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Abstract This investigation examines the influence of the
Kelvin number (K) and fractional depth (h/D) on bulge
formation from buoyant outflows from an estuary or strait
perpendicular to the coastline. Here K=W/R is the ratio of
the width (W) at the mouth of the estuary to the deformation
radius (R), and h and D are the buoyant layer and ambient
ocean depths, respectively. Measurements of velocity and
lateral shear (≈ relative vorticity ζ) at the baymouth are
reported for experiments on a flat-bottomed rotating
turntable. The form of the velocity profile across the mouth
depends on the value of K. The buoyant outflow flows
across the entire width of the estuary for narrow estuaries
(i.e., K≤1). In contrast, for wide estuaries (K>2), dense
oceanic water inflows on the left and the buoyant waters
outflow on the right (looking seaward). Velocity profiles of
the inflowing oceanic waters are laterally uniform with
velocities (V/C≈−0.4), whereas velocity profiles of the
outflowing buoyant waters are laterally sheared with peak
velocities of V/C≈1.0 at the right hand exit. The flow
pathways when bulges form comprises an anticyclonic turn
offshore of the mouth and a downshelf propagating coastal
current. Anticyclonic bulges form for surface-advected
outflows h/D<0.25. Anticyclonic bulges do not form for
sufficiently large magnitudes of non-dimensional relative
vorticity ζ/f (>0.4), and an additional flow pathway is that
buoyant waters recirculate back cyclonically into the
estuary at the left-hand (upshelf) side of the estuary. The
offshore extent of buoyant waters associated with this
cyclonic recirculation can be as large as 7R.
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Introduction

Freshwater river outflow is an important component in the
dynamics of coastal waters. Such outflows enter the ocean
through an estuary or strait and typically form a coastal
current. Outflows are laden with silt, sediment, chemicals,
agricultural runoff as well as pollution from cities upstream
and adversely affect the quality of coastal waters. For
example, Wiseman and Kelly (1994) and Rabailais et al.
(1996) found that the nitrate-rich plume of the Mississippi
River led to anoxia during the summer months. Due to the
economic significance of fisheries, the physics of coastal
buoyant plumes and its impact on the biology of coastal
waters need to be better understood.

Observations have established that a buoyancy-driven
coastal current flowing downshelf often forms outside the
baymouth. For example, the Delaware Bay outflow persists
downshelf for some 200 km from its baymouth (Munchow
and Garvine 1993). A second feature of buoyant outflows
that sometimes form is a recirculating gyre or bulge.
Satellite images show a large bulge (up to 150 km in
diameter) that forms at the Tsugaru Strait between
Hokkaido and Honshu islands in Japan during the summer
and autumn (Sugimoto 1990). Such bulge regions, which
are characterized by anticyclonic vorticity, are large in
offshore scale relative to the coastal current and can store
the majority (∼70%) of the river flow exiting to the coastal
ocean (Fong and Geyer 2002; Avicola and Huq 2003a, b;
Horner-Devine et al. 2006). Thus, the rate at which river
water is transported away from the baymouth region
depends on whether or not a bulge forms. Bulges have
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not been observed for the Delaware Bay or Rhine outflows
(Munchow and Garvine 1993; Simpson et al. 1993).

Whether or not bulges form at the baymouth of rivers, or
exit of sea straits, is thus crucial for accurate predictions of
dispersion of pollution in the coastal ocean. There are also
considerable biological implications regarding the fate and
transport of crab megalopae and planktonic larvae into and
out of estuaries. It has been established that the geometry of
the coastline, in particular the radius of curvature of the
coastline and the outflow angle of the bay/strait to the
coastline, influences whether or not bulges form (Bormans
and Garrett 1989; Avicola and Huq 2003a, b; Horner-
Devine et al. 2006). The question of how the width of the
outflow influences bulge formation requires clarification;
the motivation for the present study is to investigate the
influence of the Kelvin number, the ratio of estuary width
(W) at the baymouth to the internal Rossby radius (R), on
bulge formation.

