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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 d etoiles;

Et jentendis, penche sur Cabme des cieux;
Que [autre ab me touche,

Me parler a Coreille une voix dont mes yeux
Ne voyaient pas la bouche:

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

Sous les vagues profondes!

La mer, c’est le Seigneur, que, misere ou bonfeur,
TJout destin montre et nomme;
Le vent, c'est le Seigneur; Castre, c’est le Seigneur;

Le navire, c’est homme.”

Victor Hugo
Juin 1839, Les contemplations

A maman (G qui je ressemble tant), a papa (qui me garde toujours bien droit), a ma blonde (que j'aime gros comme le Monde)



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
studying the Gulf of St.Lawrence, a large semi-enclosed sea (approximately 226 000 km?2)
located at mid-latitudes (approx. 46-51°N and 55-70°W). Lying between the Appalachian
Mountains and the highlands of the Canadian Shield, it receives the discharge from the St.
Lawrence River, whose length (3060 km) and the size of its drainage basin (1344000 km2
excluding the Gulf), place it among one of the largest rivers on earth. This complex
hydrographic system drains one of the world’s largest freshwater masses, the Great Lakes,
and plays a critical role in the environmental as well as economic life of the North American
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fig. 1.1: The Gulf of St.Lawrence and its watershed (from Koutitonsky and Bugden, 1991)
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fig. 1.2: Physiographic featurcs of the Gulf of St.Lawrence (from Koutitonsky and Bugden. 1991)

Runoff and bathymetry:

The Gulf of St.Lawrence (GSL) consists of a reservoir of considerable volume
(34500 km3, Forrester, 1964) and complex shape. Its bathymetry is profoundly marked by
a deep trough of 500m maximum depth, the Laurentian Channel, extending from the
Saguenay River to the Atlantic Ocean (defined by the 200m isobath on fig. 1.1 & 1.2).
Two smaller trenches branch out from this main channel towards the northwestern and
northeastern region of the Gulf: the Anticosti and Esquimain channels. An equally
important bathymetric 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 southern part of the Gulf. The basin receives a considerable amount of
freshwater runoff from the St.Lawrence River and its tributaries. This massive inflow of
water exhibits a strong seasonal signal, with maximum discharge values during the spring.
It is believed that this input of freshwater throughout the year 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 monthly runoff values).



General horizontal and vertical circulation patterns:

A similar vertical thermohaline structure can be observed throughout the Gulf: it
consists of a permanent deep, salty layer of oceanic origin (2 to 5°C, 33-35 Psu), an
intermediate cold layer (-1 to 2°C, 32-33 psu), 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 layer (roughly 50m deep) undergoing strong seasonal variations of temperature (T)
and salinity (S) during the ice-free season but merging in T-S characteristics with the
intermediate layer during the winter. As mentioned earlier, the laterally averaged circulation
is characterized by a fresher surface flow towards the ocean with a weaker and saltier return
flow at depth, through the Laurentian channel (Koutitonsky and Bugden, 1991). At the
surface, the water currents exhibit a large-scale counterclockwise circulation pattern with
strong horizontal velocities along the Gaspé Peninsula (the Gaspé current) and a broader
more diffuse flow over the Magdalen Shallows (El-Sabh, 1976).

Surface temperatures, ice coverage and climate:

