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ABSTRACT
Table of Contents:

A primitive equation ocean model is applied to the process study of the Gaspé
Current and cyclonic circulation over the northwestern Gulf of St. Lawrence
(NWG). The model is driven by river discharge and barotropic boundary
flows. Two types of model domains are used: an idealized basin with aflat
bottom and piecewise coastline, and a redlistic basin with model-resolved
NWG bathymetry. The model domains are initialy filled with horizontally
uniform but vertically stratified waters. The river discharge is expressed in
terms of lower salinity and a weak barotropic inflow in the upper waters at the
estuary head.

The early developments of the estuarine plume and coastal current system
driven by the river discharge are qualitatively similar in both basins. After a
short-period adjustment, a buoyant plume is developed near the estuary
mouth, with a surface-intensified coastal current advecting the estuarine water
seaward in the direction of Kelvin wave propagation. The coastal current
initially follows the coastline closely but later becomes unstable with
backward-breaking waves devel oped along the outer edge of the current. The
kinetic energy analysis reveds that the plume—current system is baroclinically
unstable with the transient motions resulting primarily from the mean available
potential energy.

With the river discharge at the head as the only driving force, the offshore
front of the estuarine plume expands continuously seaward, leading to alarge-
scale anticyclonic circulation over the NWG. The addition of a barotropic
westward jet along the Quebec shore, however, is able to restrain the seaward
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expansion of the offshore front of the plume, and therefore form a large-scale cyclonic motion over this region.

1. Introduction



The Gaspé Current is the most striking feature of near surface circulation in the Gulf of St. Lawrence. It also advects a
large amount of freshwater downstream, affecting water properties and circulation over the Scotian Shelf and Gulf of Maine
(Dickie and Trites 1983). The Gaspé Current is a buoyancy-driven coastal jet originating in the St. Lawrence Estuary. It is
generally accepted that freshwater runoff from the St. Lawrence River drives a buoyant estuarine plume, with two distinct
coastal currents flowing seaward separately along the north and south shores of the estuary (Fig. 1 ©=). Combined with the
cyclonic circulation of the northwestern Gulf of St. Lawrence (henceforth, NWG), the northshore current veers
anticyclonically at the estuary mouth. This current flows southward and joins the current at the south shore, forming the

root of the Gaspé Current (El-Sabh 1976). The Gaspé Current was found to reach its highest intensity of about 1 m st
around the Gaspé Peninsula, with a typica width of about 10-20 km in the top 50 m of the water column (Tang and Bennett
1981). It apparently leaves the coast at the eastern tip of the Gaspé Peninsula and carries buoyant estuarine waters onto the
Magdalen Shallows (Fig. 1 ©=).

The strength and position of the Gaspé Current vary significantly with time and space. From satellite infrared images,
Tang (1980b) was the first to identify the occurrence of instabilities in the Gaspé Current under the summer high-runoff
conditions. Mertz and EI-Sabh (1989) later demonstrated that the unstable wave features also occurred in the autumn low-
runoff conditions. The instability mechanisms responsible for the unstable wave development in the Gaspé Current,
however, are less well understood. Tang (1980b) suggested that the wave mation of the current is triggered by barotropic
instability, while Mertz et al. (1988) argued that both baroclinic and barotropic instabilities are operative in the region.

Estuarine plumes and buoyancy-driven coastal currents are common circulation features to many coastal regions in the
world. Considerable analytical and laboratory studies have therefore been made in the past to gain better understanding of
their main dynamics [see Hill (1998) for a comprehensive review]. Typically, an estuarine plume occurs at the estuary
mouth when light estuarine waters spread over more saline coastal waters. For a wide estuary such as the St. Lawrence
Estuary where the Coriolis effect is important, the buoyant estuarine plume turns anticyclonically and forms a surface-
intensified coastal current that flows along the right-bounded coastline in the Northern Hemisphere.

One of the important features in the buoyant estuarine plume and associated coastal current system (henceforth, the
plume—current system) is the development of eddies and instabilities. In the laboratory experiments of light density fluid
flowing into a rotating channel initialy filled with denser fluid, Stern (1980) and Griffiths and Linden (1981) found that
wavelike disturbances appeared on the buoyancy-driven coastal current that was initialy stable. The instabilities grew in
amplitude, pedled off from the plume-current system, and formed eddies with a much slower trandational velocity than the
nose of the intrusion. Mavor and Hug (1996) observed very similar multiple instabilities along the outer edge of the current in
thelr rotating turntable experiments.

Prognostic ocean models have been used increasingly in the study of plume—current systems (e.g., Wang 1985; Chao and
Boicourt 1986; Chao 1988; Oey and Mellor 1993; Kourafalou et al. 1996). The main feature of a prognostic model is that
temperature and salinity are updated as part of the solution procedure. Most of the previous numerical studies, however,
concentrate mainly on the large-scale circulation features in a plume—current system. Oey and Mellor (1993) were the first
to study the development of meanders and eddies in the coastal current using the Princeton Ocean Model. They found that
the plume—current system undergoes two stages of the instability development: a barotropic stage characterized by short
wavelength, and a baroclinic stage characterized by long wavelength. The main objectives of this paper are 1) to study the
processes of the Gaspé Current and associated unstable waves driven by buoyancy forcing associated with freshwater
discharge, and 2) to examine the combined effects of the river discharge and a barotropic westward jet along the Quebec
shore on the formation of alarge-scale cyclonic motion over the northwestern gulf of St. Lawrence (NWG). The eddy-
resolving ocean model known as CANDIE (Sheng et al. 1998) is used in the study.