Background

Observational, scaling, and numerical studies have illumi-
nated the characteristics of buoyant outflows. Chao and
Boicourt (1986) delineated the presence of a bulge-like
region just downstream of the baymouth in their numerical
simulations. Garvine (1987) and Munchow and Garvine
(1993) found that the structure and dynamics of buoyant
plumes depend on the Kelvin number K. The dynamics for
K>1 are rotational whereas for K<1 the influence of the
Coriolis force is small. Yankovsky and Chapman (1997)
were able to use the ratio of the buoyant layer depth to the
total ambient depth (h/D) to classify buoyant plumes as
surface, intermediate, or bottom-advected plumes. They
also noted that the dynamics of the bulge involved a
(cyclostrophic) balance between centrifugal acceleration
and pressure gradient and Coriolis force. The unsteady
nature of the bulge region that results in its continual
growth has been investigated by Nof and Pichevin (2001)
and Fong and Geyer (2002). They found that the offshore
extent of the bulge was approximately ten times the
deformation radius (R) after 10 days. Fong and Geyer also
noted dependencies of the geometry of the bulge on the
inertial length scale (V/f) and on the width of the baymouth.
The dynamics of bulges is susceptible to external effects or
forcing. For example, the effect of tides is to stabilize or
assist bulge formation (Isobe 2005). Second, bathymetric
channels can steer and complicate the development of
bulges in buoyant outflows (Masse and Murthy 1992).
Third, ambient currents can inhibit bulge formation (Fong
and Geyer 2002), or even cause a buoyant outflow to
bifurcate and propagate, in both upshelf and downshelf
directions (Garcia Berdeal et al. 2002).

The focus of the majority of previous work, both
numerical and experimental, has concerned bays equal in
width to the deformation radius (i.e., K=1). Typically, in
these studies, the velocity profile of the buoyant outflow is
laterally uniform, and this boundary condition has been
termed as the “simple inlet”. For example, the numerical
simulations of Fong and Geyer (2002) and Narayanan and
Garvine (2002) utilized a simple inlet. Similar simple inlets
were also utilized in the lab experiments by Kawasaki and
Sugimoto (1984) and Horner-Devine et al. (2006). The
numerical simulations of Yankovsky (2000) established that
an important feature of the simple inlet boundary condition
is a cyclonic vortex located on the upshelf side (on the left-
hand side looking seaward) of the bay. This allows the
possibility of upshelf propagation of buoyant water origi-
nating from within the estuary. A numerical examination of
inlet conditions was undertaken by Garvine (2001). He
divided the outflow into two parts separated by a Margules
front and utilized a constant value of across bay velocity
gradient ∂v/∂x. Relative to the results with a simple inlet
condition, he found that the scales of upshelf intrusion were
smaller with a sheared outflow. This shows the importance
of the form of the velocity profile in the dynamics of the
outflow. In a study of the outflow at the Straits of Gibraltar,
Nof (1978) undertook an analysis of the role of vorticity of
the buoyant outflow at a wide baymouth over a sill. He
found that the presence of lateral shear resulted in
deflection of the offshore trajectory of the buoyant plume.
An emerging issue in the study of river outflows is the role
of the velocity profile at the baymouth. Currently, however,
there is a lack of such measurements, and thus a goal of this
paper is to report on measurements of baymouth velocity
profiles.

The buoyant outflow from wide estuaries was numeri-
cally study by Valle-Levinson et al. (1996) for a range of
values 2<K<3.6. They found that rotation produces
separation of the buoyant outflow from the left-hand side
(looking seaward) of the estuary. This results in dynamical
isolation of the outflow and inflow—buoyant outflow
occurred on the right hand side (looking seaward) with
inflow on the left. A barotropic pressure gradient drives the
flow seaward, whereas the baroclinic pressure gradient
drives the flow into the bay. Bottom friction slows flows
and hinders it from becoming supercritical. The results of
the present experiments corroborate the above insights.

Experimental Set-Up

Twenty-three experiments were conducted on a 1.2-m in
diameter, flat-bottomed tank and turntable at the Environ-
mental Fluids Laboratory at the University of Delaware.
An estuary that is 30 cm long, 15 cm high, and 15 cm
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wide is attached to the tank. The width (W) of the estuary
was varied between 3.6 cm<W<15 cm by the placement of
plexiglass inserts. The bottom of the estuary is flush with the
bottom of the tank, and the walls of the estuary make a 90°
angle, with a sharp radius of curvature, at the coastline (see
Figs. 1 and 2). An overhead, co-rotating reservoir of
freshwater is the supply for the buoyant outflow which
flows through a 1-cm radius pipe located just below the free
surface at the end of the bay about 30 cm upstream of the
baymouth. The freshwater is mixed with Cole Palmer
rhodamine dye to facilitate flow visualization: freshwater
flow through the pipe is regulated by a flowmeter.
Freshwater flow rates Q0 were either 6.7 or 10 cm3/s for
which discharge Reynolds numbers were 430 and 650,
respectively. Bulge dimensions were determined visually.
The tank is filled with brine of a specified density. Following
the recommendations of McClimans and Saegrov (1982) for
river plume studies with salt stratification, experiments were
not undertaken with plume depth h (defined below in Eq. 1)
less than 1 cm so as to avoid excessive surface tension and
viscous effects. To assess the relative importance of friction
for the shallowest ambient water depths, values of the
Ekman number EK=υ/(fD

2)=(δ/D)2 were calculated. (Here υ
is the eddy viscosity; f is the Coriolis parameter; D is the
ambient water depth.) The largest values of EK were O(10−2)

thus the depth of the Ekman layer (δ) was smaller than the
ambient water depth (D) even for the smallest depth.
Values of EK were smaller than O(10−3) for all depths
greater than 2 cm. Thus, viscous effects can be considered
to be small in the experiments. Bulge dimensions and rates
of growth in experiments with and without surface tension
reducing agents were not measurably different. It is known that
the eddy viscosity υ varies vertically in the coastal ocean
(Lentz 1995) and so frictional effects are considered in terms
of the fractional depth h/D rather than the Ekman number
EK which involves a constant eddy viscosity. For h/D∼O(0.1),
the effects of friction are small; in contrast, frictional effects
are significant for large fractional depths h/D∼O(1).

