BASIN-SCALE WAVES DYNAMICS AND SEDIMENT RESUSPENSION
MECHANICS IN CENTRAL LAKE ERIE

by
Reza Valipour

A thesis submitted to the Department of Civil Engineering
In conformity with the requirements for

the degree of Doctor of philosophy

Queen’s University
Kingston, Ontario, Canada
(December, 2012 )

Copyright © Reza Valipour, 2012

Abstract
High-resolution physical and biogeochemical field data in central Lake Erie during the summers of 20082009 along with a three-dimensional numerical model were used to investigate the dynamics of basin
scale waves and sediment resuspension mechanisms. In Chapter 2, the modal response of the Poincaré
waves in the lake is assessed. The vertical mode-one Poincaré wave was found to be mostly dominant
during the seasonal stratified period. The horizontal modal structure was also investigated in a sensitivity
analysis, using the numerical model forced with real and idealized wind events. In Chapter 3, dynamics of
bottom mixed layer (BML), primarily forced in the outer layer by surface seiches and Poincaré waves is
studied for two 10-days representative intervals of weak and strong stratification. Shear velocity was
calculated by least square fitting the well-known law-of-the-wall equation to observed near-bed velocity
in a region of constant shear stress. Height of the BML is computed using water density (from water
temperature) and compared with heights of logarithmic layer approximated using the law-of-the-wall
equation and its modified form with buoyancy length scale term. Published equations for estimating BML
heights are evaluated and modified for the lake. In Chapter 4, we investigate physical processes leading to
sediment resuspension in the lake including surface waves (periods of 4-8s), up/downwelling events
(periods of 3-4 day), and high frequency internal waves (periods of 5-45min). Temporal changes in nearbottom sediment resuspension are illustrated using changes in acoustic backscatter signals from current
profilers and time series of turbidity measurements to identify the mechanism responsible for sediment
resuspension. Resuspension is parameterized as a function of the critical velocity ~0.25ms-1 and from
surface waves using linear wave theory. Finally, based on the critical velocity and sediment grain size
analysis (from in-site field data), critical shear stress and Shields parameter are calculated and compared
with previous observations in Lake Erie and in other locations suggesting a modified Shields diagram for
silty bed materials.
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Chapter 1
Introduction
1.1 Literature review
Water covers more than two thirds of the earth surface area; however, only approximately (~) 1% of the
water is fresh, of which ~0.02% is inexpensively accessible in lakes and rivers, and the rest flows as
subsurface groundwater. Lakes, natural or artificial (e.g. dam reservoir), are well known to be reliable
sources of fresh water for urban, agricultural, industrial and recreational purposes. Thus, management of
lakes considering sustainable development is important to protect these resources of fresh water. Lake
management requires extensive knowledge and understanding of physical processes responsible for water
circulation and sedimentation, and lake hydrodynamic response to external forces such as wind or heat
flux (Fischer, 1979, Mortimer, 2004, Kundu and Cohen, 2002). The physical processes, which are mainly
energized by external and internal environmental factors, regulate the water circulation which directly
influence water quality and turbidity in lakes, demanding clarification of predominant processes and time
scales over which they evolve (Fischer, 1979, Mortimer, 2004, Kundu and Cohen, 2002, Mortimer, 1974,
Csanady, 1975). Below we introduce the typical structural layers of a stratified lake and show where in
the lake internal waves are energized, propagate, transfer their energy and break.
Lakes are subjected to a set of environmental energy transfers from different energy sources and
sinks including: solar radiation, sensible heat exchange between the lake and atmosphere, geothermal
heat, and latent heat transfer of which the lake atmospheric heat flux exchange and its interaction with
wind are well-known to be the most important factors (e.g. Fischer, 1979). In the absence of wind, the
water temperature profile in lakes tends to decrease exponentially with depth during the heat seasons.
However, due to presence of wind, the upper surface layer is mixed and consequently different thermal
zones in the lake are formed which are categorized as the epilimnion, metalimnion, and hypolimnion
(Fischer, 1979, Kundu and Cohen, 2002, Imboden and Wüest, 1995).
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Figure 1-1 Typical thermal structure in a lake and possible mixing mechanisms operating in a lake subject to
sudden wind stress during the summer period, (Bouffard, 2008, the sketch originally reproduced from personal
communication based on Saggio and Imberger 1998).

The epilimnion (see Figure 1-1) is the top-most layer in a thermally stratified lake. The upper part
of the epilimnion is the most dynamic layer in lakes and plays a significant role in the exchange rate of
oxygen, light, and nutrients between the lake and atmosphere, which directly influence the lake food
chain and biological interactions. The metalimnion, the interior layer, is a distinct zone in the water
column over which the temperature profile has a higher vertical gradient in depth. In the metalimnion, the
layer with maximum temperature gradient is called the thermocline, which may be thought of as an
invisible barrier that separates the upper mixed layer from the lower laminar deep water. The metalimnion
is also important region in physical limnology because internal waves are formed, propagate and break in
and around this region. Furthermore, the metalimnion noticeably influences the vertical exchange
between the surface and deep water in stratified lakes. The hypolimnion is the cold dense, bottom-layer of
water in a thermally stratified lake. The water column up to the point above the bottom boundary layer
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(BBL) in the hypolimnion region, always experiences laminar regime during the stratification period
since the metalimnion acts as a barrier to prevent vertical mixing into the layers below (e.g. Fischer, 1979,
Mortimer, 2004, Kundu and Cohen, 2002, Csanady, 1975).
The above stable stratification is frequently perturbed by the kinetic energy introduced into the
system by the wind. Part of this energy is stored into basin-scale internal waves that transfer the energy
throughout the lake at a longer time scale than the wind events (e.g. Wüest and Lorke, 2003). For example
in small lakes, it is well known that less than 2% of the total wind energy goes into the lake (Figure 1.2).
Eighty percent (80%) of this energy dissipates in the surface layer. Ninety percent (90%) of the energy
penetrated into the deeper layers later dissipates in the BBL (Lorke and Wuest, 2005). The lake basinscale response to wind is poorly understood especially in large lakes such as the Great Lakes, which are
influenced by earth rotations and have Poincaré and Kelvin waves as ubiquitous feature (e.g. Mortimer,
1974, 1987 and 2004).

Figure 1-2 The flux of turbulent energy in Lake Alpnach, Switzerland (reproduced and painted from Lorke and
Wuest, 2005).

One of the world’s most important inland water systems is the North America Laurentian Great
Lakes, including Lake Michigan, Superior, Huron, Erie and Ontario (Figure 1.3) which collectively
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contain around one fifth of the world’s fresh surface water (Mortimer, 2004, Chapra, 1997, Csanady and
Scott 1974). The focus of this study is on Lake Erie as it is suffering from hypoxia (low dissolved oxygen,
<5 mg l-1) in an area of ~10000 km2 (e.g. Hawley et al., 2006) during the summer when stratification is
strong until the deepening of the thermocline in late summer (the oxygen in the water column should
remain >5mgl-1 as mandated by the International Joint Commission, Canada and the US to maintain the
$100s of million fishery. Although ~ $8 Billion has been spent to meet this goal, this has not been
successful, e.g. see http://www.ijc.org/). Below a brief background on Lake Erie and its summer hypoxia
is provided.
Located in eastern North America on the Canada-US border, Lake Erie is the shallowest of the
Laurentian Great Lakes (Figure 1.3; 388 km length and 92 km maximum width). Lake Erie consists of
distinct western (from Toledo, OH to Leamington, ON), central (from Leamington, ON to Erie, PA) and
eastern (from Erie, PA to Buffalo, NY) basins, which have average depths of 10m, 25m, and 50m,
respectively. Lake Erie has a vast watershed. One-third of the population living in the Great Lakes’
catchment area reside within this watershed and, as a result, this area has been subjected to considerable
pollution due to the influx of phosphorous and other types of nutrients and pollutants from urban,
industrialized, and agricultural regions (Loewen et al., 2007, Rao et al., 2008, Boegman et al., 2008b).
Lake Erie has experienced different environmental stresses. Its western and central-western
basins have changed from mesotrophic (lakes with an intermediate level of productivity) to eutrophic
(lakes with high primary productivity due to excessive nutrients) during the 1950s- 1970s. In the late
1960s, the severe eutrophication caused government and non-governmental
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Figure 1-3 Lake Erie (a) Location in North America-dark blue, (b) among other Great Lakes, (c) significant
physiographical features, (d) schematic view of three distinct sub-basins, (e) three-dimensional plot of bathymetry,
the axis is based on Universal Transverse (UTM) in the zone 17-North.

organizations in Canada and the US to be alarmed. In response, in 1978, a joint Canada-US phosphorus
reduction program monitored and reduced high phosphorus concentrations, from wastewater treatment
plants and agricultural runoff (Munawar et al., 2002). Furthermore, invasive zebra mussels have been
proliferating and spreading all across Lake Erie since 1988. This invasion has increased the water
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transparency up to 77% by reducing the phytoplankton biomass (Loewen et al., 2007). Lake Erie is now a
recovering system due to implementation of various water quality programs (Koonce et al., 1996).
However, new observations show the lack of oxygen (hypoxia) in the western and central basins in Lake
Erie (Figure 1-4) during late August and September (Rao et al., 2008, Boegman et al., 2008b, Bouffard et
al., 2012b).
The recovery programs have not improved oxygen levels since 1950, particularly in the central
basin during the stratification period (Rao et al., 2008). Recent studies reveal that hypoxia is occurring in
the central basin of Lake Erie as the downward transport of oxygen is prohibited during stratification
(Bouffard et al., 2012b). Recent hypothesis, based on on-going observations, about hypoxia in the
western-central basin of Lake Erie also suggests that physical factors, as opposed to nutrient loads, may
be governing hypoxia in the lake (e.g. Hawley et al., 2006, Bouffard et al., 2012b). For example, sediment
resuspension due to internal wave breaking during stratification may increase the sediment area, resulting
in more oxygen consumption in the water column (Boegman et al., 2008b, Ackerman et al., 2001).
Turbulent mixing also regulates oxygen flux from the surface layer, through the metalimnion, and into the
hypolimnion (Imboden and Wüest, 1995, Imberger, 1998, Saggio and Imberger, 2001) and the oxygen
flux from the hypolimnion to the sediments by regulating the diffusive sublayer thickness (Lorke et al.,
2003). Surface wind-waves, surface and internal seiches, wind-driven horizontal circulation, convective
mixing, hydraulic flow, shear instabilities, Poincaré, Kelvin and high frequency internal waves are all the
potential sources of turbulent kinetic energy sustaining turbulence (Fischer, 1979, Bouffard et al., 2012b,
Saggio and Imberger, 2001, Valipour et al., 2012).
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Figure 1-4 Lake Erie longitudinal cross section: Modeled (laterally averaged) and observed (midlake) DO
(dissolved oxygen) profiles during the three Lake Erie summer cruises. Both the modeled and the field data are
longitudinal interpolations from profiles at the locations indicated by the arrows. The modeled data are
instantaneous outputs corresponding to the temporal midpoint of each cruise (Boegman et al., 2008a).

A considerable amount of numerical, field and laboratory work has been conducted to describe,
model and predict the mixing and circulation in stratified lakes (Mortimer, 1974, Hodges et al., 2000,
Boegman et al., 2003, Boegman et al., 2005a, Boegman et al., 2005b, Lorke et al., 2002, Lorke, 2007,
Marti et al., 2005, Bouffard et al., 2012a, Mortimer, 2006, Royer et al., 1986, Antenucci, 2009, Antenucci
and Imberger, 2001, Fricker and Nepf, 2000). However, there is still lack of knowledge about the
characteristics of basin scale internal waves, time evolution of the associated BBL and bottom mixed
layer in Lake Erie. Moreover, although there are observations on near-bed high turbidity events in central
Lake Erie (e.g., Rao et al., 2008), the mechanisms responsible for such events- either by surface waves,
basin scale internal waves or observational degeneration associated with energy transfer from the basinscale internal waves to high frequency waves- production of TKE and associated sediments resuspension
have remained unknown.
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1.2 Thesis outline
The main objectives of the present study are to understand (1) the horizontal/vertical modal structure of
the Poincaré waves, (2) the dynamics of bottom mixed layer induced by predominant basin-scale waves
(Poincaré waves and surface seiches), and (3) mechanisms responsible for sediment resuspension during
spring-summer stratified period in the central Lake Erie. To do so, in Chapter 2, the modal response of the
internal Poincaré waves in central Lake Erie is clarified through the analysis of mooring data, from
deployments during the summers of 2008-2009, and employing three dimensional numerical simulations.
This is the first such analysis in a large shallow lake. In Chapter 3, the dynamics of the bottom mixed
layer BML is studied by analyzing the field data for two 10-day intervals when the BML mainly forced
from the outer layer by surface seiches and Poincaré waves. Existing models for the BML thickness are
empirically tested and modified for the lake. In Chapter 4, physical processes leading to sediment
resuspension including surface waves (periods of 4-8s), high-frequency internal waves (periods of 545min) and up/downwelling events (periods of 3-4 d) in central Lake Erie are investigated. The data are
applied to extend the Shields diagram for silty sediments. In Chapter 5, conclusions are drawn and
suggestions for future work, based on the presented results, are given.
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Chapter 2
Internal Poincaré Waves
2.1 Introduction
Basin-scale internal waves generate horizontal velocities in lakes during stratified periods (Mortimer,
2004, Antenucci, 2009, Mortimer, 1987). The energy of these waves is ultimately converted to
irreversible mixing and dissipation as they oscillate along the lake bed (Gloor et al., 1994) and through
the generation and breaking of high-frequency internal waves (Boegman et al., 2003, Saggio and
Imberger, 1998); which drive vertical nutrient and oxygen transport (Bouffard et al., 2012b). Although
there has been research on the modal structure of basin-scale internal waves in small (e.g. Boegman,
2009) and medium (e.g., Hodges et al., 2000, Antenucci and Imberger, 2001, Shimizu and Imberger,
2008) sized lakes, the structure of internal waves in large lakes remains comparatively less understood
(e.g. Mortimer, 1974, Csanady, 1975, Schwab, 1977), and ongoing research is on idealized basins (e.g.
Beletsky et al., 1997,Wake et al., 2005) and seasonal currents (Beletsky et al., 1999).
Basin-scale internal waves are generated during the stratified summer season when wind forcing
tilts the surface (barotropic) and thermocline (baroclinic) (Fischer, 1979). After the wind stops, the
interfaces relax leading to the generation of barotropic and baroclinic basin-scale waves (or seiches). As
lakes become larger (e.g. Lake Erie), the Earth’s rotation becomes significant for the slowly propagating
baroclinic waves, but not the faster barotropic waves (see Antenucci, 2009), which in turn modifies the
classical two-dimensional internal seiche pattern and changes the energy flux paths (Bouffard et al.,
2012b); the longitudinal internal seiche becomes a cyclonically propagating Kelvin wave (counterclockwise in the Northern Hemisphere), and the transverse internal seiche becomes an anti-cyclonic
Poincaré wave. The strength of rotation is parameterized according to the Burger number, S=cL-1f -1,
where f is the inertial frequency, and L is the characteristic length scale of the lake, typically half of the
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largest dimension of a lake (Antenucci and Imberger, 2001) and c is the wave phase velocity which for a
two-layer system is expressed as:

