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EXECUTIVE SUMMARY

A literature review was conducted in order to examine the various
physmai oceanographic features which could contribute to the subsurface movement
of oil. Observations in five geographic areas along Canada's coasts (Grand Banks of
- Newfoundland, Gulf of St. Lawrence, Scotian Shelf, Bay of Fundy - Gulf of Maine and
the Canadian Beaufort Sea) were used to illustrate these features. The various
processes were described in terms of the spatial and temporal scales governing their
behaviour. They were divided into three categories (macroscale, mesoscale and
microscale) in order to illustrate both the principles behind parameterization of
processes and the various levels of resolution required in modelling them. The
macroscale features discussed included the general circulation patterns, seasonal
water density distributions, topographically related features (fronts and frontal
circulation, upwelling and rectified flows) and macroscale waves and eddies. The
latter were illustrated by examination of topographic Rossby waves at the Scotian
Shelf/Slope boundary and Gulf Stream Rings. The dynamics governing the formation
and propagation of internal waves, the structure of fronts, longitudinal mixing. and
Langmuir circulation were discussed under mesoscale features. This included
observations near melting icebergs. Turbulence, and its associated length and time
scales, was examined as the primary microscale feature governing the eventual
dispersion of subsurface oil. Particular reference was made to the surface mixed
layer and the influence of breaking waves contributing to oil dispersal. A cursory
overview of microhydrodynamics is included,

The various features were then related to oil spill behaviour through the
examination of an idealistic four-dimensional model. The major conclusions and
recommendations were for a better integration of physical oceanographic processes
and oil chemistry in both laboratory experiments and model designs. These should

include the possible synergistic behaviour between processes, the influence of other

parameters in the water column (ex. suspended sedim'ent, air bubbles) on the oil and
potential modifying effects of oil on the physical oceanography.
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1. INTRODUCTION

Aithough all iypes of oil have initial densities less than that of Water, there.
have been various historical examples of oil spills where the oil, or oil fractidn, has
sunk below the water surface impeding clean-up procedui'es. At other times, the
sinking of oil had been instigated through the use of emulsifying agents. Once below
them surface, the behavioﬁr of the oil will depend on both the physical and chemical
characteristics of the oil, or oil fraction, and the various oceanographic features it
encounters.

. Thxs report examines the subsurface movement of oil by primarily discussing
the spat1al and temporal scales of both permanent and sporadlc oceanographic
features encountered in Canadian Atlantic waters and in the Canadian Beaufort Sea.
As examination of the behaviour of oil is currently being done via the use of
analytical and numerical models, it is the scales chosen which will determine which
oceanogi'aphic processes can be parameterized and which must be detailed. The
method of handling the process requires understanding of the physics 'g'overning it.
Selected Atlantic and Beaufort Sea sites will illustrate the use of oceanographic
scales in light of model requirements. Conclusions and suggestions are then given on
the reduii-ements of oil spill modelling and future areas of research.
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2. SPATIAL AND TEMPORAL SCALES

The movement of oil, or an equivalent water parcel, will depend on both the
advective, or "organized", and the dispersive, or "disorganized", characteristics of the
velocity field. The various oceanographic features giving rise to this velocity field
are most easily examined through consideration of their spatial and temporal scales.
The classification of oceanographic features in terms of macro-, meso- and
microscale ranges will be ‘based on fixed physical characteristics. However, the
separation into "organized" and "disorganized" motion is somewhat subjective and
many oceanographic features can be treated as one or the other, depending on the
spatial and temporal scales chosen as reference. This approach often proves
convenient for modelling a given process as one can often superimpose larger scale
motion as a mean behaviour and parameterize the much smaller scales (i.e., treat the
interactions at smaller scales like a "black box") without examining the specific
interactions a;c these scales. In some cases, motions at scales beyond the range of
interest can be ignored com'plete_ly. An understanding of the oceanographic features

included in all three scale ranges is also important for real-time applications such as
ol spill clean-up operations. These require a knowledge of the existing conditions,
not only in a mean sense, but also in the perturbation about this mean. In terms of
macroscale features, this includes ascertaining the local seasonal characteristics of
the water column, ice cover and current velocities, the existing positions of fronts
and current jets and the presence of any unusual though influential features (for ex:
Gulf Stream Rings). As the clean-up operation may last days to weeks, variability on
these time scales would have to be understood such as storm forcing, frontal
meanders, etc. Daily procedures would require knowledge of tides and tidal fronts.
Superimposed are the smaller scale processes acting to disperse or concentrate the
spill locally, influencing both the equipment used for recovery and the level of effort
required.

The spatial and temporal scales of variability will be treated, by analogy, to
those of organized wave motion according to the ranges set out by Nihou! (1980) and
the vertical wavenumber scale of Holloway (1983). These are superimposed on a
given "mean" behaviour chosen as some larger spatial scale. Figure 2.1 schematically
illustrates these scales in relation to observed oceanographic features. Solid lines
represent the wavenumber/frequency range while dashed lines correspond to length
(meters) and time (seconds). Generally, length and time (or wavenumber and

frequency) behave similarly both decreasing (or increasing) as one moves to the right



safeag [erodwag pue Tenedg

“AlTEDIUOIOUOL BulsTaldap 128U0 0U 3ar 28uel uonedISSIP 3yl Ul S3[PIS Fwr]

iz amdiy

{1) :10N

{1uessodwr sawodaq vorrow uUBluMOIg)
(fep1o}jod) sotureudpopAyo Dy (4

suolswg (¢
uolsnInNQ Iqnog (Z

uon ediIssI(] snOdsIp

93ueJgng JeRLIaU]

{3Buey Aouvieng - |eprj)
SIAR N [PUIBIU|

sa1pp3 dhdouig -
ousmamy (1

uNOLLOW GIZINYDYOSIO,

siake Bulavajiowg -
YIPIA - SSMNUNS [eguol ] (4

sto) amwidue (¢
satppy ondouds (z

saneqy Asejnden -
ssaem A1AClD 30PING -
SIAT A [BUIDIU] -

JEpil pue |T11s2u] -

(N m
SIAR M DINDOINY 15T -

(gro1my
sarep Agssoy ordosioary -
:-m_-E_ _19 SO Hm)
S9AR M DIUTD0IRY MO[S -

saaep (1

«NOLLOW QIZINVDYOu

501
¢

201

o

¢-01

401
¢-01
.90l

z-01
¢01
#-01
<0

FTIVISOUDINW

1-01
701
01
#01

o0l

G

101
0!
'o-m

z01
1-01
p0!
101

€01
N
1oF
001

401 ¢O1
¢-0! 3-01
201 ¢01
1-01 z-01

FTIVOSOSIW

" 90l

. ¢-01

#01
¢-0l )

201
9-01
¢01
#-01

g0l 601
£-01 5-01
901 201
¢-01 9-01

ATYISORIVW

(s) awny -

(]-S}m) Aouanbaayg -
(w) y3dua -

(WY ) Jaquinuaary - 3eag YBuo

eI W]

¢ o L



-4 -

on Figure 2.1. However, in the viscous dissipation scales of turbulence, time scales
agéin‘increase due to the slower energy transfer by molecular processes (i.é., viscous)
than by eddy momentum exchange (see Tennekes and Lumley, 1972).

The length scales of wave motion in the macroscale range, wavenumbers of
10 -6 to 10-3 m-l, are governed by the spatial variation of the Coriolis parameter
_ givén by Bs10-11 m-1 s-1 (Nihoul, 1980). Variation of the Earth's rotation rate is the
chief restoring force at this scale. These include very slow baroclinic waves (wk
«B, W = frequency, k = wavenumber), barotropic Rossby waves { Wk J‘ﬁ } and fast
baroclinic waves ( wv ¥ N), ¥s = non-dimensional mean bottom slope, N = Brunt-
Vaisala frequency) (see Nihoul, 1980). Oceanographic features in this range include
the very large scale (hemispherical) current gyre systems, the smaller scale synoptic
eddies (ex., Guif Stream Rings) and current and front meanders. The time scales
range from years down to weeks incorporating seasonal changes due to changes in
weather, ice cover, fresh water runoff, etc., and non-synoptic forcing (i.e.; non
meteorological). There is some overlap with the mesoscale range for synoptic flow
forcing (i.e., meteoroiogical 2 - 10 day periods). |

The mesoscale is delineated by motions having gravity as the chief restoring
force. The rotation of the earth is considered to be constant and to act only to
modify the effect of gravity. Motion at these scales may have a surface (barotropic)
or internal (baroclinic) expression. The pass-band for internal waves is characterized
by the inertial frequency (lower limit) and the Brunt-Vaisala frequency (upper limit).
Oceanographic features in this scale include semi-diurnal and diurnal surface and
internal tides, Kelvin waves, Poincare waves and surface {upper end) and internal
gravity waves. ' The length scales include motions covering fractions of the ocean
surface (in the case of tides) to meters with 'corresponding time scales of several days
to several seconds.

The microscale motions are no longer affected by buoyancy, that is, they
have frequencies larger than the maximum Brunt-Vaisala frequency (O (10-2) sec).
Surface capiliary waves, whose restoring force is surface tension, can be considered
as a microscale feature. '

"Disorganized motion", in this application, includes all mixing processes as
well as the very small scale particle interactions occufring in suspensions and
colloids. It is this "disorganized motion" which will eventually lead to the dispersal of
an oil spill and it is the length scales of the motion which will determine the
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charéclter of the dispersed oil. Mixing by means of eddies is generally termed
"turbulence" and can be treated in a speetral sense as an energy cascade from small
to large wavenumbers. A spectral treatment is useful due to direct links with spectra
of turbulence producing physical features, such as breaking internal or surface
gravity waves, size spectrum of bottom topographic features, etc. The turbulence
spectra can also be related by analogy to spectra of turbulence "signatures", for

example, particle size spectrum of air bubbles {or oil droplets) in the surface mixed

'layer'and' microstructure measurements. The level of turbulence in the surface

mixed layer will impose limits on oil droplet formation. As with "organized motion",
m1x1ng by wavenumbers beyond the range of interest may be parametenzed or
ignored, and in most apphcatxons, horizontal and vertical mixing is parameterxzed
using an eddy viscosity (for ‘momentum) or eddy diffL}SWlty {(for a scalar). The nature

of the turbulence at wavenumbers of interest, is based on the inter-relationship

between various propert1es of the flow:V), eddy v15c051ty,6, energy flux or

dissipation rate; N, Brunt-Vaisala frequency; and, for a scalar, D¢, molecular
diffusivity. At all scales, turbulence receives its energy from the mean flow. Large
eddies then act to strain smaller ones, thereby increasing the vorticity of these
smeller_edd_ies with a consequent increase in theirenergy. In the process, the larger
eddies lose energy. ‘At'v‘eryks‘rriali scales, an equilibrium range exists such that the
eddies exhibit local isotropy and the total amount of energy transfer is equal to e .
In this viscous dissipation range, the energy is scaled as a function of the product of
the wavenumber and the Kolmogorov m1scroscale Ly (Ly = (O’Ie)l/ %), The lower

limit of ‘this range is of the order Lg =1and the upper limit is set by the smallest

time scale, ( Ie)lf 2, If the Reynolds number is sufficiently large, an inertial
subrange exists within which no energy is added by the mean flow and no energy is
taken out by viscous dlssxpatl.on. 'I'he energy flux here is equal to € and the energy
at each wavenumber is proportlonal to k-3/3. Scales of contaminant fluctuations
range from the scale of energy containing eddies to a smallest scale that depends on
the ratio of diffusivities (eddy and molecular). Because of the different magnitudes
of the two dlffuswmes, varlous subranges can exist in both the inertial and viscous
d1551patlon reglons These concepts are discussed further in Section 5 and for a
complete analysis, see Tennekes and Lumley (1972). _

In the following sections, concepts introduced here will be examined more
fully with reference to the exlstmg oceanograpmc features in the geographlc areas of

interest. Within each section, discussion will progress from larger to smaller scales.



3. MACROSCALE FEATURES

As mentioned in the pfevious section, an understanding of the macroscale
features of coastal waters is required for both modelling of oil spills and in real-time |
operations, Three levels of model sophistication can be used. The lowest level
consists of order of magnitude estimates of spill volume and volume transport over a
set time period. This approach is useful for delineating the potential areal coverage
of a spill of initial set size, coastal impact areas, percentages of dispersed oil, etc. It
can point to reglons where more sophisticated approaches are reqmred The second
level treats macroscale features of the circulation and water column as constant '
background conditions varying much more slowly than the time scale of interest, and
upon which smaller scale processes are examined in detail. The background constants
can be annual or seasonal means or observed extreme conditions. For this approach,
field observations may be sufficient, however, understanding of the physics
influencing the macroscale features is still required when applying model results to
real situations. The third level of modelling determines the circulation pattern
explicitly using a numerical scheme by which an initially stationary fluid is forced
into motion. The model equations are based on theoretical concepts and field
observations are now used for calibration. Such a model is often used as a diagnostic
tool to estimate the sensitivity of different forcing mechanisms. Because of their
large size, these models are usually limited in areal coverage. Thus their usefulness
lies in specific site applications or in specifying the initial background conditons
within a survey grid for use by a lower level model. For real-time operations,
qualitative understanding of spatial and temporal flow variability is required to allow
for on site flexibility in response to the observed situation.

" The following sections 3.1 and 3.2 describe observed, or inferred, circulation
patterns and water density profiles for Canada's Atlantic Coast and the Canadian
Beaufort Sea. When available, ranges in flow estimates are given. The flow forcing
and density controlling processes are detailed. Section 3.3 discusses topographically
related features and Section 3.4 overviews macroscale waves both of which result in
spatial variability in the mean circulation.