The turntable rotation rate can be set to a desired value to
within 0.1 s. Rotation periods ranged between 10.1 and
16.2 s yielding values of Coriolis parameter f of 0.77 s−1<f<
1.25 s−1. The tank is allowed to spin up to solid body
rotation for 30 min before experiments were conducted. This
is more than twice the time necessary for spin-up for
maximum water depths (=8 cm) of the experiments. The
magnitude of the surface curvature over the offshore extent
of the buoyant waters is small compared to the total depth
(approximately 5% for the shallowest depths, and 1% for
most runs) and dynamically insignificant for the topographic
beta effect to be a first-order effect.

A digital camcorder is suspended above the tank and
records the development of the bulge and/or coastal current
at 30 Hz. Whole field velocity measurements are obtained
through the particle image velocimetry (PIV) technique.
The fluid column is seeded with small reflective particles
0.5 mm in diameter. Analysis of consecutive images
yielded displacement and velocity vectors. Mean velocities

Fig. 1 Plan view of rotating turntable and bay. The width W of the
bay is variable. A buoyancy source is located at the upstream end of
the bay. The elevation shows that the tank and bay are flat-bottomed.
The depths of the buoyant coastal current and total water depth are
given by h and D, respectively

Fig. 2 Coordinate system of the buoyant outflow which flows
adjacent to the right hand side of the bay. The offshore direction is
y, and the downshelf direction is x. The offshore velocity of the
buoyant inflow in the vicinity of the mouth is V. Indicated is the lateral
shear δv/δx across the buoyant outflow at the baymouth
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were resolved to within 10%. Values of reduced gravity g0′
were 4.9 or 14.7 cm/s2. Densities were measured by
hydrometers to within 0.05%. Thermal control and evapo-
rative heat loss are minimized by the use of a plexiglass
cover over the tank so that air and water temperatures are
maintained to within 0.05°C (the cover also eliminates
wind stress.) The rotating turntable is supported by a heavy
steel tripod; balance is maintained to within 0.001 radians
to eliminate artificial tidal motions.

In order to compare the experimental results to observa-
tional and numerical studies, flow parameters must be non-
dimensionalized. Vertical, lateral, and velocity scales are
non-dimensionalized by the depth scale (h), deformation
radius (R), and internal wave speed (C) respectively, where
h, R, and C are:

h ¼
ffiffiffiffiffiffiffiffiffiffiffi
2Q0f

g
0
0

s
R ¼

ffiffiffiffiffiffiffi
g

0
0h

q

f
C ¼

ffiffiffiffiffiffiffi
g

0
0h

q
ð1Þ

Non-dimensional time is t/T, where T is the rotation
period of the rotating system. As magnitudes of wind stress
and tides are minimal in this study, comparison of the
experimental results with oceanic observations is most valid
for buoyant outflows under conditions of weak winds and
tides. Experimental results are presented in terms of a non-
dimensional parameter space comprising Kelvin number K=
W/R and also fractional depth h/D. This is done because the
Kelvin number discriminates narrow and wide estuaries:
estuaries are wide for values of K as small as 2 (Garvine
1995), and dissipation mechanisms such as bottom friction
vary with h/D (see scaling analysis below in “Velocity Field
at the Mouth/Exit”). Range of values of fractional depth h/D
and Kelvin number K varied between 0.14<h/D<1 and 0.8<
K<5.6. Dimensional values of experimental parameters are
given in Table 1 in the Appendix.

Results and Discussion

Results of the presence or absence of a bulge in the
parameter space of h/D and K are presented in Fig. 3. An
empirical line is drawn to delineate the region of the
parameter space favorable to bulge formation. The line
extrapolates to the barotropic limit at K=0, h/D=1. For
this limit, the densimetric Froude number F∼O(1) and the
flow are effectively non-rotating and the dynamics are
rapid and non-linear (Garvine 1987). The trend for
estuaries (up to K∼2) shows that bulge formation occurs
with increasing K and deeper oceans (i.e., smaller values
of h/D.) It is evident that bulges form for all values of K
for small values of h/D≤0.25. That is, bulges form for
surface-advected plumes, in agreement with the theory of
Yankovsky and Chapman (1997).

