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ABSTRACT

A simple theory that predicts the vertical structure and offshore spreading of alocalized buoyant inflow onto
a continental shelf is formulated. The theory is based on two competing mechanisms that move the buoyant
fluid offshore: 1) the radial spread of the lighter water over the ambient water, being deflected by the Coriolis
force and producing an anticyclonic cyclostrophic plume, and 2) offshore transport of buoyant water in the
frictional bottom boundary layer that moves the entire plume offshore while maintaining contact with the bottom.
The surface expression of the cyclostrophic plume moves offshore a distance

¥s = 2(39'he + v3)/(29'h, + vV,

where g’ is reduced gravity based on the inflow density anomaly, h, is the inflow depth, v is the inflow velocity,
and f is the Coriolis parameter. The plume remains attached to the bottom to a depth given by

h, = (2Luh,f/g")2,

where L is the inflow width. Both scales are based solely on parameters of the buoyant inflow at its source.

There are three possible scenarios. 1) If the predicted h, is shallower than the inflow depth, then the bottom
boundary layer does not transport buoyancy offshore, and a purely surface-advected plume forms, which extends
offshore a minimum of more than four Rossby radii. 2) If the h, isobath is farther offshore than y,, then transport
in the bottom boundary layer dominates and a purely bottom-advected plume forms, which is trapped along the
h, isobath. 3) If the h, isobath is deeper than the inflow depth but shoreward of y,, then an intermediate plume
forms in which the plume detaches from the bottom at h, and spreads offshore at the surface to y,.

The theory is tested using a primitive equation numerical model. All three plume types are reproduced with
scales that agree well with the theory. The theory is compared to a number of observational examples. In all
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cases, the prediction of plume type is correct, and the length scales are consistent with the theory.

1. Introduction

Localized sources of buoyancy along the coastline
represent one of the principal forcing mechanisms for
coastal and shelf currents. These buoyant inflows on the
shelf are typically associated with river discharges or
exchanges between separate basins containing water
masses of different density. As the buoyant inflow en-
counters the denser shelf water, a plume generally forms
with a sharp density front separating the buoyant water
from the shelf water. The structure of this plume may
take a variety of shapes depending on the ambient flow,
bottom topography, inflow properties, and wind forcing.
However, most buoyant plumes may be categorized in
terms of their contact with the bottom as follows.
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In some cases, the plume occupies the entire water
column into depths much greater than the depth of the
inflow (Fig. 1). The accompanying coastal current re-
mains in contact with the bottom well offshore, with
the density front extending from the surface to the bot-
tom. We refer to this plume as a bottom-advected plume
because the behavior of the plumeisbasically controlled
by advection in the bottom boundary layer (as discussed
below). The flow on the Labrador Shelf may be viewed
as an example of a bottom-advected plume. Cross-shelf
sections of salinity and density (e.g., Figs. 3b,c and 15b
from Lazier and Wright 1993) show that the buoyant
flow spans the entire shelf with a frontal zone located
near the shelf break. Thus, the offshore scale of this
“plume” is more than 100 km, and the vertical scale
(i.e., maximum depth attained) is about 200 m.

In other cases, a buoyant inflow primarily remains on
top of the shelf water forming a thin layer with the
ambient denser water beneath (Fig. 2). This plume may
spread far offshore and has little contact with the bottom
except perhaps very close to the coast. We call this a
surface-advected plume. The discharge of the Niagara
River into Lake Ontario is an example of a surface-
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Fic. 1. Schematic of a bottom-advected plume.

advected plume in which the typical thickness of the
buoyant layer is only 10 m (e.g., Fig. 7 from Masse and
Murthy 1992). The plume spreads offshore about 10 to
15 km from the river mouth.

Of course, buoyant plumes may fall anywhere be-
tween the extremes of the bottom-advected plume and
the surface-advected plume. These intermediate plumes
occur when the buoyant flow spreads offshore, main-
taining contact with the bottom for some distance be-
yond which the upper part of the plume detaches from
the bottom and spreads seaward with the front between
the ambient and buoyant waters gradually approaching
the surface. Thus, the nearshore and near-bottom part
of the plume has properties similiar to the bottom-ad-
vected plume, while the offshore and near-surface part
behaves more like a surface-advected plume.

The list of theoretical or numerical studies consid-
ering the dynamics of buoyant plumesis quite long. Yet
most of the papers deal with only one type of plume
and do not discuss explicitly the transition from one
type to the other. Several authors have acknowledged
that offshore transport of buoyant water in the bottom
boundary layer is a principal contributor to the cross-
shelf movement of bottom-advected plumes (e.g., Csan-
ady 1984; Wright 1989). Chapman and Lentz (1994)
have shown that this effect moves the front offshore
(over a sloping bottom) until it reaches the depth where
the alongshelf velocity at the bottom within the front
reverses, thus eliminating the offshore buoyancy flux in
the bottom boundary layer. This reversal is caused by
the vertical shear of the alongshelf velocity within the

front, which isin thermal wind balance with the density
gradient across the front. Garvine (1996) considered a
linear frictional model of the bottom-advected plumein
which a steady state (isobath trapped) is achieved
through the balance of bottom, interfacial, and wind
stresses.

The dynamics of surface-advected plumes have at-
tracted more attention than their bottom-advected coun-
terparts. For example, Garvine (1987) and O’ Donnell
(1990) have shown that a surface buoyant inflow tends
to spread radially from its source, being deflected to the
right (in the Northern Hemisphere) by the Coriolisforce
and/or an ambient alongshelf current to form a surface-
advected plume with anticyclonic circulation within the
plume. Chao and Boicourt (1986), Chao (1988), Oey
and Méellor (1993), and Kourafalou et al. (1996) have
used numerical models to study idedlized river dis-
charges through estuaries, that, in most calculations,
produce surface-advected plumes. The plume typically
extends well offshore as a bulge that is attached to the
estuary mouth and has anticyclonic flow within. In most
cases, a substantially narrower buoyant coastal current
appears adjacent to the coast, originating from the plume
and propagating with the coast on its right.

The bottom-advected and surface-advected plumes
appear to have very different dynamics, as reflected in
the models used to study each one. Indeed, the two
observational examples given above (Labrador Shelf
and Niagara River) have remarkably different spatial
scales and flow characteristics. On the other hand, there
are also similarities. For example, the density difference

Fic. 2. Schematic of a surface-advected plume.
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between the plume and the ambient flow is similar in
both cases (approximately 1 kg m=3), and the Coriolis
force is important in both cases (both plume currents
propagate with the coast on their right). So, we might
expect that both types of plumes can be understood in
terms of the same theoretical framework.