Note that the process study presented in this paper excludes the influence of wind and tides. Based on the occurrence of
the minimum transport in the Gaspé Current during the period of the summer weakening of wind stress, Mertz et al. (1991)
speculated that the cyclonic wind stress distribution over the NWG may be partially responsible for the formation of the
cyclonic NWG circulation. Detailed numerical studies of the Gaspé Current and cyclonic circulation with the addition of
wind stress and tidal mixing, however, remain to be done.

Section 2 summarizes the main features of observations in the summer months over the NWG. Section 3 describes the
model configurations used in the numerical experiments. Section 4 presents the modd results in an idealized basin with a flat
bottom and a piecewise-straight coastline. Section 5 presents the model results in aredistic basin of the model-resolved
NWG bathymetry. Section 6 is the summary and conclusions.

2. Oceanographic observations

The mean state of motion over the NWG is maintained primarily by the density gradients resulting from the St. Lawrence
River discharge. The annua mean St. Lawrence River discharge is about 0.018 Sv (Sv = 10% m3 sfl), comparable to the



Mississippi River. The St. Lawrence River discharge aso exhibits significant seasonal variations. During the period from
1950 to 1984, for example, its monthly mean discharge is about 0.014 Sv from September to March of the next year, but
increases to more than 0.03 Sv in May and June (Koutitonsky and Bugden 1991). It is suggested that the peak discharge
from the St. Lawrence in later spring is most likely to trigger the development of meanders and instabilities in the Gaspé
Current during the summer season (from July to September). In this paper, therefore, we only discuss the summer mean
climatology of temperature and salinity and use them to initialize the model.

a. Summer mean hydrography

Figure 2 ©= shows the near surface temperature and salinity in summer over the NWG (the area marked by the dashed
lines in Fig. 1 ©=). They were gridded using the Barnes' Algorithm from the hydrographic observations made at depths less
then 11 m. The near surface water in summer warms up progressively from the southwestern shallow area to the northern
part of the NWG, with the coldest water around the estuary mouth and northern part of Jacques Cartier Strait (Fig. 2a ©=).
Along the Gaspé Peninsula, the near surface temperature in summer is relatively uniform.

By contrast, the near surface salinity in summer varies significantly around the estuary mouth and along the coastal region
of the Gaspé Peninsula, with lower salinity closer to the shore. Over the northern part of the NWG, the near surface salinity
in summer is relatively uniform. The combination of strong cross-shore variations in the near surface salinity and relatively
weak alongshore variations in the near surface temperature along the Gaspé Peninsula indicates the predominance of the
salinity distribution in driving the buoyancy-driven coastal current (i.e., Gaspé Current).

Figure 3a ©= presents vertical profiles of summer mean temperature and salinity horizontally averaged over the NWG.
The summer water column over the region can be described as a three-layer system: a warm and relatively fresh surface
layer, a cold intermediate layer, and a warmer and saltier bottom layer. Figure 3b ©= presents the vertical profile of density
calculated from the temperature and salinity profiles. The density difference between the near surface and at 250 m is about

50, (i€, 5x 10° kg m*3). By assuming the horizontal scale of motion to be much larger than the vertical scale and ignoring

the nonlinear terms, the baroclinic modes were calculated based on the vertical density profile using the method outlined by
Kundu (1990, see chapter 13). Figure 3c ©= shows the pressure eigenfunctions of the first three baroclinic modes. The
baroclinic Rossby radii of deformationr; = c¢/f are about 10, 5.5, and 3.7 km respectively, for the first three baroclinic

modes, where f is the Coriolis parameter.
b. Summer mean current-meter observations

Figure 4 ©= shows summer mean current-meter observations with record lengths longer than 15 days in the upper ocean
(1040 m) and in the lower ocean (90-220 m), respectively. Tides were removed before calculating the mean (Gregory et
al. 1989). Horizontal averaging was performed if means were available within 10 km of each other.

The summer mean upper-ocean current-meter observations (Fig. 4a ©=) exhibit significant spatial variabilities, particularly
over the estuary mouth. Nevertheless, they suggest a transverse flow with typical speed of about 10 cm s 1 near the estuary

mouth and a strong coastal current known as the Gaspé Current with a maximum speed of about 50 cm st along the Gaspé
Peninsula. They also suggest a large-scale cyclonic motion over the NWG region.

In the lower ocean the time-mean current-meter observations (Fig. 4b ©=) are much weaker than those in the upper
ocean, particularly near the estuary mouth and along the Gaspé Peninsula, indicating the surface-intensified characters of the
Gaspé Current.

c. Satellite images of sea surface temperature

Satellite images have been successfully used in the past to identify the Gaspé Current and associated unstable wave
development (Tang 1980b; Mertz et al. 1988; Mertz and El-Sabh 1989). Figure 5 ©= presents the drawings of backward-
breaking waves in the Gaspé Current in August 1978 based on the satellite images shown by Tang (1980b). Similar drawings
were also made by Mertz et al. (1988) and Reszka and Swaters (1999). Backward-breaking waves are the baroclinic waves
on the density fronts that have a tendency to “break” in the upstream direction and to yield an often sharp crested steamer
pointing upstream (Griffiths and Linden 1981). Figure 5 @= shows three well devel oped backward-breaking waves on 6
August 1978. They grew into large sizes and tended to break upstream about one day later. The typical wavelength of these
waves are about 60 km.