3. '1 Mean Coastal Circulation

3.1.1  Atlantic Coast

Figure 3.1 contains a chart of the southern Atlantic coast of Canada upon
which is superimposed the summer mean circulation patterns. This pattern would
reflect, in a broad sense, the transport in surface spiiled or dispersed oil at a given
location. In the discussion of mean circulation, it must be kept in mind !) that the
characteristics of the current will vary on time scales ranging from seasonal down to

a few days in response to changes in forcing; 2) that supenmposed on the residual

_current will be tidal and inertial oscillations; and 3) that the currents will be

composed of both barotropic and baroclinic components, particularly important when
considering subsurface movement of oil. Table 3.1 summarizes speed and transport
measurements for the discussed flows. The sources of data are varied, different
methods used each having their own llmltatlons, and as such the values listed should
not be taken as absolute.

The Labrador Current flows southward from Hudson Strait along the coast of
Labrador and Newfoundland It is composed of two branches. The inshore branch of
the Labrador Current consists of Baffin Land Current water (not shown) which
flowing through Davis Strait gets mixed with cold, low sallmty water exiting Hudson
Strait. The offshore branch follows the shelf break and is composed of a mixture of
Labrador Sea water and West Greenland current water.

At the Strait of Belle Isle, some water from the inshore branch can travel
through the Strait to enter the Northeast Gulf of St. Lawrence (see Huntsman et al.,
1954, Farquarson and Bailey, 1966) while outflow from the Gulf may also occur
contrlbutmg to waters on the East coast of Newfoundland. This strait is subject to
very large tidal and mean currents, particularly in the narrows, with maximum tidal
and residual currents both on the order of 2 m/s (e.g. Farquarson and Bailey, (1966)
198G CSS Dawson cruise data). The residual flow is thought to be a response to sea

' level dlfferences between the Gulf of St. Lawrence and the Labrador Shelf set-up by

geostrophlc wmds parallel to Esqu1man Channel (affectmg the Gulf) or parallel to the

East Coast of Labrador (affectmg Labrador Shelf) {Garrett and Petrle, 1981 Garrett

and Toulany, 1981, 1982). Hence variability of the residual flow in the strait is on
meteorologlcal time scales and the flow can change from complete inflow, variable
levels of inflow along the Labrador side and outflow along Newfoundland or complete

outflow. In each situation the vertical current profile would vary.
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Table 3.t

Summary Current Statistics

Current Description

Residual Speeds
infs

Estimated Transports

106 m3/s

Reference

Labrador Current

Inshore Branch

North of Strait of Belle Isle

Through Avalon Channel

Offshore Branch

North of Strait of Belie Isle
- 0ff Bonavista Bay

Edge of Grand Banks (east)
Edge of Grand Banks (west)
On Top of Bank

Strait of Belle Isle

Surface

Subsurface

Cabot Strait

Outflow -

Inflow

St. Lawrence River
Caspé Current

Nova Scotia Current

Eastward Slope Current
Westward Subsurface
Slope Current

Into Gulf of Maine

Circulation on Browns Bank

Circulation on Georges Bank

~ Surface '
Subsurface (75 m)

In M.ina.s Channe}

Gulf Stream Surface

0.2
05-.2

2-.6
.15-.25
02-.1

03 -1.7

045

2-.5
(August)

14
(Max.: November)

35-101
(Max.: May ~ June)

01 -.1

.. (JulyX3January)

W1-.20

v .02
ok

05 - .15
15-.30

2.5

up to 2.5

06 - 1.5

0.6

3.6-6.2

4.1
3.3

A8

(net into Gulf)

W3-8

G- 74

Ols - ,031
{February){May)

A5 1.0

L8
(max. ,35)
A7
.25

40 - 90

Matthews (1976)
Petrie and Anderson (1983)

Petrie and Anderson (1983)

Matthews (1976)
Petrie and Anderson (1983)
Petrie and Andeson (19%3)
McLellan (1957)
Petrie and Anderson (1953)

Petrie and Anderson {1933)

Juszko {1981)

El-Sabh (1975)

Trites (1971)
Cootes and Yeats (1979)

El-Sabh (1975)

El-Sabh (1975)

Benoit et al (1985)
McLellan {1957)
Drinkwater et al., (1979)
Sutcliffe et al (1976)
Horne (1978), Smith

and Petrie {1982)

Smith and Petrie (1982)
Smith (1983)

Hopkins & Garfield (1979)
Vermersh et al.(1979)

Smith (1983)

Butman et al. {1982)
Marsden (1985)
Greenberg (1983)
Stommel {1965}

7
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Both branches of the Labrador current continue to travel down thé East
Coast of Newfoundiand. At approximately 48°N the current impinges on the northern
edge of the Grand Banks. A good review of the circulation on the Newfoundland
continental shelf is provided by Petrie and Anderson (1983) and the following is
extracted from their findings. The offshore branch flows around the edge of the bank
in response to topographic steering effects. Some of the flow is directed around
Flemish Cap. At the Tail of the Grand Banks, part of the flow turns eastward to join
the North Atlantic Current while the remainder continues along the edge and
eventually travels through Cabot Strait into the Gulf of St. Lawrence where it forms
the Deep Gulf water, part of the estuarine circulation system. This pattern can be
observed by following the freshwater pulse generated in the Arctic in spring. Its
signature can be seen in hydrographic data from the eastern edge of the Grand Banks
in August -September and in Cabot Strait by November. The inshore branch flows
westward around the Avalon Penisula. As much as 80% of the water will be diverted
offshore to join the slope water current while the rest may enter the Gulf of St.
Lawrence through Cabot Strait and progress nbrthward along the west .coast of
Newfoundland. Flow on top of the Bank is weak and subject to local wind forcing
with strong inertial motions at periods of 16 hours. In the winter, the water column
is mixed to the bottom and will respond, as a whole, to the wind. Stratification in
the summer can uncouple the surface and bottom layers, resulting in depth'dependent
motion. _

A general review of the physical and chemical characteristics of the Gulf of
St. Lawrence can be found in Trites and Walton (1975) with estimates of current
speed and volume transports in El-Sabh (1975). The Guif of St. Lawrence is
characterized by its estuarine nature, by the presence of two major channels, the
Laurentian Trough and Esquiman Chahnel, and by two accesses to the open ocean,
Cabot Strait and the Strait of Belle Isle. The Guif of St. Lawrence can be considered
as composed of five regions each having distinct physical characteristics. The Upper
Estuary region extends from the upper reaches of the St. Lawrence River to the tip
of the Gaspe Peninsula. A salinity signature can be observed as far upstream as
Quebec City. The. estuary is composed of a "well-mixed" type at the head,
"moderately-mixed" until approximately the Saguenay River, and stratified in the
lower part (El-Sabh, 1984). This is related to the relative depths and extension of the
Laurentian Trough. In the lower estuary, a separation of flows occurs as the channel
widens, with a concentration of outflow along the Gaspe shore and at the surface and
inflow below and to the North along the Anticosti side of the Gaspe Passage. Also

Sy
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observed is a series of alternating eddies accompanied by transverse currents in the

lower part (El Sabh, 1584). A permanent cyclonic gyre exists west of Anticosti

" Island. Much of the outflow is concentrated in the Gaspe Current which rounds the

Gaspe Peninsula and then broadens over the Magdalen Shallows. The Magdalen
shallows are characterized by reduced water depths with a generally southward
circulation (.1 - .2 m/sec) which converges and intensifies towards Cabot Strait. The
Central Gulf is cornposed of the two ma'j'or channels and the waters here have a
distinct three layer structure in the summer (see Section 3.2). The surface
circulation is composed partly by the outflow from the Gaspe passage. Joined by the
inflow at Cabot Strait of inshore Labrador Current water, much of the surface waters

head up Esquiman Channel towards the Strait of Belle Isle. A gyre over Mecatina

Bank results in a return flow along the north shore and above Anticosti. The flow
through the Strait of Belle Isle is meteorologically drilren, with possibly greater
inflow of Labrador water in the. winter (Garrett and Petrle, 1981; Garrett and
Toulany, 1981) Flow through Cabot Stralt, part1ally estuarine drwen, does not show
the same variability, with a generally constant outflow along the Cape Breton Island
shore at times extending across the Strait at the surface, with inflow below and along
the Newfoundland coast The strongest outflow occurs in August related to the peak
in river d;sharge ‘with the strongest inflow in November associated with the
freshwater pulse carried by the Labrador current.

Water exiting through Cabot Strait forms part of a generally westward drift

: along the Nova Scotlan Shelf, called the Nova Scotian Current by Blgelow (1927).

The shelf water is actually a rmxture of Gulf of St. Lawrence water and Slope water
(McLellan, 1954). Over the continental slope, two water types can be found. The
surface waters are warm and saline, with a generally eastward ﬂow, while below
200 m there exists a mlxture of Labrador and North Atlantlc central water which
drlfts westward (Gauen, 1976) Further offshore lres the Gulf Stream, formmg a
variable boundary between the slope water and the Sargasso Sea. A shelf-slope
boundary also exists, showing strong contrasts in temperature and salinity with little
density change (Horne, 1978). The flow at the boundary is influenced by varioua
processes and will be discuésed further in Section 3.3.. The Nova Scotian Current
rounds Cape Sable and forms a major input to the Gulf of Maine - Bay of Fundy
circulation. The dominant feature of this region is the large tidal amplitudes and
much of the residual circulation can be explained through the non-linear interactions
of the tides and bathymetry (tldal rectlflcanon) or by density drwen flows between
areas of different stratification caused by tidal mixing. The general circulation here
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was first descr.ibed by Bigelow (1927). The Gulf of Maine consists primarily of a large
cyclonic gyre over fhe central area with inflow up the Bay of Fundy along Nova
Scotia, return flow along the New Brunswick shore, and a strong clockwise circulation
around Georges Bank, resulting in waters exiting through the Northeast Channel.
There is some seasonal variation in the strength of these gyres. The barotropic model
of Greenberg (1983) and th:

-th averaged baroclinic mode! of Isaji and Spaulding

(1984) reproduce many of ti:: ;aatures of this residual circulation and do prove useful ‘

for both theoretical and prz -« applications.
3.1.2 Southeastern Beau:. ' :ra
Figure 3.2 “ontal:: nirt of the southeastern Beaufort Sea illustrating the

major oceanograph: - featw o
The gener:. circul~ ~ ‘zummer) consists of a large anti-cyclonic gyre over

‘the Canadian Basir: “which & ~;ified over the continental slope to form a jet of 0.1
=ric contours (Melling, 1983), On top of the shelf,
the Northeast with super-imposed variability

primarily due to inertiz! ztions.  These are highly baroclinic, due to

m/s parallel to the local bs

the mean currents flow

stratification supplied by s -
At this latitude, the peric.
diurnal tidal components ar
An examination of direct ¢
mean bottormn currents tow:
data over the Northeast M-
flow of .05 - .06 m/s near t.

m/s) and less thar .01 m/s .

observations of ice *loes, Kb ..

the surface. Mean and -

respectively, have been m:
Mackenzie River plume, ir
position of the ice edge. Tn
Coriolis force influence,

- nieating and Mackenzie River input (Fissel, 1981).

rsrtial oscillations overlaps with the range of semi-
“#ven difficult to separate the two contributions.
weasuyrements (Fissel, 1981; Melling, 1983) showed
Hortheast of .03 - .08 m/s. From hydrographic
= shelf, Melling (1983) calculated a mean eastward

- ioor, weaker easterly flow at mid-depth (.03 - .04

:urface due to the observed baroclinic shear. By
i (1980) estimated a .04 m/s inertial oscillation at
num surface currents of .19 m/s and .70 m/s,

i directly (Fissel, 1981). The position of the

s.mmer, depends on both wind direction and the

~svward flow in the plume reflects both buoyancy and
o eastward flow near bottom is suggested by Melling
(1983) to result from a halios

denser water left behind would

wculation which is forced by water freezing. The

“znd to flow seaward along the ocean floor but then

turn eastward under the influence of the. Cofiolis force.
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The characteristics of the ice distribution in the Beaufort Sea is important
_ for both offshore and nearshore operations. The seasonal ice conditions are well
summarized by Markham (1975). Included on Figure 3.2 is the approximate extent (by
late August) of the polar pack ice edge, for both a "good" and "poor" ice year (see
Markham, 1975). The presehce of ice influences the depth and mixing characteristics
of the Mackenzie River plume, resuits in a regional change of wind stress which could
contribute to local surface layer divergences or convergences and limits fetch lengths
thus affecting wind-driven currents and wave climate. Freezing and melting of the

ice results in local and, at times intense, vertical mixing., Some of these aspects will

be discussed in later sections. On a larger scale, ice formation on the shelves is
important to the overall circulation in the Mackenzie shelf and slope due to thermo-
haline driving. It may also prove important for the heat budget of deep waters, as
suggested by Melling (1983), as the cold, salty water left behind during freezing is

transported offshore to depths where mixing with the warmer, deep Atlantic '_W'ater
can occur, '

iy
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3.2 Mean Seasonal Density Distribution

The density of seawater at a specific location is dependent on both
temperature and salinity characteristics of a parent water mass and reflects any
mixing with other waters that have occurred. The mean vertical density profile,
parncularly in the top 200 meters, is a response to changes in the relative amount of
mixing and stabilizing influences in the water column. The stratification due to solar
heating and fresh water input vary on both a seasonal and geographic basis. The
relative contribution of solar heating decreases with increasing latitude while that of
salinity decreases with distance from a fresh water source such as a r1ver or ice melt.
Mixing forces can be considered to vary seasonally (for example vernal Coolmg in the
fall, salt extrusion during ice formation), but certain processes, such as influences of
bathymetry, are independent of season. A review of the seasonal horizontal surface
density patterns and vertical density proflles for all Canadlan coastal waters was

performed by Juszko et al., (1983). The followmg summarizes the results from that
study. '

3.2.1 .Atlantic Coast

Figures 3.3 (a to d) contain representative vertical density profiles for the
Labrador Shelf, Grand Banks, Gulf of St. Lawrence and Scotian Shelf - Gulf of Maine
reg:ions, respectively. Table 3.2 summarizes the temperature - salinity - density
characteristics of the various water masses found in these areas.