Bulge Scales

Visualizations and interpretive schematics of the flow field
at a time of one revolution period (i.e., t/T=1) after the flow
reaches the baymouth are shown in Fig. 4. Figure 4a shows
the outflow from a narrow bay (K=0.8, h/D=0.55). The
buoyant outflow has formed a circular bulge, and there is a
narrow coastal current emerging from the downshelf side of
the bulge. However, the flow rate in the coastal current is a
small fraction (∼20%) of the flow rate at the source at the
head of the bay and the volume of freshwater of the coastal
current is an order of magnitude smaller than in the bulge
(15% and 85%, respectively). The flow within the bulge is
anticyclonic. In contrast, the right panel of Fig. 4 shows the
flow field for a wide bay (K∼5.6, h/D=1). Here a bulge
does not form, and the buoyant water, which is transported
up to distances 6 or 7R offshore, recirculates back in to the
bay. (There is no downshelf coastal current at t/T∼1. Note
however that a small-scale downshelf coastal current
emerged for t/T>3 whose flow rate was less than 5% of
the flow rate at the source at the head of the bay.)

The above (cyclonic) recirculation is a new flow pathway
for buoyant outflow from estuaries. Previously recognized
pathways were the transport via the downshelf coastal
current and the storage of buoyant water in the bulge
offshore of the mouth of the bay/estuary. At t/T=1 the
offshore extent (6–7R) of buoyant water associated with the
(cyclonic) recirculation is greater than the offshore anticy-
clonic bulge scales of 2–2.5R for K=1 outflows at t/T=1

Fig. 3 The experimental results are presented in the parameter space
(h/D, K) where h/D is the fractional depth and K=W/R, the ratio of
the width of the bay to the deformation radius R. Solid circles denote
the absence of bulges; plus signs denote bulges. A solid line
delineates the parameter space where bulges form—bulges form
below the line. The solid square (h/D=1, K=0) is the barotropic
limit
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determined by Avicola and Huq (2003a, b, see their Fig. 3).
The offshore extent is also in agreement with the
observational results of Pape and Garvine (1982) for
Delaware Bay. Using Woodhead drifters, they found that
the region of inflowing water (in to the bay) extended as far
offshore as 40 km (≈8R) offshore from the baymouth.

Observational data of recirculation is rare. To the best of
the author’s knowledge, the only such data are shown in
Fig. 5. This is a 4-day record of the trajectory of two
drifters released (within the same tidal cycle) at the seaward
edge of the buoyant outflow from Delaware Bay. (Details
of the surface drifters drogued at 2 m are given in
Munchow and Garvine 1993). The trajectories are sugges-
tive. One of the drifters recirculates back into the bay,
whereas the other follows the downshelf coastal current.
However, the lack of concurrent salinity measurements
prevents a definitive observational demonstration of recir-
culation. A further point to note is that Fig. 5 suggests that
both features of cyclonic eddy which recirculates buoyant
water to the bay and a downshelf propagating coastal
current can occur or co-exist at the same time. The
recognition of a new flow pathway has important con-
sequences for estuary–shelf transport processes. For exam-
ple, there are implications for the transport of pollution
from within to outside the estuary as well as larval
recruitment from the ocean.

Details of the evolution of the anticyclonic bulge
geometry are given in Fig. 6 for a bay width with non-
dimensional parameters K=1.3, h/D=0.28. Bulges form by
t/T∼1. Bulge lengths grow in time to O(10R) by t/T∼3;
widths evolve more slowly to about 5R by t/T∼3. The
geometry of the bulge is not circular, rather the bulge aspect
ratio (length to width) grows to approximately 2. Bulge
scales vary with K. This is shown by comparing the curved

Fig. 5 Observational data of cyclonic recirculation of drifters back
into Delaware Bay. The figure shows the trajectories of two drifters
(released within the same tidal cycle) for 4 days. One drifter
recirculates back into the bay, whereas the other follows the downshelf
propagating coastal current. The figure is from Munchow (1992, his
Fig. 3.4). For Delaware Bay, the deformation radius R∼6 km

Fig. 4 Visualizations and inter-
pretative schematics. On the left
(a) is a narrow buoyant outflow
(K=0.8, h/D=0.55); on the right
(b) is a wide buoyant outflow
(K=5.6, h/D=1). The visualiza-
tions are for non-dimensional
time t/T≈1. The flow pathway
for the narrow outflow com-
prises an anticyclonic bulge and
a buoyant coastal current which
propagates downshelf. The flow
pathway for the wide outflow
differs in that buoyant waters
turn cyclonically and recirculate
back into the bay: there is no
downshelf propagating coastal
current. Also shown in the
left-hand schematic are the
length LB and width WB of
the anticyclonic bulge
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trend lines of the K=1 outflow (Avicola and Huq 2003a, b)
which are also drawn in Fig. 6. As K increases from 1 to
1.3, it is evident that the length of the bulge changes more
than the width, and also that the aspect ratio of the bulge of
the K=1 outflow is smaller (i.e., more circular). These
trends are similar to the numerical results of Fong and
Geyer (2002); they found that the aspect ratio of the bulge
for their K=1 outflows is more circular for high Rossby
number RO outflows RO ¼ V

fR

� �
than for low Rossby

number outflows. They also noted that “the alongshore
extent of the bulge is related to the width of the river

mouth” (p. 964). Utilizing the width W of the estuary in the
denominator of RO yields a modified Rossby number R