3. Modéd description

Numerica experiments were made using CANDIE, a three-dimensiona primitive equation z-level ocean moded. 1ts main



features, including the subgrid-scale mixing parameterizations, are summarized in the appendix. Sheng et al. (1998) recently
applied this model to a standard test problem of wind-driven circulation over an idealized coastal canyon. They found that
CANDIE performs well in comparison with other ocean models. In the present application, CANDIE was forced by
freshwater fluxes and barotropic boundary flows. The surface wind and surface heat—salinity fluxes were set to zero. Note

that, unless otherwise stated, the vertical eddy viscosity and diffusivity coefficients were set to 1 cm? s_l, and horizontal
eddy viscosity and diffusivity coefficients were determined using the Smagorinsky scheme.

Two types of model domains were used. The first is an idealized basin with a piecewise-straight coastline and a flat
bottom of 200 m (Fig. 6a ©=). It resembles the geometry of the NWG marked by dashed linesin Fig. 1 ©=. The coastline of
this idealized basin consists of two right convex corners, one at the northeast exit of the estuary (upstream corner), and the
other downstream (downstream corner). The second domain is a realistic basin with the model-resolved NWG bathymetry
(Fig. 6b ©=). The dimension of the estuary in both basins is about 40 km wide and 70 km long. The estuary Kelvin number
K =WIr, is about 4, where W is the estuary width and r, is the first baroclinic Rossby radius of deformation, indicating the

importance of the Coriolis effect over the estuary region.

The model grid sizes in both basins are about 3.1 and 2.3 km in the east and north, respectively. This horizontal resolution
was found to be sufficient to resolve baroclinic currents with typical length scales of the first baroclinic Rossby radius,
about 10 km as discussed above. The vertical grid spacing is uniformly 10 m in the idealized basin. In the redlistic basin the
vertical grid spacing is uniformly 10 m from surface to 140 m. Below 140 m the vertical cell boundaries are at depths of
152, 168, 189, 218, 257, 310, and 370 m, respectively.

CANDIE was initialized with the summer mean vertical profiles of temperature and sainity shown in Fig. 3a ©@= and zero
velocity everywhere except the estuary head (Fig. 6 ©=). To simulate the summer mean St. Lawrence river discharge in the
model, the water mass in the top 30 m of the water column at the estuary head was maintained to be 10 ppt fresher than the

summer mean salinity. A weak barotropic eastward inflow of 1.1 cm s twasaso specified in the top 30 m at the head to
represent the summer mean river discharge of 0.014 Sv. The temperature stratification at the head was set to be the same as
the summer mean. Note that the buoyancy forcing associated with lower salinity at the head plays a predominant role in
driving the circulation over the NWG region. The barotropic eastward inflow specified at the head is of secondary
importance (see discussion in section 4€).

At the model lateral closed boundaries, the normal flow, tangential stress of the currents and horizonta fluxes of
temperature and salinity were set to zero (free-dip conditions). Along the eastern and southern open boundaries, an explicit
Orlanski radiation condition (Orlanski 1976) was applied for normal flow, temperature and salinity fields at each z-level.

4. | dealized basin experiments

The driving force for the numerical results presented in this section is the river discharge specified as lower salinity and a
weak barotropic eastward flow in the top 30 m at the estuary head. Note that most of the previous numerical studies on the
plume—current system were also made in an idealized basin (Chao and Boicourt 1986; Chao 1988; Oey and Mellor 1993).
The present idealized basin experiments differ from others, mainly in three ways. The present model geometry consists of a
wide estuary and a piecewise-straight coastline that introduce additional dynamical characteristics of the plume—current
system. The water depth of the present basin is 200 m, much deeper than those used by others. Furthermore, the model
basin, except the estuary head region, was initidly filled with horizontally uniform but vertically stratified waters.

a. Estuarine surface outflow and onset of the coastal current

The model-produced onset of buoyancy-driven circulation driven by the river discharge in this idealized basin is very
similar to that in the “dam-break” laboratory experiment (Stern et a. 1982) and the numerical simulation of buoyancy-driven
circulation in a channel (Wang 1985; Chao and Boicourt 1986). Only a brief summary is given as follows.

Shortly after the model initialization, a zonal pressure gradient is created due to the density difference around the estuary
head. This zonal pressure gradient drives an eastward surface current that advects the buoyant estuarine water downstream.
Due to the Coriolis effect, this near-surface current veers southward and forms a strong southward jetlike stream along the
offshore front of the estuarine plume (Fig. 7 ©=). At the north and south shores of the estuary, the Coriolis term in the zonal
momentum eguation vanishes, leading to a balance between the zona pressure gradient and the inertial terms in the
momentum equation over these two areas. Consequently, the buoyant estuarine waters along both shores spreads gradually
eastward. The southward jetlike stream along the offshore front of the plume turns cyclonically over the turning area at the
south shore, forming a narrow coastal current that flows eastward along the coast in the direction of Kelvin wave
propagation.

b. Plume—current system and unstable wave devel opment



The coastal current driven by the river discharge in the idealized basin follows the coastline closely during the first few
days of simulation. Instabilities, however, start to develop after 10 days. Figure 8 ©= presents the time sequence of near-
surface salinity and flow fields produced by the fully nonlinear CANDIE moddl.

The plume—current system has become well developed by day 10, with a pool of accumulated estuarine waters and an
intense semicircular anticyclonic eddy generated at the downstream corner (Fig. 8a ©=). The near surface current inside this
anticyclonic eddy abruptly turns cyclonically at the coast to south of the corner, acting as a transition zone connecting the
eddy and the coastal current farther south (Chao and Boicourt 1986). Note that the appearance of a small-scale wavelike
pattern along the outer edge of the current at day 10 represents the early development of baroclinic instabilities to be
discussed later.