To develop a common theoretical framework, we use
some rather simpleideas, based in part on previous stud-
ies, to derive two length scales that approximate the
offshore expansion of the surface-advected and bottom-
advected plumes (section 2). A comparison of these
scales predicts which type of buoyant plume will form.
The scales are based only on properties of the buoyant
inflow at the source where it enters the shelf and on the
shelf geometry, so the prediction of the offshore spread
and plume type does not depend on any information
about the buoyant flow after it enters the shelf. Then,
to test the theory, a nonlinear, primitive equation, nu-
merical model is used to simulate plumes formed by
various idealized buoyant inflows (section 3). This is
followed by the application of the theory to some ob-
servational examples (section 4). Finally, theresults are
briefly discussed and summarized (section 5).

2. Theory

Our goal is to predict which type of plume, bottom-
advected or surface-advected, is produced by a specified
buoyant inflow in the absence of complicating factors
associated with the ambient shelf circulation. Therefore,
the shelf waters are assumed initially quiescent (i.e., no
mean flows or tides), and wind forcing is ignored. Fur-
thermore, the details of the buoyant inflow within the
estuary or river mouth are not considered. Instead, we
assume that the plume is driven by a buoyant water
discharge through a gap of width L in a coastal wall of
depth h,. The buoyant inflow has constant and spatially
uniform velocity v and density anomaly p; at the gap.
Figures 1 and 2 depict these features for each plume

type.

a. Bottom-advected plume

We begin by examining the bottom-advected plume
(Fig. 1). We rely on the results of Chapman and Lentz
(1994) for direction, although they did not derive the
scales developed here. As the buoyant inflow enters the
shelf, it is deflected to the right by the Coriolis force
and propagates roughly parallel to the coast, remaining
in contact with the bottom over virtually itsentire extent.
There may be a slow upstream spreading of buoyant
water as well (e.g., Chapman and Lentz 1994; Koura-
falou et al. 1996). However, its speed is much slower
than the downstream flow, being easily suppressed by
aweak cyclonic shelf current, which istypical for many
shelves, so we ignore this feature in this section.

Based on the results of Chapman and Lentz (1994),
we assume that the front along the offshore edge of the
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plume is established by offshore advection of buoyancy
in the bottom boundary layer and that the front continues
moving seaward until the alongshelf velocity within the
front vanishes at the bottom. At this point the bottom
boundary layer cannot move the front farther seaward.
As the buoyant water shoreward of the front moves
downstream, it is gradually forced offshore by the fric-
tional bottom boundary layer in the same manner as
described by Csanady (1978) for barotropic flow. This
gradual offshore flow transports little buoyancy, but it
eventualy (i.e., far enough downstream) leads to the
accumulation of the entire buoyant inflow transport
within the frontal zone. (This tendency will be dem-
onstrated in section 3.)

We can use this scenario to derive an expression for
the equilibrium depth h,, at which the bottom-advected
plume becomes trapped. The transport within the frontal
zone can be estimated by assuming uniform vertical
shear of the alongfront velocity u, which is in thermal
wind balance with the density gradient across the front.
The transport at depth h, within a front of width W is

1

T, = >

where the subscript z denotes partial differentiation, and

u = 0 at the bottom, as described above. Thermal wind
then provides an expression for the vertical shear as

u, = gp/pof = g'ffW, )

where g is gravitational acceleration, p isthe water den-
sity anomaly relative to a constant reference density p,,
g = glpl/p, is reduced gravity, and y is the offshore
coordinate. Substituting (2) into (1) and then equating
T, to the inflow transport Luh,, in order to conserve
mass, yields

uhiW, (D)

h, = (2Luhof/g’)*=. ©)

We can use h, directly to locate the plume over any
shelf topography, and this procedure is applied to the
observational examples (section 4). For the numerical
examples (section 3), however, the depth profile is cho-
sen to be linearly increasing offshore as

h=h+sy, (@)

where s is the bottom slope, so we can easily estimate

the offshore location of the bottom-advected plume vy,
by finding the offshore distance to depth h,:

| hol(2Ly, fig'hy)¥2 — 1]/s, h, > h, 5

* o, h, < h,.

It is important to recognize that vy, is positive only
when h, > h,, that is, when the equilibrium depth is
located somewhere offshore of the inflow isobath. Only
then can the basic mechanism that forms the front and
moves it offshore operate to create a bottom-advected
plume. This tends to occur for strong inflows (large v)
and/or weak density differences (small g'). In fact, h,
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and vy, increase without bound as g' - 0. If the equi-
librium depth is shallower than the coastal wall (i.e.,
shallower than the depth of the buoyant inflow), h, <
h,, the bottom-advected plume cannot form, so we set

Y, = 0.

b. Surface-advected plume

Figure 2 shows our version of an idealized surface-
advected plume. We assume that the buoyant discharge
forms an anticyclonic circulation with constant radius
r. and a narrow coastal current moving to the right.
Within the anticyclone, we take the flow to be in steady,
cyclostrophic balance, described by the following mo-
mentum equation:

—¥Ir — fo = —g'd, (6)

where v is the azimuthal cyclostrophic velocity, d isthe
thickness of the buoyant layer, r is the radial distance
from the center of the anticyclone, and the subscript r
denotes partial differentiation. We also assume that the
buoyant plume does not interact with the bottom, so its
thickness is approximately uniform from the inflow to
the center of the anticyclone and gradually decreasesto
zero aong the outer edge. The radial change in plume

thickness can then be approximated by d, = —hy/r,
which allows (6) to be solved for r;
! + ~2
rS — _ghoi’\vs’ (7)
fo,

where 7, is the azimutha velocity at the edge of the
plume (i.e., at radiusr)). Since r, must be positive, the
minus sign means that v, must be negative, indicating
anticyclonic flow.

To obtain an estimate for v,, we consider the Bernoulli
function for the buoyant layer, defined following Gill
(1982), as

B=gd+ %2 8)

which is constant along a streamline (in the absence of
diffusive processes). Taking the outer edge of the plume
to be a streamline connected to the inflow, then B along
the outer edge of the plume must be equal to B at the
inflow. Evaluating B at the two locations and equating
(and noting that d = 0 along the outer edge of the plume)
yields

g'hy, + v¥2 = 22,
which can be rewritten as
v, = —(20'h, + v)*2, 9)

where the minus sign corresponds to anticyclonic flow.
Substituting (9) into (7), we obtain an estimate for

the maximum seaward expansion of the surface-ad-

vected plume, based only on the inflow properties,

2(3g'h, + v3)  _ 23+ F?)
f(2g'h, + v?)¥2 (2 + Fz)2’

