Scasonal Structure of the Gulf of St.Lawrence Upper-Laver

Thermohaline Fields during the Ice-free Months

By Patrick Dovon

Dcpartment of Atmospheric and Occanic Scicnees

McGill University. Montréal

July 1996

A Thesis submitied to the Faculty of Graduate Studies and Research in partial tulfillment of
the requirements for the degree Master of Science.

5y Patrick Doyon, 1996



National Library
. * ' of Canada

Acquisitions and

Bibliothégue nationzle
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

39S welingion Street
Ottawa, Ontano
K1A ONS KA ONL

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellingion
Crtawa (Ontang)

A =

(Mar e Aot b ibemn e

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a [a Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniere et sous
quelque forme que ce soit pour
metire des exemplaires de cette
these a la disposition des
perscnnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
these. Ni la thése ni des extraits
substantiels de celleci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-19807-3

Canada



Abstract

The mteractions between the atmosphere and the oceans play a critical role in determining
our ¢limate. These gencraily consist of various exchanges of heat. mass and momenium
between the two media through the air-sea interface. Theretore. the physical siate of the
upper few meters of the oceans influences the rate at which these exchanges take place.
Furthermore, these surface waters are of importance in atfecting the primary biological
production of the seas. In this context. knowledge of the upper-layver monthly averaged
thermohalire state, i.e. temperature (T) and salinity ($) as a function of latitude-iongitude
and depth. is necessary tor further climatoiogical:occanographic studies in the Gull of
St.Lawrence (GSL). The primary goal of this rescarch is to produce, using basic statistical
analvses, monthly mean fields of T and S and related quantities at various depths throughout
the GSI.. The historical hvdrographic dataset covers the last 75 vears,

Objective ficlds of sea surlace temperature (SST), salinity (S88) and chlorophyll-a
(Chl.) were also computed and compared with other similar chimatologies (when available).
Duce to the enhanced observational coverage of SST and Chl.a resulting from the use of
rccent satellite-derived data. these interpolated ficlds reproduced several known physical
surface characteristics of the GSL with a very small refative interpolation error. Using the
aforementioned SST maps in combination with usual atmosphenc ficlds and satellite-derived
(ISCCPY monthly averaged cloud cover data. the surtace heat budget was computed over the
entire GSL for the 7 ige-tree months.

Monthly means of mixed-layer depth (MLD). upper-layver heat content (HC) and
upper-layer static stability (E) were obtained for 13 sub-regions of the GSL. Using simple
1D calculations (heat transter, mixed-laver decpening rates. stratification change rates. heat
storage rates), the scasonal evolution of the upper-layer thermohaline structure was studied.
It was obscrved that “qualitatively™, the upper-layer could be relatively well modeled for
most arcas by considering only the vertical processes. Inclusion of horizontal effects (e.g..
slow advection of buoyvancy from runofl) should lcad to better results. particularly in the
western and northern Gult.
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Résume

Les mteractions entre Matmosphére et ocgan jouent un role critique envers le climat. Celles-
¢i se composent de différents ¢changes de masse. de momentum et d*énergic @ travers
Minterface air-mer. Par conséquent. i"état physique des caux a la surface des océans influence
de fagon critique le taux auquel ces échanges ont licux. De plus, ces caux de surfage sont
d une tres grande importance en ce qui concerne fa production biologique océanique. Dans ce
contexte, une connaissance approfondic des caracténistiques thermohalines mensuclics
movennes de cette couche de surface. e température (T) et salinité (§) en fonction de la
profondeur et de la latitude-longitude. est requise pour toute autre recherche occanographique
ot climatologique dans Ie Golfe du St-Laurent (GSL). Cette recherche avait done comme
objectit premicer. 4 la suite dun long processus de “filtrage et nettovage”™ des donndes, de
produire ces champs mensucls movens de T ot S a IMaide de méthodes statistiques de base.
Les donndes hvdrographiques historiques couvrent les 75 demicres années.

Les champs horizontaux de T, S ot chlorophyvlle.s en surlace (SST. 888, Chl-a)
furent calculés via méthode danalyse objective. ¢t compards ensuite aved d autres
climatologics similaires. Griace a une densité accrue d’observations de SST ¢t Chl-a via
["utilisation des récentes données satellite, ces champs reproduisirent tidelement la plupart des
détails physiques observés via télédétection (caux plus froides dues & Mupwelling. gradients
thermiques latérux, cic.). A aide des champs SST mentionnés ci-haut, et grice a 8 annces
de donndes satcllite de nébulosité mensuclle (ISCCP). le bilan de chateur de surlace tut
calculé pour les mois sans glace. Les moyennes mensuclles de la profondeur de la couche
limitc (MLD). de ta quantité de chaleur des caux de surface (HC) et de la stabilité statique (&)
furent aussi calculées pour 15 sous-sections du GSL. A I'mde de caleuls 1D simples
(transfert de chaleur, conservation de volume et d énergie). I'évolution saisonicre de la
couche supéricure du Golfe (T. MLD. E) fut étudice. De fagon générale. son comportement
mensuel fut relativement bien prédit pour | 'ensemble du Golfe malgre 1a simplicité des caleuls
(1D. vertical). Cependant, de meilleur résultats peurraicnt &tre obtenus, particulicrement au
nord ¢t & I"oucst du GSL. si I’on tenait compie des sffets horizontaux. tels I"advection d’cau
doucc provenant des rivicres.
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Un jour je vis passer, debout au bord des flots mouvants,
Passer. gonflant ses voiles,
Un rapide navire enveloppe de vents.

De vagues et I etoilys:

Et jentendis, pench esur Fabone des clewy,
Que lautre abme touche,
Me parler a Coreille une voix dont mes yeuy,

Ne voyatent pas la bouche:

“Podte, tu fais bien! Poete au triste front,
T reves pres des ondes,
Et tu tires des mers bien des choses qui sont

Sous {cs vagues profondes!

La mer, ¢'cst le Seigneur, que, misere ou bonheur,
Tout destin montre et nomme;
Levent, c'est le Seigneur: [astre, ¢ est le Seigneur;

Le nawire, ¢'est Chomme.”

Victor Hugo
Juin 1839, Les contemplations

A maman ¢ qui fe ressemble tant), @ papa fgui me garde toujorrs bien droit, & mea blomde gque §aime gros comme le Meomded



Chapter 1

Introduction

1.1 The Physical Environment: The Gulf of St.Lawrence

“Petit océan ou grand estuaire™ is a question often asked by oceanographers
studving the Guif of St.Lawrence, a large semi-enclosed sca (approximately 226 000 km?2)
located at mid-fatitudes (approx. 46-31°N and 35-70°W). Lving between the Appalachian
Mountains and the highlands of the Canadian Shield. it recetves the discharge from the St
Lawrence River, whose length (3060 km) and the size of its drainage basin (1344000 km?
exciuding the Gulf). place 1t among one of the largest rivers on carth. This complex
hydrographic svstem drains one of the world’s largest treshwater masses. the Great Lakes,

and plavs a critical role in the environmental as well us economic Itfe of the North Amertcan

continent.
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fie. 1.2: Physiographic features of the Gult of St.dawrenee (from Koutitonsky and Busden, 19915

Runoft and bathvmerry:

The Guif of St.Lawrence (GSL) consists of a reservotr of considerable volume
{34500 kmé3. Forrester. 1964) and complex shape. Its bathvmetry is profoundl:s marked by
a deep trough of 300m maximum depth. the Laurentian Channel, extending {from the
Saguenay River to the Atlantic Ocean (detined by the 200m isobath on fig. 1.1 & 1.2).
Two smaller trenches branch out trom this main channel towards the northwestern and
northeastern region of the Gulft the Anticosti and Esquimain channels. An equally
important bathvmetric feature of the GSL is the Magdalen Shallows. The depth of the water
column there ranges from 50 to 80 meters and forms a large shallow plateau covering
nearly the entire southermn part of the Gult. The basin receives a considerable amount of
[reshwater runott from the St.Lawrence River and its tributarics. This massive intlow of
witter exhibits a strong scasonal signal, with maximum discharge values during the spring.
It is believed that this input of freshwater throughout the vear is responsible for the typical
estuarine density-driven circulation pattern in the Gulf (when averaged laterally, see
Koutitonsky and Bugden, 1991, for schematic diagram and for monthiy runoff values).

ts



General horizomtal and vertical circulation patterns:

A similar vertical thermohaline structure can be observed throughout the Gulls it
consists of’ a permanent deep, salty laver of oceantc origin (2 to 5°C, 33-33 pst'), an
mtermediate cold layer (-1 to 2°C, 32-33 pst). which is the product of both in-situ
wintertime cooling and advection through the Strait of Belle-Isle (Petrie et al.. 1988). and a
surface laver (roughly S0m deep) undergoing strong seasonal variations of temperature (T)
and salinity (S) during the ice-{ree scason but merging in T-S characteristics with the
intermediate layer during the winter. As mentioned carlier. the laterally averaged circulation
is characterized by a fresher surface {Tow towards the ocean with a weaker and saltier retumn
lfow at depth. through the Laurentian channel (Koutitonsky and Bugden, 1991). At the
surface, the water currents exhibit a large-scale counterclockwise ¢irculation pattern with
sirong horizontai velocitics along the Gaspé Peninsula (the Gaspe current) and a broader
more difTuse flow over the Magdalen Shallows (EI-Sabh. 1976).

Surface temperatures, ice coverage and climate:

As Déry (1992) reports. the Gult of St.Lawrence is one of the few semi-enclosed
scas below the Arctie circle which experiences seasonal ice formation. While most of this
ice is produced locally in the estuary and in the Gulfl some enters the GSL through the
Strait of Belle-Isle. The surface coverage increascs rapidly in January. usually spreading
from the cast and from the northwest into the central Gulf, to reach its maximum in carly
March. The prevailing spring winds and currents. combined with melting. help to rapidly
break up the remaining ice and transport it onto the Scotian Shelf via the Cabot Strait. As
will be discussed in the next chapter, the presence of an ice cover has important effccts on
the occanography of the region. Monthly mean surface air temperatures over the water
exhibit a strong annual cycle. with maximum values reaching. on average. roughly 12° to
18°C in July-August and minima ranging from -4° (o as fow as -14°C in January. In general
(sce chapter 4) there is usually (on the monthly time scale) a 3° to 6°C difference between
the northern and southern Gulf (sce section 4.1 for monthly climatological maps).
Conscquently, the sca surface temperatures display a strong scasonal signal. with their
maxima (10° to 16°C. but as low as 8§°C in the cstuary) and minima (freczing point of sea
water) occurring roughly a month later than those of the air (sce chapter 5 for a description
of these fields).



Oceanic forcing and tides:

The St.Lawrence is not recognized as having a strong tidal flow (tidal currents
rarcly exceed 30 cms- for the Gulf region. Koutitonsky and Bugden. 1991). However,
Pingree and Gritfiths (1980) demonstrated in a numerical model siudy of the M-
component that. in some areas of the GSL. particularly in narrows and straits and/or
shallower regions. tidal strecaming may increase substantially and lead to mixing of the
cntire walter column by the effect of bottom friction stress. Consequently., they suggested
that, on the basis of the Simpson-Hunter parameter computation (see Pingree and Griffiths,
1980. for a definition). well-mixed waters might be observed in the Jacques-Cartier
Passage. and the Northumberiand and the Belle-Isle Straits, The Ma constituent (with its
amphidromic point near the Magdalen Islands) and the K constituent (amphidromic point
slightly to the south-cast of Cape-Breton Island) dominate tidal clevations. Tidal heights are
rather low in the Gulf (0.2 to 0.5m) but increase significantly in the Eswary. In terms of
oceanic foreing. the Gulf of St.Lawrence is connected to the Atlantic through Cabot Strait
{min. width: 104 km, max. unrestricted depth: 480m, min. x-scction arca: 33 km2) and to
the Labrador Sca via the Strait of Belle-Isle {min. width: 16 km. max. unrestricted depth:
60m, min. x-scction arca: | km?2, from Déry. 1992). The inflows and ocutllows of water
through Cabot Strait are more significant for the occanography of the Guifl than through the
Strait of Belle Isle. In general, currents are found to be scaward near the surface and along
the Cape-Breton side, whereas an upstream flow from ncar the surface down to the bottom
is characteristic of the Newfoundland side of Cabot Strait (Trites. 1972). The flow pattern
through Belle-Islc Strait is rather complex, with the direction of inflow/outflow dependant
on variations of sea level pressure, following the geostrophic balance, across the strait
(Garrett and Petric. 1981). The hydrographic influcnce of both straits on the T-S
characteristics of ambicnt waters will be discussed in chapter 5.

Atmospheric forcing:

The principal meteorological forcing influencing the Gulf™s occanography are as
follows: the winds, the clouds, the air temperature and moisture, precipitation and solar
radiation. Since these factors are described in chapter 4 in greater detail, only a brief
discussion will be given herc. Although the presence of the Gulf certainly affects the
spatio-tcmporal evolution of these meteorological variables (c.g.: air temperatures milder in
winter and cooler in summer, coastal and {rictional stecring of the winds. influcnce on
cloud formation, humidity. surface albedo. etc). it is fair to say that, for the time and length



scales imvolved in the present study (see chapter 2), this semi-enclosed sea s mainly driven
by the atmosphere (and not the contrary). Consequently, an understanding of the seasonal
evolution of the GSL surface waters must rely on a rather detailed knowledge of the
atmospheric svstems passing over the Gult, For example, the prevailing winds for this
region are mainly from the west (Saunders, 1977) with wind speeds stronger during the
winter and minirmum during the summer (sce section 4.2), Consequently, this dominant
surfuce atmospheric flow pattern advects continental masses of air. henee intluencing the
air temperature. relative humidity and cloud cover over the Gult. Morcover, the
atmospheric processes direetly aftect the rate at which the exchanges of mass, momentum

and energy take place across the atr-sea interface (section 2.2 & chapter 5).

1.2 Recent Oceanographic Climatological Studies in and near the
Gulf of St.Lawrence

There have been several previous studies of the Gulf™s oceanography and climate,
particularly the excellent review paper by Koutitonsky and Bugden (1991) which
thoroughly examines most physical processes occurring in the St.Lawrence in light of
previous hydrographical studies (reeent and less recent). Morcover, partial results of
several investigators that will be used tor comparison in the tollowing chapters have been
obtained dircetly from Koutitonsky and Bugden's review work. An important study dating
back to 1964 by Forrester, and later reviewed by Trites and Walton (1975) was onc of the
first global occanographic svntheses of the Gulf of St.Lawrence. More recently,
rescarchers (Petric. 1990. Vigeant 1984, Bugden et al.. 1982, Weiler and:Keeley. 1980)
have investigated the surface thermohaline ficlds of the GSL in greater detail. In fact, as
discussedrin later chapters, Petrie’s data report (1990) on the monthly-depth distribution of’
temperature and salinity throughout the Gulf proved to be very usetul for this rescarch and.
to the author’s knowledge. constitutes perhaps the most complete climatological study to
date of the GSL T and S ficlds.

Previous studics concerning surface heat budget in the GSL are rare and Bugden's
(1981) work constitutes the only recent study involving surface heat flux computations. In
his study. Bugden scgmented the Gulf into four large arcas - the Estuary. the Northeast.
the Northwest and the Southcentral GSL - for which he then calculated monthly averages
of temperature, salinity, and other atmospheric parameters. This enabled him to estimate the



energy fluxes across the surface of cach area. These results are of interest tor the present
study since they constitute the only known surface heat budget with which comparisons
can be made.

Although this research is not directly concerned with the Gulfs circulation. a
knowledge of the current velocities is useiul in explaining the possible causes of the upper
mixed-layer behaviour and water mass modifications. The results of El-Sabh (1976)
provide a widely accepted estimate of the Gulf's surface currents. More recently, Toro
(1991) calculated the three-dimensional density-driven circulation throughout the GSL by
diagnostic medelling. However., no full modelling study of the entire Gulf™s circulation is
yet available, It is also worth mentioning the work of Gan (1995) on the upper-layer
modeclling of the Baie-des-Chaleurs/Gaspé current, and that of Reyvnaud (1994) concerning
the dynamics of the northwestern Atlantic Ocean. Although these two authors were
investigating occanic arcas adjacent to the Gulf, their contributions can only help the
understanding of the dynamical/physical processes occurring at the GSL boundaries.

Finally. four other studics have been selected as relevant to this research. First,
Déry (1992) completed an exhaustive study on the variability of the Gulf™s ice-cover while
DeTracey (1993) continued Déry’s work in modelling the sea-ice response to various types
of physical forcing (air and water temperature, winds, mixed-layer depth, cte). Since the
present rescarch was primarily concemed with the ice-frec months (May to November),
Déry’s and Detracey’s results might be uscful in “closing™ the annual cycle and
understanding the influence of winter ice-cover on surtace waters in the following spring.
Furthcrmore. Petric and Drinkwater (1993) and Bugden (1991) investigated the
cxtrascasonal temperaturc and salinity variability of watcr masses in and ncar the Gull.
Bugden studied deep Laurentian Channel waters while Petric and Drinkwater were
concerned with surface waters near Cabot Strait and on the Scotian Shelf. Knowledge of
the climatological fluctuations of these waters helps the understanding of the scasonal
formation of the Gulf™s thermohaline fields as well as their fluctuations in time.



1.3 Objectives of the Present Study

The interactions between the atmosphere and the ocean play a critical role in
determining our climate. These generally consist of various exchanges ot heat. mass and
momentum between the two media across the air-sea intertace. Consequently, the physical
state of the upper few meters of the oceans influences the rate at which these exchanges
take place. Furthermore, these surface waters are of importance for the primary biological
production in the scas. In this context. a general knowledge of the average seasonal state of
the surface layer in the Gulf of St.Lawrence is desirable tor any further studies on climatic
fluctuations and their related effects.

Although much of the work donce in this rescarch involves “cleaning-up” the
oceanic dataset tor the GSL. another goal is to describe and understand the climatological
state of the upper mixed-layer in the Gult. Ultimately. this may assist in the integration of
all the oceanic constituents (physical, chemical. biological) for the GSL within tts climatic

conlext. More specificaliyv. this study has the following objectives:

. To preduce an updated version of Petrie’s original monthly-depth averages of
temperature and salinity throughout the Gulf for the same sub-arcas but using an

improved (larger and with less crrors) oceanic dataset (provided by K. Drinkwater).

. To form updated composite and Gulf-wide T-S relationships and discuss the
various water masses (three layers) observed in the GSL.

- To calculate monthly averages of mixed-layer depth (MLD). upper-layer heat
content and statie stability during the ice-free scason (May to November) lor the
same subscctions used by Petrie. and discuss their seasonal evolution in light of the
other atmospheric variables (mainly air temperature and wind).

. Using objective mapping techniques. in combination with various data sources
{hydrographic and satellite derived). to produce monthly ficlds of sea surface
temperature (SST). salinity (SSS) and chlorophyll-a (Chl-«) for the seven ice-free
months.



Using these SST fields as well as all other necessary atmospheric data (chapter 4).
to compute & detatled chimatology of the surface heat budget (shortwave, longwave,

sensible. latent and net heat {Tuxes), again, for the we-free months,

To assess, using simple 1D caleulations (heat transter, mixed-layer deepening rates,
stratification change rates, heat storage rates). which mechanisms are mainly
responsible for the observed monthly upper-layer thermohaline structure throughout
the Gulf.

To process all the hvdrographic data collected in the GSU during the 9 CIGOFS
(Canadian Joint Global Occan Flux Study) cruises and compare them with the
appropriate climatologies previously computed in order to characterize the water

mass changes at these stattons over the annual cvele.

-



Chapter 2
The Physical Structure of the Upper Mixed Laver:

Review of Current Knowledge & Related Literature

2.1 Introduction

The important role plaved by the oceans in atfecting the global climate is now
generally accepted. and has reecived considerable attention in the last decade by the
scientific community (Mysak and Lin. 1990). The inherent thermodynamic properiies of

seawater compared to those of air clearly depict the cnormous difterences in volumetric

Specitic Heat Capacity (Cp) !

Density () {(pCp)

"

air = 1000 Jkgl K-V x> | kpgm-d 1000 Jm- K-
g , i :

sciwater
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Table 2.1: Tiypicet hear cupacitios for air and seawater (at arotnd 35 psu and 100°C),

thermal tnertia between both flutds. As illustrated in the third column of table 2.1, the heat
capacity of air is roughly 4000 times smaller than that of scawater.
Furthermore, it is the combined action of the atmosphere and the oceans that renders
the climate so complex. As Phillips (1981) noted in his book on upper-ocean dynamics .
“The transfer of momentum and energy [and mass] across the air-sea interface provides the
sowrce of almost all oceanic motions. The immediare local reaction to these fluxes is to he
Jowund in the disturbed surface laver: their distribution and persistence on global scale results
wltimately in the great oceanic circularions ™. This surface layer (also called the Wind-Mixed
Laver. or the Mixed-Layer. or simply the Upper-Layer) consists of the top few tens of
meters of the occan, going from the surface down to the seasonal thermocline {or
pvenocline when referring to density) approximately, within which scalar properties like
temperature (T), and most often salinity (S) (hence density (p)) are nearly homogenous duc
to the vertical mixing action of turbulence. The depth to which it extends is usually marked
by a shallow region of very sharp temperature gradient . the thermocline (from here on. we
will consider only temperature, unless mentioned otherwise). It is also very sensitive to
coastal upwelling, but for the present. as well as for the scope of this rescarch. an offshore



mixed-faver will be considered. Energy, mass and momentum are being constantly
exchanged across and within the mixed-layver (ML),

Since this research has for its ultimate goal a study of the seasonal evolution of the
upper layer T-S fields, it is important to first try to understand how these near-surface
walers behave and to what extent the physical processes involved control the evolution. on
different time scales, of the mixed-laver, This chapter witl attempt to clarity most of the
physical mechanisms (figure 2.1) that determine the vertical thermohaline structure of the
occan adjacent to the surface. It must be kept in mind that, although the action of these
different processes may look rather simple when studied individually. their combined

actions render the situation much more compiex.

2.2 Description of the Various Physical Mechanisms

Since we are constantly referring to the term “mixed™ laver (for this manuseript, the
term mixed-laver - oceanic - refers to the one adjacent to the sea sucface). it is appropriate to
mention some important points about the origin of this “mixing™ and its overall cffect. As a
starting point. it is convenient to look at the different sources of energy producing the
turbuient motions that arc responsible tor this mixing action, and their relative location,
These various mechanisms can be classified (according to Tumer. 1981) as:

. The generation of turbulence can be either “mechanical ™ or “convective ™. For
cxamplc, in the former case. the breaking of surface waves and  the instability of
shear flows at the thermocline are typical situations related to the mixed-layer. In the
convective case, the vertical motions leading to turbulence usually originate from 2
locally unstable stratification as in the case of night-time or winter-time surface
cooling.

. A further classification depends on the source of the mixing energy. t.c.: “internal =
or “external”. For the case of the mixed-layer (ML), the input of energy is usually
done externally, at both interfaces (surtace and thermocline). and the mixing
produced extends towards the interior of the layer.

With this in mind. it becomes casicr to look at the following mechanisms remembering that

they generally act to transfer some of the energy from their source into turbulent motion,

and then. by vertical mixing, to produce a nearly uniform layer in terms of its temperature.

salinity. density. and other scalar properties (Rodi. 1987).
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fig. 2.1: Schematic diagram of the mixed-Taver and main phesical processes,

Figure 2.1 illustrates schematically the different factors that play a role in the
development and maintenance of the wind mixed-laver: the four heat ux components (Q .,
and Q) - short and longwave radiation, Qy and Q, - turbulent transfer of latent and sensible
heat). the wind stress (2) as well as the influence of an ice cover, coastal upwelling., clouds
and water turbidity. This chapter will therefore consider qualitatively most of the
important physical processes that originate from both principal cnergy sources for miNing:
the wind and the buovancy flux at the surface.

2.2.1 Surface Wind Stress

The motion of the air above the sca surface carrics a certain amount ol Kinetic
cnergy. Due to the viscous nature of air, the presence of a boundary (the sca) will generally
affect the neighbouring flow by slowing it down. The shear increase is usually considered
10 be inversely proportional to the distance from the sca surface and that the air motion
immediately above it has a logarithmic velocity profile (Gill. 1981). This efiective loss of
momentum is trans!erred downward to the sca via surface stresses. [Uis cquivalent to say
that the effective force per unit area required to slow the air down is the same as the one
applicd. again per unit arca, onto the ocean surface (Kraus, 1972).  This transfer of energy
depends on many factors - air and surface water temperature (T,. SST) and wind speed
(U,) - (Blanc, 1985) and is calculated using a highly parametrized approach (Liu and
Schwab. 1987: Smith, 1988). Chapter 5 and section 2.5 on turbulence will treat these so-
called bulk acrodynamical formulac in more detail and briefly discuss the surface stress in
terms of velocitics (Donclan, 1990). Nevertheless. it is fair to say that the air motion may



be affected in the following ways: lirst, skin triction will act to slow the winds immediately
above the sea surface ina tashion analogous to a fluid fowing on a flat plane experiencing
momentum transfer against its velocity gradient: secondly. due to the physical topography
of the surface waves, form drag will result from the pressure forces applicd onto the rough
air-sea intertace (Blane, 1983): finally, the air-sca temperature ditference (T, - SST) may
influence the stability of the air laver immediately above the surface and thus affect the
mtensity of turbulence in that regron. This can be summarized by the relation for the surface
. T-SST).

The various pathways that the wind-stress energy may take once transmitted to the

stress ot air, o = Cg iy (Ul where the drag coetTicient Cy=¢( U,

water body will be considered qualitatively. Most of the wind-induced momentum is used

to generale surtace waves (Dobson. 1971). The fate of this wave cnergy is divided into

different oceanic motions, some of it, as Denman and Mivake (1973) reported. is advected
away, “some is dissipated or transported into turbulence through wave breaking in the
upper few meters, and some is transterred into a drift current™. Therefore. only a fraction of
this momentum energy loss to the sea will go into rbulence and result in vertical mixing off
the near surface waters (Pond and Pickard. 1991). This is schematically summarized by
figure 2.2, where a surtace stress is intally applied to a lincar temperature profile and. at

some time later, @ mixed-layer has developed as result of the stirring action of turbulence.
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fig. 2.2: Schematic diagram of ML behaviour experiencing surface wind stress,




The Kinetic energy input of the wind has then been used to alter the Tea profife by miang
the warm surface water with the heavier colder one immediately below it thus formmmy a
homogenous upper-laver colder than the imal SST.

Adthough described above tna relatvely simple manner, the conseguences ot this
stress imposed on the sea surtace fead to much more complicated phenemenit whneh are not
vet fully understood. In fuct the traction (m) of the colian energy transtormed e
turbulent motions is not known in detanl but is strongly dependant on sea-state (e.g
Denman and Mivake (1973 found m=0.0012; Katwo and Phitlips (19691 observed
m=0.0013 experimentally and Turner and Kraus (1967) caleulated m=0.01 trom ficld
data). Researchers have tried 1o tsolate the processes in laboratory expeniments. Kato and
Phillips (1969) used « rotating disk to apply 2 constant stress w a circalar tank of ud,
inttially at rest and with o uniform density gradient. As the underlving flutd was
progressively entrained near the turbulent surtace, a mixed layer developed. They then
related the entrainment rate to the external parameters, namely the buovaney frequency. N,
(Turner. 1981) and the mixed-layer depth. Although several more expertments tried to
relate the vanous mixing parameters to the surface stress (Ellison and Turner. 1939:
Turner. 1981). some discrepancies still remained between cach result as well as between
the underlying theoretical assumptions. In a review paper on mixing processes, Turner
(1981) proposed. from dimensional arguments, that the entrainment velocity producing a
well-mixed  layer in a stratified fluid undergoing a mechanical surface stress (without
heating) should be proportional to the overall Richardson number (R« - g Aph o py ud),
(g. Ap. hand py are the gravity acceleration, the density ditference across the MLD. the
depth of the mixed-laver and the ML density. respectively. u-, the friction velocity, will be
defined in section 4.2.3 along with the concept of mixing energy). This agrees with most
current entrainment theories, although some authors choose vanous scales to detine the
corresponding Ri. All these experiments resemble one another in that thev all apply a
sudden stress to an tnitially quicscent fluid. This rather complex initial value problem will
be further discussed in section 2.3.

Finally. an important aspect conceming the action of the wind is that several
different occanic motions {inertial motions, inertial waves, dnft currents. Langmuir
circulation. ctc.) are directly related to this surface stress, and they are likely 1o influence the
behaviour of the surface water by processes at various time/length scales. Consequently.,
this section docs not provide a full treatment of the wind-ocean interactions. but simply tries

to relate the formation of a well mixed-laver under the influence of wand stress.



2.2.2 Solar Radiation. Penetration, and Backradiation

The second major factor contributing to the seasonal formation and destruction of
the upper-layer is the sun. or. more precisely. the amount of energy gained and lost at the
sca surface by radiation. This section will describe the effects of this incoming solar
radiation. explain how the ocean returns part of this energy in the form of longwave
radiation, and bricfly discuss how this incoming cnergy penctrates below the sea surface.
For the picturce 1o be complete. the following section will treat the turbulent fluxes of heat
and mass transfer across the air-sca interface. thus providing all four terms needed to
¢stimate the net heat fluxes at the ssa surface.

A more compicte treatment of the fundamentals of radiant energy and the associated
budgets can be found in Budyko (1974) and other metcorological physics textbooks (c.g.:
Houghton. 1985: Pcixoto and Oort, 1991). This scction is restricted to an explanation of
short and longwave encrgy, the various environmental factors that influence their strength
and the resulting impact on the surface waters of the ocean.

First, from a climatological perspective. and because the amount of uncertaintics
and fluctuations invoived in various other physical quantitics are considerablic, the sun's
radiation intensity may be assumed constant (Peixoto and Oort. 1991) such that the incident
cnergy flux reaching the carth is referred to as the solar “constant™ (S, = 1360 Wm-2),
Consequently. the total encrgy reaching the top ol the atmosphere for a particular arca will
depend on its latitudinal location and the time of the year. Budyko (1974) computed
monthly average clear sky solar fluxes (in Wm-2) for latitude bands of ten degrees, going
from 90" south to 90" north. From this tabulated data, a small gcometric correction can be
applied (Bugden. 1981) to accurately estimate the monthly average incoming flux at the top
of the atmosphere.

As this cnergy cnters the atmosphere, several factors will affect its transmission.
Because of the presence of atr, acrosols, water vapour and clouds. and other atmospheric
constituents, some of the encrgy will be scattered and reflected. some will be absorbed and
reradiated back according to the temperature of the absorber. This influences the actual
amount and type of radiation reaching the ocean surface. A complete picture should
therefore consider several atmospheric parameters such as: cloud amount, cloud basc and
top height. cloud optical thickness and temperature, relative humidity and air temperature,
aerosol and other gascous constituents, etc. This makes the calculations extremely
complicated and requircs the use of far more sophisticated methods. such as complex
radiative transfer models (Frouin and Gauthier, 1988). Although such a full analysis is very



difficult to perform and not feasible within the context of the present study. one should
nonctheless assess which of these factors have the greatest impact on the radiation budget
and try to incorporate them using simpler empirical relationships.

