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A BSTRA CT. Wetlands and tributary confluences are susceptible to physical influences imposed by
the Great Lakes, particularly through the effects ofshort and long-term water level fluctuations and
accompanying transport disruptions including flow and transport reversals. With there being few, if
any, direct field observations of these disruptions based upon velocity measurements, the objective of
this paper is to review the possible physical effects on these regions by first, reviewing the relevant
contributing physics known about the Great Lakes; second, contrasting possible marine estuary
transport mechanisms with what little is published about the Great Lakes circumstances; and third,
summarizing modeled results exemplifying these behaviors from a study ofSandusky Bay, Lake Erie.
Because it exhibits the strongest response to storms and the clearest measureable signals resulting
from them, attention is centered on Lake Erie. In contrast to a typical research paper, the objective
herein is to provide a summary of what is known and commonly accepted about these physics which
can serve as a backdrop for the other papers in this special issue.
INDEX WORDS: Wetlands, tributaries, estuaries, storm surges, seiches, mixing, transport.

INTRODUCTION

As clearly seen in the articles by Herdendorf and
Mitsch (this Special Issue), a considerable number
of the wetlands in the Great Lakes exist in regions
which are associated with tributary confluences
and relatively flat flood plain regions, both of
which are susceptible to long and short-term water
level fluctuations. Long-term water level fluctua
tion effects (- years) on these regions are directly
addressed in other papers in this issue. Short-term
water level disruptions derive from storms and
result in not only fluctuating volumes of water of
different chemical and biological character being
transported within the confluence and wetland re
gions but also a considerably altered rate at which
the mixing and transformation of these constitu
ents occurs. The objective of this paper is to review
the physics of the Great Lakes with regard to how
these episodic disturbances occur and how they
might impact the confluence and wetland regions.

Several perspectives are adopted. First, this pa
per does not present the state-of-the-science of
each aspect of each physical process. Rather, this
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article draws from existing published and com
monly accepted information in a way which serves
as a backdrop for the remaining papers in this Spe
cial Issue. Secondly, in the author's opinion, the
physical analysis of tide-affected marine estuaries
is far more advanced than the tributary confluence
physics being addressed here. Consequently, the
analogy to estuaries will be drawn whenever it is
useful, especially in pointing the way to more use
ful future data collection. It is important to note
that the confluence of these tributaries with Lake
Erie is not an estuary as defined by Pritchard
(1955), Cameron and Pritchard (1963), Hansen
and Rattray (1966), Dyer (1973), Officer (1976),
and McDowell and O'Conner (1977). There is no
mixing of salt and no propagation of solar/lunar
driven tide waves. Yet there are estuary transport
analogies within Great Lakes tributaries and it will
be the goal of this paper to indicate when analo
gous activity occurs and when it doesn't occur. The
uniquely different transport mechanisms help to
further frame the research issues. Finally, the most
extreme examples of these physical interactions oc-
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cur in Lake Erie, particularly in the western basin.
Therefore, this paper concentrates its examples
and discussions on Lake Erie as the field data pro
vide the clearest and most unambiguous
examples.

Much of the information in this paper is ab
stracted from specifically cited references; there
are, however, a number of fundamental documents
which by their comprehensive nature serve as
source works. These include the "Project Hypo"
report (Burns and Ross 1972), the special issue en
titled "Lake Erie in the Early Seventies," (J. Fish.
Res. Board Can. 33), and most recently and impor
tantly, the Special Issue entitled "Lake Erie Bina
tional Study," (J. Great Lakes Res. 13(4), edited by
F. M. Boyce et. af., 1987). Brandt and Herdendorf
(1972) first suggested modern analogies to marine
estuaries and this author, Herdendorf, and co
workers attempted a first effort (Bedford et af.
1983) at collating Lake Erie physical effects on
tributary confluence transport as primarily sum
marized from the thesis work of D. Lindsay
(1981). Finally, special mention should be made of
the report by Herdendorf (1987) which was
amongst the first comprehensive review of wet
lands that made special mention of the possible
impact of episodic Great Lakes physics.

THE LAKE ERIE/TRIBUTARY-WETLAND
SETTING

Lake Erie itself, as noted in previous papers, con
tains three basins, the western, central, and eastern
basins, (Fig. 1) separated by two sills. Also, from
Figure 1, the islands separating the western and
central basins also define two channels for hydrau
lic flow, the Pelee passage and the south passage.
The lake is shallow, particularly in the western ba
sin, which, along with the lake's southwest to
northeast orientation, makes it particularly suscep
tible to storm activity. As will be seen, the lake
response to storms is a controlling factor in conflu
ence mixing and transport.

With the glaciation processes responsible for
their creation being summarized in the Herdendorf
article (this Special Issue), Figure 1 delineates the
major tributaries entering Lake Erie. The numbers
refer to the summary in Table 1 of tributary names
and associated hydraulic data as extracted from
Bedford et af. (1983), the United States Geological
Survey Water Basin characteristic file, Brandt and
Herdendorf (1970), and Herdendorf (1990). The
last two columns in Table 1 are based upon the

estimation procedures developed by Brandt and
Herdendorf (1972) and Herdendorf (1990). Several
items of note: 1.) Tributary No.4 is the Sandusky
Bay/River system which is completely anomalous
in its structure compared to the other tributaries,
2.) Old Woman Creek, just east of the Huron
River (No.5), is an Estuarine Preserve but is not
carried in the computerized USGS Water Basin
file; and 3.) the Detroit River, also not listed in the
USGS Water Basin file, is considered the major
tributary to the lake.

The locations of the wetlands in Lake Erie have
already been mapped, sized, and parameterized in
the papers by Herdendorf (this Special Issue) and
Mitsch (this Special Issue) and the reader is re
ferred to them for additional details.

