' suhjt.:cl as lhen: an: e:xpenmenralisls. Prw..lcIH':I..'. therl.:'rnn:. rl.:'Ljuin..:s that wc:

lakt:' ;. s'.:nol1s look il! the.: typtca! \\'orst cas...: n:sults in orJ...:r III rrnpc.:rly gaugt.: the: potcntial

seriousncss pfthl: siluation," For the pn:scnt study. Smilh"" (!9XX. 1l}l}O) formulations or
(',. and ('h were ehosen l''r they eonsi ..kred h<>lh lhe crl"cels 01" wind speed and air-sea

temperalure di l1"Crenœs. and yiel ..kd reasonahk \':liues ollhe eoellkients (i.e. nol 100 high

nor ton 10\'''- in cOl11parison to values llb!aincd with othc:r sehcmcsl. ~'1on:o\·cr. Ihis mcth".ld

\Vas hased on slrong experil11ental e\'id.:nœ using th.: .:ddy-correlation l11.:thod. and

cOlllpar"d weil with other sch.:m.:s. Smith us.:d lield dala n.:ar Sable Island (south ol"No"a­

Scotia l. which perhaps. 01" ail oth.:r .:xisting lield-deduœd transtà w.:Œci.:nts. r.:pr.:s.:nls

oce;lIlic conditions eIos.:st to thos.: encount.:r.:d during the summer in the (juil" 01"

SLLawr.:nœ.

ln Iigur.:s 5.9 and 5.10. hoth Oh and Oc \V.:r.: plou.:d as positi\'.: ';)r heat kaving the

l'ca surl:lce. Although Ih.:y dill"c.. in value. on.: int.:r.:sting asp.:ct regarding th.: Oh and Oc

tields is the striking r.:semhlan.:.: in th.:ir spatial distribution pauern throughout the ie.:-I"r.:e

season. More..".:r. this seasonaltr.:nd \Vas obserwd (hut not shown) to tollow e10sdy thm

01" the air-l'ca temp':rJtur.: dill"cr.:nœ throughout th.: GSL. a char.let.:ristie lhat was also

ohserved in a mueh larg.:r sca!.: heat tlux study by Hsiung ( 19~6). This can he heuer

appreciat.:d by looking at ligure 5.~. Ploucd on th.:se IWO graphs are the dependenee of

sensih!.: and lat.:nt tluxes of heat on both wind spccd and air-sea temperature !litTerenee

(air-s.:a difrercnc.:s ol"sp.:citie humidity are ploued for Oh' but it can be shown thatthis

tè.lllows very e10sely air-sea tcmp.:r.lture diITerences.). The monthly Oh and Oc values for

lè.lur typical rcgions of the GSL denote c1early a stronger intluence of ÔT than on U. For

example. assuming a mean state (i.e.: ôT =0 oc. ôq =1 glKg. U =6.5 mIs). perturbation

changes ol"±5°(" and±2g1Kg would result inôOcandôOh ofaround 55 W/m:and

60 W/m Z• respectivcly. while the heat tlux lines of the four areas tend to follow the isoOc

and isoOh contours wh.:n tor varying wind speeds.

Finally. Oh and Oc ranged between -20 to 100 and -30 to 80 Wm-:. respectivcly.

showing a tendency to increase during the summer and to reach maximum values in

November for both latent and sensible heat fluxes. which are of the same ordcr of

magnitude as the longwave baekradiation. Althoucll this seasonal variation is not as strong...... .... "-

as that orthe ineoming shortwave radiation. iL~ variability il' however more important than

that ofOlw.
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5.1.3 Net Surface "eat Fluxes

As Phillips (19R 1) reported in his book on the dynamics of the upper-ocean. ··!i,r

most dynamieal purposes in oceanography. the energy balance is important only in as far as

it determines the r~te of generation of buoyaney at the surface:' Consequently. this last

section is of eritical importance not only in understanding the seasonal evolution of the

CiuIrs upper-layer. but as an essential starting point for further studies on the dynamics of

the GSI. circulation. ciimate and biological properties. The net flux of heat entering or

IC'lving the sca surlàee is obtained by summing the four hcat flux components as follows:

One. = Osw - Olw - Oe - Oh

ln this algebraic formulation. the incoming solar radiation is defim:d positivc as it enters the

sca surface. whcreas. the remaining terms arc defincd positive as hcatlost is from the occan

to the atmosphere.

Figures 5.10 display the monthly evolution of the four hc:itfluxes and of One' for 4

areas of the Gulf. whereas figure 5.11 show the 7 monthly averaged Onet fields. As

Bugden (1981 ) noted in his box-model study. the usual seasonal cycle of net surface hcat

flux can bc observcd. starting with mocferate values ofOne. for the month of May. rcaching

a maximum around July and deercasing thereafter untiI the fluxes reverse. This occurs as

carly as September for sorne regions but during October-November for the entire Gulf.

Although the 0 nel fields of the present study have a belter spatial resolution than Bugden's

box estimates. they nevertheless exhibit similar monthly averages. Looking at monthly

fields of Onet (fig. 5.11) reveaIs interesting features eonceming the heat flux spacial

structure. Perhaps the first aspect worth noting is the overall "heterogeneity"' within cach

monthly field. For example. southcm areas (01. 02. 13 and 16) exhibit a net hcat loss in

Scptembcr while the rest of the Gulfis still gaining heat

Estimating the "quantitative" errors associated with this heat budget is extremely

di fficult to do. since several factors cause uncertainties in the hcat flux calculations. These

can generally be e1assilied as random (which decrease with the number of observations)

and systematic (Gilman and Garrett 1994). The random errors cannot he estimated in this

study for they require "simultaneously"' measured time series ofail parameters involved in

the calculations. As Gilman and Garrett (1994) report. "systematic biases in the

observations result from changes in the instrumental practices [and] are quite difficult to

quanti!)'''. Although grcat care have becn applied to the filtering and interpolation ofmost

quantities. a complete error analysis for the heat budget lies outside the scope ofthis study.
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Finally. during the lirst rhasc of this rcscarch. attcmrlS wcrc made to arrroximate

the net surlacc heat l1uxes m'Cr the (jSL with the widely-used Haney-tyre (1971) relation

CQn,"::: ::. CT. - SST) ). where (T. - SST) is th..: differenee between an "equivalent"

atmosrherie temrerature and SST. and t is some arbitrary monthly average eoel1leiellt.

This was lried for the 4 large areas employed by Bugden C198 1). using SST and Ta values

mentioned in charters 4 and 6. as weil as the surface flux values eomputed by Bugden-
~

C19X 1). The goal was to approximate the net heat flux with fewer variables. hence

rendering possible the ">rmation oftime series ofOne. anomalies. given the various dataset

lengths. ln trying to match Bugden (19SI) values of One. with the monthly means ofT. and

SST through a simple linear relation of the form Onet::: A (T" - SST) + B. no consistent

result was obtained l'rom one area to the other. or l'rom month to month.
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Chapter 6

Monthly Vertical Structure of the Upper-Layer

Thermohaline Fields (May to Novcmbcr)

Following. the description of the surface liclds (T. S and Chia) of the (iSL in thl'

previous chapter. wc will now examine the monthly evolution of the upper-byer vertical

thennohaline structure and related quantities. More preeiscly. c1imatologiealmonthly llepth

distributions of T and S will tirst be deseribed. tollowed by a discussion of monthly

averages of mixed-Iayer depth (MLD). upper heat content (I-1C) and upper-I:lyer statie

stability (E). Using the previously obtained surlàee heat !luxes in eonjunetion with:1 Icw

simple 1D ealculations (hcat dil1ùsion. MLD and stmtitieation) the scasonal evolution of the

upper-layer thennohaline tields (i.e.: T. MLD and p) will be diseussed. Finally. :1

preliminary study of the variability of some upper-layer physieal Iields (SST. MLD) in

relation with various atmospherie loreing (Ta. lUI. Qnet) will he introdueed,

6.1 Monthly Distributions of the T and S Fields with Depth

As mentioned earlier. the lirst procedure perfonned for this e1imatologieal amllysis

was to segment the oceanie database into 15 geographieal areas 1 and ealculate the monthly

means ofT and S obtained earlier by Petrie (1990). In doing so. a Iirst eomparison wou Id

allow us to validate the dataset quality as weil as to deteet any errors that eould Imve

occurred during the analysis. The second motivation for dividing the Gulf into subscetions

was to allow a sufficient number ofT and S profiles to be regrouped within the same arc:1

to produce. afler averages were computed. multiyear time series of monthly tcmpcr.lturc

and salinity anomalies at various depths2•

1: Areas 14 and 17 were exeludcd from lhe analysis for a few rea.'ons: 1- thcir s",.tio-Iemporal
eoverage is not very good eompared to the olher area.<: 2- sorne of the ..,sumplions made throughout this
thcsis do not apply thcsc eoa.'tal area.,: 3-bccause they eonstitute narrow and shallow regions of smaller
scales than the other area.<; in partieular. it is diffieult to determine whether the physieal processes
goveming the Gul!'s upper waters l'laya similar role in Northumberland Strait region.

2: This would render pos.'ible the study of interannual fluctuations within the GSL. Thcsc time
series have bccn produecd for ail section., at ail rcfcrcncc dcpths. but have not becn analyzcd statistically,
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Several investigators have /"('('('111h·3 studied the Gull's mean charaeteristies: Hu~den. -
( 1<JX 1) eomputed means of T and S for 4 large areas and 4 distinct vcrtical layers in the

(juil: Hugden ct al. ( 1<JX2) studied the influence of runoff on sea surface salinities: Vigeant

(I<JX4) produced SST maps l'rom ship data: and Petrie (1990) caleulated monthly-depth

c1imalologies ofT and S Il,r 1i (iSL subareas. Ho"ever. a complete understanding of the

average physic:lI and dynamical state of the GSL is not available. Hence there is a need I"r

a more comprehensive tempcrature and salinity c1imatology (Bugden. personal eommu­

nicalion). An aecurate description oftemperature and salinity as function ofdepth. time of

Ihe year and latitude-longitude. is imponant for many areas ofoceanographie research. The

caleulated lields prcscnted in this chapter arc bclieved to lorm the most complete and up-to­

date climatology produced for the Gulf (Bugden and Drinkwater. personal

communication). The overall charaeteristies observed throughout the Gulfs 15 monthly­

depth distributions ofT and S will lirst be diseussed. followed by an investigation of local

themlOhaline features.

6.1.1 Gulf-wide and Specifie Features

In regard to ocean temperature. the formation ofa distinct warm surface layer l'rom

May until Novembcr ean be observed in ail areas. Ils thiekness varies eonsiderably from

month to month (lrom 10-20m in May to around SOm in Novembcr) as weil as from one

area to another. The as.o;ociatcd SST maxima (usually oeeurring in July-August) range trom

around 17-18 oC in the shallows (arcas 12-15) down to about 10°C in upwelling arca.~ (05.

06 & 09) and as eold as 6-8 oC in the lower estuary (07). The presence ofa eold «2°C)

interrnediate layer (Koutitonsky and Bugden. 1991) below the mixed-Iayer is apparent

nearly everywhere. During the winter months. this layer mergcs with the upper one to form

a region ofeold water extending to the surface. FinaIly. below a depth of approximately

100 m. the scasonal fluctuations of temperaturc nearly disappcar. but strong interannual

variations arc present (Bugden. 1991).

For salinity. the vertical structure is Icss dramatie. showing a monotonie inercase of

S with depth. aeeompanied by a weak signature of the upper mixed-Iayer (weak in

3: ln the 1950·s. the work of Lauzier and eoworkcrs (Lauzier and BaiIcy. 1957: Lauzier ct al..
1957: Lauzier and Tritcs. 1958: and Tremblay and Lauzier. 1940) was probably the lirst =1 attcml'lto look
at the venienl and horizontal T-S structure in the Gulf of St.Lawrenee. Howcver. duc to the diffieulty in
obtaining the original manuscript.<. and sinee their rcsulL' have bccn largely ineludcd and summarizcd in the
rcvicw papers ofTritcs and Wahon. 1975. and. more rccently. in Koutitonsky and Bugden. 1991. only the
latter two will he aeknowlcdgcd.
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eomparison to Ihe tempemture pr,)lilcs). The surl:1CC and near surl:l",· annllal salinity "ydes

arc opposite to thal I()r temperJIUre (SSS minima occur in summ,-r) with a IYI'I"a! r.mge or

around 2 PSI:. e:"eept near the estuary (ClHnpared to about 1S '·C). The salinily minimllm is

strongly alleeted by runolT l'rom Ihe SI.LlWrence River and l'rom ils mai,)r tributarics. Il

oecurs at slighlly dill~rent limes I()r various locations duc l,) the relative dislanee Iromll,,­

freshwater sourecs. Finally. the boltom waters orthe CiSL. eh:lr.lelerized by salinilies or .\'

to 35 «150m). result l'rom the inllow or slope water Irom the Atlantic Ocean entering

through Cabot Stmit (Petrie_ 1990: Koutitonsky and Bugden. 1991). The Atlatllic waler

will discussed using T-S diagmms in section 6.1.2.

ln geneml. in regard to the seasonal evolution 01'1' and S al fixeJ depths. a colllmon

pattern may be observed: genemIly. surface Tare low in May. inerease to a sur"lec

maximum around August and cool down l'or the rest or the iee-free season: whereas.

salinity follows an opposite trend. At a depth of 30 m. the se;ISlmal range of temper.lIUre is

decrcased and its maximum oeeurs later (around October). where;ls salinity varÎ;ltions arc

even weaker. At a 75 m depth (50 m for the Shallows). both l'and Sare essentially

constant throughout the ice-free months. Typiea1 standard errors (Etron and Tihshir.lI1i.

1986: Umoh and Thompson. 1994) may be estimated by "/(n)'" (wherc (J is the standard

deviation and n is the number ofmonthly observations) and arc genemlly les-s than 1°C ;lI1d

0.4 in the upper 30 meters. for l'and S respectivcly (sec table 6.1 for typic;11 values).

Largest standard deviations oceur near the surface. but standard errors should be used with

caution in months/arcas with few observations sinee they depcnd strongly on n.

T 01 1 03
1

06
1 101 16 s 01 1 03 1 Il 6 1 10 1 16

June Om 0.371 0.361 0.471 0.41 1 0.41 Om 0.10 0.12 0.261 0.1 X 1 0.24
30m 0.34 0.29 0.15 0.2X 0.19 30m 0.07 0.06 0.11 lUI O.oX

r-'--
Aul,: Om 0.2R 0.29 0.36 0.37 0.27 Om 0.15 0.10 0.27 0.14 0.16

30m 0.41 0.57 0.26 0.39 0.22 30m 0.09 0.07 0.13 ~~II 0.09

Oct Om 0.34 0.50 0.47 0.76 0.52 Om 0.20 0.22 0.16 0.12 0.15
30m 0.51 0.55 0.34 1.00 0.79 30m 0.19 0.16 0.12 0.13 0.16

Table 6.1: T,''P,calslandard e/T()rs (OC & PSU) n/upper·layer monllr(,· T (Ie(t) a"cf S (rr~"tI tif t/I<' Il,,,
and al3(}m (tup & hUllom nl/mhers respecliveMlor .<ome arca.< (III. 113. 116. /fi and 16/ and m","II.,.

