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ABSTRACT

The release of freshwater from a midlatitude estuary to the continental shelf is modeled numerically as a
Rossby adjustment problem using a primitive equation model. As the initial salinity front is relaxed, a first
baroclinic-mode Kelvin wave propagates into the estuary, while along the continental shelf, the disturbance
travels in the direction of coastally trapped waves but with a relatively slow propagation speed.

When a submarine canyon extends offshore from the estuary, the joint effect of baroclinicity and bottom
relief provides forcing for barotropic flow. The disturbance now propagates along the shelf at the first coastally
trapped wave-mode phase speed, and the shelf circulation is significantly more energetic and barotropic than
in the case without the canyon.

For both the experiments with and without a canyon an anticyclonic circulation, generated by the surface
outflow and deeper inflow over changing bottom topography, is formed off the mouth of the estuary. As the
deeper inflow encounters shallower depth, the column of fluid is vertically compressed, thereby spinning up
anticyclonically due to the conservation of potential vorticity. This feature is in qualitative agreement with the
Tully eddy observed off Juan de Fuca Strait.

A study of the reverse estuary (where the estuarine water is denser than the oceanic water) shows that this
configuration has more potential energy available for conversion to kinetic energy than the normal estuary.
Bass Strait may be considered as a possible reverse estuary for generating coastally trapped waves.

The effects of a wider shelf and a wider estuary are examined by two more experiments. For the wider shelf,
the resulting baroclinic flow is similar to that of the other runs, although the barotropic flow is weaker. The
wide estuary model proves to be the most dynamic of all, with the intensified anticyclonic circulation now
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extending well into the estuary.

1. Introduction

The mainline of theoretical continental shelf cir-
culation research has been along wind-forced coastally
trapped wave models (e.g., see the reviews of Mysak,
1980; Allen, 1980). In these studies, the continental
shelf is usually assumed uniform in the alongshore di-
rection. In reality, the coastline is often interrupted by
estuaries. The influence of buoyancy flux from the es-
tuarine outflow on the continental shelf circulation is
not well understood.

Two approaches have been used in the modeling of
estuarine outflow onto the continental shelf, Csanady
(1978), Beardsley and Hart (1978) and Beardsley and
Winant (1979) have modeled the estuarine influence
on the shelf circulation by sources or sinks of volume
or vorticity along the coastline. Using barotropic or
two-layer models, these studies of limited vertical
structure concentrated on the steady-state horizontal
shelf circulation induced by the sources/sinks on the
coastal boundary, with the motion inside the estuary
ignored. In contrast, Ou (1984), Wang (1984) and Van
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Heijst (1985) studied steady shelf-slope fronts with two-
dimensional models in the xz-plane, where x and z are
the offshore and vertical coordinates. By using a three-
dimensional numerical model in this paper, we not
only combine the two aforementioned types of models,
but also enable the study of transient motions.

Fresh water runoff often increases suddenly over a
week or less (e.g., in association with ice melting). This
situation is modeled here by the Rossby adjustment
problem in the absence of external forcing (Gill, 1976,
1982; Hsieh and Gill, 1984), where at time ¢ = 0, the
vertical dam at the mouth of the estuary is rapidly re-
moved, and the fresh estuarine water is allowed to in-
teract with the denser oceanic water. This “dam break™
technique therefore gives a good sense of the time de-
velopment of the response from an initial rest state.

Many estuaries, €.g., Juan de Fuca Strait off the coast
of British Columbia, have submarine canyons extend-
ing offshore from the mouth of the estuary. We ex-
amine the effects of this canyon topography on the
adjustment process.

In some areas, strong evaporation causes the estu-
arine water to be more saline than the oceanic water.
The adjustment process for this reverse estuary (or in-
verse estuary) is compared with the normal estuary.

The outline of this paper is as follows: Section 2
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describes the numerical model used. The adjustment
of fresh estuarine outflow (in the absence of a canyon)
is studied in section 3, and in the presence of a canyon
in section 4. The reverse estuary is examined in section
5. Two sensitivity studies are made in section 6, with
a wider estuary and a wider shelf. Section 7 discusses
some of the basic dynamics and energetics of the ad-
justment process, as well as some applications to the
Tully eddy off Juan de Fuca Strait (Tully, 1942; Free-

"land and Denman, 1982), and the Australian Coastal
Experiment (Freeland et al., 1986), where the Bass
Strait is considered as a possible reverse estuary gen-
erating coastally trapped waves. A summary is pre-
sented in section 8.