Several authors (Budyvko, 1974: Houghton, 1985; Frouin and Gauthier. 1988) have
considered these aspects with various levels of complexity. For the present study. only the
clfects of cloud cover, surface air temperature and relative humidity will be taken into
account. Although this is largely duc to the data availability. these three atmospheric
parameters are considered to be of the utmost importance for the radiation analysis and are
gencrally included in global ¢limate studies (Bunker, 1976: Hstung, 1986: Hakkinen and
Cavalicri. 1989) and modclliing experiments (Oberhuber, 1992). In fact. the simple
inclusion of the monthly cloud cover. Cy. in the short and longwave heat flux relations has
been tnvestigated by several rescarchers. The exact dependence of these two radiation terms
on the cloud cover is still uncertain, Some studies suggest a lincar dependence on Cj, while
others use the third power of Cy,. More details will be given in chapter 3 of the methods
used in the heat budget calculations. Once it has reached the surface. the shortwave
radiation is then multiplicd by the factor (1 - a) where a is the albedo of the sca surlface
(Budyko. 1974).

Although the sun’s incoming rays penctrate to substantial depths, the bulk of this
radiant ¢nergy [0.3 - 1.0 um] is absorbed within the top few metres of the occan (Phillips,
1981). On average, for the world’s ocean. between 60% and 80% of the entering light
encrgy will be absorbed within the first one and ten metres, respectively (Duxbury and
Duxbury. 1991). This rapid decay with depth, influcnced somewhat by scattering. but
mainly affccted by absorption causcd by suspended particulate matter and dissolved
materials, may be expressed by the exponential relation, [(z) = I,exp(-kz). I, and I(z)
correspond to the radiant intensity at the surface and at some depth. z. and k represents the
attenuation coetlicient for a particular water type (Pickard and Emery. 1990). Although this
extinction coeflicient varics with the wavelength (Pickard and Emery. 1990). it is possible
to define an average value for k allowing adequate use of the exponential relation mentioned
above (Denman and Miyake, 1973). Paulson and Stmpson (1977) made further irradiance
measurements in the occan on the basis of an effective radiation band. which allowed them
to definc various types of waters according to their transmissivity.

Corresponding to this incident solar flux. therc will be a response from the mixed-
layer in the form of long wave cnergy. emitted according to the temperature of the sca
surfacc (SST). This backradiation is assumed to take place within a very thin layer at the



sca surface (Denman and Miyake. 1973). Thus, onc can consider the SST as the only
occanic parameter involved in this heat flux component. Unfortunately, the atmospheric
counterpart needs further atiention. Reradiation by the atmosphere (by the layer of air above
the sca surface. by the clouds and by the acrosols, ctc.) plays a complex role in the
radiation budget. Hence the need for an empirical refation in terms of cloud cover. Cp,. air
temperature, T,. and rclative humidity. It is not clcar as to the exact role played by the
humidity and the cloud cover terms in this infrared radiation budget (there are significant
differences in the longwave equation between authors: see Pickard and Emery. 1990: Gill,
1981: Budyko. 1974). Qualitatively. the ocean will respond in an manner analogous to the
land for the longwave term. namely: clear sky nights are known to be colder than cloudy
nights due to the increase in infrared radiative cooling of the carth surface (Ahrens, 1991:
Pickard and Emecry. 1990). Clouds and humidity tend to absorb the longwave cnergy lost
by the surface and emit it back. thus slowing the effective radiative cooling.

2.2.3 Turbulent Surface Fluxes

1t can be said that the air motion ncar the sca surface is most likely to be turbulent
(Pickard and Emecry. 1990). Difficultics arisc when using the simple bulk acrodvnamical
formulac in order to ¢stimate how much heat and moisture ts actually transferred across the
air-sca interface by turbulent fluxes. Although these bulk transfer cocfficients have been
given considerable attention by scveral rescarchers (sce Blanc. 1985, for a partial review),
and despite striking similaritics in most experimental approaches, as well as cmpirical
rclationships. large discrepancics from one scheme to another remain when computing €y,
and C, (latent and sensible heat cocfficients, respectively). Blane (1985) found differences
as high as 45% and 70% for average fluxes of latent heat (240 Wm-2) and sensible heat
(£25 Wm-2). Nevertheless, these two fluxes - Qp, and Q. for latent and sensible heat
respectively - constitute two critical terms in the net enerey budget at the air-sca interface. In
fact. becausc they are strongly dependant on wind speeds and air-sca temperature
differences. they have important fluctuations in their magnitude on both the scasonal and
the interannual time scales.

The difficultics associated with the eddy transfer of properties arise from a morc
general problem: the complex nature of fluid turbulence. Although this is far from being
fully understood. the conclusions drawn by several “air-sea interaction™ experimentalists
have yiclded considerable insights as to which factors do influence thesc transfers. It is
believed by many that the stability of the air immediately above the sea surface greatly



affects the turbulent intensity and. hence moisture and heat transter. For example, if the air-
sea lemperature difference is such as to give an unstable or “buoyant™ atmospheric surface
layer, air parcels will constantly tend to rise. thus increasing the intensity of turbulence and
its ability to remove motsture and heat from the sea surface. Conversely. in the situation
where the sca is actually cooler than the atmosphere, the surface layer of air becomes denser
as it loses heat to the occan. thus inhibiting convection and reducing turbulent transfer
(Pickard and Emery, 1990 Smith, 1988). Furthcrmore. this air-sca temperature difference
has a somewhat “doublc™ influcnce: not only docs it arise in the bulk formulations (see
chapter 5 for formulations). but it also affects the values of the bulk cocfficicnts under
vartous atmospheric conditions (cg.: Kondo. 1975: Liu ¢t al.. 1979: Smith. 1988 and
1990) as Cy, and C, arc functions of |U,| and (T, - SST).

Another controversial aspect concerning these turbulent transfer cocfficients is the
wind speed. Dynamically speaking. an increasc in the wind velocity will gencrally result in
a more turbulent {tow (Gill, 1981). The problems arisc at both low and high speeds. Smith
(1990) and Wu (1990) disagreed on whether one should usc a continuous or discrete
transition between acrodynamically smooth and rough flows. They also argued about the
exact location of such transitions on the basis of several external parameters. Wu (1980)
mentioned the possible cftcet of surface “ripples™ on waves during strong winds which
could prevent or delay the atrflow separation obscrved in laboratory for “smooth™ surface
wavcs. Furthermore, higher wave activity for faster wind specds is believed to increase the
sca spray and lead to a greater transfer surface arca (Rocebber. 1989). Finally. although no
conscnsus yet exists as Lo the exact dependence of Cp and C on |Uy| and (T, - SST). Cy is
generally considered to be smaller than C (C,= 1.16 Cy: Smith, 1980: Blanc, 1985). In
conclusion, large uncertaintics remain when using bulk acrodynamical formulac and a
conservative approach should prevail until more experimental evidence is available.
Qualitatively, Q. and Qy, are important in affecting both the atmosphere and the ocean
(Cayan, 1990 and 1992a.b). Their direct influence on the net heat budget of the Gulf of
St.Lawrence will be presented in chapter 5.

All four terms of the surface heat budget have been discussed - namely the incoming
shortwave radiation, Qg,. the effcctive longwave backradiation, Q. and the turbulent
fluxcs of sensible and latent heat, Q. and Qy, . We anithmetically sum them (Qpes = Quw -
Qiw - Qn - Q,) in order to obtain the net heat flux entering or lcaving the sea surface each
month. Heat gained by the sea is taken as positive. Although cach constituent of this
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budget is extremely important, it really is the net flux of heat at the air-sea interface that has
critical conscquences for the mixed-layer. The following pictures (figs. 2.3 and 2.4)
cxamine two possible scenarios - net gain and loss of heat by the occan surface - and
cxplain qualitatively the corresponding cffects of both cases on the ML development.

Figurc 2.3 describes the responsc of a mixed-layer undergoing a net loss of heat to
the atmosphere. Obviously. in such a situation. the tempcerature of the water immediately
adjacent 1o the surface will decrease and. consequently. the density will increase. As this
process takes place, surface waters become heavier than the layers just below and will
sink. a process called penctrative convection. In doing so, these sinking plumes
will entrain surrounding water and. as they brecak down into more turbulent water parccls
and mix propertics (T. S. suspended matter, ctc.) with their immediate environment. It is
this mixing that will redistributc the heat content of the surface layer with waters
immediately below the mixed-layer depth, thus decpening the ML and making it colder.

In the second case (fig. 2.4), the ocean is gaining heat, a situation corresponding to
the summer months (chapter 5 and Bugden, 1981). The surface waters now become lighter
than the waters underneath, thus stabilizing the upper layer and inhibiting convective
overturn, penetration and vertical mixing. Nevertheless, if mixing occurs at the surface (duc
to the wind action, the breaking of waves, etc.) this will again result in a redistribution of
heat in the mixed-layer (Tumer, 1981: Pickard and Emery. 1990) as depicted by the third
panel of figure 2.4.
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Although the arguments here may seem rather simple and obvious from a thermodynamic
point of view, cfficiently relating overturns and penctrative convection 1o a net “mixing”
effeet is @ much more complex task (Galbraith, 1992). The penetrative nature of this mixing
is still the subjeet of debate (Tumner. 1981). Gill and Turner (Turner, 1981) have argued in
favour ol a non-penctrative heat loss during the cooling period and. under this assumption.
concluded that little entrainment resulted from this. For the discussion to be complete, these
processes are generally discusscd along with the concept of buoyancy flux. which includes
the effects of precipitation and evaporation. The next section will attiempt to clarity this
notion in paraliel with the conscquences of fresh water input and ice.

2.2.4 Precipitation/Evaporation. Runoff and lce: Buoyancy Input
So far, radiative heat fluxes and turbulent transter of mass. momentum and heat
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 affect vertical mixing.

Surface buovancy flux:

Buoyancy is defined as “pg™ and links density differences and gravity together,
which can produce or inhibit water motion (often defined as “-pg™ because a water parecl is
said 10 be more buoyant when it has less weight). In cssence. it can be viewed in terms of
water layers of different densitics overlying one another. Their relative vertical position as
well as their density difference lead to the well-known notion of water column stability.



Conscquently. fluxes of buoyancy (ncgative or positive) at the sea surface will make the
surface-layer more or less stable in comparison with waters immediately underncath. Gill
(1981) defines the surface buovancy flux by
B=Cplga(-Qu)+gB(E-P)S,

where Cp, a (-p ' ép/eTyand B i-p- ! op/eS) are the heat capacity and the thermal and haline
cxpansion cocfficients of sca water, (E - P) is the difference between evaporation and
precipitation, and g. S and Qp are the gravity. surface salinity and the net heat flux (taken
as positive upward in Gill, 1981), respectively. Hence from B. one can asscss changes in
potential energy to the water surface through fluxes of heat {1st term) and mass (2nd term).
Motion induced by buoyancy contrasts arc due to differences in both temperature and
salinity. Evaporation contributes to a increase in buoyancy in two ways: via evaporative
cooling. included in Qyq (the first right-hand side term of B). as well as by increasing the
surface salinity, as expressed by the second term of B (refer to chapter 5 for the specific
formulation of Q,,r). Finally. for mid-fatitude occanic conditions. temperature differences
generally result in stronger density changes than salinity (Gill. 1981). However, this might
no longer hold truc for the cstuarine region of the Gulf where water is considerably fresher
than in the rest of the basin. This is related to the fact that both iemperature and salinity
influcnce the valuc of @ and f (Prinsenberg. 1982). Apart from the surface heat tlux and the
cvaporation, the cnvironmental factors affecting buoyancy and hence stability are
rain/runofT. ice melt and icc formation.

Ice cover:

Not only will the presence of an ice cover be significant in terms of buoyancy flux
as well 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. We consider first the freczing of the surface waters. As crystals form and
agglomerate, salt is rejected (Pickard and Emery., 1990). This increases the ambient density
and, in turn, leads to sinking and replacement of this adjacent laycer. Thercfore. as icc is
formed. it results in a positive buoyancy flux (according to the definition of B above: Gill,
1981) near the surface due to an increase in salinity. The exact amount of buoyancy
generated 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 brine
cells. In the spring. the reverse situation occurs: the ice cover melts and gencrates an
important “puise” of rclatively fresh water, hence leading to a more stable surface layer via
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a negative {lux of buovancy. It is extremely difficult to assess the quantitative importance of
this process for it is a function of scveral parameters which are often not known. For
example, in the Gulf of St.Lawrence, although the secasonal and interannual horizontal
cover of ice is relatively well documented (Dérv. 1992, DeTracey. 1993). litde is known
about the distribution of ice thickness and hence the actual volume/mass of sca-ice.
Sceendly. since the rate of freczing will influence the amount of seawater trapped as brine
cells. it is difficult to estimate what will be the concentration of salt in the melted ice in the
spring. Thirdly. it is belicved that the time of the vear at which ice forms may inhibit the
surface thermal loss to the atmosphere. hence trapping more {(or less) heat within the upper
water column. The dates at which ice is formed are generally known (Garrigues, 1993:
McGiil Univ., personal communication). but there are no correlation studies relating the
upper-water heat content to the ice formation. Finally, winter evolution of the temperature
underncath the ice depends on the heat conduction of the entire sca-tee cover which is a
function of the amount of snow that accumulates on the surface. Ice cover not only
insulates the water surface. but also reduces the transmission of kinctic energy from the
wind stress, thus aflfecting upper-layer turbulence and mixing. There is. however, a stress
at the ice-sea interface induced by the ocean currents . Prinsenberg (1982, 1983) considered
the cflects of such ice-sca stress in Hudson Bay and concluded that, from McPhee’s (1979)
icc-occan stress relation. 1w = 0.01 V178V is in cms 1), a tidal current of 20 ems-!
would generate a friction veloeity, u-, of around 1.42 em -1, which roughly corresponds
to the effect a storm would produce in interacting with the sea surtace. Therefore, ice cover
may causc mixing of the surface water which should conscquently intluence the winter
cvolution of the mixed-layer extent and the assoctated T and S profiles. Finally. Lepage and
Ingram (1991} report that this icc-occan stress becomes negligible when the ice is not land
fast but free to move with the surface currents.

Runofj consequences:

A sccond important environmental factor dircctly linked to the surface buovancy
flux and the stability of the upper-layer is the runoff. Similar to the eftects of ice melt.
runoff contributes 1o buoyancy variations by supplying fresh water. For instance,
following the melting of lake ice and snow within the Gulf of St-Lawrence watershed, there
will be an increase in freshwater runoff to 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 generally believed that the the GSL density gradients



resulting from river runoff “mainizin a basic state of motion™ (Kowtitonsky and Bugden,
1991) much like the typical density-driven circulation of estuaries. Morcover, vear-to-vear
fluctuations of the river discharge result in considerable changes in the surface salinity.
Bugden et al. (1982) and Lauzier and Bailey (1957) have compared average Gull-wide
salinity ficlds between high and low runoft vears and found significant differences at the
surface. especially along the Gaspé shore and in the Magdalen Shallows. These effects can
also be fclt relatively far downstream from the river source (El-Sabh. 1976: Sutcliffe et al.,
1976: Koutitonsky and Bugden, 1991). Finally, Prinsenberg (1983) reports that an
incrcase in runoff can significantly increasc the surface stability, thus reducing the
deepening rate of the mixed-layer and keeping the winter salinity and pycnocline depth at
values lower than normal. From a combination of modelling results and hydrographic
obscn ations in Hudson Bay. Prinsenberg (1983) concluded that an increase in freshwater
discharge could result in *"a tendency to produce more ice™ by a decrease in winter surface T
and S. However. this latter consequence might not hold true in ditferent occanographic
basins. For cxample. Déry (1992) found no significant correlation between the ice cover
and runofT in an interannual study of the GSL ice cover, which indicated that several factors
interact in a more complex fashion.

Precipitation and evaporation:

After ice effects and runoff. precipitation and cvaporation and the corresponding
surface salinity decrease/increase cause the next largest changes in surface buoyancy in the
GSL.. Although the amount of heat addition associated with precipitation is relatively small
{approximately 100 times smaller than the net summer bcat flux for the GSL - Bugden,
1981). it may however have, in certain regions of the world ocean. an iltlﬁonanl impact on
the surface stability by the flux of buoyancy. It is well known that precipitation over the
tropical oceans generally results in a colder. fresher and more stable surface layer (Miller.
1976; Price. 1979). During a ficld study near the west coast of Florida, the formation of'a
“new™ shallow mixed-layer as a result of a strong rainfall was observed (= 6 cm in < 2h;
Price. 1979). It this case. the strong. “nearly impulsive™ negative buoyancy flux yielded, 3
hours after the storm passed, a new halocline at a depth of about 10 metres which
eventually merged with the existing mixed-layer (MLD = 30 m). It is important to note that
not all precipitation events will have such a dramatic influence. During the BOMEX (Price,
1979) field program. (as well as in the Gulf of St.Lawrence during the JGOFSS
hydrographic cruise, May-June 1993). no significant mixed-layer and surface salinity



response to rainfalls were observed, leading to the conclusion that much stronger events
may be required in order to have a substantial impact on the upper-laver. Finally,
cvaporation also contributes to changes in the surface layer stability. In the warmer regions
of the world’s ocean, this process plays a major role in generating density gradients by
removing water from the sea surface and rendering it heavier due to the salinity increase, as
well as because of the associated loss of latent heat. Miller (1976) also showed that. in
arcas (c.g. tropics) where the pyenocline was influenced by changes in both T and S. the
latter should be included in ML models in order to accurately predict the deepening rate.

2.2.5 Other Processes

In this last section. we bricfly discuss some occanographic processcs that also atfect
the physical structure of the mixed-layer but play a less important role within this study.
The reasons for not considering them are numerous and vary greatlv: some of them are
stimply not relevant from a monthly climatic perspective: others are not quantitiable or
apparent within the present dataset: finally, some of these processes are belicved to be
important to some degree but. duc to limited time or improper tools of analysis (computer
models, satellite imagery, missing datasets. aliasing, etc.). they will be neglected in this
rescarch. It should be kept in mind that the following brief discussion on the occanographic
processes constitutes a rapid and rather incomplete overview, and the topics are presented
in no particular order:

Tidal mixing :

The sun contributes to the gravitational pull generating the tides, but the moon’s
cflect is stronger by a factor of two (Pond and Pickard. 1991). For the GSL. tides arc
sustained by cxternal forcing from the Atlantic Occan (Koutitonsky and Bugden, 1991).
Tidal currents rarely exceed 30 em s-1 for the Guif region. Nevertheless, in shaliower
and/or narrower arcas, tidal currcnts may be sufficiently high to mix part of the water
column as a result of bottom friction stress (see section 1.1). Again, the ambient
stratification will inhibit this vertical mixing action from being felt throughout the water
column (in this case, turbulence is generated at the bottom and its effects propagate
upward). Therefore, only those situations where bottom generated mixing might be strong
enough the reach the thermocline and/or the surface (hence affecting the characteristics of
thc mixed-layer) arc important (Pingree and Griffiths, 1980).



Coastal upwelling

Stnee the prevailing winds generally blow from the west over the GSL. one would
therefore expect to see wind-driven Ekman upwelling along the north shore of the Gulf as
well as on the south side of Anticosti Island (refer to fig. 1.1). From conscrvation of mass,
and remembering that waters underncath the mixed-layer are relatively cold. one would also
expect Lo see surface signatures of these upwetled waters (a nice schematic diagram can be
found tn Peixoto and Oort, 1991, p.180). In tact. the presence of cold coastal waters can be
clearly obscerved in these Gult regions with the aid of satellite imagery (Anonymous. 1991).
Rosc (1988) and Bourque and Kelley (19935) also observed upwelling events in the north-
cast sector of the GSL due to alongshore wind stress. The offshore distance to which this
upwclled water will spread is related to the internal Rossby radius of deformation | i
(Pond and Pickard. 1991). For a two-layer system. 2; can be defined as. 2 - ¢+
(¢ (h’h/(h+h™ )12 (Csanady. 1982). where h and h* correspond to the depths of the upper
and lower layer. respectively. f is the Coriolis parameter, and the reduced gravity is
cxpressed by g7 = gAp/p,. Assuming the following typical depth scales (h=30mand h™ =
70 m). and a density difference. Ap. of 2 kgm-3, yiclds typical 4; values of the order of 4-
7 km for the Gulf of St.Lawrence (Bourque and Kelley. 1995) . This gives a measure of
the horizontal extent of upwelling cvents and indicates how far from the coast onc might
expect to observe the signature of such processcs.

Surface processes:

Langmuir circulation is an cxample of the complex and non-lincar naturc of the
interactions between oceanic motions (Pickard and Emery. 1990). This circulation has
convergence and divergence patterns and associated zones of downwelling and upwelling.
These fecatures alfcct the upper-layer T and S profiles by entraining (and detraining) surface
and subsurface waters, thus blending their scalar properties.

Thermocline processes (internal waves, incrtial motion. crosion) :

Movement of the thermocline is also important for the mixed-layer. The presence of
a continuously stratified fluid supports a wide range of intcrnal motions. However, several
laboratory and model studies disagree on the form of physical mechanisms that occur
within a simplified two-laycr system, i.e.: a sharp, nearly discrete density interface
(Phillips, 1981: Turner. 1981: Gregg. 1987 and 1991). Gregg (1987) reports that internal
waves evolving into dynamical instabilities constitute a major factor in generating mixing in
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the thermocline. This mixing may also result from interfacial shears in situations where
sharp density gradients exist along with a change of velocity across the intertace (Turner,
198 1), Krauss (1981) observed and successiully modelled the upper ocean rezponse to the
passage of a sequence of severe storms in the Baltic Sca. His conclusions, supported by
similar ones from Price’s (1981) model study of a hurricane in the Gulf of Mexico,
suggests that thermocline crosion resulted from the strong shears of the storm-generated
incrtial waves. Further evidence of internal wave-induced mixing has been reported by
Galbraith (1992) in studying the cffects of internal tide and solitons at the head of the
Laurcntian Channel. The entire topic of mixing in the ocean interior constitutes @ complex
subject. However, it is nevertheless important to note the two significant sources of energy
for this mixing, i.c.: breaking internal waves, and interfacial shear. as a result of dynamical
instabilitics (Pickard and Emcry, 1990). This topic will be further discussed in sections
2.3.1 and 2.3.2.

Diurnal effecis :

A distinct daily cycle can generally be observed in the surface heat budget on calm
and clear days. I the wind action remains weak, this ¢vele will result in stabilization of the
upper ocean during the day followed by a positive (according to Gill's definition. 1981)
buovancy flux associated with the night time cooling (Turner. 198 1) The main ditficulty
lics in determining il this increase in potential encrgy can lead to sulTictently strong
penetrative convection during the night and therefore affect the mixed-layer. Woods and
Barkmann (1986) and Woods and Strass (1986) investigated this phenomenon numerically
and predicted a maximum variation of the carly spring upper-layer extent ranging from a
daily depth of 35m to 135m at the end of the night. In another model study. coupled with
high resolution hydrographic obscervations, Price et al. (1986) report similar daily features
but of much shallower exient. Furthermore, they noted the opposing effects of stabilizing
mid-day buoyancy flux with an ofien scen concurrent maximum wind and its associated
mixing action. Hence, both winds and the ambient water column stability can greatly
influence thesc diurnal effects. They also observed the presence of a diurnal jet within the
mixed-layer, whose cycle strongly corresponded to that of the wind.

Advection :
Although most earlier mixed-layer studies (mainly 1D models) assumed that the
horizontal advection would have negligible effects compared to the vertical mixing



occurring near the surface. this assumption can only be truly validated by exact knowledge
of the existing currents or with the help of more sophisticated multidimensional models. In
fact. in arcas where horizontal motions are large (Gaspé current in particular), one should
expect that local surface properties (T, S, plankton concentration, cte.) might be carricd
sufficiently fast to adjacent location such as to modify the upper-layer structure there. One
must now distinguish between the “slow™ horizontal displacement of occanic propertics
(c.g.: advection of nutricnts, or salinity minimum as is the casc in the GSL. from the Gaspe
coast towards Cabot Strait: Koutitonsky and Bugden, 1991) and the “dynamical™ ctfects of
stronger currents on the deepening of the mixed-layer. In the first casc. the advection may
certainly have an observable influence on the occan over longer time scales. say weeks to
months, by changing the heat input and/or influencing the stratification. In the second case,
it is the velocity difference across the thermocline (i.c.: shear value between the surface and
sub-surface currents: Gan ct al.. 1995) that will be important in terms of production of
turbulent mechanical encrgy and hence, entrainment at the base of the mixed-layer. This
will be discussed in greater detail in the next section.



2.3 Temporal Considerations of the Mixed-Layver

In the previous seetion, the most important upper ocean processes which mtluence
the scasonal evolution of the mixed-taver and its corresponding temperature and salimty
characteristics were discussed. Attention will now be given to the temporal evolutton of the
mixed-layer, more particularly to the different ime scales over which vanous processes act
and to the energy balance. Although the first widely known study of the occanic upper layer
dates back to Ekman (1903), and that the first realistic thermocline model including the
cffects of stratification was that of Munk and Anderson (1948), a significant evolution in
the ficld of mixed-laver study can be attributed to Kraus and Turner (1967). They
formulated a successtul and realistic model of the scasonal thermocline and supported thetr
resuits from laberatory experiments. Since then, considerable rescarch efforts were made in
order to understand the immediate response of a quicscent tluid to an imposed surface
stress and heat flux. This led 1o a series of leboratory experiments (Kato and Phillips,
1969}, theoretical studies (Pollard et ab., 1973, Niiler. 1975) and numerical simulations
{Denman. 1973). as well as an increasing number of hvdrographic observations (Denman
and Mivake. 1973). Consequently. the present section will cover three topics:

. First, after having brictly reported on the historical evolution of the upper laver
study. we will focus on the “initial value problem™ (IVP) of mixed-taver decpening,
referring in particular to three significant contributions ( Denman, 1973: Pollard ¢t
al., 1973 and Niiler, 1975). The notion of energy balance within the context off
mixed-fayer dynamics will be introduced.

. Next. we will relate the conclusions from these [VP studices to more realistic
environmental conditions. In particular, the effects of storms on the upper ocean
wili be considered. Numerical, as well as observational studies. will be presented.

. Finally. the scasonal evolution of the upper mixed-laver will be discussed. with
special emphasis on the balance of energy associated with this longer time scale, as
well as a description of this seasonal cycle from obscrvations.

2.3.1 The Deepening of the Mixed-Layer - Energetic Considerations

As mentioned carlier (sce schematic pictures of sections 2.2.1 and 2.2.3).
considerable insights might be gained from the rather stimple-looking problem of an initially
quicscent fluid body undergoing a sudden surface stress and heat flux. Since this rescarch

focuses on the seasonal evolution of the upper mixed-layer through monthly means of



various quantitics. cmphasis will be placed here on the fact that, although the theoretical ML
deepening behaviour deals with relatively short time scales (from hours to a few days - sec
section 2.2.3). it has nonetheless significant implications on whalt the ocean will look like
on scasonal time scales. The ML decpening problem is the subject of much debate among
occanographers. This can be cxplained by the fact that. regardless of the scales of interest
(both spatial and temporal). turbulence is the ultimate agent transferring propertics in the
upper-occan and thus will determine the temperature and salinity ficlds near the surface.
More preciscly. the results presented below result from one-dimensional analyses/models
and. unfortunatcly, reguire the use of scveral (debatable) paramectrizations of physical
processes (cntrainment, energy dissipation. inertial motions, turbulence closure, ete.).

Denman and Miyake (1973) were one of the first to successfully predict the
observed time dependant modifications of the upper mixed layer (for sub seasonal time
scalcs) with a generalization of the Kraus-Turner onc-dimensional integrated model. Since
the goal here is to qualitatively describe the ML responsc, the model descriptions will be left
aside - refer to Niiler and Kraus (1977) for a complete discussion on the subject, and a brief
overview in section 2.4. One feature of Denman’s model was the sensitivity of the results
to the mixing encrgy produced by the wind stress, as well as by the absorption rate of solar
radiation, which varicd significantly with the extinction cocfficient. k (sec scction 2.2.2).
An important aspect of this model is the exclusion of rotation: conscquently, Denman’s
physical explanations of ML decpening will differ somewhat from those of Pollard ct al.
(1973) and Niiler (1975) (whose modcls include rotation but lack obscrvational
comparisons/simulations). Denman concluded that the mixed-layer extent was dependent on
both wind stress cnergy and water column stratification, and that the initial deepening rate
was proportional to t!/3 (where t is time). as reported by Ellison and Turner (1959) and
Kato and Phillips (1969) in laboratory cxperiments. Denman suggested that diurnal effccts
were too small to be clearly noticed. He also obscrved that during strong summer wind
conditions. surface heating was less important but should be considered during relatively
calm wind periods.

In a more complex mathematical treatment, Pollard et al. (1973) found that rotation
was important in limiting ML deepening after one half inertial period, as strong incrtial
oscillations prevented further deepening. Their results suggested that the maximum depth of
the mixed-layer depended on wind, rotation and stratification as MLD,,, = us (Nf)-112,
Furthermore, they argued that, on the seasonal time scale, surface heating/cooling would be
dominant. A few years later. Niiler (1975) integrated both Denman's and Pollard’s results



and showed that both inertial motions and surface wind stirring were important in the initial
stages of the mixed-layer. in his model study on the asvmptotic ML deepening regimes, he
cxtended the work of his predecessors by incorporating three layers - a surface mixed layer.
a thermocline zone of perturbation energy production. and a quicscent abyss, and
considered two possible sources of turbulent kinetic energy (TKE): the wave-induced shear
of the surface currents and the turbulent entrainment at the thermocline (@ natural extension
of Niiler’s work is the well known and now widely used 2 and 1/, layer model | ¢.g. Gan.
1995; Gan ct al.. 1995). Again, a rapid deepening foliowed by a subsequent slower erosion
was observed: Niiler attributed this response to the tnitial input of TKE from surface
processes (until | pendulum hour). and presumably followed, on time scales of a few
hours, by the action of inertial motions. Similar to Denman. Niiler also noticed that the
deepening rate was strongly dependant on the extent of the mixed-layer at the time of wind
onsel. For the seasonal cycle. heating and dissipation should play an important role.

In conclusion. a rapid initial deepening of the mixed-layer followed by a slow
crosion has been observed and simulated by several rescarchers, but the exact mechanisms
cxplaining the partition of encrgy amongst the different processcs is stifl debated. The lack
of understanding of turbulence in a stratified medium resulting in different assumptions
and/or parametrizations can probably hclp explain the different conclusions and slight
variations in the obtained results. In essence. different processes may dominate at different
stages. Nonetheless, a nearly common feature in all these studies is the consideration of the
balance of TKE inputs against the changes in potential energy and dissipation within the
surface layer. Consequently. for the simplified yet realistic theoretical case of a sudden
stress applied to the surface of a quicscent linearly stratifted fluid body. four distinct
dynamic stages were identificd by Niiler (1975) and deSzocke and Rhines (1976). Assu-
ming no heating or energy dissipation. the TKE equation for the ML can be expressed as:

Vohf_ . NW
+

0540/ 4 (G U2) | The storage rate of wrbulent cnergy in the mixed-layer

0.5dh/ 4, (NZh2 /2) | The rate of increasc of potential encrgzy duc to entrainment from below

0.5dh/;, [BV|2 | The rate of production of turbulent mechanical encrgy by the stress
associated with the entrainment across a velocity difference |5V

mUa3 The rate of production of turbulent mechanical energy by surface processes

Table 2.2: ML deepening stages and the corresponding halance of energy.
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(Turner. 1981) where h represents the MLD, ¢ and m arc fractional dimensionless

coefficients, and where cach encrgy term is explained in the previous table. As a result of

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

1o the dominant balance of encrgy:

* A & D (Initially., up to a few minutes})
First. there will be an immediate reaction of the mixed-layer in “storing™ a fraction
of this turbulent kinetic energy produced by the surface winds. The mixed-layer will
usually grow to a few metres very rapidly.