Yo = 2rg = (10)
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where R; = (g'hy)Y?/f may be referred to as the baro-
clinic Rossby radius of the buoyant inflow, and F, =
ul(g'hy)¥2 is the inflow Froude number. It is interesting
to consider two limits of (10). First, a weak buoyant
inflow or large density difference (i.e., ¥» < g'h,; F, <
1) yields y, = 4.24R,. That is, the surface-advected
plume spreads a minimum of more than four inflow
Rossby radii offshore. This result isin good agreement
with the study of Oey and Mellor (1993). In their model,
h, = 10 m and the density difference between theinflow
and the ambient water is approximately 20 kg m~3 (see
their Fig. 2), producing R; = 14 km and a minimum
offshore expansion of y, = 60 km [taking v, — 0 or F,
- 0in(10)], which is consistent with their model result.
Second, in the limit of strong inflow or small density
difference (i.e., v2> g'h,; F,> 1), then y, = 2u/f, and
the inflow turns in an inertial circle.

c. Interpretations

We can use the length scales h, and y, to predict which
dynamics should dominate and how the buoyant inflow
should behave, based only on the inflow parameters.
Our reasoning is as follows. Transport in the bottom
boundary layer can move the buoyant inflow offshore
to depth h,. Surface processes can carry the buoyant
inflow a distance y, offshore. The location of the h,
isobath (y, for a linear bottom slope) relative to y, de-
termines the plume behavior. There are three possible
outcomes:

1) h, < h, (y, = 0): The predicted equilibrium depth
for the bottom-advected plume is shallower than the
depth of the buoyant inflow, so bottom boundary
layer dynamics have no influence. A surface-ad-
vected plume forms.

2) h, > h,, and h, is shoreward of y, (0 <y, <VyJ): An
intermediate plume formsin which the front detaches
from the bottom approximately at depth h, and ex-
tends offshore at the surface to y,, like a surface-
advected plume.

3) h, > h,, and h, is offshore of y, (y, > vy,): Bottom
boundary layer transport moves the front farther off-
shore than surface processes can. A bottom-advected
plume forms.

Additional insight may be gained by casting the the-
ory in terms of nondimensional parameters, which also
simplifies the interpretation somewhat. We define aBur-
ger number S and a Rossby number Ro in terms of the
inflow parameters as

S = (9'h)™?/fL; Ro = wfL. (11)

The Burger number is a measure of the influence of
buoyancy, while the Rossby number is a measure of the
nonlinear advection of momentum (or rate of inflow)
through the coastal gap. (We could have chosen to use
the inflow Froude number, F, = Ro/S, in place of either
Sor Ro in what follows. However, S and Ro alow the
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Fic. 3. Regions of various plume types based on the theory of sec-
tion 2 with hy/sL = 0.278.

separation of buoyancy and nonlinear effects, which we
find helpful.) The horizontal lengthsy, and y, are then
scaled by L, so that (5) and (10) can be written as

_ hy[(2Ro)*2
Y, = SL(—S 1) (12)
_ 2(3% + Ro?) 13

° (2%% + Ro?)v?’

where Y, and Y, are the scaled equivalents of y, and v,
respectively.

There are now three nondimensional parameters that
define the plume behavior: S Ro, and a geometrical
parameter hy/sL. Figure 3 showsthethree plumeregimes
listed above in terms of S versus Ro for a fixed geo-
metrical parameter hy/sL = 0.278 (h, = 25 m, s = 3
X 1073, L = 30 km, al of which are used in our nu-
merical calculations). The upper curve corresponds to
Y, = 0in (12), which is equivalent to setting h, = h,.
This curve is independent of hy/sL, and represents the
division between surface-advected plumes and inter-
mediate plumes. Any combination of S and Ro lying
above this curve, that is, S > (2 Ro)¥?, should produce
a surface-advected plume, regardless of the shelf to-
pography (provided the depth increases offshore). The
lower curvein Fig. 3 correspondsto Y, = Y, (or equiv-
aently y, = y)) and represents the division between
intermediate plumes and bottom-advected plumes. Any
combination of Sand Ro lying below this curve should
produce a bottom-advected plume. The location of the
lower curve depends on the geometrical parameter h,/
sL; the curve moves toward higher S at each Ro when
hy/sL increases. That is, the intermediate region in Fig.
3 shrinks as hy/sL increases (the upper curve is unaf-
fected).

It is important to note that the lower curvein Fig. 3
has alocal maximum Sasafunction of Ro, which means
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Fic. 4. Model domain for the numerical calculations in section 3.

that a pure bottom-advected plume is possible only for
a relatively weak density difference between the am-
bient flow and buoyant discharge (small S). When the
density difference is large enough that S exceeds this
maximum, then either an intermediate or a surface-ad-
vected plume will be established no matter how strong
the inflow velocity may be (i.e., independent of Ro).
This also means that a surface-advected plume is more
likely to occur at lower latitudes than a bottom-advected
plume because f decreases, making S larger (all else
remaining equal).

3. Numerical calculations
a. Model description

We use the semispectral primitive equation model
(SPEM), described by Haidvogel et al. (1991), to test
the theory of the previous section. The momentum bal-
ance is based on the hydrostatic and Boussinesg ap-
proximations and may be written, along with the con-
tinuity and density equations, in the following form:

1
u +v-Vu — fo= ——p, + AV2u + (Alu,), (14)
Po

1
DA + vVv+ fu= _p_py + Avav + (Avvz)z (15)
0

P, = —0p (16)
u +uv +w,=0 a7)
pe + V:Vp = K Vip + (Kyp,).. (18)

In this system (u, v, w) are the (x, y, z2) components of
the velocity vector v, p is the pressure, p is the density
difference from a constant reference density p, = 1010
kg m~3, fisthe Coriolis parameter, and g is gravitational
acceleration. Here A, and A, are lateral and vertical
viscosities, respectively, and K, and K,, are lateral and
vertical diffusivities. Lateral Laplacian mixing and dif-
fusion V2 are applied along o-coordinate surfaces. Sub-
scriptst, X, y, zdenote partial differentiation with respect
to time and the spatial coordinates.

The numerical domain is a straight channel (Fig. 4)
with a coastal wall of depthh, = 25 maty = 0and a
solid wall offshore at y = 80 km. The channel length
is 400 km. The cross-channel boundaries at x = 0 and
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X = 400 km are discussed below. The depth increases
linearly away from the coast as given by (4) with the
slope s chosen in the range 0.001-0.003. The channel
is uniformly rotating with f = 10-* s~*. The numerical
grid is rectangular and uniform in the horizontal with
161 along-channel and 65 cross-channel grid points(i.e.,
Ax = 25 km and Ay = 1.25 km). Nine Chebyshev
polynomials are used to resolve the vertical structure.
The model time step is 240 s.