c=

g(ρ2 − ρ1 ) h1h2
ρ2
(h1 + h2 )

(2.1)

where h1 and h2 are the epilimnion and hypolimnion thicknesses, ρ1 and ρ2 are the epilimnion and
hypolimnion density, and g is the gravitational acceleration. In all the Great Lakes (with S~0), the
frequencies (ω) of Kelvin waves are much lower than the inertial frequency ω << f, whereas near-inertial
or Poincaré waves have ω > f (Mortimer, 2004,Gill, 1982). For S< 1 (medium sized lakes), the rotational
(Poincaré and Kelvin) waves are manifest throughout the basin, and there has been considerable research
on their modal structure (Hodges et al., 2000, Antenucci, 2009, Saggio and Imberger, 1998). In large
lakes (S < 0.1, e.g. Lake Erie, for typical stratification with h1=9 m on day 190 in 2008, S~ 0.1), Poincaré
waves are distinctively seen in the lake interior while Kelvin waves form as a coastally trapped jets
propagating within a few Rossby radius, Ro = c/f, from the point where the thermocline intersects the
shore e.g. (Csanady, 1975, Antenucci and Imberger, 2001). Depending on degree of stratification (in rare
conditions), a lake may experience subinertial Kelvin wave (f<ǀωǀ) as mathematically shown by Antenucci
et al. (2000) for an idealized elliptical lake.
The horizontal modal structure associated with the free-oscillation of basin-scale waves for a flat
bottom basin can be mathematically expressed as (Csanady, 1967):

!2! 2 !2! !2!
" c ( 2 + 2 ) + f 2! = 0
2
!t
!x !y

(2.2)

where η(x,y,t) is the internal wave elevation (thermocline displacements due to the wave presence), t is
time, x and y are east-west and north-south coordinate directions, respectively. Using separation of
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variables (Csanady, 1967), η= ei t H(x,y) where i is an imaginary number,
ω

Equation 2.2 can be

rearranged:

∂ 2 H xy
∂x 2

+

∂ 2 H xy
∂y 2

= K β H xy

,

f 2 −ω2
Kβ = (
)
c2

(2.3)

where Kβ is constant and positive if f > ǀωǀ (Kelvin wave equation), negative when f < ǀωǀ Poincaré wave
equation), and zero when f = ǀωǀ (inertial wave equation). Solving Equation 2.3 with appropriate
boundary conditions (e.g. Csanady, 1967) leads to a unique class of solutions describing the wave shape.
If only one Kelvin and/or Poincaré wave spans over the entire basin, longitudinal mode-one (H1) is
formed. Higher longitudinal modes occur when the numbers of nodes increase in the longitudinal
directions. The ratio of potential to kinetic energy scales with S for Poincaré waves (Antenucci and
Imberger, 2001), so for large lakes, it is better to use velocity signal to study Poincaré waves (e.g.
Mortimer, 2006, Antenucci, 2009).
Equation 2.2 has been applied to idealized rectangular and circular basins with flat bottoms, to
analytically solve for the basin-scale internal wave periods and vertical/horizontal modal structure (e.g.
Mortimer, 1974, Saggio and Imberger, 1998, Rao and Schwab, 1976). Numerical solutions have been
computed allowing for variable depth and more realistic topography in the Laurentian Great Lakes
(Schwab, 1977, Hamblin, 1982) leading to better description of the theoretical horizontal modal structure
in these lakes, including the location of nodes for different horizontal modes and their associated natural
frequencies. Effects of friction, variable depth and variability in wind forcing have not been considered.
More recently, Antenucci and Imberger (2001) used plane elliptic coordinates to extend Csanady’s
analytical model and suggested a simple polynomial relationship between S, inertial frequency and the
frequency of the H1 Poincaré waves. These models, however, solve for the periods of free oscillation and
are unable to provide information on the dominant lake response to wind forcing.
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To identify the dominant horizontal modes in Lake Kinneret, Gómez-Giraldo et al. (2006) used a
three-dimensional (3D) numerical model (ELCOM). They argued that basin shape, at the depth of the
thermocline, and the dispersion relation are the key features required to determine the horizontal basinscale modal structure. Shimizu et al. (2007) later extended the Gómez-Giraldo et al. (2006) work to
investigate which horizontal mode becomes dominant after the passage of a storm over Lake Biwa.
In most lakes, the factors governing the distribution between vertical mode-one (V1) and modetwo (V2) remain unclear, with the V1 internal seiche typically predominant after a wind event. Munnich
et al. (1992) found that resonance with the wind favored the formation and amplification of V2, in a small
Alpine lake. Vidal et al. (2007) had similar findings in Lake Benza. Wiegand and Chamberlain (1987)
and Fricker and Nepf (2000) observed transition from V1 to V2 within a couple of V1 periods after a
wind pulse in small lakes. Both studies suggested that the topography and degree of stratification
regulated this modal evolution and found a correlation between the bottom currents and internal seiches
modes, concluding that V1 dissipates faster because the induced bottom stress is stronger than for V2. In
the ocean, MacKinnon and Gregg (2005) observed that changes in wind forcing and bottom stress are
responsible for the change of near-inertial waves from V1 to V2. Stevens and Imberger (1996) conducted
laboratory experiments to show that V2 seiches are likely to be generated when there is an asymmetry in
the wind-induced tilting of upper and lower interfaces of the metalimnion. Antenucci et al. (2000)
postulated that differences between period of basin-scale internal waves and the daily wind are
responsible for generation of higher mode Poincaré waves in Lake Kinneret.
Basin-scale internal waves have been studied in Lake Erie by different researchers (Table 2.1).
The predominant offshore baroclinic feature in this lake is the internal Poincaré waves with a period
around 17 h, very close to 14 h fundamental period of the surface seiche (Table 2.1). Royer et al. (1986)
showed that V1 and V2 occur in central Lake Erie and that V2 takes longer to set-up than V1. Rao et al.
(2008) showed that Poincaré waves play an important role in the formation of hypoxia in the central basin
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of Lake Erie and Bouffard et al. (2012b) quantified the vertical oxygen flux resulting from Poincaré
wave-induced shear-instability.

Table 2.1 Comparison of estimated dominant frequencies based on temperature and velocity data in Lake Erie by
different researchers.
Cause

Period (h)

Reference

Longitudinal-Wind Component

100

(Boegman et al., 2001, Platzman and Rao, 1964)

Diurnal wind

24

(Boegman et al., 2008b, Boegman et al.,
2001,Platzman and Rao, 1964, Boyce and
Chiocchio, 1987)

Inertial Frequency

18

(Rao et al., 2008, Royer et al., 1986, Boyce and
Chiocchio, 1987)

15-17

(Rao et al., 2008, Royer et al., 1986, Royer et al.,
1987, Hamblin, 1971)

Poincaré waves

First Surface Gravitational Seiche

14

Second Surface Gravitational Seiche

9

Third Surface Gravitational Seiche

6

(Boegman et al., 2001, Platzman and Rao, 1964)

Fourth Surface Gravitational Seiche

4

(Platzman and Rao, 1964)

(Rao et al., 2008, Boegman et al., 2001, Platzman
and Rao, 1964, Saylor and Miller, 1987)

The objective of this Chapter is to determine the horizontal and vertical modal structure of the
Poincaré wave in the central basin of Lake Erie. To do so, we analyze thermistor chain data and velocity
profiles, recorded in the central basin during the summers of 2008-2009. The mooring observations are
projected spatially across the lake using a 3D numerical model forced with both observed and idealized
wind forcing conditions to determine modal structure changes in response to typical wind events.
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2.2 Methods
2.2.1 Study area
Lake Erie (Figure 2.1, 388 km length and 92 km maximum width) is the shallowest of the Laurentian
Great Lakes and consists of distinct western (from Toledo, OH to Leamington, ON), central (from
Leamington, ON to Erie, PA) and eastern (from Erie, PA to Buffalo, NY) basins, which have average
depths of 10 m, 25 m, and 50 m, respectively.

2.2.2 Observational methods
In the summers of 2008-2009, extensive field measurements (Figure 2.1 and Table 2.2) were carried out
in the central basin of Lake Erie to address the hypoxia problem (e.g. Rao et al., 2008). These included
high-resolution temperature and velocity measurements (Table 2.2). Water temperatures were recorded at
stations (Sta.) 341, 1227, 1228, and 1231 using temperature loggers (TR-1050/ TR-1060, RBR Ltd.
±0.002ºC). A 1.8m-tripod was also deployed at a depth of 17.5m on the bottom of Lake Erie at Sta. 341.
The tripod was equipped with upward and downward looking acoustic Doppler current profilers (ADCPs;
Nortek, ±1% of measured values) at 1.8m above the bottom. The upward looking 600 kHz ADCP burst
recorded velocity at 1 Hz over 180 s in 1m bins to the surface and the downward looking 2 MHz ADCP
burst recorded velocity at 1 Hz over 256 s in 3 cm bins to the bed. Meteorological data were obtained
from a meteorological buoy at Sta. 341 that recorded average wind speed, direction, solar radiation (short
wave) and infrared radiation (long wave) every 10min. The field stations are located approximately 10km
apart. The ADCPs and all the loggers were programmed before the deployments. The instruments were
then deployed in the stations using a Canadian Coast Guard Coastal Research & Survey vessel (Limnos
with length of 45m). The instrument later were slowly deployed by cranes (on the Limnos) in the stations
(Figure 2.1 c,d). The tripod rest on the bottom was also recorded by an underwater video camera.
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Figure 2-1 (a,b) Map of Lake Erie and its bathymetry. Asterisks show the locations of the mornings. Bathymetric
contours are in meters and the axis is based on Universal Transverse Mercator coordinate system (UTM) in the zone
17-North, (c) schematic sketch of mooring at Sta.341 from left: met-buoy, thermistor chain and tripod, (d) tripod
equipped with ADCPs, ADV and RBRs before deployment on the bottom of Sta.341 in 2009.
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Table 2.2 Details of deployments in 2008 and 2009. TC denotes thermistor chain. Water depths at different Sta.
are: 11.6m (Sta. 1227), 14.6m (Sta. 1228), 17.4m (Sta. 341), 20.3m (Sta. 1231).

Sta.

Instrument

Year

Period

Interval (s)

Depth Range (m)

1227

TC

2008

May 1st-October 15th

10

[1,2,3,4,6,7,8,8.7,9.2,10.9]

1227

TC

2009

May 1st-October 15th

10

[ 1,2,3,4,5,6,7,8.5,9,9.5]

1228

TC

2008

May 1st-October 15th

10

[1,2,3,5,6,7,8,11.5,12,12.2,13,13.5]

1228

TC

2009

May 1st-October 15th

10

341

TC

2008

May 1st-July 31

10

341

TC

2008

July 31- October 15th

10

[1,2,3.5,4,5,6,7,8,9,12.75,13.5,14,14.5,15,
15.25,15.5,15.9,16.5,16.75,17]

341

TC

2009

May 1st-October 15th

10

[1,2,3,4,5,6,8,10,12,13,20,14.5,15.5,16.5]

341

ADCP

2008

May 1st-Aug 1st

900

1 to 15 (every 1 m)

341

ADCP

2009

May 1st-July 15th

900

1 to 15 (every 1 m)

1231

TC

2008

May 1st-October 15th

10

1231

TC

2009

May 1st-October 15th

10

[1,2,3,4,6,7,8,9,10,10.5,11,11.5,12]
[1,2,3,4,5,6,7,8,9,10,11,12,12.5,
13,13.5,14,14.5,15.25]

[1,2,3,4,5,6,7,8,10,11.5,12.5,13,
14,15,15.5,16,16.5]
[1,2,3,4,6,7,8,9,12,13,14,15,16,17,18,18.5
,19]

2.2.3 Wind stress, energy, heat flux and bottom stress
Wind stress τwind is calculated using the quadratic law τwind =Cd ρair ǀWǀ W where, W is the wind speed
measured 10m above the surface, ρair is the air density and the drag coefficient Cd= (0.8+0.065W) × 10-3
for W > 1 m s-1 (e.g. Rao et al., 2008). Surface heat flux is determined as the summation of short and long
wave radiation from the field measurements, sensible and latent heat flux which are positive going into
lake and calculated following (Fischer, 1979). The bottom stress is estimated using τb=ρ CD,B-2 uB-22, where
uB-2 is the velocity at 2 m above the bottom, ρ is the water density, and CD,B-2 is the bottom-drag
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coefficient and is constant CD,B-2 =3.36×10-3 from the best least square fit to observed bottom shear stress
(Valipour et al., 2012, see also Chapter 3); very close to the CD=3.3×10-3 result from (Ivey and Boyce,
1982) for velocity 1m above the bottom.