In general, the river slopes are quite small, espe
cially in the western basin, and therefore, during
non-storm periods, flows are quite small. Maxi
mum tributary discharge occurs during and just
after the spring "melt" season while a seasonal low
flow occurs in the early fall. In general, the Detroit
and Maumee rivers contribute the largest load of
water volume and sediment mass to the lake; for
example, Kemp et af. (1976) reported that almost
three million metric tons of sediment are trans
ported to lake Erie annually via these two rivers
out of a total input (by mostly shore erosion) of 33
million metric tons.

Reversing flows have been frequently observed
in all these rivers, even the Detroit River (Dereki
and Quinn 1990), but much less frequently for
those near the center of the lake, e.g., the Cuy
ahoga (Bedford et af. 1983). It is the delineation of
this activity and its origins that provides the key to
understanding the similarities and dissimilarities
between Lake Erie tributaries and marine estuaries
and their effects on wetlands.

LAKE ERIE PHYSICS - AN OVERVIEW

Scales of Activity and Variability

The singularly important feature of Lake Erie
physics is its variability. It is extremely difficult, if
not impossible, to identify physical characteristics
of the Lake which are in some sense steady. The
variability of Lake Erie extends over many decades
of time and space with vertical spatial scales being
quite compressed in contrast to the horizontal
scales. Table 2 (from Boyce 1974, and Bedford and
Adelrhman 1987) lists the physics and transport
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FIG. 1. Lake Erie bathymetry and tributary schematic.
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mechanisms extant in the Great Lakes and Lake
Erie. What makes Lake Erie such a difficult area
to study is that many of the mechanisms over-lap
in space/time structure and therefore it is very dif
ficult to organize the controlled field programs
necessary to validate hypotheses about the effect
of one separate or individual transport agent in
contrast to another.

Based upon the previous references, what is
quite clear, however, is that several basic attributes
of Lake Erie do occur which are repetitively ob
served and fundamental to the understanding of
the lake. First, being so shallow, Lake Erie re
sponds robustly to the annual thermal heating and
cooling cycle (Schertzer 1987, and Schertzer et al.
1987). Second, in combination with the shallow
ness, thermal regime, and orientation, the lake
quickly responds to the passage of storms, setting
off an extremely complex variety of water surface
and thermocline oscillations and corresponding ve
locities (forced responses). Third, surges, when
they occur, can often be dramatic (e.g., Libicki and
Bedford 1990); and fourth, free responses exist for
some time after the disturbance in the form of
seiches and internal waves. Finally, during the in
terdisturbance or interevent time, transport is quite
weak and exists against a backdrop of hydraulic

flow established between the Detroit and Maumee
river inflows and the Niagra River outflow.

Interevent times are often less than the time re
quired for the previous event's disturbance re
sponses to die away; therefore, the lake is in a
some-what continuous cycle of impulsive storm
forcing and response die away followed by another
storm. Hence, a steady state description or expla
nation of the gross lake behavior based on aver
ages is an often misleading but, nevertheless, com
mon practice. Therefore, the behavior of Lake
Erie is summarized below, first, from a long-term
average or ensemble average point of view, then
followed by a discussion of the episodic nature or
climate of the lake response to wind forcing.

Persistant Thermal and Circulation Regimes

From Project Hypo and the more recent works of
Schertzer (1987) and Scherzter et al. (1987) much is
known about the average thermal structure of the
lake. During the winter, ice cover exists over 90%
of the lake (Schertzer 1987) which, however, does
not necessarily suppress wind driven circulation
(Campbell et al. 1987). After the ice break-up wind
mixing aids in distributing incident heat uniformly
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TABLE 1. Mean flow and size data for the rivers indicated in Figure 1.

Q* Q* Mean* Mean*
Mean* 7,10 7,10 Monthly Monthly
Annual Low High Low High Bed* Estuary* Estuary*

Flow Flow Flow Flow Flow Slope Length Area
ID# Name and State (m3/s) (m3/s) (m3/s) (m3/s) (m3/s) (m/km) (km) (km2)

1. Maumee,OH 12.6 2.6 1,545.1 16.9 286.9 0.25 23.8 11.6
(Sept.) (March)

2. Toussiant, OH N/A N/A N/A N/A N/A N/A 16.1 3.9
3. Portage, OH 8.2 0.03 133.3 0.75 17.4 0.56 25.2 10.4

(Aug.) (March)
4. Sandusky, OH 27.6 0.3 400.0 5.5 69.9 0.8 24.8 5.3

(Aug.! (March)
Sept.)

5. Huron,OH 8.5 0.13 124.2 1.3 21.7 1.8 7.4 1.6
(Oct.) (March)

6. Old Woman Creek, OH N/A N/A N/A N/A N/A N/A 2.1 0.3
7. Vermillion, OH 7.4 0.00 137.2 0.9 22.0 1.4 2.4 0.3

(Oct.) (March)
8. Black,OH 9.2 0.1 123.1 2.0 24.3 1.34 6.6 0.9

(Aug.) (March)
9. Cuyahoga, OH 22.8 1.8 171.8 3.6 48.4 1.4 7.2 1.0

(Sept.) (March)
10. Grand,OH 18.8 0.03 191.8 3.0 46.1 0.3 5.3 0.8

(Aug.) (March)
11. Ashtubula, OH 4.4 0.00 46.4 0.7 9.8 2.6 2.8 0.3

(Aug.) (March)
12. Conneaut, OH 7.4 0.05 80.6 1.8 160.0 1.4 2.0 0.2

(Aug.) (March)
13. Elk, PA N/A N/A N/A N/A N/A N/A N/A N/A
14. Cattaragus, NY 20.8 1.9 2.0 6.4 48.0 4.5 N/A N/A

(Aug.) (March)
15. WeIland Canal, Canada N/A N/A N/A N/A N/A N/A N/A N/A
16. Grand, Canada N/A N/A N/A N/A N/A N/A N/A N/A
17. Big River, Canada N/A N/A N/A N/A N/A N/A N/A N/A
18. Big Otter, Canada N/A N/A N/A N/A N/A N/A N/A N/A
19. Huron, MI 11.5 1.1 76.9 4.1 23.8 0.5 N/A N/A

(Aug.) (April)
20. Raisin, MI 18.3 1.1 199.4 4.0 45.2 0.64 N/A N/A

(Sept.) (March)
21. Ottawa,OH N/A N/A N/A N/A N/A N/A N/A N/A

(*) data source: USGS Water Basin Characteristics File
(+) data source: Brandt and Herdendorf (1972)

throughout the water column. This heating is rela
tively slow compared to the tributary water heating
(Schroeder and Collier 1966, Fraleigh et al. 1975,
Herdendorf and Zapotosky 1977, and Bedford et
al. 1983). Furthermore, the deeper (24 m avg.
depth) eastern basin will lag the shallower central
(18 m avg. depth) and western basins (7.3 m avg.
depth) in the response to heat input in the offshore
deep water zones.