Waters on the Labrador Shelf have a cross-shelf distribution in the sumrher as
shown in Figure 3.4 (see Huntsman et al., 1954). The shelf waters associated with the
Labrador Current are characterized by temperatures less than 20C (to a minimum of
-1. ?7°C), salinities less than 34. 4 9/o0 (down to 32.5 °/oo) and densities of 26.5 to
27.30¢ . In the Central Labrador Sea, the water is relatively homogenous in density
beween 27.7 and 27.8 G from the surface to 1800 m.’ _

Progressing southwards, surface waters will be warmed to a much greater
exteht, .and summelfnsurface densities will be reduced. On top of the Grand Banks,
the relatively shaliow depth allows for uniform mixing, by wind' and convective
overturning, to the bottom in the winter. The largest stratification occurs in
September as both the maximum temperatures and minimum salinities occur
simultaneously. ‘The lowered salinities reflect the freshwater pulse carried by the
Labrador Current (see Keeley, 1981, for review of seasonal patterns). Along the Tail
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Figure 3.3 @) Representative vertical density profiles on the Labrador Shelf
(from Juszko et al., 1983)
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Figure 3.3 (b)
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Representative vertical density profiles on Newfoundland's Grand Banks
(from Juszko et al., 1983)
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Figure 3.4 Cross-shelf density distribution on the Labrador Shelf
' (Summer) (from Juszko et al., 1983)
LABRADOR SHELF - SUMMER : 7
A Surface Labrador coastal water (4.5-6.5° C, < 32.2°/00)
B Inshore Branch of Labrador Current (-1.0° C, 32.5-33.49/00,
winter -1.77° C, 33.1%/00} N
C Surface water
D' Surface offshore water (3-6° C, 32.5-34%/00)
E "Labrador Sea Water" (0-2° C, 33.4-34.49/00)
F Deep offshore water - Labrador sea water modified by the 7

West Greeniand Current (> 3° C, > 34.59/00)
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of the bank, conditions can be quite variable due to the possible impingement of the
Gulf Stream which creates a strong thermal front with Labrador Current water.

In the Gulf of St. Lawrence, the vertical density structure reflects the
Circulation pattern which determines the relative contribution from summer heating
and input from the St. Lawrence River (see Figure 3.3 (¢). Note "summer" in this
figure represents the maximum stratification that is observed during the year.) In
the Upper Estuary, density stratification is controlied by freshwater input counter-
balancing vertical mixing in the shallower waters. At the head of the Laurentian
Trough, mixing is also occurring due to internal wave activity and upwelling. The
maximum stratification occurs in May associated with the river discharge peak.
Horizontal density gradients can occur between the estuary and Central Gulf region.
In the spring, the lower estuary is freed of ice prior to the central Gulf and surface
waters can warm up creating as much as a 69C difference. In late summer, surface
waters in the estuary may be cooler due to upwel_led ‘and advected subsurface waters.

" The reduced water depth in the Magdalen Shallows allows for uniform mixing to the

bottom in the winter ( v25.86¢). Maximum stratification {or minimum surface
density) occurs twice in the summer, once at the beginning of July due to fresh water
- input from the estuary and again in mid-August when surface temperatures are
maximum ¢ 180C, densities as low as 1967).

The central and northeast Gulf waters are influenced primarily by heating as
most of the fresh water outflow is constrained over the Magdalen Shallows. The
water column has a distinct three layer structure in the summer with a surface mixed
layer 10 - 20 m deep, a cold intermediate layer between 50 and 100 m and delimited
by the 1.5°C isotherms, and a deep, warmer, saline layer. The Gulf Intermediate
Layer is remnant cold, winter water, while the Deep Layer results from inflow
through Cabot Strait. In the winter, the surface layer extends to 100 m deep with
densities between 25.8 and 26.56%. Water properties in the Northeast Gulf may also
be affected by inflow from the Strait of Belle Isle which provides colder and fresher
water along the north shore. Depending on the flow conditions, both Cabot Strait and
the Strait of Belle Isle will contain fronts separating the inflowing and outflowing
water, |

Various factors are operating on the Scotian Shelf and in the Gulf of Maine
which result in the observed density distributions (figure 3.3 (d), 3.5 (a), (b)). In the
summer, a three layer system in temperature, with a corresponding two layer system
in density, is presenf on the Scotian Shelf. The surface waters are derived from the
Guif of St. Lawrence with the fresh water pulse reaching Cape Sable by December -

£y



&

0

-

59

1

DEPTH IN METRES

40C -

STATIONS 8 14 ) 20 8 [ 4 3 2

TEMPERATURE

—55

VY Rauinhteded- il

R

200 rF-

DEPTH N METRES

i

A0 -

STATIONS 18 T Y 13 1210 ] ] 4 3 2

SALINITY

DEPTH I METRES

F1gure 3.5(@) Cross-shelf property distribution at the Halifax Section

{Summer - from de La Ronde (1972))

DENSITY



42*r

Lol il

e
A [+] 30 wn OO [ o]

.+ ~"LOCATION OF SURVEY STATIONS |

6% 63 & 53*

DEPTH 1IN METRES

00+

STATIONS !

DEPTH IN METRES

DEPTH IN METRES

Figure 3.5 (b) Cross-shelf property distribution at the Halifax Section

(Winter - from de La Ronde (1972))

SALINITY TEMPERATURE

DENSITY




_25...

¥9

(€861 “TE 13 OMZSNL WOJF) JBWIUWNG -

aureyy Jo JinD pue .:v:: J JO ABg ay3 U7 SILIISUSP IDBFINS PIINOIUCT 9°¢ an3i

g9 DL cL

-—-

-«-.—.-H—-Idu -4-a—--u---—-«dul
t* i

o
O
o

e ¢ © e ¢



- 26 -

January (Sutcliffe et al., 1976). The cold, intermediate water is considerably modified
Labrador current water and not a remnant of winter cooled waters. The bottom layer
is slope water that has penetrated onto the shelf. In the winter, nearshore and on top
of banks, the water column may be completly mixed to the bottom. Over the
continental slope, surface waters show salinity and temperature increase offshore
reflecting the mixing between sheif water and the Gulf Stream. Below 200 m, water
is a mixture of Labrador and North Atlantic Central Water o> 27) (Gatien, 1976). A
shelf-slope front exists permanently near the shelf break while a second front
corresponds to the northern edge of the Gulf Stream. In the Bay of Fundy - Guif of
Maine area, stratification is generally a compromise between the stabilizing effects
of solar heating (summer) and vertical mixing due to tides. In the central Gulf of
Maine, the summer vertical profile again consists of three layers with a cool,
intermediate layer from 50 to 150 m (2 - 5°C, 32 - 32.5 9/oo0, 25.86¢) as remnant
winter mixed water and the deep iayer “60C, 34.5 - 35 O/00, 27.26¢ ) representing
intrusion of slope water through the Northeast Channel. In the winter, the surface
layer extends to 150 m {1 - 2 °C, 32 ©/o00, 25.86¢). The upper reaches of the Bay of
Fundy resemble a "well-mixed" estuary due to the strong tidal mixing. Changes in
the horizontal density pattern can be observed over a tidal cycle. The cyclonic
circulation pattern results in a decrease in density across the Bay of Fundy towards
the New Brunswick shore. This can be seen in Figure 3.6 as well as areas of increased
density over Georges Bank and off the tip of Nova Scotia due to vertical mixing.

3.2.2 Southeastern Beaufort Sea

The water column in this region can be considered as a two layer system with
Arctic Water ¢ 266 above 250 m and Atlantic Water below. The Arctic layer is
often subdivided into two: the Arctic Surface layer (upper 5 - 50 m) which is directly
influenced by atmospheric forcing and the Arctic Subsurface Layer (down to 0°C)
which encompaﬁses most of the pycnocline (Melling, 1983). In the area of interest,
both the vertical and horizontal density distribution is controlled by salinity changes
in the upper 20 metres, related to Mackenzie River discharge (peak in May -June) and
the relative position of the polar pack ice. The Mackenzie River plume is confined to
the upper 5 - 20 m and generally within 30 - 50 km of shore though its position is
dependent on wind conditions which can push the plume away or towards the shore.
The polar pack can also act as a barrier to the offshore extent of the plume as can be

ey



- 27 -

seen in the difference in surface density over the shelf during poor or good ice years.
For example, in 1974 {(poor ice year), summer surface water densities were less than 5
g over the entire shelf while in 1975 (good) they ranged from 8 to 220‘ , increasing
offshore. In the winter, the upper 50 meters are generally mixed to a uniform density
close to 26¢;. Under the landfast ice, the reduced river flow results in a shallow, 3 -5
m brackish layer near shore. Variations at synoptic periods are super-imposed on the
seasonal variations in river discharge (Fisse! and Birch, 1984). Other areas of reduced
surface density can be associated with the melting edge of the polar pack or runoff
from icefields. '

The Macken21e River not only 1nﬂuences density structure butit is also the
major contnbutor of sedzments to this shelf regmn. Fissel and Birch (1984) have

reviewed the sediment transport processes in this area and have developed a

" conceptual model to describe it. This has direct implications on oil dispersél due to

absorption onto sediments and potential reworking of bottom deposits.



- 28 -

3.3 Topographically Related Features

Ocean coastal boundaries and rapid changes in bathymetry influence both
~ local and large scale dynamics. The transition between continental shelves and the
deep ocean is one of the most important areas of water property exchange through 1)
boundary layer mixing followed by along-isopycnal advection (ex. Armi, 1978); 2)
thermo-haline frontal exchange (ex. see Section &.2); 3) generation and breaking of
internal waves (ex. see Section 4.1); 4) periodic upwelling and downwelling; and 5)
catastrophic events such as Gulf Stream ring entrainment (see Section 3.4). Fronts
are often associated with changes in bathymetry. On the Scotian Shelf/Slope, three
frontal regions can be identified. The first lies offshore and is associated with the
north wall of the Gulf Stream, a region of steeply sloping isopycnals and strong
current shear. Its position reflects both the mean position of the Gulf Stream as well
as any meanders that are present. At the shelf/slope boundary, a thermo-haline front
exists, with little horizontal change in density (Horne, 1978; Section #.2). Circulation
in this region has recently been investigated by Smith and Petrie (1983) from direct
current measurements., They found that cross-shelf currents, especially at the
' surface,' showed an annual signal with mean surface flow offshore which peaked in the
winter { v .1 m/sec). This could reflect a possible Ekman transport in the surface
layer, in response to the annual signal in longshore winds, however they could not
balance the large transport with either return flow in deeper water {observed onshore
around .02 m/s) or the relative stationarity of the shelf/slope boundary without
assumptions on longshore gradients or cross-frontal exchange. Indirect evidence of
deep onshore flow is the presence of slope water in the deeper basins on the shelf (see
Section 3.2). The alongshore flow in the deep waters of the slope was towards the
west, at .01 - .02 m/sec, while surface alongshore flow showed variability at subtidal
'Synoptic periods ( 2 - 10 days) as well as ocean forcing periods (10 - 90 days) related
to the low frequency displacement of the shelf/slope water boundary. The net
surface flow was eastward, with speeds up to .15 m/sec. _

The third type of front present in the Scotian Shelf - Gulf of Maine region is
termed a tidal-mixing front (see Figure 3.1). Simpson and Hunter (1974). initially
discussed these fronts and associated them with the boundary between stratifying
effects due to solar heating being dominant over vertical mixing induced by bottom
shear of the tidal currents. This relationship is parameterized by the well known,
BH/u3 criteria, where B is the buoyancy flux due to heating, H is the local water
depth and u is an estimate of tidal velocity. This analysis has been extended to the

on
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* Bay of Fundy and Guif of Maine by Garrett et al. (1978) where the transistion from

- well-mixed to stratlfled condltions in the summer occurs for values of H/u3 v 70 m=2

s3. The dynamics and characterrstlcs of these fronts will be discussed in Section 4.2

Wind- drlven upwelhng has long been known to occur along coasts as well as at

the shelf break. Alongshore w1nds, with the coast on the left looking downwind (in
" the northern hemlsphere) causes a dwergence in the surface layer, which by
-contmurty requlres an upward transport of subsurface waters. Thls is generally an

. intermittent feature but has been observed for example, along the North Shore of

the Gulf of St Lawrence (Tntes and Walton, 1975) and on the Beaufort Sea

Mackenzie River Shelf (Fissel, 1981). Areas of persistent upwelling not associated

with local winds have also been identified. One of these is at the head of the
Laurentian Trough associated with the entrainment of deeper waters into the
outfiowing surface layer. Observations of sea bed drifters by Lauiier (1967),
identified two persistent areas of bottom onshore flow, one off of Louisbourg (Cape
Breton Island) and the other around the southern 'tip of Nova Scotia off Yarmouth.
Onshore velocities in this latter area were on the order of .005 - .02 m/sec. Garrett
and Loucks (1976} suggested a mechanism of centrifugal upwelling whereby the
centrifugal force required to turn the strong tidal current (O (I m/s)} around the tip
of Nova _Scotia is balanced by a pressure gradient positive offshore. In the bottom
boundary layer, the tidal current will be reduced due to friction and the pressure
gradient here is unbalanced resulting in a net shoreward drift. Recent current and
water property measurements in the area have led Smith (1983) to discount this force
balance as the main driving term and to suggest upweliing driven by the longshore
density variations which are maintained by tidal mixing. Evidence for this lies in an
observed seasonal signal in the near-bottom cross-isobath current, with a maximum
occurring in summer when horizontal stratification change would be the most
important, and an offshore flow drwen by tidal rect1f1cat1on opposite to centrifugal
upwelling. Smith (1983) also showed that the majority of the coastal circulation lies
in a narrow band within the 110 m isobath with a distinct seasonal signal having a
winter peak (.06 - .10 m/s) which carries the fresh water pulse originating in the Gulf
of St. Lawrence (average transport into the Gulf of Maine of .14 x 10 6 m3/s). A
closed, anti-cyclonic gyre, with velocities .05 - .15 m/s; existed around Brown's Bank.