By day 30, the offshore salinity front of the estuarine plume has expanded downstream significantly and the anticyclonic
eddy at the downstream corner has grown into a very large size with its center moving to about 70 km eastward from the
corner (Fig. 8b ©=). At day 50, the anticyclonic eddy at the downstream corner nearly pinches off from the plume-current
system, with a new small-scale anticyclonic eddy created (Fig. 8c ©=). A particularly interesting feature in Fig. 8c ©=is the
development of three noticeable backward-breaking waves along the edge of the plume—current system: one about halfway
between the upstream corner and offshore front of the plume, and two to the south of the downstream corner.

The eddy-shedding phenomenon at the downstream corner is highly consistent with the laboratory experiment made by
Klinger (1994). He observed the formation of an anticyclonic eddy when the current, which flows with the coast to its right
in the downstream direction on the Northern Hemisphere, encounters a sharp obtuse corner of the angle not greater than
135°. He also found that this eddy grows in size and propagates diagonally away from the corner. As it moves away from
the corner, a new anticyclonic eddy is created.

Note that the interactions of the anticyclonic eddy with the coast shown in Fig. 8 ©= are qualitatively comparable to the
conceptual model used by Nof (1988) for studying the callision of an isolated eddy with a vertical wall. He showed
analytically that when a quasi-geostrophic anticyclonic vortex interacts with awall, it leaks buoyant fluid only from its right
hand side looking offshore in the northern Hemisphere.

c. Effects of momentum advection

The nonlinear advective terms in the horizontal momentum equations (i.e., £u and L in the appendix) are most likely to
play an important role in the instability development of the plume-current system shown in Fig. 8 ©=. Their importance is
usually measured by the Rossby number £ defined as U/fL, where U and L are typical velocity and length scales,

respectively. In this idealized basin U and L are about 50 cm s tand 10 km (Fig. 8 ©=), respectively. The Rossby number €
is about 0.5, indicating that the dynamics governing the plume—current system are indeed nonlinear.

To further demonstrate the effect of the momentum advection on the instability development, CANDIE was linearized by
eliminating the advective terms Lu and L1 from the horizontal momentum equations. Note that the advective terms in the
conservation eguations of temperature and salinity (i.e., £T and L£Sin the appendix) were retained. For simplicity, the
experiment using this linearized model is referred as the linear case, and that using the fully nonlinear model as the nonlinear
case.

Figure 9 ©= shows the evolution of near-surface salinity and velocity fields in the linear case. Without advection termsin
the momentum equations, the estuarine waters move along the coast in the direction of Kelvin wave propagation, with
sdinity isopleths and the coastal current following the coastline closely, indicating the dominant role of the momentum
advection in generating eddies and instabilities in the nonlinear plume—current system. Furthermore, the lack of accumulation
of buoyant estuarine waters at the downstream corner in the linear case implies that the momentum advection is also
responsible for the eddy-shedding phenomenon at the downstream corner in the nonlinear case shown in Fig. 8 ©=.

d. Kinetic energy analysis

An important question raised by the results shown in Fig. 8 ©= is what type of instabilities is responsible for the unstable
wave development in the nonlinear plume—current system. Barotropic instabilities grow by extracting kinetic energy from the
mean flow field. Baroclinic instabilities, on the other hand, grow by converting mean potential energy to eddy flow (Holton
1992). To identify the main process responsible for the instability shown in Fig. 8 ©=, | followed |vchenko et al. (1997) and
calculated the kinetic energy budget for the time-mean and eddy flows, where the eddy velocity is defined as the deviations
from the time-mean flow. The governing equation for the kinetic energy for the mean flow (MKE) can be written as




ot

(see the appendix), where the notation < > denotes the volume average, C represents advection of MKE through model
open boundaries; N is the nonlinear exchange between MKE and kinetic energy of eddies; B is the exchange between MKE
and mean available potential energy; F,, F,, F represent the dissipation of MKE through horizontal mixing, vertical mixing,

and bottom friction, respectively; and R represents the generation of MKE by the buoyancy forcing associated with the river
discharge.

The governing equation for the time mean kinetic energy of the transient flow, or time mean eddy kinetic energy (EKE)
can be written as

d(EKE) _

o C'"-N+B +F, +F, +F,, (2)

where C' represents advection of EKE through model open boundaries; B’ represents the buoyancy production by the
eddy flow; and F'h, F'U, and F'b represent the dissipation of EKE through horizontal mixing, vertical mixing, and bottom
friction, respectively.

Figure 10 ©= presents the total domain budget of MKE and EKE. The calculation was based on the model results between
day 5 and day 80. The main energy source of the time mean flow is the buoyancy forcing associated with the river
discharge at the estuary head. The conversion of MKE to the available potential energy (B) is about 85% of the buoyancy
forcing at the head, predominant among all mean kinetic energy sinks. The main frictional mean kinetic energy sinks are
lateral and vertical frictions (F,, and F, ). Note that the nonlinear kinetic energy convection (N), energy dissipation due to

bottom friction (F)), and energy loss due to boundary flows (C) are all relatively small, in comparison with B.