* B <> D: (A4 few minutes, up to an hour)
If this process continues. the surface TKE production will, within the first hour,
contribute in changing the potential cnergy of the entire ML. resulting in a
characteristic thermocline (typically a few tens of meters deep: Tumer. 1981) and
increcased upper layer horizontal velocitics.

* B & C: (Uniil a time scale of half a pendulum day)
Meanwhile, the surface currents have been accelerating as well as the shear value
increasing across the thermocline: conscquently, rotation will have a stronger
influence on the mixed-layer motions, resulting in an energy balance between the
TKE produccd at the surface and that generated by the incrtial shear stress and
characterized by cntrainment at the base of the mixed-layer. This balance should
dominate on a time scale of half a pendulum day. After this time. the MLD can be
cxpressed in terms of U., f and N. Different authors proposed varying
formulations of this depth dependence (i.e.: Turner, 1981). but these will not be
presented explicitly.

= B & D: (Longer-to-seasonal time scale)
Finally, the inertial currents decrease and a slow ML erosion follows, thus restoring
the initial balance between the mixed-layer potential cnergy change and the turbulent
kinetic encrgy rate produced by the wind stress.

Note: (Longer-to-seasonal time scale)!

1: Although the seasonal time scale is usually taken to be of the order of 2 month in the literature,
it is here referred to time scale of processes roughly preater than a pendulum day (Turner, 1981). This can be
explained from the following energy balance: as the mixed-layer decpens from a sudden wind stress. it goes
through three distinct stages specific to different time scales, processes and energy balance (A:B. B:D and
B:C). The ML then undergoes a2 slow and steady crosion, with relatively no change occuring as for the
dominant processes taking place. Unless the surface forcing suddenly changes, this encrgy balance will be
" dominant in determining the cvolution of the mixed-layer on longer time scales {month to month), hence
the somewhat mislcading name “seasonal™, However, this energy balance does not include the effect of
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Although it is uncertain as to which dynamical criteria should be used to close this [VP,
stmilar qualitative behaviours were obtained with different model formulations. Most of the
methods used relate the entrainment to the shear across the thermocline with various
formulations of the Richardson number as an independent criterion. Kundu (1980) noted
the lack of vertical structure resulting from these *“bulk™ models and conducted similar
studics on the mixed-layer response to wind stress by using the turbulent closure model.
The improvements from such an approach are the ability to resolve velocity shears in the
upper-layer and the assessment of the turbulent diffusion influence along the water column,
but, overall, the ML behaviour remains qualitatively the same.

2.3.2 Typical Mixed-Layer Deepening and the Consequences of Storms

After having introduced the various response stages of the upper-layer to a suddenly
applicd wind stress. some results will be presented as well as their relations to typical
environmental conditions. First, Denman (1973) modelled the mixed-layer behaviour
resulting from a Gaussian shaped surface stress. The purposc was to represent the effect of
a storm and its associated wind fluctuations. As depicted on figure 2.3, the wind velocity
varicd from calm. incrcased to a maximum of 15 ms-! and decreased back to zero withina
period of 4 days. As a consequence of this, the mixed-layer. whose initial depth was 10 m,
started increasing slowly during the first day, reached a maximum decpening rate which
corresponded to the strongest surface stress, and continued decpening but at a slower rate.
The important aspect depicted here by this theoretical storm was the irreversible nature of
the wind mixing that took place: as the winds increase. the ML decpens - but continues to
do so and rcmains at this new depth when the winds cease. In spite of the highly idealized
nature of this numcrical experiment. one might wonder what would happen if a scries of
“stormy” cvents were 1o occur. Most probably. the sum of these synoptic weather events
supecrimposed onto a background surface heat flux cycle constitutes the two critical factors
affecting the scasonal evolution of the mixed-layer.

In a more local study. hydrographical observations were taken by Roche-Mayzaud
et al. (1991) at three different locations in GSL. along a transect across the Gaspé-
Anticosti channel. On figure 2.6. three graphs of salinity and temperature (for each
location) are displayed. each consisting of two profiles - one before (avant) and one after
(aprés) the passage of a storm. The events occurred over a two day period. with winds
reaching a maximum of 13 ms-1. These three sets of T and S profiles correspond rather

surface heat flux, a process found to be important on the monthly time scale (Haney and Davics. 1976).
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well with previous theoretical results (Denman, 1973: Pollard et al., 1973), The MLD
before the storm was about 20 m and varied from around 30 10 65 m after the storm.
Scveral other researchers have reported similar responses to synoptic weather
forcing cvent (Krauss, 1981: Price et al.. 1978). However, upon comparison of field
obscrvations and numcrical modelling results. Price ¢t al. (1978) found no evidence
supporting the theory that storm-induced deepening events would be driven by wind stress
only. They suggested that beyond a certain time scale (during the second half of the inertial
period) the deepening rate would decrease along with the interfacial shear in spite of a
continued increase in surface wind stress. Conscquently. both processes - heat fTux and

wind stress - need to be considered for the scasonal time scale (Haney and Davics, 1976).
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fig. 2.5. Deepening of the MLD for a Gaussian wind adapted from Denmuan, 1973}

2.3.3 The Scasonal Evolution of the Mixed-Layer

Having described most of the surface processes in section 2.2, and explained the
various stages exhibited by a mixed-layer under a surface stress. an explanation of the
seasonal structure of the upper layer of the occan will now be given. Although several
rescarchers have studied the annual cycle of the upper ocean, laboratory and model studics
by Turner and Kraus (1967) were most used in mixed-layer studics, as they were the first
to model the scasonal ML variation with the use of a “bulk™ modcl. Many of the concepts
proposed by them are still in use today (with various degrees of modifications. ¢.g. the
general circulation model of Oberhuber. 1993). In their study of the seasonal thermocline.
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Tumner and Kraus (1967} had first hypothesized that, “if ali the kinetic energy of stirring is
used to change the potential energy of the system, one can calculate the temperature and the
depth of the well-mixed surface layer as a function of time, given the heat input™. That such
an encrgy balance is tndeed dominant throughout most of the year for mid-latitude oceanic
rcgions was later confirmed by several other studies (see Stevenson, 1979). Difficulties
with this oversimplified treatment arise during the winter months, when net cooling at the
surface lcads to a input of buoyancy and results in penetrative convection (B > 0, ref. (o
scction 2.2.4). But before discussing the specific problems assoctated with the various
modcl formulations and assumptions. let us {irst consider the climatological structure of the
upper ocean in terms ol a specific example of temperature-depth-month relationships for the
Gulf of St.Lawrence (sce figure 2.7 on the next page. adapted from Petric. 1990).

The two graphs of figure 2.7 - temperature-depth-months - contours (top) and
profiles (bottom). were adapted from Petric’s monthly “box™ climatology for the GSL
(1990) and arc from the central part of the Laurentian Channel, just south of Anticosti
Island (box #9 in Petric, 1990). The top figure corrcsponds to the monthly cvolution - from
left (Jan) to right {Dec) - of the T-z values for 2 fixed arca. From this graph. a distinct
warming of the sea surface 10 a maximum around July-August as well as the establishment
of a scasonal thermocline are clearly visible. The corresponding temperature prolile graph
(bottom part) emphasizes the development of a “summer™ mixcd-layer. This is depicted
again by the formation of' a sharp thermocline from May to August, followed by deepening
and cooling of thc ML in the Scptember and November profiles. By December, the mixed-
layer has substantially cooled and completely merged with the intermediate waters of the
Gulf. Both graphs reveal a significant aspect of the annual structure, i.c.: the scasons arc
not felt beyond a certain depth (= 100 metres) below which the temperature values remain
essentially constant.

To understand why this repeating cycle occurs, it is instructive to look at some of
the concepts discussed carlier. First, in their theoretical scenario, Niiler (1975) and de
Szoeke and Rhines (1976) suggested, like Turner and Kraus (1967), that the mixed-layer
response on longer time scales (seasonal) would be dictated by the energy balance between
the surface processes and the associated change in potential encrgy of the upper waters.
This presumes that the wind mixing effects are constantly balanced by the buoyancy flux
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(for they consider no heat flux in their rather simplified case). The buoyancy flux no longer
opposes the surface stress during the “winter™ months because of the net heat loss
experienced by the sea. In fact, in their model and an analytical study of mixed-layer
decpening. Pollard ct al. (1973) suggested that the ML scasonal evolution would be
dominated by heating/cooling taking place at the surface rather than inertial entrainment
occurring via interfacial breaking. On the other hand, Haney and Davies (1976) concluded.,
from results of a 1D eddy diffusion model integrated for several hundred years, that surface
mixing played a critical role in reproducing important features of the upper-occan monthly
thermal structure. Consequently., a more realistic situation sheuld consider both mixing and
the formation of cold/hcavy water at the surface but, as obscrved in scveral climatological
(annual) modecl studies. the mixed-layer depth reaches infinity at the end of the cooling
scason if no other mechanisms are considered (Stevenson, 1979).

Lecaving aside the cven more complex thermodynamic situation of sca-ice formation,
the problecm now lics in determining which additional factors come into play in order to
prevent this unrcalistic “numerical™ deepening and close the annual loop (cycle). Stevenson
(1979). in a theoretical review, stated that a number of such physical processes limit ML
decpening: TKE dissipation. internal gravity wave radiation from the ML bottom. a net
annual positive {(ncgative according to Gill's. 1981, formulation: sce scction 2.2.4)
buoyancy flux. upwelling, ctc. After studying scveral parametrizations of such processes in
mixed-layer modcls, he concluded that “the dissipation must be able to balance the wind
generation of TKE in absence of a surface buoyancy flux: and that the dissipation must
exactly balance the TKE generated by the wind and released by convection near the end of
the cooling scason™, In other words, wherever the TKE had been produced. it could not be
“absorbed” 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 valuc of TKE dissipation in the upper ocean (as a function of both
depth and time)? Some aspects of this will be bricfly discussed in the next section.
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2.4 Miscellaneous Aspects of the Mixed-Layer

This final section serves one purpose: to introduce briefly two additional aspects
which are not directly related to this rescarch but are of significance to most mixed-layer
studies. Since it has been stated that turbulence is central to the process of mixing. this will
be discussed first. Then, as most conclusions drawn so far concerning the upper occan
physics come from various model studics, some introductory notes on 1D mixed-laver
modelling will be presented.

2.4.1 Turbulence within the Surface Laver rdssumptions & Observations)

Much has been written about turbulence (e.g. Tennckes and Lumley, 1972),
Conscquently. only a few aspects of turbulence that have already been mentioned in relation
the mixed-layer will be deseribed. We leave aside the rather long historical background of
turbulence research, and purposely avoid trving to define it. but consider the generation ol
turbulence in the ocean. Monin and Yaglom (1972) considered the following possible
mechanisms in their well-known book on statistical fluid mechanics:

. Instability of vertical velocity gradients in drifting flow.

. Overtuming surface waves,

. Instability of vertical velocity gradicnts in stratified large scale oceanic flows.
. Instability of local velocity gradients in internal waves.

. Convection in layers with unstable density stratification.

. [nstability of vertical velocity gradients in a bottom boundary layer.

Next, a useful expression in describing oceanic turbulence and often used to derive some of
the quantities that characterize microstructure data is the turbulent kinetic energy (TKE)
equation. In its approximate form (sec Oakey. 1985). it reduces to

pWw

4 To . ol .,
q{Ta)=-uwv G -e-g o
(n (2) (3

where 1/2q2, the rate of change of TKE per unit mass, is the sum of three quantities: /- the
ratc of generation of TKE by the interaction of the Reynolds stress with the mean shear,
2- the viscous dissipation ratc of TKE per unit mass. and 3- the potential energy rate of
change duc to buoyant production/destruction of TKE. In this equation, transport terms of
TKE duc to divergence are ignored. and averaging {denoted by the bars) and Reynolds
decomposttion into mean (unprimed) and turbulent parts (primed quantitics) has been used.
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For isotropic turbulence, the dissipation is often written as

15 [ du

L= "‘7—U F

where v is the kinematic viscosity (Oakey. 1985). This cxpression becomes of central

importance sincc the turbulent shear (term in the brackets) is a dircetly measurable quantity.
Recalling Stevensons' deductions (1979) in the previous section about the significance
playcd by dissipation in the scasonal evolution of the mixed-layer. an accurate values of &
ncar the surface could greatly help in formulating “less intuitive™ models and thus
improving onc’s conclusion about the upper-ocean behaviour.

Oakcey (1985) carricd out several microstructure measurcments during the 1978
JASIN experiment (see Pollard ct al.. 1983, for a summary) and, found a strong corrclation
between the surface wind foreing and the dissipation rate. As will be seen in chapter 4. the
surface energy flux from the wind can cstimated by Ewing = mCio{ Usn)3. where U, Is the
wind speed at a 10 meter reference height, and p, and C g are the air density and drag
cocflicient. respectively. Furthermore. as argued by Pollard ct al. (1973), turbulence could
also be generated from inertial shears in the mixing layer. Nonetheless, since the inertial
current intensity depends on the wind speed as well, both sources of turbulence would be
imbedded in the (U,,)3 - ¢ corrclation, thus reinforcing Stevenson’s suggestion that
dissipation is ¢ssential to the seasonal evolution of the ML.

[n order to further investigate the physical significance of turbulence data. onc can
assumc the occan surface to behave essentially like a constant-stress boundary layer (c.g..
Turncr. 1981). For such a case, the shear layer can be cxpressed as dU/9z = us(kz)-1,
where u- is the friction velocity (sce chapter 4 for a definition) and & (=0.4) is the well-
known Von Karman's constant. Returning to the TKE cquation, if the dissipation and
production of cnergy are in balance. it follows that

L P R i
) ‘k:‘[p, o) &z

(Oakey, 1985). From this, the dimensionless quantity. £z(U,,)* can be formed to compare
with resuits obtained elsewhere. One should also note in this equation that the dissipation,
when assuming a constant stress layer. is inversely proportional to the depth, z. Grant ct al.
(1962 and 1968) were amongst the first to successfully measure turbulence quantities in the
occan. From their observations of the occurrence of turbulence in and above the
thermocline. they reported the following results:
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Table 2.3: Ohservations of the occurence of rbulence
near the surface tresults from Grant ot al., 1965),

Although their observations were mainly descriptive, it is interesting to note that the
dissipation rate scems to exhibit an inverse proportionality with depth, as stated carlier. In
addition, the vertical distribution ol turbulent waters during their hydrographic
mcasurements scem to be confined essentially within the mixed-layer and the thermocline.
Furthermore, their observed turbulence spectra (Grant et al.. 1962) were found to match
Kolmogoroff™s k-3 law and. from their measurements in a tidal channel, proposed a value
of 1.5 for Kolmogoroff™s constant in E(k) = 1.5 /3 k-53 (here. k rcpresents the wave
number).

Figure 2.8 displays vertical profiles of various occanographic parameters in the
Gulf of St.Lawrence (June 19, 1994, lat. 49.66N. long. 66.06W) during a JGOFS cruise.
Noteworthy arc the signatures of a surface mixed-laver defined by the sharp thermocline
and halocline (hence pycnocline, 1st panel from the leR) as well as the much larger values
of turbulent dissipation corresponding to this surface mixed-layer (c. 4th panel from the
left).
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2.4.2 Brief Overview of One-Dimensional Mixed-Laver Maodelling

The intention here ix to provide a briet overview ot the physical numerical
implications involved in most of the models discussed so far. Tt should not be constdered.
in any sense. as a complete and detailed description of one-dimensional (113 mixed-laver
modelling. but rather an attempt at introducing how some of these one dimensional models
arc formulated with respect to other types of models. To do so. we will follow the
arguments proposcd by Nitler and Kraus (1977) in their review article: “One-dimensional
models of the upper ocean™.

The basic rationale behind most 1D ML models is that “Bulk™ T and S vary more
along the vertical, on scales of 100m as opposed to the horizontal. which scales are of the
order of 1000km in the open ocean (Nitler and Kraus, 1977). Consequently. “where
vertical processes are dominant, one can assume that the vertical exchanges across the sea-
air interface, as well as vertical mixing within the water column will atlect the local state of
the upper layer much more rapidly and cffectively than the horizontal advection and
horizontal mixing™, state Niiler and Kraus (1977) tn their review paper. Furthermore. the
temperature as well as the depth of the mixed-layer probably are more important to the
prediction because of the central role they play in the dvnamics of climate ag well as
biological productivity. The tundamental physical equations (mass, momentum. heat. ctc)
must be approximated. To do so. two approaches are often used:

« Difjerential approach:

In this case, the entire s¢t of primitive equations - salt, heat. momentum. TRE - are

considered in their differential forms and treated numerically according to various

finite difference (or other) schemes. The advantage s to not make any implicit
assumptions as to what the occan should look like. but the numerics of the
associated st of algebraic cquations are very complex.

 Bulk or Integrated model:

Hare, the conservation equations are integrated from the surface to the “bottom™ of

the mixed-layer such that the physical variables involved now carry “bulk™

propertics which are valid over the entire mixed-layer depth.
In both approaches. however, the resulting set of equations are not closed. i.c..: there are
too many unknowns for the number of available equations. One must therefore find explicit
relations for the turbulent fluxcs involved in order to “close™ the set. This is usually referred
to as the “closure problem™. Following is a list of four commonly uscd methods of ¢closure,
with a very brief description of each.
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Deterministic Solutions | Numerical solutions of the "full-blown™ Navier-Stokes eq's on a fine spacial
erid, with very short incremental time steps, and specified initial conditions.

l Turbnlent Closure Parametrization of the higher moment products in which the Revnold's fluxes

Models are expressed.

Edidy Coctficient - Classical (and relatively old) method based on the analogy between the |
Alixing Length Method | wurbulent transports and molecular diffusion.

Mixed-Laver Model Vertical intcgration of the basic set of governing equations throughout the
surface layer, leading to expressions of the turbulent transports in terms of the
external inputs and the mean guantitics.

e —— e —

Table 2.4: Commonlv-used rethods of closure in numcrical modelling.

As Mellor noted (in Niiler and Kraus. 1977). the mixed-layer modcls (4t method)
arc somecwhat disconnected from the existing methods of analysis of boundary-layver
theorics but. on the other hand. reveal insightful physics and simplicity duc to their specific
applications 1o the surfacc oceanic/atmospheric cases. An important difference between the
more popular turbulent closure models and the mixed-layer modecls lics in their treatment of
the turbulent kinctic energy (TKE) transport. The cquilibrium closurc models omit triple
corrclations. and sct the mechanical energy flux arbitrarily to zero whereas in the mixed-
layer models, the TKE. usually reccived at the surface by the action of the winds, works
against gravity ncar the bottom of thc ML, where denser water is cntrained upward.
Thercfore. the existence of a flux of TKE is essential to the mixed-layer models. as for the
2nd order turbulent closure oncs. since deepening of the ML can only occur if there is a
local supply of encrgy. This makes the ML models especially appealing and adcequate for
the diagnostic of the mixed-layer deoth.

Mixed-Laver Model Assumptions:

. 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 across the lower interface (thermocline) as well as the air-sea interface.

. Rates of change of local turbulent velocity variance are small compared to the
turbuient dissipation and generation,

. Changes in T duc to frictional dissipation change are small and ncglected.

The first assumption, represented by the vertical integration of the temperature, salinity. and

the horizontal velocity, lcads to expressions of bulk parameters (Te. S,. Uy) in terms of the

neighbouring layers influence (To. So and U, refer to temperature, salinity and current



speed for the entire mixed-layer). The system is. however, not closed because of the
introduction, when integrating the basic equation from #z=0 to #=-h. of a time dependent
parameter, the mixed-layer depth. h(1). Since there is no mean vertical velocity {(w = (1), any
subsequent deepening of the ML should be induced by fluid entrained within the surface
layer. According to Phillips (1981). entrained flow can “only™ be directed towards the more
turbulent fluid (region), in this case, upwards into the ML.2 This translates into :

where w, is the entrainment velocity. Finally. to close the system, w. is calculated trom the
integration throughout thc ML of the TKE in its balanced form (i.c. d/dt = 0). and
knowledge of the fiux boundary conditions (at z=0 and z=-h) is then required to cvaluate
these integral equations. In conclusion. simple 1D models arc indced valuable tools of
analysis used to study the behaviour of mixed-lavers. But it should be kept in mind that,
although practical and effective, they are limited and do not yet reproduce naturc’s
complexity. In short, as Turner (1981) reports, “... the models seem to have run ahead of
the physical understanding on which they should be based™.

2: Although the idea of cntrainment occuring against the gradient of wrbulent intensity is
generally well explained by current turbulence theories, some upper-ocean models do, however, allow both
entrainment and “detrainment™ (Kraus, 1972) to take place in their formulations (e.g.. sce Gan ct al., 1995).
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Chapter 3
Oceanic Data and Analysis Methods

3.1 Introduction

In this chapter, the data used to produce the occanic climatologics and to compute
various reiated physical ficlds will be described as well as the procedures and mcthods
(statistical as well as both objective and subjective analysis) taken to ensure quality of the
resulting interpolated sct of oceanic T and S profiles. The databasc for the St.Lawrence
Gulf and Estuary was kindly provided by Dr. Ken Drinkwatcr from the Bedford Institute of
Occanography., N.S.. Canada. It consists of 43601 stations (T and/or S profiles mainly
obtained by mechanical. expendable and digital bathythermographs. conductivity-
tempceraturc-depth (CTD) probes and reversing bottles) encompassing 809585 records
(values at a specific depth). Although some of these measurements were taken during the
carlier part of the century (~1915-1930s). the bulk of the datasct lics roughly within the
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fig. 3.1: The 15 areas (same # ax Petrie) for which monthly fields were computed,

1945-1990 period, and is believed to be the most complete historical archive of temperature
and salinity profiles for the GSL to date. Its domain range is defined in fig. 3.1.

Obviously, not all data have been used for the present study, the spatial range of
this rescarch being smaller and focusing strictly on the Gulf of the St.Lawrence (GSL). The
GSL was first divided into 17 areas (the same as those used by Petrie, 1990). This would



allow the use of Petric’s box climatologies as a reference in order to determine rapidly if

inaccurate data were present and/or if errors had been committed in the averaging process.
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Table 3.1: Distribution of hvdrographic observations (per arca and per monih),

Finally. this gcographical segmentation of the entire databasc into |7 sub-areas “on
the basis of topography and physical oceanography of the Gulf™ (Petrie, 1990) and the
spalio—tc'mporal hydrographic covcrage makes possible the construction of time scries
in order to later investigate longer period (cxtrascasonal) climatic fluctuations and
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again comparec with pre-existing knowledge of such variations (Bugden, 1991; Petric and
Drinkwater, 1993). Displayed in Table 3.1 and figure 3.2 are the monthly and per arca
distribution of hydrographic observations initially contained in the original dataset. A direct
rclation may be observed between the number of obscrvations and the absence of ice cover
(from May to Nov).

3.2 Initial Filtering of the Data

The first procedure was to filter out unrealistic temperature and salinity valuges, or
determine a “global™ range within which all measurements should fall. The fimits were
bounded by zero-surface depth and by the maximum depth prescribed by the GSL
bathymetry. Then, a characteristic T-S envelope was defined (using Forrester, 1964, as a
guide)} by a sct of maximum and minimum allowable temperatures and salinitics,
independent of its geographical location, depth or time of the year, These were:

=
Tmin l Tmax Smin Smax "

L2.0°C o] 25°C 0 psu | 35.5 psu

Although this initial critcrion may scem rather conservative from a physical point of view. a
surprisingly large number of records were deleted for these conditions.

The next step consisted in vertically interpolating cach individual profile to
predetermined standard depths. thus allowing intercomparison between similar reference
levels. Again, despite the fact that this procedure, commonly used by oceanographers, is
rclatively simple. scrious difficultics (which will be described in scction 3.3) were
cncountered and required a cautious approach to this problem. The reference depths used
for interpolation arc the same as those used by Pctrie, except that additional levels have
been designated within the upper 100 meters to better define the details of the mixed layer.
The 20 levels are: 0. 10, 20, 30. 40, 50. 60, 70. 75. 80, 90. 100, 125, 150, 175. 200, 225, 250. 300
and 400 meters. The choice of a 10m vertical resolution yielded a proper balance between
retaining as many profiles as possible, according to quality criteria, while having
(hopefully) a fine enough vertical resolution to properly characterize the upper ocean. Afier
all profiles were brought back to these reference points via the interpolation method
described in the next section, the second and perhaps most important stage of filtering was
performed. It consisted in separating every T and S value according to its respective
location, time and depth, and then comparing it with the corresponding climatological valuc



obtained by Petrie {1990). Although Petric’s results were obtained with a less complete set
of data (Petric, personal communication) and using a much coarser interpolation technique
(zcroth order “bin™ method). they ncvertheless constitute the best guess of the monthly
mean physical state of the GSL. To do so. each comparison was allowed to differ from
Petric’s average value within a predetermined “window™, i.c.: & some AT or AS, but

always within the “absolute™ T-S cenvelope defined carlier. This is summarized as follow:
e e e e e e = — S—
T allowable window S allowable window

()decpthlOOm [Toetrie = 5 "ClE Tobs € [Trarie * 5 "Cl | [Spetrie = 4 PSU| € Syby € [Spetne + 4 PSU|

depth » 100m I Tpetrie = 3 "ClE Tobe S [ Tpetric + 3 "Cl [ [Sperrie = 2 PSU] ¥ Sohs £ [Sperrie + 2 PSU]

This “window™ mcthod of filtering was chosen instead of the conventional statistical
approach where the observed data point s allowed to lie within £ N standard deviations
{from the mean calculated with all the original points at that reference depth. (The problem
with the latter is that it is difficult to assess what N should be.) Each profile was then
checked “visually™ via an animated computer program in order to rapidly verily whether
any spurious data had bypassed the filtering procedures. Nonctheless. following external
suggestions, the original dataset was “refiltered™ twice (independently) for a few arcas (01,
04 and 10). keeping only data points falling within =1, and +2 standard deviations from the
standard level mean. For the monthly averages. no differences greater than 5% were
obscrved (i.c.: ATi/{mean(Ti)) < 0.05. where Tt is in °C).

Finally. before computing the monthly means for each box. all profiles that were
taken during the same ycar, for a particular month and arca, were first averaged out to a
single observation, and then treated as such when grouped with the other profiles to
compute the climatological means. By doing so. it avoided biasing the monthly average of
any area to a specific year. when perhaps more observations had been taken. It 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
morc accurately the monthly average T and S state of the GSL waters. it reduced the total
number of obscrvations by first averaging together all profiles taken during the same
month-year-arca, hence diminishing somewhat the monthly spatial coverage of
hydrographic observations. Consequently. this procedure was only done when computing
the 15 box-climatologics. whereas all interpolated profiles were kept intact when computing
the objectively analyzed fields (section 3.4).
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3.3 Analysis Methods for the Vertical Hydrographic Profiles

The motivation for vertically interpolating profiles of oceanic quantities results from
the discrete and non-homogenous depth distribution of observations, i.e: temperature and
salinity. This vertical distribution depends on several factors: the type of instrument uscd.
the purpose of the hydrographic measurement, the condition of the sea when the
observation was taken, etc. Furthermore. when dealing with historical archives of
mcasurements such as those of this dataset, the rescarcher has no way of knowing what
were all the prevailing environmental conditions associated with these observations.
Therefore. once an objective/subjective filtering procedure has been applied. cach data point
is considered as representing the water state for that particular site and time. From these
remaining discrete T and S depth-values. the values at other depths (predetermined
reference levels) can be determined by the chosen interpolation technique.

3.3.1 The Problem of Vertical Interpolation

Since the underlying goal of this rescarch is to study the physical aspects of the
occanic upper-layer and their climatic implications, greater care must then be given to these
ncar surface obscrvations. More specifically, it is the “geometric™ signature of the mixed-
faycr that is important to prescrve from the set of initial discrete observations and their
corresponding interpolated valucs. As mentioned in chapter 2. the extent of this mixed-layer
usually corresponds with a relatively thin zone of density change. the pycnocline, in the
upper water column. Although characterized physically by a density change (which is
determined by both temperature and salinity). obscrvation of several typical T and S
profiles in the GSL during the ice-free months showed that the signature of this gradicnt is
also clearly defined in the temperature-depth curves for the ice-free season. In addition,
temperature measurements were substantially more numerous such that the resulting sct of
dcnsity observations were too small for a climatological study. Thercfore, atiention will be
given to the interpolation of the T(z) curve and the difficultics associated with determining
the mixed-layer depth from it.

In figure 3.3, a typical distribution of “raw™ temperature values corresponding to a
profile section contained in the historical database (arca 01, August) ar¢ displayed. From a
general knowledge of physical oceanography and of the Gulf's waters, it is relatively
simplc to deduce what this temperature profile should more or less look like in a continuous
fashion. As illustrated. warmer, and lighter waters constitute the first 25 meters, followed
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by an abrupt temperature gradicnt in which the water column cools from about 10 to
approximately 2 °C within 10 meters. This typical distribution can be observed in most T(z)
profiles during the May to November period. with some variations in the depth of the
thermocline and/or in the magnitude of its gradicnt. It is this “curvature™ in the T ficld that
will be critical in determining the extent of the ML, thus influencing the cvaluation of
quantitics like the heat content of the upper layers, the biological production. the stability of
the water column, ctc. Hence, a major aspect conceming the choice of a proper algorithm
rcgards the persistence of the interpolated results if some observational points were to be
removed at random. In fact. one might explore this scenario for the profile displayed on
figure 3.3 by excluding (or not) the circled T value. In general. the thermocline region
contains critical information required for this stvdy and thus requires a more precise
interpolation, whereas at the other end of the prc'.';le (below a depth of 100m).both T and S
have relatively less structure, and are consequently easier to interpolate. It is thercfore
appropriate to have a method whose numenical criteria and features are /ocal and do not first
require pre-processing of the entire profile. As will be demonstrated later, surprising
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and rather difterent results will be obtaingd for the two cases. But before discussing
specific numerical experiments, it is important to enumerate the various “computational™
characteristics the algorithm should have to be suitable for processing the entire dataset.

1. The method should be “rohust ™ numerically.
When an instrument like a CTD remains quasi-stationary at some depth, or when it undergoes a
very slow descent, the resulting profile often contains clusters of discrete T and/or § peints for
some vertical sections. Although these dense accumulations of observations could depict various
microphysical processes taking place, there is no realistic way to assess the true nature of these
local phenomena within 2 Large dataset. Consequently. these points represent valid hydrographic
information and must therefore be included in the ¢computation, Unfortunately, they are difficult to
process numerically due to the sharp localized gradient features they exhibit. Third and higher order
splines generally “blow-up™ in these situations by generating unrealistic “zig-zag™ curves and poor
interpolated results,

2. The interpolating scheme should be “flexible™ graphicaliy.
By flexible, it is meant that the resulting interpolation should link all peints by & sct of piccewise
smooth and continuous curves in acgordance with the peneral orientation of the discrete
measurements. Obviously, the natural relation between Ty and Ty, as tHustrated in figure 3.3,
runs through the value T;. It is therefore expected that 2 “flexible™ numerical scheme would yield a
similar smooth link from Ty, to Tis as it did between Ty, T and Tie .