The boundary conditions are as follows. A rigid lid
is assumed at the surface (w = 0 at z = 0). No flow is
permitted through the bottom or the side walls except
for a localized buoyancy inflow through a gap in the
coastal wall usually between x = 60 km and x = 90
km, that is, L = 30 km. Thereis no stress at the surface
or at the sidewalls. The shear stress at the bottom is
specified using alinear bottom friction parameterization,

A, = ru; Aju, = rvz = —h, (19)

where the bottom friction coefficient isset tor = 0.0005
m s~ The vertical viscosity and diffusivity are fixed at
A, = K, = 0.001 m? s* for cases involving bottom-
advected plumes. However, for calculations strongly in-
fluenced by surface-advected plumes, constant vertical
mixing coefficients tend to smear the frontal region. So,
for these cases, we employ a parameterization that sets
the viscosity and diffusivitiy based on the local Rich-
ardson number:

0.0009
A, = 00001 + ——————
v = 0.000 (1. + 0.3Ri)¥2
0.0009
K, = 00001 + ——————,
v (1. + 0.3Ri)32

where the units are m?2 s~ and the Richardson number
is defined by

. —9p.lpo
R W2 + ()

The maximum value for A, and K, is still 0.001 m? s—2.
We choose the smallest coefficients of lateral mixing
that provide stable numerical calculations; A, = 50 m?
stand K, = 10 m® s

There are no density fluxes through the bottom, sur-
face, and side walls except for the specified buoyant
inflow through the coastal gap, which enters the model
domain with uniform velocity v and density anomaly

pi-

At the upstream boundary (x = 0), we specify a uni-
form inflow withu = 0.04 ms-*and p = 0. The purpose
of this weak barotropic mean current is to prevent the
plume from propagating upstream. At the downstream
boundary we use the open boundary condition of Chap-
man and Lentz (1994) in which the vorticity and depth-
averaged velocity components are advected out with a
radiation condition, and a zero-gradient condition is ap-
plied to the depth-varying quantities. This boundary
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condition works quite well for the mean component of
the frontal velocity field, which basically has a two-
dimensional (y-2) structure downstream from the buoy-
ancy source. In addition, we apply a sponge layer over
the last 50 km of the model domain on the baroclinic
part of v. This does not alter the frontal structure but
effectively suppresses any transient features appearing
due to the initial adjustment of the buoyant inflow or
due to instabilities of the frontal current.

Each model run begins with water of constant density
p = 0 flowing at constant velocity (0.04 m s-%) with
the coast on its right. The buoyant inflow is imposed
and is held constant until the buoyant plume within the
model domain reaches an approximate steady state. Al-
though true steady-state dynamics have not been
achieved in some calculations, the plume alwaysevolves
long enough to distinguish its behavior in terms of our
simple theory.

b. Results

The purpose of the numerical calculationsis to dem-
onstrate the validity of our theory for the case of fully
nonlinear dynamics (at least in the range of parameters
considered). In fact, the scales derived in section 2 not
only correctly predict plume type, but also provide a
fairly accurate estimate of the offshore extent of the
plume.

We vary four model parameters within the following
ranges: velocity of the buoyant inflow, 0.1 < v < 0.5
m s, density anomaly of the buoyant inflow, —2.5 <
p; < —0.5 kg m —3, width of the coastal gap, 20 < L
< 30 km and bottom slope, 0.001 < s < 0.003. The
inflow (coastal) depth isfixed at hy, = 25 m. The linear
bottom slope conveniently allows us to categorize the
behavior entirely in terms of y, and y,, because y, is a
known function of h,. Variationsin v and p; affect both
Yy, and y,, but variationsin L and s modify only y,. Table
1 summarizes the model calculations and presents the
predicted lengths y,, v, and h,.

1) BOTTOM-ADVECTED PLUMES: Y, > Y,

The first four model calculations are cases in which
a bottom-advected plume should form, according to the
theory (i.e., y, > V¥o). Run 1 provides a good example
of the bottom-advected plume, with the predicted off-
shore location y, = 30.6 km compared toy, = 21.2 km.
In fact, this run repeats the standard case from Chapman
and Lentz (1994) with two differencies: (i) the plume
does not move upstream because of the presence of the
imposed mean aong-channel current and (ii) the non-
linear momentum balance allows instabilities in the
frontal current.

Figure 5 shows plan views of the depth-averaged (or
barotropic) streamfunction, surface velocity vectors, and
surface density anomaly on day 90. Figure 6 shows
cross-shelf sections of u, v, and p at x = 200 km (i.e.,
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TABLE 1. Parameters for the numerical calculations discussed in section 3. Runs 1-4 form bottom-advected plumes. Run 5 forms a surface-
advected plume. Runs 6-9 form intermediate plumes. Variables are defined in the text except for x,, which is the along-shelf coordinate of
the upstream edge of the buoyant inflow. Units are kilometers for x,, L, y,, and y,; meters per second for v; kilograms per cubic meter for
pi; and meters for h,. In each case, the coastal depth is h, = 25 m. Runs 5-9 use the variable vertical mixing coefficients defined in section 3.

Run X, L s u o Ro S hy/sL A h, A
1 60 30 0.001 0.2 -1.0 0.067 0.164 0.833 21.2 55.6 30.6
2 60 30 0.001 0.3 -1.0 0.100 0.164 0.833 21.6 68.1 43.1
3 60 30 0.003 0.3 —-0.5 0.100 0.116 0.278 15.7 96.3 23.8
4 60 30 0.003 0.5 -05 0.167 0.116 0.278 175 124.3 331
5 90 20 0.003 0.15 -25 0.075 0.389 0.417 331 24.9 0.0
6 60 30 0.003 0.3 -1.0 0.100 0.164 0.278 21.6 68.1 14.4
7 60 30 0.003 0.2 -1.0 0.067 0.164 0.278 21.2 55.6 10.2
8 60 30 0.003 0.3 —-2.0 0.100 0.232 0.278 30.0 48.2 7.7
9 0 30 0.003 0.2 -25 0.067 0.260 0.278 33.2 35.2 34

110 km downstream of the buoyancy source). In gen-
eral, the plume develops according to our expectations.
It turns to the right as it enters the model domain, oc-
cupying the entire water column, and gradually spreads
offshore to a distance of about 30 km as predicted. The
downstream convergence of streamfunction contours
near the offshore edge of the plume (Fig. 5a) demon-
strates that the flow gradually accumulates within the
frontal zone as the buoyant current flows downstream.
A fairly long alongshelf distance isrequired for thetotal
transport of buoyant inflow to be confined within the

frontal zone. However, the velocities shoreward of the
front at the downstream end of the model domain (x =
300-350 km in Fig. 5b) are quite small, showing that
the flow assumed in deriving y, (section 2) has almost
been established.