The interaction of oscillating currents with bottom topography can create a
mean flow which is partrcularly pronounced in regions of large tidal velocities. The
rectified, along isobath current resuits from a divergence of the tidal Reynold's
stress which is balanced by bottom friction. In a depth-dependent model, Loder
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(1980) accounts for the current jet observed on the North Slope of George's Bank
through this mechanism. - Zimmerman (1978), through a perturbation analysis of the
potential vorticity equation around small bottom topography, showed that maximum
rectification occurs when the horizontal length scale of the bottom topography
matches the tidal excursion. Recently, Loder and Wi‘ight (1985) have included
vertical dependence in the Loder (1980) model by introducing a vertical eddy
viscosity. They show that the expected cross-isobath motion on the side of Georges
Bank consists of circulation cells which could account for upwelling in the region,
Furthermore, they also show that the mean Lagrangian velocity may be in the
opposite direction to the mean Eulerian current which implies that the mean flow
recorded by current meters would not reflect individual water parcel motion.
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3.4 Macroscale Waves and Eddies

' The behaviour of macroscale waves is related directly to the conservation of

~vorticity either through variation in latitude (i.e., in a 4- plane) or through vortex

stretchmg over a mean bottom slope The latter is lmportant over continental slopes
and these waves are termed topographxc Rossby waves. They have been observed on
the Scotian slope through an examination of longshore currents at the shelf/slope
boundary (SSB) by Smith and Pe_trre (1982) and Louis et al. (1982). Their signature is
seen as bursts of 3 or 4 oscillations with periods rangin'g from 15 to 30 days and speed
variations of .10 - .20 m/sec, both of which are modulated. The forcing is by the
radiation field of a warm-core Gulf Stream ring travellmg over the continental rise
(Louis et al., 1982). The presence of Gulf Stream rings or meanders of the Gulf

Steam will also influence the position of the shelf-slope boundary moving it further

on or off the slope. From 2@ space-time autocorrelation of the digitized position of

the SSB over three years, Smith and Petrie (1982) calculated a net westward
propagation of SSB fluctuations of 4.6 km/day with a temporal scale around & weeks
and a spatial scale of 140 kms.

Gulf Stream rings are formed by meanders of the Guif Stream which
eventually pinch off to leave an isolated ring of current within which is trapped
Sargasso Sea water (i.e., "warm-core") to the North or slope water (i.e., "cold-core")
to the South of the Gulf Stream. Approximately 5 to 8§ rings of each type are formed
per year, with 2 - 3 warm core rings present at any one time in the slope waters (see
Lai and Richardson, 1977, Ring Group 1981). These rings translate westward at | to 5
kms/day until they reach Caoe Hatteras where they are reabsorbed by the Gulf
Stream. Warm-core rings range from 100-200 kms in diameter, have a rotational
velocity as high as 1.5 m/sec, are characterized by a downward displacement of
isotherms seen as deep as 1500 meters and contain a layer of uniform warm water up
to 600 m deep. Cold-core rings are larger, 150 - 300 kms in d1ameter, and can extend
to the sea floor (4000 - 5000 meters). Both types can transport up to ten thousand
cubic kllometers of water as they transiate westward. Decay of the nngs acts
essentlaily as a rmxmg "mechanism across the boundary set up by the strong current
shear of the Gulf Stream. Warm-core rings, as discussed earlier, can contribute to
the variability observed at the shelf/slope boundary along the Scotian Shelf and may
also act to remove coastal water from the shelf onto the slope (an entrainment rate
of 0.4 x 106 m3/s esnmated by Smith (1978)) Their somewhat catastrophlc mfluence

©may prove 1mportant when trackmg any ‘tracer mcludmg spxlled 011.
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4.  MESOSCALE FEATURES

4.1 Mesoscale Waves

The mesoscale waves of particular interest are internal waves with
frequencies ranging from inertial and tidal to the local Brunt-Vaisala frequency.

1If a parcel of water is displaced adiabatically in the vertical and allowed to
relax freely, it Will overshoot and oscillate about an equilibrium position. Neglecting
- a slight pressure affect, the frequency 6f oscillation is given by (see Gill, 1982):

Nz- - g 4.1.1
€ 3

where N is the Brunt-Vaisala frequency, g the acceleration due to gravity,Q,’the
background time in independent  density and R‘l 3 the vertical density
gradient. If the water column is forced to oscillate vertically at a frequency other
then N, then the waves will propagate away from the source at an angle to the
horizontal given by (see Leblond and Mysak, 1976).

2_+2
tan O =, i(_“.‘_’.__.f._ )1/2 4.1.2

where W is the driving frequency and f is the coriolis parameter. From equation
4.1.2 it is evident that internal waves can exist only in the frequency band of
N2 >w02 > §2

For frequencies outside this range, the motion is diffusive rather than wavelike and
disturbances decay away from the source. This discussion assumes a background

density structure depending on vertical variations alone. Mooers (1975) has shown

that the ray paths given by equation 4.1.2 are modified in the presence of horizontal

density structures (fronts). This results in a modification only of the detail of the
internal waves. '

N

Two approaches are used to investigate internal waves - that of rays and that
of modes. Under the Boussinesq approximation and the assumption of a flat bottom,
the horizontal and vertical velocity components decouple and the velocity field can
be expressed as a sum of normal modes. Generally, most of the fluctuating energy is
contained in the first several modes. Magaard and McKee (1973) used this approach

N
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to describe the semidiurnal tide at site 'D' in the Western North Atlantic, Garrett
and Munk (1972, 1975) assuming that background internal wave energy was far from

the generation site, have defined a "universal" internal wave spectrum in order to

describe the correlation length scales in the ocean. In the presence of bottom '
to‘pography, the bottom boundary condition couples the vertical and horizontal
velocities and a ray path analysis must be used. Petrie (1975) used this approach to
describe the Mo surface and internal tides on the Scotian shelf and slope,

Various mechanisms have been proposed for the productlon of internal waves.
Phiilips (1980} has suggested that slowly moving storms may have energies
appropriate for their generation. Thorpe (1975} has shown that two surface gravxty

waves and an internal wave can form a resonant triad. If the sum of the wave

numbers and frequencies of two surface gravity waves equals the frequency-
wavenumber relationship of an internal wave then existing non-linearities can allow
for transfer of energy from the surface gravity waves to the internal wave. The most
important mechanism for the generétion of internal waves on the continental margins |
is through interaction of the flow with bottom topography. The particle path of an

“internal wave corresponds to the propagation angle given by equation 4.1. 2. If the

bottom slope also corresponds to this propagation angle and the water is forced to
oscillate along the slope (by the surface semi-diurnal tide, for example) then intense
generation of internal waves will occur. The theory for this production was
established by Baines (1972). Marsden (1985) has shown that this production method
on Georges Bank results in internal tidal velocities as large as the barotropic tidal
velocities (with an estimated horizontal diffusivity of 200 m2/s due to breaking of
these internal tides). Petrie (1975) has shown strong internal tide generation at 200 m
depth on the Scotian shelf (with estimates of diffusivities of Ky = 10-2 mZ/sec, Kp, =
200 mZ/sec).

Internal waves are 1mpor1:ant in dispersion processes for three reasons. First,
they cause internal fluctuations of isopycnals with observed amplitudes greater than
30 m (see Holloway, 1984; for a review of observations of internal waves see Denman
and Gargett, 1983). 1f, for example, oil sinks in a region of large internal wave
production, through time it may oscillate over a large part of the water column.
Second, the troughs of an internal wave are regions of convergence while the crests
are regions of divergence of water (see Thomson, 1981). Hence, the distribution of
ahy sinking or dispersed oil may be non-homogeneous and concentrated in the troughs.
Third, internal waves can break causing intense mixing. Turner (1979) has shown that |

internal waves break while travelling from stratified to unstratified regions or
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where internal waves propagate up a slope into shallow water. Marsden (1985)
suggests that breaking internal waves on Georges Bank may contribute significantly
to the cross-isobath scalar fluxes in the region. Finally, Gargett and Holloway (1984)
suggest that the vertical eddy diffusivity for mass due to internal wave breaking may
be obtained according to a K »N-1.0 or Ky +»N-D.3 relationship where N is the local
Brunt-Vaisala frequency.
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4.2 Frontal Features - Dynamics and Cross-frontal Exchange

" Frontal regions are best ekanained""tbrough 'a discussion of the physical
processes involved in frontogenesis (i.e., frontal formation and maintenance) and in
cross-frontal exchange leading to potent1al breakdown of the front.

The dynamics of shallow sea fronts were revxewed by Garrett and Loder

" (1981). Shallow sea fronts are formed where there is a hor1zonta1 gradlent in the

relative contribution of stabilizing (such as solar heating) and mixing forces (such as
bottom friction on tidal currents) acting on the water column. Much of the original
work was performed on fronts observed near England (ex., Simpson, 1981). These
fronts are characterized by an abrupt change in stranflcation, a position predicted by
the H/u3 parameter, strong along-front flows (v 0.2 cm/sec) and the presence of
instabilities leading to perturbations along the front (wavelengths of 20 - 40 kms)
which can break off and transport large amounts of water across the front (Slmpson,
1981). The along-front flow is consistent with a geostroptuc current however their
predictions, using the observed density gradients, are often larger than measured.
Simpson (1981) suggests that the simple energy balance leading to the H/u3 criteria
may not be sufficient to account for all the observations mcludmg the lack of shifts
in frontal posmon over spring-neap t1des, the comphcated current patterns ‘and

baroclinic instabilities,

Frictional flow at the front was suggested by Garrett and Loder (1981) as one

‘mechanism for frontal circulation. In this case, the horizontal diffusion rate of an

isopycnal is given by the local value of (N2 / £2) Y, where N is‘th_e Brunt-Vaisala
frequency, 1, the coriolis parameter and V), the eddy viscosity, Maximum lateral
diffusion occurs on the stratified side thereby weakening the front on the less dense
sxde and sharpemng on the denser s1der (. €. convergence) The decay tlme of the
front assuming density advection balanced by vertical diffusion (KV) was shown to be
(N/BXV/Ky /2. A model for the tidal front on Georges Bank, over sloping bottom,
showed a circulation dependent on a Ekman number (Ej, = Vy (£ h2) -1) which varies
horizontally across the front, anreasmg on the well-m1xed (denser) side. A two-—cell
circulation pattern develops here with surface convergence, downwelhng along the
frontal interface and upwelling along the bottom of the well-mixed side. The model
involves a parameterization of a vertical eddy viscosity as Y= V4 F(Rjy), (i.e.,
function of an average R1chardson number) with \?0 gwen by u*2/200:f (u* average
friction velocity of the tidal current see Csanady, 19?6)
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Mixing across shallow-sea fronts cé}n occur by numerous processes including
“mean flow across the front, shear dispersion (similar to tidal estuaries), baroclinic
eddies and simply by changes in the frontal position, increasing or decreasing the
extent of the well-mixed side. Away from the surface and bottom Ekman layers, for
low Ekman number fronts a cross-frontal mean flow can be obtained assuming a

geostrophic balance to the sloping isopycnals. The cross-frontal velocity has the
form :

ae-q8ta (Y 3R
| ‘)_5 Qo %

By continuity, the vertical velocity is given by

A -1}_ Q"B—
W s 3% 3#‘6 91‘-)

(Garrett and Horne, 1978; Garrett and Loder, 1981), which leads to downwelling on
the denser side. Baroclinic eddies have been observed by satellite photos for both the
Celtic seafronts and around Georges Bank (radius here v15 kms). |

Shelf-break fronts are retrograde fronts as defined by Mooers et al. (1978)
having a cross-frontal scale of the order of the internal Rossby r_adius of deformation,
an along front scale of many radii and a persistence greater than several inertial
periods. The shelf-slope front off Nova Scotia is generally less than 10 kms wide ( 1
to 20 kms} and characterized by strong interleaving of water masses with the layers
coherent for several kilometers along the front, extending the width of the front, and
having depths of 10 - 20 meters (Horne, 1978). The strong grédients in temperature
are compensated by changes in salinity across the front resulting in little densify
signature. Within each interleaving layer, the density is homogenous so that a
vertical density profile has a characteristic step-like appearance. Along the upper
and lower boundaries of these layers, mixing (on scales .0l to 1 m) occur due to
double diffusive processes (see Turner, 1973, Chabter 8 for a good discussion).
Double-diffusion results from the unequal molecular diffusivities of heat and salt. If
cold-fresh water lies over warm-saity water, a temperature driven "diffusive" mixing
occurs as heat diffuses faster than salt, and at the boundary, convective motion in
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" both layers is set-up. If warm-salty water lies over cold-fresh, salinity driven mixing
occurs and a salt- fmger interface develops. Double diffusive transports cause the

intrusive Iayers to lose their temperature and salinity anomalies and to change

density, either rising or sinking depending on the relative fluxes from the upper and

lower surfaces. Assuming a balance between cross-frontal advection of heat and salt

~into an mterleavmg layer and dlfoSlOl’l by small scale "double-diffusive" mechanisms,

Horne (1978) estimated a lifetime of approximately 30 hrs for a layer extending 3
kms, an intrusive velocity of .03 m/sec with a corresponding horizontal diffusivity of
Kh = 260 m2/sec and vertical eddy diffusivity in the frontal zone Ky = 5-50 X 10-%

_ _m2/;gc_._ Mixing due to cabbeling (i.e., the formation of denser water by the mixing of

two waters of equal density but different temperature and salinity) could result in a
downwelling velocity of 1 - 10 m/day, possibly contributing to the maintenance of the
front (Garrett and Horne, 1978; Horne et al., 1978). Calving of the shelf slope front

_ off the mid-Atlantic Bight has been observed (Mooers et al., 1978) and may also be

occurring off Nova Scotia. Here lens shaped parcels of water (10 - 20 kms wide, 20
to 50 m thick) are transferred from the shelf to the slope, with a seaward migration

along isopycnal surfaces. The front is also subject to instabilities, internal tide

- oscillation, and impingement of Gulf Stream rings as discussed in section 3.3.