The sources of the eddy kinetic energy in order of magnitude are the buoyancy production by the eddy flow (B’), the
nonlinear kinetic energy conversion (N), and a contribution by boundary flows (C’). The ratios of N/B" and C'/B’ are about
20% and 5% respectively, indicating the predominance of the eddy buoyancy transfer as the kinetic energy source of the
eddy flow. Since the nonlinear kinetic energy conversion N is generally interpreted as barotropic instability, it can be argued
that the barotropic instability plays a minor role in generating eddies and instabilities in the nonlinear plume—current system
shown in Fig. 8 ©=,

Although the eddy buoyancy production B’ is much larger than the nonlinear kinetic energy conversion N, the value of B,
however, cannot be simply interpreted as the signature of baroclinic instability since other processes may also generate a B’
transfer (Trequier 1992). Following Ivchenko et al. (1997), the exchange between the mean and eddy available potential
energy was estimated based on

r Iaﬁ + ¥ Ja}:_}
W — v —
g\u'p' e
A= . . (3)
dp(z)
p.l'i'

dz

where ﬁ(z) is the depth-dependent potential density of a reference state and was set to be the horizontally averaged initial
potential density in this study.

A positive A’ means that the mean available potential energy is converted to eddy available potential energy through
baroclinic instability. The value of A’ for the nonlinear plume—current system shown in Fig. 8 ©= is positive and about 1.2 x

103 cm? s 3, which is about 60 times larger than B'. Since both eddy kinetic energy and eddy available potential energy are
created mainly from the mean available potentia energy, it can be concluded that the baroclinic instability processes are
largely responsible for the unstable wave development in the nonlinear plume—current system shown in Fig. 8 ©=.

e. Sensitivity study

A series of numerical experiments were conducted to examine the sensitivity of the model results to the subgrid-scale



mixing parameterizations and specification of the river discharge at the estuary head.

Figures 11a and 11b ©= present the near surface salinity fields at day 10 using the vertical mixing coefficients of 0.1 and

10 cm?s 1, respectively. Other model parameters are the same as in Fig. 8 &=, Larger vertical mixing weakens both the
downstream expansion of the estuarine plume and the strength of the coastal current, highly consistent with the previous
numerical studies (Chao and Boicourt 1986; Kourafalou et al. 1996).

Model results are also sensitive to the salinity difference and thickness of the upper low salinity waters (h;) specified at the
estuary head. Thisis not surprising since the salinity difference and upper water thickness h; at the head determine the total

potential energy available for driving the plume—current system. Figures 11c and 11d ©= show the near surface salinity fields
at day 10 with the thickness h; set to 10 and 40 m, respectively. Other model parameters are the same asin Fig. 8 C= A

comparison of Figs. 11c.d ©= with Fig. 8a ©@= demonstrates that an increase of h; leads to more significant seaward
expansion of the estuarine plume and a stronger coastal current with faster intrusion speed of the nose.

To examine the sensitivity of the model results to the barotropic eastward inflow specified at the estuary head, two

experiments were made with the barotropic inflow set to zero and 5.5 cm st corresponding to the volume transport of O
and 0.07 Syv, respectively. The model results using these two different inflows are very similar (Figs. 11ef @=). Thisis
highly consistent with the results of Wang and Kravitz (1980). They found that a fivefold increase of the river inflow speed
strengthens the plume-induced circulation by only 20%.

The general features of the plume—current system and associated unstable wave development using the no-dip boundary
conditions (not shown) are also qualitatively similar to those using the free-dlip conditions shown in Fig. 8 ©@=. The major
difference using the nodlip and free-slip conditions is the anticyclonic eddy at the downstream corner that stays touching
with the wall for a much longer time in the case of no-dlip boundary conditions.

Four additional numerical experiments were conducted to investigate the effect of geometric shapes of the downstream
corner on the plume—current system and corresponding instability development. Figure 12 ©= presents near-surface salinity
fields at day 30 in four flat-bottom basins with different shapes of downstream corners. In the basin without a downstream
corner (Fig. 12a@=) the plume—current system is well developed along the straight coastline, with two noticeable backward-
breaking waves created along the outer edge of the system. In the basin with a sharp obtuse corner of the angle less than
90° (Fig. 12b ©=), the overall feature of the estuarine plume and backward-breaking waves is quite similar to that in the first
basin shown in Fig. 12a ©=, except a pool of estuarine waters and anticyclonic eddy formed at the downstream corner,
indicating the importance of the sharp corner in generating this large-scale anticyclonic eddy, consistent with the laboratory
findings by Klinger (1994). Figures 12c and 12d @= show the model results in the basins with two dlightly different
configurations of the downstream corner. The basin in Fig. 12c ©= has two obtuse downstream corners and the one in Fig.
12d ©= has a rounded downstream corner. The fact of similar unstable wave developments in these two basins indicates the
secondary importance of the curvature of the downstream corner to the development of backward-breaking waves.

5. Realistic basin experiments

Two sets of numerical experiments were conducted in the realistic basin. The model in the first set of experiments was
forced only by the river discharge at the estuary head. In the second set of experiments the model was forced by the river
discharge and a barotropic westward flow along the southern shore of Quebec.

a. River discharge at estuary head

CANDIE was first applied to the redlistic basin forced by the river discharge at the estuary head, with the model
parameters the same as those used in the idealized basin experiment presented in Fig. 8 ©=. Figure 13 ©= shows the near
surface salinity and flow fields at day 10, 30, and 50, respectively. The coastal current at day 10 flows closely along the
irregular coastline in the direction of Kelvin wave propagation, with small-scale meanders starting to develop along the outer
edge of the current (Fig. 13a ©=), highly consistent with the ideaized basin experiment shown in Fig. 8a =

The buoyant estuarine plume in the realistic basin has expanded seaward significantly by day 30, also qualitatively similar
to the idealized basin results (Figs. 8b and 13b ©=). Beyond the offshore salinity front of the plume, however, significant
differences occur in the two basins. The coastal current in the realistic basin at this time becomes more unstable, with large-
scale backward-breaking waves created along the outer edge of the coastal current (Fig. 13b ©=). By contrast, the
backward-breaking waves are relatively small in the idealized basin at this time (Fig. 8b ©=). The other difference is the pool
of estuarine waters and associated anticyclonic eddy that appear at the downstream right corner in the idealized basin but not
in the redlistic basin. Instead, a large amount of estuarine waters in the realistic basin has been advected onto the shallow




water region of the Magdalen Shallows (Fig. 13b ©=). Note that the typical wavelength of the backward-breaking waves
shown in Figure 13 ©= is about 90 km, which is similar but dightly larger than the wavelength of 60 km estimated from the
satellite images of sea surface temperature (Fig. 5 ©=).