Figure 6a shows that the frontal zone has moved off-
shore to the depth where u reverses at the bottom of the
front, thereby eliminating offshore buoyancy transport
in the bottom boundary layer within the entire frontal
zone. At this downstream location, the frontal current
is still stable (instabilities appear farther downstream

X (km) 350

y (km)

0.100E+01
HAXIMUM YECTOR

Fic. 5. Plan views of (a) streamfunction, (b) surface velocity vectors (plotted every second grid point),
and (c) density anomaly at the surface for run 1 (Table 1) at day 90. Contours are —1.9 X 10°to 1.5 X
10° by 2 X 10* m3 s~ for streamfunction and 0.1p; to 0.9p, by 0.1p, kg m=2 for density anomaly. Negative
contours are dashed and positive contours are solid. The straight dashed lines are the 50-m and 100-m

isobaths.
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FiG. 6. Cross-shelf sections of (a) alongshelf velocity u, (b) cross-
shelf velocity v, and (c) density anomaly p at x = 200 km for run 1
(Table 1) at day 90. Contours are —0.02 to 0.30 by 0.04 m s for
u, —0.0175 to 0.0325 by 0.005 m s* for v, 0.1p, to 0.9p, by 0.1p,
kg m~3 for p. Negative contours are dashed and positive contours are
solid.

and are discussed below). The vertical shear of u within
the frontal zone is almost linear, in agreement with our
assumption in section 2. Across the base of the front
(i.e., wherethefrontal zone contactsthe bottom), bottom
boundary layer transport is everywhere toward the coast
(Fig. 6b). The shoreward edge of the frontal zone is
trapped approximately 30 km from the coast (Fig. 6c),
which is in good agreement with y, (Table 1).

Model runs 2—4 (Table 1) are cases in which various
parameters have been changed from those in run 1, but
a bottom-advected plume is both predicted and formed
in each case. The resulting streamfunction and surface
density fields are shown in Figs. 7 and 8, respectively.
The basic behavior is identical to that described above
for run 1 (Figs. 5 and 6), but there are several revealing
differences in the details.

Run 2 (Figs. 7a and 8a) is identical to run 1 except
that the inflow velocity is greater (v, = 0.3 ms™%). This
increases the inflow transport of buoyant water and
thereby moves the frontal zone farther offshore accord-
ing to (5); v, = 43.1 km. The frontal instabilities arise
closer to the inflow, and the plume needs alonger along-
shelf distance to reach the equilibrium depth. A sub-
stantial part of the buoyant transport is still carried be-
tween the coast and the frontal zone at the downstream
edge of the model domain.

Increased bottom slope s reduces y, (i.e., the equilib-
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rium depth occurs closer to the coast) but does not
change y.. Run 3 (Figs. 7b and 8b) and run 4 (Figs. 7c
and 8c) use a steeper bottom slope s = 0.003, but a
smaller inflow density anomaly p, = —0.5 kg m=2in
order to ensure a bottom-advected plume. In both cases,
the plume is confined closer to the coast than in the
previous examples, but a longer alongshelf distance is
required for the transport to be confined to the frontal
zone. For run 3, the frontal zone is narrower and the
instabilities appear only near the downstream boundary.
The flow shoreward of the front can be seen converging
slowly toward the front, with the edge of the front at
the downstream boundary located at y = 23-25 km,
close to the estimate of y, = 23.8 km.

Run 4 has the greatest inflow transport (v, = 0.5 m
s™1) and, as a result, requires an extremely long along-
shelf distance for the transport to be confined within the
frontal zone. In fact, streamfunction contours at the
downstream boundary are almost equally spaced, and
the velocity at the coast matchs (if not exceeds) the
maximum velocity within the frontal zone (not shown).
Neither density nor streamfunction contours are parallel
to the coast at the downstream boundary. Neverthel ess,
the flow is moving gradually offshore and would even-
tually collect at h, to produce a bottom-advected plume.

The instabilities along the frontal current (i.e., small-
er-scale wiggles), which appear in Figs. 5, 7, and 8,
deserve some discussion, although a thorough analysis
is beyond the scope of this paper. In particular, the onset
of the instabilities appears to have a simple explanation.
The instabilities appear early in the model calculations,
after about 2025 days, and they are clearly frontally
trapped (i.e., they decay both seaward and shoreward
away from the frontal zone). They presumably grow
due to both vertical and horizontal shear (i.e., they have
both vertical and horizontal structure), but the horizontal
shear apparently acts as a trigger for their devel opment.
To demonstrate, remember that a necessary condition
for a purely barotropic along-isobath current to be un-
stable is that the cross-current derivative of the back-
ground potential vorticity, P = (f — U,)/h, must change
sign (here U is the barotropic mean current velocity;
see Collings and Grimshaw 1980 for more details). We
can estimate U from the streamfunction field as U =
—i/h and calculate P across the channel at any x. As
the flow accumulates in the frontal zone (i.e., stream-
function contours converge), the horizontal shear of the
current within the frontal zone increases. Figure 9 shows
estimates of P from run 1 at x = 160 and 200 km at
day 25, when the instabilities begin to appear. Upstream
of the instabilities, at x = 160 km, P decreases mono-
tonically offshore. However, at the point where the in-
stabilities first appear, P, changes sign across the front.
For a stronger inflow (run 2, Fig. 7a) the frontal current
shear reaches the point where P, changes sign closer to
the source, and the instabilities appear near x = 150
km. For runs 3 and 4 (Figs. 7b,c), the shear of the frontal
current is rather weak throughout nearly the entire mod-
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FiG. 7. Plan views of streamfunction for (a) run 2 at day 90, (b) run 3 at day 60, and (c) run 4 at day 90.
Contours are —1.9 X 10°t0 2.3 X 10°by 2 X 10* m®* s tin (a); —4.2 X 10°t0 2.2 X 10° by 4 X 10* m?
stin (b); —4.2 X 10°to 3.8 X 10° by 4 X 10* m® st in (c). The straight dashed lines are the 50-m and
100-m isobaths.
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Fic. 8. Asin Fig. 7 but plan views of density anomaly at the surface. Contours are 0.1p; to 0.9p, by 0.1p,
kg m=3.
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FiG. 9. Cross-shelf profiles of potential vorticity P at x = 160 km
(solid line) and x = 200 km (dashed line) for run 1, day 25.

el domain. Instabilities barely appear in run 3 and do
not appear in run 4. A more thorough investigation
shows that, in every case we have computed, the insta-
bilities start to grow precisely where P, first has asign
change across the frontal current. Furthermore, the in-
stabilities tend to disappear some distance downstream
apparently because the flow associated with the insta-
bilities causes widening of the front and, therefore,
weakening of the frontal shear such that P, no longer
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changes sign across the front. Although this analysis
does not prove that the wiggles are generated by bar-
otropic instability, it strongly supports that contention.

