Limnol. Oceanogr., 48(2), 2003, 884—894
© 2003, by the American Society of Limnology and Oceanography, Inc.

Observations of a negatively buoyant river plume in a large lake
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Abstract

Although seldom studied, negatively buoyant river plumes may be common within large lakes, especially during
spring when lake and river waters are near the temperature of maximum fresh water density (4°C) and relatively
warm river discharge can be denser than the receiving lake water. Here we examine a negatively buoyant plume
entering Lake Superior from the Ontonagon River during late March 2000. Because of small temperature related
density differences, the sediment load carried by the river made an appreciable contribution to the plume-edge
density field and significantly impacted plume-edge dynamics. Particle-related density gradients were responsible
for roughly one-third of the geostrophic velocity shear at the plume edge. As aresult of the small width (50 m) of
the Ontonagon River mouth, the emerging river water was not deflected by rotational effects. Its movement appeared
to have been primarily controlled by the wind-driven coastal current. Our analysis indicates that the frequent
reversals of this current should effectively limit the plume's alongshore extent and may result in a continuous coastal
band of turbid water extending alongshore in either direction from the river mouth.

The behavior of an estuarine discharge plume, as well as
the fate of material it carries, is strongly influenced by its
density relative to receiving waters. By far, the majority of
scientifically scrutinized river discharge plumes have been
positively buoyant relative to the surrounding waters (e.g.,
Bowman and lverson 1977; Boicourt et al. 1987; Garvine
1995; Hickey et al. 1998). However, a negatively buoyant
river discharge plume may not be a rarity. In the coastal
ocean, the density of exiting estuarine water may exceed that
of receiving ocean water due to a heavy sediment load (as
seen off the Huanghe river; Wright et al. 1986) or due to
high salinities produced by excessive evaporation within an
embayment (as seen off Spencer Gulf Australia; Nunes Vaz
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et a. 1990). In large lakes, where water density is controlled
principally by temperature and sediment concentration, neg-
atively buoyant discharge plumes may be relatively com-
mon. For example, falling air temperatures may produce a
river discharge that is colder and denser than the receiving
lake water. Masse and Murthy (1990) observed a discharge
plume of this type entering Lake Ontario from the Niagara
River. During late winter and early spring, when large lake
temperatures are often less than 4°C (temperature of maxi-
mum density in fresh water), relatively warm river water
may form a negatively buoyant plume within colder lake
water. This sort of plume could be common during times of
maximum volume and sediment discharge from a river and,
thus, may be particularly important when considering the
transport of river-borne solids.

Here we present what may be the first observations of a
warm, negatively buoyant river plume entering a Laurentian
Great Lake. They were acquired in late March 2000 within
an area of Lake Superior near the Ontonagon River mouth
(Fig. 1). The data set consists of vertical profiles of temper-
ature and optical transmission, suspended particulate con-
centrations (from water samples), surface drifter tracks, and
water velocity time series. Using these measurements, we
examine near- and far-field properties of the river plume and
an associated coastal band of turbid water. Also examined
are the dynamics in plume's frontal region and the manner
in which the emerging plume is influenced by the Earth's
rotation and the wind-driven coastal current. We first de-
scribe the study region and measurement procedures.
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Fig. 1. Western Lake Superior and the study region near the Ontonagon River mouth. Crosses
show the location of selected CTD stations occupied over 30-31 March 2000. The location of a
current meter, whose data were used in our analysis, is marked by a triangle. Also shown are
meteorological stations (stars) and the location of a stream flow gauge (maintained by the U.S.
Geologica Survey) on the Ontonagon (cross). In the larger scale plot, the depth contours are at 25,

50, 75, 100, and 200 m.

M easurements

Site description—The Ontonagon River emptiesinto Lake
Superior near the base of the Keweenaw Peninsula (Fig. 1),
a spit of land that extends into the southern lake. Entry of
the river water into the lake is through the end of a navi-
gation channel. Lined by breakwaters, the channel has a
width of 50 m and a mean depth of 6.4 m and extends 360
m from the lakeshore. The lake floor off the Ontonagon Riv-
er mouth and the rest of the lower Keweenaw Peninsula
slopes relatively gently offshore, with an incline of roughly

0.007. Off the middle peninsula, bottom slopes are more
variable and the lake floor may be divided into two regions:
a gently sloping shelf, with a bottom incline of roughly
0.008, extending to about the 30-m isobath, and a slope with
an incline of roughly 0.035 further offshore.