Regional features will be examined in a counterelockwise sense around the Gui f.

The tirst aspect ofinterest is the ditTerence in surface l'and S (SST. SSS) between section

01 (Cabot Strait - Cape Breton side) and 02 (Newfoundland side). In accordance with the

commonly believcd Ilow pattern (EI-Sabh. 1976) in the Strait. there is lighter surface
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waters Ilowing seaward near Cape Breton with a cotnpensating inllow of saltier waters al

deplh. which ex tends to lhc surface near i"ewfoundland (Koutitonsky and Bugden. 1(91).

Ailhough displaying simi lar pallems. the lirst graphs of ligures 6.1 to 6.5 (areas 01 & (2)

depict saltier (31 vs 30 in JlIly-Augllst) and slightly colder (14 vs almosl 15 oC)

surlilee summer waters tilr area 02 (Newloundland side of Cabot Strait). This seems to

suggesl the inlluence at the surface of shelf water advected into the Gull: as weil as the

arrivai of the maximum freshwater runolT near the Strait region by August (EI-Sabh.

1976;. Ar..:as 03 and 04 (Esquiman Channel. Newfi.lundland and Québec shores.

respeetively) display monthly T and S depth distributions analogous to those at Cabot

Strait. except that the cold intermediate layer (CIL) is slightly colder along the

Newfoundland shore than it is in Cabot Strait. It is even colder along the Québec shore.

This feature can be seen in the temperature graphs of areas 01 to 04 by following the 0 0('

isotherm: the tongue of"cold" water enclosed within this isotherm. going from the surlacc

(in Jan-Mar) and deepening in carly summer to lorm the cold intermediate layer (June and

July lor the Esquiman locations). A possible explanation lor this is the intrusion of cold

Labrador water from the Strait of Belle-Isle. Petrie ct al. (1988) suggested that up to 35%

of the winter intermediate layer waler could be accounted by thi; incoming eold watcr. Sea

surlace salinities show a slow but steady incrcase (1 to 1.5 psu) from arca 01 to area 04.

This monthly T and S depth structure persists in arcas 05 and 06. with only slight

di n'crenees in isotherm and isohaline locations from the prcvious graphs. A word of

caution should be added about these two rcgions (Jacques Cartier Passage. 05. and the

Northwest Gulf. 06). Important runoff effects. as weil as frequent occurrence of coastal

upwelling. constitute characteristic featurcs of the GSL north shorc. Furthermorc. large

eddying motions (Anticosti Gyrc: EI-Sabh. (976) associated with strong north-south T and

S gradients exist just west of Anticosti Island (arcas 06 & 08). These "sub-area"

oceanographic processes arc important for the overall circulation in the Gulfand. although

the T and S graphs for arcas 05. 06 and OS (and. to variable extent. in the other rcgions of

this study) give good indications of the average thermohaline state Iikely to occur within

these sections. one should also keep in mind the possible existence of local T and S

gradients ofscales smaller than the area size.

Regions 07 and OS arc distin-::tive since they arc influenced by a strong freshwater

surface pulse. Important vertical. as weil as strong horizontal. density gradients are

generated. leading to the formation of a major circulation featurc of the GuIf - the Gaspé

currcnt (Koutitonsky and Bugden. 1991). Although this research focusses essentially on

103



•

•

the Ciulfofthe SLL:l\\Tence. the T "nd S ,t"ti,tic, Il'r Ih,'I,"wr e,tua,,' (area 0-) \\,'1',' al,,,. .
eomputed "nd will he di,cu»ed hrietly...\:< expected, the upper "ater, Iher,' arc \\dl

,tratilicd. The monthly average SSS l'cache, a Ciull:"ide I"w "farnund 2(, in ~lay ..Iun,';b

a con,equence ofhigh ,pring runolTfrom the SL!.awrc",:e I{ivcr. Thc ,umnll'r SST j, l,,,,
duc to upwclling and the venical mixing with dceper "nd coldcr waler, \ l'<:tric, 1<)'10).

The,e cold and fre,h ,urtacc char.lcteri,tic, pcr,i,t into arc" os. hugging thc <j:l'pC coa,t a,

they move down,tream. hut arc le» dramatic thcrc in p"rt duc to mixing with ncighhouring

water, (areas 06 and Ol}). The central regions (Ol) and 10) ,how " wamleritresher >l,rl,\cc

layer in the summer overlying an intemlediate eold layer and deep sally hollom water,.

Summer SST/SSS condition, of area 10 arc ,Iightlv warmer/tre,her th:lOtho,e of "l'ca 0<)- . .
probablv hecausc of the inl1uence of the ncarbv Magdalcn Shallow, w:mn w:\Ier:< a, well"s- - -
the advection of freshwater runon'lrom sections 07-0x. Upwelling i, al,o hcli.:ved t" OCClll'

along the south shore of Anticosti Island, thus alTecting the surtace condition, of arca 0<)

by bringing calder water inlo the upper-layer. At the mouth of Baie de, Chaleur:< (Bd<' ­

area II), complex dynamical situations may greatly allcct the water nl;l» compo,ition.

Indeed, according ta prevailing atmospheric and occanic conditions, the Cia,pC ClllTent may

somctimes separate itscl f l'rom the peninsula and continue past lhe enlrJnee of the Baie,

weil into area II (and part of 12), or it may remain "auached" to the coast, lhus intruding

partially into BdC (Gan, 1995), ln general. both the Gaspé CUITent and nlllolT Irmn the

BdC contribute strongly to the time-depth evolution of the thermohaline st:\Ie of region Il.

Finally. the remaining lour regions (arcas 12. 13, 15 and 16) caver the Magd:llen

Shallows. There. the Gulfs warmest waters are found (monthly average SST ofan)und If>

oC in mid-summer - excluding again areas 14 and 17)4, A rapid deerease of lemperalure

with depth is also observed as it reaches 1°C. in some places al a depth of only 30m. in

June. Although the area is poorly sampled during the iee season (the correspondillg parts of

the graphs show indeed rather bizarre eonlour lines. or no data al ail). it is fair 10 say that.

as the net surface hcat flux reverses in the l'ail and the wind speed increases. most of the

water eolumn between 0 and 50 m becomcs well-mixed. The surface salinily for the arcas

12. 13, 15 and 16 is slightly 10wer than for the neighbouring sections of the central GSL

(09.10.01 and 02). This can he auributed to the fact that part of the Ircshwatertransported

l'rom arcas 07 and OS by the Gaspé current flushes the Shallows towards the Allantie,

Thc nex! S nages (fig 6 J-Sl djsn!;Jy the rnontb1y dçpth distribution ofT and S for Ihe JS "suai ilrC-dS.

4: Petrie (1990) repons that arca 17 exhibit the wannc:.1 waters for the GSL.
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6.1.2 Gulf-widc and Composit" T-S Rdationships

The: pn:viI..1ll:' SCl.:tilln. whidl disl,,:'ussc:d the: nlllnthl~ -d,.... l'th ,,!Jslnbuth'lb \,f

tc:mpc.:ratun: and salinity ;\lf 15 suh-n:gîl..ltl:' of the.: tiSL. rc\ I.·~lkd thl." 1..'\IS!f.."Ih:t..' llf

inh:rcsting hydn'lgr.Iphil.: ti:atun:s in n:latil,.'lt1 III the \ari"lUs wah:r t11~lSSI.·S 1Ilh.·r~h ..·11l1~ Itl thl."

Gulf and thc:ir rc:spcctÎn:' C\llluti\ln ""cr the: annual lo.:'ydc. :\nllthC'r 'l,:ry uSI,."ful \\~IY ,lI'

Ch~lrJ.ctc:rising the GSL a\"c:r:.l~C: watcr pn.1pc:rtics is 14,'1 plnl thl.." l."limJh,lhlt:,h..'al 11l\.·~ms lle
lemper.lture versus its salinity counterpart ,>n what is called a T·S diagr:lI11 ll'ickanl and

Emcrv. 1990). In thb secti'>n. T-S dia\:r.lms arc constmctcd fn'm c1im:n"I,'\:ical T and S. - .
values. tirst Il)r ail months. ail depths and the entire liul Land (hen in a c,'mpositl' 1;IShi,,,,

in order to depiet the property di fferences betwl'Cn winter and summer waters as wcll as

between three distinct vertical layers (0- i5m. i5-150m. and> 150m).

GIII/:\I'i<!" /.....(11/11",,-':

Figure 6.6 displays the charaeteristic T-S diagram Il'r the tiSI. hased ,'"

c1imatologieal values of T and S deseribed in the previolls section'. Althollgh sever:ll

researehers havc. in the pasto studied Ihe ll,rmali,'n and evolution of the variolls water

masses of Ihe Gulf. il Sl'Cms Fom-sler (1964) was one of Ihe lèw 10 pnxlnce snch T·S

plOLs for Ihe GSL. Figure 6.6 was compared to Fom-sler's original tempcr:llure-salinity

relalionships and examincd 10 gain more insight inlo Ihe ori~in oflhe GuIrs walers :LS weil

as thcir winler-Io-summer and surface-Io-depth dil1èrenel-s. The lirsl importanl aspc'CI.

lound on Ihe lower righl corner of ligure 6.6. is Ihe obvious presence of a weil dcline,(

sally (33-35 rslJ) and dense (OT:: 26.5-2ï kgm-3) waler maSos whose lempcmlures v:uy

bctwecn 3 and 6°C, This es.scnlially conslÏlUlcs the dl'l'Jll-sllayer of the Gutfand is Iyrieal

o,'lhe Atlantic walers near Ihe Seolian Shdfcdge (Petrie and Drinkw.ller. 1993). Allhe

very base of Ihe same ligure. the eoldest tempcralurcs lound in the GSL chamelerize Ihe

CIL. As described cartier. the T and S values range l'rom 2 10 -1.7°C and 30 to 33.

rcspectively. Finally. the cloud ofscallered T-S values filling-up the rernaining space on Ihe

graph rcprcsenl thc surface waters of the entire Guif over the annual cycle. Thl-se T-S

points cover a much wider range of lemperaturcs and salinitil'S as 0PPOSl'd ln Ihe

intermediale and deep Iayers beeause of the different rcgional featurc'S of Ihe Gulf

(upwelling. nmoff. etc.) as weil as the mueh larger influence ofatmosl'herie proccs.-.;c'S.

5: Composite l'-S di.gr:lln.• for the t5 sections W<:Tl: .Iso eonstTUeted from Un:lVl-ragcd l'·S values.
but not included in the th""is since thcy yicld.-d similor l'-S rcl.tion.·Jlips to the c1irnalological ones.
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Sp'.!Cilic Feu/lires:

Wc now eXlend Forresler's (1964) approach :md 1i.1rI11 12 T-S suhdiagrall1s

according 10 Ihree lime periods (Feb-Mar. Jul-Aug. and ail year) and I,'ur deplh

segmenls (0-75m. 75-150111. 150-...m. and ail deplhs). The IWO seas'1Il:11 eXlre11les

(summer and winler) as weil as lhe lhree dislinel GSL layers (deep. inlemlediale and

surface) arc c1early dislinguished in ligure 6.7. In lhe tirsl column of lhe ligure. the Illur

deplh-based c1imalologieal T-S diagrams lor lhe momhs of February aud Mareh arc shown.

The previously discussed Allanlic waler mass is shown in lhe deep layer panel. A mlher

similar rclalionship helween Ihe 75-150m and Ihe surlàce masses can bc observed Irom Ihe

firsl Iwo graphs. This further conlirms Ihe facl Ihal Ihe summer surtàee layer evenlually

cools down sufficienlly in Ihe tàllio merge almosl complelcly wilh Ihe inlermediale layer

during Ihe winler. Evidenlly. Ihe July-Augusllempcralurcs and salinilies of lhe 0-75m I:lyer

exhibil a much warmer and broader T-S envclope (as depicled by lhe tirsl pancl on Ihe

middle column of fig. 6.7). bUI show liule change for Ihe imermediale and deep layers.

Indeed. there are only slighl T-S varialions in Ihe inlermediale and deep layer di:lgr.UllS

between February-March and July-Augusi (Ihe Iwo middle panels of the tirsl :md seeond

column of figure 6.7). This is in agreemenl wilh Ihe idea thal Ihe seasonal eycle of lhe

atmospheric forcing alTeel~ almost exclusively the upper-layer and Ihat walers bclow :tn:

likely to he influeneed solely by extraseasonal fluctualions (Bugden. 1991). In geneml.

thesc T-S rclalionships agrce well with those produced much earlier by Forresler. hui have

the advantage ofc1carly distinguishing the di fferent T-S eharacteristies related 10 the lhree

ehosen vertical layers.

Transitiona! Areas Sugge.~ted hy Pingree and Griffith.,' (/9XO):

One interesting aspect concerning the elimatological T-S relationships is the ability

to eharaeterize water mass changes from ycar to year and/or within certain regions of the

Gulf. One sueh example. whieh is of particular interest to both physical and biological

oceanographers. is the shallower area of Jacques Cartier Passage (JCP - see fig. 6.8).

between Havre St-Pierre and the northwestern end of Anticosti Island (from here on.

denoted "JCP arca"). Pingree and Griffiths (1980). using the Simpson-Hunter (\ 974)

approaeh. defined zones likely to be influeneed by tidal mixing. The JCP arca was

c1assified as a frontal region (S < 1.5 - see Pingree and Griffiths. 1980. for a definition).

dcspite a M2 tide ofmodcst amplitude throughout the GSL. However. this classification

was solely based on the results of a M2 tide mode1. henee surface buoyaney fluxes
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and wind mixing effeets were not taken int(. ·Jeeount. In 1:lel. Pingree ct al. (197X) n<'l,' lhal

wind mixing is sometimes more effective than tide alone in sctting up "eni.:al .:ir<:ulati,'ns.

For example, there may be situations where the wind pat~ern (dir.:<:tionl w"llld h.:

làvourable for upwelling but the intensitv of the assoeiated wind stress too weak t"

overeome the ambient upper water stratilieation. In this case. the addition oftidal mixing.

may be sumeient to destabilize the water eolumn and induee upwelling. events (l'ing.rcc ct

al.. 1978; Pingree and Grilliths. 1980). ('onsequently. wc will Iirst look al T-S

relationships in the JCP area for the months of June to September :lI1d compare Ihem to the

monthly averaged ones ofarea OS. Monthly averaged temperature and S:llinity prolilcs will

then be examined.