By day 50 the buoyant estuarine water in the realistic basin has spread over most of the NWG region, with an intense
large-scale anticyclonic eddy appearing over the area between the estuary mouth and the western tip of Anticosti Island (Fig.
13c ©O=). A small-scale but well-developed anticyclonic eddy is created over the area between the eastern tip of the Gaspé
Peninsula and the Anticosti Island (Fig. 13c @=). To the south of this eddy severa less well-developed eddies have been
created with a southward drift onto the Magdalen Shallow. In the idealized basin, by contrast, the pool of buoyant waters
tends to separate from the plume-current system near the downstream corner at this time (Fig. 8c ©=).

A question arising from the above discussion is how important the variable bottom is to the development of the plume-
current system. This problem was addressed by applying the fully nonlinear CANDIE modéd to the basin with the realistic
coastline but a flat bottom of 400 m. All other model parameters are the same as before. During the first 10 days of
simulation, the near-surface salinity and currents in the flat bottom case (not shown) are very similar to those in the basin
with variable bottom, indicating the secondary importance of the variable bottom to the early development of the plume-
current system. The influence of the variable bottom, however, becomes more important after 30 days of simulation. In
particular, the coastal current in the flat bottom case follows the irregular coastline much more closely than that in the
variable bottom case.

Figure 14 ©= presents the total domain budget of MKE and EKE in the realistic basin shown in Fig. 13 @=. The
calculation was based on the model results between day 5 and day 80. The main kinetic energy source of the mean flow in
the realistic basin is the buoyancy forcing associated with the river discharge at the estuary head, same as in the idealized
basin experiment. The main kinetic energy sink of the time mean flow is the conversion of MKE to the available potential
energy (B), which is about 90% of the buoyancy forcing at the head. The main frictional energy sinks are lateral and vertical
frictions (F|, and F, ). Note that vertical friction is more important than lateral friction in dissipating mean kinetic energy in

the realistic basin, in contrast to the flat-bottom idealized basin experiment. Similarly, the nonlinear kinetic energy conversion
(N), energy dissipation due to bottom friction (F), and energy loss due to boundary flows (C) are all relatively small, in

comparison with the mean buoyancy production (B).

The sources of eddy kinetic energy include, in order of magnitude, the eddy buoyancy production (B’), the nonlinear
kinetic energy conversion (N), and boundary flow contribution (C'), same as in the flat-bottom idealized basin experiment.
The ratios of N/B’ and C'/B' are about 15% and 5%, respectively, indicating the predominance of the buoyancy transfer as
the energy source of the eddy flow. Hence, the barotropic instability aso plays a minor role in generating eddies and
instabilities in the redlistic basin. On the other hand, the value of A’ for the nonlinear plume—current system shown in Fig. 13

©= is positive and about 7.7 x 10 4 cm? s 3, which is about 30 times larger than B'. It can be concluded, therefore, that the
main instability process in the realistic basin is also baroclinic.

b. River discharge and a barotropic jet along the Quebec shore

One of the main features of the model results driven by the river discharge is the continuous seaward expansion of the
buoyant estuarine plume with time. As aresult, alarge-scae anticyclonic motion is eventualy created over the NWG region.
This anticyclonic motion produced by the model is, however, contrary to common knowledge of general circulation over
this region. Previous hydrographic studies have consistently revealed the presence of a quasi-permanent geostrophic
cyclonic motion in this region (Trites 1972; El-Sabh 1976; Tang 1980a, 1983). The time-mean current meter observations in
the upper ocean shown in Fig. 4 ©= also suggest the existence of this circulation feature. Clearly, other dynamic processes
in addition to the St. Lawrence River discharge are engaged in the formation of the cyclonic circulation over the NWG
region.

In this section, the role of a barotropic westward jet along the Quebec shore is examined in the formation of the cyclonic
NWG motion. This is motivated by the findings of Petrie et al. (1988), showing that the Labrador Current enters the Gulf of
St. Lawrence through the Strait of Belle Isle with volume transport up to 0.3 Sv. These Labrador Current waters are thought
to flow westward along the Quebec shore and are entrained into the cyclonic circulation in the northwest gulf region.

The fully nonlinear CANDIE model was then applied to the realistic basin forced by both the river discharge at the estuary
head and a barotropic westward jet at the northeast corner of the eastern open boundary (henceforth referred to as the

eastern boundary inflow). The speed and width of this eastern boundary inflow were set to about 15 cm s 1 and 30 km,
respectively, corresponding to the volume transport of about 0.4 Sv. The salinity and temperature of this jet are the same as
the initia fields. Other model parameters are the same as before. Figure 15 ©= shows the near-surface salinity and current
fields at days 10, 30, and 50.



