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Abstract. A numerical model of the upper ocean is developed to study the
dynamics and thermodynamics of the Baie des Chaleurs (Gulf of St. Lawrence,
Canada). The model has primitive equation dynamics with two active layers
embedded with a Niiler-Kraus (Niller and Kraus, 1977) type mixed layer model at
the top. Proper open boundary conditions and forcing functions are constructed.
The model is eddy-permitting, with a horizontal grid spacing of 2x4 km. An
Arakawa C grid scheme is used. Forced by observed wind, atmospheric heat fluxes,
river runoff, and appropriate remote forcing (in particular, the Gaspé Current,
(GC)), the model demonstrates that the mean cyclonic general circulation pattern
in the bay is a consequence of the intrusion of the GC. The strength of the
circulation depends on the resultant stress of prevailing westerly winds and the
opposing GC intrusion. In the mixed layer, atmospheric heat fluxes and horizontal
thermal advection play a key role in the thermal balance at the eastern part of the
bay. The local mixed layer fluctuations are controlled by wind and GC induced
divergence. The entrainment (and its corresponding heat flux) is important at the
western part of the bay and changes the mean mixed layer depth on a timescale of
more than a week. Varying GC intensifies the flow variations induced by the wind

in the bay and improves simulation results as compared with observations.

1. Introduction

The ocean is driven mainly by dynamic and thermo-
dynamic forcing near its surface. In coastal regions,
wind stress can generate offshore Ekman transport and
local upwelling. These coastal processes are modified
by turbulent processes driven by wind and buoyancy
forcing. To simulate these processes, appropriate mixed
layer (ML) physics must be constructed. Most ML mod-
els applied in ocean studies include differential (closure)
and bulk models. The former uses the primitive form
of momentum, heat, salt and turbulent kinetic energy
(TKE) equations [e.g., Mellor and Yamada, 1982]. The
equations for the bulk model are integrated over the ML
and can be easily incorporated into a layer model. Fol-
lowing the pioneering work of Kraus and Turner [1967],
the bulk ML model has been modified and developed in
many studies [Denman, 1973; Niier and Kraus, 1977,
Garwood, 1977]. In an upper ocean model, the ML
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communicates with the lower layer by the process of
entrainment, which in a layer model should be equal to
the difference of ”apparent motion” and particle motion
at their interface [de Szoeke and Richman, 1984]. The
entrainment rate is determined from the ML model.

Upper ocean modeling and ML physics have been dis-
cussed for the open ocean [e.g. Schopf and Cane, 1983,
McCreary and Kundu, 1988; Cherniawsky et al., 1990]
and for global simulation [Yuen et al., 1992]. However,
there are few studies in the coastal region. Wind in-
duced coastally trapped waves and upwelling can result
in strong offshore water transport in the coastal region,
which often plays a major role in changing the mixed
layer depth (MLD). Horizontal convergence and diver-
gence greatly modify local water mass characteristics
not only by vertical advection but also by horizontal
advection. These processes, in turn, have an impact
on the entrainment process [Price, 1981; McCreary and
Kundu, 1988]. Nonlocal (e.g., inflow, outflow from open
ocean) and nearshore forcing (e.g.; river runoff) can also
change both the circulation pattern and buoyancy field
in the coastal region.

In this paper a 2 1/2 layer, upper ocean model,
which includes both dynamics and thermodynamics and
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has two active layers, is developed and applied to the
Baie des Chaleurs (BdC) (47.5-48.5°N, 65.5-66.5°W), a
semienclosed basin opening to the Gulf of St. Lawrence
(GSL) (Figure 1).

The objective of this paper is to investigate the circu-
lation and thermal structure of the BAdC under the fore-
ing of wind stress, atmospheric buoyancy forcing, river
runoff, and nonlocal forcing. After a brief description of
observations from the BdC, a numerical model for the
coastal upper ocean, its boundary forcing, and bound-
ary conditions are described in section 3. An overview
of the response to different forcing is given in section 4.
A summary of results and some concluding remarks are
given in section 5.

2. Review of Observations

From June to October of both 1990 and 1991 a num-
ber of current meters were moored in the BAC at dif-
ferent depths. Conductivity-temperature-depth (CTD)
profiles were taken on north-south transects across the
bay at a number of sites including at the location of
each current meter mooring (Figure 2). Currents were
sampled every 20 min by an Aanderaa current meter
(RCMT). There was one CTD cruise in October 1990
and six more in 1991, in which 60 CTD stations were
sampled over the whole bay during each cruise. Owing
to the logistical problems, time series at some stations
were truncated [van der Baaren et al., 1992].

Figures 2a,b show the mean circulation in Septem-
ber 1990 and June 1991 from a full month of current
observations. In September 1990 the mean along-shore
current was directed westward at the north shore and
eastward at the south shore, which formed a cyclonic
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circulation in the central part of the bay (Figure 2a).
A similar circulation was also observed in June 1991
(Figure 2b). The cyclonic circulation appears to reach
as far as the western inner part of the bay. A simi-
lar circulation pattern was also observed by Tremblay
[1943] and Legendre and Watt [1970]. The near-surface
currents along the north shore of the bay were stronger
than those in the southern area of the bay. Consider-
ing the fact that the near-surface current at station O8
was directed north, while at stations O6 and O7, it was
directed west and east, respectively, the existence of a
cyclonic circulation is indicated. At the entrance of the
bay (station O1) in 1991, mainly eastward currents sug-
gest that the GC separated from the north shore before
intruding into the bay near O3. It then bifurcated as
it reattached to the north shore. At a depth of 50 m
the current at Ol was directed southward. An inves-
tigation of bottom drift at the entrance of the bay by
Lauzier [1967] suggested that the bottom current was
toward the west along the north coast and toward the
east on the south coast. Despite the fact that only a few
current meters were deployed during other observation
periods, all observations showed similar characteristics.