In a recent study, Gatzke (2001) examined the properties
of rivers emptying into Lake Superior over a region, from
Odanah, Wisconsin, to Copper Harbor, Michigan, which in-
cludes the eastern Keweenaw. He found the Ontonagon Riv-
er to be the largest hydrologic source of this region, con-
tributing 32% of the annua tributary flow (1989-1998).
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According to his analysis, the Ontonagon ranks second as a
source of suspended solids from runoff to the region, con-
tributing 29% of the annual runoff load.

Previous investigators have noted the presence of a strong
northeastward coastal current off the Keweenaw Peninsula,
commonly referred to as the Keweenaw current (Ragotzkie
1966; Viekman and Winbush 1993). A numerical modeling
investigation by Chen et a. (2001) and Zhu et al. (2001) has
indicated that this is, in part, a thermally driven current
caused by rapid warming of nearshore (vs. offshore) water.

Our examination of the Ontonagon discharge is part of the
Keweenaw interdisciplinary transport experiment in Supe-
rior (KITES). A preliminary analysis of the moored current
meter data from KITES indicates that the Keweenaw current
is a seasonal feature, appearing principally in the summer
and autumn. This analysis further indicates that during
spring, the time of the Ontonagon discharge study described
here, flow off the Keweenaw Peninsulais principally driven
by the surface wind stress and has a mean of close to zero.
A brief examination of a portion of the KITES current meter
data set, focusing on the effects of coastal flow on the dis-
charge plume, is given in the Analysis section.

CTD survey—The temperature profiles used in our study
came from a conductivity—temperature—depth (CTD) survey
conducted near the Ontonagon River mouth (Fig. 1) during
30-31 March 2000. Surveying was done from the R/V Blue
Heron, operated by the University of Minnesota at Duluth.
The CTD (Seabird SBE-9) was attached to a nine-bottle ro-
sette sampler and equipped with a 25-cm transmissometer
(Wetlabs, C-Star). The 159 CTD stations of the survey may
be divided into two subsurveys. During 30 March, we car-
ried out a near-field survey of the river plume, occupying
seven transects within 2.5 km of the river mouth. This was
followed by a larger scale survey of the region, which in-
cluded transects more than 20 km from the river mouth.

To convert the transmissometer signal to suspended par-
ticle concentration, P, we obtained a total of 14 water sam-
ples from various locations and depths using the rosette sam-
pler. For each sample, a volume of 1.7 to 8.5 liters was
filtered through a 0.7-um mesh filter to give total P. The
results showed a near linear relationship between P and co-
incident measurements of percent transmission. Linear re-
gression of these two variables yielded a correlation (R?) of
0.98 and the following relationship:

P = —0.0985T + 7.78

where Pisin mg L~ and T is percent transmission. Because
the transmissometer signal was saturated (at a constant 0%
transmission) at particle concentrations in excess of 7.78 mg
L1, thisrelationship isvalid only for 0 <P < 7.78 mg L.
As discussed further below, the inability to resolve variations
of P> 7.78 mg L~* did not seriously limit our view of
particle concentrations, or particle-related dynamics, at the
edge of the Ontonagon River plume.

During the near-field CTD survey, we deployed surface
drifters in the plume-edge region. These were rigged as Da-
vis-style drifters (Davis 1985), designed to follow the flow
over the surface 1 m. Drag was supplied by four 0.5- by
0.9-m sdils radiating from the drifter's central electronics

case. Each drifter was equipped with a GPS receiver. Also
attached to each drifter was an ARGOS PTT, which enabled
communication of positions to system ARGOS and to a
tracking system onboard the R/V Blue Heron.

Following Churchill et al. (1999), drifter velocities were
computed through linear regression of drifter position with
time. The regression of a position component against time
was carried out in a data window containing a specified num-
ber of drifter fixes. Slope of the regression line was taken
as the estimate of velocity component at the middle of the
window. Stepping the regression window through the posi-
tion component time series gave a velocity component time
series. The velocities computed by this method had 90%
confidence intervals (of the regression slope) of roughly 1
cm st

Time series measurements—As part of our analysis of
wind-driven alongshore flows, we examined water velocities
measured by a current meter set 4.5 m above bottom on a
tripod 60 km northeast of the Ontonagon River mouth (Fig.
1). This was part of an array of acoustic travel time current
meters (Williams et al. 1987) set out to study near-bottom
sediment and fluid dynamics over the Keweenaw shelf and
upper slope.