2.2.4 Baroclinic and barotropic currents
Recorded ADCP current profiles consist of barotropic and baroclinic components. Mean currents,
including short period surface seiches and longer period gyres, are extracted from the measurements as
(e.g. MacKinnon and Gregg, 2003):

V mean

1
=
H

H

∫ V dz

(2.4)

i

z = BBL

where Vi is the directional velocity component, z is the vertical coordinate (positive upwards), H is the
water column height and BBL is the height of bottom boundary layer, which is variable depending on the
current intensity (details are given in Chapter 3). Baroclinic currents therefore are calculated as follows:

Vbaroclinic = Vi − Vmean

(2.5)

2.2.5 Methods to calculate vertical modes
Baroclinic velocities are composed of a combination of different vertical modes. We decompose the four
predominant baroclinic vertical modes from the baroclinic velocity and mean density profiles using the
Taylor–Goldstein equation (e.g. MacKinnon and Gregg, 2005):

ψ k'' ( z ) =

N 2( z )
ψ( z )
Γk2

ψ k ( 0 ) =ψ k ( − H ) = 0

(2.6)

where k is the vertical mode, ψk is the vertical displacements of isotherms, Γ is a separation constant and
waves are assumed to be hydrostatic. N is the Brunt-Väisälä frequency expressed as:
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N 2( z ) = −

g ∂ρ ( z )
ρ 0 ∂z

(2.7)

where ρ0 is reference density of water, and ∂ρ/∂z is the gradient of density in the water column. To
determine the temporal distribution of the predominant vertical mode, the observed baroclinic velocity
profile is decomposed into a linear combination of horizontal velocity basis functions as follows:

Vbaroclinic ~ Vr =

∑ c ( t )φ ( z ,t ),
k

i =1 ,2 ,3

k

φ k ( z ,t ) =

dψ ( z ,t )
dz

(2.8)

where Vr is the reconstructed baroclinic velocity, ϕk(z,t) is the horizontal baroclinic velocity basis function
for each vertical mode and ∫H ϕk(z,t)dz=0 which is proportional to ψk, ck(t) are expansion functions in time
for each vertical mode calculated by finding the least-square fit to the linear combination of basis
functions. Having V1(t)=c1(t)ϕk(z,t) for east-west and north-south velocity components, the associated
time series of kinetic energy is calculated over water depth by KE-V1= ½ ∫H (V1east-west2+V1north-south2) and
likewise for V2, V3 and V4. Vertical modes are computed every 15 min (temperature time series in the
water column are 15 min decimated to adjunct with velocity, Table 2.2) using Equation 2.6. Once the
ϕk(z,t) are obtained, horizontal velocities associated to each vertical mode are estimated using Equation
2.8.

2.2.6 Numerical model to calculate horizontal modes
We also apply the 3D hydrostatic Reynolds-averaged Estuary and Lake Computer Model (ELCOM;
Hodges et al., 2000) forced with both observed and idealized wind data (e.g. Saggio and Imberger, 1998)
to determine the free and forced horizontal modal response of the lake to direct wind forcing. ELCOM
was chosen because it has been successfully applied to Lake Erie in a previous study (León et al., 2005)
and we adopt their model set-up, and ELCOM is capable of capturing basin-scale internal wave dynamics
in rotational systems (Hodges et al., 2000, Shimizu and Imberger, 2008). The bathymetry of the lake was
discretized with a 600m×600m uniform horizontal grid and 30 vertical layers (www.glerl.noaa.gov), with
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spacing every 1 m to 25 m depth, 5 m for 25-30m depth, 10 m for 30-50m depth, and 15 m for 50-65m
depth. The model was initialized using an observed temperature profile at Sta. 341, on day 180 in 2008.
The simulations with idealized winds were initialized with characteristic summer stratification, with a
thermocline at 9 m. A 300 s time-step satisfied the Courant-Friedrichs-Levy condition.
To determine the role of wind direction on the lake response, the simulations with idealized wind
forcing events applied 10 m s-1 (τwind = 0.17 N m-2) for 16.8 h from the south-west (along the major axis of
the lake) and from the north-east (along the minor axis of the lake), which are the predominant forcing
directions in summer (see Figure 2.2). The chosen wind speed represents a characteristic synoptic storm
event (Hamblin, 1987) and the wind duration was more than half of Poincaré wave period (16.8 h) to
provide enough energy for steady-state tilt of thermocline from which Poincaré waves evolve (Stevens
and Imberger, 1996). To assess the role of resonance, idealized periodic winds were applied, from
different directions, with the forcing period matching the 16.8 h and 33.4 h inertial period.

2.3 Results
2.3.1 Wind
The most frequent wind directions were from the north and south-west in both years (Figure 2.2). The
decomposed wind stress, into the north-south and east-west components, shows that in 2008 (Figure 2.3a)
the wind stress had maximum values of 0.11 N m-2and -0.19 N m-2, respectively, where the negative
denotes wind from the south or west. In 2009 (Figure 2.4a), the maximum wind stress was -0.15 N m-2and
-0.35 N m-2 from the north-south and east-west directions, respectively.

2.3.2 Seasonal temperature structure
The seasonal thermal structure in Lake Erie starts in spring as the weather warms. Generally, the summer
thermocline (taken here as 16 °C isotherm) is at 9-11m depth and intersects the lake-bed in late August.
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Figure 2-2 Wind rose plots using metrological data between May to October at Sta. 341 (a) of 2008, and (b) of 2009.

In 2008 (Figure 2-3) at Sta. 341, the seasonal thermocline was at ~9m on day 160. Between days
160-170, the degree of stratification increased to maximum N2>10-3s-2 and remained until day 242 (Figure
2-3d) when seasonal deepening of the epilimnion along the west -to east bed- slope pushed the
thermocline deeper to the lake bed (Figure 2.3b-f). Deepening of thermocline started from Sta. 1227 on
day 224 (Figure 2-3b) due to a strong north-west wind (Figure 2-3a). Two weeks later on day 236 a
sustained wind from the north pushed the thermocline deeper to the bed at Sta.1228, 341 and 1231 on
days 236, 241 and 242, respectively (Figure 2-3c-f). During the stratified period, long internal waves were
observed in the thermocline. The thickness of the metalimnion was found to vary from 0.6 m to 4 m
during this period, and so higher vertical modes are expected.
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Figure 2-3 Time series of 2008 (a) low-pass filtered (>12 h) wind stress components at Sta. 341 (b) thermal structure (low-pass
filtered, >10 min) at Sta. 1227, (c) Sta. 1228, (d) Sta. 341, (e) Sta. 1228. Isotherms are plotted every 2°C (12-20°C). Triangles show
thermistor depths and time is GMT

In 2009 (Figure 2-4), the strong stratification (maximum N2>10-3s-2) formed later in the season on
day 177 compared to 2008, at a depth of 12 m and the metalimnion thickness varied from 0.5 m to 2.5 m
(Figure 2-4b). During the stratified period, long internal waves were observed in the thermocline. A
strong extended wind event from the south-west on day 239 deepened the thermocline, fully mixing the
water column at Sta. 1227 (Figure 2-4b) and two days later on day 241 at Sta.1228 (Figure 2-4c). On day
242, another strong westerly wind deepened the thermocline at Sta. 341 (Figure 2-4d). At Sta. 1231, the
strong northerly wind during days 251-257 finally pushed the thermocline to the bed (Figure 2-4e).

2.3.3 Currents
The Poincaré wave period is close to the ~18 h inertial period and there is a ~ 4.2 h phase lag between the
east-west and north-south currents, which corresponds to a quarter of the Poincaré wave period (days 163164.5; Figure 2.5a-d). The phase-lag became gradually established as the wind intensity decreased after a
strong wind event reset the basin-scale internal wave field (e.g. Gómez-Giraldo et al., 2008). The surface
seiche also resets the phase lag to zero (days 160-164; Fig 5e-h) after where the flow was initially affected
by the strong south-west wind event on day162.
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min) at Sta. 1227, (c) Sta. 1228, (d) Sta. 341, (e) Sta. 1228. Isotherms are plotted every 2°C (12-20°C). Triangles show thermistor depths and
time is GMT.

Figure 2-4 Time series of 2009 (a) low-pass filtered (>12 h) wind stress components at Sta. 341 (b) thermal structure (low-pass filtered, >10
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12m depths (east and north directed currents are positive). Panels (e) to (h) are the same for 2009.

Figure 2-5 Time series at Sta. 341 of 2008 (a) wind velocity and direction, and current velocity components at (b) 4m, (c) 8m, and (d)

2.3.4 Spectral analysis
The frequency content of the observed velocity and temperature in 2008 were analyzed by computing the
spectral density (Figure 2.6). The significant 16.8 h clockwise peak in velocity (Figure 2.6g) and
temperature data (Figure 2.6 a-d) indicates the presence of Poincaré waves (see Table 2.1) as the
dominant clockwise motion close to the inertial period (see also Rao et al. 2008). There is also a 14 h
peak in both clockwise and counter-clockwise rotary spectra of current data due to the presence of the
horizontal mode-one surface seiche (Figure 2.6e,f). This 14 h peak can distinctively be seen in both
clockwise and counter-clockwise barotropic signals (Figure 2.6g,h) as opposed to the 16.8 h peak, which
only exists in the clockwise baroclinic signal (Figure 2g). There were not any noticeable peaks in the
wind forcing during the summer of 2008, consistent with the observations of wind stress (Figure 2-3 and
2.4). The results are similar in 2009.

2.3.5 Observed Poincaré waves
To isolate the internal Poincaré wave signal, we band pass filtered the 16°C isotherm, representing the
thermocline, using a second order Butterworth filter between 15 h and 18 h (Figure 2.7). Phase lags 2.48.4h are observed between Sta. 341, 1228, 1227, 1231 (Figure 2.7e); consistent with the radial
propagation of an internal Poincaré wave in a rectangular basin (Antenucci et al., 2000, Schwab, 1977).
We also band-pass filtered the 16°C thermocline around N, using filter cutoffs of 5 min and 45
min (Figure 2.6b). Packets of high-frequency internal waves, with ~0.5m amplitude, were observed
during the windy periods, especially when the thermocline was close to the surface (e.g. days 201- 205.5
in Figure 2.7b,c,d) and on the crests of Poincaré waves when there were no significant wind events (e.g.,
days 207- 208.5 in Figure 2.7d). These observations suggest the Poincaré waves are coupling with the
wind stress to drive shear-instability (Antenucci and Imberger, 2001, Bouffard et al., 2012b).
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and (d) Sta. 1231. Rotary spectra of velocity at Sta. 341 at depths 4.5m, 8.5m and 12.5m, (e) clockwise spectra, (f) counter-clockwise spectra.
Rotary spectra of barotropic and baroclinic velocities at Sta. 341 at depth of 4.5 m, (g) clockwise spectra, (h) counter-clockwise spectra. The
dash lines at bottom each panel show 90% confidence levels obtained by multiplying the background spectrum by the 90 percentile value of
χ22-distribution.

Figure 2-6 Spectral plots of 13, 16 and 19 °C isotherm displacements during the summer of 2008 at, (a) Sta. 1227, (b) Sta.1228, (c) Sta. 341,

27

<) (c) band passed filter between 15h to 18h (d) band passed filter as indicated by arrows in Figure 2.6b around N (e) band passed filter
between 15h to 18h at different Sta. 1227,1228, 341 and 1231. The time is GMT.

Figure 2-7 Time series at Sta. 341 of 2008 (a) wind stress (b) thermocline displacements (isotherm 16°C) using low-pass filtered (15h

2.3.6 Baroclinic and barotropic modes
To quantify the strength of the barotropic and baroclinic modes, we computed timeseries of the kinetic
energy of each mode, using the velocity components from Equation 2.5 and 2.6. The time series of kinetic
energies are normalized by the total kinetic energy KE= 1/2(V2east-west+ V2north- south) in the water column at
Sta. 341 during days 170-195 in 2008-2009 (Figure 2.8b,c and e,f). During stratified periods, as shown in
Figure 2.8, baroclinic currents predominate over barotropic and over these periods baroclinic consist of
72% (2008) and 70% (2009) of the total kinetic energy. Of the baroclinic energy, V1 was the predominant
vertical mode in both years (Figure 2.8b,c and e,f) although the contribution of V1 changes each year due
to changes in incoming heat flux, stratification and wind conditions. For example the average contribution
of V1 and V2 on days 170-195 in 2008 was 64% and 19% and in 2009 was 83% and 11%, respectively.