Large scale interleaving has been observed in the Beaufort Sea shelf/slope
(Melling, 1983) due to the cold, salty waters, formed on the shelf by water freezing
and salt extrusion, which can come into contact with the warmer Atlantic waters, at
depth, off the shelf. Though so far not studied, many of the processes observed off

the Scotian shelf should be occurring here as well.

~ River plume fronts (ex. Mackenzie River) have the general characteristics
described by Bowman and Iverson (1978) and modelled by Garvine (1980). River
plume fronts always show a two sided cdnvgrgence and downwelling. The front
spreads relative to the ambient fluid driven by the horizontal pressure gradient of the
river water and oppositely directed interfacial slope. Surface waters are entrained
and mixed downwards, opposite to the upward entrainment in estuaries. Along the
outer edge of the Mackenzie River plume, eddies, as observed in satellite photos, can
break away from the plume and act to mix the brackish nearshore water with that
overlying the continental shelf (Fissel and Birch, 1984)., These would be a result of
instabilities similar to those of other fronts. |
There has recently been increased interest in mixing caused by melting
icebergs and glaciers. Laboratory experiments (ex., Huppert and Turner, 1978,
Huppert and Josberger, 1980) and field measurements (Horne, 1985) have shown the
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presence of upwelling near the ice face as well as interleaving layers extending away.
Near a glacier face (see Horne 1985), the buoyant meltwater creates an inner
boundary layer, turbulent or laminar depending on the Grashof number, which rises.
An outer downweliing layer (from 0.5 to 5 kms away from the ice face) was also
observed. Meltwater mixes as it moves upward, entraining ambient fluid, until it
reaches a density equal to that of the surrounding water and extends out as layers
into the warmef, saltier water. As heat is lost preferentially to salt, the ambient
fluid loses heat, increases in density and downwells. Double-diffusive exchanges
cause the meltwater layers to rise as they move away from the wall. Upwelling
velocity on the order of 1.7 x 10-3 m/s was calculated by Horne for one particular
site with suggestions that it may be larger for icebergs in warmer water, '
Wind-driven upwelling near coasts also gives rise to fronts. These are
prograde fronts (i.e., frontal isopleth slopes are the same as the cross-shelf
'topography., Mooers et al., 1978). Shoreward of the front, the recently upwelled
water is relatively dense compared to the surface water seaward of the front. Over
seasonal time scales, such as off Oregon, the transport of water offshore creates a
horizontal pressure gradient which in turn drives an along-shore surface current near
the upwelling front over the shelf, and an opposite undercurrent near bottom over the
upper slope region (see Mooers, et al., 1978). Transient events may be quite strong
and perturb this seasonal picture. Wind-driven upwelling near fast-ice edges was
discussed by Clarke (1978) and results from an"'infinite" stress curl at the ice edge
similar to coastal upwelling, due to the change in wind stress over ice and water.

Pack-ice can also lead to upwelling along its edge, if the distance the pack ice moves

perpendicularly to the ice edge, over the wind event, is small compared to the Rossby
radius of deformation and if the change in ice density within the radius is sufficient
to drop the wind stress to negligible values over the pack ice (Clarke 1978).
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"~ 4.3 Longitudinal Mixing

Est1mates of longltudmal m1x1ng in the deep ocean have been rev1ewed by
Garrett (1979). Dye studies by Okubo (1981), also resulted in estimates for the

surface mixed layer. In both cases, Kh was of the order 102 - 103 m2s-1,

In estuarine waters, salt balance estimates can be used to calculate the
effective horizontal dispersion coefficient. Holloway (1981) examined the upper
reaches of the Bay of Fundy, a well-mixed estuarine system, and obtained an
estimate of 300 mZ s-1 (max. of 850 m2s-! in Minas channel} for K. The necessary
var1at1on in Kp to account for the observed salinity distribution, was found to be well
descrlbed by the parametnc equation 200 Uxh were ux is the RMS friction tidal
current velocity averaged over the M5 tide, h is the water depth and the overbar
1nd1cates a cross-sectional average. Estimates for shear dispersion have the same
functlonal form however with the constant reduced to approxxmateiy 25 for the Bay

of Fundy. Shear dispersion occurs when vertical mixing (parameterized as Ky

V.06 uxh for a well-mixed estuary - see Fisher et al., 1979), is interacting with a

shear in the current and results in a spreading out of a tracer in the direction of flow.

- The influence of oscillating currents on Kp due to shear di'spersion depends on the

ratio of T/T. where T is the period of the flow and Te is the time required for
m1x1ng over the water depth. Kp, is mdependent of T/TC for T/Te» 1. It is reduced
for T/Te « 1 and can be expressed as Ky, = ( S2 /w?2) Ky where $2 is the mean-
square vertical shear of the horizontal current which oscillates with frequency W (see
Garrett and Loder, 1981). For T/Te> 1, Ky is proportional to C uxh with a value of
C between 6 and 25 (Bowden, 1965). To account for the larger value of K, obtained
in the Bay of Fundy, Holloway suggested that a Zimmerman-type mixing mechanism
may be occufring (see Zimmerman 1976, 1978). The basis of Zimmerman's approach
lies in the 's'dperposition of Eulerian residual eddies and an oscillating tidal current.
As tides move over changing bottom topography, non-linear interactions result in the
formation of residual current eddies around the bottom perturbations. Assuming that
these perturbatlon__s are more or less randomly distributed over the bottom, this
results in a random distribution of eddies (in both strength and size). If an oscillating
current is now superimposed on this field, a net Lagrangian dispersion of water

parcels will result. Zimmerman parameterized the effective longitudinal dispersion
as

Kh=b (L AU
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where U] is the tidal velocity, L} the tidal excursion and b is a function of the energy
density spectrum of the residual current velocity field weighted by a function
depending on Z(ratio of tidal/residual RMS velocity) and A (ratio of tidal/residual
length scales). For the Dutch Wadden Sea, Zimmerman obtained values for Kh

v 800 m 2s-1.
In stratified estuaries, a gravitational circulation is driven by the longitudinal

derisity gradient, due to river influx, which can transport tracers up or down the
estuary. A review of the parameterization of this process is given in Fisher et al.
(1978) as well as the numerous limitations in field calculations.

Loder et al. (1982) made estimates of horizontal exchange across the flank of
Georges Bank by examination of the evolution of temperature on top of the Bank with
seasonal solar heating. Kp, estimates ranged from 150 - 380 mZs-1, Estimates due to
mixing by internal tides on the Scotian shelf had an upper bound of Kj v 200 mzls
(Petrie, 1975). o
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4.4 Langmuir Circulation

| Langmﬁir. circulation will be classified as a mesoscale feature as it can be
considered to consist of an "organized" cellular flow pattern in the surface mixed
layer with set length and velocity characteristics. A good review of the form and
dynamics of Langmuir cells is given by Leibovich (1983)., The following summarizes

“salient features_ and is taken fron") this 'report.

Langmuir cells or "windrows" consist of parallel vortices with axes aligned
with the wind direction (maximum deviation less than 20°), a range in spacing of
meters to hundreds of meters, a length of 20 to 100 times the spacing (i.e., tens of

‘meters to kilometes), and a penetration depth related to density stratification though

generally having an aspect ratio {(spacing/(2* depth)) close to I. A threshold wind
speed of 3 m/s is usually taken as the minimum wind speed fequiréd for cells to
develop in a stable water column. Cell development and change in orientation under
a wind direction shift occurs rapidly (i.e., minutes). There generally exist an
hierarchy of windrows with both small scale temporary cells and relatively permanent
large scale cells. The vortices are asymmetric and alternating in rotation leading to
areas of convergence and divergence at the surface with positively buoyant particles
swept along the surface to accumulate over areas of downwelling. The asymmetry is
seen as intense downwelling, with speeds of the same order as the wind induced

surface currents (.03 - .08 m/sec) contained in a narrow band with a broad, return

upwelling over the rest of the cell {measured speeds less than half downwelling

“values). As a result of the circulation pattern, both positively and negatively buoyant

particles may become trapped within a Langmuir cell depending on their relative

terminal velocities. An analysis related to dispersed oil particles was performed by

Leibovich and Lumley (1982) and that for bubbles by Thorpe (1984).

' There are two independent sets of theories on the development of Langmuir
circulation related to wave-current interactions. The model proposed by Garrett
(1976}, involves an amplification of waves in a region of increased horizontal current
(such as observed in the long-wind surface current above the downwelling jet) which
leads to preferential wave breaking - momentum transfer to the current as well as a
surface convergence. This is a positive-feedback mechanism which eventually would
lead to roll motions aligned in the wave propagation direction. A second set of

theories, the Craik-Leibovich theories, are more generally accepted to describe the

~ dynamics. These are related to fluctuations in vorticity, either thrbugh a direct drive

{Theory I) or instability {Theory II) mechanism. In Theory I, the interaction between
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the waves Stokes drift and a vorticity due to an existing current results in a "vortex

force" which is normal to both the Stokes drift set up by the waves parallel to the
wind énd with the vorticity associated with the mean current shear with depth. The
"vortex force" is obtained af?cer averaging over time to obtain a rectified water
motion. If the Stokes Drift varies across the wind direction in a coherent manner,
the corresponding horizontal variation of the vortex force will result in a torque and
overturning. In Theory II, the waves do not need to have any particular coherent
distribution. Any small cross-current irregularity in the along-wind current would
lead to vertical vorﬁcity and a horizontal vortex fofce, when combined with the
Stokes drift, directed towards the maximum of the current irregularity. This force
leads to acceleration of the surface layer, sinking of fluid at the convergence zone
and an increase in the amplitude of the current anomaly in the absence of friction
(i.e., positive-feedback). For further discussion on these theories, see Leibovich
(1983) and references cited therein. ' o
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5. MICROSCALE FEATURES

5.1 Vertical Mixing

There are primarily two groups of mechanisms leading to vertical mixing in

‘the ocean: 1) interfacial _shears and 2) buoyancy - convective mixing.

Interfacial shears result from a jump in velocity and dénsity across an

interface. Surface and bottom boundary layer mixing is the most obvious example.

. Shears in frontal zones were discussed in Section 4.2. A shear between two stably

‘stratified fluids having different velocities can lead to the development of an

instability (i.e., wavelike) which results in water overturn generating local
turbulence. The fastest growing instability is of the Kelvin-Helmholtz (K-H) tjpe,
shown in experiments and theoretically by Miles (1961) to occur when the gradient
Richardson number falls below 1/4. The range of wavelengths leading 1:0. this
instability. are on the order of 7.5 H to 6.3 H where H is the length scale of the
interface thickness (see Turner, 1973). The maximum thickening of the interface (i.e.
reduced density gradient) due to K - H instabilities is related to the balance between
changes in kinetic and potential energy and given by J.Qou /‘SAQ with a typical
value given by 0.3%cu ’359 (see Turner, 1980). Once breakmg occurs, the

“Richardson number-increases above /4. An increase in the shear is required to again

reduce the Richardson number and this can be suppliéd by the internal wave field in
the ocean. '

Buoyancy -convective mixing has already been discussed in terms of double-
diffusive mechanisms at fronts in section 4.2, Other examples include mixing of the
surface layer due to vernal cooling and salt extrusion {ice formation) and buoyancy
flux of meltwater from an ice face (section 4.2). _

When searching for evidence of turbulence, one must separate areas of active
from fossil turbulence. In areas of active turbulence, energy is beng input to the
system and further mixing or entrainment can occur. Fossil turbulence is a remnant
signature of a previous mixing event (ex. breakng internal wave) and energy is no
longer available for further mixing. Fossil turbulence resuits from the unequal
dissipation of turbulent kinetic energy and the gradients of scalar properties' which
are usually measured. The persistence of a fossil patch incréases with the parameter
% /N where X. is the rate of strain of turbulence at the time of fossilization
(= (el )‘l‘ € = energy flux, ¥ = eddy viscosity) and N is the Brunt-Vaisala
frequency (see Gibson, 1980). For active turbulence to be present the length scale, L,
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" of measured variations, must be smaller than the Osmidov scale, Lp (= (€ /N3)1/2),
where inertial forées of active turbulence equals the buoyancy force of local
stratification and much greater than the Kolmogoroff scale, Lg ( = ( \7’/5 )l’: (‘73\13.
where viscous forces equal inertial forces (i.e.,, LR » L » Lk). A third important
length scale is the Batchelor scale, Lp (= (Do/y)!1/2 where Dc is the molecular
diffusivity of a scalar c), representing the smallest feature in a turbulent scalar field
(i.e., molecular diffusion balancing convection due to the turbulence) (see Gibson,
1980). For fossil turbulence, ¥ is replaced by N in both the expressions for Lk and
Lp. I one considers dispersed oil droplets as a scalar, an equivalent scale to the
Batchelor scale can be derived based on the dissolution rate of the droplet.