As Déry (1992) reports, the Gulf of St.Lawrence is one of the few semi-enclosed
seas below the Arctic circle which experiences seasonal ice formation. While most of this
ice is produced locally in the estuary and in the Gulf, some enters the GSL through the
Strait of Belle-Isle. The surface coverage increases rapidly in January, usually spreading
from the east and from the northwest into the central Gulf, to reach its maximum in early
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 effects on
the oceanography 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° to as low as -14°C in January. In general
(see chapter 4) there is usually (on the monthly time scale) a 3° to 6°C difference between
the northern and southern Gulf (see section 4.1 for monthly climatological maps).
Consequently, the sea surface temperatures display a strong seasonal signal, with their
maxima (10° to 16°C, but as low as 8°C in the estuary) and minima (freezing point of sea
water) occurring roughly a month later than those of the air (see 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
rarely exceed 30 cms-! for the Gulf region, Koutitonsky and Bugden, 1991). However,
Pingree and Griffiths (1980) demonstrated in a numerical model study of the M,
component that, in some areas of the GSL, particularly in narrows and straits and/or
shallower regions, tidal streaming may increase substantially and lead to mixing of the
entire water column by the effect of bottom friction stress. Consequently, they suggested
that, on the basis of the Simpson-Hunter parameter computation (se¢ Pingree and Griffiths,
1980, for a definition), well-mixed waters might be observed in the Jacques-Cartier
Passage, and the Northumberland and the Belle-Isle Straits. The M, constituent (with its
amphidromic point near the Magdalen Islands) and the K| constituent (amphidromic point
slightly to the south-east of Cape-Breton Island) dominate tidal elevations. Tidal heights are
rather low in the Gulf (0.2 to 0.5m) but increase significantly in the Estuary. In terms of
oceanic forcing, the Gulf of St.Lawrence is connected to the Atlantic through Cabot Strait
(min. width: 104 km, max. unrestricted depth: 480m, min. x-section area: 35 km2) and to
the Labrador Sea via the Strait of Belle-Isle (min. width: 16 km, max. unrestricted depth:
60m, min. x-section area: 1 km2, from Déry, 1992). The inflows and outflows of water
through Cabot Strait are more significant for the oceanography of the Gulf than through the
Strait of Belle Isle. In general, currents are found to be seaward near the surface and along
the Cape-Breton side, whereas an upstream flow from near the surface down to the bottom
1s characteristic of the Newfoundland side of Cabot Strait (Trites, 1972). The flow pattern
through Belle-Isle 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 Petrie, 1981). The hydrographic influence of both straits on the T-S
characteristics of ambient waters will be discussed in chapter 5.

Atmospheric forcing:

The principal meteorological forcing influencing the Gulf’s oceanography 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 here. Although the presence of the Gulf certainly affects the
spatio-temporal evolution of these meteorological variables (e.g.: air temperatures milder in
winter and cooler in summer, coastal and frictional steering of the winds, influence on
cloud formation, humidity, surface albedo, etc), it is fair to say that, for the time and length



scales involved in the present study (see chapter 2), this semi-enclosed sea is 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 systems passing over the Gulf. For example, the prevailing winds for this
region are mainly from the west (Saunders, 1977) with wind speeds stronger during the
winter and minimum during the summer (see section 4.2). Consequently, this dominant
surface atmospheric flow pattern advects continental masses of air, hence influencing the
air temperature, relative humidity and cloud cover over the Gulf. Moreover, the
atmospheric processes directly affect the rate at which the exchanges of mass, momentum
and energy take place across the air-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 (recent and less recent). Moreover, partial results of
several investigators that will be used for comparison in the following chapters have been
obtained directly 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 one of the
first global oceanographic syntheses of the Gulf of St.Lawrence. More recently,
researchers (Petrie, 1990, Vigeant 1984, Bugden et al., 1982, Weiler and Keeley, 1980)
have investigated the surface thermohaline fields of the GSL in greater detail. In fact, as
discussed in later chapters, Petrie’s data report (1990) on the monthly-depth distribution of
temperature and salinity throughout the Gulf proved to be very useful for this research and,
to the author’s knowledge, constitutes perhaps the most complete climatological study to
date of the GSL T and S fields.

Previous studies 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 segmented the Gulf into four large areas - 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 each area. These results are of interest for 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 Gulf’s circulation, a
knowledge of the current velocities is useful 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 modelling. 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
modelling of the Baie-des-Chaleurs/Gaspé current, and that of Reynaud (1994) concerning
the dynamics of the northwestern Atlantic Ocean. Although these two authors were
investigating oceanic areas adjacent to the Gulf, their contributions can only help the
understanding of the dynamical/physical processes occurring at the GSL boundaries.

Finally, four other studies 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, etc). Since the
present research was primarily concerned with the ice-free months (May to November),
Déry’s and Detracey’s results might be useful in “closing” the annual cycle and
understanding the influence of winter ice-cover on surface waters in the following spring.
Furthermore, Petrie and Drinkwater (1993) and Bugden (1991) investigated the
extraseasonal temperature and salinity variability of water masses in and near the Gulf.
Bugden studied deep Laurentian Channel waters while Petrie 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 seasonal
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 of heat, mass and
momentum between the two media across the air-sea interface. 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 seas. In this context, a general knowledge of the average seasonal state of
the surface layer in the Gulf of St.Lawrence is desirable for any further studies on climatic
fluctuations and their related effects.