2. Configurations used in the numerical model

The geometry of the estuary and shelf used in the
first and third experiments is depicted in Fig. 1, with
the initial salinity front indicated. Figure 2 illustrates
the geometry used in the second and fourth experi-
ments, where a submarine canyon extends offshore
from the mouth of the estuary. The steep-sloping con-
tinental shelf used in all four of these runs is typical of
the west coast of the North American continent. In
Fig. 3, the cross-shelf topography and the initial vertical
distributions of temperature and salinity, typical of
Northeast Pacific summertime conditions, are shown
(Halpern and Holbrook, 1972, p. 330; Holbrook and
Halpern, 1974, p. 286; Emery and Dewar, 1982, p. 273
and p. 276).

In the fifth experiment we examined the effects of a
wider shelf. The topography profile used is similar to
that of Figs. 1 and 3, with the offshore width of each
level approximately doubled. The influence of the es-
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FIG. 1. Schematic diagram of the topography used in models with-
out a canyon. The solid boundaries, 950 km north and south of the
center of the estuary and 300 km offshore, are not shown.
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FIG. 2. As in Fig. 1, but used in models with a submarine canyon,

tuary width on the continental shelf circulation was
examined by means of a sixth experiment, with a 130-
km wide estuary. The shelf topography used was iden-
tical to that of the first experiment (Figs. 1, 3).

The geostrophic adjustment process was investigated
using the Cox (1984) version of the GFDL Bryan-Cox
primitive equation model, with five vertical levels.
Variable grid spacing was used to focus on the region
near the mouth of the inlet where a 10 km by 10 km
grid was incorporated. The grid spacing in the north-
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FIG. 3. East-west section of the model taken at the center of the
estuary. The initial temperature and salinity data used and the shelf
topography are indicated. The initial temperature distribution was
horizontally uniform, but there was a discontinuity of the salinity
across the front. For the fresh estuary model S, = 30.0, S, = 30.5.
For the reverse estuary model S, = 34.0, S, = 34.5.
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south direction was increased monotonically to a max-
imum of 100 km at the northern and southern solid
boundaries, 950 km from the center of the inlet at
45°N. In the east-west direction the grid size was in-
creased to a maximum of 30 km at the western solid
boundary, 300 km offshore, and to 20 km at the eastern
inlet boundary. All six experiments were relaxed with-
out external forcing for ten days with a time step of 15
min. The lateral eddy viscosity and diffusivity were set
at 1.0 X 107 and 4.0 X 10% cm? s™!, respectively, while
the vertical viscosity and diffusivity were both set at
1.0 cm? 57!, Sensitivity tests were done with viscosities
and diffusivities an order of magnitude greater and less
than the aforementioned. The results presented in this
paper proved to be relatively insensitive to the viscos-
ities and diffusivities. Unrealistically large viscosities,
however, caused damping of the results as expected.

In the following analysis the first experiment is used
as a control for comparison with the other five exper-
iments.

3. Relaxation in the absence of a canyon

The first experiment (with no canyon) was the re-
laxation of the initial density front at the mouth of a
fresh estuary in the absence of external forcing. The
vertical velocity field at 30 m depth at days 1 and 10
is plotted in Fig. 4. The initial adjustment process gen-
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erated a first-mode baroclinic Kelvin wave front, with
baroclinic Rossby radius R ~ 30 km, which propagated
eastward along the southern wall of the estuary at a
phase speed ¢ ~ 12 km day~'. The offshore grid spacing
of 10 km used in the model is about twice the theo-
retical two-layer model Rossby radius (~5 km). This,
combined with lateral viscosity used in the numerical
model, produces a baroclinic Kelvin wave with much
larger Rossby radius (R ~ 30 km) and slower phase
speed than the theoretical results (R ~ 5 km and ¢
~ 43 km day™!). This numerical effect has been ex-
amined in Hsieh et al. (1983). Along the continental
shelf, coastally trapped waves are seen propagating
northward in Fig. 4.
The transport streamfunction \[/ is defined by