2.3.7 Vertical Poincaré wave modes
To further investigate the evolution of the vertical modal structure of the Poincaré waves, time series of
wind stress, bottom stress, and normalized modal energy are considered for two 25-day periods in 2008
(Figure 2-8a-c) and in 2009 (Figure 2-8d-f), when internal Poincaré wave activity is strong (see Figure
2-8). Of the periods shown in Figure 2-8we also quantified V1 and V2 current structure in the water
column using Equation 2.4-2.8 for two representative 10-day periods (Figure 2.9) when the baroclinic
activity is energized by the wind (Figure 2.9a,j) and the surface heat flux (Figure 2.9b,k) is positive (lake

is heating). Despite the complexity of the field data, a general trend for modal generation can be inferred
from the temporal evolution of the energy in the different vertical modes. Our observations show three
scenarios based on the duration of the wind and metalimnion thickness, for the generation of barotropic
mode, V1 or V2 energy in the water column during the stratified periods.
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three baroclinic and barotropic modes (c) ratio of kinetic energy of barotropic and baroclinic components to total kinetic energy. Panels (d) to (f)
are the same for 2009. Time is GMT.

Figure 2-8 Time series at Sta. 341 of 2008 (a) total wind stress, barotropic, baroclinic and total bottom stress (b) stacked energy for the first

Figure 2-9 Time series at Sta. 341 of 2008 (a) wind velocity and direction low-passed filtered (1h<) (b) heat flux
(positive into the lake), (c) contour plots of east-west observed baroclinic velocity (d) north-south (e) contour plots
of V1 velocity component east-west, (f) north-south (g) V2 velocity component of east-west (h) north-south, (i)
ratio of kinetic energy of barotropic and baroclinic components to total kinetic energy in 2008. White lines in panels
(e, f) showing the 10s displacement for isotherms 12°C, 14°C, 16°C, 18°C and 20°C. Panels (j) to (r) are the same
for 2009.
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Barotropic: A wind with duration longer than Tin along the major east-west axis of the lake increases
barotropic energy. For example the long duration wind on days 191-193 in 2008 (Figure 2.9a) and 180183 in 2009 (Figure 2.9d) significantly energized barotropic currents (Figure 2.9b,c and e,f). The total
kinetic energy oscillates with the 14 h associated with H1 surface seiche period (Figure 2.6 g, h).

Baroclinic-V1: A pulse wind event (shorter than Tin and longer than Tp/4), increases baroclinic V1 energy.
For example, the pulse wind on day 199 in 2008 (Figure 2.9a) and 177 in 2009 (Figure 2.9j) substantially
increased V1 kinetic energy. Unlike the oscillatory baroclinic seiches, the kinetic energy of the Poincaré
wave does not oscillate (Figure 2.9i,r) because this progressive wave does not form a standing wave

Baroclinic-V2: The formation of V2 depends on degree of stratification, with a thicker metalimnion being
required for a waveguide. For example, the strong pulse wind event on day 171 in 2009 (Figure 2.9j)
generates a V1 baroclinic response (Figure 2.9r), followed by a long calm period (days 176.3 to 176.9)
with positive surface heating (Figure 2.9k), that supports a model conversion to V2 as the metalimnion
thickens and new isotherms are created from the free surface (Figure 2.9d, Figure 2.9n,o days 170-180).

This also occurs on days 189-190 and 197-199 in 2008 (Figure 2.9d and Figure 2.9a-i). In general, when
the net daily heat flux is positive and if the wind is calm, stratification will develop through the
mid-epilimnion allowing for a V1 Poincaré wave to evolve into V2. An analysis of 25 years of
meteorological data shows that, while infrequent, a period of 4.5±1.9 days of calm warm weather
(W > 7 ms-1 and air temperature > water temperature) occurs every year (Loewen et al., 2007).
Apart for these events, significant V2 is not expected.
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2.3.8 Influence of bottom stress on vertical modes
The bottom stress is of the same order as the surface wind stress and is predominantly energized by V1
and barotropic currents components (Figure 2.8a,d). Higher values typically occur after wind events and
persist for <~5d, which is less than the typical 10 d damping timescales of medium sized lakes with S~1
(Imberger, 1998). The difference may be related to the shallow depth of the central basin, with the decay
rate of internal seiche energy being about 1 day per 40 m of water depth (Wuest, 2003). Examples include
days 177-181 in 2009, where the strong bottom stress is energized by V1 Poincaré waves after an impulse
wind event, and later on day 182, by the barotropic seiche during and after constant wind stress. No
agreement between the evolution of V2 and bottom stress was observed (Figure 2.8a,d).

2.3.9 Horizontal Poincaré wave modes
ELCOM was applied to assess the horizontal modal structure of the Poincaré waves. We tested the ability
of ELCOM to reproduce currents associated with Poincaré wave dynamics through comparison of
modeled and observed velocity profiles (Figure 2.9). ELCOM successfully captured the induced velocity
by Poincaré waves as shown for a selected period in Figure 2.9
Under observed forcing conditions (Figure 2.10a), the modeled inertial circles (Figure 2.10b)
indicate two Poincaré wave cells (i.e. H2 mode, longitudinal mode-two) inducing clockwise circulation in
the central basin and eastern basins. The inertial circles are larger near the mid-basin nodes and, in
agreement with observations e.g. (Mortimer, 2006, Rao and Schwab, 2007), becoming shore parallel at
the boundaries. The energy of the clockwise rotary spectra at 16.8 h in the epilimnion and hypolimnion
(Figure 2.10c) also shows an H2 Poincaré wave. The signal is stronger in the epilimnion, which is thinner
than the hypolimnion and has stronger currents by conservation of volume for a baroclinic flow. In the
hypolimnion, the velocity is weaker (e.g. Figure 2.9l,m) and more variable.
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south direction.(e,f) at depth 4.3m the time series of observed velocity and ELCOM in east-west and north-south, (g,h) at depth
12.3m in east-west and north-south, respectively.

Figure 2-10 Comparing ELCOM velocity results with observation at Sta. 341 in 2009. (a,b) in east-west direction (c,d) in north-
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epilimnion (left) and 11.5m in hypolimnion (right). Vectors are shown every 10 km (east-west) and 7 km (north-south). (c) Spatial plot of clockwise
spectral energy 16.8h from ELCOM results at 4.5m depth (left) and 11.5m depth (right). The red asterisks in (a) show time of plots in (b) and (c).

Figure 2-11 (a) Time series of 2008 wind speed and direction (b) ELCOM simulated progressive vector diagram over 16.8h at 4.5m depth in

To relate Poincaré wave activity to wind forcing, a sensitivity analysis was conducted to
determine the modeled horizontal modal response of Poincaré waves to idealized wind forcing (Figure
2.11). The spatial distributions of spectral energy at 16.8 h for different wind patterns, including real
(Figure 2.11a,b) and idealized (Figure 2.11c,h) are calculated. We considered periodic winds here, which
have a duration and period of repetition equal to the 16.8 h inertial period. We did not consider periodicity
at the ~10 d synoptic storm cycle (Hamblin, 1987) because this is greater than the ~ 5 d damping
timescale of the Poincaré waves (e.g., Figure 2.11).
The dominant horizontal modal response strongly depends on the forcing condition, particularly
the wind direction. In general, the H2 Poincaré wave is the typical lake response to observed wind forcing
as shown in two other time intervals during 2008 (Figure 2.11 and 12a,b). Impulse and periodic winds
from the west (Figure 2.11c,e), excite the H3 mode (longitudinal mode-three); whereas, impulse and
periodic winds from the north excite H2 (Figure 2.11d,f). Although there is evidence of higher horizontal
modes, most energy appears to be constrained to H2, followed by H3. There is no evidence of resonant
amplification, when the wind period matches that of the forcing (Antenucci and Imberger, 2003).
Destructive interference may be occurring when waves generated by previous wind events are at a
different phase from those newly generated by subsequent events (Boegman and Ivey, 2007).
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Figure 2-12 Spatial plot of power spectral density from rotary spectra analysis of anticyclonic currents at 16.8h
using ELCOM results in epilimnion (4.5m) for a one-week simulation using (a,b) observed winds in 2008. Panels
(c) to (h) are based on idealized impulse wind forcing from the south-west (indicated as W) and the north-east
(indicated as N), wind duration is 16.8h.

36

2.4 Discussion and conclusions
2.4.1 Vertical modal structure
We have investigated the vertical and horizontal basin-scale modal response of Lake Erie to wind events.
In agreement with results from Royer et al. (1986), we found V1 and V2 near-inertial waves to be the
dominant vertical modes in central Lake Erie. The V2 Poincaré waves had highest energy during calm
periods when surface heating increased the metalimnion thickness; although these events only occur, on
average, once or twice a year (e.g., Loewen et al. 2007). Wind events mixed the epilimnion, compressing
the metalimnion and preventing V2 expansion. V2 evolves from V1 for lakes of varying size, with similar
results in Upper Mystic Lake (Fricker and Nepf, 2000). Moreover, there is no evidence of wind-resonance
generating V2 in Lake Erie (e.g., Munnich et al., 1992, Vidal et al., 2007). Evolution of V2 Poincaré
waves is also independent of the bottom stress; as opposed to observations in Wood Lake (Wiegand and
Chamberlain, 1987) and in the ocean (MacKinnon and Gregg, 2005). Bottom stress is primarily energized
by currents from V1 Poincaré waves and barotropic waves, consistent with Wiegand and Chamberlain
(1987). In agreement with Mortimer (2006) for Lake Michigan and Csanady (1973), our observations
show impulsive winds to be more effective in generating a strong inertial baroclinic response, while
sustained winds energize barotropic motions. Both observations and numerical results show that the
impulsive wind duration must be shorter than Tin and longer than Tp/4.

2.4.2 Horizontal modal structure
Summer current meter observations in Lake Erie consistently show strong near-inertial oscillations (e.g.
Rao et al., 2008) and one to two basin-scale eddies in both the central and eastern basins (Beletsky et al.,
1999, Saylor and Miller, 1987, Schwab and Bennett, 1987) interpreted the eastern basin gyres as a
topographic Rossby wave. Schwab and Bennett (1987) applied a barotropic model and Beletsky et al.
(1999 and 2012) analyzed current meter observations suggesting the central basin gyres to result from the
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wind-stress curl (e.g. Laval et al., 2003). ELCOM has qualitatively reproduced similar multi-gyre patterns
in 1994 and 2001 summer simulations with uniform winds (León et al., 2005). Our simulations show the
locations of the clockwise gyres in the central and eastern basins to be matched with the two anticyclonic
Poincaré wave cells (Figure 2.10 and 12). Observed and periodic northerly winds typically form two-cell
Poincaré waves, whereas impulsive westerly winds generate three-cell waves (Figure 2.10 and 12); this is
discussed further below. We are unable to differentiate the contributions of Poincaré waves to the
observed anti-cyclonic gyres that are characterized by the limited current meter observations; however,
the Poincaré waves induced cyclonic Stokes drift will be minimal O(1 mm s-1) (Stocker and Imberger,
2003). Our uniform wind application does not resolve wind-curl and contributions from cyclonic
topographic vortex modes are expected to be stronger during winter, e.g., ~4 d period in Lake Michigan
(Saylor et al., 1980) and limited winter observations in Lake Ontario (Rueda F.J. and Vidal J., 2009). A
full analysis of these dynamics (e.g. Bouffard et al., 2012a, Shimizu et al., 2007) is beyond the scope of
this study; although our observations show some evidence of ~4 d cyclonic currents (Figure 2.6).
Cyclonic counter-clockwise gyres have also been interpreted by Saylor and Miller (1987) and
Beletsky et al. (1999), between Point Pelee and Rondeau Peninsula. These will not be apparent in our
clockwise rotary spectra (Figure 2.11) and are not evident in counter-clockwise rotary spectra at 16.8 h
(not shown), and so are not a topographically- induced anti-cyclonic cells (Gómez-Giraldo et al., 2006).
Simulations by León et al. (2005; their figure 5) show this to be an intermittent hydraulically forced eddy
that occurs when the Detroit River plume is routed between Point Pelee and Pelee Island. This conjecture
is supported by recent ADCP observations at Sta.341 that also show the direction of the mean current to
be toward the south (Bouffard et al., Submitted 2012). In this study we do not model boundary flows and
so this eddy, which does not appear to be wind forced or a free-mode baroclinic wave, is not captured.
Different horizontal modes are shown to excite different horizontal Poincaré waves at 16.8h. This
is due to the proximity of the associated periods, making many longitudinal nodes possible (nH=2 to 4) at
38