A comparison of the model resultsin Figs. 13 and 15 ©= shows clearly that the westward coastal current along the
Quebec shore effectively constrains the eastward expansion of the buoyant estuarine plume and strengthens the Gaspé
Current along the Gaspé Peninsula. Furthermore, the combination of the westward coastal current along the Quebec shore
and the eastward Gaspé Current along the Gaspé Peninsula forms a large-scale cyclonic circulation over the NWG region
(Figs. 15b.c ©=). After passing the eastern tip of the Gaspé Peninsula, the Gaspé Current separates from the coast, creating
an offshore jet that flows onto the Magdalen Shallows with large-scale meanders.

Figure 16 ©= shows the time-mean currents at 15-m depth averaged from the model results between day 5 and day 80.
The time-mean currents at this depth agree qualitatively well with the summer-mean current meter observations made in the
upper ocean (Fig. 4a ©=), suggesting the importance of the joint effect of the river discharge at the estuary head and the
westward flowing coastal jet along the Quebec shore to the genera circulation in the NWG region.

6. Summary and discussion

The Gaspé Current and cyclonic motion are the most distinctive circulation features over the northwestern Gulf of St.
Lawrence. The Gaspé Current is the surface-intensified coastal jet driven primarily by the outflow from the St. Lawrence
River. This current is dynamically unstable with growing meanders and instabilities.

A primitive equation model was applied to the process study of the coastal current and associated eddy and instability
generation over the NWG region. Two model domains are used. The first is an idealized basin with a flat bottom and
piecewise straight coastlines. The other is the redistic basin of the model-resolved NWG bathymetry. The model resultsin
both basins have similar early developments of the plume—current system: a buoyant plume is created inside the estuary with
a strong eastward near-surface outflow along the north shore of the estuary. This outflow turns anticyclonically and flows
southward along the salinity front of the plume near the estuary mouth. It abruptly turns cyclonically at the south shore to
form a surface intensified coastal current that advects the buoyant estuarine water downstream in the direction of Kelvin
wave propagation. The numerical experiments in both basins aso demonstrated that the coastal current initially follows the
coastline closely but later becomes unstable with multiple backward breaking waves created along the outer edge of the
plume—current system. Based on the kinetic energy analysis of time mean flow and eddies, it was found that the instability
process responsible for the unstable wave development in the two basins is mainly baroclinic. The barotropic instability only
plays a secondary role.

With the river discharge at the estuary head as the only external forcing, however, the buoyant estuarine plume expands
successively with time, leading to alarge anticyclonic circulation over the NWG region. This is opposite to the quasi-
permanent cyclonic gyre observed over this area. The addition of a barotropic westward jet specified at the northeast corner
of the model domain is efficient to constrain the seaward expansion of the estuarine plume and strengthen the Gaspé
Current. The combined effect of the river discharge at the estuary head and the westward coastal current along the Quebec
shore results in the formation of a statistically stable cyclonic circulation over the NWG region.
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APPENDI X
7. CANDIE and Subgrid-Scale Mixing Parameterizations

The governing equations used in the circulation model are essentially the same as those considered by Sheng et al. (1998),
with the exception that Cartesian coordinates are used here. Using the rigid-lid, Boussinesq and hydrostatic approximations,
the three dimensional primitive equations for an incompressible, stratified fluid can be expressed as

d |7 d d
E-FLu—fu = ——_—p—|- D ou+ — ij (A1)
ot p, ox 0z 0z
v 1 dp o dv
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where u, v, w are eastward, northward, and vertical components of the velocity, respectively; p is pressure; p is density; f
is the Coriolis parameter; g is the gravitational acceleration; p , is a reference density; K, and K, are the vertical eddy

viscosity and diffusivity coefficients; .L is an advection operator defined as
ol d g
Lg = u,—'{ + v—q + w—f; (A8)
dx dy z



and D and D, are diffusion operators defined as

o d 4 dg N d A oq (A9)
q = — — . P
s 8.,1' e ax_ a't‘ i &}!

where A and A, are the horizontal eddy viscosity and diffusivity coefficients.

In this paper the vertical mixing coefficients K and K, were set to constants. The horizontal mixing coefficientsA

were parameterized in terms of the horizonta grid length 6 and the local deformation rate of the horizontal velocity field,
following Smagorinsky (1963):

ou v\ v au\|"”
= maxjad’|| — — — — + —
dx  dy dx  dy

A LA

FN) min | »

(A10)

where (du/dx — dv/ay) and (du/dx + duldy) are the tension and shearing strain of horizontal flow, respectively, a = 0.282
andA_ =50m?s L.

In examining the kinetic energy balance of the model results, we decomposed the model results into their time-mean part
(time-mean field) and a deviation from the mean (eddy field):

u="U+u"; w=W+w' p=P+p

p=p+p, (Al1)

where U, W, P, and p are the mean fields and u’, W', p', and p’ are eddy fields. Both U and u’ are the velocity vectors of
horizontal components.

The kinetic energy balances for the time-mean flow eddies can be obtained by multiplying the horizontal momentum
equations [(A1)—(A2)] by the time-mean and eddy components of the velocity, respectively. Let < > be the volume average

defined as<qp = ]JV(I w d dV), the governing equation for MKE can be written as

3(MKE)

p” =C+N+B+F,+F, +F,

+F.+R (A12)

where



B = —&iﬁw ; (A1S)
p{i‘

where C represents the advection of mean kinetic energy by mean flow, pressure, and Reynolds stresses, respectively.
Based on Gauss's theorem that the volume integral of a divergence term can be transformed into a surface integral, C can be
interpreted as the advection of the MKE through model open boundaries. For a close basin, C is identical to zero. Here, N is
the nonlinear exchanges between mean and eddy kinetic energy, and B is the exchange between mean kinetic and potential
energy, respectively. Also, F,, F, , and F, represent the dissipation (or generation) of mean kinetic energy through

horizontal mixing, vertical mixing, and bottom friction processes, respectively; F _is the generation of MKE by wind forcing,
and R is the generation of MKE by the buoyancy forcing associated with the river discharge.