Following Gargett (1984), the change in concentration, ¢, per unit time,
resulting from diffusion processes can be given as: | |

9% . o-ugdt _oad et 4od Uvede) L f
aﬁ A""_ AML J,x" 34‘: 5.1

where primes indicate variation from a mean, D, is the molecular diffusivity, Uj the
advective velocity, F source or sink terms and the overbar is some ensemble
average. The second term in RHS of eq. 5.1 can be written as:

TG L WO .y (kg )
o e Ik I

5.2

where Kj; is a parameterization of mixing by turbulent eddies, chosen to resemble the
molecular diffusion formulation. '

The RHS can be expanded, for the vertical component, to

23 -k, Lo o+ ak Ao

= 5.3
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Generally, as Kjj » D¢, the molecular diffusivity term is ignored, exceptions
bemg in the analysis of double-diffusive fluxes and when the relevant length scales

“are such that diffusive subranges are important in turbulence studies. The second

term in the RHS of eq. 5.3 is often set to zero assuming no depth dependence of K.
However, if kept, this term provides a "pseudo-velocity” or advection of c. Gargett

and Holloway (1984) have suggested that turbulence due to breaking internal waves

_ should result in a parameterization of Ky as

“oe? -
kv 2 P\EG.M ' = 0N i l.o € P< IS
I__ RF _l‘o_‘_%ﬁ‘o-y

where Ry is the Flux Richardson number (+0.20). Both € and ag are site specific
parameters.

For practical applications, various approximations may be used to estimate

. values of Ky. For homogeneous water columns, mixing resulting from bottom

friction, Csanady (1976) suggests parameterizing Ky as
Ky=uH/20 if H<O0lu,f

Ky=u,2/200f if H > 0.1u.f
v * *

" where u , Is a friction velocity equal to the square root of the drag coefficient (Cq v

2.1 x 10-3) times a depth averaged velocity {i.e., C4l/2 u), H is the water depth and £
is the Coriolis parameter. In the presence of stratification, K, would be reduced by a
function of the Richardson Number, such as K, = Ky, (1 + 7 Ry ~1/4# suggested by

Bowden and Hamilton (1975). The constants for this expression are obtained through

experimental fits and the expression is generally only applxcable in shallow seas and
well-mlxed estuaries.

" Estimates for’ K thhm the surface mlxed layer span (i. e., two-layer
systems) 3 orders of magnitude (v .5 x 10-4 - 10-2 mZ/sec-1, Denman and Gargett
(1983)). Under various assumptions, the scales of eddy motion in the surface mixed
layer can be used to estimate Ky which can be applied in analytical or numerical

models of oil dispersal in the mixed layer. The following development is extracted
from Denman and Gargett (1983).
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For a uniform stress layer (taken as the homogénous surface mixed layer), the
important parameters are £ , W«, the turbulent friction velocity {related to wind

speed through the assumption of constant windstress across the air-sea interface

TGty = et = Ry

where Q., = air density, Q“, = water density, Ujg = 10 meter wind speed, Cjg v 1.3
x 10~3) ) and N, Here, € = “’13 j,mi!: ‘where kyk is von Karman's constant (0.4) and
z is depth below the surface boundary. The largest eddy {vertical) that can exist in
the surface mixed layer has a length scale equal to the Ekman 'depth, i.e = 0.4 W/ 1,
or the mixed layer depth, H, whichever is smaller. The time scale for movement
around an eddy, Ty, is equaf to Lyy/UT where Ut is the RMS eulerian velocity
proportional to 2.0* Wx, For Ly = Le, Trpy = 0'.2/f implying a time scale independent
of wind speed. For Lm=H, Tpm=L/ UT = L / 2*Wx implying an inverse dependence
on wind speed.

When stratification over a chosen distance becomes important, the length
scale is determined by the buoyancy (Osmidov) scale, Lg = (€ / N3)L/2, 1f the length
scales of the largest eddies are less than the buoyancy scale, homogeneous turbulence
can exist. At the surface, for water depths greater than 10*Lp, eddies scale as LR,

but for shallower depths, eddies fee! the air-sea boundary and are controlled by

surface stresses (i.e. € = Wx2 / (kykz) ). There is generally an order of magnitude
difference between LR in the surface mixed layer and in the thermocline.

When considering mixing, it is the Lagrangian motion that is important in
order to determine the net displacement of a water parcel, or buoyant particle, with
time. For example, detailed modelling of positions of dispersed oil particles requires
knowledge of the Lagrangian displacement. Various approximations must be used to
relate the Lagrangian field to the Eulerian measured Components which is usually
measured. These are also discussed by Denman and Gargett (1983). A Lagrangian
integral time scale, T, is given by

O
L = g Ry (9 dt'

-]
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where Ry (T") is the Lagrangian velocity auto-correlation function. For time scales

‘less than T, Ry v 1 and the RMS vertical displacement of a particle can be obtained

z (t)__z = UTZ T2

where UT is the Eulerian RMS velocity, as before, and T is time. For time scales

greater than Ty,
ZW2 =2U12T, T
For large Reynold's number turbuience, Ty v Ly, / (3 ur). z() repres'ents the

standard deviation in the vertical of a Gaussian distribution. The expected position

of a particie (or water parcel) at time T, compared to an initial position Zy;, is equal

- to Zo Z(T) within certain confidence limits. When stratification becomes important,

Ky vUT2TL or Z (2 = 2K,T

(as long as Z(T) is less than initial depth of the particle).

On dimensional grounds, the energy flux, € , can be related to Ky as
Ky + A€ N-2

where A is a constant around 0.25.

Qakey and Elliott (1982) have shown that in the surface mixed layer, the

1ntegral of € over depth is proportlonal to the cube of the 10 meter wind speed.
Hence K, can be also esnmated as

Ky U103 N-2
. ST

Direct estimates of K, have been obtamed using dye studles, tracers and
direct measurements of property fluctuations from profiles., The approaches and

~ limitations of these various methods are discussed by Gargett (1984). Of particular

importance is the presence of the "pseudo—veloc1ty" mentmned earlier, to tracer

studies. Profiler methods assume a balance between Ky and the molecular diffusivity
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of a scalar D, as Ky = CoD¢. Co is a three-dimensional Cox number (if using

Al ¢ *
temperature = (*;% ) , ‘”—%}) ). As the variance in only one dimension is usually
[ A

measured, this expression is weighted by a factor of 1 to 3 depending on the degree of
isotropy assumed. Gargett (1984) suggests a general inverse power law for K, related
to N (i.e., stratification) under all applications. This would greatly simplify
“modelling of vertical mixing processes.

The assumption of a uniform surface, constant stress layer for Lagrangian
displacements, has been questioned due to the presence of turbulent patches
associated with breaking waves and Langmuir circulation in the mixed layer (see
Kitaigorodskii, 1984; Kitaigorodskii and Lumley, 1983; Kitaigorodskii et al., 1983;
Thorpe, 1984). This is particularly important in oil dispersal studies as the physics
involved in oil droplet formation is directly related to the level of turbulence (see Raj
and Griffiths, 1979).

Kitaigorodskii (1984) suggested that the size of turbulent patches and
characteristics of the turbulence related to breaking waves must reflect the energy
balance in the equilibrium‘ range of the surface gravity wave spectrum. He assumed
that the energy flux, € , goes entirely from low to high wavenumbers (however, there
is some question of energy being transferred to lower wavenumbers as well) with all
wave breaking occurring by a cut off wavenumber kg v 10-2g / (= 2/3 {g is
gravitational acceleration). The values for kg and Tg (v 10€ 1/3/g), the cut off
period, can be found by equating € to the rate of energy loss-per unit surface area
obtained via a statistical (or probability) argument for the mean energy loss per wave
cycle due to breaking and the second moment of the frequency wave spectrum.
Assuming the stationary existence of a turbulent patch, conservation of énergy
requires & /Hp = R & where Hg is the vertical dimension of the turbulent patch
and E: ié viscous dissipation inside the patch. For the continuous existence of
turbulence, the time scale of the lifetime of the patch (TT = Hg / € 1/3) must be
greater than the characteristic time scale of breaking events. This implies, for
continued existence, that TT/Tg> 1 and an estimate for Hg > 10€ 2/ 3/g. These time
and length scales will be important in assessing the behaviour of dispersed oil in the
surface mixed layer, entrained by wave breaking events.

In order to examine the turbulence spectra beneath breaking waves, one has
to separate wave velocity components from turbulent components (see Kitaigorodskii
and Lumley, 1983; Lumley and Terray, 1983). Lumiley and Terray (1983) did this by

assuming a wave velocity linearly related to wave heighf, independent of turbulence

)
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which is, in turn, obtained by removing all signals coherent with wave height. The
resulting turbulence spectrum showed enhancement about the central wave frequency
with aliasing into its harmonics. The combined equations governing the interaction
between waves and turbulence are given in Kitaigorodskii and Lumley (1983). _
Raj and Griffiths (1979) examined the formation of oil droplets and their
splitting under breaking and non-breaking wave states. They estimated a minimum
sed state for non-breaking globule formation at a significant wave height of 3 meters

(a possible range of 2-4.7 meters) Droplet splitting, under breaking waves, is related
to the Weber number:

We = surface tension force = /t:L
. . - ; L
inertia force Q A

such that splitting continues until We 2 1. (’C; surface tension of the oil, d = drop
dlameter, ew water density, U3 = RMS velocity difference over distance d). The
smallest droplet size is given at We = | at equilibrium. (Note: this implies active
turbulence. Under conditions of fossil turbulence, droplet size will increase.)
Milgram et al, 1978 (as quoted in Raj and anfrths, 1979) have shown that dmin Lk

~ and have related it to ocean wave spectrum:

s o
s
dmin & 012 T W

313’ if s
R
(W= modal wave frequency) with a suggested dmjn of 50 microns.

For oil f11ms thmner than th1s, a second expressmn is needed

‘ '-l}ns‘ t],
~dmin & 0.3 t

*ls 5‘],5-

(h = thicknes of fhe film)

The downward dispersion of oil droplets from breaking waves is believed toJ be
due to the entrainment of oil droplets in the turbulent wake and not from direct
impuise forces. Milgram et al (1978) (as quoted in Ra} and Griffiths, 1979), showed
that the maximum depth of penetration is given by:
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| M
Z a = 0032
e CoCw ¥t
where M = rate of loss of wave momentum per unit crest length

Cw = wave phase speed

Wt = terminal velocity of a drop which penetrates to depth. Zmax

Zmax P Wt § Zmax] d |, direct impulse assumptions would imply a direct
relationship, i.e. Zmax? d1 ). The major problem with this approach, however, is that
it does not take into account any stratification of the water column, limiting
penetration depth nor how the presence of oil alters the sea state,

Thorpe (1984, a, b, c) examined the distributions of bubbles below the
surface, in the mixed layer, both analytically and numerically, and obtained estimates
for Ky .004 - .02 mZ 51, Models of air bubble behaviour are important in relation
to the dispersion of oil due to wave breaking as much of the physics would be similar
and the joint distribution of air and oil "bubbles" may be important as the faster
rising air bubbles can entrain water, thereby affecting surfacing rates of oil (see
Naess, 1981). Thorpe's model assumes that the size of the bubble is small compared
to the Kolmogorov Scale, that they are spheres and are sufficiently dispersed to
prevent bubble-bubble interaction. Turbulence is simulated by displacements of the
water surrounding a bubble through a distance, L, in a random direction © so that
the equivalent bubble displacement is L sin® horizontally and LcosG-WBAT
vertically where Wy is the buoyancy velocity, a function of the bubble character
incorporating changes in radius, gas composition, etc. The output is a concentration
and size distribution with depth. Thorpe (1984 b, c) suggests that Langmuir
circulation cells could significantly change both of these properties as observed in
sonar displays of bubble distribution (see Fig., 2 in Thorpe, 1984(c)). The relative
dominance of Langmuir circulation on three-dimensional turbulence assumed in an
initial wave breaking event will have to be determined. '

M
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5.2 Behaviour of SuSpensions

The behaviour of a suspension is generally considered to have rheological
properties determined by the interaction of the dispersed phase with the surrounding
medium. If the dispersed phase consists of small particles {(+ 0.1 to 10 microns in

diameter) inertial and gravity effects are ignored. In most studies only dilute

‘suspensions are considered (i.e., no interaction of particles) and the suspension can

then be treated to an equivalent fluid with an effective viscosity increased by a
function of the volume fraction of the dispersed phase. This result was first
discussed by Einstein in 1905 who suggested the formula ¥ = V4 (1 + 5/2 @,) where

Vo is the viscosity of the ambient fluid and @ Is the volume fraction of the particles

(see Herczynski and Pienkowska (1980) for a review on statistical theory related to
suspension dynamics). This basic formula has been modified in various ways to
account for such things as the shape of particles and Brownian motion f{ex.: if

Brownian motion is strong enough to'ove'rcpme the hydrodynamic effects, the formula

~for V becomes V = Vo (1 + 2.5, + 6.2 2) (Herczynski and Pienkowska, 1980)).