The 4 middle panels of ligure 6.8 display T-S rc1ationships in the JCP area ",r the

months ofJune. July. August and September (individual T-S observations arc denoted hy

the small eircles: also shown are the monthly averaged T-S relations Iè.)r that seetor - thin

solid line - as weil as the eorresponding monthly climatologieal T-S relation Il)r area OS ­

thiek solid line). Coneeming the surfaee tcmperatures. those in the JCP area arc genemlly

coldcr than thc monthly avcragcd SSï ofdrea 05. and this temperature dilTerenee inere:\ses

l'rom June to September. i.e.: SSTJCP is approximatc1y 1°C colder than SSTn5 in June. 2°C

to 3°C eolder in July-August. and even colder (< 5°C) than SSTn5 in Septemher. For the

salinity. June surface values are mueh fresher in the Jep area than in area OS (-1 l'SU). hut

SSSJCP are approximately only 0.5 psu fresher in July-August. such that the situation is

completely reverscd in September where SSSJCP are roughly 1 psu saltier than SSSn5.

These surface temperature and salinity differences ean be translatcd into surlàee density

di fferenees as followed: in June. surface waters of area 05 are heavier than those of the

JCP region (-I kg/m3). whereas in September. sea surfaee density of JCP area is

approximately 1.5 kg/m 3 Iighter than that of area 05: during July-August. surlàee waters

roughly have the same density. At a depth of 50 m. monthly averaged water ch:lmcteristics

ofboth JCP region and arca 05 merge into one common water type (T~llm - 1° to 2°('. S501l1

- 32 to 32.3 psu). Il is dimcult to say that the waters in shallow region of Jacques Cartier

Passage are "well-mixed" by looking at these T-S diagrams. Although the monthly T-S

properties of Jep area for the 10 m to 50 m interval are in general more tightly
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c1usten:d than the c1imatology or area 05. the water mass eharacterislics arc highly yariahk

throughout these 4 months. and T-S properties lhere arc also cxpected Il' he intluellced

(hence aliased in terms of the T-S data used here) by episodic processcs (synoplic. lid:lI.

etc.) ofsmaller tempoml scales lhan monthly means (Bourque and Kclley. 1')<)5),

Looking at profiles of tempcmturc and salinily allows us to inycstigalc thc dcpth

depcndencc thesc properties. hencc as-'e-,-, more ea-,ily the degree of yertical mixing (Figure'

6.9 shows monthly avemged T and S proliles for June. July. August and Septemher. for

both the JCP region and the area 05). In June. both TJ(,I' and SW1' proliles follow c10scly

the area 05 c1imatology for the lower -,ection on the \Vater column (- :!5 m to 50 ml.

However. the mixed-Iayer of JCP area i-, much shallower and more strati lied tll:1n its area

05 counterpart. The situation changed during the July-Augu-'t period. when the upper 10 m

of JCP region is still more stratilied than area 05. but the lower portion or hoth T and S

profiles arc now more vertically homogenous (more homogenou-, than they were in June.

also more than those of area 05 for July-August). Finally. in September. the upper-layer

situation is now reverscd such that upper waters ofarea 05 arc more -'trongly -'IMi lied than

in the shallow region of Jacques Cartier Passage. Even more intere-,ting is the degree of

vertical homogeneity ofboth the tempemture and salinity profiles of JCP scetor: they show

differences ofonly - 0.6 PSU and - 3°C between la m and 40 m. This season;11 vari:uion

may perhaps be explained as follow: in the carly months of the ice-free scason (May. June)

the surface waters near the north shore are strongly stmtilied beeause of the runoll' l'rom

neighbouring rivers (Koutitonsky and Bugden. 1991). Moreover. during this time. the

winds are decreasing and the surface hcat input incrcasing. both contributing to a shallower

and more strati ficd upper-layer. The effects of redueed winds and increased surface heat

input continue on in carly July but this trend socn reaehes an optimum (minimum winds

and maximum heat input) and starts reversing in August. Mcanwhile. runoff l'rom rivers

has deercased l'rom its June maximum (Bugden. 1981) such that. in September. increased

winds and decreased surface input of heat and freshwater work together to weaken the

stratification and favour vertical mixing. In comparison with the climatology of area 05.

one may argue that the river runoff should innuence more strongly the eoasta! JCP area

throughout the 4 analyzed months. Assuming that the wind mixing and the surface heat

input are similar for both areas (JCP and 05). the more vertieally "well-mixed" conditions

observed in JCP arca (during August. but mainly in September) couId be the result of
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combineù tiù,llmixing and coastalupwdling. as proposed by Pingree ,md 1iri rtiths ( l'ISO).

Finally. since it was also postulated by Pingree and Cirirtiths (l'lSO) that locally innc'asc'd

tidal mixing coulù result in inereased biologieal pn>ducti\"ity. it is interesting ln comparc'

monthly a\"eraged surrace chl"wphyll d,na ri.>r both area 05 and lhe shallow /011l' ,,l'
Jacques Cartier Passage. The results displayed in the table bdow show a marked increased

in surlaœ Chia (onen indieati\"e or increased ptimary biological pwdueli\"ily: ) l''r.ll"l' area

in eomparison with area 05. Although it is impossihle to !ruly assess the prnportion or

inereasell Chia values ùireetly rdated to increased winù and lidalmixinJ.:. the shall,'w mne

or Jacques Cartier Passage seem to ha\"e more la\"ourahk conditions t',r primary

production.

May 1 June 1 Jul, 1 :\u~. 1 Sept. 1 Oct.

AREA OS 1.71
1

1.20 '1 159
1

1..12 12.9~ 12. LI
-----~-- ._- -~-----

KI'Are:\ -l..lS 1:!.~'5 --12.53 1 :>.nn i 4..'3 ! 4.4~.

6.2 Climatology of Mixed-Layer Depth. Heat Content and

Upper-Layer Static Stability

As mentioned previously. the upper-layer of the ocean plays a eentml role in the

storage and exehange ofenef!.'Y with the atmosphere and the waters helow. as well:1S hcing

oferitiea! importance for the primary biologiea! produetivity (Piekard and Emery. 19\}O;

Mysak and Lin. !990). Three important physieal quantitics onen used to deseribe the

energeties and biologieal relevanee of the upper ocean are the mixcd-Iayer depth (MLD). the

heat content of the upper water column (He) and the upper-layer statie stability (E). This

section btiefiy explains how thcse values were eomputed and dcsctibes their eorrcsponding

monthly e!imatology for the 15 arcas in the Gulf during the ice-Ii'ee months (May to

Novembcr inclusive).

First. the heat content has been ealculated for the upper 100 meters of the entire

Gulfexeept for the live arcas covering the Magdalen Shallows (11.12.13.15 and 16)

wherc it was donc for the lirst 50 meters l'rom the surface. As bcforc. caeh profile (pcr area

and per month) were used to compute an upper-layer heat content value. and monthly

averages were then produced for eaeh of the 15 GSL regions. The quantity He was
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nbtained by
IIHI

HC 1""'=' C Td=fi," J Pl'"
"m

whcrc r.C!, "'l"lT.S.= J. 1'.s={I= 1and T is in oK

and the integmtion was perlormed using Simpson's Rule (so thatthe error is O[dz; xT.... ].

where T.... is the 4th derivative ofT: Kincaid and Cheney. 1990). The empirical formulae

used lor the heat eapaeity and the density of sea water were obtained direetly l'rom the

UNESCO algorithms 6• Comparisons were donc with H.C. calculated with a constant hea!

capaeity (4025 J kg-! °K·I) and rcsulL~ did not change significantly.

The delermination of the mixed-1ater depth is. in itscl!: mther diflieult and

subjective (1im F. Priee. W.H.O.I.. personal communication). If the ocean behaved as

nieely as the sehematic pietures of chapter 2. than the MLD eould be dedueed easily.

However. this is onen notthe case: the upper few meters are not a1ways homogenous. and

the sharp tmnsition zone (thermocline. or pycnocline) may not neccssarily be weil dcfined.

The motivation for using T alone is now explained. The first diflicu1ty arosc l'rom the 10m

vertical resolution in the interpolated datase!. Given this rather coarse resolution (in terrns

ofmixed-Iayer depth). wc hope that. in processing a large enough number of profiles. the

rcsulting average MLD would tend to the real one. for wc could only assess within what

10m interval was the MLD (i.e. ± Sm). Consequently. using T profiles alone has a net

advanlage in that there are far more "valid" temperature profiles in the databasc than there

arc density ones (because the profiles of density required both T and S to be present

simultaneously). The next step is to asses..~ whether T alone is a valid candidate for

deterrnining MLD. While bath T and S contribute to density. during the winter months (and

carly spring), stratification is mainly dominated by salinity elTects. However. during the

warrn scason. this situation reverses such that upper-layer temperature and density profiles

strongly covaricd. This may also bc apprcciatcd l'rom a buoyancy flux point of view (B. as

defined in chapter 2). since B depends more strongly on thermal elTccts during the summer

conditions (Gill, 1981). In addition. aner ''\ isualization" (and intereomparisons) of ail

interpolated T. S (and density. when present) profiles in the database for the ice-free

6: (Rer: Millero eL al., J. Geophys. Res. 78 (1973),4499-4507: Millero, et al (1980) Dc:e:p-Scl
Res., 27:1.255-264: Millero and Pois.o;on (1981), Dc:e:p-Scl Res., 2& pp 625-629. Above rer=ces are aIse
round in UNESCO report 38 ( 1981 »
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period, wc eonduded thattempermun: "'a~ indeed a repre~entati\'c' "Irac,'r" "r"h"", dcc'I' i~

the upper 'well-mixed' layer" in the iee-rree month~.

The Iinal ~tep eon~i~ted in linding an appropriate "themla\"' criterium dclining Ihe

ML ex!ent. Several ~ueh ~eheme~ ha\'e becn u~ed in the pa~t: DcI:lt1t. aCCllrding to \\'yrtki

(1964) u~ed a eritiealte'llperature grJdient of O.O~ o("/m to detemline the depth of the

thermodine, while Wyrtki eon~idered it~ depth to corre~pond with a 0.5 oC change from

the surlàce; Bathen (1972) used a stati~tieal method eombining both a tempcr.llurc departure

from the surlàee and a critieal T gradient: Levitu~ ( 19S~) used a net tempcmture change of

0.5 oC Irom the surlàee in eombination with a density departure (Irom the ~urt'Icc) of 0.1 ~5

kg/m·l ; Lamb (19S4) dclined the MLD base to be the level where T was less than 1°(" Irom

the surlàce, whereas Rao et al. (1989) delined the MLD as the depth where T W:IS le~~ Ihan

1 oC from the 10 m value; Lukas and Lindstrom (1991) eonsidered l.:r:ldient~ of

temperature, salinity as weil as density to determine the depths of themlOeline, halodine

and pyenocline, respectively.

ln this study. we compared 3 temperature-based methods 10 deline the ML!): a

dT/dz criterium, as weil as two schemes based on temperJture Irom the surt'tee. The~e

methods (defined below) were applied ta ail complete (no data gaps within the upper 100

m) tempcrature proliles.

MW, - =_.. (ur 1<1:1...,)

MLD.- = (T -T '1"(')• (01 c.)

MLD,- = ",(TCll)-T(ll ~2"l:.)

Upon examination of these rcsults. we eoncluded that the T gradient method was

not appropriate sinee it was more representative of the middle of the therrnocline. and not

the extent of the mixed-Iayer (and hence probably yielded too deep MLDs). Consequently.

we opted for the 2 other methods. noting that. although these yiclded rcasonable mixed·

layer depth estimates. they exhibited the same seasonal cycle (slow shallowing followed by

more rapid deepening) as that obtained by the gradient method, Finally. we defined the

base of the mixed-Iayer. for the ice-free months. as the depth wherc the temperaturc was

1°C Icss than the SST (same criterium uscd by Lamb. 1984)7. Monthly mcans ofMLD will

be displayed in figure 6,12. whereas their monthly standard deviations as weil as the

7: It is informative to note that Lamb, 1984. in a c1imatological study of the MLD in the nonh
Atlantic. was faecd with the exact same problcm. i.e.: the use ofT alone in determining MLD due 10 too
small a numbcr ofS profiles.
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number orT profiles used to compute it arc prescnted in the tollowing table:• June July : August Scplc:mhcr Octohcr i Novc:mocr

•

, ,
(JI II.X (~:') i.n {:~q i 5A (20) j 2.0 (21) '4.7 (27): 5.9 (IX) i IX.Cl (':\1)

112 14.2 (24~. 6.'1· t2(1); 4.6 (19;T2.2·-(2~;·I·~.~-(;I)F.l-(i7)lls.1I(35)

113 15.11 (14) ; 6.1 (23); 4.4 (23)[ 5.2(24)[ 5.4 . (23) :-1;:5 (16;lIS.1I (2SI

~14 ... .'4.S~L"l) I~:"_ (2~)-r"4.3-(201f4:4~2J;TM -(~;ÎI3.2·;19)ll"i.1I (25)

liS 15.2 (12) 13.s (19) 1 1.9 (II) 12.1 (16) Is.3 (12) 111.5 (II) 1-;'3.1 (26)

~~- ·ù. _-;I1)J~.;;-;-16) 11~7"<'1~) L2:..!_(':~ 5.2._L!..'JJ ~.2 .1.13.). L21.~_ (~7i
117 .-l.S.~~ld...!.'2 .. (Is.U":.?_. (21) 12.1 (15) 16.4 (14) Il.1..2.....J.~LI.:!.:.I... (~
liS 5.1 (19) 12.7 (30) 1LS (26) 13.11 (27) 15.9 (33) 113.2 (23) 120.9 (29)

l~;· . 12:;;( 1311 ~.o' -;'ls;1'~5 ' ..(6)13.7 .t.' ~>.I5:0 .. (9_) L'3.6_(~)1~9:;jio~

10 ....l\.~. (.':'d.5.n . (16)J:!'. t..1~LI3.2_~U:..S_~~~.~~~~-l.(~9J
~._~.(21) i 4.1 (2S) 12.1 i23) 13.6 (23) 14.7 (30) 113.6 (1.9.!.L:~·:..(S)

12 6.2 (IS) 13.4 (20) 12.2 (15) 12.1 (22) 14.0 (24) 1 S.II (II) 1195 (l'Il

13 S.6 (14) 14.5 J~~_~ U (7) 135 (12) 17.0(5;1~7.7_~~)
15 3.9 (Sl!2.S (14)lu (5)11.4 (10)14.0 (14)17.3 (6)116.5_(~Sl_
16 55 (19) 14.1 (22) 12.6 (12) 11.5 (21) 14.4 (17) 17.7 (10) 115.6 (14)

Table 6.3: "'ftJnt"~\' ""LD stundard de\'lutwn.'i. (ni: /(tlO and numher (~f T p"!llIe... u.',,·d (III l'aren/lu.....'... ).

ln geneml. standard MLD errors mnged from 1m to 4m roughly (and exceptionally up to

Sm in Novcmber). with the minimum monthly mixcd·layer variance observed in August.

and eorresponding. on average. to shallowest MLDs.