Although much of the work done in this research involves "cleaning-up" the
oceanic dataset for the GSL, another goal is to describe and understand the climatological
state of the upper mixed-layer in the Gulf. Ultimately, this may assist in the integration of
all the oceanic constituents (physical, chemical, biological) for the GSL within its climatic
context. More specifically, this study has the following objectives:

. To produce an updated version of Petrie’s original monthly-depth averages of
temperature and salinity throughout the Gulf for the same sub-areas but using an
improved (larger and with less errors) 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 static stability during the ice-free season (May to November) for the
same subsections 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 fields of sea surface
temperature (SST), salinity (SSS) and chlorophyll-a (Chl-a) for the seven ice-free
months.



Using these SST fields as well as all other necessary atmospheric data (chapter 4),
to compute a detailed climatology of the surface heat budget (shortwave, longwave,
sensible, latent and net heat fluxes), again, for the ice-free months.

To assess, using simple 1D calculations (heat transfer, 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 hydrographic data collected in the GSL during the 9 CJGOFS
(Canadian Joint Global Ocean Flux Study) cruises and compare them with the
appropriate climatologies previously computed in order to characterize the water
mass changes at these stations over the annual cycle.



Chapter 2
The Physical Structure of the Upper Mixed Layer:
Review of Current Knowledge & Related Literature

2.1 Introduction

The important role played by the oceans in affecting the global climate is now
generally accepted, and has received considerable attention in the last decade by the
scientific community (Mysak and Lin, 1990). The inherent thermodynamic properties of
seawater compared to those of air clearly depict the enormous differences in volumetric

|| Specific Heat Capacity (Cp) Density (p) (p Cp) |

|| air ~ 1000 Jkg!K-! ~ 1 kgm-3 ~ 1000 Jm-3K-!

|| seawater ~ 4000 Jkg!K-! ~ 1000 kgm-3 ~ 4x106 Jm-3K-!

Table 2.1: Typical heat capacities for air and seawater (at around 35 psu and 10°C).

thermal inertia between both fluids. As illustrated in the third column of table 2.1, the heat
capacity of air is roughly 4000 times smaller than that of seawater.
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
source of almost all oceanic motions. The immediate local reaction to these fluxes is to be
found in the disturbed surface layer; their distribution and persistence on global scale results
ultimately in the great oceanic circulations”. This surface layer (also called the Wind-Mixed
Layer, or the Mixed-Layer, or simply the Upper-Layer) consists of the top few tens of
meters of the ocean, going from the surface down to the seasonal thermocline (or
pycnocline when referring to density) approximately, within which scalar properties like
temperature (T), and most often salinity (S) (hence density (p)) are nearly homogenous due
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 research, an offshore



mixed-layer will be considered. Energy, mass and momentum are being constantly
exchanged across and within the mixed-layer (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
waters behave and to what extent the physical processes involved control the evolution, on
different time scales, of the mixed-layer. This chapter will attempt to clarify most of the
physical mechanisms (figure 2.1) that determine the vertical thermohaline structure of the
ocean 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 complex.

2.2 Description of the Various Physical Mechanisms

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

. The generation of turbulence can be either “mechanical ” or “convective ™. For
example, 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 a
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, i.e.: “internal ”
or “external”. For the case of the mixed-layer (ML), the input of energy is usually
done externally, at both interfaces (surface and thermocline), and the mixing
produced extends towards the interior of the layer.

With this in mind, it becomes easier 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-layer and main physical processes.

Figure 2.1 illustrates schematically the different factors that play a role in the
development and maintenance of the wind mixed-layer: the four heat flux components (Q g,

and Qy - short and longwave radiation, Qj and Q. - turbulent transfer of latent and sensible

heat), the wind stress (1) 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 energy sources for mixing:
the wind and the buoyancy flux at the surface.