The spring-summer-fall heating/cooling cycle is
marked by both vertical and horizontal temperature
variation. The thermocline generally reaches its
maximum vertical depth at from 15-20 meters in the
central basin and 30-35 meters in the eastern basin.
These depths are determined by a particular year's
total heat and wind energy (mixing) input. Hypo
limnetic waters generally have summertime temper
atures ranging from 5°-lOoC. The thickness of the
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TABLE 2. Summary of Lake Erie processes and scales (Boyce 1974 and Bedford and Abdelrhman 1987).

A partial list of motions and their associated time and space scales. Letters in parentheses refer to the nature of the
scale used. The governing terms in the equations of motion and continuity are listed in column 6 according to the key
below.

Horizontal Vertical
(2) Length Scale (3)

7 pressure gradient force due to slope of the
thermocline;

8 pressure gradient force due to atmospheric
pressure field;

9 variations in bottom topography;
10 wind energy/stress;
11 internal stresses arising from horizontal current

shear;
12 internal stresses arising from vertical current shear;
13 friction against boundaries;
14 potential energy changes due to surface

heating/cooling;
15 astronomical tidal-generating forces due to

sun-earth-moon gravitational potential field;
16 potential energy changes due to temperature and

salinity changes.

(1)
Phenomenon

a. Wind driven surface 10 m(S)
gravitational waves

b. Surface gravitational waves- 100 km(S)
seiches

c. Short freely propagating 10 km(S)
internal waves

d. Long propagating internal 100 m(S)
waves

e. Internal gravitational 10 km(S)
standing waves or seiches

f. Surface wind drift
g. Coastal currents 10 km(S)
h. Upselling and downwelling 10 km(S)
1. Wind driven horizontal 100 km(S)

circulation
j. Geostrophic current
k. Langmuir circulations

vertical mixing of epilimnion
1. Formation and decay
m. Tidal waves

a) diurnal (kl,O.,P.) Earth radius
b) semidurnal (M2,S2,N2) Earth radius

M amplitude of motion;
S dista'nce over which phenomenon varies

significantly;
P period;
T time interval over which phenomenon varies

significantly;
C wave speed;
V vertical particle velocity;
H horizontal particle velocity.

1 time-dependent horizontal accelerations;
2 time-dependent vertical accelerations;
3 advective component of horizontal acceleration;
4 advective component of vertical acceleration;
5 Coriolis force;
6 pressure gradient force due to slope of free

surface;

1 m(M)

10 cm(M)

2 m(M)

2 m(M)

2 m(M)

10 cm(S)

IOm(M)
100 m(S)

10 m(S)

10-100 m(S)

(6)
Dynamics

(4) (5) Major
Time Scale Vel. Scale Components

IS(P) 10 m/s(C) 1,2,6,10

2-14 h(P) 2 cm/s(H) 1,6,9,10

5 min(P) 2 cm/s(H) 11,2,7,10

1 day(T) 50 cm/s(C) 1,5,7,9,10

15 h(P) 10 cm/s(H) 1,5,7,10

2 cm/s(H) 10,12
1 day(T) 10 cm/s(H) all
1 day(T) < lcm/s(V) all
1 day(T) 10 cm/s(H) all

1 day(T) 3 cm/s(H) 5,6
1 h(T) 1 cm/s(V) 1,2,3,4,10,12,14

and others
1 mo(T) 10,12,14

1 day(T) 1,2,5,15
1/2 day(T) 1,2,5,15

mesolimnion is a function of the severity of wind
mixing, with the deepest possible water column
depth being achieved by mid-August (Schertzer
1987). Vertical profiles during the fall return to

homogeneity through surface cooling and storm in
duced destabilization. By mid-October homogene
ous profiles are noted. In the fall it is noted that the
lake retains heat much longer than the overlaying
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TABLE 3. Circulation transport regimes ofLake Erie and corresponding dominant physical components referenced
from Table 2.

Location Total Inshore Still Western Central Eastern
Regime Lake Zone Zone Basin Basin Basin

1. Ice Covered m,j g N.A. j m,j m,j

2. Homogeneous, Non Storm Condition N.A. h,g h,i j ,i i,j j ,i

3. Stratified, Non Storm Conditions N.A. g,h.l c,d c,d c,d,e c,d,e
h,i i,j i,j i,j

4. Homogeneous Storm Conditions N.A. a,b h,b,i b,i i,j,b i,j,b
g,h

5. Stratified, Storm Conditions N.A. a,b c,d,e b,i c,d,e c,d,e
N.A. g,h i,h i,j i,j

atmosphere, thus setting up unstable air/water tem
perature differences (Schwab 1978).

A considerable body of knowledge of measured
and modeled currents is available in the previ
ously cited literature, and Table 3 (Bedford and
Abdelrhman 1987) is an attempt to define the
structure and classification of persistent circula
tion features. Model results are quite prevalent in
verifying these regimes and of early note are the
initial numerical model studies of Gedney and
Lick (1972). Full three-dimensional model results,
assuming no vertical acceleration (Haq and Lick
1975) have been performed for nonstratified con
ditions, but a three-dimensional simulation of
Lake Erie including full stratification effects has
yet to be comprehensively performed. Lam and
Simons' (1976) two layer approach has provided
insight to flow dynamics during stratification.