3. The chosen technique should be refatively “natural ™ and “easily manageable ™.
By natural. it is mcant that the numerical algorithm used to compute the interpolation on the basis
of ncighbouring points should be as simple as possible. Scveral methods exist to do such task. ail
having various degrees of complexity, In particular, there exist numerous medifications to the
standard spline curves, all introducing cxternal and/or artificial computational factors in order to
modify their graphical behaviour (e.g.: “tension™ parameter, “clamped™ boundary conditions.
external points and statistical weights for splines, all of which can be tuned manually for different
purposcs and therefore constitute computational attributes that complicate the algorithms: Kincaid
and Chency, 1991). Morcover, as in the case of the common cubic spline. most of these
interpolation techniques require the use of all the profile points in a first computation, usually to
determine some additional parameters (statistical structurc, n' order derivatives, skewness, weight,
ctc...), an aspect that is extremely undesirable for such a heterogenous situation as with oceanic
vertical profiles, Most difficultics will occur near the surface where sharp property pradients are

cncountered and this is why caution should be taken,
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Keeping these features in mind (robust, flexible, computationally simple and
natural), three interpolation methods have been tested on the hydrographic dataset: the
stmple lincar interpolation (also known as a Ist order spline). the “nawral™ cubic spline
(Kincaid and Cheney. 1991). and the parametric-cubic curves. The first two techniques are
commonly used numerical procedures, while the third scheme is somewhat more original in
the ficld of hydrographic data analysis. It is a relatively novel alternative using local
piccewise and smooth cubic constructions in parametric form. Like the spline method, the
parametric cquations are of the cubic order, and generate their interpolating curves using
four neighbouring points. Their intended graphical characteristics are essentially the same
as those of the cubic spline except that the associated computational algebra is much
simpler, more robust, and requires the use of only 4 local points per interpolating intervai.
Its numerical formulation is described in the appendix. Some additional criteria conceming
the minimum number of points. the maximum gradients and the allowable depth between
two points arc also included in the interpolating algortthms tn order to fully cope with all
rcalistic and unrealistic temperature and salinity distributions. The results were then
compared for monthly climatologies. anomaly time senes and individual profiles,

In general, the three methods yielded similar results for the climatelogy case. and
showed only small discrepencies for the anomaly time series. However, looking at
individual profiles reveals that the three schemes behave differently. For example. the upper
section (= 125m) of a typical summer T(2) profile was extracted from the dataset for arca
01. Shown in figure 3.4, this profile was chosen because it exhibited three characteristic
occanic features that were important in choosing an appropriate interpolating technique. In
zone ‘A’ (fig. 3.4, lefi-hand pan). the transition from the upper mixed quasi-isothermal
layer to the thermocline is depicted by the first four T(z;) points. Although only four
measurcments cover this zoneg, the parametric-cubic method clearly yields the best
interpolated curve: the linear scheme oversimplifies the thermocline structure by generating
colder temperatures and a much shallower mixed-layer depth. As for the cubic spline
technique, an interesting erroncous behaviour can be observed: this characteristic extreme
“overshoot™ originates from the imposed “local™ boundary conditions. In fact, since this
mecthod requires the st and 2nd derivatives to be preserved. a slight displacement of one
data point is cnough to change the curvature sign of that interval, thus forcing the 3rd order
polynomial to go in a completely opposite direction, to curve, and come back to the next
point, all this whilc preserving the local slopes given by the vertical distribution of
observations. The problems associated with this reversal of curvature can sometimes lead
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the cubic spline method to “blow-up™ numerically if neighbouring data points form a 0o
closcly packed cluster with successive changes in their 2nd derivatives. As illustrated by
zone ‘B, this cluster distribution shows nothing abnormal for both the lincar and the
parametric-cubic techniques, but forces the cubic spline curve to literally “zig-zag™ through
this dense array of points. In this sttuation. the method did not yield any numerical

stngularitics, but nevertheless misinterpolated the thermocline zone,
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As for the deeper portion of the profile (zone “C” on figurc 3.4), a quasi-lincar
variation of temperature with depth characterizes both T and S profiles. Consequently. both
lincar and parametric-cubic methods yield interpolated results corresponding to the expected
(quasi) straight line behaviour. The cubic splinc algorithm carried the influence of the
curvature condition a few points beyond the cluster section into zone *C".

in light of these results, the parametric-cubic method was chosen over the other
three schemes for it is robust and flexible. yet simple enough to process accurately a large
number of data. Perhaps its most important characteristic is to represent adequately the
curvaturc observed in the near surface T(z) profiles as well as yield straight linc
interpolations where expected.



3.4 Analysis Methods for the Oceanic Horizontal Fields

o

Once all profiles were interpolated to the 20 reference levels. an objective analysis
wis performed on the surface fields in order to produce a hortzontal description of various
climatological parameters (SST. SSS. Chl-g, et¢...). By objective unalvsis, it is meant that
the fields interpolated from the initial observation were obtained through computer
programs/numerical algorithms, and not based on the analvzer’s personnal cratt (Daley.
1991). Several methods currently exist, most of them arising from geology. meteorology
and geometrical modelling. Although Lorene (1986) reviewed eight analysis methods in the
context of numerical weather prediction, three of these schemes that are often used in
occanography will be briefly discussed. They are listed in the diagram below, with some of
their advantages and disadvantages. Afterwards, the method of successive corrections
(MSC), the optimal estimation method (OEM) and kriging will be brietly introduced.

3 Common Methods of |
Objective Analysis

Empirical Schemes: Variational_Interpolations: Gicometncal Methaods:
MSC (Method of Successive SOI1 (Statistical Optimal MOCM (Minimum Curvature
Corrections} Interpetation), Kriging Mecthod), Splines
Advantages:

Easily performed numerically,  Derived trom basic principles  Produces smoaoth fields of noisy ddata by
intuitive, computationally  (Baysian), allows forerror field  minimizing curvature. requires no a

inexpensive (no matrix cstimation, optimal in a lcast-  priori knowledge of the field, relies on
inversion) squares sense, use of mixed data  tnformation contained in | realization
Disadvantapes:
Empirical {imuitive) inits Requires a priori hnowledge Known to have problem in
formulation, difficult to assess of the field statistics. computa- extrapolating. ot near the
interpolation crror (but tionally inlensive, sensitive to the  boundaries. difficult to assess
feasible), implementation s Covariance structure, often assumes interpotation error (but
also empirical {decreasing radii isotropy., homogeneity and feasibic)
ol influence, etc.) tunctional {form of covariance

3.4.1 The Objective Analysis Methods

The Method of Successive Corrections (MSC):

Simple vet efficient, this iterative scheme consists in assuming an initial guess ficld
for the variable to be mapped (T, in this case). and correcting this field with a distance-
weighted average of the difference between the observation. T;. and the guess value,

I
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Tyuesss Within a certain arca ol influence (denoted by a radius R, for the case of a circle).
This can be expressed formally by:

W

T = Q where Q=T - T.
) cwn T 4y

B
—

W= 0 tor r>R, and W=exp(-4r7 RY for r- R

The weighting function, W, similar to that used by Levitus! (1982). assumes 2
decrcasing Gaussian-shaped radius of influence, where r = the distance between the
observation and the analyzed grid point. This iterative process is performed successively
with smaller radii. r. using the previously corrected field as the new guess, Tyyex. until the
resulting difference is fess than a prescribed error, and/or until a maximum number of
itcrations has been reached. The common practice of systematically reducing the influence
radius has, for rationale, to analyze for the long wavcelengths first, and then build in details
of the smaller scales (Achtemeier, 1987).

Originally. the monthly SST and SSS ficlds described later were processed with the
MSC with six successive radii of influence (400, 200. 100, 30. 30 and 20 km) to meet a
predetermined error criteria (less than 1°C and 1 psu total RMs difference: Haltliner and
Williams. 1980). Afterward. the analyzed ficlds were smoothed with a 9 point Hanning-
type filter (Haltliner and Williams, 1980). Smoothed temperaturce and salinity values at
¢very point are replaced by a distance~-weighted average of the surrounding nine points,
hence preserving their initial field features and property gradients while smoothing the
overall map.

Although ¢mpirical in nature. Bratscth (1986: see also Lorenc, 1986, for 2 more
complete review) showed that, with some modifications to the weights (W). the ficlds
interpolated with the MSC coincides with thosc of the optimal interpolation in the limit of
some itcrations. He also notes that this modified formulation of the MSC allows for the
inclusion of observational crror statistics and multivariate analysis. Although the time
needed to perform the analysis will depend on the number of itcrations required for
convergence, this technique offers the advantage of necessitating no matrix inversion.

I This scheme was used by Levitus (19823 to uniformly map the occanic fields of the world. as
well as by Michaud and Lin (1992) and Lin ct al.. (1992) in the Northern Atlantic and Pacific, by Reynaud
(1994) in the Northwestern Atlantic and the Labrador Sca, and by DeTracey (1993) in the Guif of St.
Lawrence, to only name & few.
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Optimal Estimation Method (OFEM) and Kriging:?

Kriging is sometimes discussed in the literature along with smoothing splines and
surface functional interpolation, but since the latter method was not used i this thesis, and
due to the striking similarities of its formulation with OEM (Lorene. 1986: Thi¢haux and
Pedder, 1987), they will be introduced together. Several tvpes of kriging exist. but the
main difference between the two methods is: while both (OEM and kriging) seek the best
tnterpolation estimate (in a least-square sense) through a linear combination of obsernvations
that ndnimizes some ervor variance (also called a penalty or cost function) between the
interpolated and observed tield. kriging can accomplish this using a measure of spatial
association (often called variogram) in the observations given only one realization (Madden
and Katz. 1994). In contrast OEM dovs so using the expected value and covariance of both
the estimated ficld and the observations (Mclntosh. 1990). Theretore. OEM requires
knowledge of the spatial correlation structure of the ficld to be interpolated. hence severul
realizations, and kriging may be done with only one realization of the process (although
moditications of vanogram estimation allow the use of repeated observations through ume
to better represent the spatial structure: Madden and Katz, 1994),

A last point of interest conceming these methods: Mcintosh (1990) showed that
OEM and splines were formally equivalent. Moreover. Lorene (1986) and Thiébaux and
Pedder (1987) reported that Kriging and splines may also be shown to be equivalent.
Finally, as was mentioned carlier tn this section. Bratseth (1986: and also Lorenc, 1986)
showed that, in the limit of some iterations, interpolation using the empirical method of
successive corrections (MSC) coincided with OEM resuits. Consequently, despite rather
diffcrent formulations of the above methods. they can all be shown to be mutually
equivalent (within the framework of Bavesian probabilistic arguments: Lorenc. 1986).
Hence, one may not say that a method s better than another, but perhaps that a particuler
situation lends itself better to the use of one technique rather than another, given the context
within which the analysis is performed.

2; The eoal of this scction was to briefly deseribe the methods used to objectively analvze the
horizontal ficlds, as well as to mention some important features concerning the use of these 1echniques,
Detatled derivations may be found in Mclntosh (1990) and in Thicbaux and Pedder (1987) for OEM and
splines, in Bratseth (1986) for MSC, and in Marcotte (1991) for kriging.
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3.5 Hydrographic Data during the 9 JGOFS Cruises in the GSL

This last section describes the hydrographic data obtained during the 9 JGOFS
(Joint Global Occan Flux Study) cruises in the Gulf of St.Lawrence. Several types of
measurements were collected during this ficld experiment (biological. chemical.

microphysical. etc.) but the purpose of this study was to mainly focus on temperature and
salinity. These were obtained using CTD profilers from 1992 to 1994. On average. profiles
were done every | to 3 hours during at least one daily cycle (except a few siations). This
was done to minimize the aliasing cffects of shorter scale processes (diurnal heating and
motions, internal tides, ctc.).

station 1 station 2 | station 3 station 4 station 5 | station 6
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Table 3.2: Summary of hvdrographic ohservations (per station) during the 9 JGOFS cruises in the GSL,
Included in the table are the number of CTD profiles taken at each station. the date on whici, the first CTD
was taken, the amount of time spent at the siation. as well as the station coordinaies, and the cruise year.

L 7 (28/05) 16h

35,93 | 9 (0206) 27h |7

T
6,93 | 14 (w07 20m 122257

The original data quality was excellent for temperature, but some of the salinity
profiles were “spikey”. This is perhaps due to a slow response time of the conductivity
scnsors in comparison with the descent rate of the CTD instrument. Consequently, great
care was required for the data processing. Both T and S profiles in the raw databasc were
sampled every 1 m and further interpolated at every 5 m interval starting with the surface.
Due to the high vertical resolution of the T data, we used a simple “bin”™ method (zeroth
order) including all measurements within ! m of the interpolated depth. Due to the rather
“quiet™ atmospheric and oceanic conditions during most cruises, investigation of the depth-
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averaged variance (per station/cruise) revealed very small standard deviations in the “daily™
sampling cycle.

For the salinity case. no objective interpolation schemes were found satistactery and
processing of the entire dataset was done manually. Since T and S were observed to covary
for cach station/cruise (based on the good and noise-free data). one could easily “guess™
what the true salinity profiles would look like. despite the “spikes™. Therefore. for cach
S(z) cast. “dubious™ spikes were removed individually. This significantly reduced the
amount salinity points. but the overall number of §(2) observations was suflicient to
producc an interpolated salinity profile for cach station/cruise using a 3 m “bin™
interpolation. Both T and S standard deviations compared favorably and were very small.
This cnabled us to represent cach station/cruise observations by one average T and S profile
with a 5 m vertical resolution. A summary of the hvdrographic information from the 9
JGOFS cruises is provided in table 3.2, and the averaged T and S profiles are included in
the appendix.
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Chapter 4
Atmospheric Data and Analysis Methods

For climate studies in or near the Gulf of St.Lawrcnce, atmospheric datasets are
availabie from the AES Canada (Atmospheric Envirenment Service) and consist of archived
daily records from their network of weather stations surrounding the GSI.. The Gulf of
St.Lawrence is a relatively small basin and is well covered by approximaiely 12-135 regional
coastal weather stations, as shown in figure 4.1. These weather stations are primartiy used
for operational meicorology. 1.¢.: to produce weather forccasts for both surrounding lands
and waters, as well as in conjunction with the Coast Guard in case of marine emergencics,
It is. however, costly and time-consuming 1o access the large amount of atmospheric data
for these stations from AES Canada. Consegquently, most of the atmospheric datasets used
in this thesis have been obtained from other sources (c.g.. Internet public domain, library
disks, library atlases, NMC/NCAR CD-ROM disks. collaborators, ctc.).

4.1 Air Temperature and Precipitation

The data used to cvaluate the monthiy climatological ficlds of air temperature (T,,)
and precipitation (Py) were extracted from the WorldWeatherDisk CD-ROM (Anonymous,
1988). This small subsc¢t consists of monthly time scries of T, and P, for 13 weather
stations located around the Guif of St.Lawrence (fig. 4.1 and Table 4.1). Although the
record Iength for cach station is not the same and various gaps exist in the temporal
coverage of T, and P,. cnough data were available to producc reliable monthly averages for
cach location. After examination of several time series, the dominant {luctuation scales were
found to be essentially scasonal, interannual, with smaller variations at the interdecadai
scale (see Daoust. 1991, for more detaiis). Time serics length, as well as location for cach
station arc included in Table 4.1. The weather station on Anticosti Island (ANTI) was
moved from one end of the island to the other. approximately halfway through



ot
RSN .‘4 men

“O8 -0

fig. 4.1 Poxitions of the 13

-62 -60)

weather stations used 1o produce Ta fivlds,

its record. To circumvent this

problem. individual monthly observations were [irst

interpolated onto a regular grid! (0.75 °lat x 1° long). and monthly averages for cach

Station name It code I! Incalga __i time r:mg.c(ﬂ:_ I vr) E length
Pnu\tr.-th:s-\dnnts | POIN f 485N 6\ qW : 1877-1951 & !9*7 197" | =91 wrs
Seprles o ]m T ]|5uw 66.3W ]_19-4-4-:9\% o ' E <48 i
Anticosti (1) [ANTI [ 94Ne3eW  [ssaloss l=Taym
Noushquan | NATA | S02NGISW | 19221042 a2y
Belledsle ', BELLE | 51.9N 554W j 1911-13, 1829 & 31-70 _]';-S-j yis.
Stephenville CISTEP | 48.5N sxew Dloazoss lsarwn
c.n;.;m:;{(i\-[} RN '_—"_EZEE]?\F" 1941-1072 O s
Charlottctown [cHAR  [a63N6aIw | m-;s—\m(» & 18901970 =95y
SL.".'.m“""H'" -|’ c'sT,\_'rh"“ 4TONOSSW | 19431088 |sd6we
Shea | SHEA  [4L6N63SW | 1941988 =4Sy
Sydney  |SYDN  |462NGOAW | 1anaess | sd9w
SePiemc(lsl)  |STPI | 468N 502w | 19s1988 |;4"§ Crl_"
Sal;lzlslat:;l- o _I_:S;gl::_imﬂ:l»}.‘;N——ﬁ().Orﬁ 1;;5 I9H:)H;:|;; .E;r‘;('nlp.lri;l‘ll !I = 99 vry

Table 4.1: Weather stations names, abbrevigtions, location and time range of datyg records.,
ne o

i: An interpotated ficld was preduced only when a sufficient number of stations were present, in
conjunction with a certain spatial distribution of observations. For example. the minimum total number of

stations required was set 10 9, but extrpolated values were also removed from the final time series.
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independant grid point were computed. With the resulting set of monthly averaged grid-
point viues, the moathly mean ficlds of T, and P, produced. Throughout this process, an
inverse distance interpolation scheme was used (several methods were used - inv. dist..
minimum curvature, universal kriging, etc.. - but since extrapolation was not allowed in the
analysis. the results were essentially identical). Finally. the resulting ficlds were compared
with thosc produced by dircetly interpolating the station monthly means T, and P,.
assuming the ANTI station to be located in the middle of Anticosti Island. and again no
important differences were noticed.

The resulting T;, and P, climatology ficlds. per station are displayed in figures 4.2,
The temperature field in the 12 graphs {fig. 4.2, solid line) shows a sirong scasonal trend at
all stations, namely colder in the wintertime with minima ranging between -5° and -i5°C
(January-Fcbruary). and warmer during the summer months (July-August maxima vary
from +10 to +20 °C). A similar scasonal cycle occurs for all stations. Although cach
temperature value for the same month varics notably from station to station. as scen in the
T,-Months graphs of fig. 4.2, the similarity of the temporal cvolution patterns suggest that,
on the monthly time scale, the air mass modification over the Gulf is basin-wide2,
Concerning the horizontal distribution of Ty, the northorn part of the GSL is gencrally
colder than the Magdalen Shailows. a situation that prevails all year long in the thermai
ficlds (on the monthly time scale).

The P, vaiues are plotted in figure 4.2 (circles) as mm of precipitation? in histogram
form. Study of cach individual location could probably cxplain their specific scasonal
characteristics. but no clear monthly signai, common to all stations, could be observed, as
was the case for T,. Furthermore, when comparing time serics of P, (monthly values and
monthly anomalies) for various locations, the signals showed no significant corrclation
between all twelve serics. Similaritics were found only between neighbouring stations,
which suggest that the precipitation structure, on the monthly time scale. might be of more
local influcnce. t.c.: no consistent Gulf-wide pattern,

2: Indeed., comparisons of anomaly time scrics between various stations yiclded no corrlation
cocflicients smaller than 0.8,

3: The Pr values arc those of “melted™ precipitation, i.c.: if it consisted of snow. then the amount
was divided by 10.
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4.2 Geostrophic Winds

As mentioned in chapter 2. one of the important physical processes acting upon the
surface waters 1s the mechanical mixing action ol the wind. Again. despite the Gulf™s
relatively small scale combined with the broad obscrvational coverage by 13-15 land and
island stations, asscssing the actual winds (dircction and magnitude) over the walter is
difficult. Koutitonsky et al. (1986) rcport differences between observed wind speeds and
directions and those obtained using the geostrophic method, and suggest that orographic
steering may play an important role in affecting the wind ficld (sce also Herfst, 1984).
Another problem is the avatlability of a complete set of accurate records, long enough and
for all stations, in order to properly cstimate the climatological winds. Since the purpose of
this study is not dircetly concerned with the dynamics of the Gulf circulation but deals
primarily with the thermohaline structure of the surface waters and the heat exchange
across the air-sca interface. the magnitude of the wind would be sufficient to properly
cstimate the amount of mixing taking place. thus avoiding the difficultics associated with its
direction. This assumption is valid only offshore. where coastal upwelling is not important,
For these reasons. geostrophic wind data will be used.

The sca-lcvel pressurc data used to compute the geostrophic wind was extracted
from (compact disc) the National Mcteorological Centre (NMC) Grid Point Data, version 11
(1990}, a subsct for the northern hemisphere archived by the National Centre for
Atmosphceric Rescarch (NCAR). It consists of twice daily (00 and 12 UTC) gridded data
for various atmospheric variabies (pressure, height, cte...) at pre-selecied vertical pressure
levels (sea level, 850 m, 700mb, ctc..). These parameters, displayed on a 1977 point
(47x51) octagonal grid and equally spaced when viewed from a stercographic projection
centred at the north polce. are based on the NMC final analyscs tapes and include data
received up to about 10 hours after the data time, If the final analyses were not available,
data were filled in with operational results, which have a data cutoff of 3 hours 20 minutes
afler the data time. The assimilation system used by the NMC to treat the heterogenous
global datasct ts bascd on updating a nine-level primitive cquation prediction model by a
local, multivariate, three-dimensional, statistical interpolation method. Updating is



performed at 6 hour intervals and observations are wetghted according to estimates of the
obscrvational error from different sources.d

In order to calculate the geostrophic wind climatologics, time series ol sca-level
pressure for sixteen (16) points covering the Gulf were extracted from the database, This
array ol obscrvations covers the study arca with a 4x4 grid of approximaltely 275 km wide
square cells. The time records include data from 1946 to 1989, For cach mstantancous
pressure field, a corresponding geostrophic wind field was calculated, and a specific wind
observation was then mterpolated to the desired location using a Besscl 16 point central
difference scheme. The process was then repeated for the following observation (12 h
later). thus yiclding a twice daily time series of 42 years in length. This is believed to be
long cnough that the climatological ficlds deduced from this datasct would not be overly
affected by interannual and interdecadal {luctuations.

4.2.1 Spatial and Temporal Variations of the Wind Field

The aspect of temporal and spatial variability has already been addressed by some
rescarchers (¢.g.. Saunders. 1977) and their results have: been reported by Koutitonsky and
Bugden (1991). Nevertheless. it remains difficult to know exactly how otten and at which
locations in the Gulf the wind speed should be recorded in order to properly estimate its
action on the occanic surface? The horizontal extent of the GSL ariscs when trving to
determine whether the acolian structure is essentially local or whether the winds are induced
by large scale pressure ficlds. Variations aking place on shorter time scales. such as diumnal
cffeets, cannot be included in this analysis. The simplest procedure would be to take hourly
obscrvations in as many different locations as possible. Unfortunately. computational as
well as data limitations, do not allow such an approach for this study.

To cxaming spatial differences, three points were chosen - northwest GSL (49.5N-
66W), central (48N-62W) and northeast GSL (SON-59W) - lor which the monthly mean
gcostrophic wind speeds were computed from their respective 42 year time scries, The
results (monthly averages) showed no significant differences from one location to the other
(less than 0.75 m s-1). To ensure that the computed climatologics were accurate, the central
point geostrophic time scrics were also compared with those produced by the Canadian
Climate Program (Swail, 1985) at a location slightly to the cast (48N-63.5W). A very good

4: For more information about the the NMC global data assimilation system (improvements of
schemes, comparative studies), see: McPherson et al. (1979). Kistler and Parish (1982). and Dev and
Morone (1985).
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correlation was found between these records over a 33-year period. Furthermore, when the
geostrophic wind magnitude was reduced to approximate the near-surface conditions and
the wind stress caleulated (see section 4.2.4 and fig. 4.4). they also compared well with
existing climatologies (Saunders, 1977).

Times series of geostrophic winds (twice daily) were computed for the 1963-89
time period on a 21 point (1°x1°) grid, and principal component analysis (empirical
orthogonal functions or EOF analysis: Peixoto and Oort, 1991) was then performed. The
resuits, as displayved in figure 4.3, show that the first two modes. which explain 84 % of
the total variance. are essentially homogenous. Since the geostrophic wind vectors can be
reconstructed by linear combinations of the principal component ficlds (Preisendorfer,
1988) in accordance to their respective weight (% of variance). it is fair to say that, at any
instant of time, the geostrophic wind conditions (speed and dircction) are virtually the same
over the entire Gulf. This can be appreciated intuitively when looking at the characteristics
of sca-level pressure maps covering the study arca, Typical length scales for synoplic
pressure patterns. henee geostrophic motions, usually range from hundreds to thousands o
kilometres (Ahrens, 1991). thus encompassing the arca studied. The geostrophic wind wa:
used on the basis that atmospheric motions were effectively synoptic over the GS! .
Conscquently, although diurnal’ and local effects might actually be present, especial'y
necarshore. it is belicved that such features (e.g.: land-sea brecze. valley winds) do vt
extent far cnough offshore to disturb the air motion. thus justifying the choice of a

homogenous geostrophic wind sampled twice-daily at the centre of the GSL.

32 The 12 h sampling resolution in the geostrophic time series corresponds to the minimum
Nyquist frequency required to resolve diumal processes ( Peixoto and Oort, 1991).
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4.2.2 The Climatological Wind Stress

As mentioned before, a primary objective of this study is 1o determine the
climatological thermohaline state of the surface waters. and the extent to which various
atmospheric processes influence this tiemperature and salinity structure. Consequently, one
main conecern is to estimate the mixing action of the Gulf”s wind regime. Numerous studies
have addressed the question of turbulent kinetic energy transfer from the wind surface
stress to the ocean surface. Although it is relatively simple 1o ¢stimate the energetics of a
specific wind regime, it is more complicated to know how much of this ¢nergy is
transferred to the ocean, and what are the resulting motions. Ellison and Turner (1959) and
Kraus and Turner (1967} followed by a number of similar laboratory studies (Kato and
Phillips, 1969), numerical simutations (Pollard et al.. 1973) and occante obscrvations
{Denman and Mivake, 1973) tried to relate the mechanical mixing effect of a surface stress
10 various occanic parameters such as entrainment rate. mixed-layer depth and deepening
rale, Richardson number. ete. As reported by Turner (1981). in an excellent review paper
on mixing processes, most mixed-layer studics base their models on “energy arguments
that balance the inputs of turbulent kinetic energy (T.K.E.) against changes in potential
cnergy and dissipation™.

According to a common formulation introduced by Tumer and Kraus (1967). and
summarized in Denman (1973), the rate of work done by the wind (usually taken at a
reference height of 10m) on the water surface is given by

E,=1tU,, = pucltiutuv"-

where E, represents this rate of working. and t, p,. Cio and Uy, arc the wind stress, air

density. drag cocflicient and wind speed, respectively. In this formulation, the wind stress
term and the associated drag cocfficient are defined by

= puClIJU|n|U|n|

L]

Cho ~ 0.63x107" + 0.66x107°|U,

where the empirical formula uscd to estimate C g is from Smith and Banke (1975), as used
by Saunders (1977) in his wind stress study. and assumes that ncutral conditions prevail
over the water surface. Although it is well known that the air-sca temperature difference
plays an important rolc in influencing the turbulent exchanges of momentum, heat and
moisture across the air-sca interface (Saunders, 1977; Large and Pond, 1980), the use of
this simpler relation for Cyo was motivated by its independence on the near surface
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atmospheric stability, a parameter that was available only for later vears, but for a period
much shorter than the wind records used in the present calculations. It is then possible to
define a friction velocity scale, u-, (Denman, 1973) for the surtace waters,

.ol Ve !
i P 1 . A
u, = |— = |—1 (C Lo,

* p ] oot '

such that an estimate of the rate of transfer of turbulent kinetic encruy downwards, By,

below the ocean surfaee can be muade:

P P
Tu.T = _] (Ili U,“'L"—‘ -
P, I\

-

('lu : E *

Making use of the expression for E, combined with that for u., Ey ¢an be expressed in
terms of the friction velocity scale or in terms of the dircetly measurable reference wind

speed, Ujp. as lollows:

From this last refation, it is clearly evident that the rate at which the energy available tor
mixing is transferred from the wind to the occan surtace is proportional to the cube of the
wind speed. U 3. Hence, any evaluation of the monthly value of Ey; will require adequate
trcatment of Ujp. Knowledge of the monthly mean wind speed will not be sufficient to
properly estimate the correzponding monthly average of Ey but will necessitate analysis of
daily or twice daily U, time series. This ts shown by the relation:

S .
E\\' ||mmllll_\' - f (Ull' ) d f ( U“’ ) -
On the basts that the overbar notation destgnates monthly averages,

U|n} > m.‘.

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 ice-mixed layer-
isopycnal general circulation model. When estimating the amount of atmospheric turbulent
kinctic energy input in his model, Oberhuber noted that:

“monthly u.? determined only from the monthly mean absolute wind U, is much smaller than
the required [monthly average of] uad™,
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Furthermore, he suggesied that:

“the effective Us3 must be Jetermined by the additional use of the monthly mean standard
deviation of the absolute wind, atL7,,)." as indicated by the tollowing approximation:

U, (G,

3

. + 30':11'“)).

Uihethubyy

Consequently. three ways of caleulating the monthly averages ot ued were compared (1-
directly from the u. time series, 2- from the monthly mcans of u.. 3- from Oberhuber's
method). It was observed that the last two methods yiclded monthly u.? values much lower
than the first one. We now discuss an often debated parameter that has cither been
experimentally determined or simply adjusted “manually™ for numerical purposcs. the
fraction (m) of E, used to increase the potential energy of the upper occan as a result of
mixing. A first estimate of this fraction can be obtained by neglecting the elfects of
dissipation. thus cxpressing it as the ratio of T.K.E.. E,. used for mixing to the total
T.K.E. of the wind. E,,

E

m -
E,

. . . "‘ . - .
A simple scale analysis assuming that == ~ 0.001and that Cy,, is of the order of 10-3 yields

bia

Lin

m - (ﬁ) T(1x10 )2 -0fix10 ']
which is approximately of the samc order as that used by Denman and Mivake (1973).

Figure 4.4 summarizes the monthly mean wind-related statistics computed from
cquations described above, using wind speed approximated from geostrophy, at a central
GSL location. Although difTerent in magnitude. a distinct (and typical) scasonal 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 (1972) suggests that
the wind specds be scaled down to 70 % of that of U. For the present study, geostrophic
wind statistics (Ug, [U|, u, Ew, etc.) were computed for both 0.7|Ug| and 0.8|Ug| so as o
define a “window™ within which the real wind speeds are likely to fall,
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4.3 Clouds

As mentioned in section 2.2, the cloud cover is an important factor which influences
the heat transfer across the air-sez interface. This direct and very sensitive dependence of
the cloud fraction on the total incoming solar radiation will be shown later in the
compulation of the net surfoce heat budget (sce chapter 6). In fact. until the magnitude and
scasonal evolution of all the terms of the net heat flux are known, and one assesses the
sensitivity of cach term to the atmospheric and oceanic variables invelved in the heat
calculations. 1t is ncarly impossibic to determine the accuracy required for cach datasct.
Consequently. an assumption will be made that the spatial structure of the cloud cover is of
critical importance to properly determine the heat budget at the surface of the GSL. thus
justifying the choice of the best cloud cover dataset available.