Winds used in our analysis came from NOAA buoy 45006
and the Devils Isand C-MAN station (labeled 45006 and
DISW, respectively, in Fig. 1). The wind velocities from
these two stations were highly correlated. For example, 1999
alongshore wind speeds (along the orientation of the middle
Keweenaw) from these stations were correlated at R? = 0.89.
Only the C-MAN station was operational during the CTD
survey. Winds from buoy 45006 were used in the analysis
of the acoustic travel time current meter data cited above.
For both station time series, wind speed was converted to
surface wind stress using the formulae of Wu (1969).

Estimates of the Ontonagon River transport to be pre-
sented were from a stream flow gauge maintained by the
U.S. Geological Survey (USGS) near Rockland, Michigan

(Fig. 1).
Results

River discharge and wind conditions—The CTD survey
had been scheduled for late March because this is, histori-
cally, the time of peak Ontonagon discharge. However, the
USGS stream flow data show that the mild winter of 1999—
2000 resulted in a comparatively weak and early maximum
discharge. In the 2000 stream flow record from Rockland,
Michigan, the peak transport of roughly 200 m® s-* occurs
in late February (Fig. 2). A secondary discharge maximum
of roughly 150 m* s~* precedes our CTD survey by roughly
3 d. In contrast, in the Rockland stream flow record of 1997,
a year with a comparatively wet and cold winter, the maxi-
mum transport of 450 m® st occurs in early April.

The Devils Island C-MAN record (Fig. 3) shows strong
and variable winds over the week prior to our survey. South-
west winds (directed to the northeast) >15 m s * appear in
the record on 25 March (not shown in Fig. 3), while north
winds of >12 m st are seen on 28 March. Much less severe
conditions are seen during the time of the CTD survey. Very
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Fig. 2. Mean daily Ontonagon River flow for 2000 measured at
the Rockland, Michigan, stream flow gauge (Fig. 1).

weak winds, of <3 m s%, persist throughout the period of
near-field survey on 30 March.

Near-field plume conditions—Horizontal fields of temper-
ature and P, derived from the near-field CTD survey data,
show a band of warm and turbid water confined to the coast-
al region near the river mouth (Fig. 4). In the P fields, there
is an especially clear demarcation between this band and the
relatively clear lake water offshore. The distributions of P
also show the band to be a narrow feature, extending no
more than 3 km from the coast over the entire survey region.

Vertical fields of temperature and P over the survey’s cen-
tral transect (Fig. 5) revea that the band is bound offshore
by a surface to bottom turbidity and temperature front. Un-
like the front typically seen at the edge of a positively buoy-
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Fig. 3. Wind velocities of late March 2000 measured at the
Devils Island C-MAN station (Fig. 1). The measurement level is 25
m above lake level. The horizontal lines mark the periods of the
near-field (NF) and far-field (FF) surveys. The coordinate system is
geographic with northward winds directed vertically upward.

T2m)

i i

Fig. 4. Distributions of temperature, T (°C), and suspended par-
ticle concentration, P (mg L~1), at 2 and 10 m derived from mea-
surement of the 30 March 2000 CTD survey. CTD station locations
are shown as dots.

ant discharge plume, which tends to slope upward going
offshore (e.g., Munchow and Garvine 1993), the front seen
in this section slopes sharply downward going offshore. As
revealed by the depths of the P = 1 and P = 4 mg L
surfaces (Fig. 6), the plume descends rapidly to the bottom
over the entire survey region. Even where its slope is the
smallest, at the survey’s southwestern edge, the plume ex-
tends from the surface to the bottom over an across-shore
distance of less than 1.5 km.

A southwestward surface current in this frontal region is
revealed by the tracks of the two drifters set out on either
side of the front early in the near-field survey (Fig. 7). After
their release near the eastern edge of the survey region, both
drifters move aongshore to the southwest at a speed of

s 1 13 2
Offshore distance (km)
Fig. 5. Vertica distributions of temperature and P along the

central transect of the near-field survey (marked by a solid line in
Fig. 1). Station locations are indicated by ‘v’ on the upper axis.