2) SURFACE-ADVECTED PLUMES. Y, = 0

Run 5 (Table 1) is an example of a surface-advected
plume; y, = 0. In this case, h, = 24.9 m, which is
slightly smaller than h, = 25 m. By day 25, the buoyant
inflow forms a plume with anticyclonic circulation
spreading from the source and an outgoing narrower
buoyant current attached to the coastal wall (Fig. 10).
The outermost streamfunction contour of the *‘cyclos-
trophic’ plume has a maximum offshore extent re-
markably close to y, = 33.1 km. Cross-shelf sections
of the plume at x = 130 and 250 km (Fig. 11) show
that uiszero or negative at the bottom everywhere (Figs.
11a,c), confirming that h, < h,, so bottom boundary
layer transport cannot move the front offshore. The core
of the plume (i.e., water with the inflow density) does
not contact the sloping bottom (Figs. 11b,d).

The structure of the surface-advected plume shown
in Figs. 10 and 11 is similar to the plume reported by
Oey and Mellor (1993). However, in our case the buoy-
ant inflow is in full contact with the sloping frictional
bottom when entering the model domain, and we have
imposed a weak alongshelf current at x = 0. Both of
these features conspire to produce a somewhat elongated

X (km)

.- —— )

l.lSB%oM
MAXIMUM VECTOR

Fic. 10. Asin Fig. 5 but for run 5, day 25. Contours are —4.5 X 10°to 1.1 X 10° by 2 X 10* m3 s*
for streamfunction and 0.1p, to 0.9p, by 0.1p, kg m=3 for density anomaly. Negative contours are dashed

and positive contours are solid.
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Fic. 11. Cross-shelf section of (a) alongshelf velocity u and (b)
density anomaly p at x = 130 km, and (c) alongshelf velocity u and
(d) density anomaly p at x = 250 km for run 5 (Fig. 10) at day 25.
Contours are —0.10t0 0.42 by 0.04 mstin (a); and —2.25to —0.25
by 0.25 kg m=3in (b); 0.02 to 0.26 by 0.04 m st in (c); and —1.75
to —0.25 by 0.25 kg m=3 in (d). Negative contours are dashed and
positive contours are solid.

(not precisely circular) anticyclone. Nevertheless, our
plume looks remarkably like the model of Garvine
(1987), including the narrowing of the front where the
anticyclone reattaches to the coast (x = 220 km in Fig.
10). There the model appears to develop a flow quali-
tatively akin to the coastal front described by Garvine
(1987; e.g., his Fig. 15). Of course, the present model
is too diffusive to generate extremely sharp disconti-
nuities.

3) INTERMEDIATE PLUMES. 0 <y, <y,

Model runs 6-9 (Table 1) correspond to intermediate
buoyant plumes that have properties of both the bottom-
advected and surface-advected plumes. The structure of
these intermediate plumes depends on the relative sizes
of y, and y,. Basically, the base of the plume (where it
attaches to the bottom) moves offshore to y,, while the
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surface expression of the plume moves offshore to ..
If y, only slightly exceedsy,, then the plume is almost
a bottom-advected plume. If y, is much larger than vy,
then the plume is almost a surface-advected plume. In
other words, the proximity of the parameters to the two
curvesin Fig. 3 determines the structure of the resulting
plume.

Figures 12 and 13 show the streamfunction and sur-
face density fields for the intermediate plumes, with the
ratio yJy, ranging from 1.5 to 9.8 (Table 1). These ex-
amples essentially span the transition from nearly bot-
tom-advected plumes to nearly surface-advected
plumes. In each case, the intermediate plume has char-
acteristics of both the bottom-advected and surface-ad-
vected plumes. At the surface, the inflow near the buoy-
ancy source moves offshore closeto y,, like the surface-
advected plume (Fig. 10). Some of the inflow moves
more directly toward the right, forming a frontal zone
downstream that is parallel to the coast close to vy, and
in which the transport accumulates, like the bottom-
advected plumes (Figs. 5, 7, and 8).

The relevance of the lengths y, and vy, is most clearly
seen in cross-shelf sections of density anomaly (Fig.
14), which show the intersection of the frontal zonewith
both surface and bottom. These sections correspond to
each of the intermediate cases shown in Figs. 12 and
13. In each case, the shoreward edge of the frontal zone
intersects the bottom and the surface remarkably close
to the estimates y, and y,, respectively. This provides
strong support for the theory presented in section 2.

We have made numerous additional calculations, with
many different combinations of parameters. We do not
show any more results because they are all consistent
with the results presented thus far and with the theory
of section 2. In all cases, the buoyant discharge behaves
according to the three regimes in Fig. 3 with a smooth
transition from bottom-advected plumes to surface-ad-
vected plumes as depicted in Figs. 12, 13, and 14. We
have yet to find an exception.

4. Observational examples

In this section we apply our simple theory to several
observational examples that are documented well
enough to obtain all the necessary information. Esti-
mates of y, and h, are based on the buoyant inflow
parameters at the mouth. We then estimate y, based on
the actual shelf topography to avoid approximating an
average bottom slope. That this information istypically
available is an advantage of our theory. However, we
still need the appropriate observations of buoyant
plumes on the shelves to compare the theoretical pre-
diction with reality. Table 2 summarizes the observa-
tional examples considered in this section.

We start with the two examples mentioned in the
introduction. Cases 1 and 2 represent the Niagara River
plume. Here the density anomaly is caused by the tem-
perature difference between the warmer Niagara River
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FiG. 12. Plan views of streamfunction for (&) run 6, (b) run 7, (c) run 8, and (d) run 9 each at day 30.
Contours are —4.2 X 10°t0 2.2 X 10°by 4 X 10* m®*stin (a); —4.2 X 10°to 1.4 X 10° by 4 X 10 m?
stin(b); —42 X 10°t02.2 X 10°by 4 X 10* m®*s*in (c); and —4.2 X 10°to 1.4 X 10° by 4 X 10
m? st in (d). The straight dashed lines are the 50-m and 100-m isobaths.

and colder Lake Ontario. Masse and Murthy (1992)
show that the typical density difference for the summer
isin the range 0.5-1.0 kg m~3. Thus, the first estimate
(case 1) corresponds to the lower limit (0.5 kg m~3,
Table 2). In case 2 we are more specific and consider
the density difference of approximately 0.9 kg m~2 ob-
served on 17 July 1984. The temperature of the plume
was 21.5°C, while the temperature of the ambient flow
was 17°C. The river mouth width is 1.5 km, and h, =
10 m. The buoyant inflow occupies the mouth from
surface to bottom. The inflow velocity estimate is based
on the typical rate of Niagara River discharge, which
is6500 m® s, giving v = 0.4 ms

For the first case (Niagara 1), the discharge should
form an intermediate plume according to our theory.
The attachment depth for the bottom-advected plumeis
h, = 15.6 m, which corresponds to y,, = 5 km based
on the local topography near the mouth. The offshore
extent of the surface-advected plume should be y, =
12.2 km. For the second case (Niagara 2), h, = 11.6
m, which is close to h,, suggesting that the discharge

should form a nearly surface-advected plume. Masse
and Murthy (1992; their Fig. 7b) show a cross-shelf
section at the Niagara River mouth from 17 July 1984
in which the plume detaches from the bottom at a depth
of 12-13 m (h, = 11.6 m). A plan view of the plume
on the same day (their Fig. 6) shows that the 19°C
isotherm (representing the average location of the fron-
tal zone) extends 11-12 km offshore (y, = 14.8 km).
Thus, our estimates are close in predicting the observed
discharge behavior.