0
O ¼

V
fRK that is useful in the scaling of the bulge geometry.
Aspect ratios of bulges are less circular for a high Rossby
number outflow for a wide outflow (i.e., K >1) than for the
same high Rossby number outflow from a narrower
outflow, as the value of RO′ is smaller for the wide outflow.

Velocity Field at the Mouth/Exit

Observations of bulge formation in the parameter space
(h/D, K) of Fig. 3 shows that bulges formed for K<2 and
K>3.5 but do not form for 2<K<3.5 for values of
fractional depth h/D∼0.25. Thus, we focus on velocity data
along a transect h/D∼0.25 for various values of K. The
form or profile of the velocity field at the baymouth
depends on the value of K (see Fig. 7). For narrow bays
(K∼1.3), velocity is greatest (V/C∼0.5) near the right hand
coast (at x/R∼−0.25). Magnitude of non-dimensional shear
(∆V/C)/(∆x/R) is about 0.2. Visual observations showed that
the inflow into the bay occurs under the outflow so that
there is a two-layer structure at the baymouth.

For wider bays (K∼3.5) maximum velocities at the right-
hand coast increase to V/C=0.9. Inflow to the bay with
velocities V/C=−0.4 occur on the left-hand side of the bay
from −2≤x/R≤−3.5: the inflowing velocity profile is
uniform laterally. (Integration of velocity profiles showed
that magnitudes of inflow and outflow were equal.) Similar
outflow and inflow velocity profiles arise for even wider
bays (K∼5.6). Generally, the trend for outflow velocities of
the buoyant outflow is that maximum velocities occur at the
right hand side and approach critical values (V/C≈1) for
wide bays. Another characteristic feature of buoyant
outflows from wide bays is the strongly laterally sheared
region between the inflow and the outflow: velocity
differences of about V/C=0.7 occur over transverse
distances as small as 0.25x/R. Note that lateral shear @V

@x is
approximately equal to the vertical component of relative
vorticity z ¼ @V

@x � @U
@y

� �
as @U

@y is relatively small. Thus,
lateral shear @V

@x results in cyclonic rotation of the outflow;
this influences bulge formation as discussed below.

Experimental data for the widths of the buoyant outflow
and inflow at the baymouth, defined by the location of zero
velocity for V/C, varies with K (see Fig. 8). Note that the
widths are scaled by the deformation radius R. Inflows
occur for bays with K>1.3. Also shown (open symbols) in
Fig. 8 are the widths of buoyant outflow and dense inflow
for wide, shallow bays (K=5.6, h/D=1). For h/D∼1,
outflow and inflow widths (x/R∼1.8) are smaller than the
widths (x/R∼2.8, 2.5, respectively) for deep bays (h/D∼
0.25). The effect of bottom friction is to attenuate the lateral
or transverse scales of outflow and inflow. Observations for
Delaware Bay (K∼3.5, h/D∼1) show that the width of

Fig. 6 Graphs of anticyclonic bulge scales as a function of non-
dimensional time t/T for a buoyant outflow with K=1.3, h/D=0.28.
Shown is the growth of alongshore bulge length LB, offshore width
WB, and bulge aspect ratio LB/WB. The dashed curved lines are best-fit
trend lines for bulge evolution for K=1, h/D≈0.2–0.3 outflows of
Avicola and Huq (2003a, b)
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buoyant outflow at the mouth is ∼7 km and R∼5 km
(Munchow and Garvine 1993). This gives −X/R=1.4 which
is in excellent accord with the present data.