0 0
¥,= ~f udz, Y= f hvdz,

ey

where £ is the depth and u and v, the eastward and
northward velocity components respectively. Figure 5
shows the y field at days 1 and 10, while Fig. 6, a space-
time contour plot, reveals the temporal variations of
¥ along a north~south section located 65 km offshore.
Soon after the start of the relaxation, near-inertial os-
cillations of period 17 h are seen propagating northward
at around 450 km day™! (Fig. 6), as an alternating series
of cyclonic and anticyclonic cells (Fig. 5a). Overall, the

b
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FIG. 4. Vertical velocity w (1073 cm s7!), at the interface between the first two levels (z = 30 m), for experiment 1 (the fresh estuary
without a canyon), (a) ¢ = 1 day, (b) ¢ = 10 days. The vertical and horizontal axes are in km. The baroclinic flow field manifested in these
plots indicates the propagation of a first-mode baroclinic Kelvin wave into the estuary.
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F1G. 5. Transport streamfunction ¢ (Sv) at, (a) ¢t =

northward propagation of the disturbances is rather
slow and weak. After day 2, an anticyclonic circulation
develops near the mouth of the estuary (Fig. 6), inten-
sifying and extending offshore with time (Fig. 5b).
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1 day, (b) ¢ = 10 days, for experiment 1. The vertical axis is in 10> km and the
horizontal axis is in km, Coastally trapped waves propagate northward and a strong anticyclonic circulation, with large offshore extent,
develops at the mouth of the inlet in (b)
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FIG. 6. Space-time plot of transport streamfunction y (Sv), along a north-south section 65 km offshore, for experiment

1. The top of the graph is the northern boundary. The vertical axis is in 10? km and the horizontal axis is in days.
Northward phase propagation of the coastally trapped waves can clearly be seen.

Figure 7 focuses on the horizontal velocity field in
the vicinity of the salinity front. In the upper layer (Fig.
7a) the less-saline estuarine water flowed out of the
inlet and progressed northward along the coast, whereas
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FIG. 7. Horizontal velocity field at ten days for experiment I, (a) upper level (z = 15 m), (b) second level (z = 45 m). The magnitude of
the velocity is proportional to the thickness and length of the vector. Both the vertical and horizontal axes are in km. A shelf-trapped eddy

is observed in (b), just outside the estuary.

in the lower layer, the denser ocean water flowed in
(Fig. 7b). Comparing the velocity fields in Figs. 7a and
7b, we find that in the northern shelf region, the flow
established after the passage of the coastally trapped
waves is quasi-barotropic, while the Kelvin wave inside
the inlet produces a baroclinic flow. The anticyclonic
circulation, mentioned above, appears in Fig. 7b
trapped against the shelf break 55 km offshore. This is
consistent with the conservation of potential vorticity,
where a column of water in the lower layer, flowing
eastward into the inlet, vertically contracts over the
shallowing topography, and spins up in an anticyclonic
sense.

4. Relaxation in the presence of a canyon

To examine the effects of topography on the relax-
ation process more closely, a canyon was introduced
into the model. The resulting baroclinic flow field in
the estuary was similar to that of section 3 in that a
baroclinic Kelvin wave was generated, propagating
eastward with a phase speed ¢ ~ 12 km day™'. North
of the estuary the presence of the coastally trapped
waves was also evident.

Comparing Figs. 8a, b with Figs. 5a, b, we find that
in the presence of the canyon a much stronger baro-
tropic circulation has developed within one day (Fig.

8a). A cyclonic flow was generated throughout the
whole northern region of the model and an intense
anticyclonic circulation was trapped in the mouth of
the estuary. Contrary to section 3, the inlet-trapped
anticyclonic circulation did not spread extensively off-
shore (Fig. 8b).

In Fig. 9, a streamfunction space-time plot across
the same north-south section as in Fig. 6, the first
coastally trapped wave mode is manifested in the 0.001
and 0.003 Sv contours (Sv = 10% m? s™!), which show
northward propagation with ¢ ~ 600 km day™~!. Figure
9 suggests the dominance of the first mode in the pres-
ence of the canyon, a situation not found in the absence
of a canyon (Fig. 6).