Previous investigators [ Tremblay, 1943; Legendre and
Watt, 1970] have suggested that the cyclonic circulation
in BdC resulted from the intrusion of the Gaspé Current
(GC), which is mainly generated by the upwelling in the
northwest of the GSL [Bugden, 1981]. Part of the GC
moves along the coast of the Gaspé peninsula and may
intrude into BAC [Trites, 1972; El-Sabh, 1976]. The
speed of the GC near the mouth of the St. Lawrence
River ranges from 60 cm s™! to 100 cm s™!, with strong
vertical shear [Tang, 1980; Benoit and El-Sabh, 1985;
Mertz and El-Sabh, 1988].

Figure 1. Geographic locations of Gulf of St. Lawrence and Baie des Chaleurs (BdC).
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The surface temperature 73 and salinity S; were
characterized by a strong gradient in both east-west and
north-south directions, as can be seen from the CTD
data in 1991 (Figure 3). Lower T)/higher 5; water
was located at the east entrance of the bay, with tem-
perature/salinity increasing/decreasing toward the in-
ner western part of the bay. The main source of low )
water is the runoff from the Matapedia, Restigouche,
and Caspedia Rivers in the western part of the bay.
Mean runoffs in summer are about 60, 300 and 100
m® s, respectively, according to historical data [Le-

m° s,

T
Quere, 1992]. The temperature/salinity values at the
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north shore were lower/higher than corresponding val-
ues on the south shore. At 25 m depth (not shown)
the horizontal gradient of temperature and salinity was
weaker. In contrast to the surface layer, warmer and
lower-salinity water was located near the bay entrance
and at the north shore. The CTD data taken on Oc-
tober 11-12, 1990, (courtesy of M. El-Sabh) also shows
similar features in both the surface and deeper layer.
They also display distinct cold and salty surface water
located east of Miscou Island (Figure 1).

If the water column is divided vertically into two lay-
ers with a turbulent ML at the top, higher tempera-

(a)

Figure 2. (a) Mean observed circulation in BdC in September 1990 and (b) June 1991. The
station numbers are in the rectangular boxes. The u and v in the ovals are the east-west and
north-south components of the velocity, respectively. The depth of the current meters are also

shown in the ovals.
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Figure 3. Mean horizontal distribution of temperature
(degrees Celsius) and salinity (parts per thousand) in
the mixed layer in August and September of 1991.

ture and lower salinity at the lower observed level near
the entrance and along the north shore suggest that a
deeper ML occurs at these locations. This also matches
the cyclonic circulation in terms of dynamical gradient
forcing by the tilt of the interface. Therefore the east-
west temperature T; and salinity 5 gradient in the ML
can be considered as the consequence of the combined
effects of cyclonic circulation and the T; and S; con-
trast between the eastern entrance (GSL) and western
end of the bay.

Comparing time series of vertical o; profiles along the
northern (station O6) and southern (station O7) shores

(Figure 4) with corresponding wind stress (Figure 5),

one finds strong upwelling at O6 when the wind stress
was dominated by westerlies. It suggests that upwelling
was generated, as near surface water was transported
offshore by wind-induced Ekman transport. The al-
most opposite phase of o; between station O6 and O7
indicates that corresponding downwelling occurred on
the south shore with a smaller amplitude. Periods of
stronger westerly winds but weaker upwelling (e.g., on
October 3) may result from increased remote current
intrusion (to be discussed later).

Figure 6 shows the mean MLD in summer 1991. We
define the MLD to be the upper ocean layer whose
depth-averaged temperature is A T higher than the wa-
ter temperature just below. Observations showed that
vertical temperature profiles have a deep stratified layer
below the ML in BdC, with a temperature span of about
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6°C (Figure 7). Since the density profiles in this paper
will be approximated as a two-layer system (see model
description in section 3), it is convenient to choose AT
as 3°C in the present study. As can be seen from Figure
6, a prominent feature of the MLD distribution in BdC
was a deep trough near the entrance which gradually
shoaled toward the west, consistent with the thermal
fields observed at the 25 m.

3. The Ocean Model

3.1. Model Description

The model consists of two active layers and a deep
resting lower layer (Figure 8). The model formulation
is similar to that in Schopf and Cane [1983); McCreary
and Kundu [1988]; Cherniawsky et al. [1990]; and Yuen
et al. [1992]. The equations for momentum, continuity,
temperature, and salinity for the upper and lower layers
(¢=1, 2) are

(hiVi)t +v - (hiViV;)+ fK x h;V; =

610 —h; v Pt

Po
(=))W, [H(W.) Vo + H(-W.)V1]+
6:2W, Ve + Ky ¥ (ki V V)
(hi)e +v - (hiVy) = (1)F'We+62W.  (2)
(hiTi)e +v - (ki ViTi) =

Qi
pon
(=)W [H(W.)T. + H(-W.)T1]+
8;oW, T + Ky 7 (hi ¥ T;) + Cri + 82Ny

+

3)

(hiSi)e + 7 - (RiV;S:) =
(=)W [H(W.)S. + H(-W.)S1] +

b6i2Wr Sr + K 7 (hi ¥ Si) + Csi + 6i2Ns (4)
Where V; and V, are horizontal velocities at the ML
and the second layer, respectively. The unit vector
K is directed upward. H is the Heaviside step func-
tion and é;; is the Kronecker delta function. 7¢ here
is wind stress and C, is specific heat of water (=4025
J kg_l K—l); VP1=V(g1, hi+ gzlhz)—hlv (gll/Q) and
VP2=7(g2"ha/2) +92"7(h1+h2/2) are horizontal pres-
sure gradients at the ML and subsurface layer, respec-
tively. The Coriolis parameter fis kept constant in the

.mode] due to small 3 effect. The ¢;’ and g5’ are defined

as g1'=9(p3-p1)/ po; 92'=9(p3a-p2)/po; p3 is the density of
the deep ocean or lowest layer, which remains spatially
constant. Density is determined from the equation of
state p=p(S,T,Z). Here ¢ is gravity and po is a reference
density. K, and K, are horizontal eddy viscosity and
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Figure 4. Time series of the east-west wind stress and vertical o profiles at stations O6 and
or7.
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Figure 6. Mean observed mixed layer depth (MLD) calculated from conductivity-temperature-

depth (CTD) data from June to October 1991.