4.3.1 Intercomparison between Various Data Sources

When choosing the kind of cloud paramcter needed for later computations, several
options were considered. First, a monthly mean value for the entire Gulf taken at onc
central point location would be the simplest choice on the assumption that the spatial extent
of the entire basin is small ¢nough to be represented by one single observation. However,
despite the relatively short length scalc, i.e.: approx. 500 km from Gaspé (Quchee) to
Stephenville (Newfoundland), there is a strong cast-west gradient in the monthly cloud
fraction throughout the entire Guif. thus rendering inappropriate the single-point approach.
For the next alterative, cloud data from the several (approx. 13 to 13) weather stations
surrounding the study area could be analyzed in order to form a monthly “land™ climatology
and then be interpolated over the GSL. This method was also rejected because of two
problems: first. the entire atmospheric data set for these 15 AES stations werc costly and
would take a long time to obtain and analyze: secondly, the cloud data were not taken in the
samc fashion throughout the network of Canadian AES stations. some using fractions ( /4,
/8 or tenths). and the measurements were not taken at the same time of day.

The third option considercd was to u:se NCAR's global cloud atlases for land and
sca (Warren ct al.. 1986 & 1988). Unfortunately. only two data points were available from
both atlascs, one to the west, near b:ic-des-Chalcurs. and onc to the cast. near
Stephenville. The spatial resolution of both atlases was considered too coarse to adequately
represent the horizontal structure of the cloud cover. However, these atlascs have been used
quite extensively in larger scale global climate studies and constitute therefore a valid source
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of “coarse™ data to be used for comparison. In Table 4.2, Warren's monthly mean values of
cloud cover (in %) for the two obscervation potnts within the Gulf are shown. The land atlas
data were deduced from weather station observations reported during the period of 1971 to
1981. The occanic counterpart consists of ship data averaged over the 1952-1981 interval
(Warren ctal., 1986 & 1988). An obvious feature displayed by the results of Table 4.2 isa
nel increase in cloud cover from west to cast. As mentioned in section 4.2 (Koutitonsky
and Bugden, 1991). the dominant winds over the Gulf gencrally blow towards the cast.
This motion leads to an advection of continental masses of air over approximately 500 km
of watcer. thus altering the stability and humidity content of this air mass and promoting
cloud {ormation.

Land atlas {west) E()ccan atlas (west) i Ccean atlas {(cast) : Land atlas (cast)

3 OSHINLGSW) | (4SNC6IW) | (4ENLOOW) 1 (=98N SKW)
May 67 % | 66 % 71 71e,
e | ed L e, 707 720,
iy | 63 | 63t ‘ N 4,
_ Au; T } e :_ 66 "% 700,
R e L Y T
o | eswm o erw o 70m | Tan,
[ Nev. | om0 % | w0 71e

Table 4.2: Monthiv mean clowd cover, in % (from Warren, 1986 & (988},
In fact, within the first 50 km or so from the land the first convective cloud cell has already
had cnough time to form. (R. Davies. McGill University. personal communication).

4.3.2 Cloud Cover Climatology for the Ice-free Months

In order to overcome the problem of the coarse spatial resolution, the use of satellite
data was therelore considered. This dataset was obtained from the Intemnational Satcllite
Cloud Climatology Program (ISCCP). It consists of an intemational scientific collaboration
using a large armay of both geostationary and orbiting satellites. and the monthly mean cloud
amount {rom July 1983 through June 1991 were extracted as a subsct from this larger
global datasct (Rossow and Schiffer. [991). The resolution is a 2.5 degree square, which
yiclds a total of 15 observation points over the Gulf in an array of 5° by 3° (long. by lat.).
In total, 8 ycars of data were available for each month. The data were averaged together into
a mean for cach month. The resulting climatology (figure 4.6) was contourcd onto

71



a interpolated grid of 1/12° resolution (only contour lincs over the water are considered
accurate),

The results compare (qualitatively) well with those of Warren (tabie 4.2). The cloud
amount. on the monthly time scale. 1s very close in magnitude. The zonal increasc, as noted
carlicr. is also reproduced. Two aspects of the satellite climatology should be noticed. First.
the finer and more homogenous resolution necessarily yields a more accurate picture of the
horizontal cloud structure over water, Secondly. a strong (also present in other monthly
time serics) interennual fluctuation in the cloud amount. observed cven using monthly
averages (fig. 4.5).

Typical Interannual Variation of Cloud Cover
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fig. 4.5: Imterannual time series of the ISCCP-derived clowd cover in
Central GSL for the months of JUL, AUG & SEP.



Cloud Cover - MAY (%4)

Cloud Cover - OCT (%%)

-nd 06 64 -2 50 38

fig. 4.6: Monthiv averaged ISCCP-derived cloud cover. fields (o) for the 7 feesfree months,



4.4 Hourly Wind and Air Temperatures

As mentioned carlier. one of the main objectives of this study is to provide a
“climatological picture™ to be used when comparing results obtained during the Canadian
JGOFS program 1n the Gulf of St.Lawrence. Conscquently, hourly wind and air
temperature data corresponding to the 9 JGOFS cruise periods (see chapter 3) were
purchased from the AES. Again, onc of the main problems was dealing with the
intcrpolation over water using shore-based measurements. These difficultics were
“somewhat™ tolerable for the case of T, but various tests of wind interpolation yiclded
completely crronous results duc to the “vectorial™ nature of the ficld analysed. Fortunately.
Besner (1994) devised a regression method to estimate hourly air temperature and wind
(speed and dircction) based on land-based obscrvation and air-sea temperature difference.
In his analysis. Besner (1994) created “virtual™ weather stations at {ixed locations
throughout the Guif and the Estuary and. using historical archives of co-registerced hourly
wcather obscrvations on ships of opportunity and shore stations. was then abie to deduce
appropriate regressions for both wind and air temperature at these “virtual™ locations.
Luckily. these matched closcly the locations of the 6 hydrographic stations used during the
GSL JGOFS cruises. In this way. we were able to obtain (through analysis of’ AES) hourly
wind specds and air temperature (both corrected to a 10 m reference height) for cach
day/station during the 9 JGOFS cruises. These results are presented in the appendix.
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Chapter 5

Monthly Surface Ciimatology during the Ice-Free
Season

In this chapter. monthly horizontal climatologies of several ficlds (SST. SSS.
Chlorophyll-a, Qnet) will be examined. First the monthly spatial autocorrelation structure
ol sea surface temperature and chlorephyll-a concentration (Chla) will be discussed and
objectively analyzed ficlds of monthly SST. Chla and SSS will be presented. along with a
discussion on their associated tnterpolation errors. Finally. the surtace heat budget will be

computed for the 15 regions covering the Guit.

5.1 Surface Climatology during the Ice-Free Months

5.1.1 Monthly Spatial Autocorrclations

As mentioned in chapter 3. a central feature of most statistical objecti -¢ analysis
schemes is the “a priori™ knowledge of the covariance of the parameter interpolated
(Mclntosh. 1990). Idcally. one would like to know how an observation. say SST. at some
location (i.c., a point in time and spacc) is related to the surrounding obscrvations (again in
space and timic). This ts often referred to as the covariance of the field. or sometimes as the
autocorrclation. For most climatological studics, this covariance is usually extremely
difficult to obtain because of the poor data coverage (in both time and spacce).
Conscquently, the covariance structure ts often assumed to obey some functional form
(c.g.. Gaussian). In this study, duc to the availability of high quality and gcod resolution
satellite-derived monthly images of SST and Chla for 7 recent years (Anonymous, 1994), it
was possible to caiculate the spatial autocorrelation structure for cach of these two ficlds
(fig. 5.1). Theoretically. the “unbiascd™ corrclation structure of a physical variable should
be 4-dimensional, i.c.: it should include the dependence of all three spatial directions as
well as time. Practically. this was impossible to do for various reasons (pleasc refer to
Daley. 1991, for a complete discussion). In this study. once again duc to data limitations,
stationarity as well as isotropy and homogeneity have been assumed when calculating the
corrclation structure. The first approximation may not be so bad (Thicbaux and Pedder.
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1987). However, as will be seen later, the last two assumptions impose a somewhat severe
restriction on the optimal nterpolation method. Coastal arcas are well known for their
anisotropic behaviours (Denman and Freeland, 1985), and a study arca like the Guif of
St.Lawrence is likely to have regional diffcrences in its correlation structure. However. as
pointed out by Mcelntosh (1990). it is far better to assume isotropy and homogencity and
calculate a “true™ spatial autocorrelation structure than to simply assumc some functional
covariance and proceed with the interpolation. This last point is critical since the entire
“power” of the statistical interpolation method depends on this covariance structure
(Thicbaux and Pedder. 1987). More important to note is the fact that, without the usc of the
monthly satellite-derived data for the 7 recent vears (1979 to 1986, 1987 and 1990). the
hydrographic database alone would not have permitted the assessment of the correlation
structure. In such a case, empirical methods like that used by Levitus (1982) are perhaps

more appropriaie.
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On figure 5.1 are displayed the spatial autocorrelations of both SST and Chla as
calculated from the monthly satelite-derived images (unfortunately, the hydrographic
datasct did not render possible such a computation for the sea surface salinity data). A
typical aspect of this relation is the “near™ perfect ! correlation at zero “spatial™ lag tollowed
by a distance dependent decay in the correlation, Monthly Chle data do not seem 1o
“platcau™ like tts SST counterpart., and decorrelate a little more rapidly than the temperature
signal (figure 5.1). However, nature does not neeessarily behave in an exact manaer. and
duc to the previously mentioned assumptions, these spatial autocorrelation trends should be
used with caution, especially near the coast and when considering different time scales.

Figure 3.2 displays typical error ficlds resulting from the objective analyses. Only
Junc and September are shown since all 7 ice-free months were very similar. As expected.
the largest interpolation errors for the SST and Chla maps are found near the (north) shore.,
This is likely to result from the isotropic/homogenous assumption mentioned carlier,
Morcover, since the overall resolution of the satellite-derived images is only 18 km,
occanographic leatures of comparable or smatler scales can stmply not be captured by the
analysis. As tor the case of surface salinity. the optimal interpolation should be considered
valid enly over the Magdallen Shallows due o the lack of adequate data coverage
clsewhere. Most of its interpolation errors occurred in the data poor regions,

A last note on the objective analyses concerns the functional covariance form used
in the present study. Based on the results of figure 5.1, three correlation structure functions
were tested: /. a classical Gaussian (see Denman and Freeland, 1985); 2. a double
cxponential (as expressed by the algebraic relation on figure 5.1): and 3. a modified
exponential in which the first term is similar to method #2 but where the second exponentiai
term has been replace by a constant. All three functions were fitted to match as closcly as
possible the spatial correlation points of figure 5.1 (for both SST and Chla. succcssively),
and a background error (Denman and Freeland. 1983) of 10% (0.1) was assumed for all
ficlds and months. Although it was difficuit to assess which lunctional covariance was
better. based only on the refative interpolation maps, the double exponential was chosen for
it matched the spatial correlation points better than the other two. As for salinity, we used
covariance forms and scales similar to that for SST.

I: We used the term “near perfect™ because the “sclf” correlation coefficient is indeed 1 at zero
distance lag, but it is common practice to assume a background error associated with the observations
(Denman and Feeland, 1985),
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5.1.2 Monthly Objective Surface Fields (SST. S5S, Chly)

The approach used here was 1o produce the best objective ficlds given the spatial
distribution of the hydrographic observations contained in the database. For the surtace
Chla maps. roughly 2000 observations with a spatial resolution of 18 km were avatlable for
cach month. They were satellite-derived (Anonymous, 1994} and covered the years 1979
to 1986. For SST analyscs. a combination of remotely sensed data (again at 18 km
homogenous resolution) and hydrographic measurements yielded a totai monthly coverage
of’ over 3000 surface observations (roughly 2/3 of these were satellite-derived). Finally,
surface salinities were far less numcerous and originated from the hydrographic database
only (chapter 3). General and specific features of these monthly averaged surface fields
(SST. Chia and SSS) arc now discussed. with the corresponding figures following the
text, 1.¢.: figs. 5.3a-¢ (SST. figs S.4a-b and 5.5 (Chle). and figs 5.6 and 5.7 (SSS).

General Features

The surface thermohaline and chlorophyll-a features observed throughout the Gulf
arc discussed in light of the present objective analyses as well as in comparison with other
similar studies2. In general. the following overall SST and SSS characteristies can be
deduced from the corresponding figures: The Magdalen Shallows have the warmest surface
walers found in the Gulf throughout the ice-free scason (excluding the regions covered by
arca 14 and 7). the coldest summer SST valucs can be found in the Lower Estuary and
along the north shore of the GSL, roughly from the Strait of Belle-Isle to the Mingan
Archipelago. For the surface salinity ficld. the freshest waters usually appear in the Lower
Estuary due to the strong runoft trom the St-Lawrence. Although they are somewhat more
saline than those of the Estuary. relatively fresh waters can also be found near the mouth of
Baic des Chalcurs, and along the Gulf's north shore where rivers supply an important
fraction of the total freshwater discharged in the GSL (Koutitonsky and Bugden, 1991).
Finally. surface waters occupying the cast-central GSL are usually the most saline, In terms
of temperature characteristics, the waters there are somewhat colder than those found
further west over the Shallows, but are not as cold as the surface waters along the north
shore and in the Lower Estuary. The Chla fields do not constitute “thermohaline™ fields per

2: Vigeant (1987) produced monthly SST maps from ship measurements: Bugden et al. (1982)
studicd surface layer salinities: Petric (1990) plotted contour maps of SST and SSS from his arca-based
monthly climatologies: Koutitonsky and Bugden (1991) included some satellite images of surface
temperatures during the summer.
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s¢. but since an excellent dataset was available from the NOAA-NASA Pathtfinder program,
and since they are of interest for the JGOFS program in the Gulfl they were also analyzed.
Generally, there 1s an overall cast-west gradient in the Chlae ficlds for most months
(northwest-southeast more precisely), the western Guil exhibiting higher surface Chla
concentrations {similar to previous studies: Dunbar et al., 1980: de Lafontaine ¢t al., 1991).
It is characterized by higher monthly chlorophyll valucs along the north shore, near the
Estuary. and at the mouth of Baie des Chaleurs. When averaged over the usual 135 areas
(excluding arca 07). some interesting features become apparent: First, the northwestemn
arcas (06, 08 and 11) clearly show higher concentration values than the rest of the GSL.. as
well as higher Chle in May and September. which is perhaps indicative of a spring and
autumn bloom. As will be presented in chapter 6. the strong upper-layer stratification of
these regions, in conjunction with a relatively constant supply of nutrients from the
St.Lawrence (de Lafontaine et al., 1991) might be responsible for such increased surface
biological activity. Also interesting (fig. 5.3) is the overall monthly trend observed
throughout the GSL. where Chla valucs are high in spring. decrease to minimum values
during mid-summcr and increase again in September, a behaviour which is oppostite to that
of the mixced-layer depth. Finally, Chle values in November show a rapid decrease in
northern and western arcas while the surface concentrations continue to increase in the
southern regions (arca 01, 02, 13, 15, 16). (NOTE: duc to the poor data quality of most
November images, averages for this month have not been computed).
Specific Features

SST ficlds exhibit horizontal temperature differences oriented along the south-west
to north-cast direction during these two months such that warmer waters cover the
Shallows (around 4 to 6°C in May and 8§ to 12°C in Junc). whilc SST values for the
Esquiman Channel range from 0 to 4°C in May and 3° to 7°C in June. An intcresting feature
in the objectively analyzed ficlds of SST is that, despite the overali gradiem., they prescrve
the more local temperature differences across the Esquiman Channel axis such that waters
along the north shore of the GSL are slightly colder than along the Newfoundland coast.
This is in accordance with the known circulation patterns for this area where currents going,
northward tend to advect warmer waters along the coast of Newfoundiand, whereas the
incoming surfacc flow through the Strait of Belle-Isle tends to follow the Gulf's north
shore (Ei-Sabh, 1976). Relatively cold pools of surface water along the GSL north shore
are also observed. As mentioned carlicr, these colder arcas are likely to be the result of
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coastal upwelling (see Rose. 1988). In examining the salinity ficlds, distinet surtace
features can be seen. However, one must be careful because of the coarser resolution ol
this set of hydrographic observations (see appendix). In general. regions near the Estuary
and the mouth of Baie des Chaleurs are characterized by fresher surface lavers (888 ranges
from 26 to 29). whereas the castern section of the GSL (although much less sampled)
exhibits more saline waters (31 to 32} Also apparent tn the surface waters ot the southern
Gulf. is a freshening from May 1o October, which is likely caused by the stow advection of
the freshwater puise associated with the spring runoft from the Estuary {Koutitonsky and
Bugden, 1991). The summer scason. along with the month of June, generally provide the
best hydrographic datasct for the occanic variables (fig. 3.2). Again. a r¢gion of colder
waters persists in the Estuary and along the north shore of the GSL. where temperatures
range from 9 to 10°C in Julv-Augusi. and go as low as 5 to 6°C in October. SST maxima
ar¢ still found in the southern part of the Magdalen Shallows (16-17°C). The warmest
month 1s August. During the summer season. the prevalent horizontal gradient of sea
surface temperature assumes an approximately north-south orientation in the ceniral GSL.
where SST isotherms extend from the western part of the Gulf (near Cap Gaspé-Baie des
Chaleurs) and tollow their course into the Esquiman Channel. indicating the presence of
warmer waters on the Newfoundland side of the channel (from 1 to 4°C warmer). The sea
surface salinity fields in the north-cast section of the Gult, despite the better distrtbution off
observations, still remain considerably less sampled than in the Shallews or the Estuary.
Nevertheless, relatively fresher surface waters is indicated in the Estuary and near the
mouth of Baie des Chaileurs, In general. the scasonal cyele of SSS, although much weaker,
assumes a shape opposite to that of SST. where surface salinities decrease to ¢ minimum
in August and then. begin o increase again. For exampie. S8S values for the Magdalen
Islands arc around 31 during the late spring period (May-June), decercase during the
summer to reach a minimum of around 29 in August. and increase again to surface values
near 31 in November. Finally. the same overall spatial characteristics of surface
temperatures and saiinities can be observed during the October-November period but with
generally cooler SST and slightly higher SSS than in August. The Magdalen Shallows are
still covered by the warmest waters throughout the Gulf' (8-11°C in October and 4-8°C in
November), with the surface isohalines (29-30-31) extending from the Baie des Chaleurs-
PEI (Prince Edward Island) region slightly beyond the edge of the Shallows in October.
The surface ficlds near the western part of the Gulf exhibit the same coastal s natures of
fresher waters (although not as fresh as before) due to runoff from the St-Lawrence.
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Fig. 5.3a; Monthly climatology (MAY, JUN, JUL) of sea surfuce temperature (SST. °C). Contonr lines are 0.5 “C apart.
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Fig. 5.60 Monthiv climatology (ALAY 10 OCT. of sca surfuce saliniye (385, st ). Comtosr fines
are 0.3 st apart. > The obligue dashed line denotes the bondare between the Magdalen
Shallows and the Laurentian Channel. The deasine of surtace salinine observanons is drastically
reduced novth of this imi. Conseguentlv, the dashed isolalines should he cemsdered fess
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3.2 Monthly Surface Heat Fluxes

Havig computed reliable maps of sea surtace temperature. these wall now be used
along with several other atmospheric fields o compute the net heat budget at the surtace of
the GSL. To do soo the tour heat fux components (Quy. Qe Qe. annd Oy will be
caleulated on a similar grid (18 ko o that for the SST. from which the resulting net
surface heat (Qpe) will be deduced. Finallv, the four surface heat flux (Qu. Q. Qe Q)

as well as Qe will be averaged over the usual 13 areas.

5.1.1 Incoming Shortwave and Qutgoing Longwave Radiation Fluves

The most important component entering the net heat flux caleulation is the amount
of energy received by the ocean surtace trom the sun. Although it is casy 1o evaluate the
amount of solar radiation hitting the top of the atmosphere given the time of the vear and the
geographic location, it is much more ditficult to assess what happens to this incoming
shortwave energy as it travels through the atmosphere on its way to the ocean surtace. As
mentioned in section 2.20 one must consider both direet and diffuse surface irradiation
under a clear sky. which requires an accurate knowledge of the atmospheric transmissivity.
Furthermore. cloudiness, along with several other factors (cloud height, type and
temperature, acrosol content, surtace albedo, sun spot evele, ete). will aftect the amount of
solar radiation received at the surface. All these involve uncertainties at cach stage ol the
estimation and. for lack of adequate knowledge of these aspects, one usually relies on
cmpirical relationships of various degrees of complexity.

For the present study. two methods have been used: the first one is the same
formulation used by Bugden (1981) and proposed by Budyko (1974). Although this
parametrization docs not represent adequately the influence of all atmospheric constituents,
it is generally belicved that the cloud cover has the strongest intlucnee on Q. (Perry and
Walker, 1977). Conscquently. the use of a better cloud dataset (finer resolution, more
recent and better spatial coverage) should yield more reliable results concerning the spaual
distribution of monthly incoming radiation. The solar radiation. Q.. at the GSL surlace is
given by:

Quw =Q, (1 -a) (1 -aC, - bCpr2) (cos 8/ cos 0,)

where a (= 0.1) is the albedo, C,, is the monthly cloud cover, and 8 is the latitude. In this
formulation. Q, is the monthly clear sky solar radiation for the 6, (= S0°N) latitude, and a



and b are empirtcal constanis. Q.. 4. and b were obiained from Budvkoe's tables (1974) tor
the desired months, However, some aspects are worth noting concerning the ¢loud
correction factor, Since several authors offer different formulations (Hstung, 1986) in
which the dependenge on O ranged from C7 1o Cy, and that it is not clear from the
literature whether these tormulations were deduced tfrom monthly averaged values or from
smaller ime scales observations. one should aveid any non lincar cloud cover dependence
when using monthiy averaged Cp, simply because of the sub-monthly variability ot the
cloud fruction. Consequently. the second method used. consisted in estimating the daily
incoming snoit wave radiation and using this result to compute the averages for cach
month, The second scheme is from Reed (1977):
Qu = Qu (1T =) (1 -0.62C, + 0.0019h) (cox 0/ cos B,),

in which h now represents the noon solas clevation in degrees, The daily clear sky radiation
was computed using the precedure by Seckel and Beaudry (1973) and depends on the day
of the year, and the latitude. This method, used by Umoh and Thompsoen (1994} and
Gilman and Garrett (1994), has recently been reviewed by Schiano (1996). who found it to
agree well with direct measurements. Finally, although both surface Qsw fields showed
some minor differences. these were almost absent afier the area averages had been done.

The most obvious aspect to note is the common scasonal fluctuation in the Qg
fields. A perbaps more surprising characteristic concerns the spatial distribution of the
incoming shortwave radiation. Within an area the size of the GSL. onc might expect a smail
latitudinal vanation in Q. in a decreasing fashion towards the North (given by the cos()
/ cos(6,) correction), and a rather homogenous zonal distribution of irradiation. However.
duc to the eftect of cloudiness. the main feature observed in the Q. maps is an cast-west
gradicnt (not shown). in accordance with the satellite cloud cover climatology of section
4.3. Morc specifically, differences as strong as 50 Wm-2 in Q . can be observed for two
different locations within the same month {fig. 5.9). Finally. knowing that it is the sun that
“drives” the atmospherc-ocean engine (Gill. 1981), one should note that the use of
adequatce cloud cover climatology with a simple empirical relation results in rather important
spatial variations of the Qg ficlds, even for an area the size of the GSL.

The outgoing radiative Hlux exhibits the weakest seasonal fluctuation from the four
heat flux terms of the surface energy budget (fig. 5.9). This longwave backradiation, Qjuw.
was computed following Brunt's formulation (Budyko. 1974) with a correction factor for
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air-sea emperature differences such that:
Qu =eaT 039 - 003 et Y (1 -071C, D + Jual IS8T - 1)

where e =097 and @ = 5,67 x10-5 Wm-IK- s the Stefan-Boltzman constant. I, amd SNT
correspond to the air and sca surface wemperature, respectively, Cy iy the cloud conver
fraction and ¢, (mb) is the atmospheric vapour pressure (see Budyko, 1974). No particutar
spatial pattern in the monthly fields of Qg were observed. In tact, the Tongwave mdiation
fluxes (positive when leaving the surface) appears to be rather homogenous for cach month
and show little variation throughout the ice-free season. Monthly Qi values lie within the
40-80 Wm-2 range.

5.1.2 Scnsible and Latent Heat Fluxes

The fluxes of sensible (Q,) and latent (Qy) heat are computed from bulk
acrodvnamical formula.

Qe = Pa G Ce [U 1l (T, - SST)
Qn =L ChlUjol (et Ta) - T oS8T 0,622/ P,
in which C,, (= 1005 J kg-1K-1) is the heat capacity of air, r the relative humidity ' P, the
sea surface atmospheric pressure and p, is the air density, computed from air temperature
(T,} the sca-level pressure and using the ideal gas equation with an adequate correction
compensating for the moisture of air. In these two flux equations, the saturation vapour
Pressure ¢y, was determined following Bolton's formula (Rogers and Yau, 1989),
ca(T) = 6.112 exp(17.67 T/ (T + 243.5)).
where e i1s in mband T in °C, and where the latent heat of evaporation, L, was chosen to
vary (lincarly interpolated) with T, according to the following tablc (Rogers & Yau, 1989),

Lugh | 2525 | 2501 | 2489 | 2477 | 2466 | 2453

Ta (°C) 0 | oo | s | o | 15 | 20
Table 5.1z Latent heat of evaporation (L) for various air temperature (7T),

The last aspect concemning these two bulk formuiac deals with the choice of the
turbulent transfer cocfficients, C. and Cy,. As Blanc (1985) reported in his review paper on
transfer coefficient methods. there is *“no single. universally accepted bulk transfer
cocfTicient scheme™. In reviewing 10 bulk transfer coefficient schemes published between
1973 and 1982, Blanc noted that “the most reliable bulk schemes should be those based on

3: “r™ was obtained from the Canadian Climatological Atlas produced by the AES.
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direct ohservations, 1 ¢ eddy-correiation measurements™ Nevertheless, “we have no way
of knowmg which of the bulk schemes, if anyv. is correet. There are almost as many
opiions on the subject as there are expenmentalists. Prudence, therelore, requires that we
take g sertous look at the typreal worst case results in order to properdy gauge the potential
sertousness of the situation.” For the present study. Smith's (P9S8, 1990) tormulations of’
Coand ), were chosen tor they considered both the effects of wind speed and air-sea
temperature dilferences, and vielded reasonable values of the coefticients (1.¢. not too high
nor too low in comparison to values obtained with other schemes). Morcover, this method
was based on strong experimental evidence using the eddyv-correlation method. and
compared well with ether schemes. Snuth used tield data near Sable Island (south of Nova-
Scotia), which perhaps, of all other existing ficld-deduced ranster coetfictents, represents
oceanic conditions closest to those encountered during the summer in the Guif of
St.Lawrence.

In figures 5.9 and 5.10. both Qy and Q. were plotted as posttive for heat leaving the
sca surface. Although they diffes in value, one interesting aspect regarding the Qy and Q.
ficlds is the striking resemblance in their spatial distribution pattern throughout the ice-free
sgason. Morgover, this scasonal trend was observed (but not shown) to follow closely that
of the air-sca temperature difference throughout the GSL. a characteristic that was also
obscrved in a much larger scale heat flux study by Hsiung (1986). This can be betier
appreciated by looking at figure 5.8. Plotted on these vwo graphs are the dependence of
sensible and latent fluxes of heat on both wind speed and air-sca temperature difference
(air-sca dilferences of specitic humidity are plotted for Qp. but it can be shown that this
tollows very closely air-sea temperature differences.). The monthly Qn and Q. values tor
lour typical regions of the GSL denote clearly a stronger influence of AT than on U. For
example, assuming a mean state (i.c.: AT = 0°C, Aq =1 g/Kg. U = 6.5 m/s). perturbation
changes of £ 5°C and £ 2 ¢/Kg would result in AQ.and AQy, of around 55 W/m? and
60 W/m2, respectively, while the heat flux lines of the four arcas tend to follow the isoQ,
and isoQp contours when for varying wind specds.

Finally. Qp and Q. ranged between -20 to 100 and -30 to 80 Wm-2, respectively.
showing a tendency to increase during the summer and to rcach maximum values in
November for both latent and sensible heat fluxes. which are of the same order of
magnitude as the longwave backradiation. Although this seasonal variation is not as strong
as that of the incoming shortwave radiation. its variability is however more important than
that of Qi '
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5.1.3 Net Surface Heat Fluxes

As Phillips (1981) reported in his book on the dvnamics of the upper-ocean, “for
most dynamical purposces in oceanography. the energy balance is important only in as far as
it determines the rate of generation of buoyancy at the surface.™ Consequently. this last
sectton is of critical importance not only in understanding the scasonal cvolution of the
Gulf™s upper-layer, but as an essential starting point for further studies on the dvnamics of
the GSL circulation. climate and biological propertics. The net flux of heat entering or
leaving the sea surface is obtained by summing the four heat flux components as follows:

Qnet = Quw = Quw - Qe - O
In this algebraic formulation. the incoming solar radiation is defined positive as it enters the
sea surface, whereas, the remaining terms are defined positive as heat lost is from the occan
to the atmosphere.

Figures 5.10 display the monthly evolution of the four heat fluxes and of Q for 4
arcas of the Gulf, whercas figure 5.11 show the 7 monthly averaged Qpe ficlds. As
Bugden (1981) noted in his box-model study. the usual seasonal cycle of net surface heat
flux can be observed, starting with moderate values of Qpe for the month of May. reaching
a maximum around July and decreasing thereafter until the fluxes reverse. This occurs as
carly as September for some regions but during October-November for the entire Gulf.
Although the Qny ficlds of the present study have a better spatial resolution than Bugden's
box estimates. they nevertheless exhibit similar monthly averages. Looking at monthly
ficlds of Qnet (fig. 5.11) reveals interesting features concerning the heat flux spacial
structure. Perhaps the first aspect worth noting is the overall “heterogeneity™ within cach
monthly ficld. For example. southern areas (01, 02, 13 and [6) exhibit a net heat loss in
September while the rest of the Gulfis still gaining heat.