Bulge formation depends on the outcome of the
competition between the lateral shear, which turns the
buoyant outflow cyclonically, and the anticyclonic rotation
of inertial response of (V/f) as the buoyant outflow exits the
baymouth. The sense of rotation of lateral shear at the
baymouth augments planetary vorticity (f). For sufficiently
large values of absolute vorticity (ζ+f), bulges do not form,
as the tendency to turn cyclonically is greater than the
anticyclonic trajectories (with inertial radius ∼V/f). Mea-
surements of non-dimensional relative vorticity ζ/f at the
baymouth, presented in Fig. 9, indicate that values of ζ/f
increases to about 0.4 with increasing values of K. In Fig. 9,

bulges formed for K=1.3 and 3.5 outflows. K=5.6 outflows
are marginal as regards bulge formation; bulges did not
form for h/D∼0.4 outflows but did form for h/D∼0.28
outflows (see Fig. 3). Also shown in Fig. 9 are field data for
ζ/f for Delaware Bay and Hudson River outflows (Munchow
and Garvine 1993; Chant et al. 2008, respectively.) Bulges
have been observed for the Hudson River but not for
Delaware Bay outflow. In conjunction, the lab and field

Fig. 8 Graph of non-dimensional width of buoyant outflow and
inflow at the baymouth as a function of Kelvin number K. The
buoyant outflow is deflected to the right by the Coriolis force and
separates from the left-hand coast for bays wider than K>1.3. For the
solid symbols, the experimental parameters are the same (i.e., 1.3<K<
5.6, h/D∼0.25) as in the caption for Fig. 7. The open symbols indicate
that the scales of the inflow and outflow are smaller for large
fractional depth (h/D∼1)

Fig. 9 Graph of the variation of lateral shear or non-dimensional
relative vorticity ζ/f at the baymouth with Kelvin number K. Solid
circles are data for K=1.3, 3.5, and 5.6 and h/D∼0.25 buoyant
outflows (see caption for Fig. 7). The plus symbol is data for large
fractional depth h/D∼1. Data for Delaware Bay and Hudson River are
denoted by the solid squares

Fig. 7 a–c Measurements of non-dimensional velocity V/C across the
baymouth for three different buoyant outflows (K=1.3, h/D=0.28; K=
3.5, h/D=0.14; K=5.6, h/D=0.28). The peak velocity of the buoyant
outflow V/C adjacent to the right hand coast increases with K, and the
lateral (across-shore) velocity profile of the buoyant outflow is also
increasingly sheared. The velocity profile of the inflow is uniform.
Velocities measured for times up to t/T∼3
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data suggest that bulges occur for ζ/f<0.4. The value of
relative vorticity ζ/f for K=5.6, h/D∼1 shallow buoyant
outflow is also plotted in Fig. 9. Comparison with values of
ζ/f for deep (h/D∼0.25) outflows reveals that the proximity
of the bottom (i.e., bottom friction) increases the magnitude
of relative vorticity.

The relative magnitudes of ζ and f are also useful in
assessing the dynamics. Non-linear inertial accelerations are
relatively unimportant in the momentum balance if ζ is
much smaller than f (Pedlosky 1978). Thus, as the value of
the non-dimensional ratio ζ/f approaches O(1), it can be
deduced that the momentum balance at the baymouth is
increasingly non-linear. Scaling analysis provides insights
on the magnitudes of the relative contributions from non-
linear advection, Coriolis force, pressure gradient, and
friction. Figure 2 shows the coordinate system (y and V)
are the coordinate and depth averaged velocity of the
buoyant layer along the longitudinal axis of the bay; x and
U are the coordinate and depth averaged velocity laterally
across the baymouth. Time derivatives and wind stress are
neglected in the scaling analysis as the experiments are
undertaken with a steady-state source and wind stress is
zero. Consider the momentum balance along the y-direction
(i.e., along the longitudinal axis of the bay).

V
@V

@y
þ U

@V

@x
þ fU ¼ � 1

r0

@P

@y
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r0h
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Order of magnitude estimates for each term are given in

Eq. 2b. The baroclinic pressure gradient term 1
r0

@P
@y is

estimated as gh
r0

@r
@y. Frictional losses are represented by τb=

rρV. Estimates in terms of non-dimensional parameters
RO � U

fLy
� g2V

fLx
and Kelvin number K=W/R and the ratio

g ¼ U
V of across-shore velocity U to along shore velocity V

are given in Eq. 2c. Measured values (see Table 1 in the
Appendix and figures) from the experiments are used to
estimate the magnitudes of the terms in Eq. 2d for the cases
of narrow (K∼1) and wide (K >1), and deep h/D=O(0.1)
and shallow h/D=O(1) geometry of estuaries. Values of the
friction coefficient r were r=0.01 cm/s and 0.001 cm/s for
h/D=O(1) and h/D =O(0.1), respectively. Typical values

used were V=2 cm/s; Lx=4 cm; h=2 cm; Coriolis parameter
f=1 s−1; ρ0 is the averaged coastal water density; and g′ is
reduced gravity. The longitudinal length scale (Ly) is
estimated from the equation of continuity as Ly=O(LxV/U).
Observations show that typical values of the ratio γ were O
(10−2); an exception is values γ of O(10−1) for wide, deep
buoyant outflows (i.e., K >1, h/D=O(0.1)). Values of the
frictional term 1