diffusivity coefficients (K, =40 m? s™!, K,,=30 m?s~1),
which have same order of magnitude as estimated from
the Smagorinsky [1963] formulas. T, and S, are the
temperature and salinity at the interface between the
ML and the layer below. In this study, when W.> 0
(entrainment), T, and S, are obtained by assuming
linear stratification below the ML [Schopf and Cane,
1983]. Ti 2 and S; 2 are defined at the middepth of the
layer. Therefore we have T.=2T5-T5 and S.=2S5,-53.
T3 and S3 are the temperature and salinity in the deep
ocean. When W.< 0 (detrainment), (T,S.)=(T1,S5).
The surface and interfacial temperature fluxes @ » are
given by

Q1 = Qo(l—a)—L,~-
H,— LE, — I(0)e~h1/hs (5)
Q2 = I(0)e~M/P (6)

where @), is the measured incoming shortwave radiation
at the surface, a (=0.1) is the albedo of the sea sur-
face, 1(0) is the penetrating shortwave radiation where
[(0)=C;Q, and C, is the percentage of penetrating
shortwave radiation and hs is the attenuation depth of
shortwave radiation. The radiation coefficients are cho-
sen as C,.=0.40 and h,=15 m, corresponding to water
type III following Paulson and Simpson [1977]. L, is
longwave radiation, which is calculated following the
Berliand formula Budyko [1974]. H, and LE, are the

vertical flux of sensible and latent heat, which are de-
termined from standard bulk formulations [Gan et al.,
1995], respectively. L is the latent heat of vaporization
(2.5x10° J kg™1).

In the model, instantaneous convection between the
ML and subsurface layer (Cr1, Cs1) occurs when py >p,.
A depth-weighted scheme (i.e., T= [(T1,51)h1+(T2,52)
ha]/(h1+h2) ) is then adopted. When py>p3, the deep

0 i |
10

20 | -
30 |- —
40

50

DEPTH(M)

60 — —
70
80 — ]

90 —

|
10

100 1

-2 4 16

1[0 ]

Figure 7. Typical temperature profile in BdC during
sumimer.
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Figure 8. A schematic diagram of the model.

convection scheme between the subsurface layer and the
deep ocean occurs. We then set (7%,5:)=(T3,53), sim-
ilar to the method used by Cherniawsky et al. [1990]
and Yuen et al. [1992]. The heat Np and salt Ng dif-
fusion between the second layer and the deep ocean are
defined as Np=HN(T5-T,) and N,=HN(S3-S>), where
T3 and S3 are the averaged temperature and salinity
in the deep ocean. The coupling coefficient is equal to
HN=5x10""m s~! which corresponds to a vertical eddy
diffusive coefficient of 10~° m2 s~! for hy of 20 m. The
vertical diffusion was very close to the value estimated
by Bugden [1981] in the GSL.

We in the model is the entrainment/detrainment rate,
which is determined from the Niiler and Kraus [1977]
type formulation, similar to Oberhuber [1992] and can
be seen in the work by Gan et al. [1995]. The mixing
efficiency coefficient associated with wind-driven turbu-
lence is equal to 1.2, and the coefficient associated with
frictional energy dissipation of the convective mixing is
equal to 0.83 and 1 for positive (ocean gains heat) and
negative total buoyancy flux through the surface, re-
spectively. In the model the effect from precipitation
minus evaporation on the buoyancy is neglected.

W, in the equations is defined as the residual en-
trainment rate at the bottom of the second layer [Cher-
niawsky et al., 1990; Yuen et al., 1992]. It equals zero
except when the second layer is shallower than the pre-
scribed depth H. (20 m in the model). Nonzero W,
could occur when there is a strong upwelling or the ML
is deepening in winter. Also, V,.=0 or =V, if W,.>0
or <0. For any volume of water entrained from the
deeper ocean into the second layer, the same volume of
water is evenly deducted everywhere from the second
layer in order to keep the mass conserved. In (3) and
(4), (T+,5,)=(Ts,5%).

3.2. Numerical Implementation and Model In-
put

With an internal Rossby radius of about 8 km in BdC,
a grid size of AXxAY =2 kmx4 km and an Arakawa C
staggered grid were used. A center space difference for
the flux form equation was applied in the model, which
ensures that certain integral constraints are conserved
by the differencing [Haltiner and Williams, 1980]. To
control small-scale numerical noise and remove time
splitting from the leapfrog differencing scheme, a weak
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filter [Asselin, 1972] was used at each time step. The
time step {, was chosen as 10 min. At the northern,
southern, and eastern open boundaries, an Orlanski
type radiation scheme was applied to (hy o). It is found
that the modified orlanski implicit (MOI) [Camerlengo
and O’Brien, 1980] radiation condition gives a smoother
boundary solution. At the beginning of the model test-
ing, various radiation conditions were also applied to the
velocity. However, as the remote forcing was imposed
near the coast of the northern boundary (see discussion
below), a ”"noiselike” current seemed to move around
the region of the open boundary after a certain time
of integration. Therefore we put a zero-gradient con-
dition dV;/0n=0 for along-boundary velocity and cal-
culated the component normal to boundary the same
way as in the main program. The operator /0n in-
dicates a partial derivative normal to the boundary. A
zero-gradient in layer depth condition Gh; »/0n=0 was
applied on the northern boundary in order to suppress
spurious Kelvin wave propagation. The treatment of
open boundary conditions here is similar to that sug-
gested by Greatbaich and Otterson [1991]. The lateral
boundary conditions on the sidewall of the bay are no-
slip.

In the case applying the GC at the northern bound-
ary, the southward velocities, which are determined
from across-boundary transports, are imposed on the
northern boundary at the upper and lower layer, respec-
tively (see section 4.3). The northern open boundary
was located at the tip of the Gaspé peninsula (Figure
1). To avoid surfacing of the ML, the minimum A, was
set to 2 m in the model.

When the flow is into the model domain, the pre-
scribed boundary temperature and salinity are advected
into the model domain. The boundary T); and S,
values are from long-term climatological mean data of
Petrie [1990] and are interpolated linearly for each time
step in the study period.