2.5
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Fig. 6. Same as Fig. 4, except showing depths, z, of the P = 1
and P = 4 mg L~ surfaces.

roughly 6 cm s It is notable that the drifter tracks are
nearly parallel. Convergence has been observed at the edge
of buoyant river plumes in the marine environment (Garvine
and Monk 1974; O’Donnell et al. 1998). Our drifter tracks,
however, show no evidence of convergence, or divergence,
in the frontal region of the turbid water band off the Onton-
agon River mouth.

The drifter tracks roughly follow the contours of the near-
surface front as outlined by the 2-m P field (Fig. 4). A care-
ful examination of this field suggests that the turbid water
band appearing in the near-field survey has two sources:
highly turbid water issuing from the Ontonagon and mod-
erately turbid fluid entering the survey region from the
northeast. Contours of P > 4 mg L~* give evidence of the
first source. These appear to extend from the river mouth
and veer sharply to the southwest. By contrast, the 1-3 mg
L~ contours show no veering toward the river mouth but
extend across the survey region at an orientation roughly
parallel to the shore. This suggests that the origin of near-
surface water with P in the 1-3 mg L~* range is from the
northeast (the upstream direction according to the drifter
tracks and the veering of the P > 4 mg L~ contours).

What may be a clearer indication of a dual source to the
turbid band of the near-field survey is provided by the depths
of the P =1and P = 4 mg L* surfaces (Fig. 6). Depth
contours of the 4 mg L-* surface clearly converge toward
the river mouth, whereas the 1 mg L~* depth contours show
no deflection toward the river mouth but extend in the along-
shore direction across the survey region.

Far-field plume conditions—Data of the far-field CTD
survey reveal near-shore filaments of warm and turbid water
both to the southwest and to the northeast of the Ontonagon
River mouth. The pattern of turbidity is consistent with the
notion that the turbid water band seen southwest of the river
mouth is a combination of river discharge and moderately
turbid water from the northeast of the river mouth. The prin-
cipal aspect of this pattern is that particle concentrations seen
southwest of the river mouth are much higher than particle
concentrations seen at similar distances northeast of the river
mouth (Fig. 8). For example, particle concentrations ob-
served at atransect 2.5 km northeast of the river mouth peak
at 5 mg L%, whereas particle concentrations in excess of 7.8
mg L-* (the maximum concentration observable with the
transmissometer) appear at transects 8 and 12 km to the
southwest of the river mouth.

The possible origins of the warm and turbid water band

Fig. 7. Positions and velocities of surface drifters at the desig-
nated times (GMT on 30 March 2000). Drifters were released dur-
ing the near-field survey at the positions denoted by the cross-hair
symbols. Their tracks are shown as dashed and solid lines.

seen to the northeast of the Ontonagon River mouth, pre-
sumably in the upstream direction, are worthy of consider-
ation. The band could be the result of shoreline erosion com-
bined with preferential heating of near-shore waters.
Alternatively, it could be Ontonagon discharge water ad-
vected to the northeast prior to the most recent near-shore

Fig. 8. Distributions of temperature and P aong four transects
of the 31 March 2000 far-field CTD survey. Transect locations are
shown in Fig. 1.
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Table 1. Magnitudes of terms of the across-front momentum
balance. The magnitudes of all terms are relative to term c, the
Coriolis acceleration of the along-front velocity.

Term b \GRY 0.031
Term e 75/(poH) 0.036
Term f 7o/(poH) 0.004

current reversal. Consistent with this second possibility is a
monotonic decline in the band’s maximum P with increasing
distance from the Ontonagon River mouth (Fig. 8).

Anaysis

Frontal region dynamics—Our data provide a reasonably
detailed view of conditions at the edge of the turbid water
band appearing in the near-field survey. Data from this re-
gion include a sampling of surface velocities derived from
the drifter tracks, temperature profiles, and P profiles derived
from transmissometer data within the working range of the
instrument. These measurements enable us to examine the
momentum balance at the edge of the band and estimate the
extent to which the suspended particle load contributes to
across-shore pressure gradients in this region.

In depth integrated form, the quasi-steady across-stream
momentum balance (with acceleration of the across-front ve-
locity assumed to be negligible) at a front may be written as

S B
ud,v + vav + fu+ay—p:i— Ty
Po poH poH

a b c d e f

where x is the along-front coordinate, u is the along-front
velocity, Vv is the across-front velocity, p is pressure, f is the
Coriolis parameter, H is the water depth, p, is a reference
density, 73 is the surface wind stress component across the
front, and 77 is the across-front bottom stress component.