one frequency. The proximity of the longitudinal modes explains why the Poincaré waves in Figure 2.11
are not distinctively separated in our filtering analysis. Schwab (1977) numerical results on Poincaré
waves periods also showed very close periods for different horizontal modes. Similar filtering difficulties
have been reported for Lake Michigan (Troy et al., 2012). However, observed and periodic northerly
winds typically formed horizontal mode-two Poincaré waves, whereas impulsive and periodic westerly
winds generated horizontal mode-three.
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Chapter 3
Bottom Mixed Layer Dynamics
3.1 Introduction
The bottom boundary layer (BBL) is the interface between the bottom sediment and overlaying water by
which particles, chemicals and organisms are exchanged (Grant and Madsen, 1986). In the BBL, the shear
velocity significantly increases because of the significant velocity gradient between zero velocity at the
bed and stronger velocity in the outer layer, leading to production of turbulent kinetic energy TKE and
enhancement of dissipation ɛ (Lueck and Lu, 1997, Marti and Imberger, 2006). As a result, the applied
shear stress increases with the ability to resuspend bottom sediments, and also reduce flux of dissolved
oxygen between sediments and the water (e.g. Lorke and MacIntyre 2009). The BBL contains diffusive,
viscous, buffer and logarithmic sub-layers each with unique behaviour (e.g. Nezu, 2005). In the
logarithmic layer, with thickness hlog, enhanced turbulence acts to reduce scalar gradients (e.g.
temperature) and leads to formation of a bottom mixed layer BML, with thickness hmix, where the water
density is almost constant (Lueck and Lu, 1997, Marti and Imberger, 2006, Spigel and Imberger, 1980).
Estimation of hmix is important for closing the energy budget in lakes, and for calculating nutrient
and oxygen fluxes between the sediment and the overlying water column (Fischer 1979, Lorke and
MacIntyre, 2009). Weatherly and Martin (1978) defined hmix for stable stratified oceanic conditions as:

hmix =

Au*
1
N2 4
f (1+ 2 )
f

(3.1)

where u* is the shear velocity and A = 1.3 based on observations over the Florida Shelf, f is the inertial
frequency and N is the Brunt-Väisälä frequency distribution in the water column, acting to limit the
growth of hmix :
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N 2( z ) = −

g ∂ρ ( z )
ρ 0 ∂z

(3.2)

where ρ0 = 1000 kg m-3 is a reference density and ∂ρ/∂z is the vertical density gradient. Neglecting
stratification and taking N→0, Equation 3.1 simplifies to (e.g. Kundu, 1976):

hmix = B

κu*

(3.3)

f

where B is a constant and κ=0.41 is the von Karman constant. When N2>>f2, Equation 3.1 can be
rearranged to (Lorke and MacIntyre 2009, Pollard et al. 1973):

max( hmix ) = C

u*

(3.4)

Nf

where C =23/4. Lorke and MacIntyre (2009) suggested that f in Equation 3.4 can be replaced by the
predominant seiche-driven oscillatory forcing period, when the Earth’s rotation is negligible. In shallow
coastal waters, hmix and its relationship to hlog remain poorly understood, although their correlation and
dependence on the mean near bed velocity profile have been demonstrated (e.g. Johnson et al., 1994,
Perlin et al. 2007, Weatherly and Martin, 1978). The near bed velocity (umean) profile follows the well
known logarithmic law when the flow is turbulent (e.g. Kundu and Cohen, 2002):

umean ( z ) 1 z
= ln
u*
κ z0

(3.5)

where z0 is roughness length and z is the vertical coordinate direction. Note that Equation 3.5 describes
the logarithmic umean profile over a layer with thickness of hlog above which deviation of the observed
velocity from the Equation 3.5 velocity occurs. Lorke et al. (2002), in a near-bed study in Lake Alpnach,
illustrated that Equation 3.5 is valid for umean>0.01 ms-1 and hlog is variable depending on the outer flow
forcing direction. More recently, Taylor and Sarkar (2008) assessed different published equations for
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describing the mean velocity profile (e.g., Perlin et al. 2005 modified law of the wall) near the bed and
proposed a new equation accounting for stratification, by incorporating the buoyancy length scale u*/N(z)
into Equation 3.5:
z

u mean ( z ) 1 z
1
= ln +
N ( z' )dz'
u*
κ z0 ξu* ∫0

(3.6)

where ξ =1, as depth depended N(z) is considered here, and the integral term with N(z)

includes

stratification, growing as z increases, and suggests that Equation 3.5 is only valid for unstratified
conditions. This implies that Equation 3.6→ Equation 3.5 near the bed where the flow is well mixed (i.e.,
no stratification term in hmix as N→ 0).
Over hlog, u* is constant and the shear stress is τ=ρu*2 (e.g. Grant and Madsen, 1986, CushmanRoisin and Beckers, 2011). The thicknesses of the viscous, buffer and diffusive sublayers are all functions
of u* and proportional to ~ νu*-1 where ν=10-6 m2 s-1 is the water viscosity (e.g. Nezu, 2005, CushmanRoisin and Beckers, 2011). From this discussion, u* is the most important parameter for describing the
regime and structure of the BML and BBL. u* can be directly calculated using the profile method by
fitting Equation 3.5 to observed mean velocity data within the hlog (Grant and Madsen, 1986) or using the
instantaneous horizontal velocity (e.g. Holtappels and Lorke, 2011). Alternatively, u*= (κzɛ)1/3 can be
indirectly estimated by calculation of near bed ɛ provided that the measurements are from the logarithmic
layer. Using high-resolution velocity measurements, ɛ can be calculated by fitting the inertial subrange or
using the structure function method (Lorke et al. 2002, Wiles et al. 2006).
There has been considerable research on the profile method and its subjectivity to different
criteria and how far above the bed hlog should be considered (e.g. Grant and Madsen 1986, Lueck and Lu
1997, Cheng et al., 1999); however there are limited observations and discussions on hmix. Weatherly and
Martin (1978) observed hmix to be a near bed layer with TKE > 0 above which TKE ~ 0 and turbulence is
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unable to stir and mix the water. Johnson et al. (1994), in a Mediterranean outflow plume, fit Equation 3.5
to the observed velocity over hmix. They defined hmix as the distance from the bottom over which the
difference between temperature of deepest point and the top of hmix ≤ 2×10-2 °C, and showed that u* and z0
are sensitive to the distance from the bed; implying hlog ≠hmix. In a recent study in Lake Kinneret, the
space-time changes in hmix were shown to be controlled by basin scale internal waves and in general hmix is
thinner in shallow water and thicker in deeper water (Marti and Imberger, 2006). Over the Oregon shelf,
Perlin et al. (2007) defined hmix as the distance from the bottom where the potential density decreases by
6×10-4 kg m-3 and used the hmix to describe the velocity profile near the bed.
The present research focuses on Lake Erie, where hmix controls the flux of oxygen between
sediments and the overlying water, which annually becomes hypoxic (e.g., Rao et al., 2008; Bouffard et al
submitted to Water Resources Research). Knowledge of hmix is also required to understand the basin-scale
wave dynamics and associated energy flux paths in the lake (Bouffard et al., 2012b). Presently, there are
no reported observations of hmix; however hlog was reported to be ~ 2m during calm periods and ~20m
during storm episodes with associated bed shear stress of 10-3 N m-2 and 10-1 N m-2, respectively, and an
Ekman boundary layer was shown to only develop in the eastern basin of the lake (Bedford and
Abdelrhman, 1987). In this Chapter, we employ high resolution near bed velocity and temperature data to
describe the structural dynamics of hmix in Lake Erie. To investigate hmix, we first obtain time series of u* ,
and use the results to obtain bottom drag coefficients. The influence of u* and N on the time evolution of
hmix are assessed, and Equations 3.1 3.3 and 3.4 to estimate hmix are evaluated.

3.2 Measurements and methods
3.2.1 Study area
Lake Erie (Figure 3.1; 388 km in length and 92 km maximum width) is the shallowest of the Laurentian
Great Lakes and consists of distinct western, central and eastern basins, which have average depths of 10
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m, 25 m, and 50 m, respectively. The lake has an inertial period 18h (with inertial frequency f ~1.5 ×10-5s1

). When f is combined with the lake dimensions and waves phase speed, the Earth’s rotation becomes an

important influencing factor on baroclinic processes (e.g. Chapter 2, Antenucci 2009, Rao et al., 2008).
From previous studies in the central Lake Erie (Chapter 2) , our observations have shown that the summer
thermocline forms in early spring (day 160-170, Nmax2 ~ 10-3 s-2) and the thermocline (taken here as the 16
°C isotherm, Figure 3.2h) remains at 9-11m depth, until deepening to the lake-bed in late August (day
240-250). From these observations, we characterize the lake during 2009 into two representative 10-day
periods (Figure 3.2) consisting of weak spring stratification (days120-130 where Nmax2 ≤ 10-4 s-2) and
strong summer stratification (days170-180 Nmax2 >10-3 s-2), when surface seiches (period Tss=14 h) and
internal Poincaré waves (period Tpw=16.8 h) are the predominant processes, respectively, energizing the
BBL (Rao et al., 2008, Bouffard et al., 2012b).

Figure 3-1 Map of Lake Erie and its bathymetry. Black rectangle shows the location of Sta.341. Bathymetric
contours are in meters and the axis is based on Universal Transverse Mercator coordinate system (UTM) in the zone
17-North.
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Table 3.1 Details of deployments at Sta. 341 (17.5m deep) for study of bottom mixed layer.
.

Instrument

TR-1060 temperature

Year

2009

sampling

sampling

No. per

frequency

Interval

Interval

0.1 Hz

N/A

N/A

Days

121 -288

depth range (m)

loggers

600 kHz ADCP

averaged
2009

121 - 288

1Hz

15 min

(upward looking)

2 MHz HR ADCP

[ 1,2,3,4,5,6,8,10,12,13,14,15.5,15.95]

over 15

1 to 15 (1 m bins)

min

2009

121-196

1 Hz

15 min

(downward looking)

256

B-1.74 m (3 cm bins)

3.2.2 Measurements
In the summers of 2008-2009, extensive field measurements (Figure 3.1 and Table 3.1) were carried out
in the central Lake Erie to address the hypoxia problem (Rao et al., 2008, Bouffard et al., 2012b). These
included high-resolution temperature and velocity measurements at station (Sta.) 341. Water temperatures
were recorded using temperature loggers (TR-1060, RBR Ltd. ±0.002ºC). A 1.8m-tripod was also
deployed, on the bottom, at a depth of 17.5 m. The tripod was equipped with upward and downward
looking acoustic Doppler current profilers (ADCPs; Nortek with accuracy ±1% of measured values) at
1.74 m above the bottom. The upward looking 600 kHz ADCP, in intervals of 15min, recorded velocity at
1 Hz over 180 s in 1m bins to the surface and the downward looking 2 MHz pulse coherent ADCP, in
intervals of 15 min, recorded velocity at 1 Hz over 256 s in 3 cm bins to the bed. Meteorological data
were obtained from an Environment Canada meteorological buoy at Sta. 341 that recorded standard
meteorological variables, including 10 min average wind speed and direction (Figure 3.2).
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Day of year-2009

Figure 3-2 Time series at Sta. 341 of 2009 on days 120-130 (a) wind velocity and direction (in azimuthal
direction,0 is north) low-passed filtered at 1h< contour plots of observed velocity, (b) east-west direction using
ADCP upward looking, (c) east-west direction (0, 90, 180 are west to east, south to north, and east to west) using the
ADCP (downward looking), (d) north-south direction using ADCP upward looking, (e) north-south direction using
ADCP (downward looking), (f-j) the same for days 170-180. In panel (b, g) triangles show the location of
temperature loggers and white lines are temperature isotherms of (b) 6 ͦ C and 8 ͦ C (h) 14 ͦ C, 16 ͦ C, 18 ͦ C and 20 ͦ C.
Time is GMT.
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3.2.3 Bottom logarithmic height (hlog)
To find the depth range associated with the constant stress layer, we first calculate u* using observed
velocity data (Figure 3.2e, k) from the downward looking ADCP as (e.g. Lueck and Lu, 1997):

u* = κz

du mean
dz

(3.7)

where umean = (ûE-W2+ûN-S2)1/2, ûE-W and ûN-S are the mean velocity in the east-west and north-south
directions in each sampling interval (Table 3.1). The vertical gradient of u* above the bed (du*/dz) is then
computed.
Locating a depth range where logarithmic profile is valid (constant u*) enabled us to least square
fit Equation 3.5 to obtain time series of u* and z0, and establish a depth range over which ɛ may be
calculated from the structure function method following Wiles et al. (2006). To assess the correlation
between u* and velocity at 1m above the bed u1m, we estimate the bottom drag coefficient CD from:

u*2 = C D u12m

(3.8)

After fitting Equation 3.5 to the observed velocity, and obtaining u* and z0, we delineate hlog as
the height where the maximum relative error, assumed to, be 20% (error of 0-0.04 ms-1 for typical near
bed umean = 0-0.2 ms-1) between the observed and log-fit velocity profiles (from Equations 3.5 and 3.6).
The depths above hlog where the relative error is > 20% are considered to be depths where the deviation
between the observed velocity from the logarithmic profile occurs. The relative error was evaluated every
0.03m from B-0.03m to B-12.5m (heights above the bottom from 0.03m to 12.5m).