The time frame of this study is from the beginning of
August to October 1990, as shown in Figure 5 and can
be divided into warm (August to mid-September) and
the cooling (mid-September to mid-October) seasons.
The wind data were obtained from the Atmospheric En-
vironment Service (AES) of Environment Canada. The
prevailing wind in BAC from June to October 1990 was
westerly, as shown in Figure 5. In the model, the wind
stress was calculated following the formula of Large and
Pond [1980]. The wind speed in the open bay was esti-
mated from the observed wind speed on land at Charlo
(Figure 1) by using the relation suggested by Hsu [1986].

The air temperature, incoming solar radiation, rela-
tive humidity, and cloud opacity, also from AES, are
shown in Figure 5. They were used to calculate the
atmospheric heat fluxes in the model.

The physical timescales of interest for our study in
BdC are in the subinertial and longer periods. The
observed data in this paper have been low-pass filtered
to remove energy with periods less than 36 hours.

River runoff at the western part of the bay was speci-

fied in the ML at the grid points nearest the river exits.
Historical mean runoff data [LeQuere, 1992] during the
time frame of this study were (approximately) applied
for the entire integration period. Rivers with an average
runoff of less than 50 m3 s~! were neglected. The tem-
perature for river runoff injected into the model domain
was approximated as 5°C lower than Tj,.

4. Numerical Results

To test the validity of the model and distinguish be-
tween the influence of different forcing regimes, several
experiments were conducted. In section 4.1 a constant
eastward wind stress was applied to the model to de-
termine the dominant features of the upper ocean re-
sponse to wind. This test also serves as a verification of
the model dynamics. In section 4.2, the observed wind
and heat flux were first used to force the model and
then the GC was applied in section 4.3. The dynamic
and thermodynamic results are compared with the cor-
responding observations. The thermal balance in the
ML, the characteristics of the ML, and variability of
the dynamics and thermodynamics are then studied in
sections 4.4, 4.5, and 4.6, respectively.

In all experiments, except for the case of constant
westerly wind forcing (section 4.1), heat flux will be
calculated using observed atmospheric data (Figure 5).
The initial mean thermal conditions and layer thick-
ness for the model were estimated from available data
near the bay entrance [Petrie, 1990] in April. They are
summarized in Table 1. After spinning up the model
with the observed meteorological forcing (wind stress
and heat fluxes) from April to July (Figure 5) which al-
lows the transients (from initial conditions) to dissipate,
the results from August to early October were obtained.
The latter period contained the longest current meter
records for comparison to the model.

4.1. Forcing With Constant Westerly Winds

The model was forced with 0.03 Pa westerly wind
stress. The atmospheric heat fluxes in this case were
calculated using a constant air temperature of T,=12°C,
incoming solar radiation of $=100 W m~2, relative hu-
midity of 75 % and a cloud cover of 0.5. The initial
conditions were the same as Table 1 except T (:IOOC)

Table 1. Initial Values

Variables Values Elements

h 15 m upper layer depth
ho 20 m lower layer depth
T, 3.5°C surface temperature
T 3°C low layer temperature
Ts 20C bottom temperature
S1 28.5 o/o0 surface salinity
Sa 30.5 o/oo low layer salinity
S3 31.5 ofoo bottom salinity
Ui 0ms™? upper layer velocity
U, 0ms™? lower layer velocity
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Figure 9. The mean circulation, thickness, temperature, and salinity of the mixed layer (ML)

under constant wind stress.

was chosen to be close to the value in June. For sim-
plification, zero normal thermal gradients were applied
on the open boundaries in this experiment and the one
in section 4.2, when the model was forced by observed
winds.

Initially, an eastward current was generated through-
out the bay in the ML. After 10 days the eastward
current near the south shore gradually decreased and
changed to westward, which produced an upper layer
anticyclonic circulation pattern in the central region of
the bay, with two other weaker eddies located to the
west and east of the central one. Figure 9 shows the
61-day mean fields. The Ekman transport at the open
GSL generated a southward current. This southward
current was negligible at the subsurface layer.

The thickness of the top layer A; in the bay gradu-
ally adjusted to about 16-20 m after 120 days, and the
circulation became very weak. The southward Ekman
drift on the north shore produced convergence of the
water masses toward the center of the bay and a deeper
ML. The shoaling of the ML along the north shore due
to upwelling can intensify entrainment by converting
mean potential energy to TKE [Price, 1981; McCreary
and Kundu, 1988], (also see section 4.5). This led to
decreasing temperature and increasing salinity in the
ML (Figure 9). The offshore mass transport which was
induced by the westerly wind at the western end of the
bay formed a shallower ML there. The corresponding
colder and saltier water from the lower layer was en-
trained into the ML and then advected eastward by the
local current. Combined with locally entrained water,
it formed a cold and saline water mass in the western
part of the bay and along the north shore.

A weak cyclonic circulation occurred in the subsur-
face layer and the overall temperature and salinity re-
sponses were weaker. We also carried out experiments

forced by constant easterly, northerly, and southerly
winds. The first two cases generated cyclonic circula-
tion patterns, while the third gave anticyclonic motion
in the ML.

4.2. Forcing With Observed Winds

When the model was forced with the observed wind
and river runoff at the western end of the bay, the 2-
month mean circulation (mean field from August 1 to
September 30, hereinafter referred to as the 2-month
mean ) after the spin-up from April was an anticyclonic
pattern in the ML, similar to Figure 9 with local ed-
dies. Since the prevailing wind in the BdC was westerly
(Figure 5), mean dynamical patterns were quite similar
to the results with constant westerly forcing in the last
subsection. With the inclusion of river runoff a plume
was generated in the western part of the bay. This
plume can reach as far as the central part of the bay
(Figure 10) depending on westerly wind strength.