Information about the buoyant inflow driving the L ab-
rador Shelf current is less certain. We assume that the
principal buoyant source for the fresher Labrador Shelf
water is the flow exiting Hudson Strait along the south-
ern coast. We use the work of Drinkwater (1988; his
Fig. 3 and Table 1) to obtain the necessary parameters.
The density of the current flowing along the Quebec
coast gradually changes from its core to its periphery
without any sharp boundary. Therefore, we choose two
cases for the buoyant inflow onto the Labrador Shelf
through the mouth of Hudson Strait. Thefirst (Labrador
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Fic. 13. Asin Fig. 12 but plan views of density anomaly at the surface. Contours are 0.1p, to 0.9p; by
0.1p, kg m=2in each panel. The straight dashed lines are the 50-m and 100-m isobaths.

1) represents a smaller transport with greater density
difference (approximately 50%—-60% of the total trans-
port toward the Labrador Shelf). The second (L abrador
2) is probably more readlistic, with a greater transport of
dightly less buoyant water (see Table 2).

In both cases, the theory predicts a bottom-advected
plume over the Labrador Shelf. For Labrador 1, the
equilibrium isobath, h, = 120 m, is located 30—40 km
offshore at Saglek Bank, while y, is only 27 km. Lab-
rador 2 is more consistent with the observations pre-
dicting h, = 165 m. In fact, the base of the observed
frontal zone occupies a depth of about 200 m [e.g., Fig.
15 of Lazier and Wright (1993), or Fig. 2 of Narayanan
and Webster (1988)]. Considering the uncertainties in
the parameter estimates, these results again support the
theory.

The next example is the Connecticut River during
conditions of high runoff described by Garvine (1974).
This plume is the purest example of a surface-advected
plume that we could find (Table 2). We consider specific
observations obtained on 13 April 1973 (Garvine 1974).
We choose L = 1.5 km and v, = 0.34 m st (which

follows from the discharge value of 1020 m? s—* ob-
served on that particular day). The average density dif-
ference between discharge and ambient flow is9 kg m—3,
and h, = 2 m, both based on Fig. 5 of Garvine (1974).
With these values, our theory predicts a pure surface-
advected plume with y, = 20.1 km and h, = 1.5 m.
Again, the prediction of plume type is correct. The es-
timate of y, is somewhat greater than observed, but this
is not surprising considering that the theory neglectsthe
strong winds and tidal forcing known to affect the Con-
necticut River plume.

Another good example of a surface-advected plume
is produced by the Hudson River runoff (Table 2). In
this case, the river discharge reaches the ocean shelf
through an estuary resulting in an effective increase in
inflow transport and a decrease in density difference.
Doyle and Wilson (1978) provide velocity and density
sections at the mouth (between Rockaway Point and
Sandy Hook) during summer. We choose L = 7 km
(there is amean flow into the estuary along the northern
coast), h, = 10 m, an inflow density anomaly of p, =
2 kg m=2 and a typical inflow velocity of v = 0.1 m
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Fic. 14. Cross-shelf sections of density anomaly for the cases
shown in Figs. 12 and 13. (a) Run 6, (b) run 7, (c) run 8, and (d)
run 9. (a)—(c) are at x = 200 km. (d) is at x = 230 km. Contours are
0.1p; to 0.9p, by 0.1p, kg m~=2in each panel.

s . The predicted equilibrium depth h, is 8.2 m, which
is less than h,, and y, = 20.1 km, indicating a pure
surface-advected plume. Observations of this plume in
August 1976 (Bowman 1978) show that the plume is
thin (about 5 m deep) and extends from the mouth sea-
ward for 10—25 km depending on prevailing winds, both
features being consistent with our theory.
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To the south along the eastern U.S. coast is Delaware
Bay (the estuary of the Delaware River). Observations
reported by Minchow and Garvine (1993) show that
this plume has the structure of a bottom-advected plume
throughout most of the year. However, during spring the
freshwater runoff exceeds the average value by an order
of magnitude, resulting in an intermediate or perhaps a
surface-advected plume. Therefore, for the Delaware
plume, we consider three different values of inflow den-
sity anomaly (Table 2): 0.5 kg m~3, typical for most of
the year (Fig. 3a of Miinchow and Garvine 1993); 1 kg
m-23, which represents higher runoff from the Delaware
River typically observed from April to June (Fig. 3b of
Miinchow and Garvine 1993; see also Wong and Min-
chow 1995); and 3.5 kg m—3, which represents the peak
value of the Delaware River discharge (e.g., in mid-
May 1989; Miinchow and Garvine 1993). For the first
two cases, we choose v = 0.1 m s, while for case 3
we choose v, = 0.15m s, For all three cases, we choose
L = 10 km and h, = 15 m, remembering that there is
a mean flow into the estuary from the ocean at the
bottom and aong the northern boundary. For the first
case (Delaware 1), theory predictsy, = 12.8 km and h,
= 23.8 m. The 25-m isobath lies about 20—-25 km off-
shore, so the discharge should form a bottom-advected
plume. Both Figs. 9 and 10 from Miinchow and Garvine
(1993) confirm this structure. The second case (Dela-
ware 2) produces y, = 18 km and h, = 16.8 m. This
shallower isobath is located roughly 15-20 km offshore,
depending on the particular choice of the depth profile.
Thus, both scales are comparable, so a bottom-advected
plume should form again. Observations slightly down-
stream from the mouth show that the plume extends 15—
20 km seaward at the surface, and it appears to be con-
fined to about the 18-m isobath (sections C and D in
Fig. 9 of Wong and Muinchow 1995). Finally, the third
case (Delaware 3) predicts a surface-advected plume
with y, = 33.5 km and h, 11.0 m. Figure 10 of
Miinchow and Garvine (1993) supports this prediction
at a time when wind forcing was weak, so the plume
dynamics were not too contaminated by another process.
The frontal zone meets the bottom between 12 and 17
m, and extends offshore more than 30 km.

The buoyant discharge originating from Chesapeake

TABLE 2. Parameters used for the observational examples discussed in section 4. Variables are defined in the text. Units are kilometers
for L and y,; meters per second for v; meters for h, and h,; kilograms per cubic meter for p, and p,; s* for f.