3.2.4 Bottom mixed layer height (hmix)
We define hmix as the distance from the bottom where the potential density decreases by 10-3 kgm-3. The
water density was calculated from water temperature (Imboden and Wüest 1995) and hmix from the bed is
delineated such that the difference between the maximum ρmax and minimum density in this layer remains
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≤ (ρmax–ρ)=10-3 kg m-3. Note that (ρmax – ρ) =10-3 kg m-3 is equivalent to a difference in temperature of
~2×10-2 ºC, similar to Johnson et al. (1994), and the absolute value of density and temperature in the hmix
depends on the average water temperature in the hypolimnion (Perlin et al., 2007). We evaluate our
observed hmix with those estimated by Equations 3.1 and 3.3 as described below.
To solve Equation 3.1 for hmix, N(z) time series were temporally adjusted with velocity data from
the ADCPs (Table 3.1). Temperature time series at different depths were first decimated at 15min
intervals (to match the ADCP sample interval, Table 3.1) and were linearly interpolated every 0.2m in the
water column. We used the decimated temperature time series to compute the density of water and used
Equation 3.2 to calculate N(z).

3.3 Results
3.3.1 Observed winds
Over the both 10-day measurements periods, the wind was predominantly blowing from the north-east
and south-west (Figure 3.2a,g) and on average a mean wind speed of 4.3m s-1 between days 121-288
(Table 3.1) was recorded. During the weakly stratified period (day 120-130), the maximum wind speed
was 10 m s-1 from the south-west on day 129.5 (Figure 3.2a) and during the strongly stratified period
(170-180), the maximum wind speed was 12 m s-1 from the west on day170.5 (Figure 3.2g).

3.3.2 Observed current profiles
During days 120-130, the stratification was very weak, surface seiches were the predominant forcing and
the induced velocity profiles were uniform through the water column (Figure 3.2a-e and 3a-d). For
example, on days 120-120.8 and 121.5-124 (Figure 3.2a-f), the velocity profile in the water column (to ~
5 m depth) was uniform (Figure 3.2b,c) with the velocity vectors in same directions (Figure 3.2d,e). Over
this period, surface (barotropic) seiche induced currents had an oscillatory characteristic (Figure 3.3b,c)
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over their period Tss, the magnitude of the velocity in the outer layer (U) fluctuates between the maximum
and zero (e.g. barotropic line on days 120-121, Figure 3.2b,c and 3.3b).
During days 170-180, when the stratification was strong, vertical mode-one (V1) internal
(baroclinic) Poincaré waves were the predominant forcing and the velocity profile above and below the
thermocline (16 ºC isotherm), were in opposite directions (Figure 3.3f,g); a baroclinic flow characteristic
(e.g. days 177.5-179.8, Figure 3.2i-j). Over this period, the magnitude of U from the baroclinic motion
remained constant over the wave period Tpw (e.g. V1 in Figure 3.2g, h, days 177.5-179.8), while the U
components in east-west and north-south directions were oscillatory (Figure 2i,j). There were also periods
of weak stratification when surface seiche and Poincaré waves co-existed and the induced velocities were
mixed (e.g. days 123-127, Figure 3.2b-e). These are further described below.
It is important to note that the oscillatory flow characteristics differ for the surface seiches and
Poincaré waves. Surface seiches are not influenced by rotation and force the horizontal velocity through a
planar oscillatory motion (Figure 3a-d). On the other hand, the Poincaré waves are progressive in an anticyclonic direction and persistently force the horizontal velocity in the outer layer in a clockwise direction,
as shown in Figure 3e-h (Wuest, 2003, Antenucci, 2009, Mortimer, 2006). Due to the elliptical shape of
the basin, the intensity of the velocity modulates with phase (Bouffard et al 2012b).

3.3.3 Shear velocity (u*) and roughness length (z0)
We least square fit Equation 3.5 to velocity data over bottom B-0.2m to B-0.55m to obtain time series of
u* and z0. The height range of the fit was chosen to correspond to the constant stress layer, where u*
remains constant in both 10-day periods, and thus Equation 3.5 is valid (Figure 3.4). The thus-defined
constant stress layer extended to heights >1.74m (e.g. days 125.1, 129.3 or 176.2 in Figure 3.4) where u*
remains constant; however, hlog increases.
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water., (b) time distribution of outer layer forcing, (c) velocity profile at different phases in a period, (d) directional distribution of outer layer
forcing. (e-h) are the same for Poincaré waves (period of TPW).

Figure 3-3 Schematic drawing of mean velocity profile by surface seiches (period of TSS): (a) profile of N(z), the Brunt-Väisälä frequency in the

Figure 3-4 Time series of shear velocity vertical gradient using ADCP (downward looking) at Sta. 341 of 2009 (a)
days 120-13 as a weak stratified period, (b) days 170-180 as a strong stratified period. Time is GMT.

Examples of the fit results, using data from downward looking ADCP, in different phases of a
surface seiche and Poincaré wave against the observed velocity are shown in Figure 3.5. As expected
(Figure 3.3a-d), surface seiche induced velocities were maximum at t=0, t=TSS/2 and t=TSS decreased to
~0 at t=TSS/4 and t=3TSS/4. The correlation coefficient computed over the range of the over the downward
looking ADCP (R1, evaluated over B-0.2m to B-1.74m) was similar (or slightly lower) to the correlation
coefficient computed over the constant stress layer (R2 evaluated over B-0.2m to B-0.55m), the difference
in order of 0 to 0.05. This indicates that the logarithmic layer extends up to depths ≥B-1.74m when forced
by the surface seiche. The results were slightly different for V1 Poincaré waves (Figure 3.5b), where
induced velocities had different velocity characteristics (Figure 3.3e-h). As opposed to planar oscillations,
the free-stream velocities never approached zero, but rather slowly rotated and deviated from the
logarithmic profile close to the bed, relative to the surface seiche profiles. This resulted in a noticeable
difference between R1 and R2 of 0.6 at t=3 TPW/4).
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period of TSS=14h (b) for a Poincaré waves V1 on day 178.19 with period of TPW=16.8h. R1 and R2 are the correlation coefficients for depths <1.74m
and B-0.2m to B-0.55m, respectively. Direction indicates the velocity direction of the first velocity measurement. Time is GMT.

Figure 3-5 Examples of logarithmic fit to observed velocity data using ADCP (downward looking): (a) for a surface seiches on day 122.44 with

Figure 3-6 At Sta. 341 between days 120-130, time series of (a) obtained u* from the profile method and those
indirectly calculated from the structure function method, (b) absolute difference between u* from the both methods,
(c) the normalized bottom drag coefficient (relationship between observed velocity at B-1m and shear velocity, u*,
estimates from the law-of-the-wall, CD) over the mean values of 0.005. (d-f) are the same for days 170-180. Time is
GMT.

To evaluate the results of the least square fit, we compared the calculated u* from the profile
method (Equation 3.5) with those from the structure function method u*SFM (Figure 3.6a,d). The
differences between the obtained u* from both methods (Figure 3.6b,e) are small (maximum difference of
<5×10-3 m s-1 and mean of ~1.5×10-3 m s-1). The maximum difference (Figure 3.6b,e) occurred when
surface seiches are predominant and the associated mean barotropic velocities are ~0.1 ms-1 (e.g. days
122.2, 122.8 or 126.9; Figure 3.2b-e and 3.6b). Such discrepancies were not observed when Poincaré
waves were dominant (e.g. days 170-180; Figure 2g-i and 6e). Both the structure function and profile
methods have uncertainties such as depth range over which they are valid; however, the give independent
results from which we can conclude the method of using constant shear stress is reliable. The distribution
of z0, was found to be log normal with the mean value of ~ 2×10-3 m (Figure 3.7a,e). We now compute CD
and hmix time series using u*.
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Figure 3-7 At Sta. 341 between days 120-130, (a) histogram of the roughness length z0 estimates from the law-ofthe-wall scaling on a logarithmic scale, (b) histogram of the relationship between observed velocity at B-1m and u*
estimates from the law-of-the-wall, CD , std denotes the standard deviation (c) scatter plot of CD form the
observation and estimated slope of the least squares fit line, (d) time series of observed velocity at B-1m and
estimated u*.(e-h) are the same for days 170-180. Time is GMT.

3.3.4 Bottom drag coefficient
Using u* and Equation 3.5, time series of CD were calculated and normalized by the mean value (CD =
5×10-3; Figure 3.7 b,f). Applying a threshold of CD /5×10-3= 1±0.5, we reject only ~30 cases during the
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weakly stratified period (Figure 3.5c) and ~50 cases in the strongly stratified period (see also Figure
3.7b,f) out of 1440 samples. For both periods, the distribution of CD was log-normal (Figure 3.5b,f) and
the correlation coefficient was R=0.9. In general, CD was scattered around CD=5×10-3 when u1m < 10-2 m s1

(u1m2= 10-4 m2s-2 in Figure 3.6 c,g). In both periods the time series of u* was observed to be highly

correlated with the time series of u1m as shown in Figure 7 d,h (the correlation are shown in CD
calculation, Figure 3.7c,g).

3.3.5 Logarithmic (hlog) and bottom mixed layers (hmix)
Comparison between hlog (section 3.2.3) and the observed hmix (section 3.2.4) show no agreement between
heights (Figures 3.8a-c, f-h and 3.9). Illustrations of such behaviour can be found on days 120-121.9 or
123-124 when hlog < hmix (Figure 3.9a). During the deepening of thermocline with Nmax2~10-4 s-2 in the
weakly stratified conditions (Figure 3.8d,e), hlog > hmix e.g. days 124.5-129.5. Note that hlog is only formed
when u>0.01 m s-1 during the oscillation over Tss; stronger stratification (Nmax2>10-3 s-2) in the water
column leads to the formation of baroclinic waves. The excursion of logarithmic layer associated with
such waves is, therefore, limited to the hypolimnion. For the period of strong stratification on days 170180 (Figure 3.7f-j and 3.8b), general agreement between hmix and hlog was found although typically hlog ≠
hmix (e.g., days 170-177.5). However, there were some observations of hlog<hmix during strongly stratified
period when Nmax2>10-3 s-2 (e.g. days 178-179.5 in Figure 3.8i-j, 3.9b). No general agreement between N
in the hypolimnion and the thickness of hmix is observed (Figure 3.8d,i and 3.9). The thickness of hmix
strongly depends on the temperature difference criterion (e.g. Mortimer, 2006, Antenucci, 2009, Wuest,
2003); however, for case of Lake Erie we observed (ρmax – ρ) =10-3 kg m-3 to be the common minimum
threshold for both 10-day time intervals because (ρmax – ρ) <10-3 kg m-3 did not continuously develop (see
e.g. Figure 3.8c,h).
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Figure 3-8 At Sta. 341 between days 120-130, time series of (a) error percentage between the observed velocity
low-pass filtered >1h (using a second order Butterworth filter) and reconstructed velocity from classic logarithmic
fit equation (Equation 3.5), (b) from the modified logarithmic fit equation (Equation 3.6), (c) difference in density of
different depth and the heaviest point, variable over time; the red line indicates the depth of hmix taken to be the place
where the difference is 0.001 kg m-1, (d) N2 structure, (e) maximum N2 (Nmax2) and estimated u* from the profile
method. (f-k) are the same for days 170-180. Time is GMT.
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Qualitative comparison between Equation 3.5 and 3.6 (region with relative error of 20% in Figure
8a-b and f-g) shows a general agreement between the results; suggesting stratification is negligible.
However, Equation 3.5 in a rare cases failed over heights >B-1.5m especially when Nmax2 became stronger
for one order of magnitude or Nmax2>10-3 s-2 (e. g. days 124-125 when N evolved, became stronger and the
weak thermocline pushed done by sustained wind Figure 3.2a).

Figure 3-9. Comparison of hmix and hlog on days (a) 120-130, and (b) 170-180.