Estimating the “quantitative™ errors associated with this heat budget is extremely
difficult 1o do, since several factors cause uncertaintics in the heat flux calculations. These
can generally be classified as random (which decrease with the number of observations)
and systematic (Gilman and Garrett. 1994). The random errors cannot be cstimated in this
study for they require “simultaneously™ measured time series of all parameters involved in
the calculations. As Gilman and Garrett (1994) report, “systematic biases in thc
observations result from changes in the instrumental practices [and] are quite difficult to
quantify”. Although great care have been applied to the filtering and interpolation of most
quantities, 2 complete error analysis for the heat budget lics outside the scope of this study.
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Finally. during the first phase of this rescarch. attempts were made (o approximate
the net surface heat fluxes over the GSL with the widely-used Hancy-type (1971) refation
(Quet = 2 (T - SST) ). where (T« - SST) is the difference between an “equivalent™
atmospheric temperature and SST, and 2 is some arbitrary monthly average coefficient.
This was tried for the 4 large arcas emploved by Bugden (1981). using SST and T, values
mentioned in chapters 4 and 6. as well as the surface flux values computed by Bugden=
(1981). The goal was to approximate the net heat flux with fewer variables, hence }
rendering possible the formation of time series of Qg anomalics, given the various dataset
lengths. In trying to match Bugden (1981) values of Qye with the monthly means of T, and

SST through a simple lincar relation of the form Qg = A (T, - SST) + B, no consistent

result was obtained from one area to the other, or from month to month.
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Chapter 6

Monthly Vertical Structure of the Upper-Layer
Thermohaline Fields (May to November)

Following the description of the surface fields (T. § and Chla) of the GSL in the
previous chapter. we will now examine the monthly evolution of the upper-layver vertical
thermohaline structure and related quantitics. More precisely, climatological monthly depth
distributions of T and S will first be described. followed by a discussion of monthiy
averages of mixed-layer depth (MLD). upper heat content (HC) and upper-layer static
stability (E). Using the previously obtained surface heat fluxes in conjunction with a few
simpic 1D calculations (heat diffusion. MLD and stratification) the scasonal cvolution of the
upper-layer thermohaline ficlds (i.c.: T. MLD and p) will be discussed. Finally, a
preliminary study of the variability of some upper-layer physical ficlds (SST. MLD) in
relation with various atmospheric forcing (Ta. |[U[. Qnet) will be introduced,

6.1 Monthly Distributions of the T and S Fields with Depth

As mentioned carlier, the first procedure performed for this climatological analysis
was to segment the oceanic database into 15 geographical arcas! and calculatc the monthly
means of T and S obtaincd earlier by Petric (1990). In doing so. a first comparison wouid
allow us to validatc the dataset quality as well as to detect any crrors that could have
occurred during the analysis. The sccond motivation for dividing the Gulf into subsections
was to allow a sufficient number of T and S profiles to be regrouped within the same area
to produce, after averages were computed, multiyear time scrics of monthly temperature
and salinity anomalies at various depths2.

1: Arcas 14 and 17 were excluded from the analysis for a fow reasons: 1- their spatio-temporal
coverage is not very good compared to the other arcas; 2- some of the assumptions mide throughout this
thesis do not apply these coastal arcas: 3-because they constitute narrow and shallow regions of smaller
scales than the other arcas: in particular, it is difficult to determine whether the physical processes
goveming the Gulf's upper waters play a similar role in Northumberland Strait region,

22 This would render possible the study of interannual fluctuations within the GSL. These time
serics have been produced for all sections at all reference depths, but have not been analyzed statistically.
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Several mvestigators have recently? studied the Gulf™s mean characteristics: Bugden
(1981) computed means of T and S for 4 large arcas and 4 distinet vertical lavers in the
Ciulf: Bugden ct al. (1982) studied the influence of runoft on sca surtace salinities: Vigeant
(1984) produced SST maps from ship data: and Petric (1990} calculated monthiv-depth
climatologies of T and S for 17 GSL subareas. However, a complete understanding of the
average physical and dynamical state of the GSL is not available. Hence there is a need for
a more comprehensive lemperature and salinity climatology (Bugden, personal commu-
nication). An accurate description of temperature and salinity as function of depth. time of
the year and latitude-longitude. is important for many arcas of occanographic rescarch. The
calculated ficlds presented in this chapter are believed to form the most complete and up-to-
date climatology produced for the Gulf (Bugden and Drinkwater. personal
communication). The overall characteristics observed throughout the Gulf"s 15 monthly-
depth distributions of T and S will first be discussed. followed by an investigation of local
thermohaline features.

6.1.1 Guif-wide and Specific Features

In regard 1o ocean temperature, the formation of a distinct warm surface layer from
May until November can be observed in all arcas. Its thickness varics considerably from
month to month (from 10-20m in May to around 50m in November) as well as from onc
arca to another. The associated SST maxima (usually occurring in July-August) range from
around 17-18 °C in the shallows (areas 12-15) down to about 10 °C in upwelling arcas (05,
06 & 09) and as cold as 6-8 °C in the lower ¢stuary (07). The presence of a cold (<2°C)
intermediate layer {Koutitonsky and Bugden., 1991) below the mixed-layer is apparent
ncarly everywhere. During the winter months, this layer merges with the upper onc to form
a region of cold water extending to the surface. Finally, below a depth of approximately
100 m. the scasonal fluctuations of temperature nearly disappear, but strong interannual
variations arc present (Bugden, 1991).

For salinity. the vertical structure is less dramatic, showing a monotonic increase of
S with depth, accompanied by a weak signature of the upper mixed-layer (weak in

3: In the 1950°s, the work of Lauzier and coworkers (Lauzier and Bailey, 1957; Lauzier ct al.,
1957: Lauzicr and Trites, 1958: and Tremblay and Lauzier, 1940) was probably the first real attempt 1o look
at the vertical and horizontal T-8 structure in the Guif of St.Lawrence. However, duc to the difficulty in
obtaining the original manuscripts, and since their results have been largely included and summarized in the
review papers of Trites and Walton, 1975, and, more recently, in Koutitonsky and Bugden, 1991, only the
latter two will be acknowledged.

101



comparison to the temperature protiles). The surface and near surtace annugl salinity eveles
are opposite to that for temperature (888 minima occur in summer) with a vpica! range of’
around 2 pst, except near the estuary (compared to about 18 °C). The salinity nunimuam s
strongly affected by runoft from the St.Lawrence River and from its major tributaries. It
oceurs at slightly difTerent times for various locations duc to the relative distance from the
freshwater sources. Finally. the bottom waters of the GSL. characterized by salinities of' 33
to 35 (<150m). result from the inflow of slope water from the Atlantic Ocean entering
through Cabot Strait (Petrie, 1990: Koutitonsky and Bugden, 1991). The Atlamic water
will discussed using T-S diagrams in section 6.1.2,

In general, in regard to the scasonal evolution of T and S at fixed depths, a common
paticrn may be observed: generally, surface T are low in May, increase to a surface
maximum around August and cool down for the rest of the ice-free scason: whereas,
salinity follows an opposite trend. At a depth of 30 m. the scasonal mnge of temperature is
decreased and its maximum occurs later (around October). whereas salinity variations are
cven weaker. At a 75 m depth (50 m for the Shallows), both T and $ are essentially
constant throughout the tce-frec months. Typical standard crrors (Efron and Tibshirani,
1986: Umoh and Thompson. 1994) may be estimated by o/(ny:2 {(where o is the standard
deviation and n is the number of monthly obscrvations) and are generally less than 1°C and
0.4 in the upper 30 meters. for T and S respectively (see table 6.1 for typical values).
Largest standard deviations occur near the surface, but standard crrors should be used with

caution in months/areas with fcw observations since they depend strongly on n.

“ T } o1] 03] o6 10| 16| s | 01 03|eo|m||o|
June om [0370036|047)041] 041 om |00 |02 026 |08 [0.24
30m [034[029 0151028 | 0.9 30m | 0.07 [0.06 |[0.11 [0.11 [o.08

Aug Om (028029036037 0.27] Om | 015 |0.10 |0.27 0.14 |D.16
30m | 041 | 0571026039 022] 30m | 0,09 {0.07 |O.13 |11 |0.09

Oct Om | 034050047 (076 0.52] Om |0.20]0.22 (016 [0.12 |05
30m | 0.51 055|034 | LOO| 0.79] 30m | 0.19 |0.16 |0.12 |0.13 | 016

Table 6.1: Typical standard errors (°C & pPsv) af upper-laver monthly T tleft) and S (right) af the Om
and at 30m (top & hottom numbers respectively) for some areas (01, 03, 06, 10 and 16) and months,

Regional features will be ¢xamined in a counterclockwisc sense around the Gulf.
The first aspect of interest is the difference in surface T and S (SST. SSS) between section
01 (Cabot Strait - Cape Breton side) and 02 (Newfoundland side). In accordance with the
commonly belicved flow pattern (El-Sabh. 1976) in the Strait. there is lighier surface
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waters flowing scaward near Cape Breton with a compensating inflow of saltier waiers at
depth. which extends to the surface near Newfoundland (Koutitonsky and Bugden, 19911

Although displaying similar patterns, the first graphs of ficures 6.1 10 6.5 (areas 01 & (12)

depiet saltier (31 vs 30 in July-August) and slightly colder (14 vs almost 15 °C)
surface summer waters for arca 02 (Newfoundland side of Cabot Strait). This scems to
suggest the influence at the surface of shell water advected into the Gulf, as well as the
arrival of the maximum freshwater runoff near the Strait region by August (El-Sabh,

1976). Arcas 03 and 04 (Esquiman Channcl. Newfoundland and Québee shores,
respectively) display monthly T and S depth distributions analogous to those at Cabot
Strait, except that the cold intermediate layver (CIL) is slightly colder along the

Newfoundiand 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 arcas 01 to 04 by following the 0 °C
1sotherm: the tongue of “cold™ water enclosed within this isotherm. going from the surface

(in Jan-Mar) and deepening in carly summer to form the cold intermediate laver (June and

July for the Esquiman locations). A possible explanation for this is the intrusion of cold
Labrador water from the Strait of Belle-Iske. Petrie ct al. (1988) suggested that up to 35%
of the winter intermediate layer water could be accounted by this incoming cold water. Sca
surface salinities show a slow but steady increase (1 to 1.5 psu) from arca 01 to arca 04.

- This monthly T and S depth structure persists in areas 05 and 06, with only slight
differences in isotherm and isohaline locations from the previous graphs. A word of
caution should be added about these two regions (Jacques Cartier Passage. 05. and the
Northwest Gulf. 06). Important runoff effects, as well as frequent occurrence of coastal
upweclling, constitute characteristic features of the GSL north shore. Furthermore, large
cddying motions (Anticosti Gyre; El-Sabh, 1976) associated with strong north-south T and
S gradients cxist just west of Anticosti Island (arcas 06 & 08). These “sub-arca™
occanographic processes are important for the overall circulation in the Gulf and. although
the T and S graphs for arcas 05. 06 and 08 (and. to variable cxtent, in the other regions of
this study) give good indications of the average thermobhaline state likely to occur within
these sections, one should also keep in mind the possible existence of local T and S
gradients of scales smaller than the area size.

Regions 07 and 08 are distinctive since they are influenced by a strong freshwater
surface pulsc. Important vertical, as well as strong horizontal, density gradicnts are
gencrated, leading to the formation of a major circulation feature of the Guif - the Gaspé
current (Koutitonsky and Bugden. 1991). Although this research focusses essentially on
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the Gultf of the St.Lawrence. the T and S statistics for the lower estuary farca 07) were also
computed and will be discussed briefly. As expected. the upper waters there are well
stratified. The monthly average SSS reaches a Gult-wide low of around 26 in Mav-huine as
a consequence of high spring runott from the St.Lawrence River. The summer S8T is fow
due to upwelling and the vertical mixing with deeper and colder waters (Petrie. 1990,
These cold and fresh surtace characteristics persist into arca 08, hugging the Gaspe coast as
they move downstream, but are less dramatic there in part due 1o mixing with neighbouring
waters (arcas 06 and 09). The central regions (09 and 10) show a warmer/ fresher surtace
layer in the summer overlying an intermediate cold laver and deep salty bottom waters,
Summer SST/SSS conditions of arca 10 are slightly warmer/fresher than those of area 09,
probably because of the influence of the nearby Magdalen Shailows warm waters as well as
the advection of freshwater runoft from scetions 07-08. Upwelling is also believed to occur
along the south shore of Anticosti Island. thus atfecting the surtace conditions of arca (9
by bringing colder watcr into the upper-layer. At the mouth of Baie des Chaleurs (BdC -
arca 11), complex dynamical situations may greatly aftect the water mass composition.
Indeced. according to prevailing atmospheric and oceanic conditions. the Gaspe current may
sometimes separate itsell from the peninsula and continue past the entrance ol the Baie,
well into arca 11 (and part of 12). or it may remain “attached™ to the coast, thus intruding
partially into BdC (Gan, 1995). In general. both the Gaspé current and runolt from the
BdC contributc strongly to the time-depth cvolution of the thermohaline state of region 1.
Finally. the remaining four regions (arcas 12, 13, 15 and 16) cover the Magdalen
Shallows. There. the Guif's warmest waters are found (monthly average SST of around 16
°C in mid-summer - excluding again arcas 14 and 17)%. A rapid decrcase of temperature
with depth is also obscrved as it reaches 1 °C. in some places at a depth of only 30m, in
Junc. Although the area is poorly sampled during the ice scason (the corresponding parts of
the graphs show indeed rather bizarre contour lines, or no data at all). it is fair to say that,
as the net surface heat flux reverses in the fall and the wind speed increascs, most of the
water column between 0 and 50 m becomes well-mixed. The surface salinity for the arcas
12, 13, 15 and 16 is slightly lower than for the ncighbouring sections of the central GSL
(09. 10. 01 and 02). This can be attributed to the fact that part of the freshwater transported

from arcas 07 and 08 by the Gaspé current flushes the Shallows towards the Atlantic.
. § names (fie. 6.1<8) dis o 1S e

4: Petrie (1990} reports that arca 17 exhibit the warmest waters for the GSL.
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6.1.2 Gulf-wide and Composite T-8 Relationships

The previous section, which discussed the monthly-depth destinbutions of
temperature and salinity for I3 sub-regions of the GSL, revealed the enistence of
interesting hydrographic features in relation to the various water masses mteracting n the
Gulfand thetr respective evolution over the annual evele. Another verv usetul way of
charactenising the GSL average water properties is to plot the chimatological means ol
lemperature versus its salinity counterpart on what is called a T-S diagram (Pickard and
Emery. 1990). In this section, T-8 diagrams are constructed trom climatological T and 8
values. first for all months, all depths and the entire Guil, and then in 2 composite tashion
in order 1o depict the property differences between winter and summer waters as well as

between three distinet vertical lavers (0-753m, 73-150m, and > 150m).

Gulf-wide Features:

Figurc 6.6 displays the characteristic T-S diagram for the GSL based on
chimatological values of T and § deseribed in the previous section®, Although several
rescarchers have. in the past, studied the formation and ¢volution ol the various water
masses of the Gull, it seems Forrester (1964) was one of the few 1o produce such T-8
plots for the GSL. Figure 6.6 was compared to Forrester's original temperature-sahimty
relationships and examined to gain more insight into the ongzin of the Gult™s waters as well
as their winter-to-summer and surface-to-depth differences. The first timportant aspect,
found on the lower right comer of figure 6.6, 1s the obvious presence of a well defined
salty (33-33 rst) and dense (o7 = 26.5-27 kgm-3) water mass whose lemperatures vary
between 3 and 6°C. This essentially constitutes the deepest layer of the Gull'and is typical
of the Atlantic waters near the Scotian Shelf edge (Petric and Drinkwater. 1993). At the
very base of the same figure. the coldest temperatures found in the GSL charactenze the
CIL. As described carlier. the T and S values range from 2 to -1.7°C and 30 to 33,
respectively, Finally, the cloud of scattered T-S values filling-up the remaining space on the
graph represent the surface waters of the entire Gulf over the annual cycle. These T-S
points cover a much wider range of temperatures and salinities as opposed to the
intermediate and deep layers because of the different regional features of the Gulf

(upwelling. runofT, etc.) as well as the much larger influence of atmospheric processes.

5: Composite T-S diagrams for the 15 scctions were also constructed from unaveraged T-8 values,
but not included in the thesis since they viclded similar T-S relationships to the climatological onex.
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Specific Features:

We now exiend Forrester™s (1964) approach and form 12 T-8 subdtagrams
according to three time periods (Feb-Mar, Jul-Aug. and all vear) and four depih
segments (0-75m. 75-150m. 150-..m. and all depths). The two seasonal extremes
(summer and winter) as well as the three distinet GSL layers (deep. intermediate and
surface) are clearly distinguished in figure 6.7. In the first column of the figure. the four
depth-based climatological T-S diagrams for the months of February and March are shown.
The previously discussed Atlantic water mass is shown in the deep layer panel. A rather
similar relationship between the 75-150m and the surface masses can be observed trom the
first two graphs. This further confirms the fact that the summer surface layer eventually
cools down sufficiently in the fall to merge aimost completely with the intermediate layer
during the winter. Evidently, the July-August temperatures and salinities of the 0-75m layer
exhibit a much warmer and broader T-S envelope (as depicted by the first panel on the
middle column of fig. 6.7). but show little change for the intermediate and decp layers.
Indeed, there are only slight T-S variations in the intermediate and deep layer diagrams
between February-March and July-August (the two middie panels of the first and second
column of figure 6.7). This is in agreement with the idea that the scasonal cycle of the
atmospheric forcing affects almost exclusively the upper-layer and that waters below are
likely to be influenced solely by extrascasonal fluctuations (Bugden, 1991). In general,
these T-S relationships agree well with those produced much carlier by Forrester, but have
the advantage of clearly distinguishing the different T-S characteristics related to the three
chosen vertical layers.

Transitional Areas Suggested by Pingree and Griffiths (1980):

One interesting aspect conceming the climatological T-S relationships is the ability
to characterize water mass changes from year to year and/or within certain regions of the
Gulf. One such example, which 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 area™). Pingree and Griffiths (1980), using the Simpson-Hunter (1974)
approach, defined zones likely to be influenced by tidal mixing. The JCP arca was
classified as a frontal region (S < 1.5 - see Pingree and Griffiths, 1980, for a dcfinition),
despite a2 M > tide of modest amplitude throughout the GSL. However, this classification
was solely based on the results of a M» tide model, hence surfacc buoyancy fluxes
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and wind mixing effects were not taken into secount. In fact. Pingrec et al. (1978) note that
wind mixing is sometimes more effective than tide along in setting up vertical cireulations.
For cxample. there may be situations where the wind pattern (direction) would be
favourable for upwelling but the intensity of the associated wind stress too weak to
overcome the ambient upper water stratification. In this case, the addition of tidal mixing
may be sufficient to destabilize the water column and induce upwelling cvents (Pingree ot
al.. 1978: Pingrce and Griffiths, 1980). Conscquently, we will first look at T-8
relationships in the JCP area for the months of June to September and compare them to the
monthly averaged ones of arca 03. Monthly averaged temperature and salinity profiles will
then be examined.

The 4 middle pancls of figure 6.8 display T-S relationships in the JCP area for the
months of June. July. August and Scptember (individual T-S obscrvations are denoted by
the small circles: also shown arc the monthly averaged T-S relations for that scetor - thin
solid linc - as well as the corresponding monthly climatological T-S relation for arca 05 -
thick solid linc). Conceming the surface temperaturcs. those in the JCP arca are gencerally
colder than the monthly averaged SST of arca 05, and this temperature difterenee increases
from Junc to Scptember, i.c.: SST)cp is approximately 1°C colder than SSTs in June, 2°C
to 3°C colder in July-August. and ¢ven colder (< 5°C) than SSTos in Scptember. For the
salinity. Junc surfacc valucs arc much fresher in the JCP area than in arca 05 (~1rsu), but
SSS)cp arc approximately only 0.5 psu fresher in Juty-August, such that the situation is
completely reversed in Scptember where SSS;ep are roughly | psu salticr than $8Sys.
Thesc surface temperature and salinity differences can be translated into surface density
differences as followed: in Junc, surface waters of arca 05 arc heavicr than those of the
JCP region (~1 kg/m3). whereas in September, sca surface density of JCP arca is
approximately 1.5 kg/m3 lighter than that of arca 05; during July-August, surface waters
roughly have the same density. At a depth of 50 m, monthly averaged water characteristics
of both JCP rcgion and arca 05 merge into one commeon water type (T som ~ 1° 10 2°C, Ssop
~ 32 to 32.3 psu). It is difficult to say that the waters in shallow region of Jacques Carticr
Passage are “well-mixed™ by looking at these T-S diagrams. Although the monthly T-S
propertics of JCP arca for the 10 m to 50 m intcrval are in gencral more tightly
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Figure 6.8: T-S relationships for the shallow area of Jacques-Cartier Passage,
between Havre St-Pierre and Anticosti Island (shown on the upper picture), for
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The 4 rmiddle panels show the T-S observations (o), the monthly averaged T-S
relations for thot sector (thin solid line) as well as the corresponding monthly
climatological T-§ relation for area 05 (thick solid line). Dotted lines on all 4
panels correspond to iso-sigma-T (kg/m3).



clustered than the climatology of area 03. the water mass characteristics are highly variable
throughout these 4 months, and T-S propertics there are also expected to be influenced
(hence aliased in terms of the T-S data used here) by episodic processes (svnoptic. tdal,
etc.) of smaller temporal scales than monthly means (Bourque and Kelley, 1993),

Looking at profiles of temperature and salinity allows us to investigate the depth
dependence these properties, hence assess more casily the degree of vertical mixing (Figure
6.9 shows monthly averaged T and S profiles for Junc. July. August and September, for
both the JCP region and the arca 05). In June. both Ty¢p and Sy¢p profiles tollow closcly
the arca 05 climatology for the lower section on the water column (~ 25 m to 50 m),
Howecver, the mixed-layer of JCP arca is much shallower and more stratified than its arca
05 counterpart. The situation changed during the July-August period, when the upper 10 m
of JCP region is still more stratified than arca 05, but the lower portion of both T and §
profiles arc now more vertically homogenous (more homogenous than they were in June,
also more than those of arca 05 for July-August). Finally. in Scptember. the upper-laver
situation is now reversed such that upper walcers of arca 05 are more strongly stratified than
in the shallow region of Jacques Carticr Passage. Even more interesting is the degree off
vertical homogencity of both the temperature and salinity profiles of JCP sector: they show
differences of only ~ 0.6 pst and ~ 3°C between 10 m and 40 m. This seasonal variation
may perhaps be cxplained as follow: in the carly months of the ice-free season (May, Junc)
the surface waters ncar the north shore are strongly stratificd becausc of the runol¥ from
ncighbouring rivers (Koutitonsky and Bugden. 1991). Morcover. during this time, the
winds are decreasing and the surface heat input increasing, both contributing to a shallower
and more stratificd upper-layer. The cffects of reduced winds and increased surface heat
input continue on in early July but this trend soon rcaches an optimum (minimum winds
and maximum heat input) and starts reversing in August. Meanwhile, runeft from rivers
has decreased from its Junc maximum (Bugden, 1981) such that. in Scptember, 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 arca 05,
one may argue that the river runoff should influence morc strongly the coastal JCP arca
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 vertically “well-mixed™ conditions
obscrved in JCP area (during August, but mainly in Scptember) could be the result of
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combined tidal mixing and coastal upwelling, as proposed by Pingree and Gritliths ( [980).
Finally. since it was also postulated by Pingree and Griffiths (1980) that Tocally increased
tidal mixing could result in increased biological productivity. it is NMeresting (o compare
monthly averaged surface chlorophyll data for both arca 05 and the shallow zone of
Jacques Cartier Passage. The resulis displaved in the table below show a marked increased
in surface Chla (often indicative of increased primary biological productivity: ) for JCP area
in comparison with area 05. Although it is impossible to truly assess the proportion of
incrcased Chla values directly related to inereased wind and tidal mixing, the shallow zone
ol Jacques Cartier Passage seem to have more favourable conditions for primary
production.

May l June | July | Aug. ’
AREAGS | 171 126 |15 |14z [202 |
500

JCP Aren | aas |26s |2s3 |00

Table 6.2: Monthly means of surface Chla concemtrarions (mg Chla /mb).

6.2 Climatology of Mixed-Layer Depth, Hcat Content and
Upper-Layer Static Stability

As mentioned previously. the upper-layer of the ocean plays a central role in the
storage and exchange of energy with the atmosphere and the waters below, as well as being,
of critical importance for the primary biological productivity (Pickard and Emery, 1990;
Mysak and Lin. 1990). Three important physical quantitics often used to desceribe the
energetics and biological relevance of the upper ocean are the mixed-layer depth (MLD), the
heat content of the upper water column (HC) and the upper-layer static stability (E). This
scction bricfly explains how thesc values were computed and describes their corresponding
monthly climatology for the 15 arcas in the Gulf during the ice-free months (May to
November inclustve).

First. the heat content has been calculated for the upper 100 meters of the entire
Gulf except for the five areas covering the Magdalen Shallows (11, 12, 13, IS5 and 16)
where it was done for the first 50 meters from the surface. As before, cach profile (per arca
and per month) were used to compute an upper-layer heat content value, and monthly
averages were then produced for cach of the 15 GSL regions. The quantity HC was
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obtained by
T

HC llmr: '|. p CpT d:.

tm
i m

where pC =TSz ) TS=fiz1and Tisin °K

and the integration was performed using Simpson's Rule (so that the error is O[dz5x T™"""1.
where T is the 4th derivative of T: Kincaid and Cheney, 1990). The empirical formulac
uscd for the heat capacity and the density of sea water were obtained dircetly from the
UNESCO algonthmsé, Comparisons were done with H.C. calculated with a constant heat
capacity (4025 J kg-! °K-1) and results did not change significantly.

The determination of the mixed-later depth is, in itsclf, rather difficult and
subjective (Jim F. Price. W.H.O.1.. personal communication). If the ocecan behaved as
nicely as the schematic pictures of chapter 2, than the MLD could be deduced casily.
However, this is often not the case: the upper few meters are not always homogenous. and
the sharp transition zone (thermocline, or pycnocling) may not necessarily be well defined.
The motivation for using T alonc is now explained. The first difficulty arosc from the 10m
vertical resolution in the interpolated dataset. Given this rather coarse resolution (in terms
ol mixed-layer depth). we hope that, in processing a large enough number of profiies, the
resulting average MLD would tend to the real one, for we could only assess within what
10m interval was the MLD (i.e. = 5m). Consequently. using T profiles alonc has a nct
advantage in that there are far more “valid™ temperature profiles in the database than there
are density ones (because the profiles of density required both T and S to be present
simultancously). The next step is to assess whether T alone is a valid candidate for
determining MLD. While both T and S contribute to density. during the winter months (and
carly spring), stratification is mainly dominated by salinity effects. However, during the
warm scason, this situation reverses such that upper-layer temperature and density profiles
strongly covaried. This may also be appreciated from a buoyancy flux point of view (B. as
defined in chapter 2), since B depends more strongly on thermal effects during the summer
conditions (Gill. 1981). In addition, after “\isualization™ (and intercomparisons) of all
interpolated T. S (and density, when present) profiles in the database for the ice-free

6: (Ref: Millero ct. al., J. Geophys. Res. 78 (1973), 4499-4507: Millcro. ct al (1980) Decp-Sca

Res.. 272.255-264: Millero and Poisson (1981), Decp-Sea Res., 28a pp 625-629. Above references are also
found in UNESCO report 38 (1981)) ‘
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period. we concluded that temperature was indeed a representative ™tracer™ of “how deep is
the upper *well-mixed® layer™ in the ice-free months.

The final step consisted in finding an appropriate “thermal™ criterium detining the
ML extent. Several such schemes have been used in the past: Defant, according to Wyrtki
(1964) used a critical temperature gradicnt of 0.02 °C/m to determine the depth of the
thermocline, while Wyrtki considered its depth to correspond with a (.5 °C change from
the surface:; Bathen (1972) used a statistical method combining both a temperature departure
from the surface and a critical T gradient; Levitus (1982) used a net temperature change of
0.5 °C from the surface in combination with a density departure (from the surlace) o' 0.125
kg/m3: Lamb (1984) defined the MLD base to be the level where T was less than 1°C from
the surface, whereas Rao ct al. (1989) defined the MLD as the depth where T was less than
I °C from the 10 m value: Lukas and Lindstrom (1991) considered gradients of
temperature. salinity as well as density to determine the depths of thermogline, halocline
and pycnocline, respectively.

In this study. we compared 3 temperature-based methods 1o define the MLD: a
dT/dz criterium. as well as two schemes based on temperature from the surfuce. These
methods (defined below) were applied to all complete (no data gaps within the upper 100
m) temperaturce profiles.

MLD, ~ z_ (/¢l..)
MLD,~ z_, (T

ke

T 1)

MLD, ~ z__ (1 =

o '

-

Upon examination of these results, we concluded that the T gradient method was
not appropriate since it was more representative of the middle of the thermocline, and not
the extent of the mixed-layer (and hence probably yielded too deep MLDs). Conscquently,
we opted for the 2 other methods, noting that, although these yiclded reasonable mixed-
layer depth cstimates, 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-layer, for the ice-frec months, as the depth where the temperature was
1°C less than the SST (same criterium used by Lamb. 1984)7. Monthly means of MLD will
be displayed in figure 6.12, whereas their monthly standard deviations as well as the

7: 1t is informative to notc that Lamb, 1984, in a climatological study of the MLD in the nonth
Atlantic, was faced with the exact same problem. i.c.; the usc of T alone in determining MLD duc to too
small a number of S profiles.
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number of T profiles used to compute it are presented in the tollowing table:

May June o July ' August | September i October | November
01 LS (25) 7.0 (28) 5.4 (20) 120 (22) 147 2D 159 (1) {180 (31
02142 24369 20 136 (19352.2 (26) 5.4 20 [ 9.1 m)l:w (35)

03 [ 150 (14 61 (23 44 m)lw 24y | 5.4 23) 115 (16) | 180 2%

|14 m;Jﬁn (26) |43 (20) |44 21 160 (22)] 1322 (19 [17.0 (29
s |52 m:|3_x (19) [ 1.9 (1) |21 (16)] 83 (12) 115 (b | 231 26
oo [37 anlos aer |17 as[21 as[s2 an (92 an[2e 2n

_4h an it as e @nl2a as leas (14)|[ 1.3 1o

LR ) [1a 9]
sa 09 27 eon s @e 50 @nse 63132 @3 |09 @9

:"om;[.u) asy [ 1.5 ) [3.7 e |50 (9)[
83 tl_i!_ s0 g [se an[s2 as a8 as e 154 a9

302D (41 @921 23 |36 (23) |47 G l\6(|9)|234 (8)
62 (18134 200 [22 % |21 @2 ]a0 @ns0 anfies a9
s6 (0 [45 0 ]is @ 1S (M [38 a0 5177 ®
39 |28 an s 14 a0 un 13 e |16s am

5.5 alaa @l2e antis @enlas anlzr aolise as
— e e e
Table 6.3: Monthly MLD standard deviations (m: I¢f1) and number of T profiles used (in parenthesis).

13.6(8) ]19* (30)

a

In general, standard MLD errors ranged from Im to 4m roughly (and exceptionally up to
8m in November), with the minimum monthly mixed-layer variance observed in August.
and corresponding, on average, to shallowest MLDs.

The static stability® (E) is a measure of ocean stratification. It is very similar to the
buoyancy frequency (N). but it includes the additional effects of compressibility. In this
study. E was calculated dircctly from the monthly means of T and S, according to the
following definition (Pond and Pickard, 1991):

poz C

where g is the gravitational acceleration, and C is the speed of sound. Although the
compressibility effects (as expressed by the sound speed term) were rather small, they werc
nevertheless included in the calculation. Since E is not an integrated value, like HC, but
rather depends of vertical density gradient, several versions of it may be calculated (c.g.. E

8: Although E was defined as evaporation in chapter 2 (in Gill’s, 1981, definition of surface
buoyancy flux), its value has not been computed in this study. Consequently. to follow the notation of
Pond and Pickard {1991), the static stability is designated by E.
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at the surface: E across the thermocline: E maximum, ete.). For purpose of comparison
with the JGOFS data (see chapter 3 and the appendix). three variations of E i ¢ been used
to deduce arca-based monthly climatologies. namely: Eq. (the static stabtlity computed
between the surface and a depth of 30 m), Eyy, (E computed at a depth 3 m below the
mixed-layer) and Ep, (the maximum E vilue of the water column). The first parameter
(Eo.30) provides a mean of determining how stable are the surlace waters throughout the
GSL (while neglecting the effects of currents). The second parameter {Eyy ) measures the
ability of deeper waters 1o be entrained into the mixed-laver. E,y usually corresponds to
the middle of the thermocline, and has seasonal features (minima, maxima, regional
distribution, ctc.) very similar to those of Eyy, and Eg._z.