2.2.1 Surface Wind Stress

The motion of the air above the sea surface carries a certain amount of kinetic
energy. Due to the viscous nature of air, the presence of a boundary (the sea) will generally
affect the neighbouring flow by slowing it down. The shear increase is usually considered
to be inversely proportional to the distance from the sea surface and that the air motion
immediately above it has a logarithmic velocity profile (Gill, 1981). This effective loss of
momentum is transferred downward to the sea via surface stresses. It is equivalent to say
that the effective force per unit area required to slow the air down is the same as the one
applied, again per unit area, 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 aerodynamical formulae in more detail and briefly discuss the surface stress in
terms of velocities (Donelan, 1990). Nevertheless, it is fair to say that the air motion may



be affected in the following ways: first, skin friction will act to slow the winds immediately
above the sea surface in a fashion analogous to a fluid flowing 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 applied onto the rough
air-sea interface (Blanc, 1985); finally, the air-sea temperature difference (T, - SST) may
influence the stability of the air layer immediately above the surface and thus affect the
intensity of turbulence in that region. This can be summarized by the relation for the surface
stress of air, 1, = C4 pa U 5 |U,|, where the drag coefficient Cy=f( |U,|, T,-SST).

The various pathways that the wind-stress energy may take once transmitted to the
water body will be considered qualitatively. Most of the wind-induced momentum is used
to generate surface waves (Dobson, 1971). The fate of this wave energy is divided into
different oceanic motions, some of it, as Denman and Miyake (1973) reported, is advected
away, “some is dissipated or transported into turbulence through wave breaking in the
upper few meters, and some is transferred into a drift current”. Therefore, only a fraction of
this momentum energy loss to the sea will go into turbulence and result in vertical mixing of
the near surface waters (Pond and Pickard, 1991). This is schematically summarized by
figure 2.2, where a surface stress is initially applied to a linear temperature profile and, at

some time later, a 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.
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The kinetic energy input of the wind has then been used to alter the T(z) profile by mixing
the warm surface water with the heavier colder one immediately below it, thus forming a
homogenous upper-layer colder than the initial SST.

Although described above in a relatively simple manner, the consequences of this
stress imposed on the sea surface lead to much more complicated phenomena which are not
yet fully understood. In fact, the fraction (m) of the eolian energy transformed into
turbulent motions is not known in detail but is strongly dependant on sea-state (e.g.:
Denman and Miyake (1973) found m=0.0012; Kato and Phillips (1969) observed
m=0.0015 experimentally and Turner and Kraus (1967) calculated m=0.01 from field
data). Researchers have tried to isolate the processes in laboratory experiments. Kato and
Phillips (1969) used a rotating disk to apply a constant stress to a circular tank of fluid,
initially at rest and with a uniform density gradient. As the underlying fluid was
progressively entrained near the turbulent surface, a mixed layer developed. They then
related the entrainment rate to the external parameters, namely the buoyancy frequency, N,
(Turner, 1981) and the mixed-layer depth. Although several more experiments tried to
relate the various mixing parameters to the surface stress (Ellison and Turner, 1959;
Turner, 1981), some discrepancies still remained between each 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;x = g Ap h/ p,, ux2).
(g, Ap, h and p,, are the gravity acceleration, the density difference across the MLD, the
depth of the mixed-layer 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 various scales to define the
corresponding Ri. All these experiments resemble one another in that they all apply a
sudden stress to an initially quiescent fluid. This rather complex initial value problem will
be further discussed in section 2.3.

Finally, an important aspect concerning the action of the wind is that several
different oceanic motions (inertial motions, inertial waves, drift currents, Langmuir
circulation, etc.) are directly related to this surface stress, and they are likely to influence the
behaviour of the surface water by processes at various time/length scales. Consequently,
this section does not provide a full treatment of the wind-ocean interactions, but simply tries
to relate the formation of a well mixed-layer under the influence of wind 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
sea 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 briefly discuss how this incoming energy penetrates below the sea surface.
For the picture to be complete, the following section will treat the turbulent fluxes of heat
and mass transfer across the air-sea interface, thus providing all four terms needed to
estimate the net heat fluxes at the sea surface.

A more complete treatment of the fundamentals of radiant energy and the associated
budgets can be found in Budyko (1974) and other meteorological physics textbooks (e.g.:
Houghton, 1985; Peixoto and Oort, 1991). This section is restricted to an explanation of
short and longwave energy, 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 uncertainties
and fluctuations involved in various other physical quantities are considerable, the sun’s
radiation intensity may be assumed constant (Peixoto and Oort, 1991) such that the incident
energy flux reaching the earth is referred to as the solar “constant” (S, = 1360 Wm-2).
Consequently, the total energy reaching the top of the atmosphere for a particular area 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 geometric correction can be
applied (Bugden, 1981) to accurately estimate the monthly average incoming flux at the top
of the atmosphere.