Field observations of currents have not been as
fully resolved as those observed in Lake Ontario
during the International Field Year on the Great
Lakes, however, good data do exist starting with
Verber (1955). A review of the history of current
data collection is found in the papers by Mortimer
(1963) and Saylor and Miller (1987). The Saylor
and Miller article, as well as the article by Boyce
and Chiocchio (1987), provide a wealth of data
about the persistent vertical and horizontal
currents.

The essential nature of persistent circulation fea
tures is as a result of frequent wind impulses which
relatively quickly (Haq and Lick 1975) spin the
lake up to a new circulation state. Saylor and
Miller (1987) stated that surface currents are a
result of wind drift, while currents near the bottom

are pressure gradient driven return flow. They
went on to state that a quite complex suite of circu
lation gyres occurs whose simpler forms have been
predicted by models (Saylor et al. 1980) and obser
vationally confirmed by Saylor and Miller (1987).
It is noted that the gyres are often unstable with
one or the other becoming dominant in the central
basin. Such dominance is possible as a result of
spatial wind stress gradients. Of some note from
the Saylor and Miller article is that stratification
does not appear to be important in affecting cur
rent and gyre structures during episodes. Currents
in the passages are a result of seiche activity; with
western basin currents, in general, dominated by
surface wind stress and the hydraulic influence of
the Detroit and Maumee rivers. Finally, as noted
by Saylor and Miller (1987), in the nearshore zone
a number of investigators have found thin bands
of eastward flow in both northern and southern
shores, and have noted the familiar Coriolis af
fected wind driven surface drift currents. The new
evidence in Saylor and Miller (1987) does not
change this picture.

THE EPISODIC NATURE OF LAKE ERIE

As mentioned, Lake Erie physics are particularly
susceptible or responsive to storms. Due primarily
to prevailing storm tracks (Irish and Platzman
1962) and shallowness, Lake Erie responds to the
wind stress by a combination of free and forced
mode oscillatory responses in water level and ther
mocline position which give rise to periodic veloc
ity and current structures.
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FIG. 2. Storm surge statistical features (redrawn from
Pore et at. 1975) a. recurrence intervals (#'s of events in
circle) for Buffalo-Toledo setups, b. histogram of
monthly setups in excess of six feet, and c. frequency
distribution of six foot setups or greater (-) and severe
storms (---).

Forced Mode Response

The response of Lake Erie to the imposed wind
stress as it is in contact with the lake (Le., before
the passage of the storm) is called the forced mode.
The most dramatic manifestations of this response
are frequent and often dramatic storm surges. Wa
ter level increases occur downwind in the lake with
commensurate water level drawn down at the up
wind end. Therefore, for winds from the south
west, water level increases at Buffalo will occur
with drawdowns at Toledo. The opposite will oc
cur for winds from the northeast. The Buffalo mi
nus Toledo water level is called the set-up, al
though this is a bit misleading in that the maximum
positive surge amplitude above datum will occur
some 3 hours or more before the corresponding
maximum drawdown. Explanations for this vary,
but have been offered by Rao (1967), Hamblin
(1979), and Libicki and Bedford (1990) via the
method of characteristics.

The statistics of surges are impressive and, fol
lowing the probability analyses of Irish and Platz
man (1962) and Pore et al. (1975), the following
information is known (See Figs. 2a-2c). The water
level at Buffalo exceeds the mean monthly water
level by 3.5 feet at least once per year, while the
same statistics hold for water drawdown at Toledo.
Therefore, a maximum set-up of 7 feet is exceeded
roughly once per year. A set-up in excess of 10 feet
is equaled or exceeded once every 2 years. The
worst positive surge at Buffalo was 9.0 ft. above
the monthly average water level during the April
1979 storm (Hamblin 1979), while the worst posi
tive surge in Toledo was 5.3 ft. above the monthly
average water level during April, 1967. The worst
negative surge at Toledo was 7.5 ft. in March,
1965, while the worst negative surge in Buffalo was
4.65 ft. during March, 1964. Extreme value/
recurrence probabilities are presented in Figure 2a.
Commercial navigation is prohibited during ex
treme drawdowns in Toledo and freshwater intakes
cannot function; therefore, surge forecasts are is
sued as necessary by the National Weather Service
as based upon the model of Schwab (1978).

The origins of such storm surges are atmo
spheric pressure drops and wind shear stresses act
ing at the lake's surface. Through the effect of
large pressure drops and corresponding pressure
gradients, a suction lift effect derived from hydro
static pressure considerations is hypothesized to be
one mechanism for creating surges. Harris (1957)
examined such an occurrence on Lake Michigan.
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FIG. 3. Monthly air-water temperatures for Lake Erie
(redrawn from Pore et al. 1975).

However, the effect is small, for most large
weather systems as the pressure gradients are small
owing to the size of the storm over which the pres
sure drop occurs. For example, Dingman and Be
dford (1984) analyzed the Lake Erie response to
the January 1978 cyclone which had the lowest
central pressure recorded for an extra-tropical cy
clone observed over the lake. The water level eleva
tion increase due to the suction lift was 30 cm at
most.

Shear stress is by far the most dominant mecha
nism in the creation of a storm surge and two
facets of the application of this shear stress to the
lake surface are critical in the development of large
surge events; an air-water temperature instability
and possible stress-band resonant coupling.

Originally discussed by Hunt (1958), it has since
been recognized that the shear stress at the water
surface is not only a function of the wind speed,
but the air-water temperature difference as well.
While Hunt's analysis was primarily empirical,
Schwab's (1978) stability dependant formulation
was based on well founded boundary layer meth
odologies and is now a commonly used procedure
for making shear stress estimates. It should be
noted that the drag coefficients for thermally un
stable conditions are nearly twice as high as those
for stable thermal regimes.