Using the near-field survey data and the Devils Island
wind record, we have estimated the magnitude of terms b,
¢, €, and f above. The calculation focused on the middle of
the survey region and on the time when the drifters traversed
this area (1200-1300 h on 30 March). Cross-shelf drifter
velocities were essentially constant over this period, varying
by much less than the velocity uncertainty of 1 cm s*. The
along-front orientation, X, was determined from the 2-m P
field (Fig. 4). It was assumed that the depth-averaged veloc-
ities and velocity gradients were half of their values at the
surface. The bottom stress was computed according to 72 =
poCaVIM, where C, = 0.0025 (Luketina and Imberger 1987;
Masse and Murthy 1990). H and p, were set to 20 m and
1,000 kg m~3, respectively.

The results (Table 1) indicate that the Coriolis acceleration
term, ¢, is at least 25 times greater than terms b, e, and f.
Thus, ¢ can only be balanced by terms a and/or d. Although
our data do not permit computation of a, we may assign it
an upper limit based on the drifter data and the assumption
that the across-front velocity gradients should be consider-
ably larger than the along-front velocity gradients
(O’'Donnell et a. 1998; Gawarkiewicz et al. 2001). Setting

P 1
Offshore distance (km)

Fig. 9. Vertica profiles of o and computed geostrophic veloc-
ity (vs) aong the centra transect of the near-field survey (marked
by asolid linein Fig. 1). Panels to the left show o and v computed
without including the contribution of suspended particles, and pan-
els to the right show these properties computed with the contribu-
tion of suspended particles.

a,v to 0.3 times the estimate of o,v, a reasonable upper limit
for a,v, and determining u from the drifter velocities gives
a magnitude for a that is less than the estimate of ¢ by a
factor of 35. Together with the results in Table 1, this indi-
cates that the across-front momentum balance in the target
region and time period is nearly geostrophic, e.g., a close
balance between the Coriolis acceleration, ¢, and the across-
front pressure gradient, d. This balance is undoubtedly a par-
tial upshot of the weak winds occurring near-field survey
(Fig. 3). Over the time period of our analysis, the estimated
mean across-front wind stress component is a mere 2.5 X
10-3 N m~2. During periods of stronger wind, we may expect
term e to contribute significantly to the momentum balance.

The pressure gradient in the momentum balance is the
sum of contributions from the across-front lake surface slope
and across-front pressure gradients due to density variations
across the front. For thisreason, it is of interest to investigate
the contribution of the suspended particle load to the across-
front density gradient. If this contribution is significant,
changes in sediment load, due to particle settling or resus-
pension, may significantly alter the dynamic balance in the
frontal region, especially during periods of weak winds when
this balance may be close to geostrophic.

To assess the impact of suspended particles on the across-
front density gradient, we have computed density as a func-
tion of temperature alone (Chen and Millero 1986) and with
the contribution of suspended particles. The results (Fig. 9)
indicate that suspended particles increase the across-front
density gradient by a factor of roughly 50%.

To further investigate the effect of particles on frontal re-
gion dynamics, we have used the survey data to compute
geostrophic velocity fields with and without suspended par-
ticles contributing to density. The computation was done in
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the typical fashion, using densities from adjoining stations
on a transect to compute a velocity profile between the sta-
tions. It should be noted that because no reference level of
zero geostrophic motion could be specified, the computed
velocity profiles represent relative (and not absolute) geo-
strophic currents (i.e., velocity difference between vertical
levels). The geostrophic velocities shown here are relative
to the current at the deepest common level of the density
profiles used in the computation of the velocities (1517 m
at all but the two most inshore station pairs).

Both fields of geostrophic velocity (computed with and
without the contribution of suspended particles) show a max-
imum of alongshore current in the frontal region (Fig. 9).
Relative to the deep flow, this current is directed to the
southwest. Density gradients due to suspended particles are
responsible for a sizeable portion of this flow. For example,
the maximum geostrophic current computed using the cen-
tral transect’s data increases from 4 to 5.5 cm st with the
inclusion of suspended particles in the calculation (Fig. 9).
We note that the computed velocities in the frontal region,
where the above-cited maximum occurs, are not sensitive to
the limits of the transmissometer’s range, due to its satura-
tion at 7.8 mg L-*. All of the transmissometer profiles from
the frontal region are within the instrument’s range of op-
eration. Further shoreward, however, the transmissometer
measurements are often at the saturation level, so that the
computed density gradients and geostrophic velocities in this
region are unrealistically low.