The static stabilityS (El is a measure ofocean stratification. It is very similar to the

buoyancy frequency (N). but it includes the additional effect.~ of compressibility. In this

study. E was calculated directly from the monthly means of T and S. according to the

following definition (Pond and Pickard. 1991):

E=-..!.ÈE._~.
p dz C-

where g is the gravitational acceleration. and C is the speed of sound. Although the

compressibility em~cts (as expressed by the sound speed terrn) were rather small. they were

nevertheless included in the calculation. Since E is not an integrated value. like HC. but

rather depends ofvertical density gradient. several versions of il may be calculated (e.g.• E

S: Although E WlIS defined ..' evnporation in ehapter 2 (in GiII·s. 1981. definition of surface
buoyancy flux). il' vnlue has not becn eomputcd in this study. Conscqucntly. to follow the notation of
Pond and Piekard (1991). the ,'tatic stability is dcsignatcd by E.
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al the surface: E aeross the theml0dine: E maximum. etc. l. hlr purpose ,'1' ,'ol11l'aris"11

with the JGOFS data (sec ehapter ~ and the appendix l, thrce variaI ions ,'1' 1: ha, e Ocl'n uSl'd

to deduee area-based monthly dim;ltologies. namdy: E".,,, (lhe slalie stahilily e"l11puted

between the surlàce and a deplh of ~O ml. E", Il (E eompuled al ;1 depth ~ m hclow the

mixed-Iayer) and Ema, (the maximum E value of the water eolumn). The lirst parameter

(ElI,~lI) provides a mean of determining how stable arc the surlàee w:lters thwugh,'ul the

GSL (while neglecting the eflècls of cUITents). The second par.lmeter (E'II Il) me:lsun:s thl'

ability of deeper waters to be entmined into the mixed-Iayer. En"" usu:llly Cl'ITcsp,'nds tll

the middle of the thermocline, and has seasonal lèatures (minima. n1:lXil11;l. regional

distribution. etc.) vcry similar to those of E'lIll and ElI,~lI.

Gulf:wicle Fel/fUres

Figure 6.10-1 1 display typical monthly evolution - May to Novcmber - li'r the

mixed-layer depth. the upper heat content and mixed-Iayer stati<: stability in sorne rcgions of

the Gulf (northeasl: area 03: northwesl: area 06; centml: arca 10: :lnd southem GSI.: :lrea

16,). In general, the mixed-Iayer remains deep until the ice cover disappears. but it

undergoes a shallowing trend during the lii"St3-4 months of the ice-free season. The MLD

values range l'rom 5 m to 15 m during the Junc-August period. As expceted. ;md observed

elsewhere in the open ocean (chapter 2). this period of shallow MLD corrcspOlllls to the

Gulfs weakest wind regime (chapter 4) and strongest net heatl1ux (into the ocean. ehapter

5). Afterward. inereased wind mixing. along with a decrcasing surlàce heat l1ux deepcns

the MLD throughout the Gult: ln regard to the hcat content of the upper waters. it depends

directly on the c.xtent of the mixed-Iayer as weil as iL~ tempemture. Consequently. whereas

the MLD remains rather shallow during the carly summer. its waters waml-up. As a rcsult.

HC values over the Gulf exhibit a steady increase until August-Septembcr followed by :1

decrease during the last months of the ice-li'Ce season. Again. a distinct seasonal cycle is

evident for the mixed-Iayer stutic stubility (EMI.O). wherc values arc minimal in M:lY. bUI

incrcase to reach maximum stratification values in July-August. and decrease again untilthe

end of the ice-free regime. The lower 4 panels of fig. 6.11 show typical monthly-depth

distributions ofstratification (E). again for arcas 3. 6. 10 and 16. From this. wc notice that

the seasonal variation of Emu strongly follows that of the thermocline (just bclow the

MLD). Le.: maximum E values are shallow for the first part of the ice-frce scason (1501 to

2501) and decrcase rapidly during the August-Novembcr period. morcover, Eona• values arc
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maximum in July-August and stratilication is wcaker throughoutthe water column during

the early and late months of the ice-free scason.

Specifie Feulllres

While ail arcas on ligs. 6.12-15 show comparable seasonal cycles of MLD. He and

E. subtle difièrcnces can be obscrved concerning the extreme values ofthese variables. as

weil as their time ofoccurrence during the ice-free season. For upper hcat content. regions

covering Cabot Strait (01 & 02) show. on average. maximum HC values throughoutthe

ice-free months. Minimum HC values are usually obsel ved in the Estuary and the Gaspé

Coast areas (07 & 08. as weil as 05 and 06 for most months). This is in accordance with

the rc1atively shallow MLD and cold surface waters. One interesting point is the warmer

August-to-Oclober upper 100 m on the Cape Breton side (01). likc1y to be the result of

outgoing waters from the Shallows and central GSL. In general. the maximum HC occurs

in August-September. except for area 05 where the largest HC happens in October. The

seasonal cycle of the upper heat content c10sely follows that ofSST. Finally. as wc shall

sec in the next sections. although it is difficult to infer any useful information from the

absolute HC fields. it is the rate of change of the upper heat content (dHC/dt) that is

imponant in examining the heat budget. henee the thermal structure. of the Gulf upper

layer. Regarding the MLD and E0-30 lields. they appear to eovary closcly for most months.

For example. during the lirst half of the iee-free season. the western region of the Gulf

(areas 06. 07. 08 & II) exhibits shallow mixed-Iayer depths as weil as strongly stratified

upper waters (mostlikely the rcsult of frcsh water runoff from the Estuary and the Baie des

Chaleurs). Funhermore. when eompared to the Shallows areas (12. 13. 15 & 16) the

northcastern regions of the Gulf (02. 03. 04. and 01 for sorne months) are eharaeterized by

deeper MLD and weaker E0-30 values for the June-August period. In general. the grcatest

(intraregional) MLD variability oeeurs during the carly and late months of the iee-free

scason. while mixed-Iayer depths are rather shallow and relatively similar throughout the

Gulf(exeluding the Estuary - arca 07) in September. Finally. the upper-layer statie stability

patterns of most arcas are in agreement with the eommonly believed scenario of a fresh

water pulse originating from the EstuarylBaie des Chaleurs and being slowly adveeted

through the Shallows towards Cabot Strait (Koutitonsky and Bugden. 1991).
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• 6.3 Seasonal Evolution of the Upper-Layer Thermohaline

Structure

ln this section. the seasonal evolution of the upper-I:tyer thennohaline ticlds arc

investigated using simple 1D calculations. First. a ;llodilied vertical heat dillilsion modcl

with parametrized eddy dilTusivity is devcloped and used to examine the monlhly

temperature-depth lields of the upper 100m. Then. the mixed-Iayer depth seasolml evcle is

analyzed in the context of wind mixing and surface heat l1ux elTeets. Finally. the

stratilication of the upper SOm for the iee-free period is ealculated. and ils monthlv rate of

change is compared with thc el1i~cts of surface wind mixing and heal input.

6.3.\ Modified 1D Heat Diffusion Mode\ with Parametri:r.cd Vcrtical Eddy

Diffusivity

As a result of various atmospherie and oeeanie proeesses. the upper-layer thennal

structure (during the iee-free season) provides uselùl inlormation aboutlhe oce:lI1ogmphy

of Gulf of St.Lawrenee. For example. it is a use fuI indieator of the mixed-Iayer depth Illr

most monthslregions. It also provides important inlormation about the stratilieation p:I!tems

throughoutthe GSL (minima. maxima. spatiotemporal distribution. etc.). whieh is of great

value when studying near-surface biological activity. However. as explained in ehapter 2.

its structure is the result ofseveral processes occurring on very short time seales (hours 10

days). Consequcntly. duc to the lack ofcomplete and unaliased timc series. it bceomcs very

difficult to accurately study its temporal evolution. Nonetheless. Umoh and Thompson

(1994) proposed an original approach to this problem. In modifying the thermal dil1ùsion

equation (Umoh. 1992) and using a parametrized vertieallurbulent dilTusivity (K v). they

were able to incorporate several oceanographie features into a simplified 1D model. while

using only monthly temperature and surface heat Ilux data. Following their approach. wc

developed a similar heat diffusion model and. with sorne additional approximations. wc

applied it to the GSL upper-layer T fields during the ice-free months. The model is now

brielly described with a discussion of the resulL~ obtained. Model limitations are also

discussed. The thermal structure is assumed to obey a simplified heat equation of the form

(Umoh. 1992)

•
a ( aT)= az K.(7.l) az +
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where Ky is the vertical turbulent diffusivity. and thc brackcted right-end tenn eonsists of

the remaining proeesses not exp1icitly modelled (horizontal diffusion and advection.

upwelling. etc.). To estimatc this "source-sink" tenn". Umoh and Thompson (1994)

derived a method in which thcy related the term to the imbalance between the net surface

heat nux (One,) and the local heat stomge mte (dHC/dt). ln multiplying the heat equation hy

(r cp) and integmting it l'rom the surface to sorne depth (I00m in this case). wc obtain the

following heat budget equation (Fmnkignoul and Reynolds. 1983).

{

:IC.I"cction
aHC aT u...
-- - 0 = - pc K -1 -pc J ho,,,. d,llus"," }d7.at "" r 'OZ r .

4 IINhn IIMI upwclling. ctc..

III #2 #3 #4

in whieh the tenn # 1 represenls the heat imbalanee. and the term #4 includes the heat nux at

the bollom as weil as the depth integmtion of various effects (advection. upwelling.

diffusion. etc.). With propcr estimation of the bollom boundary condition (cither setto zero

or cstimated) this relation represcnls the "depth.integrated" hent imbalance corresponding to

the tenn #4 of the hcat budget equation. Figure 6.16 displays the relation between dHC/dt

and Onet for various locations in the Gulf. From the main groph. wc rcalize thal. although

the heat storage rate is very weil correlated with the net surface heat nux. there remains

sorne regional/temporal discrepancies l'rom a "perfcct zero" difference. as denoted by the

departure l'rom the correlation slopc as weil as by the variability shown in the top left pancl

of figure 6.16. However. various spatio-temporal redistribution sehemes (e.g.: maximum

at the surface with an exponential decay with depth: maximum in May with a slow decay

during the summer ofthis heat imbalilllee: etc.) were tried and did not significantly improve

the simulations. For this rcason. the effects of the "hcat imbalance" related proccsscs (tenn

#4 ofthe hcat budget cquation) have becn not becn includcd in the following results.

Conceming the model. one of iL~ attracting features is the parametrization ofvertical

turbulent diffusivity. Umoh and Thompson (\994) realized the importance ofseasonally

varying Kv and proposed a parametrization of the form Kv =Ko( 1+aNP).I. where N is the

buoyancy frcquency and a.p are IWo adjustable parameters. Later. in a study ofair-sea heat

fluxes on the Newfoundland Shelf. Umoh et al. (\ 995) tried to include the mixing

9: Although we tcstcd the same fonnulation as Umoh and Thompson (1994) in the GSL. we found
it did not signilicantly improve the simulation rcsulls and. for rcasons that will he explaincd in the text.
dccidcd to ncglcet ils effccLs. Conscqucntly. the rcader should rcfer to the original manu.script of Umoh
( 1992) or Umoh and Thompson ( 1994) for a complete dcrivation.
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Th..: tirsl two sch..:m..:s arc th..: samc as thos..: lIscd by Ul110h and Thompson (19941. Th..:

third paramcui7.ation (l11cthod 2) was dc\'c1opcd rrom a constant str~'S.~ layer approximation

(Oak..:y. 1985). in sllbstitllting thc TKE dissipation. 1:. in K, =d4N~ (Oshom. 1980)



• by 1: = U• .\ / kz (O~key. 19X5: Anis ~nd Moum. 1995). Consequently. K, ofmethod 2

w~s p~r.Imetrized ~s ~U·.\ / 4k N:!z. where U•• k ~nd N ~re the wind friction ve!ocity. the

buoy~ney rrequem;y ~nd the von K~rm~n's const~nt. respect;vely. ~nd ~ is the only

~djust~ble p~r.Imeter. whieh m~y be thought of~s ~n "enh~ncement" p~rameter to ~ccount

l'or the const~nt stress sc~ling discrepancies near the surrace (Anis and Moum. 1995). This

approaeh has a rew advantages over those proposed by Umoh and Thompson (1994) and

by Umoh ct al. (1995): tirst. it involves only one adjustable parameter. a: also. it is derived

directly l'rom turbulent boundary layer theory (assuming a constant stress layer): tinally. it

incorporates the wind mixing errects via monthly averaged values or 12hourly U··'time

series. which is more representative or mixing than the 2nd or 3rd power or the month1y

avemged wind speed (sec chapter 4 l'or details). Conceming the implieit detai1s or the

mode!. they are similar to those of Umoh (1992). namely: the heat equation is expresscd in

linite dirrerence rorm using a stable. second order accurate. seheme (a.k.a. Crank­

Nicholson - Kineaid and Cheney. 1991) on 10m x 1month eomputational grid: the mode! is

rorced by calcu1ated surraee hcat fluxes (z = Omo ehapter 5) and obscrved tempcmtures (at z

= 1OOm. and at t = May l'or the initial condition): it is run eyclically until a steady state is

rcaehed: and the monthly heat flux during the winter months are interpolated between Qncl

of November and May using larger seale estimates made by Bugden (1981). FinaIly. the

diITusivity parameters arc adjusted by minimizing the root mean square (RMS) error

dilTerenee bclWccn obscrved and modcled tcmpcralUres for the ice-frcc season. sueh that:
l'Il 7\11

Err .," = ~ L (T(7.l1~"",-T(7.n......,.)2 •
1 •

wherc N =7 monlhs X Il vertical levels =TI grid points.

Regions K,=Ku 1 K, (melhod I) K, tmelhod 21

A=OI (OC) 6.09 3.50 3.99

A=02 4.92 2.88 3.76

A=03 4.20 2.55 3.94

A=04 3.16 1.55 2.19

A=05 7.18 3.44 3.56

A=06 1.25 0.70 0.75

A=IO 4.34 2.16 2.80
.Table 6.4. S,mula'lOn arors (OC) .for \'anou.' reglOn.' and/or Kv.
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R:'vIS errer lor vurious simulutions arc tabulatcd ubove (table 6.4) und ligure 6.16

shuws the observations and the modcl results lor the Anticosti Gvre region simulalilln. On. ~

table 6.4. it is obvious thm the variable K,(7..t) - method 2 - yicldcd better results tlmn the

constant K,,_ and that the results obtained using the K, parametri7.atillll of Umoh and

Thompson (1994) outperlomled both methods. Aiso interesting is the rather large

intem:gionul variability of the simulation errors. Table 6.4 presents the results for 3

diflùsi\'ity schemcs. ail excluding the etTects ofadvcction. From this. it is c1ear thal some

regiolls agree very closely with the simplified ID simulations whereas. lor other areas. the

present hem diffusion model assumptions perhaps oversimplified the reality. For the

constant K" scenario. the eddy diITusivity values ranged Crom 0.8xlO-lto 2.65x10-l m~/s.
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Figure 6.17 displays the results for the best simulation. From this pieture. wc note that the

simulaled SST arc in mther close agreement with observations but lhat the modcl seems to

have problems in reprodueing a eold intermediale layer (this last point was even more

obvious among the other simulations). Umoh and Thompson (1994) investigated the

neeessary conditions allowing the lormation of a similar feature (i.e.: a eold intermediate

layer) on the Seotian Shclfand lound that both surlàee heat forcing and advection (via a

heat imbalanee parametrization) were required. Coneeming the advection of a salinity

minimum leading to the previously discussed upper-layer stability pallems. although it was

not modcled explieitly. it was nonetheless taken into aecount since the K\' parametri7.ation

methods 1 and 2 both use. in their formulation. the monthly-depth distributions of

buoyaney frequency (dedueed l'rom c1imatology). Finally. although this simplilied heat

diffusion modcl reproduecd surprisingly weil the upper layer thermal structure for sorne

regions. it sullers l'rom several problems. Perhaps its greatest difficulties arise l'rom the

uneertain heat budget during the 5 winter months. As mentioned earlier. not only was there

sorne heat imbalanee belWccn d He/dt and Onet. but the interpolated heat flux Iields belwccn

Novembcr and May are rather uneertain. Consequenlly. wc eannot be sure if the model

simulations were donc with an execss or a delicit ofheal.