This then explains to a large extent why the vast
majority of very large surges occur during the late
fall months (Figs. 2b and 3). The fall months are
times when heat is retained in the lake due to its
slower heat conductivity relative to the atmos-

phere, and the passage of cold fronts can cause air
quite colder than the lake to pass over the surface.
In the spring, the lakes take longer to acquire heat
and so the air is usually warmer; therefore, insta
bility plays less of a role in creating springtime
surges.

Another factor in the creation of excessive surge
heights is resonance. Resonance conditions have
been defined in various ways and are hypothesized
to result from bands of low pressure or high shear
stress traveling across the lake with a speed equal
to the free gravity wave speed for the lake. This
idea was suggested early on for pressure distur
bances by Hunt (1958) to explain an anomalous
surge in Lake Michigan arising from a convective
storm. Significant analytical attention has more
correctly concentrated on the role of wind stress
bands passing over the lake. Initial attempts by
Irish and Platzman (1962) to address this problem
were somewhat flawed as they concentrated on de
fining the coupling through the position of the
front in the weather system. The front is an ambig
uous tracking measure. It remained for Rao (1967)
to identify the proper tracking measure as the wind
stress band and, noting that large pulses of stress
can occur through either large winds or an air wa
ter temperature instability, defined resonance for
Lake Erie as follows. For wind systems whose
stress band width is less than the lake's length, res
onance occurs if the propagation speed of the
stress band approximately equals the gravity wave
speed. For Lake Erie this would be approximately
13.5 meters per second or 48.5 km/hr (30 miles per
hour). For stress bands with a width longer than
the lake, resonance occurs when the time it takes
the stress band to pass a stationary point equals the
time necessary for a gravity wave to pass the length
of the lake. The resonance condition is frequently
equaled because weather systems often travel with
roughly that same speed.

Other factors have recently been examined; ex
tending Rao's (1967) work by use of more sophisti
cated computational algorithms, Libicki and Be
dford (1990) demonstrated that the converging
geometry of the shoreline near Buffalo was a far
more important contributor in creating high surges
than previously acknowledged. Pure resonance
does occur and is marked by the presence of a high
localized flip of the water surface near Buffalo.
This flip is a brief localized pulse of water surface
elevation which increases the water level 1 to 2 ft.
more than the elevation due to non-resonant geom
etry focused surges. Of the five worst surges in
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Lake Erie, this flip was observed only once (in the
April 1979 storm) and resulted in the highest am
plitude ever recorded by over 1 foot. This storm
surge was a resonant response; the other four
worst surges were not resonant responses.

Free Mode Response

After passage of the stress event, the potential en
ergy stored in the surge is released and expressed as
free oscillation gravity waves called seiches. The
entire basin is activated by seiche activity. Follow
ing the lead of Csanady (1982), Csanady and Scott
(1974), and Mortimer (1963) coastal jets and inter
nal (baroclinic) and surface (barotropic) Kelvin
waves can occur as well. Unlike the IFYGL Lake
Ontario work, very little work has been done in
Lake Erie in fully exploring this resulting near
shore activity. Since coastal jets and Kelvin waves
might affect how tributary discharges develop,
more research will be required in this area.

The structure of seiche activity is ,widely known
from observations made at the nine water level
gauges surrounding the lake and a number of one
and two-dimensional computational experiments.
With the reviews by Mortimer (1963) and Hamblin
(1987) providing the historical context, the follow
ing features are known. There are five persistantly
observed longitudinal free modes in Lake Erie and,
as the initial modeling and spectral analyses of
Platzman and Rao (1964a,b) showed, the basin
wide average periods are 14.1, 8.9, 5.7, 4.1, and
3.7 hours. A transverse mode was numerically
speculated upon by Platzman (1963) and observed
for the first time in the data by Dingman and Be
dford (1984). The structure of these modes, i.e.,
positioning of null oscillation lines, timing and
phasing, volume transports etc., has been exten
sively researched. It has been initially shown by
Platzman and Rao (1964a,b) that the seiches con
tain a counter-clockwise progression of high water
which is introduced by Coriolis activity. This am
phidromic structure then results in phase lags be
tween high water occurring at different points
around the lake. The first four amphidromic mode
structures and phase relations are shown in Figure
4 as redrawn from Hamblin (1987). These struc
tures are calculated from model results.

Platzman and Rao (1964b) used a one
dimensional analysis to define typical water surface
elevation, volume transports, and cross section av
erage current speeds for the longitudinal modes.

The one-dimensional cross-section average ap
proach is particularly effective in summarizing the
gross behavior of the seiche modes and Figures 5a,b
contain these behaviors as redrawn from the 1964b
reference. For clarity of presentation, the authors
have given each mode a unit elevation at Buffalo.
Spectral analyses published by numerous authors
clearly show that each successively higher mode has
a smaller elevation contribution. For instance, at
Toledo the mode elevations referenced to a unit ele
vation for the fundamental oscillation are in the
ratio of 0.8, 0.72, 0.47, and 0.40 for the second
through the fifth modes. Implicit in these diagrams
are several simple features of seiche activity. First,
the relative amplitude of each successively higher
mode is less than the fundamental mode, however,
different amplitude modes are dominant in differ
ent parts of the lake. For instance, the first, third
and fifth modes are close to null east of Cleveland,
while the maximum second mode amplitude excur
sion occurs at this point. By implication then, dif
ferent tributaries along the lake will be subjected to
water level fluctuations of different period and am
plitude, i.e., the second mode dominates the spectra
of Cuyahoga River (No.9, Fig. 1) elevation while
the first mode dominates at the Maumee River (No.
1, Fig. 1).

A second feature is that water volume transports
are generally maximum at null oscillation lines.
Water volume transports, therefore, will also be
different at different positions on the lake. From
Figure 5b it can be see that the first mode maxi
mum transport occurs near Cleveland/Fairport,
while the second mode maximum transport occurs
near the Huron River (No.5, Fig. 1) and Erie,
Pennsylvania. It is important to remember these
transports are, in general, oscillating/periodic as
are the elevations but are in general 90° out of
phase with the elevation. The concept of maximum
seiche excursion length (Sorenson 1978) associated
with each mass support mode is applicable but has
yet to be performed in detail for the Great Lakes
with regard to tributary influences.