g
r
fh were of O(10−1) and O(10−2 or 10−3) for

h/D=O(0.1) and h/D=O(1), respectively.
The dynamical balances involve significant contributions

from non-linear advection, Coriolis, and pressure gradient
terms for all cases; it is evident that the role of friction is the
principal difference between the cases. Examination of the
parameterized frictional term 1

g
r
fh shows that the depth of

the estuary is a principal factor determining the magnitude
of friction. For shallow (h/D∼1) estuaries, values of
1
g
r
fh � O 10�1ð Þ, whereas for deep (h/D∼0.1) estuaries,

values are smaller 1
g
r
fh � O 10�2 or 10�3ð Þ; friction attendant

with shallow ambient depths constrains lateral or transverse
scales of the exiting buoyant outflow (compare open and
solid symbols in Fig. 8). The consequence of this is greater
transverse velocity gradients @V

@x and relative vorticity z �
@V
@x (see Fig. 9).

The role of width variations is clarified by scaling
analysis; the presence of the Kelvin number in the
denominator of the scaled longitudinal pressure gradient
term in Eq. 2c indicates that the relative contribution of the
longitudinal pressure gradient diminishes for wide outflows
(K>1). Offsetting this will be greater non-linear advection.
Wide estuaries have room to allow the buoyant plume to
expand or adjust. Measurements show that transverse
adjustment occurs when frictional effects are small (i.e.,
for deep outflows h/D∼O(10−1)), and for such cases, values
of the velocity ratio γ increase to O(10−1). For shallow wide
outflows (i.e., K>1, h/D=O(1)), friction inhibits transverse
adjustment and values of γ∼O(10−2). The outflow does not
adjust for narrow outflows (K∼1) and values of γ are also
of O(10−2). To reiterate, increasing friction attenuates
transverse scales and increases transverse velocity gra-
dients; in contrast, increasing outflow width allows expan-
sion and decreases transverse gradients. This competition is
reflected in the experimental parameter space (h/D, K).

The present experimental results are in accord with the
conclusions of the numerical studies of density-driven
estuarine outflows of Valle-Levinson (2008). He explored
patterns of flow as a function of width, friction, and
rotation. For weak friction, the outflow is laterally sheared
for large K and vertically sheared for small K. For moderate
friction, the outflow is both horizontally and vertically
sheared: for strong friction the outflow is laterally sheared.

A schematic of the trends in the parameter space (h/D,
K) is presented as Fig. 10. For small values of K (∼1), the
buoyant outflow lacks space to spread laterally. Conversely
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for wide bays (K>2), the buoyant outflow adjusts so that
the outflow is wide and laterally sheared. The effects of
turbulence generated by bottom friction, which results in
vertical and lateral mixing of mass and momentum, depend
on the fractional depth h/D. The likelihood of bulge
formation becomes independent of h/D for a sufficiently
deep ocean as bottom friction no longer plays a significant
role in the dynamical balances. It is hoped that the present
results will encourage observational studies. Further nu-
merical simulations of buoyant outflows, inside and outside
the bay, would be useful in evaluating terms such as
barotropic and baroclinic pressure gradients that are
difficult to resolve experimentally.

Comparison with Field Observations

Field observations of bulge formation in the parameter
space (h/D, K) are presented in Fig. 10. Bulges have not
been observed for the Chesapeake, Delaware, Rhine, and
Soya outflows: the parameters of these outflows lie above
the empirical dividing line in the parameter space (h/D, K)
for bulge formation. Bulges have been observed for the
Columbia (Hickey et al. 1998), Hudson (Chant et al. 2008),
and Tsugaru outflows (Sugimoto 1990)—the parameters of
which fall below the dividing line. It is evident that lab data
and observations of bulge formation are in excellent
agreement.

Figure 10 also usefully indicates that the dynamics of the
Hudson and Tsugaru outflows are marginal with regard to

bulge formation as their parameters lie close to the dividing
line. The implication is that they will be susceptible to other
factors such as wind, magnitude of discharge, and ambient
stratification. For example, winds can augment freshwater
storage within the bay and so affect flow rates exiting
through the baymouth (Janzen and Wong 2002). Of course,
outside the bay, winds influence the mixing and transport
and alter the vertical structure of buoyant outflows
(Whitney and Garvine 2005; Lentz and Largier 2006).
Indeed, Choi and Wilkin (2007) determined that winds
blowing to the north suppressed bulge formation for the
Hudson outflow. The Tsugaru outflow forms bulges during
the summer and autumn when flow rates are large;
Kawasaki and Sugimoto (1984) remark that the local mixed
layer depth is likely to be a significant factor in inhibiting
bulge formation in the winter and spring.