3.4 Discussion and conclusions
We have presented field observations showing the evolution of the logarithmic profile hlog and BML hmix
heights over two 10-day intervals characterized by weak and strong stratification. We now assess the
ability of analytical models for hmix against the observations in Lake Erie and other lakes.
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3.4.1 Comparison of u*, z0 and CD
Similar to our observational results for periods of weak and strong stratification (Figure 3.7), Lorke et al.
(2002) in Lake Alpnach found CD = 9×10-3, u* ~ 0.1 u1m and log-normal distribution for z0, which are
comparable to the present results of u* ~ 0.07 u1m (Figure 3.7d,h), CD=5×10-3 (Figure 3.7b,f) and the lognormal distribution of z0 (Figure 3.7a,e). In the central Lake Erie the median grain size is ds=10-5m
(Fukuda and Lick, 1980) and Nikuradse roughness ks =2.5 ds (e.g. Dusini et al., 2009), making the flow
regime hydraulically smooth, for maximum u* = 0.014 m s-1, ks u* ν-1=0.2-0.3<5 (Van Rijn, 1993). We
argue that the difference between our CD and that reported by Lorke et al. (2002) results from the
smoother mud bed in Lake Erie with z0=2×10-3m (hydraulically smooth) compared to Lake Alpnach with
z0=14×10-3 m (hydraulically rough). For Lake Erie, our z0=2×10-3m and CD=5×10-3 are also 2-5 times
smaller and 2-4 times larger, respectively, compared to z0 = 5-10×10-2 m and CD = 1.2-2.5×10-3 suggested
by Bedford and Abdelrhman (1987); however, our conclusion of a hydraulically smooth bed is in
agreement with Bedford and Abdelrhman (1987), who showed the presence of a viscous sublayer in the
lake (implying a hydraulically smooth regime, e.g. Van Rijn, 1993). Our observational CD=5×10-3 is 34%
greater than CD=3.3×10-3 proposed by (Ivey and Boyce, 1982) in Lake Erie, which was calculated by
solving an equilibrium balance between conservation of energy and TKE. We argue that our observation,
based on high-resolution field data fit to Equation 3.5 is more accurate. Ackerman et al. (2001) attempt
also failed to fit law-of-the-wall to the observed velocity in western Lake Erie obtained from ultrasonic
current profilers, suggesting a pulse coherent ADCP (e.g. ADCP downward looking Table 3.1) is required
for study of law-of-the-wall.
The CD for both 10-day intervals has a log-normal distribution and identical mean values (Figure
3.7b,f), with different standard deviation, i.e. 2.4×10-3 and 2.0×10-3 for weak (Figure 3.7b) and strong
stratification (Figure 3.7f) respectively suggesting different oscillatory flow characteristics in both
periods. This results from the surface seiche and Poincaré waves induced logarithmic velocity profiles
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behaving differently near the bed as they have different oscillatory flow characteristics. During the weak
stratification (days 120-130) a logarithmic layer develops as the barotropic waves pass (e.g. Figure 4a). In
periods with strong stratification (days 170-180), logarithmic profile is forced with clockwise Poincaré
wave induced currents from the outer layer. This constant change in the direction of the forcing (1o degree
in clockwise direction every ~3min), but not in the intensity, prevents the development of the logarithmic
layer at depths closer to surface (~5m).
4.2 Oscillatory flow characteristics
To gain insight into the bottom boundary flow regime, we calculate the Reynolds numbers for the
oscillatory boundary layer (Re= U0 δs ν-1 where U0 is the amplitude of free stream velocity and δs=(νT/π)1/2
is Stokes’ boundary later thickness, a characteristic of oscillatory flow, and T is the period of oscillation
(e.g. Radhakrishnan and Piomelli 2008). For the surface seiche, with period of T =TSS =14h, and typical
U0 =0.05-0.1 m s-1 (e.g. day120.5 in Figure 2b,c), Re~6000-12500 > 3500 indicating that the bottom
boundary is always turbulent.
For Poincaré waves, we can consider the induced oscillatory flow near the bed to be described by
the turbulent flow; but with different characteristics (as the oscillations occurs around the absolute umean
>0, e.g. Scotti and Piomelli 2001). For mean oscillating mean velocity component, the oscillating flow
regime is fully turbulent as Re=6937-13875 > 3500 (using T =TPW =16.8 h and U0 =0.05-0.1 m s-1); even
though the height of deviation for observed velocity from the Equation 3.5 did not similar to those from
surface seiches (sometimes occurred in depths closer to the bed e.g. t=3TPW/4 in Figure 4b or days 177180 in Figure 3b). We argue that Poincaré waves induced velocity profiles have different oscillatory flow
characteristics (Figure 3.3b) as opposed to surface seiches with pure oscillatory characteristics (Figure
3.3a). However, flow regimes in both can be described by an oscillatory boundary regime (e.g. Jensen et
al. 1989). There are two possibilities to explain Poincaré wave induced logarithmic profile. One
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possibility results from the fact that Poincaré wave induced velocity profiles being pulsating; whereas,
that of the surface seiche is purely oscillatory (Figure 3.3a,b). The other possibility is Poincaré waves
oscillatory flow has two orthogonal velocity components (Figure 3.3f), and considering flow
superposition, we can describe the induced velocity profiles in each orthogonal direction to be pure
oscillatory. However, for the above possibilities, oscillatory flow regimes are always turbulent.
In addition, observations on presence of persistent hlog in the both periods, although with variable
heights, are consistent with Jensen et al. (1989) conclusion for oscillatory flow on presence of established
logarithmic layers in different phases if the flow regime is oscillatory turbulent. We showed that for both
surface seiches and Poincaré waves, there were established logarithmic profiles; however, deviations of
observed velocity from the law-of-the wall at different phases of the oscillatory flow were different
(variable hlog, Figure 3.4 and 8b,g).

3.4.2 Analytical expressions for hmix and hlog
Our hlog observations (Figure 3.7b,g and 3.8) are consistent with the 2-20 m estimation of the hlog provided
by Bedford and Abdelrhman (1987). However, there remains a need to test the predictive equations
(Equations 3.1, 3.3 and 3.4) against the observations. Moreover, it is likely that the coefficients A and B
in Equations 3.1 and 3.3 require adjustment, relative to prior published values based on relatively limited
observations. Using time series of u* and Nmax (Figure 3.8e,j), we follow Weatherly and Martin (1978), to
find A and B to be both log normal (Figure 10a,b), with median values of A=1.09 and B=0.07, for
Equation 3.1 and 3.3, respectively. As shown in Figure 3.10c, d, with A=1.09, Equation 3.1 reasonably
approximates (~2-5m) the changes in hmix (e.g. Figure 3.10c,d). To remove reversible baroclinic
oscillations at the Poincaré wave period (e.g. days 125-129 in Figure 3.10e,f) and due to up- and downwelling events, we follow Ivey and Patterson (1984) and low-pass filtered data with a 48-hr cut off period
~3Ti; thus reducing the error in hmix (~1-2m). The coefficient A=1.09 is ~20% smaller than A=1.3
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proposed by Weatherly and Martin (1978) and ~35% smaller than C=23/4 ~ 1.6 suggested by Lorke and
MacIntyre (2009) and Pollard et al. (1973). Such differences are likely because of the shallower water
depth (~17.5m) and 2880 sample points we used for Lake Erie (compared to a depth of 101m and ~10
samples used by Weatherly and Martin (1978).
Using the B=0.07 in Equation 3.3, hmix was not well estimated. For example, during weak
stratification (days 120-125; Figure 3.10c, Table 3.2) and strong stratification (days 177-189; Figure
3.10d). Because this equation neglects N, is should be appropriate during the weakly stratified interval;
however, Lake Erie does not meet the required condition for Equation 3.3 (i.e. N2<<f 2, , Table 3.2). We
can explain that as stratification remains stable Nmax2→10-4 s-2, the (1+ N2 / f 2)1/4 term in Equation 3.1
becomes a large constant (f2~10-10) and independent of N. Thus, f (1+ N2 / f 2)1/4 →~ f leads to Equation
3.1 approaching Equation 3.3 (see Table 3.2). In Lake Erie and regardless of A and C, Equation 3.1 and
3.4 are identical because N2>>f 2. For example as shown illustrated in Table 3.2, results of Equation 3.1
and 3.4 are the same and close to observed hmix ; whereas, Equation 3.3 did not well predict the hmix all the
time. We can conclude that Equation 3.1 is the general form of all equations and is a reliable expression
to estimate hmix.
Using the observations, we classify the time evolution of hmix and hlog in Lake Erie based on the
stratification conditions: very weak stratification (surface seiches are predominant) Nmax2 <<10-4 s-2
(Figure 11a), weak stratification Nmax2~10-4 s-2 (Figure 3.11b) and strong stratification Nmax2 >10-3 s-2
(Figure 11c). When the stratification is very weak (Figure 3.11a), hlog develops over most of the water
column and hmix →hlog (e.g. days 120-122 in Figure 3.7a-c), under these conditions the hmix from the
bottom may merge with hmix from the surface leading to hmix>hlog (e.g. days 120-121.5 in Figure 3.8a-e
and 3.9a). When stratification is weak (Figure 3.9b) and barotropic currents are predominant, hlog can still
extend over the whole water column; however, Nmax2~10-4 s-2 is strong enough to prevent formation of a
mixed layer by the turbulence and is sufficient to block upward propagation of eddies from the BBL
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making hmix<hlog. When stratification is strong (Nmax2>10-3 s-2), hmix and hlog are limited in height
depending on the location of the thermocline (Figure 3.10c) and our observations show that hmix ≠hlog.
When the thermocline is close to the bottom, hlog is reduced by the downward extension of logarithmic
layer from the baroclinic flow in the vicinity of the thermocline (Figure 3g and 11c) making hlog < hmix.

Table 3.2 Comparison of hmix (m) using Equations 3.1-3.3 for different stratified conditions

Observed

Days=120-122
u* =2.5×10-3 (m s-1)
Nmax2 /f 2 =2×104
Days=127-129
u* =2×10-3 (m s-1)
Nmax2 /f 2 =2×106
Days=171-173
u* =1.3×10-3 (m s-1)
Nmax2 /f 2 =9×106
Days=177-179
u* =2×10-3 (m s-1)
Nmax2 /f 2 =13×106

hmix

hmix =

N2>>f 2

1.09 u*
1

f (1+

N2 4
)
f2

hmix ~

1.09u*
Nf

N2 << f 2

hmix =

0.07 κu* 0.03u*
=
f
f

17.5

16.9

16.9

5

4.2

4.3

4.3

4

1.4

2.1

2.1

2.6

3.5

2.7

2.7

4
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Figure 3-10 At Sta. 341 between days 120-130 and 170-180, (a) histogram of the ratio of observed hmix (red line is
Figure 7c,h) over Equations 3.1 (with out B), (b) over Equation 3.3 (with out C) to estimate the constant of those
equations (median value) for Lake Erie, (c, d) time series of observed hmix and estimated hmix from the modified form
of Equations 3.1,3.3 by multiplying constant of 1.09 and 0.07 (e,f) time series of estimated hmix using low-pass
filtered >48h (using a second order Butterworth filter) time series of u*, Nmax and observed hmix.
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Figure 3-11 Schematic drawing of hlog and hmix under conditions of (a) very weak stratification Nmax2 <<10-4 s-2, (b)
weak stratification Nmax2 ~10-4 s-2, and (c) strong stratification Nmax2 > 10-3 s-2. Arrows indicate the horizontal
velocity profile in the water column and Arcs are mixing symbols. N(z) is the Brunt-Väisälä frequency profile in the
water.
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Chapter 4
Sediment Resuspension Mechanisms
4.1 Introduction
Sediments settled on the bottom of a lake are resuspended into the water column when the shear stress
applied to the bed τb becomes greater than the critical shear stress τcr (Kamphuis, 2010). In general, the
shear stressτ in a steady isotropic turbulent bottom boundary layer over a flat bottom consists of viscous
stress τν and turbulent stress τt expressed as (Van Rijn, 1993):

τ = τ ν + τ t = ρ 0ν

∂u mean
− ρ 0 u ij ' u' k
∂z

(4.1)