From inspection of Figures 4 and 5a it is quite
clear that, during and after storms, oscillatory pos
itive and negative water levels relative to the still
water level will occur at various wetland and tribu
tary sites around the Basin. For example, Toledo
and Buffalo sites will be dominated by the 14-hour
fundamental water level oscillation. These oscilla
tions are severe enough to cause not only flood
waves upstream, but flow reversals in the Maumee
River (Pinsak and Meyer 1976) and the Detroit
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FIG. 4. First four Lake Erie free mode structures (redrawn from Hamblin 1987).

River (Derecki and Quinn 1990). The Cleveland/
Cuyahoga area being near the maximum amplitude
excursion of the second mode will see water level
oscillations with 9-hour periods. In essence then,
certain storms, by unleashing slow long-period
gravity waves in Lake Erie, give rise to periodic
flood wave phenomena in certain tributaries.
These flood waves are often strong enough to
cause partial or complete flow reversals. Since the
decay modulus (Platzman and Rao 1964b) for
these seiches indicates an exponential decay of am
plitude maxima, it is estimated that over 3 days of
fundamental mode oscillation are required for full
diminishment. Often, in the spring and fall, storms
arrive more frequently and therefore seiche activity
persists. These seasons are expected to contain the
highest probability for the episodic wetland and
tributary transport disruption due to waterlevel

fluctuations, flow reversals, or flood wave
propagation.

Periodic waterlevel oscillations and flow rever
sals suggest that contrasts with estuaries are in or
der so as to learn of possible transport disruption
mechanisms.

A SUMMARY OF ESTUARY TRANSPORT
ATTRIBUTES AND A FIRST COMPARISON

WITH LAKE ERIE TRffiUTARIES

From the early estuary overview works of Ca
meron and Pritchard (1963), Hansen and Rattray
(1966), Dyer (1973, 1986), Officer (1976), and Mc
Dowell and O'Conner (1977) several features of
estuary transport physics serves as a starting point
for selecting similarities and dissimilarities. First,
estuarine density variations derive from salt with
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FIG. 5. Normalized Lake Erie water levels (a) and
water volume transports (b) (redrawn from Platzman
and Rao 19Mb).

severity of the freshwater discharge contrasted to
the tidal flood or ebb momentum, the saltwater
density interface may move up or down the estuary
and attain a variety of positions. Figures 6a-6d (af
ter Dyer 1973) are schematics of the possible den
sity structure of estuaries where dense water results
from salinity and fresh water is assumed lighter
than salt water.

The velocity structure of estuaries has also been
schematized in the early works of Pritchard (1955)
and Dyer (1973). Dyer's ideas also appear in Figure
6 and even in these highly schematized portrayals,
the simple interactions between freshwater dis
charge, tidal velocity, density structure, and to
some extent bathymetry reveal quite complicated
flow structures. For the most part, the most intui
tive structure is the flow reversal introduced peri
odically by the tide. It is persistent for marine estu
aries and results in considerable longitudinal and
vertical differences in velocity. Indeed, as the sche
matics suggest, it is quite possible to have flows
going in opposite directions at the same estuary
position. Such intense flow gradients result in
shear, a primary source of energy, mixing, entrain
ment, and sediment resuspension. Field examples
have been in the literature for some time (Wright
and Coleman 1974) and clearly document these
schematics. Field studies of even the most elemen
tary nature such as these early marine velocity ob
servations have yet to take place in the Great Lakes
tributary confluences.

Dyer (1973) also presented a schematic for estua
rine flow over a sill or bar. The field evidence in
Wright and Coleman (1974) concentrates on this
feature and shows the cross-sectional density pro
file as the tributary enters the Gulf of Mexico dur
ing flood and ebb tides. Internal waves are clearly
observed when the Froude Number is greater than
one. Four regions of distinct hydrodynamic activ
ity are noticed in the transition from channel to
receiving water. Since sills and bars exist in wet
lands and river mouths along the lakes, these fea
tures clearly suggest as yet unresearched processes
affecting transport and exchange.

With these simple schematic outlines of estuary
physics the question becomes whether there are
any analogs to the Lake Erie tributary physics and
if so, is there observational evidence upon which to
confirm these analogies.

With regard to the density structure, Lake Erie
tributaries do not contain salt in sufficient concen
tration to affect the flow structure. However, given
the freshwater density versus temperature curve,
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concentrations varying along the estuary from the
freshwater head (zero concentration) to the ocean
receiving water (concentration is maximum). The
longitudinal variation can have a low gradient such
as when freshwater inflow and tidal velocity might
be weak or can have a gradient so high as to give
rise to a density interface. Dyer (1988, 1986) and
Pritchard (1955) presented schematics of the vari
ous types of density structures that can exist, and
although one may argue the merits of the details, it
certainly is the case that such density gradients ex
ist and are permanent features of estuaries. The
sharpness of the vertical and/or horizontal density
gradient determines to what extent internal waves
exist on the interface. Finally, depending on the

a;
>
3 0.5
(])
~
(lj
--l
C
(lj
(])

::2: -0.5
(])
>o
.0
(lj

C
o
.~

>
(])

w

a;
>
3 0.5
(])
~
(lj
--l
C
(lj
(])

::2: -0.5
(])

>
.8
(lj

c
o
.~

>
(])

w



582 K. W. BEDFORD

Fresh (Low Density) ---

432

C. Partially Mixed

4

Salt (High Density)

32

A. Salt Wedge without
Friction

Density

lh
1234

Velocity

~
Density

~
£ 2
Co 3
~ -4

Velocity

~

B. Salt Wedge with
Friction

Density

·~w~ 3
Q) 2
o 1

2 3 4

Velocity

,-
D. Homogeneous with

Lateral Variation

Density

I I.c I Ia.
Q) I I
0 I I

I I
I .