To obtain a survey-wide view of the effect of density var-
iations on the flow field, we have computed a field of dy-
namic height at the surface relative to 10 dbar. This gives a
sense of the pattern of geostrophic currents at the surface. If
10 m were the true level of zero current and the momentum
balance were truly geostrophic, flow at the surface would
follow the dynamic height contours and its magnitude would
be proportional to the spacing of the contours. The computed
dynamic height field (Fig. 10) shows a band of maximum
offshore gradients in the region of the plume edge. The con-
tours in this band are orientated roughly aongshore over the
central portion of the survey and veer onshore at the western
end of the survey. As indicated by Fig. 9, geostrophic ve-
locities following these contours would be directed to the
southwest (to the right of the declining gradient in dynamic
height). The dynamic height contours also offer further ev-
idence of two sources of inflow to the survey region, dis-
charge from the Ontonagon and alongshore flow from the
northeast.

It is noteworthy that the drifter tracks very nearly follow
the contours of dynamic height in the band of maximum
dynamic height gradient (Figs. 7 and 10). In a manner sim-
ilar to the dynamic height contours, the drifter tracks veer
onshore at the western end of the survey region. In addition,
the drifter velocities in the middle of the survey region are
about 6 cm s, nearly matching the near-surface geostrophic
velocities computed from the central transect’s data (Fig. 9).
These observations may be taken as further evidence of a
near-geostrophic momentum balance at the edge of the tur-
bid water band during the near-field survey.

Fig. 10. Same as Fig. 4, except showing dynamic height at the
surface relative to 10 m.

The influence of Earth rotation on near-source plume dy-
namics—Discharge plumes are often classified as rotational
or nonrotational, depending on the extent to which dynamics
of the emerging plume are influenced by the Earth’s rotation.
When entering still water, a rotational discharge plume is
deflected (anticyclonically in the northern hemisphere) due
to the acceleration of its flow generated by the Earth's ro-
tation. By contrast, a nonrotational plume experiences little
or no deflection upon entering still water. The extent to
which near-source plume dynamics are influenced by Earth’'s
rotation may be roughly quantified by the Kelvin number
(Garvine 1987, 1995; Masse and Murthy 1990). For a dis-
charge exiting a river mouth of width, w, this is defined as

K = wir

where r is the internal Rossby radius of deformation. Small
values of K («1) are indicative of a nonrotational plume,
whereas values of K near 1 or larger indicate a significant
impact of rotation on plume dynamics.

In the stratified region of the plume, with upper and lower
layers of different density, r may be defined as (Csanady
1982)

r = [Apghih,/(p,(hy + h,))]**/f

where g isthe gravitational acceleration, p, isthe mean water
density, Ap is the density difference between the upper and
lower layers, and h, and h, are the layer depths. Using Ap,
h,, and h, determined from density profiles near the river
mouth (and at stations where the transmissometer signal is
not saturated), we calculate r values on the order of 500 m.
With w = 50 m, this gives K of order 0.1, leading to the
conclusion that the Ontonagon discharge, as it emerges from
the river mouth, may be classified as nonrotational.

To further assess the influence of Earth’s rotation on the
initial deflection of the Ontonagon discharge, it is useful to
consider how a negatively buoyant rotational plume behaves
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in numerical model simulations. In a recent modeling study,
Chao (1998) examined the motion of negatively buoyant,
sediment laden, river water emptying into a coastal region
with initially motionless fluid of constant density. In the
model, a two-layer circulation is formed. The lower layer
contains the river discharge water, which turns anticycloni-
cally upon emerging from the river mouth. Farther down the
coast the discharge water forms a coastal current with the
shore on its right looking down current. The upper layer
contains the receiving oceanic water moving within a cy-
clonic gyre.

Our observations of the Ontonagon discharge plume dra-
matically differ from the modeled plume behavior. Most sig-
nificant is that the near-field CTD data and drogue tracks
show the discharge water turning cyclonically upon emer-
gence from the river mouth.