Several differences between the net velocity field
considered in section 3 and the present case are illus-
trated in Figs. 10a, b (cf. Figs. 7a, b). Due to dominance
of the first mode, the magnitude of the barotropic flow
was much greater when the canyon was present. This
can be seen in the two second-level plots, where the
coastal baroclinic flow (manifested by a reversal from
the upper level currents) is dominant up to about 110
km north, with no canyon, but only to 85 km north
of the estuary with a canyon.

Comparing Fig. 10b with Fig. 7b, we note that the
canyon caused the anticyclonic circulation to be
trapped much closer to the mouth of the inlet. Once
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FIG. 8. Transport streamfunction  (Sv) at, (a) = 1 day, (b) t = 10 days, for experiment 2 (the fresh estuary with a canyon). The vertical
axis is in 10> km and the horizontal axis is in km. A coastally trapped wave front propagates northward and a strong anticyclonic circulation
is trapped at the mouth of the estuary.

more,
mechanism for the circulation’s existence and loca-

conservation of potential vorticity provides a

the inflowing lower column of water occurs much
closer to the mouth of the inlet, hence the new location

tion-—with the canyon, the most rapid compression of  of the anticyclonic circulation. Figures 10a, b also show
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first-mode coastally trapped wave front is now clearly observed (cf. Fig. 6).
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FIG. 10. Horizontal velocity field at ten days for experiment 2, (a) upper level, (b) second level. Both the vertical and horizontal
axes are in km. The anticyclonic eddy is now trapped at the mouth of the inlet.

that the canyon had little effect on the generation and
propagation of the first-mode baroclinic Kelvin wave
into the estuary (cf. Figs. 7a, b).

5. Reverse estuaries

For the reverse estuary, the first and second exper-
iments were repeated with the estuarine water more
saline than the oceanic water at corresponding depth
(Fig. 3). The general circulation was similar to that
depicted in Figs. 4-10, although more available poten-
tial energy was converted into Kinetic energy (section
6) and the direction of the flow was basically reversed.

In both experiments a first-mode baroclinic Kelvin
wave was generated at the mouth of the inlet and was
observed to propagate into the estuary with ¢ ~ 12 km
day™'. In the presence of a canyon the first coastally
trapped mode appeared dominant in the northern ve-
locity field, whereas with no canyon present the first
mode was not dominant.

The eddy trapped at the shelf break (Fig. 7b) was
also present in the reverse estuary experiments except
its direction was reversed. Similarly, when a canyon
was added, the cyclonic eddy was trapped near the
mouth of the inlet as in Fig. 10b, but with the direction
reversed. Both the above observations are once more
consistent with the conservation of potential vorticity—
in the reverse estuary, a column of deeper water flows

out of the inlet, and vertically stretches over the deep-
ening topography, with a corresponding cyclonic
spinup.

6. Experiments with a wider shelf and a wider estuary

In the fifth experiment we examined the effects of a
wider shelf. The baroclinic flow field remained largely
unchanged, although it extended further offshore in
the current field. There was less energy transferred into
barotropic motion as is evident in Figs. 11a, b (cf. Figs.
5b, 6). Near-inertial oscillations of period 17 h prop-
agated northward soon after the start of the relaxation
process (Fig. 11b) as in Fig. 6, but now with a faster
phase speed and greater offshore extent, as expected
for coastally trapped waves on a wider shelf. A large
anticyclonic circulation was once more trapped at the
shelf break 88.75 km offshore (as opposed to 57.5 km).

The model response is much more sensitive to a
change in the width of the estuary. Experiment 6 was
run with an estuary 130 km wide (as opposed to 50
km). The resulting motion was more energetic than
the narrow estuary case, since the wider estuary had a
larger initial reservoir of fresh water and hence more
available potential energy.