Gulf~wide Features

Figurc 6.10-11 display typical monthly evolution - May to November - for the
mixed-layer depth. the upper heat content and mixed-laycer static stability in some regions of
the Gulf (northeast: arca 03: northwest: arca 06: central: arca 10; and southern GSL.: arca
16.). In general, the mixed-laver remains deep until the ice cover disappears, but it
undergoes a shallowing trend during the first 3-4 months of the ice-free scason. The MLD
valucs range from 5 m to |5 m during the June-August period. As expected. and observed
clsewhere in the open occan (chapter 2), this period of shallow MLD corresponds o the
Gulf's weakest wind regime (chapter 4) and strongest net heat flux (into the ocean, chapler
5). Afterward. increased wind mixing. along with a decreasing surface heat flux deepens
the MLD throughout the Gulf. In regard to the heat content ol the upper waters, it depends
directly on the extent of the mixed-layer as well as its temperature, Consequently, whereas
the MLD remains rather shallow during the early summoer, its waters warm-up. As a result,
HC values over the Guif exhibit a steady increase until August-September followed by a
decrease during the last months of the ice-[ree scason. Again, a distinct scasonal cycele is
cvident for the mixed-layer static stability (Eyyp). where valucs arc minimal in May, but
increase to reach maximum stratification values in July-August, and decrease again until the
end of the ice-free regime. The lower 4 pancls of fig. 6.11 show typical monthly-depth
distributions of stratification (E), again for areas 3, 6, 10 and 16. From this, we notice that
the seasonal variation of Ep,x strongly follows ihat of the thermocline (just below the
MLD), i.e.: maximum E values are shallow for the first part of the ice-free scason (15m to
25m) and decrease rapidly during the August-November period. morcover, Epax values are
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maximum in July-August and stratification is weaker throughout the water column during
the carly and late months of the ice-free scason.

Specific Features

While al! arcas on figs. 6.12-15 show comparable scasonal cycles of MLD. HC and
E. subtle differences can be observed concerning the extreme valucs of thesc variables. as
well as their time of occurrence during the ice-free season. For upper heat content, regions
covering Cabot Strait (01 & 02) show. on average, maximum HC values throughout the
ice-free months. Minimum HC values arc usually obscived in the Estuary and the Gaspé
Coast arcas (07 & 08, as well as 05 and 06 for most months). This is in accordance with
the relatively shallow MLD and cold surface waters. One interesting point is the warmer
August-to-Ociober upper 100 m on the Cape Breton side (01). likely 1o be the result of
outgoing waters from the Shallows and central GSL. In gencral, the maximum HC occurs
in August-September, except for arca 05 where the largest HC happens in October. The
scasonal cycle of the upper heat content closely follows that of SST. Finally. as we shall
sce in the next sections, although it is difficult to infer any uscful information from the
absolute HC fields, it is the rate of change of the upper heat content (dHC/dt) that is
important in cxamining the heat budget. hence the thermal structure, of the Gulf upper
layer. Regarding the MLD and Eg.3q ficlds. they appear to covary closcly for most months.
For example. during the first half of the icc-free season. the western region of the Gulf
(arcas 06, 07, 08 & 11) exhibits shallow mixed-laycr depths as well as strongly stratificd
upper watcers (most likely the result of fresh water runoff from the Estuary and the Baic des
Chaleurs). Furthermore, when compared to the Shallows areas (12, 13. 15 & 16) the
northcastem regions of the Gulf (02, 03, 04, and 01 for some months) are characterized by
deeper MLD and weaker Eq_3p values for the June-August period. In general, the greatest
(intrarcgional) MLD variability occurs during the carly and late months of the ice-free
season, while mixed-layer depths arc rather shallow and relatively similar throughout the
Gulf (cxcluding the Estuary - arca 07) in September. Finally, the upper-layer static stability
patterns of most arcas arc in agreement with the commonly believed scenario of a fresh
water pulse originating from the Estuary/Baic des Chaleurs and being slowly advected
through the Shallows towards Cabot Strait {Koutitonsky and Bugden. 1991).
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6.3 Seasonal Evolution of the Upper-Layer Thermohaline
Structure

In this section, the seasonal evolution of the upper-taver thermohaline ficlds are
mvestigated using simple 1D calculations. First, a modified vertical heat diffusion model
with parametrized eddy diffusivity is developed and used to examine the monthly
temperature-depth fields of the upper 100m. Then, the mixed-layer depth seasonat eyele is
analyzed in the context of wind mixing and surface heat fiux cltects, Finally, the
stratification of the upper 50m for the ice-free period is calculated, and its monthly rate of
change is compared with the effects of surface wind mixing and heat input.

6.3.1 Modified 1D Hecat Diffusion Model with Parametrized Vertical Eddy
Diffusivity

As a result of various atmospheric and occanic processes. the upper-layer thermal
structurce (during the ice-free scason) provides useful information about the oceanography
of Guif of St.Lawrence. For cxample, it is a useful indicator of the mixed-layer depth for
most months/regions. It also provides important information about the stratilication patterns
throughout the GSL (minima. maxima, spatiotemporal distribution, ctc.), which is of great
value when studying ncar-surface biclogical activity. However, as explained in chapter 2.
its structure is the result of several processes occurring on very short time scales (hours (o
days). Conscquently. duc to the lack of complete and unaliased time series, it becomes very
difficult to accurately study its temporal evolution. Nonctheless, Umoh and Thompson
(1994) proposed an original approach to this problem. In modifying the thermal diffusion
equation (Umoh, 1992) and using a parametrized vertical turbulent difTusivity (K,). they
were able to incorporate several occanographic featurcs into a simplified 1D model, while
using only monthly temperature and surface heat flux data. Following their approach, we
developed a similar heat diffusion model and, with some additional approximations, we
applicd it to the GSL upper-layer T ficlds during the ice-frce months. The model is now
briefly described with a discussion of the results obtained. Mode! limitations are also
discussed. The thermal structure is assumed to obey a simplified heat cquation of the form
(Umoh, 1992)

5T 3 3T advection
(z.1) , g
= —_— —_— horiz. diffusion
gt ~ oz (KV(M) oz ]+ TR,

upwelling. ctc..
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where K, is the vertical turbulent diffusivity, and the bracketed right-end term consists of
the remaining processes not explicitly modelled (horizontal diffusion and advection,
upwelling, ete.). To estimate this “source-sink™ term9. Umoh and Thompson (1994)
derived a method in which they related the term to the imbalance between the net surface
heat flux (Q py) and the local heat storage rate (dHC/dt). In multiplying the heat cquation by
(p ¢p) and integrating it from the surface to some depth (100m in this casc), we obtain the
following heat budget equation (Frankignoul and Reynolds. 1983),

IHC o advection

H aT o

T - anl = - anK~E _pcpj' horiz, diffusion }d7
R 1 {upwelling, cte..

A H2 #3 #4

in which the term #1 represents the heat imbalance, and the term #4 includes the heat 1ux at
the bottom as well as the depth integration of various cffects (advection. upwelling.
diffusion, ctc.). With proper cstimation of the bottom boundary condition (cither sct to zero
or cstimated) this relation represents the “depth-integrated”™ heat imbalance corresponding to
the term #4 of the heat budget equation. Figure 6.16 displays the relation between dHC/dt
and Q¢ for various locations in the Gulf. From the main graph. we rcalize that. although
the heat storage ratce is very well correlated with the net surface heat flux, there remains
somc rcgional/tcmporal discrepancics from a “perfect zero™ difference, as denoted by the
departure from the corrclation slope as well as by the variability shown in the top left pancl
of figure 6.16. However, various spatio-temporal redistribution schemes (e.2.: maximum
at the surface with an exponential decay with depth; maximum in May with a slow decay
during the summer of this heat imbalance; etc.) were tried and did not significantly improve
the simulations. For this rcason, the effects of the “heat imbalance™ related processes (term
#4 of the heat budget cquation) have becn not been included in the following results,
Concerning the model, one of its attracting features is the parametrization of vertical
turbulent diffusivity. Umoh and Thompson (1994) realized the importance of seasonally
varying K, and proposed a parametrization of the form K, = Ko(1+aNP)!, where N is the
buoyancy frequency and a.p are two adjustable parameters. Later, in a study of air-sea heat
fluxes on the Newfoundland Shelf, Umoh et al. (1995) tried to include the mixing

9, Although we tested the same formulation as Umoh and Thompson (1994) in the GSL., we found
it did not significantly improve the simulation results and. for reasons that will be explained in the text.
decided to neglect its cffects. Consequently, the reader should refer to the original manuseript of Umoh
(1992) or Umoh and Thompson (1994) for a complete derivation.
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clfects of the winds in replacing the constant K, in the above parametrization with

KuaU exp(zidy). U is the long term mean wind speed and K. dy are adjustable

parameters. In this study. three parametrization schemes have been tested for K.:
K, {constant)

K = {K(=aN)' meahed 1

A3

aU't4 & N2 ' omethod 2)

The first two schemes are the same as those used by Umoh and Thompson (1994). The
third parametrization {method 2) was developed from a constant stress laver approximation
(Oakey. 1985) in substituting the TKE dissipation. «. in Ky = #/4N2 (Oshorn, 1980)
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by £ = U-3/ kz (Oakey, 1985: Anis and Moum. 1995). Consequently. K, of method 2
was parametrized as alU-3 / 3kN2z, where Ue, k and N are the wind friction velocity. the
buoyancy frequency and the von Karman's constant. respectively, and a is the only
adjustable parameter, which may be thought of as an “enhancement™ parameter to account
for the constant stress scaling discrepancies near the surface (Anis and Moum, 1995). This
approach has a few advantages over those proposed by Umoh and Thompson (1994) and
by Umoh et al. (1995): first, it involves only one adjustable parameter, a: also. it is derived
dircctly from turbulent boundary layer theory (assuming a constant stress layer): finally. it
incorporates the wind mixing cffects via monthly averaged values of 12hourly U-3 time
serics, which is more representative of mixing than the 20d or 3rd power of the monthly
averaged wind speed (see chapler 4 for details). Concerning the implicit details of the
model, they are similar to those of Umoh (1992), namely: the heat cquation is expressed in
finitc difference form using a stable. second order accurate. scheme (a.k.a. Crank-
Nicholson - Kincaid and Cheney. 1991) on 10m x Imonth computational grid: the model s
forced by calculated surface heat fluxces (z = Om, chapter 5) and observed temperatures (at 7
= 100m, and at t = May for the initial condition); it ts run cyclically until a stcady statc is
reached: and the monthiy heat flux during the winter months are interpolated between Qe
of November and May using larger scale estimates made by Bugden (1981). Finally. the
diffusivity parameters are adjusted by minimizing the root mean square (RMS) error
difference between observed and modeled temperatures for the ice-free season. such that:

— , N .
Err e ‘J N kl- (T(z.t)mm—’r(?.t)‘*m_)' .

where N = 7 months X 11 vertical levels = 77 grid points.

Regions K=K, Ky (method 1) | Ky (method 2)
Arca 01 (°C) 6.09 3.50 3.99]
Arca 02 4.92 2.88 3.76
Arca 03 4.20 2.55 3.94
Arca 04 3.16 1.55 2.19‘]
Arca 05 7.18 3.44 3.56
Arca 06 1.25 0.70 0.75

Area 10 4.34 2.16

A,
Table 6.4: Simulation crrors (°C) Jor various regions and/or Kv.
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Figure 6.17: Monthlyvdepth dixiributions of temperature for area 06 -
Anticosti Gyvre - as predicted from a 1D maodified heat diffusion calculation,
and as observed from climatology. The top panel shows the climatology for
the wpper 30m during the ice-free months, The fower graph displavs the
model results using o constant-stress parameirization for the verticel eddv
diffusivitr and no advection. The RMS error for this simulation was lexs
than (0.8 °C (sce text for details),

RMS crror for various simulations are tabulated above (table 6.4) and ligure 6.16
shows the observations and the model results for the Anticosti Gyre region simulation. On
table 6.4, 1t is obvious that the vanable K (z.1) - method 2 - yielded better results than the
constant K. and that the results obtained using the Ky parametrization of Umoh and
Thompson (1994) outperformed both methods. Also interesting is the rather large
interregional variability ol the simulation crrors. Table 6.4 presents the results for 3
diffusivity schemes, all excluding the effects of advection. From this. it is clear that some
regions agree very closely with the simplificd 1D simulations whereas, for other arcas, the
present heat diffusion model assumptions perhaps oversimplified the reality. For the
constant K, scenario. the eddy diffusivity values ranged from 0.8x10- to 2.65x10- m/s.
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Figure 6.17 displays the results for the best simulation. From this picture. we note that the
simulated SST are in rather close agreement with observations but that the model seems to
have problems in reproducing a cold intermediate layer (this last point was even niore
obvious among the other simulations). Umoh and Thompson (1994) investigated the
nceessary conditions allowing the formation of a similar feature (i.¢.: a cold intermediate
layer) on the Scotian Shelf and found that both surface heat forcing and advection (via a
heat imbalance parametrization) were required. Concerning the advection of a salinity
minimum lcading to the previously discussed upper-layer stability patierns, although it was
not modeled explicitly. it was nonetheless taken into account since the K, parametrization
mcthods | and 2 both use, in their formulation. the monthly-depth distributions of
buoyancy frequency (deduced from climatology). Finally, although this simplificd heat
diffusion model reproduced surprisingly well the upper layer thermal structure for some
regions, it sufters from several problems. Perhaps its greatest difficulties arise from the
uncertain heat budget during the 5 winter months. As mentioned earlier. not only was there
some heat imbalance between dHC/dt and Qpy. but the interpolated heat flux fields between
November and May arc rather uncertain. Conscquently. we cannot be sure if the model
simulations were done with an cxcess or a deficit of heat.

6.3.2 Simplified ID Calculations of Mixed-Layer Depth Seasonal Cycle

As cxplained carlier, the mixed-layer seasonal evolution is mainly the result of short
scale cpisodic cvents, such as storms (Price et al., 1986). Conscquently. a complete and
accurate modelling of the upper-layer spatio-temporal structure often requires complete and
accuratc small scale time scrics (of winds, air and sca temperatures, salinity, heat fluxes,
ocean currents, ctc.). Nevertheless, the equation governing the 1D evolution of the mixed-
layer depth is relatively simple while containing uscful information as to which mechanisms
causc MLD to deepen or shoal. In his 1D layer model of the seasonal pycnocline,
Stigebrandt (1985) defines the conservation equation for the MLD as follows:

advection,

dMLD =w_+ horiz. diffusion, forw 20
dt upwelling, etc.. i
#1 # #3
in which the term #3 denotes some of the effects (advection. upwelling, horizontal
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difTusion, cte.) that were not explicitly included in this equation. The entrainment velogity,
We. 13 then expressed as combination of wind mixing eflects (first term on the right) and
surface buoyancy tlux {sccond term). such that:

QQ net
pe,

_\¢-. - g + qur\.‘\l\b\uH .

2m U’
w, = |———
MLD

"
where the symbols follow the notation used throughout this thesis. Based on a literature
survey and previous experimental and hydrographic results, Stigebrandt (1983) proposed
m, = 0.6. and ¢ to be cqual to 0.05 when the buovancy term is negative (right-end term in
the above equation), and = = | otherwise. As a first approximation, we can neglect the
haline effects on the buoyancy flux and take the monthly averaged values of the remaining
term in the w, cquation. In this way. we can compute monthly averages ot dMLD/dE based
on the mixed-layer depth climatology and compare the results with the monthly averaged
wind and buoyancy forcing ficlds, as expressed by the entrainment relation. Since we are
no longer dealing with an initial value problem in which the errors are cumulative,
assessment of the scasonal MLD deepening rate is possible through simple lincar
regression.

Monthly valucs of both calculated and observed dMLD/dt for some regions of the
Gulf arc displayed in figurc 6.18 (top left panel) as well as their lincar regression (main
graph). From this, it is obvious that both calculated and observed MLD change rates
covary. with a lincar regression cocfficicnt, r = 0.84. From the top left panel, we notice
that the largest discrepancies between the observations and this simple 1D calculations
occur in June, coinciding with the strongest cffects of fresh water runoff on the upper-layer
stratification. During this early period, the MLD deepening rates arc too strong in
comparison with the climatological rates, hence suggesting that buoyancy flux from fresh
water runoff is important, especially in latc spring and carly summer, and should be
considered. However. for the remainder of the ice-free Ec—riod both MLD dcepening rates
are in surprisingly close agrecement despite the simplicity of this 1D calculation.
Consequently, strictly from a monthly MLD decpening point of view, assuming a onc
dimensional vertical behaviour for the mixed-laycr depth seems to be a valid approximation
(even more so from July on).
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6.3.3 Simplified 1D Calculations of Stratification Scasonal Cyele

Once again using one dimensional upper-laver caleulation, the eftects of both
temperature and salinity will be examined in the context of stratification, Simpson and
Bowers (1981) used potential energy arguments based on Kraws and Turner (1967) to
model the water column density structure. In their formulation. the steatification was
expressed as changes in the potential energy (PE) relative o the well mixed condition, and
is defined by:

{hm thn

PE | (P"—P_ Je= dz, where o= [ pde.
b I

Increases in PE occur as a result of wind stirring and tidal mixing, while PE decreases with
increasing stratification duc to surface heating, viver discharge and runof?. Consequentiy.

the change rate of PE (hence stratification) is defined by (Simpson and Bowers, 1981);

advection,
dri; aghQ,, . [ o
— =~ +C pJU 4+ yudal mineng,
dt "cl' runotl, ..

where h is the depth of the water column, p, is the air density and ¢ is a constant including
the wind drag coefficient and a wind mixing efficiency parameter. in their initial
formulation. since they tested their model mainly in shelf seas, Simpson and Bowers
(1981) assumed h to be the water column depth, tidal mixing cffects 10 be important but to
neglect advection, river runoff and rainfall. They also realized that the mixing effictencies
of both tidal mixing and wind stirring varied scasonally as a function of upper-layer
stability. However, since this 1D stratification calculation is performed here in the context
of monthly data (as for the previous two scctions), simplifications will be made such that
the analysis is restricted to the upper 50 m. Moreover, following the results of Pingree and
Gniffiths (1990), effects of tidal mixing will be neglected. along with those of advccti;m.
runoff and rainfall.

From these two simplified relations, monthly PE change rates were obtained via
calculations and observations, and compared. Figure 6.19 displays thc monthly evolution
of dPE/dt (calculated and observed) for some regions of the Gulf (tdp lcf pancl) as well as
their mutual lincar regression. Again. from the high corrclation (r = 0.85), we realize that
this simplified calculation of monthly PE change rates covary with the observational trend.
Howevcer, important discrepancics arc observed from the monthly evolution of both
quantities. More specifically. the calculated values of dpE/dt arc larger than the
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observations for most of the areas and months. Two causes are possible: first. since runoff

tends to render the upper layver more stratified. its omission is reflected in the results:

morcover, as pointed out by Simpsons and Bowers (1981), the effects of wind mixing

should not depend solely on the wind speed. but vary with the water column stratification.

Finally. although simple in its formulation, we realize that this 1D potential encrgy

calculation does reproduce well the scasonal rate of change of the upper-layer stratification.

s
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6.4 Preliminary Study of the Interannual Variability

Although this thesis essentially focuses on seasonal aspects of the upper-laver, this
section will make use of the small number of good time scries available (Ta, Ug, SST), as
well as the satellite-derived monthly SST maps in recent vears 1o present some aspects off
the year to ycar changes. This is not a complete study of the extraseasonal climatic
variability but rather a bii=! and preliminary examination of the longer time scales
fluctuations of some occanographic ficlds. The relation between anomalous mixed-layer
depths and wind mixing will first be presented. followed by a correlation analysis of the
sca surface and air temperature anomalics. Finally. the previously described heat diffusion
model will be applied to the 1987 and 1990 years,

6.4.1 Mixed-Layer Depth and Wind Mixing Anomalics

We now investigate the year to year variations in the monthly averaged mixed-layer
depth throughout the GSL. Both wind mixing and nct surface heat Nlux influence the
monthly evolution of MLD. Hence. anomalous mixed-layer values may be related o
anomalics in these ficlds (E,, and Qne)- However, since several parameters are involved the
Qnet calculations. all covering a different time window in their respective dataset, it is not
possible to reproduce net heat flux values for all the years where MLD anomalics (MLD',
the prime denoting the departure from the monthly mean) were calculated. On the other
hand. the geostrophic wind datasct constitutes rather good time scrics for it is sampled in a
continuous fashion. twicc daily cvery day for the last 45 years. Consequently. MLD' can
be compared with wind mixing anomalies (both Uy’ and E,,") for two different scasonal
time periods, i.c.: the earlier months of the ice-free season (May. Junc and July) and the
later months (Sep, Oct, Nov). The first period (MJJ) corresponds to a strong positive
surface heat flux and fresh water input, processes which oppose the decpening effect of
wind mixing, whercas the later months (SON) arc associated with weak negative Qe
values which helps the mixing action of the wind decpen further the mixed-layer (Tumer,
1981). Table 6.5 shows the correlation coefficients between menthly anomalies of mixed-
layer depth (MLD"). geostropkic wind (Ug") and water mixing cnergy (Ew’) for the carly
(M1)) and late ice-free scason (SON) for some regions of the GSL (Cabot Strait: arca 01,
northeast Gulf: arca 03, northern GSL: arca 05, northwestern GSL: arca 06, central and
southern Gulf: arcas 10 and 16.). As can be scen, mixed-layer depth anomalics did not
correlate well with anomalies in the geostrophic wind nor with those of Ey. This may be



Arca 4§ MLD" -vs- Ug’ i_l\;l-.[) -vi- Ug" | MLD® -vs- Bw? { ML;-VS- Ew’
(MI) | (SON) (MJ)) | (SON)
or|  oag0 | 0.28 001 | 0.05
03] 020 | 016 004 | 022
_os] o2 | 0.25 -0.48 025
o6 003 | 023 | o2 0.18
el easa | 02 | 023 | oa2
16 0.10 | 037 | 009 | 0.30
GSL 006 | 013 | 002 0.07

Table 6.5: Cuorrelation cocfficients henween monthiv anomalies of mixed-
laver deph (MLDY ), geostrophic wind (Ug"Y and water mixing encrip: (Ew) for
the carly (M) and late ico-free season (SON),

explained by the rather poor temporal resolution of the MLD series (but it is difTicuit to
asscss truly). Although the monthly averages of Uy and E, were computed from 12 hourly
time scrics, only a few MLD obscrvations were used to producc the MLD" for specific
months and regions in most cascs. Since the mixed-layer response to wind mixing is non-
lincar (as scen in the previous sections) and MLD may vary substantially over a very short
time (c.g. 20 to 30 m increasc in 2 days, as shown in chapter 2). this results in a highly
aliascd signal for the MLD" time serics. Hence. a truc representation of the mean mixed-
layer depth for a specific month/region cannot be achieved with a few scattered
hydrographic obscrvations without aliasing the MLD valucs.

6.4.2 SST and Air Temperature Anomalics

In this section, we investigate monthly anomaly time series of SST (SST) and T,
(T:") for 6 of the GSL areas. The air temperature time series arc those of weather stations
neighbouring the hydrographic areas analyzed, and are shown in Table 6.6. These 6 areas
were chosen for their larger number of monthly SST* observations as well as for their
proximity to a weather station. Correlation analysis was done for both SST and temperature
at a depth of 30 m but, since the 30 m anomaly time series behaved similar to that of the
sea-surface!0, only the sca-surface results will be reported in this study.

Aréa # ol 02 m T 12 16
Station name | Svdney Stephenville D Chatham Grindstone 1s. | Grindstonc Is.

Table 6.6: # GSL arcas and corresponding weather stations chosen for the air-sea temperature correlations

10: For c.g.. anomalics of SST and T at 30m. for arca 01, were significantly correlated (r=0.9).
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SST" and T," were lincarly correlated at zero lag and at a lag of one month (where
SST* was lagging T," by a month, i.c.: SSTjun =vs= Ta'may). The motivation for
performing a lag correlation originated from looking at the monthly climatologies for both
air and surface water temperatures (chapters 4 and 6). and noticing that both summer
scasonal cycles followed one another closely with a lag of one month (which is probably
duc to the larger thermal inertia/response of water. as noted in Table 2.1). The analysis was
done individually for cach arca and month. for combinations of areas and combinations of
months, and for all the anomalics grouped together, as shown in Table 6.7.

arcali  area02  arca06  arenli  amell  amale | A6 areas

May - no lag -035 -041 002 -021 007 -007 -0.21
** {1lmonth lag) - - -— - — — —_
Jun - no lag =005 -005 002 005 -0.12 031 0.03
** (1month lag) 0.06 050 044 000 028 0.7 0.0
July - no lag 025 -005 -010 025 001 042 0,24
** (1month lag) 0.58 0.36 0.12 0.47 0.51 0.69 046
Aug - no lag 0.9 -029 -009 037 O.I% 018 0.12
** (Imonth lag) 076 063 039 037 078 071 06
Scpt - no lag -028 -0.18 031 023 016 058 013
** (Imonth lag) -0.13 -044 035 036 017 044 0.13
Oct - no lag 058 014 025 -006 009 016 018
** {tmonth lag) 049 0.71 0.56 016 055 0.46 040
Nov - no lag 023 017 033 -027 008 017 0,16
** {1month lag) 060 067 057 008 060 022 0.53
All 7 months 006 -004 016 009 013 022 0,09
** {Imonth lag

Table 6.7: Cocfficients of linear correlation between anomalies of SST and uir
temperature (with and without a one month lag). Underlined cocfficients were found
statistically significant ar the 95% level.

In general, it is fair to say that the air tempcrature anomalics. corrclated somewhat
better with SST" at a one month lag than at no lag, as expressed from the tabulated
coefficients of Table 6.7. Although the linear coefficicnts are moderate (around 0.4), they
seem to agree with earlier results proposing that air temperature and SST trends were
correlated (El-Sabh. 1973). However, air temperature anomalies alonc cannot account for -
the entire variability observed in the sea-surface thermal fields, and it should be
remembered that the net heat flux, as reported by Phillips (1981), is the main physical
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parameter influencing the SST for regions away from the coast. where horizontal currents
arc moderate. Conscequently, correlation analysis with the air temperature can only “see™
part of the variability for there are several other physical parameters entering the net surfiace
heat budget (chapter 2), all interacting in a complex fashion.

6.4.3 Monthly Composites of AVHRR-derived SST Fields for 1987 and
1990 - a Casc Study

In this last section, monthly AVHRR-derived SST ficlds are analyzed for the ice-
free scasons of 1987 and 1990. The motivations for using these are as follow: the monthly
maps (as described and shown in appendix 3) constitutec monthly ficlds of very good
quality for they have a spatial resolution of approximatcly 11km, they were produced from
monthly averaged “pixels™ and hence truly represent the average SST for cach month | they
had only a few “bad pixels™ per images. and their quality has been assessed carefully by the
algorithms/operators of NOAA/NASA (refer to the appendix for more details.). The data
display interesting regional SST differences between the two analyzed years. Complete
monthly atmospheric forcing data (Ta, Cn. U. r. ete.) were also available for 1987 and
1990.!1 Below, some qualitative comparisons are given between these SST ficlds and the
corresponding atmospheric ficlds, followed by a monthly heat diffusion model analysis.

SST differences benween 1987 and 1990 ice-free months:

Although no overall trend can casily be established between 1987 and 1990 (for
warmer regions during 2 month are often found colder during another), some intercsting
(and common) hydrographic features can be observed: presence of cold water through the
Strait of Belle-Isle: warm surface waters covering the Magdalen Shallows; weak signatures
of colder waters along the GSL north shore and, to a lesser extent, along the southem coast
of Anticosti [sland, etc. Conscquently. these SST fields can also be compared with the
. monthly climatological maps discussed carlier. A first attempt was made to explain the local
surface temperature differences between various 1987 and 1990 months by spatial
correlations with corresponding air temperature fields. These fields were computed using

11: They were also “free of charge™ via the NOAA/NASA Pathfinder AVHRR Oceans datasct
program, and 1987 & 1990 were the only two years available at the time (i.c.. in which the quality analyses
were completely done by the NOAA/NASA Pathfinder AVHRR Occans datasct program).
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fig. 6.20. Locations of the 3 regions of imterest as well ax the weather stations.

AES data archived for the same weather stations mentioned 1n chapter 4 and using
additional monthly temperature records from 5 more stations scattered around the GSL (the

usc of these 5 extra stations was possible since only two recent years were needed tor the
analysis - 1987 and 1990). Thesc fields are displayed in the appendix. along with the
monthly satellite-derived cloud fractions. To capture some regional aspects (in both SST
and T, ficlds). the GSL was secgmented into three large arcas - the North-West (NW), the
North-East (NE). and the South-Central GSL. (SC) - as shown in figure 6.20.

SC

[ [nw INE GSL
May 0.57 |0.05 0.31% -0.27

“J une |-033 |[0.56 |0.07 0.55——
July 0.16 | 055 |0.08 |032
Aug 040 |0.03 0.56 0?—1
sep [031 |-025 [-062 |-013 |
Oct -0.02 |-008 037 |0.16
Nov -0.10 | 0.19 <008 0.1l
ALL 040 029 (025 {030

Table 6.8: Correlation cocfficients between air
temperature and SST for the 1990-1987 difference.

Afterward. cach AVHRR-SST observation was correlated with its corresponding T,

value and correlations were also performed between temperature differences, i.c.:
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(SSTY0O-SSTET) versus (Tav0-Ta87) for cach month/location and for the entire GSL as
well. Unfortunately. no significant relation was found between both fields, at zero lag as
well as at +/- 1 and 2 months lag (see table 6.8). One possible explanation for this might be
that the sea surface gains (or loses) energy via the net surface heat flux which is function of
air temperature and several other factors (see chapters 2 and 5). Hence, the heat flux
contributions associated with only air temperature might not be sufficient to strongly
influcnce the SST behaviour.,

Madel Results for the 1987 & 1990 Cuse Study

Following the rather poor correlation results between air and sea surface
temperatures, heat flux fields were computed for the ice free months of both ycars and the
resulting monthly Qyy Niclds averaged over the three regions, and a morc complete heat
transfer study was undertaken using the modified 1D thermal diffusion mode! described
carlicr. To perform the analysis, simulations were donc several times in order to find the
optimal c¢ddy diffusivity parameters (different for all three arcas. but similar for cach
month). Sinec only surface temperatures were available, Ky as well as the initial and bottom
boundary conditions used corresponding climatological values. This is a rather coarse
approximation given that K, depends strongly on N, and that upper-layer stratification was
found to follow closely SST ficlds (sce carlicr sections of this chapter). Neverthelcess.,
simulations were performed and the results are displayed on figure 6.21. For this, we note
that the model’s SSTs were gencrally higher than the observations. More specifically, sea
surface simulations for the NW arca were the worst (with observed temperature differences
as high as 5°C). whereas thosc for area NE and SC did a little better overall. Also
interesting to note for the northeast and south-central cases are the relatively good
agreement between the obscerved and simulated SST difference trends (i.e.. SST90 by -
SST87ohs. versus SST90m0del - SST8 Tmodet)- In conclusion, although the model did very
poorly in simulating the northwestern sca surface temperatures, the relatively better NE and
SC results - indicative of heat flux influence on SST diffcrences - should be considered
with caution since the model was forced with observed ice-free surface heat fluxes but with
arbitrary “climatological™ subsurfacc temperaturcs.
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Figure 6.21: /987 and 1990 monthly sea surface temperatures averaged over 3 regions of the
Gulf (NW: J8.75N 10 50.00N, 68.00% 10 64000 NE: 850N 10 SL.OON: 60.75W 1o
37508 and SC: 46.00N 10 48.50N: 64.50 to 60.75W). The dashed lines denote the
monthly averaged SST as observed from the NOAA-AVHRR composite images (see text for
details). whereas the solid lines displav the results of a iD modified heat diffusion
calculation.