6.3.2 Simplified 10 Calculations of Mixed-Layer Depth Seasonal Cycle

As explained earlier. the mixed-1ayer seasonal evo1ulion is mainly the result of short

seale episodie events. such as slorms (Priee et al.. 1986). Consequently. a complete and

accumle modelling of the upper-layer spatio-tempora1 structure onen rcquires complele and

accumle small scale lime series (ofwinds. air and sea temperatures. salinity. heat fluxes.

ocean currents. etc.). Neverthcless. the cquation goveming the 1Devolution of the mixed­

layer depth is rdalivc1y simple while containing useful information as to which mcchanisms

cause MLD to deepen or shoal. ln his 1D layer model of the seasonal pycnoc1ine.

Sligebmndt (1985) delincs the conservation cquation for the MLD as fol1ows:

{

advection.
dMLD h . d·t1i .= \V + on7.. 1 uSlon. for w ~ 0
dt' • .

upwellins- elc..

#1 #2 #3

in which the term #3 denotes sorne of the effects (advection. upwelling. horizontal
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dilTusion. etc.) that were not explieit!y inclllded in this eqllation. The entrainmcnt \c1,'city .

w<. is then cxpressed as eombination of wind mixino: eni:ets (Iirst Icon l'Il thc ri ..ht) and- ~

surlàee buoyaney Ilux (second tcml). slleh that:

where the symbols follow the notation used throughollt this thesis. Based on a Iiter.lIure

survey and previous experimental and hydrographie results. Stigebmndt (19X5l proposed

11\,::: 0.6. and" to be equalto 0.05 when the buoyaney lerm is negative (right-end teml in

the above equation). and t: = 1 otherwise. As a Iirst approximation. wc e:m neglcel the

haline eITeets on the buovanev !lux and take the monthlv averaged values of the rcnminino:.. '" .. ... ..
term in the w<equation. In this way. we ean compute monthly avemges of dMl.ll/dl hascd

on the mixed-Iayer depth climatology and compare the results with the monthly :lVemged

wind and buoyaney forcing ficlds. as exprcssed by the entminment rdation. Sinee we arc

no longer dealing with an initial value problem in whieh the errors arc cumulative.

assessment of the seasonal MLD deepcning rate is possible through simple linear

regression.

Monthly values ofboth ealculated and observed dMLO/dt for sorne rcgions of the

Gulf are displayed in ligure 6.18 (top left pand) as weil as their linear regrcs.o:ion (main

graph). From this. il is obvious that both calculated and observed MLD change mtes

covary. with a linear regression coefficient. r = 0.84. From the top left panel. wc notice

that the largest discrepancies between the observations and this simple 1D ea1culations

oecur in June. coinciding with the strongest eITccts of frcsh water runoITon the upper-layer

stratification. During this carly period. the MLD deepening rates arc too strong in

comparison with the climatological rates. hencc suggesting that buoyancy flux l'rom fresh

water runoff is important. especially in late spring and_carly summer. and should be
~-

considcred. However. for the remainder of the ice-free period both MLD deepening rates

are in surprisingly close agreement despite the simplicity of this 1D calculation.

Consequently. strictly l'rom a monthly MLD deepening point of view. assuming a one

dimensiona) vertical behaviour for the mixcd-Iayer dcpth sccms to be a valid approximation

(cven more 50 l'rom July on).
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6.3.3 Simplificd 1D Ca!culations of Stratification Scasollal C~·c1c

Once again using one dimensional upper-layer ea\cui:ttilm. lhe cfll:els l,r [ll'lh

temper,llure and salinity will be e~amined in lhe el'nte~t l,r slraliliealil'n. Simpsl'n and

Bowers (19S 11 used potenlia! energy argumenls based lm Kr.lllS ;md TUnl,'r ( 1l/(,"7) Il'

modd the water eolumn density structure. In their fi.>nllulaIÎlm. the stratilicati"n was

expressed as changes in the potential energy (l'El relative to the wdl mi~ed el'nditi,,::. and

is defined by:
11111

pE J h' - p 19= dz. wh"r" p = J l' dz .
h h

Incrcascs in PE accur as a result of wind stirring and tidal mixing. while PE deereases with

incrcasing stratification duc to surtàee heating. river diseharge and nmolT. Consequemly.

the changc rate ofPE (henee stroltilication) is ddined by (Simpson and Bl,wers. Il/X 1):

whcre h is the depth of the water eolumn. Pa is the air density and c: is a constant induding

the wind drag coefficient and a wind mixing eflicieney pammeter. In their initi:11

formulation. since they tested thdr modd mainly in shel l' seas, Simpson and Bowers

(1981 ) assumed h to be the water column depth. tidal mixing dTecL~ to he important but to

neglect advection. river runoITand rainfall. They also rcalizcd thatthe mixing etlieieneies

of both tidal mixing and wind stirring varied seasonally as a function of upper-layer

stability. However. since this 1D stratitication calculation is perfomled here in the eontext

ofmonthly data (as for the previous two sections), simplitications will be made such that

the analysis is rcstrictcd to the upper 50 m. Morcover. following the rcsulL~ of Pingn.-c ~nd _.

Griffiths (1990). eITcels of tidal mixing will be negleeted. along with those of advection,

runoITand rainfall.

From thcse IWO simplitied relations, monthly PE change rates were obtained via

calculations and observations. and compared. Figure 6.19 displays the monthly evolution

ofdpEldt (caleulatcd and observed) for sorne regions of the Gulf(top left pancl) as weil as

their mutuallincar rcgression. Again. l'rom the high correlation (r =0.85). wc realize that

this simplified calculation ofmonthly PE change rates eovary with the observational trend.

However. important diserepaneies arc observed l'rom the monthly evolution of both

quantities. More speeifically. the ealculated values of dPE/dt arc larger than the
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observations for most of the areas and monrhs. Two causcs arc possible: firsl. since mnoff

lends to render the upper layer more stratified. ilS omission is reflcctcd in the results:

morcover. as poinred out by Simpsons and Bowers (1981 l. thc effects of wind mixing

should not depend solc.:ly on the wind speed. but vary with the W:l!er column stratification.

Fin:llly. :llthough simplc.: in its formul:llion. wc realize that this 1D potenrial energy

e:llc.:ulation does reproducc \VeUthe se:lson:ll raIe ofch:lnge of the upper-I:lycr stratific:llion.

·1 0 1
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cic"lOt,' tlt~· ci5"" (·"'~/iclc;"cc.' jm""'a! ,!"thc' moc/d.

139



•

•

6.4 Preliminary Study of the Interannual Variabilit),

Although this thesis essentially foeuses on seasonal aspects <'f the upper-layer. this

section will make use of the small number ofgood time series availablc (T'I.lJg. SSTl. as

weil as the satellite-derived monthly 55T maps in reeent years to present some ,lspeets or

the year to year changes. This is not a complete study of the extraseasonal c1imatie

variability but rather a bl ;'. ~ and preliminary examination of the longer time seales

l1uctuations of some oceanographie lields. The relation between anomalous mixed-Iayer

depths and wind mixing will lirst bc presentcd. followed by a correlation analysis of the

sea surface and air temperature anomalies. Finally. the previously described heat dillùsion

moàel will he applied to the 1987 and 1990 years.

6.4.1 Mixed-Layer Depth and Wind Mixin~ Anomalies

Wc now investigate tbe ycar to ycar variations in tbe monthly avemged mixed-l,lyer

depth throughout the GSL. 80th wind mixing and net surlàce heat l1ux inl1uenee the

monthly evolution of MLO. Hence. anomalous mixed-layer values may he related to

anomalies in thcsc fields (Ew and QnCl)' However. sinee several pammeters are involved the

Onet calculations. ail covcring a differcnt time window in thcir respective dataset. it is nol

possible to rcproduce net heat flux values lor ail the ycars wherc MLO anomalies (MLD·.

the prime denoting the departurc from the monthly mean) were ealculated. On the other

hand. the gcostrophie wind dataset eonstitutes mther good time series lor it is sampled in a

eontinuous fashion. twice daily every day for thc last 45 years. Consequcntly. MLO' can

he comparcd with wind mixing anomalies (both Ug' and Ew') for two different seasonal

time periods. i.e.: the carlier months of the iee-free scason (May. June and July) and the

later months (Sep. Oct. Nov). The tirst period (MJJ) corresponds to a strong positive

surface hcat flux and frcsh water input, processes whieh oppose the deepcning effect of

wind mixing. whercas the later months (SON) arc as.~oeiated with weak negative Onet

values which helps the mixing action of the wind deepcn further the mixed-Iayer (Turner.

1981). Table 6.5 shows the correlation coefficients hetween monthly anomalies of mixed­

layer depth (MLO·). geostrol'hic wind (Ug') and water mixing energy (Ew') for the early

(MJJ) and late iee-free season (SON) for sorne rcgions of the GSL (Cabot Strait: arca 01.

northeast Gulf: arca 03. northern GSL: arca 05. northwestcrn GSL: arca 06. centr,,1 and

southern Gulf: arcas 10 and 16.). As can he seen. mixed-Iayer depth anomalies did not

correlate well with anomalies in the geostrophic wind nor with those of Ew • This may he
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explained by the rather poor temporal resolution of the MLD series (but it is difficult to

assess truly). Although the monthly averages ofUg and Ew werc computed From 12 hourly

time series. only a few MLD observations were used to produce the MLD' for speci lic

months and regions in most cases. Since the mixed-Iayer response to wind mixing is non­

linear (as seen in the previous sections) and MLD may vary substantially over a very short

time (e.g. 20 to 30 m incrcase in 2 days. as shown in chapter 2). this rcsults in a highly

aliascd signal for thc MLD' timc series. Hence. a truc rcprcscntation of the mcan mixed­

layer dcpth for a specifie month/region cannot be achieved with a few scattered

hydrographic observations without alia~ing the MLD values.

6.4.2 SST and Air Temperature Anomalies

ln this section, wc investigate monthly anomaly time series ofSST (SST') and T.

(Tn') for 6 of the GSL areas. The air temperaturc time series arc those of weather stations

neighbouring the hydrographie arcas analyzed, and are shown in Table 6.6. These 6 areas

werc chosen for their larger number of monthly SST' observations as weil as for their

proximity to a wcather station. Correlation analysis was done for bath SST and temperaturc

at a depth of 30 m but, since the 30 m anomaly time series behaved similar to that of the

sea-surface lO, only the sca-surface rcsults will he rcported in this study.

Ari::.I# 01 02 06 Il 12 16
Station nome Svdncv Stc-nhcnvillc Sent-Iles Chatham Grindslonc ls. Grindstonc Is.. .Tablc 6.6, 1\ C;SL "reas andcorre.<pondlng wca/her .</a/IOn.< cho.<en.for the Olr·sea tempera/urt! correla/mn.'

• 10: For C.ll.. anomalies ofSST and T at 30m. for arca 01. wcrc signific:antly corrclatcd (r = 0.9).
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• ssr and Ta' were linearly eorrclated at zero lag and at a lag of one month (where

ssr was lagging Ta' by a month. i.e.: SSrjlln -vs- Ta·l1lay). The motivation ,,,l'
performing a lag correlation originated from looking al the momhly climatologies l\lr ""th

air and surlàce waler lemperatures (chapters 4 and 6). and notieinl.: that h"th Sllmmer

seasonal cycles followed one another c10scly \Vith '1 lag llf one momh (whieh is prnhahly

due to Ihe larger thermal inertia/response ofwater. as noted in Table 2.1). The analysis \Vas

done individually for each area and montb. 101' combinaiions of areas '1I1d COInbinaI ions of

monlhs. and foralllhe anomalies grouped together. as shown in Table 6.7.

a"",OI arca02 a"",06 a"", Il arc:112 arcal6 Ali (, :UC:l:i

May - no lag - 0.35 -0.41 O.OZ - (1.21 0.07 • 0.07 . !ill.
.' ( 1month lag) - - - - - - -
Jun - no lag - 0.15 - 0.05 O.OZ 0.15 - O. tZ 0.31 0.03

., ( 1month lag) 0.06 0.50 0.44 0.01 O.2S 0.17 Q;:n

July - no lag O.Z5 - 0.05 - 0.10 0.Z5 0.61 O.4Z 0,::4

.' ( 1month lag) 0.5X 0.36 O.IZ 0,47 0.51 0.69 0.46

Aug - no lag 0.19 - 0.29 - 0.09 0.37 O.IX O.IX O.IZ

.' (1 month lag) 0.76 0.63 0.39 0.37 0.7X 0.7t !!.i!.I.

Sept. no lag - O.ZX - O.IX 0.31 0.Z3 0.16 O.5X 0.13

., ( 1month lag) - 0.13 - 0.44 0.15 0.36 0.17 0.44 0.13

Oct- no lag O.5R 0.14 0.Z5 - 0.06 0.09 0.t6 0.15

., ( 1month lag) 0.49 0.71 0.56 0.16 0.55 0.46 0,40

Nov- no log 0.23 0.17 0.33 - O.Z7 0.05 0.17 QJl!

., ( 1month log) 0.60 0.67 0.57 O.OX 0.60 0.22 !!.il
Ali 7 months 0.06 ·0.04 0.16 0.09 0.13 o?? 0.1I'!~

., (1 month log) 040 041 o 3~ 0.21 043 04-1 li 11.Table 6.7: Cm:Jl"'lenls of Imeur correlallOn he/wt!en unonrall(·... (~I ssr mltl tilT

temperature (wil" and wil/JOul a (JIU! mOll/Ir IQg). Unclerlined coelfiôe"'", \l'(.'rt· fimml
sfalislica/(,,' ...ignfticanl al the 95% le\'CI.