In the case with the narrow estuary, the Kelvin wave
completely dominated the baroclinic motion inside the
estuary (Fig. 4b). In the wide estuary, there are alter-
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FIG. 11. Transport streamfunction y (Sv) for experiment 5 (the wider shelf). (a) ¢ = 10 days. The vertical axis is in
10? km and the horizontal axis is in km. (b) Space-time plot along a north-south section 65 km offshore. The top of
the graph is the northern boundary. The vertical axis is in 10? km and the horizontal axis is in days.

nating patches of upwelling and downwelling across
the channel (Fig. 12), suggesting the excitation of Poin-
caré modes in addition to the Kelvin mode. From the
dispersion relation of Poincaré waves (LeBlond and
Mysak, 1978, p. 271), we know that for narrow chan-
nels, Poincaré modes are spatially evanescent. Even

for a wide channel, the Poincaré modes form part of
the transient response, since at low-enough frequency,
the Poincaré waves are temporally decaying. The baro-
clinic field associated with the coastally trapped waves
appears little affected by the change in the width of the
estuary (Fig. 12, cf. Fig. 4b).

’
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FIG. 12. Vertical velocity w (10~3 cm s™'), at the interface between
the first two levels (z = 30 m), for experiment 6 (the wide estuary)
at ¢ = 10 days. The vertical and horizontal axes are in km.

The barotropic motion was much more energetic
for the wide estuary model than for the narrow estuary
model. Figure 13a illustrates the streamfunction ¥ at
10 days. The large anticyclonic circulation which now
extends well into the estuary itself is much stronger
than that in Fig. Sb. The alternating cyclonic-anticy-
clonic cell pattern observed in Fig. 5a was also present
in the wide estuary case, although the circulation was
stronger and had greater northward extent, as seen in
Fig. 13b, a space-time plot across the same section as
Fig. 6.

The velocity field at 10 days is depicted in Figs. 14a,
b for the wide estuary case. The large anticyclonic cir-
culation in the lower layer (Fig. 14b) is once more ev-
ident at the shelf break (cf., Fig. 7b). Inside the estuary
there exists an anticyclonic eddy in the upper layer
(Fig. 14a) which was not apparent in the narrow estuary
case (Fig. 7a), where the Kelvin wave dominated the
estuarine circulation.

7. Discussion

We now consider how barotropic circulation is gen-
erated from the initial density front. Here for simplicity
we use the governing momentum equations in Carte-
sian form.

Du 1
——fo= —;px+v(uxx+ Uyy) + KUy,

D 2
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Dv 1
—+fu=——p,+ vVt V) + k0,
Po

Dt )

D:=—pg, 4)

where x is oriented eastward and y northward. The
constants » and « are the lateral and vertical viscosities,
respectively. Depth averaging the linearized, inviscid
versions of (2) and (3), substituting in (1) and taking
the curl, we obtain

) o)+ o), ),

g 0 0 g 0 O
[ L] {5 o]
ot J-hVz —hJz x

where (4) has been written as,
0
gpdz',

y

p(2)=pst f (6)

Z

with p; the rigid-lid surface pressure. Equation (5) is a
wave equation for barotropic motion, with the forcing
term on the right-hand side arising from the joint effect
of baroclinicity and relief (JEBAR). For the application
herein f is constant and initially p = p(x, z), so that at
the initial moment (5) reduces to,

() = Uy + b = Ui )

1 (0 O 0
=g_hy{__1f J.pxdz'dz+f pxdz]. 7
po | A J-nd: ~h

In the models without the canyon, # = A(x), the forcing
term vanishes from (7), hence only weak barotropic
flow is observed. With the canyon, £, is nonzero, and
the JEBAR term produces a much stronger barotropic
circulation, with the emission of coastally trapped wave
fronts as in Hsieh and Gill (1984).

The reverse estuary experiments produced more
energetic flows than the fresh estuary experiments, de-
spite having initial salinity fronts of equal strength. This
can be accounted for by the difference in the available
potential energy in the two cases. In the reverse estuary
models, dense water from the estuary flowed down the
shelf to a considerable depth, whereas the rearrange-
ment of water masses in the fresh estuary cases was
restricted to the top two levels, hence a more limited
conversion of potential to kinetic energy. The ratio be-
tween the steady state (assuming no viscosity) total ki-
netic energy of the reverse and fresh estuary models
was estimated using

KE,,/KE,, = APE,/APE,, ®)

where APE, and APE are the available potential ener-
gies of the reverse and fresh estuary models, respec-
tively. The available potential energies were calculated
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northern boundary. The vertical axis is in 10? km and the horizontal axis is in days.