SALINITY (PPT)
MIXED LAYER
CONTOUR INTERVAL .1

Figure 10. The 2-month mean salinity in the ML
for observed atmospheric boundary forcing and river
runoff.
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4.3. Forcing With Observed Winds and the
Gaspé Current

It was shown in section 2.2 that the observed mean
circulation in the BdC was cyclonic (Figures 2a and 2b).
Given the prevailing westerly winds in BdC (Figure 5),
the above model results implied that the circulation in
the bay should be anticyclonic instead of cyclonic. As
suggested in section 2.2, the cyclonic circulation, in fact,
results from the intrusion of the GC.

To account for the influence of the GC in BdC, an
inward constant transport of the GC was uniformly
applied within 20 km of the coastline [El-Sabh, 1976;
Benoit and El-Sabh, 1985; Mertz et al., 1988] at the
northern boundary entrance. The study by J. P. Gan
et al., (On the separation/intrusion of unsteady Gaspé
current and variability in Baie des Chaleurs, II, Mod-
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eling, submitted to Journal of Geophysical Research,
hereinafter referred to as submitted manuscript, 1995a)
shows that effects of changing the GC profile on the
circulation in the BdC is not sinificant. Following the
characteristics of the GC, transports of 1.3x10% m3 s~1
and 1.4x10% m3 s~! along the east coast of the Gaspé
peninsula were applied in the ML and subsurface layer,
respectively. The GC values in this study are about 45%
of the running mean transport from Bugden [1981, Fig-
ure 2.9] . The remainder can be accounted for by the
portion that diverges toward the Laurentian Channel
and Magdalen Shallows [Trites, 1972; El-Sabh, 1976].
Both Bugden [1981] and Mertz et al., [1991] found that
the lowest mean GC transport occurred in July and
rapidly increased toward August. Therefore the Bug-
den’s monthly GC transport values (courtesy of G. L.
Bugden) were used in the period of spin-up and linearly
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Figure 11. The 2-month mean circulation, temperature, salinity, and thickness of ML for
observed atmospheric boundary forcing, Gaspé Current, and river runoff in the mixed layer and
subsurface layer. The current speed is truncated at 0.1m s~!.
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increased to 1.3x10° m3 s~! in August. The present
study considers the results from steady GC forcing while
the unsteady GC is discussed by Gan et al. (submitted
manuscript, 1995a). The current strength of the GC
corresponds to about 20 cm s™! and 3.5 cm s~! for the
30 m MLD and 20 m subsurface layer depth, respec-
tively. These are close to the mean observed summer
speeds in the region [Gregory et al., 1989; Benoit and
El-Sabh, 1985]. The effect of the GC strength will be
examined later in text.

By including the GC input at the northern entrance,
the 2-month mean field (Figure 11) showed that A
sloped down from west to east. Dynamically, the GC
intrusion caused a nearshore downwelling and deepened
the ML along the coast near the entrance. The deeper
ML was later advected into the bay as a result of the dy-
namical imbalance between the prevailing westerly wind
and the GC, as well as by internal Kelvin waves. If the
GC was constantly applied, it led to the formation of
cyclonic circulation in the bay (Figure 11). In contrast,
an eastward component of wind stress tended to reduce
this pressure gradient. Clearly, the strength of the cir-
culation in the bay depends on the relative strength of
the prevailing wind stress and the intruding GC. The
cyclonic circulation implied that the GC intrusion was
a dominant factor. The stronger influence of the GC on
the north shore and the weaker eastward current on the
south shore caused a NW-SE orientation of the MLD
contours (Figure 11) near the center of the bay.

It can be seen that the GC left the north shore near
the salient edge as it moved southward along Gaspé
peninsula. It mainly entered the bay north of Miscou
Island. The current reattached on the north shore, bi-
furcated, and generated cyclonic and weak anticyclonic
eddies to the west and north of Miscou Island, respec-
tively. Numerical experiments with a much weaker
steady GC showed it can intrude into the bay along
the north shore without the anticyclonic eddy north of
Miscou Island (a process of the attachment). Using a
model domain without inclusion of the Gaspé penin-
sula coastal line shows that almost all the southward
directed GC passed by the entrance of the BAdC without
intrusion. The findings above are related to the charac-
teristics of the coastal current separation and are similar
to the results of Dengg [1993] in a barotropic study of
the Gulf Stream separation and analytical results from
Cherniawsky and LeBlond [1986]. The separation prob-
lem is addressed by Gan et al. (submitted manuscript,
1995a; On the separation/intrusion of unsteady Gaspé
current and variability in Baie des Chaleurs, I, Obser-
vations, submitted to Journal of Geophysical Research,
hereinafter referred to as submitted manuscript, 1995b)

Comparing the observed circulation in the ML during
September 1990 (Figure 2a) with corresponding model
results in Figure 12, one finds that the predicted mean
circulation agrees well with observations. Both of them
show a cyclonic circulation pattern in the ML, with two
gyres at the center and entrance of the bay. The fact
that the mean observed current direction was eastward
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Figure 12. The mean circulation in the ML under
observed atmospheric boundary forcing, Gaspé Current
(GC), and river runoff in September 1990. The current

speed is truncated at 0.1 ms~?!.

at Ol (Figure 2a) supports the hypothesis that the GC
intrudes into BdC by the passage north of Miscou Is-
land. Available observations in June 1990 also verify the
existence of the anticyclonic eddy among stations O1,
02, and O3. In fact, this recirculation is controlled by
the strength of GC separation as is discussed by Gan et
al. (submitted manuscript, 1995a). Although no CTD
data were available in 1990 and local meteorology data
in 1991 are lacking (preventing us from directly com-
paring observed MLD), Figure 11 shows an ML trough
at the entrance and a gradual shoaling toward the west
of the bay, which is similar to the features in Figure
6. The similarity of model and observed MLD results
suggests that the chosen GC strength was reasonable.