•

ln gen~ral. it is fair to say that the air lemperaturc anomalie!. corrclaled somewhal

better with ssr at a one month lag than at no lag. as expressed from the tabulaled

coefficients ofTable 6.7. Although the lincar coefficients arc moderate (around 0.4), they

scem to agree with earlier results proposing that air temperature and SST trends were

corrclated (EI-Sabh, 1973). However, air lemperaturc anomalies aJone cannot accounl for

the entire variability observed in the sea-surface thermal fields, and il should be

rcmembered that the net hcat flux, as reported by Phillips (1981), is the main physical
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paramctcr innucncing thc SST for regions away from thc coast. where horizontal currents

arc modcratc. Conscqucntly. correlation analysis with the air temperaturc can only "scc"

part ofthc variability for thcrc arc sevcml other physical pammctcrs entering thc nct surfaec

hcat budgct (chaptcr 2). ail intcmcting in a complex fashion.

6.4.3 Monthly Composites of AVHRR-derived SST Fields for 1987 and

1990 - a Case Study

ln this last section. monthly AVHRR-derived SST fields arc analyzed for thc icc­

free seasons of 191\7 and 1990. Thc motivations for using thcsc arc as follow: the monthly

maps (as describcd and shown in appendix 3) constitute monthly fields of very good

quality for they havc a spatial resolution of approximately Il km. they were produced lÎ"llln

monthly avcmged "pixels" and hence truly representthe avemge SST for each month • they

had only a few "bad pixels" per images. and their quality has been assessed carefully by thc

algorithmsloperators of NOAAfNASA (refer to the appendix for more details.). The data

display interesting regional SST differenees between the two analyzed years. Complete

monthly atmospherie forcing data (Ta. Cn. U. r. etc.) were also available for 1987 and

1990.11 Below. sorne qualitative eomparisons are given between these SST fields and the

eorresponding atmospherie fields. followed by a monthly hcat diffusion model analysis.

SST diJ.lèrences helWeen 1987 and 1990 ice-free mOn/hs:

Although no overall trend ean casily be established between 1987 and 1990 (for

warrner regions during a month are onen found colder during another). sorne interesting

(and eommon) hydrographie fcatures can be observed: presence ofeold water through the

Strait of Belle-Isle: warrn surface waters eovering the Magdalen Shallows: wcak signatures

ofcolder waters along the GSL north shore and. to a lesser extenl., along the southem coast

of Anticosti Island. etc. Consequently. these SST fields ean also be eompared with the

monthly elimatologicai maps discussed carlier. A first anempt was made to explain the local

surface temperature differenees between various 1987 and 1990 months by spatial

correlations with eorresponding air temperature fields. These fields were eomputed using

Il: They wc", also -free of charge- via the NOAAlNASA Pathfinder AVHRR Oceans dalasel
l'rogram. and 1987 & t990 wcn: the only IWO years available at Ihe time (i.e•• in which the quality analyses
wc", coml'Ictcly donc by the NOAAINASA Pathfindcr AVHRR Oceans datasct program).
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AES data archivcd for the samc weather stations mentioned in charter 4 and lIsing

additional monthly tempcmture records from 5 more stations seallered around the (iSL (the

use of these 5 extra stations was possible since only two reeent years were needed lè.lr the

analysis - 1987 and 1990). These fields arc displayed in the appendix. along with the

monthly satellite-derived cloud fractions. To capture some regional aspects (in both SST

and T. fields). the GSL was segmented into three large areas - the North-West (NW). the

North-East (NE). and the South-Central GSL (SC) - as shown in figure 6.20.

NW NE Isc GSL

May 0.57 1 0.05 0.31 -0.27

June -0.33 1 0.56 0.07 0.55

July 0.16 0.55 0.08 0.32

Au!: 0.40 0.03 0.5(, 0.77

Sep 0.31 -0.25 -0.62 -0.13

Oet -0.Q2 -0.08 0.37 0.16
--

Nov -0.10 0.19 -0.08 0.11

ALL 0.40 10.29 10.25 0.30

Table 6.8: Correla"on coefficIent, between utr
'empera'ure and SSTfi>r the 199(/-1987 difference.

•
value

Afterward. cach AVHRR-SST observation was correlated with ils corrcspondin~ T.

and correlations were also performed between temperature diffcrences. i.e.:
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(SST90-SSTX7) versus (Ta90-TaX7) for eaeh month/location and for the entire GSL as

weil. Unl<Jrlunately. no significant relation was found between both fields. at zero lag as

weil as al +/- 1 and 2 months Iag (see table 0.1'). One possible explanation for this Illight he

that the sea surlàee gains (or loses) energy via the net surface I,eat flux which is funetion of

air telllperalure and seve",1 other fàctors (sec chapters 2 and S). Henee. the heat flux

eontrihutions assoeiated with only air temperature might not he surtieient to slrongly

inl1uencc the SST behaviour.

Modt!/ Rt!slI/lslill" Iht! /98ï & /9')11 Cast! SI/ldy

Following the rather poor correlation results between air and sea surf:lce

temperatures. heat flux fields were computed for the ice free months of both years and the

resulting monthly Qne. fields avemged over the three regions. and a more complete heat

tr.lIlsfèr study was undertaken using the modified 1D thennal diffusion mode! deseribed

earlier. To perform the analysis. simulations were done sevemitillles in order to find the

optimal eddy diffusivity parameters (different for ail three areas. but similar for eaeh

month). Since only surfàcc tempcmtures were available. K\" as weil as the initial and bottom

boundary conditions used corresponding climatological values. This is a mther coarse

approximation given that K\" depcnds strongly on N. and that upper-layer stratification was

found to follow closely SST ficlds (see earlier sections of this chapter). Nevertheless.

simulations were perforrned and the rcsults arc displayed on figure 6.21. For this. we note

that the moders SSTs were geneml1y higher than the observations. More specifically. sea

surfàce simulations for the NW arca were the worst (with obscrved tempcrature di fferenccs

as high as SOC). whereas those for area NE and SC did a little better overal\. Also

interesting to note for the northeast and south-central cases arc the relativcly good

agreement between the observed and simulated SST differcnce trends (i.e.• SST90obs.­

SSTS7"bs. versus SST90mooct- SST87mooct). In conclusion. although the model did very

poorly in simulating the northwcstem sca surface tempcratures. the relatively better NE and

SC results - indicative of hcat flux influence on SST differcnces - should be eonsidered

with caution since the model was foreed with obscrved ice-frce surface hcat fluxes but with

arbitrary "climatological" subsurface tempcraturcs.
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6.5 Summary
ln conclusion. Ihe monlhly evolulion of Ihe upper-layer verlic:" Ihermuh:"ine

slruelure and relaled quanlilies have been deseribed in Ihis ehapler. Their over.tll behaviullr

seem 10 agn."C "qualilativcly" with Ihe usuallheory. as briel1y reviewed in ehapter:!. Mure

preciscly. monlhly deplh dislributions ofT and S \Vere used Ihroughoullhe Gulf( 15 areas)

to assess Ihe seasonal evolulion orthe upper-layer (Le.: T. MLD and l')' Using simple 1D

ea1cul:llions (heal dillilsion. MLD. slr.tlilication). it \Vas also 1ï.llll1d thal the upper-layer

emlld he rclmivcly weil modeled for mosl areas by considcring only Ihe vertical processes.

bllllhallhe inclusion of horizontal elTeets. especially the slow adv~"Clionllfhullyancy Irum

runon: would lead to beller results. partieularly in Ihe western and northem Gulf. Finally.

allhough Ihe walers in the Jep arca "morc vertically homogenous" (in T-S lerms) Ih:1I1

those ofarea 05. the present datalrcsults do not permit us 10 conclude that they arc OOlidally

well-mixed". as Pinl!ree and Griffiths (!980) sUl!l!ested.
~ ~~
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Chapter 7

Discussion and Conclusions

This stuùy consists of analyzing sevenll datasets in order to produce a mueh

improved picture of the dimatological state of thc Gulfs surface layer. Furthermore. an

investigation of the air-sea inter.lctions taking place over the GSL was undertakcn and thc

implications of such atmosphere-ocean processes were discusseù. The results presented

here form. to the author's knowleùge. the best up-to-date picturc of the c1imatological

monthly surface lidds (SST. SSS. MLD. H.C.. Qnc,) for the GSL and should be used as a

hase Il)r lùrther occanogr.lphiclclimate studics in the Gui l'ofSt-Lawrence.

7.1 Comparison with Existing Climatologies

Sinee there are eoncems about reliability when dcaling with large historieal datasets.

one must onen rcly on comparisons with existing studies on similar physieal fields.

Consequently. this seetion will brieny summarize the results presented in the previous

ehapters in light ofsever.ll other investigations.

Petrie:~ (1990) mOlllh(I' hox T and S distrihutions:

The starting point of this researeh eonsisted in reprodueing the monthly T and S

eharts published by Petrie (1990). Doing so would allow verifications to be made on the

possible causes oferrors if diserepaneies were to oceur. Moreover. sinee dubious oceanie

profiles were present in the historical databasc. using Petrie's monthly mcans as a basis for

eomparison permiued efficient non-statistieal filtering of the entire dataset (sec ehapter 3).

FinaIly. a novel interpolation technique was used in order to preserve the smaller seale

upper-layer structure of the profiles. Again. the resulting climatologies were comparcd with

those obtained by Petrie.

ln conc1usion. the monthly-depth distributions oftemperature and salinity computed

in this study (sc..'Ction 5.1) eorrcsponded. after a long and thorough filtC'ri!:g. very c1osc1y to

those previously obtaincd by Petrie. with the exception that the profiles were interpolatcd to

finer depth intervals \vithin the first 100 meters from the surface. Moreover. no significant
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difference:s were noticed in Ihe nwnlhly n1l'ans :IS:I result of the dilli:rent inlc'1',>lati,>"

technique. However. when I,>oking al lime serics and!or individual v,·rtical l'roliks (sc,'

section 3.4). l'artieularly for the 1eml'cmturc casc. obvious advantagcs wc!",' "olcd wh"n

using the method ofl'arametric-cubic curves to perl<mn the \"cnical inlcrp<>lati,>n.

Pelrie's (1990)./ ïgetllll:' (198ï) ClllcI BugelclI Cl CIl :". (198:) SST illlel S.\~" /l/ClI'S:

More confidence in the validity of the dat:lb:lse resulted l'rom Ihese inili:ll

comparisons and Iiltering procedures. thus making possible the e,>mput:llions of relaled

climalological fields. Horizontal maps of monthly surlàce tempemtures :lnd ~llinity wer,·

then obtained. Comparisons were again necessary in order 10 valid:lte the results. The SST

and SSS fields in this study were produeed using an objeclive m:lpping technique.

As a lirsl step. eomparison could be made with Petrie's surlàce maps of T :md S.

This proved 10 be hclpful bul insufticient since these lields had been obtained by

contouring the 17 surlàce means onlo the entire Gulf map. Consequently. Ihey l:lcked

proper horizontal cover.Jge. especially in areas of important surt:lce gr:tdienls le.g.

Esquiman Channcllowards Strait of Belle-Isle). VigeanCs SST and Bugden ct :II.·S SSS

maps (in Koutitonsky and Bugden. 1991) were then chosen as a better me:lns of emnp:lring

the results ofchapter 5.

ln generaI. both SSS and SST maps compared weIl with those of Vige:lIll ami

Bugden ct al.. preserving the ovemll thermohaline features of the Gull: On the other haml.

it was observed that the results presented in section 5.4 reproduced better the SimIli scale

and local surface characteristics known to exist in the GSL. For example. the regions along

the Gulfs north shore and along the south side of Anticosti Island experiencc frc'Iucnt

coastal upwelling evenl~ (Koutitonsky and Bugden. 1991). thus cxhibiting coldcr surl:lce

features (sec the remote sensing image of July SST in Koutitonsky and Bugden, 19(1).

Because of the excellent spatial coverage of observations in the database (hydrogmphic

observations as weil as satellite-derived SST), these fea,ures have been preserved in the

results of this study. Intrusions of cold water along Québec's shore of the Esquiman

Channel were also apparent. Finally. in regard to the salinity maps, although the spatial

eoverage was not nearly as good as that for tempcrature. espccially in the northwcst seetor.

local charaeteristics such as the sligthly fresher surface waters along the central part of the

Gulfs north shore (area 05) eould be observed. In conclusion. although the main fcatures

remain unchangee!. SST ancl SSS maps prescnted in chapter 5 display a more dctailed

horizontal structure than earlier climatological fields.
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BII}!,dell ·s (/ WI /) heUljllLteS:

Aftcr having constructed the monthly means orT and S. the second major aspect of

this researeh consisted in calculating the heat budget atthe air-sea interlàce orthe Gulf. In

this case. Bugden's ( 19X 1) work was used as a referencc lor comparison. In his paper. he

produced monthly surlàce heat Iluxes for four large subsections of the GSL. namely: the

Estuary. the Shallows. the Northeast and the Northwest regions. The results presented in

this thesis correspond làirly weil with those of Bugden. despite his eoarser segmentation.

The advantage of the Qncl maps presented in chapter 5 is that they preserve smaller seale

lèatures imbeded in the heatllux fields.

ForreSler:. (/964) T-S ellw/ope:

Chapter 6 showed composite and segmented T-S diagrams for the Gull: The only

known souree ofsuch relationships for the entire GSL was that of Forrcster (1964). The T­

S envelopes eompared weil. Moreover. T-S rclationships plotted in section 5.2 also

included diagrams corrcsponding to spcci fic time and depth intervals. This allowed a rapid

visualization of the winter-to-summer differenees in water masses as weil as information on

thcir vertical structure.

B/lgden 's (/99/) and Petrie and Drinkwaler (/993) T-S time series:

Although they have not been formally includcd and analysed in the present work.

time series oftemperature and salinity anomalies have been produeed for ail 15 sections of

the Gulf and 5 sclected depths. When comparing these temporal series with those of

Budgen for the deep central region of the Laurentian Channel and with those of Petrie and

Drinkwater for areas near the GuIrs entrance (Cabot Str.), the same climatic trends (T & S

variability) were observed.
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7.2 Extensions and Impro\"cments from this Research

One of the main purpose of this thcsis was to improve our knowkdg.e of the (iul f

ocean c1imatology. This section will brielly survcy sorne aspects of thc work whidl

contributed to this goal.

The tirst aspect of this research conccrns the qua lity of the oceanic dat:lsel. Thc

databasc providcd by K. Drinkwater is believed to be the most complete historic:11 dalaset

of temperature and salinity protiles for the Gulf of SI.Lawrence. Morel\Ver. :IS in any

c1imatological analysis. erronous data necessitates editing belore use. A larg.e part of lhis

work had already ocen donc at B.1.0. so that the tiltering deseribed in section 3.2 was a

much casier task thun anticipated. Moreover. the addition of 7 years of monlhly s.:Itellile­

derived observations (SST and ChIa) at a ISkm resolution considerably improved lhe

dataset in both spatial and temporal eoverage.