The basic approach to handling suspension behaviour is to set out the
analytical governing equations for the microscopic behaviour of the particles and
then perform some sort of averaging. As a result, many simplifications must be
introduced. The modelling approach detailed in Drew (1983), however, is flexible
enough to account for many of the more complicated interactions including mixtures

of different size particles, particle deformation, breaking or agglomeration (see

" references cited in paper). The basic formulation does not appear to be limited to

non-inertial effects. Discussion on deformation and drop breaking is given in Rallison

(1984). The one question still to be addressed is the behaviour of non-dilute

suspensmns when partlcle mteractlons become important.

For larger partlcles (i.e., order 10-% - 10-2 meters), the averaging used in

suspension theory would not apply and individual particle behaviour modelling is

- required. The formulations needed would be almost identical to that used by Drew

(1983), before averagmg Various approx1matlons must be made to sxmpley the

equations (for example see Leibovich and Lumley, 1982 d1scussmn) with concurrent

loss of generality. These are dictated by the problem bemg examined and the
computational expense involved.

The formanon of water~1n-01l emulsxons, or "chocolate—mousse", is commonly
observed in oil spxlls. These emulsmns are neither dilute nor composed of small

parncles. The emulsion should be treated as a whole with propertles similar to that
of pseudo-plastics.
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6.  IMPLICATIONS FOR THE BEHAVIOUR OF OIL SPILLS .

Depending on the scale and resolution, the sophistication required for
modelling of an oil spill can vary from order of magnitude estimates to sophisticated
four-dimensional numerical models {(x, y, z, f). With respect to the long-term
dispersion of the dissolved fraction of oil, a water mass or tracer analysis may be
sufficient. Modelling complexity generally tends to increase as one decreases the
time and space resolution required. In order to properly follow both a surface slick

and the subsurface dispersed fraction, a coupled surface and subsurface model should

be used. ‘

A good review of the state-of-the-art modelling of oil spills is given by Huang
(1983). Very little work has been performed regérding subsurface oil behaviour. Two
approaches in subsurface modelling have been taken. The first is the SEADOCK
model (see Williams e_i al., 1975) where measured current velocities are applied
directly and the second is the URI (University of Rhode Island) model (see Cornillon
et al., 1979) which uses the three-dimensional mass transport equations. In the URI
model, individual particles are injected into the water column which is divided into
cells, | Calculated concentration gradients, and advective velocities from a
circulation model, provide the diffusive and advective transports between the cells.

Two-dimensional behaviour of the dispersed oil phase has been examined for
specific applications such as the effect of Langmuir cells (Leibovich and Lumley,
1982), distribution after chemical dispersion (Mackay et al,, 1982), concentration
profiles for different particle sizes (or buoyancies) after wave breaking (Johansen,
1982, USCG sea-oil interaction studies) and the physics governing oil droplet
behaviour (Raj and Griffiths, 1979). These types of studies, however, have not been
integrated directly into large scale oil spill models though the URI model is capable
of doing so to some extent. ‘

The importance of numerical models lies in their ability to calculate the
complex interations between the physical and chemical processes that are occurring.

The basic requirements for a model includes:

- choice of grid sizes, boundary conditions and time step which allows
sufficient resolution of the smallest physical process of interest while
maintaining computational stability and efficiency.

iy
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- means of separating time 'and spatial dependence to allow for
simplification (i.e., certain processes can be taken as constant in time or
space through selected averaging procedures).

- suificient detail of the wind, wave and current field as well as water
column structure.

- representative expressions, or the use of submodels, for the various spiil

and physical oceanographic processes occurring,
The."idealistic" model] formulation would:

- Treat the initial spilled oil volume as surface, subéurface dispersed and
dissolved fractons. Further sophistication can be obtained by introducing
the composition of each fraction (i.e., low molecular weight alkanes, high
molecular weight alkan.es, aromatics, etc.) and following the behaviour of
each component. This would allow for the direct calculation of oil
properties such as viscosity, interfacial tension, etc., which are dependent
on composition.

- Use of a four-dimensional model (x, y, z, t) and a variable or "nested" grid
~system whereby resolution is increased in specific areas of interest. A
second approach, as taken by the URI model (see Cornillon et al., 1979)
involves a fixed or "Eulerian" grid system for which the current, wind and
water properties are specified, and a translating "Lagrangian" grid, moving

- and expanding to include all oil particles and maintaining the same vertical
resolution. This model follows oil droplef concentration in each grid cell.

The following equations describe the specific interrelationships and parameters of
interest to oil spill modelling.

- Conservation of Mass (i.e., total change of oil volume per unit time over
the model area equals zero). '

: : Vi + S -
3 = Ve o > Ve v Vo WK = O
3 suif _3—&_ T

.

l.€.
3

where
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Vsurf surface oil volume (or concentration) in grid square
iy jy k = 0 at some time t=mat
(At = time step, m = no. of time increments passed).

The summation is performed over all grid squares.

dispersed oil volume in grid square

Lj,k=1,n attimet=mat

VDisp

VDiss dissolved oil volume in grid square

Lj,k=1n attimet=mat

Sink: sum of all oil lost to the system due to evaporation,
biodegradation, settling, etc., from t = 0 to t = maAt.

- Mass transport equation for the three fractions:

Surface Spill 3Vouer = Fiw *Rs - C Em - Enr, - Ois,
st

- WUg " V\/sun - SPe

Dispersed il MVy o = £ Sp.Eaw - RS = Dis, - ABS

&
é't bs‘ - v VBI.SP

Asg* VVoise T X

=
| . R N Va5
Dissolved Oil %=1 v, = Dis,+ bis,~ €vy = s Phigy + Vs ™V Nois

T

| . VP Voiss
23w AU.“‘S_‘ - blSa.'_ %SS . v\,bléé * Eﬁs
=&, —— ]

at

where V( )is a function of x, vy, zand t

- zero advective or mixing flux through upper and lower boundaries

- grid z = 0 is the surface spill, water column divided into gridz=1ton

£y

{"
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"The expressions on the RHS range in complexity from empirical representations using
experimental or observed relationships to complex sub-models.

Fin = rate of oil supply to the surface at the centre of the model grid.
| This can be taken as a continuous supply or as an instantaneous
splll of volume me The latter is simpler as one assumes the
entire volume to have umform characterlstlcs at time t = 0. By
treating the supply as continuous or cqmposed of small "spillets",
an "age" dependence has to be incorporated and a marker particle
approach requ1red Thls latter approach may prove necessary as
direct observatlons of surface spills indicate a discontinuous
nature, with concentrations along windrows, breaking up due to
wave action or varying thickness across the spill (thick lenses
_ 1nterspersed over a thin sheen) which would influence
7 entrainment, evaporatlon etc. (Ra] & Griffith, 1979).

RS _ = resurfacing of dispersed oil from grid z = | or upward migration of
dlspersed oil parncles. This i5 a function of the volume of
dlspersed 011, ‘the droplet size spectrum and droplet density (i. e.,'
| buoyancy) in each cell. Time dependence and spatial dependence
- results from specifications of C-Ep and SPEp.

C 1-Eﬁ T Zrate of entramment of surface oxlmtothe dispersed phase. Time
dependence is related to the "age" of surface oil (i.e., changes in
viscosity, surface tension, etc. }, the nature of the surface oil (ex.

. thick re51due, or thm shck resultmg from resurfaced oil), and
h env1ronmental parameters such as wind speed. C| reflects a.
spatial and temporal probability associated with entrainment
mechanisms such as wave breaking, in turn related to the wave
'spectrum.

éSp-En = size spectral partitipning in grid z = 1, n of the entrained oil such
that QSP = volume fraction of En in grid z. This can be treated

_.as an instantaneous input from an event such as wave breaking or

iﬁcbr'péra{é .rppre elaborate mechanisms such as drop splitting

(i.e., shift in the spectrum to smaller sizes) or drop coalescing.

Various resurfacing, sinking and absorption or mixing processes
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could then be related to the shape of the particlé size spectrum.
Droplet behaviour related to turbulence is discussed in Raj and
Griffiths (1979).

rate of evaporation (and other loss processes) of the surface oil .
It is a function of time related to the time change in oil
properties (composition, viscosity, thickness) and environmental

parameters such as temperature and wind speed.

rate of dissolution of the surface oil - input into grid cell k = t (all
j's and i's), also a function of time due to "age" of surface oil and
environmental parameters such as water temperature, salinity and
concentration gradient of the dissolved component, and boundary

layer dynamics at the oil-water interface.

advective flux with Ug representing an horizontal velocity due to
wind, surface water currents, surface waves, etc. This is drift
due to winds and waves requires knowledge of the regional wind
field. Surface and subsurface currents may require input using a
detailed circulaton model incorporating such things as tides, wind
forcing, bathymetric effects, density structure, etc. Small scale

. processes could also be included such as Langmuir cells and

frontal circulation.

rate of spreading of the surface slick due to gravity, surface
tension and horizontal fnixing. This is a time dependent process
as the spreading mechanism and rate change with the evolution in
spill size, thickness and chemical properties. The spreading of the

surface spill indirectly controls the entrainment, evaporation (and

other losses) and dissolution rates.

rate of dissolution of the dispersed oil. It is a function of time
due to droplet composition, the particle size distribution in the
grid cell and local bouﬁdary layer dynamics controlling component
solubility. '

Fi)
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ABS = rate of loss due to absorption onto sediments, flocculation,

ingestion by orgamsms, etc.and is a functlon of the droplet size
and chemical properties.

EVy = rate of evaporative loss of the dissolved fraction to the

atmosphere. It is a function of environmental parameters and

presence or absence of surface oil which can act as a "ceiling".

Uss* 9 VDisps

%SS' 7 VDiss = advective transport. The vertical component, if desired, may

incorporate the upward, buoyancy reiated transport of the
dlspersed phase,

Dss 9 VDisps

1355- V’VDiss = horizontal and vertical mixing of dispersed or dissolved oil. Dgg

' may be a function of horizontal position due to changes in water
column structure (i.e., increased or decreased mixing), vertical
position (ex: surface mixed layer vs pycnocline), time (ex:
sporadic increase in mhdng due to breakihg internal waves and
tides) and the physical nature of the oil (oil-in-water, water-in-oil
emulsion or dissolved), |

In ge‘ner'al', the model should have enéugh fleﬁc:lbility to handle different oil
types, additions of chemical dispersants and the formation and subsequent behaviour
of water-in-oil emuisions. The model as described aone would be extremely complex
if all the suggested interactions are incorporated. Various assumptions, averaging or
subrnodél‘s can be usedﬂ to simplify or ignore some of the p'ro.ce.sses. Cne of the most

difficult processes to account for and one of the most important due to the effective

increase in oil density which could lead to sinking, is the formation of water-in-oil

~emulsions or "chocolate mousse". The formation tendency will be dependent on the

chemical properties of the oil, in response to energy input to the slick, The stability
of the emulsion will reflect, again, viscosity, composition of the oil and the size
distribution of t‘he"e}icorhpassed water drop (see Mackay and Zagorski, 1982). 'The.
model may include a sub-model branch used when threshold mixing and oil properties
are such that emulsion formation is expected. Withln this submodel, emuision
separation, break-up into "packets" due to mixing, altered relationships with dissolved
and dispersed fractions, etc., would be taken into account. The physical behaviour of
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the emulsion is more like a pseudoplastic than a Newtonian fluid and the rheological
properties will thus differ from those of an equivalent water mass. The necessary
governing equations and parameters would be determined through experimental
observations. Unfortunately, most experiments cannot reproduce actual
eﬁvironmental conditions and those examining rheological properties of two-phase
flows have concentrated on dilute suspensions.

The first step in mode! simplification is to separate the various processes into
time (or spatial) varying and non-varying components through a scaling argument. To
do this, ideally one should formuiate all the chemical processes (i.e., evaporation,
dissolution, emulsion formation) as a function only of time, initial oil composition or

type and environmental parameters (i.e., wind speed, temperature), Oil "aging" would

be incorporated in this time function through bulk parametric relationships related to

initial oil type or to viscosity, density or interfacial tension detailed from lab
experiments or field observations. The existing uncertainties .in the chemical
behaviour of the spill as well as the often poor wind and physical oceanogr'aphic data
base may not warrant incorporation of highly complex expressions in the large scale
model. The chosen model grid size and time step will determine those processes
which can be detailed and those which must be parameterized due to the necess'ary
assumption of uniform properties within a spatial grid and constant behaviour over a
time step. The model scales provide a lower limit while the length of the model run,
in essence, determines an upper limit. For processes varymg on time scales longer
than the model run, they may be represented as a constant mean or extreme
behaviour, _ :

The choice in grid scales, time steps and length of run is dependent on both
the site and spill characteristics. The initial spill volume (and area) will set the upper
limit on horizontal grid size. The length of run can be determined by such things as
model boundaries or percentage of oil volume remaining in the study area. The lower
limits (i.e., highest resolution) is by choice of the modeiler though certain phy51cal or
chemical characteristics may set lower bounds.