Effects of wind forcing—In view of the above findings,
the deflection of the Ontonagon discharge plume, seen in the
near-field survey, may not be attributed to rotational veering
of the plume, but is most likely due to the action of a south-
westward coastal current entering the near-field survey re-
gion from the northeast. As noted above, analysis of current
meter data show that coastal currents off the Keweenaw Pen-
insula are principally wind driven during early spring. The
southwestward current seen during our near-field survey, and
presumably responsible for the observed plume deflection,
is most likely the product of strong southward winds (5-14
m s1) apparent in the Devils Island wind record over the 2
d prior to the near-field survey (Fig. 3).

It is reasonable to conclude that the wind-driven coastal
current over the Keweenaw shelf may be a principal agent
controlling the movement of the Ontonagon discharge plume
during spring. To study the effects of winds on near-shore
currents over the Keweenaw shelf, we have employed the
records of the acoustic travel time current meter cited in the
Measurements section. Although the Ontonagon River
mouth and the current meter site are separated by 60 km,
both are on open sections of the coast and so should be
subject to winds of similar magnitude. In addition, water
stratification, a principal factor in the water column’s re-
sponse to winds, is similar at both sites during late winter
and early spring. CTD measurements acquired over 1997—
2000 indicate that during March-May, vertical stratification
is very weak or absent off the Ontonagon and in the shelf
area near the current meter. The current meter record can
thus provide a rough sense of the wind-driven flow that may
be expected in the Ontonagon discharge region during early
spring and the extent to which this flow may advect the
emerging river water.

Comparing the current meter record with the wind record
from buoy 45006 (Fig. 11) indicates that springtime flows
over the Keweenaw shelf are wind dominated. Fluctuations
in alongshore currents measured in April and May show high
visual correlation with fluctuations in the alongshore com-
ponent of wind velocity. To quantify the wind-driven current
at this site, we have used a standard technique (Bendat and
Piersol 1971) to extract the wind-driven contribution of the
alongshore current. The procedure involved first computing
atwo-input spectral transfer function relating the alongshore

and across-shore components of the surface wind stress (in-
puts) with the alongshore current velocity. The transfer func-
tion was then combined with the wind stress components to
obtain the alongshore current response to the wind. This es-
timated response reaches magnitudes of close to 20 cm st
in both directions (Fig. 11), which accounts for 65% of the
overall current variance. Wind-driven coastal currents of this
magnitude are commonly seen in the Great Lakes (Csanady
and Scott 1974; Murthy and Dunbar 1981).

If the Ontonagon plume is principally carried by the wind-
driven flow, then the frequent reversals of this current should
effectively limit the length of the plume by restricting the
time it is advected in any particular direction. To illustrate
this effect, and to gain a sense of how far the wind-driven
coastal current may carry the Ontonagon discharge, we con-
sider a displacement time series computed from the wind-
driven current time series. The displacement series is de-
fined as

Y(t) = f t v, () dt’

where v,, is the alongshore wind-driven current and Y(t) is
the alongshore displacement of a fluid parcel carried by this
current over the period t — T, to t. Comparing the displace-
ment time series computed with T, = 2, 4, and 8 d (Fig.
11, bottom panel) clearly reveals the effect of current rever-
sals on alongshore displacement. It is particularly notable
that a fourfold increase in T, from 2 to 8 d, increases the
root mean square (rms) displacement by only 55%, from 11
to 17 km.

To relate these displacements to possible plume advection
distances, it useful to estimate the time, T, over which the
turbidity of a discharge plume element may be expected to
be distinguishable from turbidity of surrounding water. For
simplicity, we have estimated T by assuming that the par-
ticle concentration in a plume element is reduced by particle
settling only. It was further assumed that particles in the
plume settled at the Stokes velocity and were initially uni-
formly distributed over 20 m. T was taken as the time over
which the suspended mass in a plume element was reduced,
by settling, to 10% of its initial value. With these criteria
and the particle size distributions from the discharge plume
samples, T values with a mean of roughly 4 d were com-
puted.

The direction shifts of the wind-driven alongshore flow
may often produce two opposing plumes appearing to orig-
inate from the Ontonagon, an *‘ active” plume of water being
carried from the river mouth in the wind-driven current and
aremnant plume carried in the opposite direction before the
most recent current shift. Our survey measurements reveal
this sort of arrangement, with an active plume stretching to
the southwest of the river mouth and what may be a less
turbid remnant plume extending to the northeast. The latter
could be the result of aongshore flow generated by the
winds of 25-28 March. The Devils Island winds have an
eastward component in excess of 8 m s * over half this pe-
riod.