Regarding the monthly surtàce Chia averages: although the analysis is curently

underway and is therefore not included in the present document. il is bclieved thal this

c1imatology for the GulfofSt.Lawrcnce will be of value to the JGOFS study in the Gulf

and others.

Another important feature regarding these resulL" deals \Vith the interpolation of

hydrographie profiles to preselected vertieallevcls. Not only did these interpolated proliles

have a liner upper-layer resolution (10 meters). but it is bclieved that the technique and

constraints employed to perfom this task were an improvement on the other methods

commonly used (e.g. Petrie. 1990: Reynaud. 1994).

Beeause of the abave points. one would expect the resulting climatologies to oc an

improvement. Although the overal! features were similar 10 those of the previous studies.

the new fields revealcd physical charaeteristics not present in previous climatologies (e.g.

the absence of cold upwelling waters along the north shore of the GSL in Pelrie. 191.)0).

Sorne of the rcsults showed little or no differenee \Vith those of other studies which lùrther

eonfirrns their veracity. This \Vas contirrned by the small relative errors associated with the

optimal interpolation.

Another novel aspect of this researeh eonsists was the use of an 8-year satellite

cloud cover c1imatology in the computation of the surface hcat budget. As mentioned in

chapter 4. several problems were associated with cloud data l'rom wcather stations around

the Gulf. Il is believed that the use of satellite cloud cover observations (Cn) should
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improve.: conside.:r..lbly the.: e.:slimalcs of shon and long Waye.: surlàce radialive.: !luxes. Q,w

and QI". which bolh use.: Cn in lheir pamme!ri7.alions. Consequenlly. making use of lhe.:se

ne.:wly fonne.:d cloud e.:oye.:r fic.:Ids as weil as lhe updaled monlhly maps of sea surface

temper..tlure also bring greater confidence 10 the compuled monlhly surface heal !luxes.

The.:se.: conslilute.: an improvemenl on the heat !lux calculalions perfonned by Bugden

(19S 1).

Finally. il is belieyed tnat calculations of other physieal parameters (monthly

aver..tged deplh of the mixed-Iayer. hcat content of the upper water column. estimation of

the mixing energy input from the wind. upper-layer static stability) could also help bctter

understand the various physical processcs occuring in the Gulf.

ln generaI. these improvemenlS in our knowledge of the Gulfs c1imatological state

fonn a sound basis for funher comparisons and/or investigations of the dynamics and

c1imatic variability of the Gulf ofSt.Lawrcnee.

7.3 Limitations of the Present Study

One imponant aspect of this researeh eonsists ln assessing the causes of

shortcomings in the rcsults. First. it is somewhat difficult to evaluate the precision ofT and

S observations eontained in the oceanic dataset. These hydrographic measurements have

been taken throughout the century in many locations and in a wide variety of c1imatic

conditions. Morcover. as one would expcct. these measuremenlS are often highly localized

in both time and space (e.g. post war period. iee-free months. calm wcather. etc.). One

must thereforc rely on existing knowledge of the Gulfs thermohaline state as weil as

excrcisc great dcal of caution and care in oroer to filter out dubious occanic profiles. As

previously describcd in chapter 3. a great effort was done to render the entire dataset

suitable for c1imatological studies white keeping as many profiles intaet as possible. In

general. althol'gh no quantitative estimate of the data precision/errer has becn obtained. it is

believed that the observations used here were indeed adequate for the analyses performed.

Moreover. the effort in estimating the spatial correlation of SST and ChIa allows the

rcsulting interpolated field to be uscd with more confidence.

Another area of uncertainty concems the computation of Qsw and Qlw. Both the

incoming shortwave and outgoing longwave energy fluxes depend on the amount of cloud

present. as explained in chapter 2. Although the cloud data used were considered quite
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reliable. other atmospherie làetors inl1uenee these r.ldiati"e l1uxes and e,'uld n"1 oc taken

ir.lo consideraiion in this sludy. There also exisls a w;de "ariety "f "mpir;,"" I,'"nulal;,'ns

to accounl for Ihe efti:el of cloud eo"er. and it is rather di!1ieull t" evaluate whieh one

should be used. Consequenlly. although greal eare has been laken regarding Ihe 'Illality .,f

these dala. and Ihal widely used and eonservative par.lmetrizat;ons .,f Q", and QI" were

chosen (i.e. empirieal formulalions Ihat do not underestimale nor o"en:stimate the

inlluence ofCn). il is again ralher ditliculilo asse,;.s Ihe precision oblained when eomputing

such surface cncrgy lluxes.

Conceming Ihe lluxes of sensible and laient heal. these were comp"t,-J from Ihe so..

called bulk aerodyn;lmical melhod which. 10 eslimale Iheir lurbulenl transli:r e.>cl1icients.

makes use of empirieal fonnulalions. Here. Ihe uneertainlies lie in Ihe ehoiee of

compulalion schemes for Cc and Ch' As menlioned in chapler 1> .md reported by Blanc

(1985) in a review paper on lurbulenllransfer coetlicienls. Ihere is no IIniversally aecepled

melhod of calculating Cc and Ch (in lenns of Ihe ambienl air..sea slale) 'lIld very large

variations occur when chosing one algorilhm over another (section 1>.4). Once again. il is

not possible 10 fully quanli!)' thc uncert:lintics as.sociated wilh such computali.'ns and. as in

the case OfQlw and Q,w. the choice of Cc and Ch was sirongly molival,'d by its wide lise as

weil as ils average value within a broad speclrum of possible valu,.,. fwm ail exisling

empirieal sehemes. There is also some imprecision in using geoslrophie winds as weil as

land-based air lemperalures interpolated over Ihe Gulf (section 4.1 and 4.2) 10 oblain Oc

and Qh. but Ihese errors are rather small comparcd to Ihe uncertainties assoeiated wilh Ihe

turbulent lransfer coellicienls.

Finally. the author thinks that a more detailed investigation should be pcrfomed in

order to eorrelale ail previously mentioned fields within the framework ofair..sca interaction

models. Moreover. time series of such atmospheric and oeeanic parameters have becn

produced and. although they have not been fonnally analyzed 1 in the present work. thcy

could yield additional knowledge of the Gulfs past interannuallinlerdecadal c1imatic

variations. and the relative importance ofvarious physical processes.

1: The vnriability of MLD and SST have bcen invcstigatcd in the prcvious ehapters using only
simple eorrcletions. A more thorough analysis of the specifie interannuallinterdccal fluctuations te.g.
Bugden. 1991; Petrie and Drinkwater. 1993) should inciude additional forcing parametcrs. such as runolr.
storm traeks and frcqucneics. iee eovCf. cIe.
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ln condusion. it is fair 10 say that there exists no simple explanation of the exact

scasonal structure of the mixed-Iayer. The proeesses invnlved are numerous. eomplex and

interaet strongly with one another. thus requirin3 the use of numerieal models.

Nevenhcless. it is known that an ice eover. altering the air-sea interaction and acting as an

insulator. is usually present from December to April (Déry. 1992). Upon melting in the

spring. the upper-layer hcgins to warm. duc to a positive net hem flux from the atmosphere

an dprovides an in-situ buoyaney !lux (ehapter 6). The surface layer reaehes a maximum

tempcmture around the month of August. followed by progressive eooling until the next ice

season. During the approximatcly seven iee-free mO!lths. the wind action modi fies the

surface layer. Over the year. the strongest winds oceur during the winter and the weakest

winds arc observed around June-July (ehapter 4). Finally. air temperature plays a central

role in the intensity and direction of the air-sea transfer of heat. It also follows an annual

cycle similar to that of the surface watcr. except that it is warmer than the sca in the spring

and carly summer. but cools-off more rapidly and becomes colder than its oeeanie

eounterpart in late summer-early fall. As Koutitonsky and Bugden ( 1991 ) report. the GuIf

of St.Lawrenee seems to "respond as an integrated physieaI oceanographie system" ...

"foreed at various temporal and spatial scales". [t is therefore unrealistie to expeet an

aceurate understanding and prediction ofa small yet important part of it - the upper mixed­

layer - without eonsidering ail ranges of motions and their complex interactions.

7.4 Future Work

The primary objective of this researeh was to produce an improved picture of the

climato[ogiea[ state of the Gulfs surface waters. and to examine features of the air-sea

interaction proecsses. One might expeet thesc results to be of importance to further

oceanographie studies of the Gulf of St.Lawrence. A few research topies that the author

bclieves eou[d bcnefit from the present work, and thus help improve our understanding of

the Gulfs oceanography and climate are as follows.. This research was primarly eoncerncd

with the Gulfs surface waters and. consequently. the objective analysis performed on the

dataset restricted itself to the generation of rnonthly SST and SSS fields. It would be

straightforward to continue this analysis throughout the entirc water eolumn (at presclected

standard levels) and for aIl twelve rnonths of the year in order to fully rnap the Gulfs

monthly mean thermohaline state. Once thesc objective fields oftemperature and salinity

(thus density) would be available. a diagnostic calculation of GSL circulation via inverse
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methods couId also be performed. Reynaud (1994) sueeessfully dill Ihis l,'r Ih,'

northwestem Atlantic Ocean (45°·ïO'N.30°· ïOOW). Althou;;h his area of itHerest indmkd

the Gulf of St.Lawrcnee. the resolution of his density fields was not adequate 10 resolve the

main features. Given the versatility present in today's numerical tlllxkls. il \Vllllid alsl' h,'

possible to !.mdertake a study of the mixed-Iayer and circulation as \Vell as investigating the

c1imatie fluctuations in order to assess their physical causes.

Although sorne aspects of interannual variability was considered in chaptcr 6. tllueh

work remains to be donc in order to lùlly integr..te ail important physical pmamelet-,; within

sorne sort ofa multivariate analysis. The limitations do not lie in statistieal theory but talheT

in the eompleteness (spatial and temporal) of the various datasets. As explained in ch::pler

6. the typieal scasonal evolution of the mixed-Iayer corresponds 'luite weil with th:ll j,)und

by several other authors (Philips. 1981: T limer. 1981) in tenns of wind mixing (Ew ) and

net hcat flul< (Qnct). The problem lies in forming time scrics for ail variables involved in l'w

and Qncl in order to study the interannual behavior of the surface layer (as weil :IS 10

cstimate the random errors of sorne ficlds). And even ifthesc series were available. il must

be remembered that ail these variables interaet together in a eomplcx fashi"n. The

eomplexity ofnon-lincar multivariate analysis of the variance eould pcrhaps he avoided by

studying the GSL as an integrated system (Koutitonsky and Bugden. 1991) using

dynamical numericaI modcls. in eombination with aeeuratc c1imatologieal fields.

As a final note: work is el/rrently heing done h.v the al/t/lOr in linkill~ ail

/~vdrographie. atmospherie and hiologieal ~'ariahles (for hoth climatology and the JGOFS

enlises) into a str()lijiealion-phytoplar.klon mode! (Prestidge and Taylor. /995).
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Appendix 1

The Parametric-Cubic Curves for Vertical

Interpolation

After having established the gener,,1 eharacteristies and main advantages of the

parametrie-eubie interpolation method. this section will now explain its geometrie and

algebraie foundations. As it will be explained. !he construction of the parametric-eubie

eurves (PCC) requires the use of tangent veetor and local eoordinate axis. More

specilieaIly. four eombinations and slight modilieatior.s of thesc coastruction tools arc

possible. These arc:

1. 1Tangent biscetor vcctors (2) 1 Double local coordinate (X) axis

2. 1Weightcd tangent biscetor veetors (2) 1 Double local coordinatc (X) axis

3 ./ Tangcnt h:scctor vectors (2) 1 Single local coordinatc IX) axis

4. !Wcightcd tangent bisectorvectors (2) 1 Single local coordinate (X) axis

Since only one fornl of the parametric-eubic (PC) eurve wa~ chosen and that a

complete explanation ofthis geometrie theory lies outside the scope ofthis study. only the

most generaI form of parametric-eubics (#3. tangent bisectors + single local X-axis). the

one used lor this rcseareh. will be derived.

The PCC method was devised as a naturally malleable alternative to eubic-splines

by rcscarch professor P.J. Zsombor-Murray (unpublished) at the McGiIl Research Center

ti.lr Intelligent Machines - Rob<ltic Mechanical Systems Lab. This novel technique for

construction of linked. smooth. piecewise cubic splines (curves) uses only the point

scquence to be interpolated. Pi-\ to Pi+1-

The PC curves can be exprcssed mathematically in both algebraic and geometrie

torm. Thc algebraic relations relating the position vector p in terms of the pararneter u lor

both two-dirnensional curve and thrce-dimensional surface can exprcssed as:

[

P'
p v ~~ = 0 À

p,
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where Ü. lhe paramelric veclor of cubic order. is Ü ~ [u' u' u 1] and A corresponds 10

lhe algebraic malrix of coefficienls lhal gcnerales lhe 20 (3D) cUl"\'e (surtàeel as lhe

parameler u is incrcmented.

a., :l:;y 3.l,

3:, a: y :l:J'
Â ~

a" a 1y a"

3(h au:-- ao..
For lhe 20 case of oceanic vcrtical interpolalion (T-deplh and S-deplh equivalentlo lhe x-y

plancl. Ihc 'z' coefficients

Although thesc algebraic expressions are relativcly simple. the difficulties arise when Irying

10 dccide which matrix Â will generate the best (smooth. continuous) 3D (2D) surlàee

(curve). ln order 10 delerrnine the adequate matrix coefficients that will produce the desired

surface. once combined Wilh the ineremental parametric vcctor. it is first appropriale 10 look

at the geometric form of the PCC and Iry to understand how they arc eonslrueled

graphically.

Again. lhe position veetor defining lhe PC surlàce can bc expressed by

p, ]
P ~ ~~ = FBand F = Ü M

p,
where the paramelric vector is Ü Q [u" u' u 1] and M. an invariant matrix. equals

2 -2 1 1

-3 3 -2 -1

000

100 0
The geometrie malrix. B. is rorrned by lhe two points vectors to be interpolaled. Pli and PI.

and their corresponding tangent biscctor vectors. P~ and P~. as

Pli' Puy Pn,
Plo P,y P"
-II _U _II

Pli' Puy Pli'
-II _II _II

Plo P,y P"
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Once again. for the planar 2D case. the 'z' components simply have to be setto:

• - -.\1 -~11 0
Pu, = PLI = Plil = PlI = .

ln order to beller understand what exactly these various vectors represent and how

they come ir.to the construction of the PCC. wc can refer to the next figure iIIustrating a

sequence of 4 points. Pi-I to Pi+2. from which the middle two (Pi and Pi+!) need to be

linked (inlerpolated). The basic charaeteristic of the PC curve is to join the two middle

points with a smooth cubic curve while preserving the general direction prescribed by the

sequences Pi.1 to Pi+l and Pi 10 Pi+2' To do 50. two unit vectors. io and i,. tangentto the

general orientation of the point series. arc placed at each ends of the interval to be

interpolated. Pi and P'+I' The parametric-cubic spline that willthen be eonstructed will have

to satisfy Ihe following two boundary conditions for its end poinL~:

• 1. Il must be eontinuous at both interpolating ends.