When examining the dispersed fraction of oil and choosing between depth-
averaging {or time-averaging) the surface mixed layer or resolving it directly, the
relative time scales for resurfacing, entrainment and dissolution of the dispersed oil
may determine the approach needed. The following illustrate the possible
interactions between these three processes.

Let RS¢: resurfacing time scale - function of particle buoyancy and
vertical mixing (K,

&
i



0

- 59 -
Eng: entrainment time scale - function of wave breaking
';  Disys _dissolutlon time scale - funcnon of partzcle solublhty and

boundary laver dynamlcs

if RSt v Eng = steady-state volume and size 'spectrum in space though
o evolving in time

RSt > Eny = volume of dispersed fraction decreases over time step -

entrainment may become negligible if RSy >» Eny

RS5S¢ < Eny = volume of dispersed fraction mcreases over time step -
evolvmg spectrum in space

T

RSt" « Dlst Can ig'nore RS contribution to surf'ace. slick

Eny « Disy = Can ignore dispersed oil fraction in the water column
RSy »Disy = Can ignore dissolution of dispersed particles

The important time scales, in order to determine the above relatio'nships,
range from ~15 minutes to ~| day dependmg on the particle size {or buoyancy) and
mixing rate (assume terminal veloc1ty between .001 - .01 m/s and Ky v 10-2 m2/sec).
The correspondmg length scales are on the order of meters. Entrainment rates, can

be related to wave breaking events which have time scales on the order of the wave

period (1 e, seconds) dunng storms and length scales related to wave height (i.e.,
'meters) Langmuzr cells may effectively increase the retention of droplets. These

are the smallest scales that can be resolved, however using time scales on the order

of seconds or minutes is often impractical. Other necessary model inputs, such as the

wmd fleld, generaily have time resolunons longer than this (ex. three hours) by which

pomt some sort of "average" concentration and 51ze spectral prof1le would have been
established. Some model parameters, such as a longitudinal tidal dispersion

coefficient, have an implicit time - average application. Averaging in time or space

' 51mp11f1es the model and may prov1de suif1c1ent resolutlon for large scale trajectory

models. However the surface splll should always be treated separately though
coupled to the subsurface fraction due to d1ffer1ng governing equations.

E g e
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The foilowing summarizes the major physical characteristics of selected

geographic areas along Canada's coast which should be taken into account when
| designing the appropriate oil spill model. Super-imposed on these are the small scale
turbulence structures discussed in section 5. as well as ubiquitous features such as
Langmuir cells, interfacial waves and surface gravity waves. '

'Newfoundlland's Grand Banks

Major features:

- current system dominated by wind forcing on top of the Bank and by the
presence of the two branches of the Labrador current

- the "tail of the Bank" js subject to large, periodic (order of months)
perturbations due to the impingement of Guif Stream meanders

- the water column consists of two-layers in the summer but uniformly
mixed to the bottom in the winter

- subject to severe wave conditions
- Intermittent presence of icebergs and pack-ice

The current regime varies on tidal {mixed), inertial { 16 hours), synoptic {2-
10 days) and seasonal { months, freshwater pulse) time scales. Given an oil spill at
479N, 480W, advective transport across one dimension of the Bank { 600 kms) can
occur in as little as 11 days (.6 m/s flow in the subsurface core of offshore branch of
the Labrador current) or longer than 75 days (.1 m/s flow on top of the Bank). The
shelf/slopé break is approximately 100 kms wide and it is here that upwelling,
internal waves and other mixing mechanisms are occurring with lengths scales on the
order of 1-10 kms. As the water column is two-layer in the summer, a depth
dependent model should be used. This density structure acts to decouple the surface
and bottom layer from wind forcing so that the inertial signal is reduced at depth,
Mixing across the pycnocline can be related to the density structure either
parametrically through inverse dependence on the Brunt-Vaisala frequency or using
the Richardson number. In the winter, the water column has a uniform density (26-27

[
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-O'f) and will be responding, as a whole, to wind forcing with any depth dependence

reflecting bottom friction effects. In the winter, the wave climate can be quite

severe with significant wave height exceedances on the order of 30-40% greater than
4.0 m, 7-10% greater than 6.0 m and 1% greater than 9.0 m (Neu, 1982). Peak
periods most frequently occur in the range of 8-12 seconds. The intermittent
presence of icebergs may provide areas of intense mixing (10-100's i’nefce_rs) as
described in section 42 The presenée of pack ice may act as a barr'ier' to pool
surface oil while subsurface oil may extend below the ice sheet.

 Gulf of St. Lawrence

Major features:

.= current :Eegime estuarine driven in the upper estuary, central and southeast
- Gulf and meteorologically driven in the northeast Gulf and Strait of Belle
Isie, and to some extent through, Cabot Strait

. = _the estuary changes from "well mixed" to "stratified" near Gaspe peninsula
showing opposite flow patterns with depth. and across the width of the
mouth. Opposite flow patterns can also be seen in Cabot Strait and the
Strait of Belle Isle '

- within the Gulf, the water column shows three layers in summer (in
temperature and salinity) and two in winter and is subject to internal wave
oscillations

- freeze-up begins in January, with no open water through March, break-up
in late April with the possible exception in the northeast Gulf (slightly
later).

The current regime varies on tidal (semi-diurnal), synoptic and seasonal time
scales. The latter is dominant reflecting changes in St. Lawrence river runoff. This

is also true for water column structure which is also responding to seasonal heating

- patterns (including ice formation and melt). Like most tidal estuaries, any poliutant

released tends to be mixed along the length of the estuary. In the lower St.
Lawrence, the presence of large eddies, can act to trap oil spilled in this region. At

the peak of flow in May, surface oil present in the estuary {Gaspe current) will trave!
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down through Cabot Strait by August ¢ 90 déys). ‘However any oil mixed below the
surface layer (i.e. into the counfer-current)_ will be retarded. The minimum flow
occurs in March, a factor of 3 times less than May values. Flushing time of fresh
water, is estimated around 6-8 months.

Scotian Shelf
Major features:

- current system characterized by a slow, residual flow along the shelf (east
to west), upon which is superimposed meteorological and deep-ocean
forcing (i.e. Gulf Stream rings)

- a thermo-haline front, as indicated by strong interleaving of shelf and slope
waters, at the shelf/slope break which is subject to periodic perturbations
¢ month) due to passage of warm-core rings in the slope waters

- the water column consists generally of two-layers in the summer, with a
third deep layer in troughs. In the winter, the water column is uniformly
mixed over banks, with slight stratification in the troughs.

The current regime varies primarily on tidal, synoptic, non-synoptic or deep-
ocean forcing (10-90 days), and seasonal time scales (due to freshwater input from
Cabot Strait). It takes approximately 4 to 5 months for a water parcel to travel the

length of the Scotian Shelf. A particular feature of the Scotian Shelf is the

bathymetric complexity with numerous banks and troughs. Proper modelling of the
area would require resolution of these features as they affect circulation patterns,
and the degree of vertical mixing in the water column.

. The shelf/slope front will have particular importance when modelling the
dispersed oil fraction as this is an area of increased horizontal exchange. The length
scales of the interleaving layers (order 103 - 2 X 104 m), their thickness (10-20
meters) and mixing boundaries (.01 - | m) are sufficiently large for dispersed oil
droplets, less than .01 m in diameter to be modelled by an approximate eddy
diffusivity. The behaviour of water-in-oil ‘emulsions, however, would be considerably
different. Mixing at thermo-haline fronts is primarily diffusive, hence there is little
energy to "break up" on emulsion showing some visco-elastic properties. The
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~.emulsion would travel along the front, along isopycnals, or away from the front under
"calving" processes or entramment by Gulf Stream r1ngs. As the ambient water
" surroundlng the emulsion would have temperature and sahmty charactenstlcs

“different from the encapsuiated water some manner of exchange may occur which

could lighten the emulsion. The emulsion may act to dampen waves, with length
scales less than that of the emulsion. The przrnary mxxmg mechamsm capable of
breakmg up such a layer would be turbulence generated from breakmg internal waves.

As 5 to 8 warm core Guif Stream r1ngs are formed per year, with generaliy 2
to 3 present in the slope waters from the tail of the Grand Banks to Cape Hatteras at
any one time, it is conceivable that an oil spill occuring on the Scotian Shelf,
particularly near the Shelf break will be influenced by the passage of a ring. As
rings entrain water from the shelf, a portion of the spill may be lost in this way. A
spill occuring within a ring, is partially isolated from the surrounding waters and will

translate down the coast at a rate of approximately 0.5 m/s. Exchange processes

may result in some dispersed oil bemg lef.t in the rings "wake",

Bay of Fundy.- Gulf of Maine

Major features:

- current system dominated by tidal forcing and tidally generated
residual currents thh some estuanne drwen flow 1n the Bay of Fundy '
and supenmposed ‘wind forcmg )

- water column structure reflects seasonal heating variously disrupted by
tidal mixing

- important interactions between bathymetry and tides result in current
gyres around banks (George's, Brown's) and shallow-sea fronts.

" The current regime varies primarily on tidal scales though with some
meteorological and seasonal (e.g. flow into the Gulf of Maine related to freshwater
pulse which has travelled down the Scotian Shelf) forcing. Much of the residual
c1rculat10n 1s tldaily Lnduced _ |

The presence of gyres, ‘areas of upwellmg, :fronts, large values for
longitudinal dispersion are all directly related to the tides and have implications to
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~ oil spill behaviour. ‘The two banks that have been studied, George's Bank and Brown's
Bank, show current gyres around the edges and verticaily well mixed water on top.
The trajectory of a spill (surface and subsurface fractions) will reflect both this gyre
influence and wind forcing (at the surface). At the edge of George's Bank, two
modes of horizontal mixing have been ider\tiﬁed, bottom upwelling and mid-depth
internal tide breaking, both having implications to the subsurface oil dispersal. The
depth dependence reflects the necessity for a model which resolves the water column
structure, not only here but wherever shallow-sea fronts are found.

The large dispersion coefficiénts observed for the Bay of Fundy implies a
very rapid spread of both the surface and subsurface oil fractions in this area, For

clean-up purposes, this forces a rapid response to any accidental spill. The high-

sediment loads would also have to be taken into account due to the possible
contribution to oil settling on the bottom.

Southeastern Beaufort Sea Shelf

Major features:

- current system dominated by the Mackenzie River, winds and density
driven flow '

- presence of ice through most of the year
- possible thermo-haline front at the shelf/slope break

- water column structure reflecting freshwater input from the Mackenzie
River and ice melt or formation.

- The current regime varies on tidal and inertial (both having approximately 12
hour periods), synoptic and seasonal time scales. Understanding of both estuarine and
plume dynamics is necessary for modelling any oil spilled in this area. This inciudes
eddy formation at the edge of the plume, which would disperse oil horizontally, and
entrainment into the ambient water. The freshwater input acts to uncouple the
surface and deep layer to wind forcing. Thermo-haline mixing processes, similar to
those on the Scotian Shelf/slope break, could act to supply dispersed oil to deeper
waters. Sediments carried by the Mackenzie River may act to leach oil out of the
water column at one location and possibly resuspend them at another. This will be
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-particularly meortant within the 30 m isobath where the plume is concentrated As

_arctlc ecosystems are extremely sensitive to perturbations, very detailed modelling

may be requ1red in 'thlS Iocatlon to assess potermal spﬂl damage.

/.
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7. - CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

This report summarizes the various physical oceanographic features,
occurring in Canada's Atlantic and Beaufort Sea waters, which may influence the
subsurface movement of oil. Both observational and theoretical studies have been
made of many of these features, however the governing physics and proper
param'eterization of the processes often need to be better understood for practical
applications and modelling. In many areas, the spatial and temporal coverage of
direct observations is insufficient for proper calibration of transport models. In light
of potential oil spill behaviour, further physical oceanographic studies should be
concentrated around sensitive areas. Large scale models are useful in delineating
these areas. Smaller scéle, higher resolution models prove more useful for
examination of clean-up procedures due to their ability of resolving areas of
increased oil concentration (ex., fronts, Langmuir cells) or dispersal. Future efforts
should also be directed in improving the parameterization of each constituent. There
have been very few studies on the subsurface behaviour of oil and those related to
dispersal in the surface mixed layer have not been extended to larger scale models
nor integrated with other, simultaneously occurring, processes.

Laboratory experiments have been the major source of information on the
chemical behaviour of spilled oil. Unfortunately, these suffer from being in an
artificial environment and from having the necessary limitations imposed on the
number of free parameters. The results are parameterized for model use but they
often assume a linear superposition of processes. Future studies should be geared to
account for various feedback processes and synergistic effects and performed in an
environment as realistic as possible. The experimental design should take into
account the physical scale implicit in the experiment and the results described in
terms of the scales for practical application. Ideally, the chemical interactions
should be reduced to a functional dependence only on the environmental parameters
(i.e., temperature, mixing, wind speed, etc.) and time (i.e., "aging") to allow for
integration into transport models. The current level of uncertainty in both the

physical and chemical parameters does not warrant higher sophistication.

Some effort should also be made to couple oil spill models to those of

suspended sediment transport, bubble injection at the surface, etc., whose
components will be interacting with both the surface and dispersed oil fractions. In
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many models, the presence of the oil has been assumed to have a negligible effect on

~ the physical oc_eanbgraphy. The validity of this assumption should be tested with

particular reference to wave breaking, details on fine and microstructure and the
rheological properties of water-in-oil emulsions.
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