As this energy enters the atmosphere, several factors will affect its transmission.
Because of the presence of air, acrosols, water vapour and clouds, and other atmospheric
constituents, some of the energy 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 base and
top height, cloud optical thickness and temperature, relative humidity and air temperature,
aerosol and other gaseous constituents, etc. This makes the calculations extremely
complicated and requires the use of far more 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
nonetheless assess which of these factors have the greatest impact on the radiation budget
and try to incorporate them using simpler empirical relationships.

Several authors (Budyko, 1974; Houghton, 1985; Frouin and Gauthier, 1988) have
considered these aspects with various levels of complexity. For the present study, only the
effects of cloud cover, surface air temperature and relative humidity will be taken into
account. Although this is largely due to the data availability, these three atmospheric
parameters are considered to be of the utmost importance for the radiation analysis and are
generally included in global climate studies (Bunker, 1976; Hsiung, 1986; Hakkinen and
Cavalieri, 1989) and modelling experiments (Oberhuber, 1992). In fact, the simple
inclusion of the monthly cloud cover, C,, in the short and longwave heat flux relations has
been investigated by several researchers. The exact dependence of these two radiation terms
on the cloud cover is still uncertain. Some studies suggest a linear dependence on C,, while
others use the third power of C,. More details will be given in chapter 5 of the methods
used in the heat budget calculations. Once it has reached the surface, the shortwave
radiation is then multiplied by the factor (1 - «) where a is the albedo of the sea surface
(Budyko, 1974).

Although the sun’s incoming rays penetrate to substantial depths, the bulk of this
radiant energy [0.3 - 1.0 um] is absorbed within the top few metres of the ocean (Phillips,
1981). On average, for the world’s ocean, between 60% and 80% of the entering light
energy will be absorbed within the first one and ten metres, respectively (Duxbury and
Duxbury, 1991). This rapid decay with depth, influenced somewhat by scattering, but
mainly affected by absorption caused by suspended particulate matter and dissolved
materials, may be expressed by the exponential relation, 1(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 coefficient for a particular water type (Pickard and Emery, 1990). Although this
extinction coefficient varies 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 Simpson (1977) made further irradiance
measurements in the ocean on the basis of an effective radiation band, which allowed them
to define various types of waters according to their transmissivity.

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



sea surface (Denman and Miyake, 1973). Thus, one can consider the SST as the only
oceanic parameter involved in this heat flux component. Unfortunately, the atmospheric
counterpart needs further attention. Reradiation by the atmosphere (by the layer of air above
the sea surface, by the clouds and by the aerosols, etc.) plays a complex role in the
radiation budget. Hence the need for an empirical relation in terms of cloud cover, C,,, air
temperature, T, and relative humidity. It is not clear 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 earth surface (Ahrens, 1991;
Pickard and Emery, 1990). Clouds and humidity tend to absorb the longwave energy lost
by the surface and emit it back, thus slowing the effective radiative cooling.

2.2.3 Turbulent Surface Fluxes

It can be said that the air motion near the sea surface is most likely to be turbulent
(Pickard and Emery, 1990). Difficulties arise when using the simple bulk aerodynamical
formulae in order to estimate how much heat and moisture is actually transferred across the
air-sea interface by turbulent fluxes. Although these bulk transfer coefficients have been
given considerable attention by several researchers (see Blanc, 1985, for a partial review),
and despite striking similarities in most experimental approaches, as well as empirical
relationships, large discrepancies from one scheme to another remain when computing Cy,
and C, (latent and sensible heat coefficients, respectively). Blanc (1985) found differences
as high as 45% and 70% for average fluxes of latent heat (+40 Wm-2) and sensible heat
(£25 Wm-2). Nevertheless, these two fluxes - Q} and Q. for latent and sensible heat
respectively - constitute two critical terms in the net energy budget at the air-sea interface. In
fact, because they are strongly dependant on wind speeds and air-sea temperature
differences, they have important fluctuations in their magnitude on both the seasonal and
the interannual time scales.

The difficulties associated with the eddy transfer of properties arise from a more
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 yielded considerable insights as to which factors do influence these transfers. It is
believed by many that the stability of the air immediately above the sea surface greatly

16