using a simple slab model. The water masses of fixed ~where p; and p,are the initial and final densities. This
density were assumed to move without mixing from somewhat simple calculation yielded,
the initial configuration to the final state where the

slabs of water masses laid on top of each other, with

APE,/APE; ~ 2, (10)
the denser ones below. We let i.e., the reverse estuary had nearly twice the available
APE = f (0:— py)gzdV, ) potential energy of the fresh estuary.
1 4

For idealized situations, the APE for fresh and re-
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FIG. 15. (a) Simple linear slope model with p, = 1024.0, p,

=10250kgm™>, —2.5kgm>? <dp <2.5kgm>3and H = 60 m.
(b) Available potential energy per unit horizontal area in J m2 as a
function of ép [see Eq. (11)].

verse estuaries can be calculated analytically. Consider
the initial configuration of Fig. 15a, where the available
potential energy per unit horizontal area, for given dp,
was calculated using Eq. (9). Once more, water masses
of fixed density were assumed to move without mixing
from the initial state (Fig. 15a) to the final state. This
calculation gave

[ (p1— p2) —20p,
if py+dp<pi, p2+0p<p
if py+op<spi<patiop<p;

gH? | —0p,

APE =48 ‘
16 | Yjsdp, if py<pi+op<pr<py+0p

2(p1—p2)— 29/650,

if py+0p=p2, p2tdp=p;.

N

(1

The available potential energy per unit area (11),
plotted as a function of 3p in Fig. 15b, shows that the
reverse estuary (6p > 0) has much greater available
potential energy than the corresponding fresh estuary
(8p < 0) of equivalent density difference (|8p]). Hence,
the reverse estuary cases were more energetic than the
fresh estuary cases.

Figure 16 illustrates the time progression of the total
kinetic energy of the model ocean for all six experi-
ments. The initially prevalent inertial oscillations
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FIG. 16. Total kinetic energy (Joules) of the model ocean as a
function of time: [J—Fresh estuary with no canyon. O~—Fresh estuary
with the canyon. A—Reverse estuary with no canyon. +—Reverse
estuary with the canyon. X—Wide fresh estuary with no canyon.
{O—Fresh estuary with no canyon and a wide shelf.

gradually diminish with time in all but the wide estuary
experiment. Both experiments with the canyon have
more kinetic energy than the corresponding experi-
ments without the canyon. The reverse estuary with
the canyon was by far the most energetic case. The
dense fluid from the estuary, instead of flowing across
the shelf, dropped directly into the canyon, thereby
releasing much potential energy. The wide estuary run
proved to be more energetic than the narrow estuary
run due to the larger reservoir of fresh water and hence
the more available potential energy. Even after ten days,
inertial oscillations are prevalent in the wide estuary
solution (Fig. 16). '
Shelf-trapped eddies are commonly observed off the
coast of British Columbia, the best documented of
which is the Tully eddy (Tully, 1942; Freeland and
Denman, 1982). This eddy is observed at the entrance
to Juan de Fuca Strait during the summer months when
runoff from the Fraser river is high, often doubling in
magnitude over the period of a week in association
with ice melting (Tully, 1942, Fig. 2). Figure 17 shows
the approximate location of this eddy in relation to
the mouth of Juan de Fuca Strait. The previous dy-
namic height observations found that the upper layer
of the eddy moved cyclonically relative to the lower
layer. Recent current meter observations during the
summer of 1985 (P. C. Mclntosh, personal commu-
nication, 1985) showed cyclonic circulation near the
surface and a small anticyclonic circulation below. The
observation that the deeper flow is anticyclonic relative
to the surface flow is consistent with the mechanism
proposed herein, namely the inflowing lower layer
compresses vertically, with an anticyclonic spinup. The
cyclonic circulation at the surface is not predicted by
the model. Freeland and Denman (1982) postulated
that this cyclonic circulation spins up during the
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“spring transition”, a period when the shelf-edge cur-
rents reverse in direction. In winter the shelf-edge cur-
rents flow northwards and in summer they flow south-
wards. '

The results from the Australian Coastal Experiment
(ACE), conducted from September 1983 to March
1984, indicate the presence of coastally trapped waves
(CTWs) along the eastern coast of New South Wales
(Freeland et al.,, 1986). The work of Clarke and
Thompson (1984) suggested that CTWs would be
forced by the local wind stress. Freeland et al. (1986)
therefore expected to see little or no signal at line 1
(Fig. 18) but at more northerly lines, the northward
propagation of longshore currents at (350-450) km
day™! (the phase speed of a first-mode wave).