Similar to the horizontal distribution of h;, the ML
isotherms (Figure 11) tended to orient NW-SE, with a
high slope in the center of the bay. This results from
dynamical and thermodynamic interaction between the
westward GC and prevailing westerly wind stress. In
contrast to the case without GC (Figure 10), the up-
welling along the north shore and in the western part of
the bay was weakened by the GC intrusion. Therefore
the colder and saltier water along the north coast comes
mainly from advection from the GSL by the GC (details
are in next section 4.4). As the outflow along the south
shore transported warmer and less saline water toward
the GSL, it formed a NW-SE tilt of the isotherms in
the center of the bay. However, the stronger influence
from separation/intrusion of the GC and the related
eddies near the entrance of the bay resulted in concave
isotherms. The spatial variability of the salinity and
temperature fields results from the following two mech-
anisms: first, the resulting effects of local interaction
between cold and salty water advected westward by the
GC along the north shore and warm and brackish river
runoff advected eastward by the westerly wind stress
along the south shore; and second, the MLD variability
which generated variability of thermal fluxes by entrain-
ment and air-sea interaction (see discussion below). A
strong thermal gradient occurred near the bay entrance
(Figure 11), with warm and less saline water inside the
bay. This fact may explain the use of *chaleur’ (” warm”
in French) in the name of the bay.
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Figure 13. Horizontal distribution of 2-month mean of (a) surface heat flux Q;, (b) horizontal
heat advection, (c) heat fluxes by entrainment, and (d) by horizontal diffusion in the ML.

A qualitative comparison of the observed mean hori-
zontal T; and S; distribution in summer 1991 (Figure
3) and model results (in 1990) in Figure 11 revealed that
model results have a weaker NW-SE inclination of T
and S; contours at the central part of the bay. This, in
fact, is due to a weaker GC separation (or its stronger
intrusion near the north shore) in 1991, as is discussed
by Gan et al. (submitted manuscript, 1995b).

Without direct wind forcing at the subsurface layer
the intrusive GC generated a westward current (Figure
11). Similar to the ML, cyclonic gyres were formed in
the central, western and eastern parts of the bay. This
qualitatively agrees with the results in Figures 2a and
2b for subsurface circulation (about 30 m). The shal-
lowest hy was located near the entrance of the bay, with
the deepest one at the center. Compared with those in
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Figure 14. Time series of bay-averaged heat flux Q; and heat fluxes from horizontal advection,
entrainment, and horizontal diffusivity in the ML.
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the ML, horizontal variations of the temperature and
salinity gradients were much weaker.

4.4. Thermal Balance in Baie des Chaleurs

In 3, the local sea surface temperature (SST) change
is mainly controlled by the heat gain from the atmo-
sphere @, horizontal heat advection Qapyv=-h1 V1Y T
po Cp, and vertical entrainment Qw g=We(Te-T1)po C,.
The flux @, was the major heating/cooling source in the
bay. The 2-month mean @;, which varied from about -
20 Wm~2 to 120 W m~2 (ocean gains heat with positive
(1) from the interior to the entrance of the bay, is shown
in Figure 13a. A distinct heat gain occurred at the en-
trance of the bay, where the cold GC intrusion gener-
ated a large thermal contrast between the surface and
atmosphere over most of the integration period. The
negative mean @) inside the bay comes mainly from the
strong heat loss to the atmosphere after mid-September,
when air temperature dropped. The cold water advec-
tion (negative Qapv) by the GC was dominant near
the entrance of the bay and gradually decreased toward
the west (Figure 13b), resulting in warmer water in the
interior of the bay (Figure 11). The mean positive Qw g
located at the entrance and in the GSL is due to detrain-
ment induced by a strong positive atmospheric heat flux
;. In contrast, there is negative heat flux from entrain-
ment in the western part of the bay (Figure 13c). The
amount of mean heat flux from entrainment was much
smaller than either @, or the horizontal heat advection
near the entrance. The horizontal heat advection and
Q; therefore controlled the thermal balance at the east
of the bay (east of station O6 in Figure 2), while the
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heat flux from entrainment was also important at the
western part of the bay. The contribution from horizon-
tal eddy diffusion, Qprrr=Km (k1 T1)po Cp, was large
in areas with strong temperature gradients.

Each component of the heat flux was strongly time
dependent and largely controlled by variability from ei-
ther the dynamical forcing (e.g., GC and wind) or at-
mospheric fluxes. It should be emphasised that Fig-
ure 13 is the mean condition during warming (before
September 7, T,>T1) and cooling seasons. Although
mean (; was positive at the GSL in both seasons, it was
positive/negative in warming/cooling seasons inside the
BdC, respectively. Since @Qw g=0. at the ML during the
detrainment of the warming season, Qwg can change
ML temperature only in cooling season. Time series
of bay-averaged (west of Miscou Island, hereinafter re-
ferred to as bay-averaged) heat fluxes for the ML (Fig-
ure 14) show that the fluctuations in Q4pv correlated
with those in westerly wind stress (Figure 5), while @
was in phase with the air temperature. At the time of
strong westerly winds a weaker GC intrusion generated
a weaker westward cold advection.

As (); became negative in cooling season, negative
@QweE occurred in the ML. Heat fluxes from entrain-
ment and horizontal eddy diffusion were relatively small
compared to @; and Qapv. Along-shore heat advec-
tion was much stronger than the cross-shore component
(not shown). The latter was mainly onshore warm ad-
vection due to westward current induced downwelling.
In an experiment with the GC turned off, along-shore
cold advection by intrusive GC was replaced by warm
advection in eastward currents, although its magnitude
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Figure 15. Time series of bay-averaged heat fluxes from penetrating shortwave, horizontal
advection, entrainment, deep diffusion, and horizontal diffusivity at lower layer.
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Figure 16. Two-month mean horizontal distribution of pumping rate and entrainment rate in

the ML.

was much smaller. The corresponding offshore heat ad-
vection became negative and much larger when the GC
was not included. As mentioned in sections 4.1 and 4.2,
prevailing westerly winds resulted in upwelling along the
north shore and decreased local SST by increasing en-
trainment. The corresponding larger cross-shore trans-
port advected cold, upwelled water offshore. Greatbatch
[1985] found that upwelling plays only a small role in
changing SST, if the deepening due to entrainment is
large compared with that due to upwelling. In BdC
the horizontal divergence was several times larger than
entrainment with or without GC (see section 4.5).