Example L u hy o Po f(X10%) Vs h,
Niagara 1 15 0.4 10 0.5 1000.0 0.99 12.2 15.6
Niagara 2 15 0.4 10 0.9 1000.0 0.99 14.8 11.6
Labrador 1 50 0.15 70 10 1026.5 1.30 26.8 119.6
Labrador 2 50 0.15 100 0.75 1026.5 1.30 277 165.0
Connecticut 15 0.34 2 9.0 1020.0 0.93 20.1 15
Hudson River 7 0.1 10 2.0 1021.0 0.93 20.1 8.2
Delaware 1 10 0.1 15 0.5 1025.0 0.90 12.8 23.8
Delaware 2 10 0.1 15 1.0 1025.0 0.90 18.0 16.8
Delaware 3 10 0.15 15 35 1025.0 0.90 335 11.0
Chesapeake 15 0.1 10 3.0 1020.0 0.87 26.3 9.5
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Bay forms a surface-advected plume, which isdiscussed
in detail by Boicourt (1973). Average values of the in-
flow parameters, typical for summer, are listed in Table
2. The predicted equilibrium depth ish, = 9.5 m, dlight-
ly less than the buoyant inflow depth of h, = 10 m, so
the plume should be surface-advected with an offshore
extent of y, = 26.3 km. Cross-shelf sections south of
Cape Henry (i.e., downstream from the mouth), ob-
tained in the summers of 1971 and 1972, are in good
agreement with these estimates. For instance, Boicourt’'s
(1973) Fig. 5.34 shows a salinity section at 36°40" with
the plume extending 20-30 km offshore while occu-
pying the upper 7-9 m of the water column, consistent
with the theory.

5. Summary and discussion

We have used a simple theory to derive two lengths
associated with a buoyant discharge onto a continental
shelf subject to rotational effects. The equilibrium depth
h, represents the depth to which bottom boundary layer
processes can move the buoyant discharge. The offshore
distance y; represents the extent to which a plume may
spread at the surface, being unaffected by contact with
the bottom. These scales are based solely on the prop-
erties of the buoyant inflow at the source and the inflow
geometry. They do not require knowledge of the am-
bient shelf circulation or estimation of any frictional or
mixing properties, which are generally poorly known.
Based of these lengths, we identify three possible types
of plumesthat may form in the absence of ambient shelf
circulation effects.

1) If the offshore distanceto the h, isobath (y,) isgreater
than y,, then a bottom-advected plumewill form (Fig.
1), characterized by a surface-to-bottom front (sep-
arating the buoyant water from the ambient shelf
water) which remains attached to the bottom along
the h, isobath.

2) If the predicted h, isobath is shallower than the depth
of the inflow, then bottom effects are negligible, and
a shallow surface-advected plume spreads radially
outward from the source (Fig. 2) to an offshore dis-
tance y.. Interestingly, a surface-advected plume
spreads offshore a minimum of more than four Ross-
by radii (based on the inflow), aresult which is con-
sistent with this and other studies but has apparently
not been previously reported.

3) If the predicted h, isobath is deeper than the inflow
depth, but the h, isobath is closer to the coast than
Y., then an intermediate plume will form, with both
surface-advected and bottom-advected plume fea-
tures. The inflow near the surface will form an an-
ticyclone extending seaward, while the inflow near
the bottom will form a bottom-advected plume struc-
ture extending downstream. The frontal zone will
attach to the bottom at the h, isobath, but the upper
part of the front will extend farther seaward to ..
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A bottom-advected plume is typically established
when the buoyant inflow has a large transport and/or a
small density difference from the ambient shelf water.
There is a critical inflow density anomaly for every
basin geometry above which the surface-advected
plume becomes dominant, no matter how strong the
inflow velocity may be, and an intermediate or surface-
advected plume develops. Thus, direct river discharge
onto the shelf always tends to form a surface-advected
plume. Similarly, surface-advected plumes are more
likely at lower latitudes where the relative effects of
stratification are stronger owing to the reduced Coriolis
parameter.

We have applied our theory to both numerical mod-
eling results and field observations. In all cases consid-
ered, the prediction of the plume type was correct. The
actual scales were also in fairly good agreement with
the estimates. Therefore, we believe these simple ideas
may provide a useful theoretical framework for under-
standing the behavior of awide variety of buoyant coast-
a discharges.

Of course, we have made many simplifications in
deriving the theory in section 2. For example, the scale
of the plume must be large enough for rotational effects
to be important. That is, (2) and (7) are not sensible in
the limit f » 0. We have also ignored lateral diffusion
and mixing, whileimplicitly considering vertical mixing
in the bottom-advected plume. In the numerical model
calculations, lateral mixing is weak, at least one order
of magnitude smaller than the other terms in the mo-
mentum and density balances. On the other hand, even
small lateral mixing can alter the plume structure when
allowed to operate for extended periods of time, as done
in section 3. As aresult, the scalesy, and y, (or h,) tend
to correspond to the shoreward edge of the frontal zone
at the later stages of the numerical calculations. We do
not expect the inclusion of larger lateral mixing to sub-
stantially alter the comparison of the plume scales be-
cause both plume types would be equally subject to the
increased mixing.

In the ocean, shelf circulation consumes buoyant in-
flows much more effectively than in our calculations,
that is, most plumes have a limited alongshelf extent.
Also, real buoyant inflows change in time, so the actual
period of adjustment is shorter than in the model. As a
result, y, and y, are more appropriately applied to the
center of the frontal zone in observations. Due to the
large variety of natural topographies, it is better to apply
h, directly to the actual depth profile rather then trying
to approximate an average bottom slope for the ana-
Iytical expression for y,.

We have not considered explicitly the influence of
external forcing (e.g., wind or tidal) on plume dynamics.
In fact, such forcing may modify the shape of the plume,
its offshore extent, the rate of mixing, etc. However, the
influence of external forcing sometimes appears im-
plicitly through the parameters of the buoyant inflow.
For example, stronger tidal forcing may produce stron-
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ger currents through the estuary mouth, which lead to
enhanced mixing of the river discharge. As aresult, the
buoyant inflow may have agreater transport and smaller
density anomaly that ultimately increases h,. Weaker
forcing implies weaker mixing in the estuary, resulting
in less transport of more buoyant water onto the shelf.

We al so recogni ze that buoyant inflows are not always
isolated. It would be interesting to extend this simple
theory to cases where there are multiple sources of
buoyancy along a coast. Some examples are the Gulf
of Alaska and the South Atlantic Bight. For these cases,
we would probably need to introduce more realistic lat-
eral exchange of the plume with the ambient ocean. This
remains for the future.
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