• 2. Il must also be tangent to the two vectors. in and i,. at Pi and Pi+l'

As depicted by the next figure. these two tangents simply correspond to the biseetor veelors

prescribed by half the angle between the l',.,p, and P, p•• , segments for 0/1 and

bclween p,., P, and P, p .. , for $/2.

Pi Pi+2

•

Gt't1tlu'/r;c ('fmSfl1'C'tùm t?rl/'" PCCl;". "u: .J po;",,,, .Ç"'qll(.'II(,(O ","i,II I/U! ('m'r('spml(li,,~

"(,,,/O,.s.

("onsequcntly. thesc two unit tangent biscctor vectors arc defined by :

P.-P.. , P",-Pi
Ir, - P,-.! + Ip,.,-p,1

in =
IP'-P'" Pi.,-Pi 1

JPi - P.. .! + 113,.,-13,1
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P,.,-p,

+Ip,·, - 13,1
t, =

1

P,.,-P,
Ip,·,-p,1 +

P.. :-P.oI
Ip,.,-p,.,1
P.. ,-P,., 1

Ip,.,-p.. ti

From this. it is obvious to note that in and i, arc effeetivcly obtained by tirst. adding the

unit vectors corresponding to the P,_, P, and P, p,., scgmenls for i" and

P,_, P, and P, p,., for i,. and then dividing the resulting vector by its magnitude. Ihus

becoming unit length. A second type of vector is also used in the construction of Ihe PCc.

The local X-axis. L represent some sort of coordinate axis. speci fic to the series to be

interpolated. Pi to Pi+l. This unit length veetor "pinned" to the first interval end. Pi. and

detined relativc!y simply by

,
1=

in + i,

li" + i,j'

•

has no "direct" geometrie influence on the PC eurve. Instead. it is involved in the

magnitude determination of the tangent vectorsp;: and p~'. as expressed by:

_H k'Pli 0 Cl tu

p',' ~ k, i,

k = k = (13.. , - p;)- r
Il 1 _ ..

tll • 1

The local X·axis constitutes perhaps the only "artit•.:e" that ean be modulated 10

vary the PC curvature radii. As menlioned earlier. combinations ofone or two ofthese local

"coordinate axis" and variations on their unit/non-unit length form the 4 possible types of

PCC mentioned. They nevertheless remain much "Iess artifieial" than most spline methods

for several reasons. First. their malhemalical foundation is essentially geometric. making

use of no statistical or other arlificial "tuning·· parameter. Furthermore. thc PCC

construction truly relies on the four points sequence. Pi.' to Pi+2. thus involving no off·

eonslructs to shape the curve segment. Finally. the entire PCC theory. "gcometric cousin"

to the (more familiar) Bézier eurves (Zsombor·Murray. personal communication).

conslitutes a particular case of the common B-splines whosc malhematical formulalion and

numerical behavior are quile elegant and rigourous (Kincaid and Cheney. 1991). Thes are
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two lasl points 10 be noted about Ihe particularities of the interpolating schcme used 10

proccss Ihe oceanie dala. The parametric-cubic curves were choscn as the best o\'erall

method for the present situation. but werc slightly impro\'cd by adding a few numerical

erileria. First. it was expcclcd that any interpolated value between its two end. Pi and Pi+ r.

would lie in between these two end values. Consequently. if for sorne reason. the

interpolation algorithm yielded an interrnediate point outsidc the range cover by the

observation interval. then the linear mcthod was substituted for that interval. Ailhough Ihis

situation occured ,:,ery rarely. the linear method was used oecasionally when two

measurements were almost similar (isoT and iso$). Aiso. it was noticed that duc to t!le

specifie structure of the upper mixed-Iayer. a minimum number of observations were

neeessary for the interpolation to yicid physieally rcalistic results. Thereforc. a set ofcriteria

wen: establ ished for each month and area where a mixed-Iayer was expectcd to be present.

These required that. for the upper 100 meters. a minimum number of observational points

as weil ;IS a certain vertical density of measurements be present for the interpolation routine

to proceed.
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Appendix 2

Horizontal Distribution of Surface Salinity Data

X\'I



SSS-JUN

•
SSS - MAY

..
.,:-:-

",,:.:. ..
..:...;... =;

-:..-..

i~tb~:{lij
'--"- •..c--.. ~ .-I

-. .. ..
..-.... :

SSS- AUG

:::. - ..
.: .,..

SSS-JUL

..' -·A. ~

....... --: :-.'" ..
= :.
.. .. : .- ..

.... -. ..... ..
00·......

: .~~..

SSS-SEP SSS-OCT

.'..i

.....-

.- :.::-.

____$~r~·~G;,~:::~~ ~j

--
.:':.~~

.'
- ..~

··f' .
...

.:. .-.. i

SSS-NOV

..:...-
i.:. ....



•

•

Appendix 3

Monthly Composites of AVHRR-derived SST Fields

for 1987 and 1990, and Corresponding Atmosphcric

Fields

Thl! NOAAINASA Pat/!/i/ldl!r AVHRR SST data:

The NOAAlNASA Pathlinder AVHRR Oceans dalasets is global. mulliehannel. sea

surlàee temperature data derived from the Advaneed Very High Resollltilll1 R:ldioll1elcrs

(AVHRR) on the NOAArTlROS opcrational meteorological satelliles (NOAA-7. 9. and Il)

which provide a continuous daily and composite dataset from July 19S 1 through Ihe

present l . "The AVHRR Ocean Pathlinder dala arc processed in an eqllal-area grid based on

one devcloped by the International Satellite Cloud Climatology Project (lSCC?). The bin

size is approximately 9.28 km on a side. Sinee Ihe data were originally samplcd :Il

approximalcly 4 km resolution_ bin values arc averages. Eaeh of the series of NOAA

satellites operales in a near-polar. sun-synehronous orbi!. The orbital period is -102

minutes. giving 14.1 orbits per day (Kidwell. 1991). The 110.8° eross-traek scan equates

to a swath width ofabout 2700 km. AVHRR was designed for multispeetral investigations

of meteorologieal. oceanographie. and hydrologie parameters. measuring emilled and

relleeled radiance in four or live spectral bands. spanning the visible portion of the

Speelnllll to the thermal infrared. Coverage is global. twice daily. at an instanlaneolls licld

of view (IFOV) of- 1.4 milliradians. giving a ground lieId ofview of-I.I km al nadir lor

a nominal altitude of833 km.

The history of SST eompu;ation from AVHRR radiances is discussed at length by

McClain ct al. (1985). Brielly. radiative transfer theOl'Y is used 10 eorreel li>r the elli:els of

the allllosphere on the observations by utilizing "windows" of the electrllmagnelie speetnllll

wIJere little or no atmospheric absorption oeeurs. Channel radiances arc tr.lI1slimlled

1: A more detailed description of the NOAA-serics satellite.,;. the AVIIRR instrumenl. and the
AVHRR Global Arca Coverage (GACl Le-vel-I B data can be found in the Polar Orbiter Use", Guide
(Kidwell. 1991). which can be obtained from NOAA/NESDIS. and from which the r<>lIowing information
is rcpmduced.
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(through [h~ us~ of th~ Planck function) [0 uniL~ of tempcrature. then compared to a-priori

t~mp~ratures m~asured at the surface. This comparison yields co~fficients which. wh~n

applied 10 the global AVHRR data. giv~ ~stimates of surface temp~rature which hav~ b~en

nominally accura[~ [00.3 oc. Rec~ntly. th~ AVHRR thcrmal vacuum test data hav~ b~~n

examin~d in detail (Brown el. al.. 1993) in order to quantify drift in the calibration

coeffïci~nts of ''te ehannels. Through this work. the nonlinear SST algorithm has been

modified with a tim~-dependent term. Processing has been further modified by dividing the

earth inlo three regim~s of atmospheric water vapor. Regression coefficients arc computed

indep~nd~ntly for each of these regimes. to compensate for the well-known limitations of

AVHRR SST retricvals in tropical areas. which are an artifact of high humidity. The

AVHRR Level-I B sensor eounts in the visible channels (1 and 2) arc first eonverted to

Raylcigh-corrected radiances and then to optical depth for use in removing the effects of the

atmosphere and viewing and illumination geometry. Channels 3-5 arc transformed to units

of"brightlless temp~rature". using the Planck black body funetion and a ncwly-detennined

(Brown et al.. 1993) correction for sensor calibration non-linearity in the longer­

wavelength ehannels. The algorithm used is essentially the nonlinear SST with a

modi lication for sensor calibration dri Il with time.

ln order to be eonsidered a match. the pixel location and in-situ measurement must

dilTer by no more than 0.1 degree spatially. and temporally by no more than 30 minutes.

Temperature retrievals as detailed above are determined for ail pixels. Severaltests are then

perlomled to assign an estimate of the goodness of eaeh retrieval. in the form of a nag

value with lour possible values. The "satellite" test is a ehannel 4/5 threshold (used to detcct

how "bright" a pixel is). eombined with a spatial homogeneity test. The "Reynolds" test is

a eomparison of the initial tempcrature retrieval to the Reynolds blended SST c1imatology.

If a pixel passes ail of these, it is eonsidered "best", and assigned a quality nag of 3.

Passing the Reynolds test but failing the satellite test generates a 2 (or "mediocre" quality),

làiling the Reynolds test and passing the satellite test generates a 1. and tàiling ail tests

gives a quality nag of zero. The next phase is declouding. effected through the creation of

composite images over 3 wceks before and aller the target week, and a mean computed

l'rom these. The composite means are used to fill a central weekly mean image which

cOlllains the day being declouded (if the central mean image is missins values, and ifthere

is a mean pixel of sutlicient quality). If the weekly means l'rom week(n-I) or week(n+ 1)

eannot be used 10 fill empty values in the central (wcck n) mean. a spatial interpolation is

done. The eompletely-filled weekly image is then eompared to the daily image. and simple
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thresholding is uscd to indieate partial or complete c1oudiness. Repeating lhis proccss

generales a cloud mask for every day of data. FinaIly. a semi-aulOmated l]uality-assurance

(QA) scheme ha~ been devcloped which examines AVHRR SST retrievals lllr tel1lp,'ral and

spatial consistency. This is carried out in a two-part statistical post-proc<:ssor. IllIlowed ily

a visual inspection. The autol1lated portion of the analysis serves to guide an opcrJtor in lhe

visual inspection phase. greatly reducing the time neccssary to characterize spurious

findings. The data quality information thus gained is passed to the end-user in the fonn of

additions to the processing f1ags. as weIl as comments which are included in each image

liIe. This cOl1lbination forms a qualitative and quantitative description ofanomalies Illund in

the data:'

MO/llh(1" CO/llposiœs (!f"A VIlRR-deril"l:d ssr Fields.fi". /9Si and /99();

The following 7 ligures display 11l0nthly composites SST lieIds over the GSL lllr

the iee-free months of 1987 and 1990. These two years \Vere ehosen beeause "f the lil1lited

data availibility for monthly composites. As will be nl,ticed. they nonetheless depicl r:uher

different oceanographie features and arc ofconsiderable interest given the 'I\'ailaihility of ail'

temperature and cloud eover fields tor these two years. (white pixels \Vere plolled when lhe

data quality was not sufficient to compute monthly mean values - composites).

• fi::. A3.ta: (COLOR l'LATE 1) AVHRR-derived SST fields - May 1987 and l'NO.

• fi::. "3.lb: (COLOR l'LATE 1) same as fig. A3.la - June 1987 and 1990.

• fil:. "3.te: (COLOR l'LATE 3) same as tig. A3.la - July 1987 and 1990.

• fi::. A3.td: (rOLOR l'LATE 4) same as tig. A3.la - August 1987 and 1990.

• fi::. "3.le: (COLOR l'LATE 5) same as fig. A3.la - September 1987 and 1990,

• fi::. "3.lf: (rOLOR l'LATE 6) same as fig. A3.1a - Oetober 1987 and 1990.

• fi::. "3.1::: (COLOR l'LATE 7) same as fig. A3.la - November 1987 and 1990.

xx



NOAAJAVHRR SST Ma)1l7 (dcg Cl

51

50

49

48

47

46

-68 -66 -64 -62 -60 -58

51

48

NOAAJAVHRR SST May90 (dcg C)

-68 -66 -64 -62 -60 ·58



51

50

49

47

NOAAlAVHRR SST JunS7 (d;.1; Cl

I~

10

6

4

-68 -66 -64 -62 -60 -58

SLU..,
NOAAlAVHRR SST 'li) (dég Cl

12

10

8

6

4



NOAAlAVHRR SST lul87 (dcg Cl

51 18

17

50 16

15

49 14

13
48

I~

47 11

10

46 9

8

NOAAlAVHRR SST lu190 (dcg Cl

18

17

16

15

14

13

I~

11

10

9

8



NOAAlAVHRR SST Aug87 (d~g Cl

51

50

49

~o

18

16

14

1~

10

-68 -66 -64 -62 -sa -58

NOAAlAVHRR SST Aug90 «k:g Cl

14

16

12

10

18

-68 -66 -64 -62 -60 -58



NOAAJAVHRR SST s.:pSï (dcg Cl

NOAAlAVHRR SST Sc:p9O (dc:g Cl

-68

-68

-66

-66

-64 -62

-62

-60

-60

-58

-58

lS

16

14

I~

10

8

6

18

16

14

12

10

8

6



51

50

49

48

47

46

NOANAVHRR SST Oc187 (dcg Cl

14

12

10

8

6

4

-68 -66 -64 -62 -sa -58

NOANAVHRR SSTOc19O(dcgCl

14

12

10

8

6

4

-68 -66 -64 -62 -60 -58



NO:\:\/:\VHRR SST N,wS7 (d~~ Cl

51

50

49

48-

47

46

-68 -66 -64 -62 -60 -58

NOAAlAVHRR SST Nov90 (<!cg Cl

51

50

-68 -66 -64 -62 -60 -58

9

8

'7

6

5

4 ::

3

2

o



•

•

Appcndh 4

Hydrographie Data during the Canadian JGOFS Cruises

As explained earlicr. one of the goal afthis thesis was to producc various climatologies in

order to assess hydrographic changes observed in ather studies. Canadian JGOFS is one such

n:search project in which hydrographic (physical. biological. etc.) measurcments will be comparcd

with their c1imalological conterpans. This analysis is being donc currcntly by rcsearchers at McGill

and at othcr universities. Consequently. this section wiII brielly show the averaged thermohaline

state of the w:ltcr colul11n for each station/eruise (sec chapter 3) as wcll as some c1imatological

comp~lnSllns.

The next three pages display a"eraged venical protilcs T. Sand E for ail 6 stations in the

GSl (sec chapter 3 li.)r a description of eruise dates and station locations). The sl11all number

besides each protile corresponds to the cruise #. Thc graphs display typical hydrographic and

atmospheric conditions eneountered for somc stationsicruiscs. as wcll as thc corrcsponding

c1imatology.
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