Time series of bay-averaged heat fluxes for the sub-
surface layer (Figure 15) showed that the heat flux was
dominated by Qwg and Qspv. During the detrain-
ment in the ML (warming season), warmer water at
the base of the ML was included into the second layer
and increased Ty. However, when entrainment was gen-
erated in cooling season, the water at the interface with
T.>T> was removed from the top of the second layer.
Therefore it caused a cooling of the lower layer when
water was entrained into the upper layer. The heat
fluxes from penetrating short wave and horizontal dif-
fusion were relatively small as compared with Qw g and
Qapv, while the other components were all less than
10 W m~2 and were negligible.

4.5. Characteristics of the Mixed Layer Depth

The MLD is controlled by both divergence and en-
trainment (see (2)). The latter is governed by the bal-
ance between surface buoyancy fluxes and the effect
of mixing due to wind- and buoyancy-generated tur-
bulence.

The 2-month mean horizontal distribution of W,=-57
- (M1 V1), referred to as the pumping rate, and entrain-
ment W,, are shown in Figure 16. The mean pumping
rate was much larger than entrainment in the eastern
part of the bay, implying that horizontal divergence was
the key factor in controlling the MLD there. In the
western part of the bay, however, their magnitude was
comparable. The westward current due to the GC in-
trusion downwelled the water and generated a positive
mean value of W, over the whole bay, with stronger val-
ues along the north shore and the entrance of the bay.
Unlike the convergence field, entrainment was stronger
on the south shore. In the GSL and north of the Miscou
Island, water was mainly detrained. The main source
for negative W, in this area was the strong positive tur-
bulent heat flux from the atmosphere (Figure 13) due to
large air-sea temperature contrast resulting from cold
GC advection. The combined effects from these two
components controlled the mean ML depth distribution
in Figure 11.

Time series of the bay-averaged pumping rate and
entrainment (Figure 17) showed that a negative pump-
ing rate (upwelling) in the cooling season decreased h;
and increased entrainment. However, shallowing of the
MLD due to upwelling in warm season would increase
TKE from wind stress as well as turbulence heat flux
in the ML at the same time. The opposite effects of
TKE from wind stress and turbulence heat flux on the
entrainment resulted in a weak response of W, to up-
welling. The mainly negative W, in the warmer sea-
son and positive values in the colder season indicate
the importance of turbulent heat flux on entrainment.
As shown in Figure 5, wind stress increased and air
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Figure 17. Times series of bay-averaged pumping rate and entrainment in the ML. The thick
solid line refers to mean h; and the thick dashed line to mean h; when entrainment was not

included.
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temperature dramatically decreased after September.
Consequently, TKE from wind stress and negative Q;
shifted the mainly negative W, (detrainment) to pos-
itive (entrainment), which, in turn, deepened the ML.
It is noteworthy that although W, changed sign from
warm to cooling seasons, its transient horizontal distri-
butions had characteristics similar to the 2-month mean
field. The rapid deepening of the mean ML as fall ap-
proached was mainly due to the higher entrainment,
while the time-averaged increase in upwelling and down-
welling effects nearly balanced each other. In contrast,
the negative W, in the warm season tended to shoal
the ML, while the stronger GC deepened the ML. The
typical entrainment (or detrainment) magnitude was 2-
3x107° ms~!, which can deepen (shoal) the ML by 3-8
m in 30 days. Therefore the timescale of entrainment
effects on ML depth was more than a week.

To investigate the importance of entrainment, we car-
ried out a test run in which the entrainment was set to
zero. While the pumping rate was nearly unchanged,
the bay-averaged h; deepened about 3-4 m during the
warm season due to the loss of negative W, and be-
came shallower during the cold season due to the loss
of positive W, (Figure 17). The 2-month mean of T,
decreased 1-1.5°C and S increased by about 0.3-0.6
parts per thousand (ppt) in the bay, while T} and S
had a weaker change (not shown). Without GC forec-
ing, on the other hand, W,/ W, were substantially in-
creased/decreased (Figure 18). The dramatic decrease
of the MLD shows the dominant effect of W, on the
MLD. It also suggests that the effects of the GC deepen
the ML and suppress entrainment.

4.6. Variations in the Forcing

The variability of dynamics and thermodynamics in
the bay was controlled by two major dynamical forc-
ing mechanisms (wind stress and GC), as well as by
buoyancy forcing (heat fluxes from atmosphere, river
runoff). The effects of their variability are discussed in
this section.

4.6.1. Variations in the wind. As mentioned
above, the GC intrusion was a necessary condition for
the generation of cyclonic circulation in the bay. How-
ever, when transient westerly wind stress dominated
(Figure 19), eastward currents prevailed over the bay.
The wind-induced upwelling led to ML shoaling in the
western inner regions and a NE-SW orientation of h;

contours near the entrance. The intrusive cold water
west of Miscou Island shifted several kilometers east-
ward toward the GSL. At the time of strong easterly
winds, intensified westward forcing enhanced the cy-
clonic circulation in the bay (Figure 20). It resulted in
a stronger east-west gradient of h; and a NW-SE ori-
entation of h; contours compared with the mean field
(Figure 11). A correspondingly higher horizontal salin-
ity and temperature gradient also occurred as cold wa-
ter was pushed westward. The river plume was pushed
back westward, and the cold water from the GSL ad-
vanced to the central part of the bay. Figures 19 and
20 also show the conditions for both the cold and warm
season, which are reflected by their temperature and
MLD fields (not shown).

4.6.2. Variation of the Gaspé Current. In the
model the GC was assumed to be a steady feature. In
reality, it varies with season and is possibly unstable
[Tang, 1980; Mertz and El-Sabh, 1988]. Unfortunately,
there are few observations available for the GC near our
study area. Variability induced by different GC forcing
is presented in this section.
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Figure 19. The circulation and temperature in the ML
on October 2, 1990.
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Figure 20. The circulation and temperature in the ML
on August 27, 1990.