Conclusions

Bulge formation from buoyant outflows exiting from the
mouth of an estuary/bay/strait perpendicular to the coastline
is investigated in experiments undertaken on a flat-
bottomed rotating turntable experiments. In particular, the
influences of variations of width and flow depth at the exit
or mouth are investigated. Results are presented in the
parameter space (h/D, K) where h/D is the fractional depth,
and K is the Kelvin number, the non-dimensional width of
the exit or mouth. The ordinate h/D reflects the role of the
effects of bottom friction, whereas the abscissa K reflects
the effects of lateral shear. Measurements at the baymouth
show that the value of non-dimensional relative vorticity ζ/f
(approximately equal to lateral shear) increases with
increasing values of K and h/D. Sufficiently large values
of ζ/f inhibit bulge formation. Bulges formed for surface-
advected flows where h/D<0.25. The data of Fig. 3 show
that the delineation between bulge formation or its absence
varied with both parameters h/D and K as h/D→O(1).

The form of the velocity profile at the mouth varies
with the Kelvin number K. For K≈1 outflows, buoyant
waters flow out over the entire width, and inflow of dense
oceanic water occurs under the buoyant outflow. For K>
1.3, the buoyant outflow is deflected to the right by the
action of the Coriolis force and detaches from the left-hand
(upshelf) coast; for such cases, inflow of dense oceanic
water occurs on the left-hand side of the mouth and buoyant
outflow on the right. For very wide mouths (K>3.5), the
transverse scales (or widths) of the inflow and outflow are
similar. Velocities of the buoyant outflow also vary with K.
For K≈1 outflows, peak velocities are V/C≈0.5; for very
wide bays (K>3.5), peak values of outflow velocity
approach critical values V/C≈1 immediately adjacent to
the right hand side coast and the velocity profile of the

Fig. 10 Observational data of bulge formation in the experimental
parameter space (h/D, K). Lateral shear increases with increasing values
of Kelvin number K. Effects of friction increase with increasing
fractional depth h/D. Bulges form for sufficiently deep oceans. The solid
line determined from experimental data delineates bulge formation (see
Fig. 3). Various different buoyant outflows are located in the parameter
space by their respective values of h/D and K. Anticyclonic bulges have
only been observed for the Columbia, Hudson, and Tsugaru outflows
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buoyant outflow across the mouth is laterally sheared.
Measurements show that relative vorticity ζ/f increases to
values of about 0.4 with increasing K for h/D∼0.25; values
of ζ/f increase to 0.7–0.8 for large fractional depths h/D∼1
(see Fig. 9).

When bulges form, then, the trajectory or the pathway of
buoyant waters comprises an anticyclonic turn offshore of
the mouth and a coastal current propagating downshelf. If
the absolute vorticity (f+ζ) at the mouth is sufficiently large
(>1.4), then anticyclonic bulges do not form, rather the
buoyant waters turn cyclonically and return into the mouth
at the left-hand side. The offshore extent of buoyant waters
associated with this cyclonic rotation can be large in scale
(∼7R). This recirculation of buoyant waters back into the
bay or estuary has important consequences for biological
pathways and transport of pollution. For example, it is
likely that the residence time of an estuary/bay will increase
with increasing magnitudes of recirculation.
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Appendix

QO T g0′ W D C R h/D K

cm3/s s cm s−2 cm cm cm/s cm – –

10 13.1 14.7 15 8 4.1 4.3 0.14 3.5

10 10.1 4.9 3.6 8 3.3 2.7 0.28 1.3

10 10.1 4.9 10 8 3.3 2.7 0.28 3.8

10 10.1 4.9 12 8 3.3 2.7 0.28 4.5

10 10.1 4.9 15 8 3.3 2.7 0.28 5.6

10 10.2 4.9 15 2 3.3 2.7 1 5.6

10 14 14.7 15 2 4 4.5 0.55 3.3

10 14 14.7 3.6 2 4 4.5 0.55 0.8

10 14 14.7 10.5 2 4 4.5 0.55 2.3

10 14 14.7 12.2 2 4 4.5 0.55 2.7

10 14 14.7 10.5 4 4 4.5 0.28 2.3

10 14 14.7 15 4 4 4.5 0.28 3.3

10 10.1 4.9 15 4 3.3 2.7 0.56 5.6

10 14 14.7 10.5 6 4 4.5 0.18 2.3

10 14 14.7 12.2 6 4 4.5 0.18 2.7

10 14 14.7 12.2 4 4 4.5 0.28 2.7

10 10 4.9 15 6 3.3 2.7 0.38 5.7

10 16.2 14.7 5 1 3.9 5 1 1

10 16.2 14.7 5 2 3.9 5 0.5 1

6.7 13.4 4.9 6 2 2.8 3 0.8 2

6.7 12 14.7 12 4 4.2 4 0.3 3

6.7 11.8 4.9 12 2 3.2 3 1 4

10 10.1 4.9 15 6 3.3 2.7 0.38 5.6
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