Satellite-derived images of surface reflectance aso fre-
quently show bands of turbid water extending alongshore in
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Fig. 11. The top three panels show the alongshore component of wind measured at buoy 45006
(Fig. 1), the alongshore component of velocity measured at the site off the central portion of
Keweenaw peninsula (Fig. 1), and the estimated wind-driven portion of this current. Shown in the
bottom panel are estimates of the alongshore distance the wind-driven current would carry fluid

parcels over the indicated time intervals.

both directions from the Ontonagon River mouth. The image
of 30 March 2000, the date of the fine-scale survey, offers
a clear example of this (Fig. 12). This image is consistent
with our survey resultsin that it shows the less turbid plume
to the northeast.

Discussion

An important finding of our study is the significant impact
of suspended particles on the density structure of the On-
tonagon discharge plume. At the plume edge, our measure-
ments show gradients in temperature and suspended particles
making comparable contributions to the across-front gradi-
ents in density and to the associated geostrophic velocity.
This may be typical of river discharges into large lakes dur-
ing spring. Because of the small temperature differences be-

tween river and lake water that may be expected during this
season, suspended particles carried in the river flow may be
an important, and sometimes dominant, contributor to the
river plume's buoyancy. The vertical movement of particles
could thus play an important role in the dynamics of ariver
plume. During times of maximum discharge, for example,
the rapid settling of larger particles near the river mouth may
significantly alter density gradients and thus change the local
momentum balance. It follows that numerical models of riv-
er discharge into large lakes during spring must carefully
account for the behavior of suspended particles.

Our analysis reveals another property of the Ontonagon
discharge that may be common to the flow of many rivers
entering large lakes. Because of the small scale of the On-
tonagon river mouth, the emerging river water is effectively
impervious to the effects of the Earth’s rotation. Its move-
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Fig. 12. SeaWiFS (sea-viewing wide field-of-view sensor) image of the Ontonagon River region
of Lake Superior on 30 March 2000 showing turbid water bands extending alongshore in both
directions from the Ontonagon River Mouth. The total suspended solids (TSS) was derived from
remote sensing reflectance using the empirical relationship developed by Warrington (2001).

ment appears to be principally controlled by the local coastal
current, which is of a scale large enough to be influenced
by the Earth’s rotation (as illustrated by the momentum bal-
ance calculation). During early spring, this current is prin-
cipaly driven by the surface wind stress. Our analysis sug-
gests that the frequent reversals in the wind-driven flow may
effectively limit the alongshore extent of the plume. The
resulting reversals in the alongshore direction of the plume's
motion may also create a near-shore turbid water band ex-
tending in both directions from the river mouth. In our study,
the emerging plume is apparently embedded in such aturbid
water band.

Our observations of aweak and nearly geostrophic veloc-
ity less than 1.5 km from the river mouth suggest that the
emerging river water may rapidly adjust to a near-geostroph-
ic dynamic balance. It also suggests that the momentum car-
ried by the river water during our study period has little
impact on the near-shore momentum balance. This may not
aways be the case, however. Our measurements cover a pe-

riod of modest river discharge. River transport during peak
discharge can be a factor of five greater than that occurring
during our study period. By dividing the river transport mea-
sured at the USGS Rockland, Michigan, station (Fig. 1) by
the river mouth cross-section, we estimate that the Ontona-
gon River flow of the 1999 peak discharge would have a
mean velocity of at least 1 m s at the river mouth. The
associated momentum flux of such a current could signifi-
cantly impact the momentum balance at a considerable dis-
tance from the river mouth. In a study of the Niagara River
plume, Masse and Murthy (1990) found that the near-source
plume momentum balance was often dominated by the mo-
mentum flux of the emerging river flow. An examination of
the outflow from the Leschenault estuary into Koombana
Bay, Australia, by Luketina and Imberger (1987) revealed
that the initial momentum flux of the estuarine flow formed
a turbulent jet that could extend up to 2 km into the bay. In
addition to momentum, the peak Ontonagon discharge will
likely carry a significant suspended particle load. As noted
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above, the settling of this could significantly impact plume
dynamics. Clearly, the near-source dynamics of peak Onton-
agon discharge may be significantly different, and far more
complicated, than the near-source dynamics observed in our
study. An understanding of plume dynamics during peak riv-
er discharge must thus await further investigation.
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