The governing equation for the time mean kinetic energy of the eddy flow (EKE) can be written as

J(EKE) , ,
——=C -N+B +F,+F
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+F+ (A16)
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where C' represents advection of eddy kinetic energy through model open boundaries; B’ represents the buoyancy
production by the eddy flow; F'h, F't__, and F'b represent the dissipation (or generation) of eddy kinetic energy through

horizontal mixing, vertical mixing, and bottom friction, respectively; and F'T is the generation of EKE due to the wind
forcing.
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FIG. 1. Main bathymetric features of the Gulf of St. Lawrence and schematic presentations (light aray arrows) of large-scale



circulation in the region. The area marked by the dashed linesisthe model domain

FIG. 2. Summer mean near-surface (0—11 m) fields of (&) temperature and (b) salinity gridded from hydrographic data using
Barnes algorithm
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FIG. 3. Vertical profiles of (a) temperature and salinity spatially averaged from the gridded hydrographic data over the
northwestern Gulf of St. Lawrence, (b) in situ density calculated from the vertical temperature and salinity profiles shownin (a),
and (c) pressure eigenfunctions of the first three baroclinic modes cal culated based on the vertical density profile shownin (b)

FIG. 4. Time mean current-meter observations in summer with record lengthslonger than 15 daysin the (a) upper ocean (1040
m) and (b) lower ocean (90-220 m) over the northwestern Gulf of St. Lawrence
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FIG. 5. The drawings of evolution of backward-breaking wavesin the Gaspé Current in Aug 1978 based on the infrared satellite
images of sea surface temperature shown by Tang (1980b). Only the outer edge of the current was marked

Click on thumbnail for full-sized image.

FIG. 6. Two types of model domains used in the numerical experiments. (a) the idealized basin of aflat bottom of 200 m and a
piecewise-straight coastline, and (b) the realistic basin with variable bottom and irregular coastline representing the model

resolved NWG bathymetry over the area marked by the dashed linesin Fig. 1 ©=

Click on thumbnail for full-sized image.



FIG. 7. Near-surface salinity and current fields over the estuary region marked by the dashed linein Fig. 6a ©= after (a) 0.2 day
and (b) 1 day of simulation. The model was driven by theriver discharge at the estuary head

Click on thumbnail for full-sized image.

FIG. 8. Near surface salinity and flow fieldsin the idealized basin produced by the fully nonlinear CANDIE model at (a) day 10,
(b) day 30, and (c) day 50. The model was driven by river discharge at the estuary head. The salinity contour interval is 2 ppt. The
dashed salinity contour line represents the boundary between the estuarine and shelf waters. Velocity vectors are shown at

every fourth grid point

Click on thumbnail for full-sized image.

FIG. 9. Near surface salinity and flow fieldsin the idealized basin produced by the linearized CANDIE model (i.e., the one
without advection terms in the momentum equations). Otherwise asin Fig. 8 ©=
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FIG. 10. Total domain kinetic energy balance for the time-mean and eddy flow in the idealized basin. All values are the volume

average. Unitsarein cm? s 2 for the energy levelsand in 10 ° cm? s 3 for energy transfers

Click on thumbnail for full-sized image.

FIG. 11. Near-surface salinity at day 10 in the idealized basin forced by the river discharge at the estuary head. The model
1.

parameters are the same asin Fig. 8 ©=, except the vertical mixing coefficients were changed to (a) 0.1 cm? st and (b) 10 cm’s”
the thickness of the upper waters at the estuary head was changed to (c) 10 m and (d) 40 m; and the transport of the barotropic

inflow in the upper waters at the head was changed to (€) 0 Sv and (f) 0.07 Sv, respectively

Click on thumbnail for full-sized image.




FIG. 12. Near-surface salinity at day 30 driven by theriver discharge at the estuary head in the idealized basin with (a) an
obtuse downstream corner, (b) a sharp downstream corner, (c) two obtuse downstream corners, and (d) a model-resolved round

downstream corner. Otherwise, same as Fig. 8 o=
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FIG. 13. Near-surface salinity and flow fieldsin the realistic basin driven by theriver discharge at the estuary head at (a) day 10,
(b) day 30, and (c) day 50. Otherwise, same as Fig. 8 O=
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FIG. 14. Total domain kinetic energy balance for the time-mean and eddy flow in the realistic basin. All values are the volume

average. Unitsarein cm? s 2 for the energy levelsand in 10 ° cm? s 3 for energy transfers

Click on thumbnail for fuII-si zed image.

FIG. 15. Near-surface salinity and flow fields in the realistic basin forced by the river discharge at the estuary head and a
barotropic westward inflow at the northeast corner of the eastern open boundary at (a) day 10, (b) day 30, and (c) day 50.

Otherwise, sameas Fig. 13 C=

Click on thumbnail for full-si zgd image.

FIG. 16. Time-mean predicted currents (solid arrows) at 15-m depth averaged from the model results between day 5 and day 80.
Velocity vectors are shown at every third grid point. Open arrows are the current-meter observations made in summer with record

lengths longer than 15 daysin the upper ocean (10—40 m)
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