1 2

2

2

Salt

Velocity +

-- Left Side Channel

- - - - Right Side Channel

FIG. 6. Schematics of four marine estuary density and velocity structures defined from Dyer (1973).

and its maximum at 4°C, the effect of thermally
induced density differences is quite possibly pro
nounced. This is particularly the case when tribu
tary waters, being generally shallower, heat and
cool more rapidly than Lake Erie water during
spring and fall seasons, respectively. The possible
consequences are as follows. Starting with water at
O°C during ice cover, the tributaries would warm
more quickly and would reach density maximum
more quickly. Therefore, for a brief time in the
spring, tributary waters would sink below lake wa
ters at the confluence only to have this reversed
with further heating of the tributary waters and
lake's waters having reached their density maxi
mum later on. It is hypothesized that tributary wa
ters would then be less dense and more readily flow

over the lake water. This effect would obviously
diminish as heating reached equilibrium during
early summer.

Somewhat the reverse situation could occur dur
ing the fall; tributary waters losing heat more rap
idly would be more dense and flow under the lake's
water at the confluence. Again, a brief interchange
could occur if the tributary waters go through den
sity maxima before the lake's waters. Indeed, such
an annual cycle of density structures could be con
siderably more complex than the estuary case and
far more ephemeral as it is driven by meteorologi
cal and climatic circumstances. In contrast, the salt
content in the ocean water is fixed and doesn't vary
seasonally according to the weather. Both the estu
ary and confluence density structure are similar, in
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that freshwater inflow at the head plays a strong
role in determining the position of the interface
longitudinally in the channel and the degree of tilt
in the interface. Observational evidence is summa
rized in the next section.

Insofar as the water surface elevation changes
are concerned, it is clear that long waves propagate
up and down the Lake Erie rivers; the period and
mode structure is quite complex in that up to five
long wave modes with periods as small as 3 hours
may be propagated within the tributary. These
wave events result from surges and seiches which
are weather dependant and not persistent. Tide
waves have a clear frequency and amplitude struc
ture which is modulated by solar and lunar activity
with periods of longer than one-half day, there
fore, aperiodic pulses are less frequent or complex
in estuaries. Unlike Great Lakes seiche waves,
however, tide waves are persistent.

In the lake's tributaries, it is often assumed that
seiche-induced flood waves propagate upstream
without disrupting the lakeward tributary flow.
This would especially be the case for non-stratified
conditions where the tributary discharge momen
tum was more substantial than the weak channel
flow induced by a weak flow floodwave. In con
trast, strong flood waves resulting from storm
surges could cause complete flow reversals in the
tributary. Again, these occurrences are climate de
pendant, episodic, and are not persistent.

With these simple contrasts in mind, can any
observational evidence be cited to substantiate the
hypothesized tributary-Lake Erie interactions?

OBSERVATIONAL EVIDENCE

Observational evidence of these activities is neither
coherent, comprehensive, nor thorough; particu
larly as regards circulation and velocity features.
Temperature data, which are easily measured, exist
and indicate that certain of the suggested density
features do exist. Schroeder and Collier (1966) pre
sented temperature data for the Cuyohoga River
(Figs. 7a,b) which show the downstream variation
of temperature for a fall condition (21 October
1964). The graphs do suggest compliance with the
hypothesized variation. The Maumee River bay
and lake interaction has been thoroughly investi
gated for dredging activities (Fraleigh et al. 1975)
and from an International Joint Commission initi
ated study (Pollution from Land Use Reference
Group, PLUARG) on how the winter melt af
fected the Lake Erie nearshore region (Pinsak and

Meyer 1976, Herdendorf and Zapotosky 1977, for
example). Figure 8 is a plot from Fraleigh et al.
(1975) showing the seasonal variation in water tem
perature difference. Clearly, the Ottawa River/
Lake Erie temperature difference behavior is as
suggested earlier, but the Maumee River behavior
is not consistent with the hypothesis. It should be
noted, however, that in the Maumee River the lake
effect intrudes to over 20 km upstream and since
the Maumee River sampling point was well within
this Lake Erie/confluence mixing zone, the Mau
mee River data are not representative of the fresh
water tributary inflow temperature.

Detailed evidence abounds on the tributary wa
ter level disturbances in Lake Erie, most of it being
anecdotal until the early work of Brandt and Her-
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FIG. 8. Maumee Bay (Ottawa River) versus Lake Erie
temperature difference for the year 1974 (redrawn from
Fraleigh et al. 1975).
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FIG. 9. Sandusky Bay site and transect location sche
matic.

dendorf (1972). Detailed probabilities of each trib
utary's water level structure and response to surges
have not been done. Yet, the fact remains that the
tributary water level disturbances were well enough
known that USGS put their operational discharge
and water quality gauges enough upstream to be
away from the flood wave/flow reversing behav
ior. In the case of the Maumee and Sandusky riv
ers, these gauges are over 30 kilometers away from
the lake's edge.

Velocity/current data in these confluence and
mixing zones do not exist. Anecdotal information
is all that is available, however, Pinsak and Meyer
(1976) presented a flow persistence diagram for the
Maumee River. It is indeed disappointing that ve
locity data are not to this day routinely collected
simultaneously with the ubiquitously collected wa
ter quality data.

SANDUSKY RIVER/BAY - A COMPLEX
TRIBUTARY

The Sandusky River/Bay tributary system, a site
of considerable controlled and uncontrolled wet
land acreage, has been extensively sampled from a
water quality point of view and recently enough
precision was obtained in the data to allow a coup
led hydrodynamic and transport model of velocity,
chlorides, and sediments to be verified. As a result,
several of the hypothesized transport issues can, at
least for limited time periods of data, be substan
tively addressed. Some of these results are pre
sented here as examples of the possible tributary
complexities. The work referred to here is princi
pally based on the author's modeling as found in
Lee and Bedford (1987a,b), Bedford et al. (1988),
Bedford and Mark (1988), and Lyons et al. (1988).