6.5 Summary

In conclusion. the monthly evolution of the upper-layer vertical thermohaline
structure and related quantitics have been deseribed in this chapter. Their overall behaviour
seem 1o agree “qualitatively™ with the usual theory, as briefly reviewed in chapter 2. More
precisely, monthly depth distributions of T and S were used throughout the Gull (15 arcas)
to assess the seasonal evolution of the upper-layer (i.c.: T. MLD and p). Using simple ID
calculations (heat ditfusion. MLD. stratification). it was also tound that the upper-layer
could be relatively well modeled for most arcas by considering only the vertical processcs.
but that the inclusion of horizontal cffects. especially the slow adveetion of buoyaney from
runoff. would lead to better results, particularly in the western and northern Guit. Finally.
although the waters in the JCP arca “more vertically homogenous™ (in T-S terms) than
thosc of arca 03. the present data/results do not permit us to conclude that they are “tidally
well-mixed™, as Pingree and Griffiths (1980) suggested.
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Chapter 7

Discussion and Conclusions

This study consists of analyzing several datasets in order to produce a much
improved picture of the ¢limatological state of the Gul{™s surlace layer. Furthermore, an
investigation of the air-sea interactions taking place over the GSL was undertaken and the
implications of such atmosphere-ocean processes were discussed. The results presented
here form, to the author’s knowledge. the best up-to-date picture of the climatological
monthly surface ficlds (SST. SSS. MLD. H.C.. Qp) lor the GSL and should be used as a

base for further oceanographic/climate studies in the Gulf of St-Lawrence.

7.1 Comparison with Existing Ciimatologies

Since there are concerns about reliability when dealing with large historical datasets,
onc must often rely on comparisons with existing studics on similar physical ficlds.
Conscquently, this scction will bricfly summarize the results presented in the previous
chapters in light of scveral other investigations.

Petrie’s (1990) monthly box T and S distributions:

The starting point of this research consisted in reproducing the monthly T and §
charts published by Petrie (1990). Doing so would allow verifications to be madc on the
possible causes of crrors if discrepancics were to occur. Moreover, since dubious oceanic
profiles were present in the historical database, using Petric’s monthly means as a basis for
comparison permitted ¢fficient non-statistical filtering of the entire dataset (sec chapter 3).
Finally, a novel interpolation technique was used in order to preserve the smaller scale
upper-layer structure of the profiles. Again, the resuiting climatologies were compared with
thosc obtained by Petric.

In conclusion, the monthly-depth distributions of temperature and salinity computed
in this study (section 5.1) corresponded. after a long and thorough filtering, very closcly to
those previously obtained by Petrie, with the exception that the profiles were interpolated to
finer depth intervals within the first 100 meters from the surface. Moreover, no significant
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differences were noticed in the monthly means as a result of the different interpolation
technique. However, when looking at time series and/or individual vertical profiles (see
section 3.44). particularly for the temperature case, obvious advantages were noted when

using the method of parametric-cubie curves to perform the vertical interpolation.

Petrie s (1990), Vigeant's (1987) and Bugden et al s, (1982) SST amd 5SS maps:

More confidence in the validity of the database resulted trom these initial
comparisons and filtering procedures, thus making possibie the computations of related
climatological fields. Horizontal maps of monthly surface temperatures and salinity were
then obtained. Comparisons were again necessary in order to validate the results. The SST
and SSS ficlds in this study were produced using an objective mapping technique.

As a first step, comparison could be made with Petrie’s surtice maps of T and S.
This proved to be helpful! but insufficient since these fields had been obtained by
contouring the 17 surface means onto the entire Gulf map. Conscquently, they lacked
proper horizontal coverage. especially in arcas of important surface gradients (e.g.
Esquiman Channel towards Strait of Belle-Isle), Vigeant's SST and Bugden et al.’s 888
maps (in Koutitonsky and Bugden. 1991) were then chosen as a better means ol comparing,
the results of chapter 5.

In general, both SSS and SST maps compared well with those ol Vigeant and
Bugden et al., preserving the overall thermohaline features of the Gull. On the other hand,
it was observed that the results presented in section 5.4 reproduced better the small scale
and local surface characteristics known to exist in the GSL. For example, the regions along
the Gulf's north shore and along the south side of Anticosti Island experience [requent
coastal upwelling cvents (Koutitonsky and Bugden, 1991), thus exhibiting colder surlace
features (sce the remote sensing image of July SST in Koutitonsky and Bugden, 1991).
Because of the excellent spatial coverage of obscrvations in the database (hydrographic
observations as well as satellite-derived SST), these feawres 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
coverage was not nearly as good as that for temperature, especially in the northwest scctor,
local characteristics such as the sligthly fresher surface waters along the central part of the
Gulf's north shore (area 05) could be observed. In conclusion, although the main features
remain unchanged, SST and SSS maps presented in chapter 5 display a more detailed
horizontal structure than earlier climatological ficlds.



Bugden's (1981) heat fluxes:

Afier having constructed the monthly means of T and S, the second major aspect of
this rescarch consisted tn calculating the heat budget at the air-sea interface of the Gulf, In
this case, Bugden's (1981) work was used as a reference for comparison. In his paper, he
produced monthly surface heat fluxes for four large subsections of the GSL. namely: the
Estuary, the Shallows, the Northcast and the Northwest regions. The results presented in
this thesis correspond fairly well with those of Bugden. despite his coarser segmentation.
The advantage of the Q. maps presented in chapter 5 is that they preserve smaller scale

features imbeded in the heat Tux fields.

Forrester's (1964) T-8 envelope:

Chapter 6 showed compositc and segmented T-S diagrams for the Gulf. The only
known source of such relationships for the entire GSL was that of Forrester (1964). The T-
S envelopes compared well. Morcover, T-S relationships plotted in section 5.2 also
included diagrams corresponding to specific time and depth intervals. This allowed a rapid
visualization of the winter-to-summer differences in water masses as well as information on
their vertical structure.

Bugden's (1991) and Petrie and Drinkwater (1993) T-S time series:

Although they have not been formally included and analysed in the present work,
time serics of temperature and salinity anomalies have been produced for all 15 scctions of
the Gulf and 5 selected depths. When comparing these temporal series with those of
Budgen lor the deep central region of the Laurentian Channel and with those of Petnie and
Drinkwater for arcas near the Gulf's entrance (Cabot Str.), the same climatic trends (T & S
variability) were observed.

149



7.2 Extensions and Improvements from this Research

Onc of the main purpose of this thesis was to improve our knowledge of the Gulf
occan climatology. This section will briefly survey some aspects of the work which
contributed to this goal.

The first aspect of this research concerns the quality of the oceanic ditaset. The
databasc provided by K. Drinkwater is believed to be the most complete historical datascet
of temperature and salinity profiles for the Gulf of St.Lawrence. Morcover, as in any
climatological analysis, erronous data necessitates editing before use. A large part of this
work had already been done at B.1LO. so that the filtering deseribed in section 3.2 was a
much casicr task than anticipated. Moreover, the addition of 7 ycars of monthly satellite-
derived observations (SST and Chla) at a [Skm resolution considerably improved the
dataset in both spatial and temporal coverage.

Regarding the monthly surface Chla averages: although the analysis is curently
underway and is therefore not included in the present document. it is believed that this
climatology for the Gulf of St.Lawrence will be of value to the JGOFS study in the Gulf’
and others.

Another important feature regarding these results deals with the interpolation of
hydrographic profiles to presclected vertical levels. Not only did these interpolated profiles
have a finer upper-layer resolution (10 meters), but it is belteved that the technique and
constraints cmployed to perfom this task were an improvement on the other methods
commonly used (e.g. Petrie, 1990; Reynaud, 1994).

Because of the above points, one would expect the resulting climatologies to be an
improvement, Although the overall features were similar to those of the previous studics,
the new fields revealed physical characteristics not present in previous climatologics (c.g.
the absence of cold upwelling waters along the north shore of the GSL in Petric, 19¢0).
Some of the results showed little or no difference with those of other studics which further
confirms their veracity. This was confirmed by the small rclative crrors associated with the
optimal interpolation. _

Another novel aspect of this research consists was the usc of an 8-year satellite
cloud cover climatology in the computation of the surface heat budget. As mentioned in
chapter 4, several problems were associated with cloud data from weather stations around
the Gulf. It is believed that the use of satellite ¢loud cover observations (C,,) should
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improve considerably the estimates of short and long wave surface radiative fluxes, Q.
and Q). which both use Cyy in their parametrizations. Consequently, making usc of these
newly formed cloud cover ficlds as well as the updated monthly maps of sea surface
temperature also bring greater confidence to the computed monthly surface heat fluxes.
These constitute an improvement on the heat flux calculations performed by Bugden
(1981),

Finally. it is believed that calculations of other physical parameters (monthly
averaged depth of the mixed-layer. heat content of the upper water column, estimation of
the mixing energy input from the wind. upper-layer static stability) could also help better
understand the various physical processes occuring in the Gulfl

In general, these improvements in our knowledge of the Gulf's climatological state
form a sound basis for further comparisons and/or investigations of the dynamics and
climatic variability of the Gulf of St.Lawrence.

7.3 Limitations of the Present Study

One important aspect of this research consists in asscssing the causes of
shortcomings in the results. First, it is somewhat difficult to evaluate the precision of T and
S obscrvations contained in the oceanic datasct. These hydrographic measurements have
been taken throughout the century in many locations and in a wide variety of climatic
conditions. Morcover, as onc would expect. these measurements are often highly localized
in both time and space (¢.g. post war period, ice-free months, calm weatiier, etc.). Onc
must therefore rely on existing knowledge of the Gulf's thermohaline state as well as
excrcise great deal of caution and care in order to filter out dubious occanic profiles. As
previously described in chapter 3, a great effort was done to render the entire dataset
suitable for climatological studies while keeping as many profiles intact as possible. In
general, althorgh no quantitative estimate of the data precision/error has been obtained. it 1s
believed that the observations used here were indeed adequate for the analyses performed.
Moreover, the effort in estimating the spatial correlation of SST and Chla allows the
resulting interpolated field to be used with more confidence.

Another area of uncertainty concerns the computation of Qg and Q). 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 atmospheric factors influence these radiative tluxes and could not be taken
into consideration tn this study. There also exists a wide variety of empirical formulations
to account for the eftect of cloud cover. and it is rather ditlicult to evaluate which one
should be used. Conscquently, although great care has been taken regarding the quality off
these data. and that widely used and conservative parametrizations of’ Qu, and Qg were
chosen (i.e. empirical formulations that do not  underestimate nor overestimate the
influence of Cy). it is again rather difficult 10 assess the precision obtained when computing
such surface cnergy fluxes.

Concemning the fluxes of sensible and latent heal. these were computed from the so-
called bulk aerodymmical method which, to estimate their turbulent transter coctlicients,
makes use of empirical formulations. Here. the uncertainties lic in the choice of
computation schemes for C, and Cy. As mentioned in chapter 6 and reported by Blane
(1985} in a review paper on turbulent transfer coeflicients, there is no universally accepted
method of calculating C,. and C}, (in terms of the ambient air-sea state) and very farge
variations occur when chosing one algorithm over another (section 6.4). Once again, it is
not possible to fully quantify the uncertainties associated with such computations and, as in
the case of Qpy and Q. the choice of C, and Cy, was strongly motivated by its wide use as
well as its average value within a broad spectrum of possible values from all existing
empirical schemes. There is also some imprecision in using geostrophic winds as well as
land-based air temperatures interpolated over the Gulf (section 4.1 and 4.2) to obtain Q.
and Qp. but these errors are rather small compared to the uncertaintics associated with the
turbulent transfer cocfficients.

Finally. the author thinks that 2 more detailed investigation should be perfomed in
order to correlate all previously mentioned fields within the framework of air-sca interaction
models. Moreovcr. time scries of such atmospheric and oceanic parameters have been
produced and, although they have not been formally analyzed! in the present work, they
could yield additional knowledge of the Gulf's past interannual/interdecadal climatic
variations, and the relative importance of various physical processes.

!: The vatiability of MLD and SST have been investigated in the previous chapters using only
simple correletions. A more thorough analysis of the specific interannual/interdecal fluciuations {c.g.
Bugden, 1991; Petric and Drinkwater, 1993) should include additional forcing parameters. such as runofT,
storm tracks and frequencics, ice cover, olc.
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In conclusion. it is fair 10 say that there exists no simple explanation of the exact
scasonal structure of the mixed-layer. The processes involved are numerous. complex and
interact strongly with one another, thus requiring the use of numerical models.
Nevertheless, it is known that an ice cover, altering the air-sca interaction and acting as an
insulator. is usually present from December 10 April (Déry. 1992). Upon melting in the
spring. the upper-layer begins to warm., duc to a positive net heat flux from the atmosphere
an dprovides an in-situ buoyancy flux {chapter 6). The surface layer reaches 2 maximum
temperature around the month of August, followed by progressive cooling until the next ice
scason. During the approximately scven ice-free months, the wind action modifies the
surface layer. Over the year. the strongest winds occur during the winter and the weakest
winds are obscrved around Junc-July (chapter 4). Finally, air temperature plays a central
role in the iniensity and direction of the air-sea transfer of heat. It also follows an annual
cycle similar to that of the surfacc water, except that it is warmer than the sea in the spning
and carly summer, but cools-off morc rapidly and becomes colder than its occanic
counterpart in latec summer-carly fall. As Koutitonsky and Bugden (1991) report. the Gulf
of St.Lawrence scems to “respond as an integrated physical occanographic system™ ...
“forced at various temporal and spatial scales™. It is therefore unrcalistic 1o expect an
accurate understanding and prediction of a small yet important part of it - the upper mixed-
layer - without considering all ranges of motions and their complex interactions.

7.4 Future Work

The primary objective of this research was to produce an improved picture of the
climatological state of the Guif's surface waters, and to examine features of the air-sea
intcraction processes. One might expect these results to be of importance 10 further
oceanographic studics of the Gulf of St.Lawrence. A few rescarch topics that the author
belicves could benefit from the present work, and thus help improve our understanding of
the Gulf™s oceanography and climate are as follows.. This research was primarly concerned
with the Gulif's surface waters and, consequently, the objective analysis performed on the
dataset restricted itself to the generation of monthly SST and SSS fields. It would be
straightforward to continue this analysis throughout the entire water column (at preselected
standard levels) and for ail twelve months of the year in order to fully map the Gulf’s
monthly mean thermohaline state. Once these objective fields of teinperature and salinity
(thus density) would be available, a diagnostic calculation of GSL circulation via inverse
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mcthods could also be performed. Reynaud (1994) successtully did this tor the
northwestern Atlantic Ocean (43°-70°N.30°-70°W). Althouzh his arca of'interest included
the Gulf of St.Lawrence. the resolution of his density ficlds was not adequate to resobve the
main features, Given the versatility present in today s numenical models, it would also be
possible to undertake a study of the mixed-layer and circulation as well as investigating the
climatic fluctuations in order 1o assess their physical causes.

Although some aspects of interannual vanability was considered in chapter 6, much
work remains to be done in order to fully integrute all importart physical parameters within
somgc sort of 2 muitivariate analysis. The limitations do not lic wn statistical theory but rather
in the complcieness (spatiar and temporal) of the various datasets. As explained in chapter
6. the typical scasonal evolution of the mixed-layer corresponds quite well with that tound
by several other authors (Philips, 19812 Turner, 1981) in terms of wind mixing (E,) and
net heat flux (Qnar). The problem lics in forming time series for all variables involved in By
and Qy in order to study the interannual behavior of the surface layer (as well as to
cstimate the random crrors of some ficlds). And cven if these series were available, it must
bec rcmembered that all thesc variables interact together in a complex fashion. The
complexity of non-lincar multivariate analysis of the variance could perhaps be avoided by
studying the GSL as an intcgrated system (Koutitonsky and Bugden, 1991) using
dynamical numerical models, in combination with accurate climatological ficlds.

As a final note: work is currently being done by the author in linking all

hvdrographic, atmospheric and biological variables (for both climatology and the JGOFS
cruises) into a strotification-phvtoplarkion model (Prestidge and Taylor, 1995).
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Appendix 1
The Parametric-Cubic Curves for Vertical

Interpolation

After having established the general characteristics and main advantages of the
parametric-cubic interpolation method. this section will now explain its geometric and
algebraic foundations. As it will be explained. the construction of the parametric-cubic
curves (PCC) requires the usc of tangent vector and local coordinate axis. More
specifically, four combinations and slight modifications of thesc coustruction tocls arc

possible. These arc:

Tangent biscctor vectors (2) ‘ Double local coordinate (X) axis

2. Weighted tangent bisector vectors (2) fDoublc local coordinate (X) axis

‘L3 . Tangcnt hisector vectors (2) I Single local coordinate !X!:lxis

|4. Weighted tangent bisector vectors (2) | Single local coordinate (X) axis

Since only one form of the parametric-cubic (PC) curve was chosen and that a

complcte explanation of this geometric theory lies outside the scope of this study. only the
most general form of parametric-cubics (#3. tangent biscctors + single local X-axis), the
one used for this rescarch, will be derived.

The PCC mcthod was devised as a naturally mallcable alternative to cubic-splines
by rescarch professor P.J. Zsombor-Murray (unpublished) at the McGill Research Center
for Intelligent Machinces - Robotic Mechanical Systems Lab. This novel technique for
construction of linkcd. smooth. piccewise cubic splines (curves) uses only the point
sequence to be interpolated. Py to Pjsa.

The PC curves can be expressed mathematically in both algebraic and geometric
form. The algebraic relations relating the position vector p in terms of the parameter u for
both two-dimensional curve and three-dimensional surface can expressed as:

B.
| = 0A
P,

o
(5
el

xi



where U. the parametric vector of cubic order, isU 2 [u’ u” u 1] and A corresponds to
the algebraic matrix of coefficients that generates the 2D (3D) curve (surtace) as the
parameter g is incremented.

[a, a3, A3,

1

a2z 3y,
A2
a, . a

) Iy

1,

r
_an\ an_v an;_

For the 2D case of occanic vertical interpolation (T-depth and S-depth equivalent to the x-v
plane), the *z” cocfTicients

2, =, =2, =3, =0.
Although these algebraic cxpressions are relatively simple. the difficulties arise when trving
to decide which matrix A will generate the best (smooth, continuous) 3D (2D) surface
(curve). In order to determine the adequate matrix coefficients that will produce the desired
surface, once combined with the incremental parametric vector. it is first appropriatc to look
at the geometric form of the PCC and try to understand how they arc constructed
graphicaily.
Again. the position vector defining the PC surface can be expressed by

1

el

\
v| = FBandF
P, |
where the parametric vector is U a [u' u®ul] and M. an invariant matrix, equals
2-2 1 1

pa

jg=

It

UM

S I R
Mat 45 0 1 ol
1 0 0 0

The geometric matrix. B. is formed by the two points vectors to be interpolated. Py and Py,

and their corresponding tangent bisector vectors, Py, and Py, as
-50‘ l-jny ﬁn;.
51 1 ﬁl v ﬁlf

p-::\ plly plll )
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Once agatn, for the planar 2D case, the *z° components simply have to be sct to:
Pu, = Pi, = Pu = Py, = 0.
In order to better understand what exactly these various vectors represent and how
they come into the construction of the PCC, we can refer to the next figure illustrating 2
sequence of 4 points, Pyt to Pj.2. from which the middle two (P; and Pj+;) need to be
linked (interpolated). The basic characteristic of the PC curve is to join the two middle
points with a smooth cubic curve while preserving the general dircction prescribed by the

sequences Py 1o Piyy and P; to Piy2. To do so. two unit vectors, {; and i, . tangent to the

general ortentation of the point series, are placed at cach ends of the interval to be
interpolated. P; and Pi.y. The parametric-cubic splinc that will then be constructed will have
to satisfy the following two boundary conditions for its end points:

. 1. It must be continuous at both interpolating cnds.

. 2. It must also be tangent to the two vectors. i, and {, . at P; and Pj.).

As depicted by the next figure, these two tangents simply correspond to the biscctor vectors

prescribed by half the angle between the P _ (P, and P, P, scgments for 0/2 and

between P, P, and P, P,,, for ¢/2.

Pi+2

Geametric construction of the PCC for the 4 points sequence with the corresponding
VECTOPS,

Consequently, these two unit tangent biscctor vectors are defined by :

ﬁl—-p.i-l I-jlol_isi
- + == =
i _ |P."P.-|| |plt|‘hpll
. ’45._5.-; f’i.l'f’i
s = + = -
[Pi—Bi-i] PP
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From this. it is obvious to notc that {, and {, arc effectively obtained by first. adding the

unit vectors cerresponding to the P_ P, and P P, , scgments for {, and

-

PP, and P P, for i,.and then dividing the resulting vector by its magnitude. thus

becoming unit length. A sccond type of vector is also used in the construction of the PCC.
The local X-axis, 1. represent some sort of coordinate axis, specific to the series to be
interpolated. P; to Pj+y. This unit length vector “pinned™ to the first interval ¢nd, P;. and

defined relatively simply by

w3 | o2

n+ |
|‘u+ II.

has no “direct™ geometric influence on the PC curve. Instead, it is involved in the

[ad] Biad]

magnitude determination of the tangent vectors p, and p . as expressed by:

Po ¢ Ko,
ﬁlll s k, f:
- . _ _.i - i-
k =k = (P, _ ;:)
,* 1

The local X-axis constitutes perhaps the only “artilice™ that can be modulated to
vary the PC curvature radii. As mentioned eariier, combinations of one or two of thesc local
“coordinate axis™ and variations on their unit/non-unit length form the 4 possible types of
PCC mentioned. They nevertheless remain much *less artificial™ than most spline methods
for several reasons. First, their mathematical foundation is essentially geometric, making
usc of no statistical or other artificial “tuning™ paramecter. Furthermore, the PCC
construction truly relies on the four points sequence. Pi.| to P42, thus involving no off-
constructs to shape the curve segment. Finally. the entire PCC theory, “geometric cousin™
to the (morc familiar) Bézier curves (Zsombor-Murray, personal communication),
constitutes a particular casc of the common B-splincs whose mathematical formulation and
numerical behavior are quite elegant and rigourous (Kincaid and Cheney. 1991). Thes are

xiv



two last points to be noted about the particularities of the interpolating scheme used to
process the oceanic data. The parametric-cubic curves were chosen as the best overail
method for the present situation, but were slightly improved by adding a few numerical
crileria. First, it was expected that any interpolated value between its two end. P; and Py .
would lic in between these two end values. Consequently, if for some reason. the
interpolation algorithm yiclded an intermediate point outside the range cover by the
obscrvation interval, then the linear method was substituted for that interval. Although this
situation occured very rarely, the linear method was used occasionally when two
measurcments were almost similar (isoT and isoS). Also. it was noticed that due to the
specific structure of the upper mixed-layer, a minimum number of observations were
nccessary for the interpolation to yicld physically realistic results. Therefore. a set of criteria
were established for cach month and arca where a mixed-layer was expected (o be present.
These required that. for the upper 100 meters, a minimum number of obscrvational points
as well as a certain vertical density of measurements be present for the interpolation routine

1o proceed.
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Appendix 2
® Horizontal Distribution of Surface Salinity Data
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Appendix 3

Monthly Composites of AVHRR-derived SST Fields
for 1987 and 1990, and Corresponding Atmospheric
Fields

The NOAA/NASA Pathfinder AVHRR SST data:

The NOAA/NASA Pathiinder AVHRR. Oceans datascts is global, multichannel, sea
surtace temperature data derived from the Advanced Very High Resolution Radiometers
(AVHRR) on the NOAA/TIROS operational meteorological satellites (NOAA-7. 9. and 11}
which provide a continuous daily and composite datasct from July 1981 through the
present!. “The AVHRR Occan Pathfinder data are processed in an equal-arca grid based on
onc developed by the International Satellite Cloud Climatology Project (ISCCP). The bin
size is approximately 9.28 km on a side. Since the data were originally sampled at
approximatcly 4 km resolution, bin values arc averages. Each of the series of NOAA
satcilites operates in a ncar-polar. sun-synchronous orbit. The orbital period is ~102
minutes, giving 14.1 orbits per day (Kidwell, 1991). The 110.8° cross-track scan cquates
to a swath width of about 2700 km. AVHRR was designed for multispectral investigations
of meteorological, oceanographic. and hydrologic parameters, measuring emitted and
reflected radiance in four or five spectral bands, spanning the visible portion of the
spectrum to the thermal infrared. Coverage is global, twice daily, at an instantancous ficld
of view (IFOV) of ~1.4 milliradians. giving a ground ficld of view of ~1.1 km at nadir for
a nominal altitude of 833 km.

The history of SST compuiation from AVHRR radiances is discussed at length by
McClain et al. (1985). Bricfly, radiative transfer theory is used to correct for the effects of
the aumosphere on the observations by utilizing “windows” of the electromagnetic spectrum

where little or no atmospheric absorption occurs, Channel radiances are transformued

I: A more detailed description of the NOAA-series satellites, the AVHRR instrument. and the
AVHRR Global Arca Coverage (GAC) Level-1B data can be found in the Polar Orbiter Users Guide
{Kidwell, 1991). which can be obtained from NOAA/NESDIS, and from which the following information
is reproduced.
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(through the use of the Planck function) to units of temperature, then compared to a-priori
temperatures measured at the surface. This comparison vields coefficients which, when
applied 1o the global AVHRR data. give estimates of surface temperature which have been
nominally accurate to 0.3 °C. Recently, the AVHRR thermal vacuum test data have been
examined in detail (Brown et. al., 1993) in order to quantify drift in the calibration
coelficients of the channels. Through this work. the noniincar SST algorithm has been
modified with a time-dependent term., Processing has been further modified by dividing the
carth into three regimes of atmospheric water vapor. Regression cocfficients are computed
independently for cach of these regimes. to compensate for the well-known limitations of
AVHRR SST retricvals in tropical arcas. which are an artifact of high humidity. The
AVHRR Level-1B sensor counts in the visible channels (1 and 2) are first converted to
Rayleigh-corrected radiances and then to optical depth for use in removing the effects of the
atmosphere and viewing and illumination geometry. Channels 3-5 are transformed to units
of "brightness temperature”, using the Planck black body function and a newly-determined
(Brown ct al.. 1993) correction for scnsor caltbration non-linearity in the longer-
wavelength channels. The algorithm used is essentially the nonlincar SST with a
modification for sensor calibration drift with time.

In order to be considered a match. the pixel location and in-situ measurement must
dilfer by no more than 0.1 degree spatially. and temporaily by no more than 30 minutcs.
Temperature retrievals as detailed above are determined for all pixels. Several tests are then
performed to assign an estimate of the goodness of ecach retrieval. in the form of a flag
valuc with lour possible valucs. The "satellite” 1est is a channel 4/5 threshold (used to detect
how "bright” a pixel is). combined with a spatial homogeneity test. The "Reynolds” test is
a comparison of the initial temperature retrieval to the Reynolds blended SST climatology.
I a pixel passes all of thesc, it is considered "best". and assigned a quality flag ol 3.
Passing the Reynolds test but failing the satellite test generates a 2 (or "mediocre” quality).
failing the Reynolds test and passing the satellite test generates a 1. and failing all tests
gives a quality flag of zero. The next phase is declouding. effected through the creation of
composite images over 3 weeks before and after the target week. and 2 mean computed
from these, The composite means are used to fill a central weekly mean image which
contains the day being declouded (if the central mean image is missing values, and if there
is 2 mean pixel of sufTicicnt quality). If the weekly means from week(n-~1) or week(n+1)
cannot be used to {fill empty values in the central (weck n) mean, a spaﬁal interpolation is
done. The completely-filled weekly image is then compared to the daily image, and simple
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thresholding is used to indicate partial or complete cloudiness. Repeating this process
generates a cloud mask for every day of data. Finally, a semi-automated quality-assurance
(QA) scheme has been developed which examines AVHRR SST retrievals for temporal and
spatial consistency. This is carried out in a two-part statistical post-processor, followed by
a visual inspection. The automated portion of the analysis serves to guide an operator in the
visual inspection phase. greatly reducing the time necessary to characterize spurious
findings. The data quality information thus gained is passed to the end-user in the fomt of
additions to the processing flags. as well as comments which are included in cach image
file. This combination forms a qualitative and quantitative description of anomalies found in
the data.™

Monthly Composites of AVHRR-derived SST Fields for 1987 and 1990);

The following 7 figures display monthly composites SST ficlds over the GSL for
the ice-free months of 1987 and 1990. These two years were chosen because of the limited
data availibility for monthly composites. As will be neticed. they nonctheless depict rather
different occanographic features and are of considerable interest given the availaibility of ar
temperature and cloud cover ficlds for these two years, (white pixels were plotted when the
data quality was not sufficicnt to compute monthly mean values - composites).

. fiz. A3.1a: (COLOR PLATE 1) AVHRR-derived SST ficlds - May 1987 and 1990,

. fig. A3.1b: (COLOR PLATE 2) same as fig. A3.la - June 1987 and 1990,

. fig. A3.1c: (COLOR PLATE 3) same as fig. A3.la - July 1987 and 1990.

. fig. A3.1d: (COLOR PLATE 4) same as fig. A3.la - August 1987 and 1990.
. fip. A3.tez (COLOR PLATE §) same as fig. A3.la - September 1987 and 1990,
* fig. A3.If: (COLOR PLATE 6) same as fig. A3.1a - October 1987 and 1990.

. fig. A3.}g: (COLOR PLATE 7) same as fig. A3.la - November 1987 and 1990.
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Appendix 4
Hydrographic Data during the Canadian JGOFS Cruises

As explained carlier, one of the goal of this thesis was to produce various climatologies in
order to assess hvdrographic changes observed in other studies. Canadian JGOFS is one such
rescarch project in which hydrographic (physical. biological. cte.) measurements will be compared
with their climatological conterparts. This analysis is being done currently by rescarchers at McGill
and at other universitics. Consequently. this scction will brietly show the averaged thermohaline
state ol the water column for cach station/cruise (sce chapter 3) as well as some climatological
COMPArisons.

The next three pages display averaged vertical profiles T, S and E for all 6 stations in the
GSL (see chapter 3 tor a descriptton of cruise dates and station locations). The small number
besides cach profiie corresponds to the cruise # The graphs display typical hydrographic and
atmospheric conditions encountered for some stations/cruises. as well as the corresponding

climatology.
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