The experiment turned out to reject this hypothesis.
A large CTW signal was observed at line 1 and Freeland
et al. (1986) wrote, “The significant result from these
calculations is the clear indication that the CTW signal
appears to propagate from line 1 to 2 with little mod-
ification by the winds.” There was, however, no CTW
signal observed at Hobart (line 0), (Fig. 18). From a
modal decomposition of the energy flux through a ver-
tical section across line 1, Freeland et al. (1986) found
the first three CTW modes contributed, 30.5%, 49%
and 20.5%, respectively, to the total energy flux.

Bass Strait is about 250 km wide and has an average
depth of 60 m. There are no large-scale topographic
features (e.g., canyons) in its vicinity. Throughout the
year, water in the Bass Strait is 1°-3°C colder than the
surface waters of the Tasman Sea to the east, and in
the Southern Hemisphere winter it is also 0.5-2.0 ppt
more saline (Godfrey et al., 1980, Tomczak, 1985). It
is well known that in winter the dense Bass Strait water
flows down the continental shelf to as deep as 400 m
below the surface (Boland, 1971; Tomczak, 1985).

Fi1G. 17. Satellite image of Juan de Fuca Strait region off the west
coast of British Columbia, taken at 0257 PST 17 June 1985. The
Tully eddy is visible in the lower left corner of the diagram where
the water is colder (whiter in the figure) than its surroundings.
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FIG. 18. Map of southeastern Australia indicating the five lines of
current meter moorings in the Australian Coastal Experiment (re-
drawn from Freeland et al., 1985).

Godfrey et al. (1980) called this the Bass Strait winter
cascade. This gives a possible mechanism for the gen-
eration of the CTWs which propagate along the coast
of New South Wales. Using realistic topography,
Weaver (1987) numerically simulated the flow of dense
Bass Strait water onto the continental shelf. Though
CTWs were generated, the magnitude of the alongshore
velocities appeared to be somewhat lower than those
observed in ACE.

8. Summary

We have modeled the sudden release of a large
amount of fresh water from an estuary to the conti-
nental shelf as a Rossby adjustment problem. As the
initial salinity front is relaxed, a first-mode baroclinic
Kelvin wave front propagates into the estuary, while
along the continental shelf, the disturbance propagates
in the direction of coastally trapped waves. When the
shelf is uniform in the alongshore direction, the prop-
agation of the disturbance along the shelf is relatively
slow and weak. In view of the nature of coastally
trapped modes at midlatitudes where the first mode is
often quasi-barotropic while the higher modes are more
baroclinic (Brink, 1982), it seems probable that a baro-
clinic process like frontal relaxation does not feed much
energy directly into the quasi-barotropic first mode.
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When a submarine canyon is placed at the mouth
of the estuary, the joint effect of baroclinicity and relief
provides a strong forcing term for barotropic flow. The
disturbance now propagates along the shelf at the first-
mode phase speed, and the resulting circulation is sig-
nificantly more energetic and barotropic than in the
case without the canyon.

The surface outflow and the deeper inflow at the
mouth of the estuary provide an interesting mechanism
for eddy generation. As the deeper inflow encounters
shallowing depth, the inflowing column of fluid is ver-
tically compressed, thereby spinning up anticycloni-
cally.

Comparing the reverse estuary with the normal es-
tuary, we found that even when both estuaries had ini-
tial density fronts of equal magnitude, the reverse es-
tuary managed to convert more of its potential energy
into kinetic energy, thereby producing a stronger con-
tinental shelf circulation.

The introduction of a wider shelf had little effect on
the resulting baroclinic circulation and as in the nar-
rower shelf model, little energy was transferred into
barotropic motion. The wide estuary experiment, on
the other hand, proved to be far more energetic than
the narrow estuary case due to the larger reservoir of
fresh water available. The motion inside the wide es-
tuary revealed the excitation of Poincaré modes in ad-
dition to the Kelvin mode. The coastally trapped waves
appeared largely unaffected by changing the width of
the estuary.
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