These models are predicated on the data collected
by P. Richards and D. Baker at Heidelberg College
(Richards and Baker 1982). It is unfortunate that
the Sandusky Bay confluence is somewhat anoma
lous in contrast to all of the other tributary conflu
ences in Lake Erie (or most of the rest of the Great
Lakes for that matter). With reference to Figure 9,
the bay is shallow, on the average being 2-7 meters
in depth; only the presence of the shipping channel
at the confluence allows depths to attain 7 meters
or more. The bay is subjected to wind waves and
wind-driven circulation. It is located at the null
oscillation line of the second Lake Erie seiche
mode (Figs. 4, 5a) and itself contains two free os
cillation modes (Prater and Bedford 1982) with the
first being 3.0 hours and the second being 1.7
hours. It is noted in Figure 9 that the USGS load
ing data gauge is in Fremont, Ohio, some 29 km
upstream of the confluence on the perceived Lake
Erie effect.

The model detailed in the above references was a
combined two-dimensional, free surface nonlinear
hydrodynamic and transport model which incor
porated the effects of erosion and deposition from
a multi-layer bed, wind waves including air-water
temperature effects, time varying flow from the
Sandusky River, and Lake Erie water levels. The
time and space variations of currents, water levels,
and chloride, sand, salt, and clay concentrations
were predicted.

The conditions simulated (Figs. lOa-c) included
two storm induced river discharge events and a 6
foot Buffalo/Toledo set-up Lake Erie surge event.
As can be seen, the water levels varied continu-
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ously at Marblehead throughout the entire simula
tion period, 1 June-16 July 1981.

From the results presented in the above papers, a
few directly speak to the hypotheses suggested
here. The most important aspect of all is that Lake
Erie water level fluctuations occurring at the con
fluence never die away and propagate disturbances
into the bay. Figure 11 is a plot of sediment fluxes

(mass/area/time) at the three transects and it is
quite clear that the tributary confluence, Transect
C, is subject to oscillating fluxes where material
alternately enters and leaves the bay. Indeed, some
of these events are weak flow reversals which result
in daily average fluxes being entirely into the bay
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TABLE 4. Total sediment load passing each transect in Sandusky Bay for period 1 June-30 June 1981.

Transect
(Fig. 9)

C

B

A

Fremont

Total Sand Silt Clay
(Metric Tons, MT) (MT) (MT) (MT)

51,133 13,659 6,047 31,427
(26.7070) (11.8070) (61.5070)

50,494 -573 1,616 49,450
(-1.1 070) ( 3.2070) (97.9070)

242,812 8,200 57,213 177,399
( 3.4070) (23.6070) (23.0070)

372,194

for the lake (Bedford and Mark 1988). It is also
noted that the fluxes vary periodically at Transect
B as well, while Transect A suffers no such lake
induced reversal.

A second general area of similarity is in the sort
ing, deposition, and scouring behavior of the sedi
ments. Based upon the model simulated results in
Lee and Bedford (1987a,b), Table 4 summarizes
the total deposition of sediments in each size class
in the upper and lower basins as well as the total
flux past each transect during the simulation. It is
noticed that the upper bay, which is not affected by
Lake Erie seiches to any extent, is a net deposition
zone for clays with extrapolated annual accumula
tion rates on the order of 4 centimeters per year.
The western portion of the lower basin continues
to be a net clay deposition zone, but in general the
entire lower basin just transmits material through
from Transect B to Transect C. The seiching effect
of the lake, coupled with the bay's natural oscilla
tions, keeps the material generally in suspension. A
significant sand deposit occurs in the lower basin
east of the Johnson Island-Sandusky second mode
null oscillation (Fig. 12) and is hypothesized to ex
ist because of sand in the Lake Erie littoral drift
near the confluence being brought into the bay
during flow reversals and surges as well as the sei
ching which prohibits the settling of clay and silt
particles in the confluence. This behavior is quite
consistent with the recent summaries of estuaries'
sediment transport and hysteresis effects by Dyer
(1988, 1986).

Finally, estuaries have turbidity maxima or inter
faces that are arranged across the channel which
are high concentration bands of sediment and it
appears that there is one in Sandusky Bay as well
(Bedford 1989). A Landsat image, developed from
June 1981 data by Lyons et al. (1988), clearly

shows this interface and its close correspondence
with the null oscillation line. It should be noted
that the available data permit no further hypothe
sis testing about this interface but it is more than
coincidence that it occurs where it does, not only
because the null oscillation line for the Sandusky
mode is the point of maximum velocity energy
which is required for entrainment, but perhaps
more importantly, it is the maximum in-bay extent
of the horizontal transport of the second Lake Erie
mode, a 9-hour mode with a 2.5 km half excursion
distance which represents a primary source of en
trainment and mixing energy for the sediments.

FINAL REMARKS

While much of the information in this paper is well
known, there are several points to be noted. First,
the susceptibility of the shallower Great Lakes to
storms introduces not only the intuitive widely ob
served water level changes but also possibly impor
tant changes in the flux of material being carried in
the water column. It is anticipated that not only
the flux magnitudes will possibly change over these
transient disruptions, but also the flux direction.
Second, as attention is increasingly focused on
shorter term disruptions, the corresponding spatial
reorganization of water masses of quite different
character will involve the location, measurement,
and tracking of interfacial conditions. Third, the
analogy with marine estuaries is correct in suggest
ing that the flood and ebb conditions are asymmet
ric in that the concentration and fluxes during
flood are quite different than those during the sub
sequent ebb. Fourth, the analogy is not correct in
that the differential heating enhances springtime
interfacial development which potentially reverses
during the fall cooling season. Finally, the lack of
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velocity field measurements in these regions pro
hibits any flux estimates from being robustly quan
tified and adaptations of useful estuary concepts
from being attained. In this author's opinion, rem
edying the lack of velocity and corresponding flux
data in these regions should be a primary manage
ment goal.
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