The importance of a varied GC can be seen from
model-observation comparisons. A variable GC was
constructed from (7), using the observed east-west, low-
passed velocity component at station O6, the closest
available station to the GC intrusion.
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where vg(t) is the east-west component of the measured
current at station O6, and v is an estimated wind-
induced current. Here h is the mean MLD at the north-
ern entrance of the domain, W; is the width of the GC,
and ¢; and ¢, are two constants controlling the strength
of GC transport. The mean transport of the GC was set
to be the same as the case for constant GC in the pre-
vious section, 1.3x10% m3 s~! (Figure 21) . By compar-
ing the constructed GC and the east-west component
of wind stress, one finds that the GC increased about
3 days after increasing westerly winds in BdC. Since
the wind stress in the northwest GSL has a phase close
to that in the BdC (Gan et al., submitted manuscript,
1995b), the relation between GC and wind stress above
agrees with the concept that the GC is mainly gener-
ated by the upwelling at northwest of the GSL [Bugden,
1981, Mertz et al., 1988].

Figures 22a-22c show the time series of thickness, ve-
locity, temperature, and salinity in the ML for both
observation and model results for stations located near
the north (06, 09) and south (O7) shores (Figure 2a).
Owing to coarse vertical resolution of the current meter
moorings, a time series of h; could not be derived. How-
ever, time series of fluctuations of the interface between
ML and the subsurface at stations O6 and O7 can be
determined using available temperature data from cur-
rent meter moorings, which were located in the upper
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Figure 21. Time series of constructed GC transport, east-west velocity component at station

06, and east-west wind stress component.
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and lower layers. The fluctuations are found by trac-
ing an individual isotherm, as in Figure 4. To match
the fixed depth observed data, T; and S; defined in
the layer model were (approximately) corrected by a
method similar to that used by Price [1981]:

[T1(t), S1(1)] +

ha(t) - 21 22

(T(®), ()]
(8)

where §(T,S)/8h is the local temperature gradient be-
tween the base of the ML and middepth of pycnocline
and Hy is the mean ML thickness. The velocity compar-
isons were based on the assumption that vertical shear
of horizontal velocity was small. Figures. 22a-22¢ show
that the model underpredicted fluctuations of the ML,
T, and S;, especially the westward velocity when a con-
stant GC transport was used. The results were substan-
tially improved with a variable GC. In particular, the
drop of GC transport (Figure 21) amplified the effects
of westerly winds and hence upwelling at both stations
06 and 09 on September 18 (Figures 22a-22c).

(continued)

Although the GC constructed here was only an ap-
proximation, it showed the importance of GC fluctua-
tions. The 2-month means of the dynamical and ther-
modynamic fields were similar to the case with constant
GC (Figure 11), although the mean cyclonic circulation
was slightly intensified at the west inner part of the bay
(not shown). Figure 23 compares weaker (1x10° m3
s~1), and stronger GC (1.6x10° m3 s~!) cases in the
ML for September, as well as the case with a variable
GC. A weaker GC enhanced the westerly wind effect on
the ML, which suppressed downwelling along the north
shore. The bay-averaged ML thickness decreased by
about 4 m due to the stronger wind-induced upwelling
in the interior of the bay (Figure 23c). The east-west
pressure gradient induced by the GC decreased, lead-
ing to a weaker cyclonic circulation in the western inner
part of the bay. The cold temperature front was pushed
back eastward to the vicinity of Miscou Island. It in-
creased the mean temperature in the bay by 0.5-1°C.
The opposite situations occurred when the stronger GC
was applied. The intensified fluctuations in both dy-
namical and thermodynamic fields can also be seen in
Figure 23 for the case of varying GC.
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5. Summary and Conclusions

A 2 1/2 layer upper ocean model with an embedded
bulk mixed layer model at the top was developed for a
coastal region. The model consists of the ML and sub-
surface layer, which overlay a semipassive deep ocean.
The entrainment and detrainment in the ML are deter-
mined by a Niiler-Kraus [Nitler and Kraus, 1977] type
model. A high resolution (Az=4 km, Ay=2 km) C-grid
was adopted for the model. Proper numerical schemes
and open boundary conditions were applied.

By forcing with observed atmospheric dynamics and
thermodynamics, boundary inflow, and river runoff, the
results showed that the model successfully simulated
the circulation and thermal structure in the BdC. It
is found that the cyclonic circulation in the bay was
the dynamical response to intrusion of the Gaspé Cur-
rent. The mean circulation was generally cyclonic, while
an anticyclonic pattern occurred when strong, transient
westerly winds dominated. Three cyclonic eddies were
generated along the east-west axis of the bay. A weak
anticyclonic eddy was also formed at the lee of the sep-

arated GC. Their strength depended on the forcing of
wind and the intruding GC.

Cool and saltier water from the GSL was advected
into the bay by the GC at its eastern entrance, which
generated a strong thermal gradient between the GSL
and the bay water and formed higher salinity and lower
temperatures along the north shore. The water at the
west of the bay was heated (or cooled in the cooling
season) by atmospheric fluxes and diluted (salinity) by
the river runoff. Heat flux from entrainment was also
important in this part of the bay. The thermal balance
in the ML at the east of the bay was mainly determined
by larger-scale transport between the warmer bay and
colder GSL and by atmospheric heating. In the subsur-
face layer the thermal balance was dominated by heat
flux from both entrainment and horizontal advection.

Fluctuations in the ML thickness resulted from wind-
related convergence and were intensified by GC varia-
tions. The timescale of entrainment or detrainment ef-
fects on the MLD was much longer than those resulting
from the GC and wind-induced convergence. Without
the GC forcing the convergence effect and hence the ML
thickness was reduced, although entrainment was am-
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plified. The varying GC intensified the wind-induced
fluctuations in both the dynamic and thermodynamic
fields. Given the strong dependence of the dynamics
and thermodynamics in BdC on the GC, more accurate
ML depths and fluctuations for the dynamic and ther-
modynamic fields can be only obtained when a more re-
alistic description of the GC is available. We also realize
the importance of the unsteady GC in determining the
circulation characteristics in the bay. This topic is dis-
cussed by Gan et al., (submitted manuscripts, 1995a,b).
The topography may affect the potential vorticity and
hence the intrusion of the GC, although the strong
stratification could decouple it from the GC which is
mainly trapped near the surface.
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