where ρ0=1000 kg m-3 is a reference density, ν=10-6 m2 s-1 is the kinematic viscosity, umean is the mean
current, u׳ij and u׳k are the instantaneous horizontal and vertical velocity components, and z is vertical
coordinate direction.
Resuspended sediments include sand, fine silt, clay and/or particulate organic matter and can
influence lake biogeochemistry (including changes in turbidity, light penetration, rate of photosynthesis,
vertical distributions of biomass, nutrients and contaminants) (Grobbelaar, 2009, Bloesch, 1995, Gloor et
al., 1994, Frechette et al., 1989, Lou et al., 2000). In lakes experiencing hypoxia, such as Lake Erie,
(Loewen et al., 2007, Rao et al., 2008), resuspension of organic biomass can augment the sediment
oxygen demand by increasing the surface area of decaying organic matter (Frechette et al., 1989, Lorke
and MacIntyre, 2009, Ackerman et al., 2001, Pierson and Weyhenmeyer, 1994, Luettich Jr et al., 1990).
Production of turbulent kinetic energy TKE is associated with increases of τb and can trigger sediment
resuspension (O’Callaghan et al., 2010). TKE can be energized by burst-current (the peak in the
instantaneous velocity due to the presence of eddies increasing u׳ij and/or u׳k), sweep-ejection or
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up/downward accelerations of eddies (O’Callaghan et al., 2010, Boegman, 2009). In lakes and coastal
zones, the physical process responsible for energizing TKE may originate from wind-driven currents
(Beletsky et al., 2003, Lick et al., 1994), wind-generated surface waves (Luettich Jr et al., 1990, Dusini et
al., 2009; Hofmann et al., 2011), basin-scale seiches (Gloor et al., 1994, Lemmin and Imboden, 1987),
shoaling and breaking of packets of high frequency internal waves HFIW (Quaresma et al., 2007,
Boegman and Ivey, 2009, Lorke et al., 2006, Boegman et al., 2003, Stastna and Lamb, 2008, Klymak and
Moum, 2003). We consider each of these processes in detail below.
Wind-driven currents during storm events have been observed to resuspend sediments in the
Great Lakes. In Lakes Michigan and Erie sediment resuspension was reported to occur during storms with
winds ~ 20 ms-1 (Beletsky et al., 2003) and ~ 10-20 m s-1 (Lick et al., 1994), respectively. In general, τb ~
Uw1.8, where Uw is the wind speed measured at 10 m height. Significant changes in wind speed
substantially increase the applied bed stress. For example, if Uw is doubled, which is a very typical case in
Lake Erie during the summer (e.g. Figures 4.1, 4.2), τb increases by factor of 4 and τb<τcr/4 becomes τb > τcr
leading to resuspension. Sudden increases in Uw lead to sudden changes in the near-bed current and
formation of eddies generating burst-currents, which cause resuspension.
Winds will generate surface waves whose orbital velocities penetrate to a depth of half of the
wavelength (Dean and Dalrymple, 1991). In shallow water, the orbital velocities impinge on the bed
resulting in τb>τcr leading to resuspension of bed material (Hofmann et al., 2011, Wiberg and Sherwood,
2008). In southern Lake Michigan, Lou et al. (2000) showed that in the shallow regions of the lake,
surface waves can cause τb>τcr=0.13 N m-2 during storm episodes, and combined surface waves with wind
generated currents induced episodic resuspension. In shallow lakes, surface wave-induced τb is greater
and occurs more rapidly than τb from the mean currents. Hawley and Lesh (1992) observed surface wave
induced shear stresses in Lake St. Clair (avg. depth=3.4 m) are 3-10 times greater than those from the
mean current. In Lake Balaton (avg. depth=3.2 m), Luettich Jr et al. (1990) observed that τb from surface
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waves develops in seconds, much more rapidly than τb from the mean current, and small changes in nearbed orbital velocity can generate the same shear stress as those by strong mean currents. They concluded
the resuspension of a silt-clay bed composition can be described by non-cohesive sediment theory
because there was a very thin layer of loose material on top of the cohesive bed behaving like noncohesive sediments.
Surface winds also generate internal waves, whose oscillatory currents impinge on the lake bed.
Lemmin and Imboden (1987) observed that burst-current, energized during strong wind periods, reached
the bottom in the small but deep Lake Baldeg (max. depth = 66m) and resuspensed bottom particles into
the water column; as opposed to mean hypolimnetic currents induced by internal waves. The Gloor et al.
(1994) observations in Lake Alpnach (avg. depth = 21.6 m) showed that sediment resuspension was more
associated to burst-currents and not the mean bottom currents generated by internal seiches. They
calculated the shear velocity corresponding to mean and burst-currents using a constant drag coefficient
CD, and used an extended Shields diagram for non-cohesive sediments to describe the resuspension events
(95% of sediments contained organic material).
Internal seiches degenerate into high-frequency internal waves HFIW, which include nonlinear
internal waves and shear instabilities (Boegman et al 2003). Shoaling of HFIW has been observed in lakes
(e.g. Lorke et al., 2006, MacIntyre et al., 1999, Boegman et al., 2005) and the coastal ocean (e.g., Klymak
and Moum, 2003, Quaresma et al., 2007), and this process has the ability to generate near-bed patches of
turbulence and sediment resuspension. Laboratory experiments show that resuspension is attributed to
patches of elevated positive Reynolds stress generated by vortical structures (Boegman and Ivey, 2009),
as opposed to the viscous bed-stress and/or increase in production of TKE. Likewise, field observations
by Kularatne and Pattiaratch (2008) suggest that burst-currents, energized from Reynolds stresses, are
responsible for sediment resuspension by surface waves; not the increase in production of TKE.
Resuspension beneath progressive HFIW has been parameterized as a function of the Reynolds number
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and pressure gradient by Aghsaee et al. (2012), who show that all shoaling HFIW generate near-bed
boundary-layer instability and elevated τb.
Attempts have been made to model when resuspension occurs from these hydrodynamic forcing
processes. Fukuda and Lick (1980) found initiation of motion for sediments from central and western
Lake Erie, with median diameter ds=10×10-6m and median settling velocity of 0.1×10-3 m s-1, occurs when
τb > τcr = 0.1-0.2 N m-2. Similarly, Lick et al. (1994) categorized τcr > 0.01 N m-2 for fresh bottom
sediments (deposited for <24h) and τcr > 0.1 N m-2 for older sediments on bottom of Lake Erie, and
concluded that strong wind-generated currents were the main process driving resuspension. This
conclusion is further supported by the numerical results of Dusini et al. (2009) who demonstrated that
water depth and wave period are the key factors in non-cohesive sediment resuspension in Lake Erie. The
Dusini et al. (2009) non-cohesive sediment model was based on the Shields parameter Ө, which is the
ratio of destabilizing forces τb to the submerged particle weight (Dusini et al., 2009, Quaresma et al.,
2007):

θ=

τb
( ρ s − ρ0 )gd s

(4.2)

where ρs is the grain density with diameter of ds. In central Lake Erie Dusini et al. (2009) calculated the
critical Shields parameter Өcr beyond which sediment with ρs = 2650 kg m-3 mobilizes as Өcr=0.055 for ds
=200×10-6 m (giving τcr =0.18 N m-2) and Өcr=0.122 for ds =60×10-6 m (giving τcr =0.12 N m-2). However,
these models have not been validated against direct field observations and a detailed knowledge of the
physical processes and hydrodynamic conditions leading to resuspension events in central Lake Erie
remains unknown.
In the present study, we investigate high-resolution hydrodynamic observations and compare
these to turbidity observations to assess the physical processes (basin-scale motions to small-scale
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turbulence) driving individual sediment resuspension events in central Lake Erie. We parameterize
resuspension events in terms of the peak in instantaneous current velocity (umax), the induced τb and Ө to
find critical velocity (ucr), subsequent shear stress (τcr) and the Shields parameter Өcr to investigate when
resuspension occurs. We then examine the field observations to understand the hydrodynamic
mechanisms responsible for increase of umax and the resuspension events.

4.2 Measurements and methods
4.2.1 Study area
Lake Erie (Figure 4.1; 388 km length and 92 km maximum width) is the shallowest of the Laurentian
Great Lakes and consists of distinct Western (from Toledo, OH to Leamington, ON), Central (from
Leamington, ON to Erie, PA) and Eastern (from Erie, PA to Buffalo, NY) Basins, which have average
depths of 10 m, 25 m, and 50 m, respectively.

4.2.2 Measurements
In the summers of 2008-2009, extensive field measurements (Figure 4.1 and Table 4.1) were carried out
in the central basin to address the hypoxia problem (Rao et al., 2008). These included high-resolution
temperature, velocity, turbidity, chlorophyll-a, surface wave and water elevation measurements (Table
4.1). Water temperatures were recorded at station (Sta.) 341 using
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Figure 4-1 Map of Lake Erie and its bathymetry. Black rectangle shows the location of Sta.341. Bathymetric
contours are in meters and the axis is based on Universal Transverse Mercator coordinate system (UTM) in the zone
17-North.

temperature loggers (TR-1060, RBR Ltd. ±0.002ºC). A 1.8m-tripod was also deployed at a depth of
17.5m on the bottom of Lake Erie at Sta. 341. The tripod was equipped with upward and downward
looking acoustic Doppler current profilers (ADCPs; Nortek Aquadopp with accuracy ±1% of measured
values) at 1.8m above the bottom. The upward looking 600 kHz ADCP in each sampling interval
recorded velocity at 1 Hz over 180 s in 1m bins to the surface and the downward looking pulse-coherent 2
MHz HR ADCP in each sampling interval recorded velocity at 1 Hz over 256 s in 3 cm bins to the bed. In
both years, a Nortek Vector acoustic-Doppler velocimeter (ADV) was moored on the tripod 1 m above
the bed (B-1m) which recorded velocity at 16 Hz for 5 min every 20 min. In both years a turbidity logger
(XR-620, RBR Ltd, accuracy ±2% measured values) was at B-1m on the tripod. In addition, at depth 5 m
above the bed (B-5m), turbidity and fluorescence loggers (XR-420 data logger with Seapoint sensors,
RBR Ltd, accuracy of ±2% measured values) were moored. In 2009, the tripod was equipped with a tide
and wave logger (TWR-2050, RBR Ltd, ±0.05% measured values). Meteorological data were obtained
from an Environment Canada MET3 buoy at Sta. 341 that recorded average wind speed and direction.
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Two sediment samples were collected at Sta. 341 on Aug 26, 2009 from Ponar grabs, which enabled us to
estimate the bed sediment properties: sediment bulk density (ρb), or granular density (ρs) and median grain
size d50 ≡ds (using laser diffraction as described in AWWA Standard No. 2560D, www.SequoiaSci.com).

4.2.3 Mean and maximum current per sampling interval
We apply the RC-Filter method explained in Goring and Nikora (2002) to despike and filter noise and
contaminated data in the recorded ADV and ADCP velocity signals. In this method, we remove the mean
current and low pass filter with a cutoff at 30s to smooth the signal. We choose 5 as the ratio of the
instantaneous signal to rectified smoothed signal per each sampling interval to maintain long term
fluctuations. After despiking, we add the mean velocity and long term fluctuations to the signal to obtain
noise-removed velocities in east-west ueast-west, north-south unorth-south and vertical uk directions per each
sampling interval. The mean current per sampling interval umean is calculated using the mean of the
despiked velocity in the east-west ûeast-west and north-south ûnorth-south directions as:
2
2
umean = ûeast
- west + ûnorth - south

(4.3)

The maximum value of despiked velocity data per sampling interval is taken as the maximum velocity per
interval umax. Considering a normal distribution for the despiked velocities per sampling interval, we
calculate the maximum velocity in each interval with a likeliness of 99% as (Goring and Nikora, 2002,
Chapra, 1997, Emery and Thomson, 2001):

u99% = umean + 2.7σ

(4.4)

where σ is the standard deviation of the despiked velocities per sampling interval.
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Table 4.1. Details of deployments at Sta. 341 (17.5m deep) for study of sediment resuspension.
Instrument

Year

sampling

Sampling

No per

frequency

Interval

Sampling

Days

depth range (m)

2008

121 -212

0.1 Hz

N/A

N/A

2008

212 - 288

0.1 Hz

N/A

N/A

2009

121 -288

0.1 Hz

N/A

N/A

[1,2,3,4,5,6,8,10,12,13,14,1
5.5,15.95]

600 kHz ADCP

2008

121 - 288

1Hz

15 min

averaged

1 to 15 (1 m bins)

(upward looking)

2009

121 - 288

1Hz

15 min

over 15

1 to 15 (1 m bins)

2 MHz HR ADCP

2008

212-233

1 Hz

15 min

min
256

(downward looking)

2009

121-196

1 Hz

15 min

256

2008

212 - 288

16 Hz

20 min

4800

B-1 m

2009

121 - 288

16 Hz

20 min

4800

B-1 m

2008

121 -212
212-288

-3 min
-2 min

2009

121 - 288

-3 min

2008

121 - 288

-3 min

2009

121 - 288

-3 min

2009

121 - 288

2Hz

TR-1060
temperature loggers

ADV

XR-620 (Turbidity,
Chlorophyll-a,
Conductivity,
temperature)

XR-420 (Turbidity,
Chlorophyll-a)

TWR-2050 (surface
waves, water
elevation,
temperature)

[1,2,3,4,5,6,7,8,9,10,11,12,1
2.5,13,13.5,14,14.5,15.25]
[1,2,3.5,4,5,6,7,8,9,12.75,13
.5,14,14.5,15.25,15.5,15.9,1
6.5,16.75,17]

B-1.83 m (3 cm bins)
B-1.74 m (3 cm bins)

B-1 m
B-1 m
B-1 m
B-5 m
B-5 m
averaged
1h
over 1 h
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B-1m (water temperature)

4.2.4 Bottom stress
The total applied bottom stress (τb) can be decomposed into a mean current bottom stress (τc) and surface
wave induced bottom stress (τw). τc is expressed as (e.g. Lorke et al. 2002):

τ c = ρ o u*2

(4.5)

where u* is the shear velocity. We calculate u* by least square fitting the log-of-the-wall (Equation 4.6) to
the measured ADCP velocity profile (downward looking ADCP, Table 4.1) above the viscous sublayer,
which has a height ~11ν/u* (e.g. Lorke et al., 2002):

umean ( z ) 1 z
= ln
u*
κ z0

(4.6)

where κ=0.41 is the von Karman constant and z0 is roughness height. Note that the law-of-the-wall-fit
covers depths with constant u* (constant stress layer), which during summer is always observed to fall
within depth range of B-0.2m to B-0.55m, but sometimes extended to higher depths above the bed
(Valipour et al., unpublished, see Chapter 3).
To fill gaps in the ADCP data time series (periods when the downward looking ADCP failed,
Table 4.1), we determine the relationship between the time series of currents from the ADV at B-1m and
ADCP estimated time series of u*, during periods when both instruments recorded data, by calculating the
drag coefficient (CD):

u*2 = C D u12m

(4.7)

where u1m is the horizontal ADV current at B-1m.
Surface wave induced bottom stress (τw) is calculated as (Lou et al., 2000, Wiberg and Sherwood,
2008, Chang et al., 2001).

73

1
ρf wub2
2

τw =

(4.8)

where ub is wave orbital velocity and fw is wave friction factor calculated using the methods explained in
Souza and Friedrichs (2005):

⎧ 0.13 β 0.4
β ≤ 0.08
⎪
0.62
f w = ⎨0.23 β
0.08 < β ≤ 1
⎪ 0.23
1< β
⎩

(4.9)

where β =kb/Ab, kb=30z0 is the physical bottom roughness, Ab= ub/(2π/ Ts) is the amplitude of near bottom
excursion and Ts is the significant wave period. We take the median value of the time series of z0 , from
solution of Equation 4.6 with constant z0 in Equation 4.9, to calculate kb. Time series of significant wave
height Hs and period Ts are also employed to estimate time series of ub based on linear wave theory (e.g.
Souza and Friedrichs, 2005):

ub ≈

πH s
Ts sinh(

(4.10)

2π
h)
L

where h is the water depth (h=17.5m at Sta.341) and L is surface wave length and can be obtained by
solving surface wave dispersion relationship (e.g. Dean and Dalrymple 1991):

L=

gTs2
2π
tanh(
h)
2π
L

(4.11)

We use TWR-2050 time series of Hs and Ts to calculate τw (Equations 4.8-4.11). Alternatively, following
the method described in Wiberg and Sherwood (2008), bottom orbital velocity (ub) can more accurately
be computed using the variance (var) of high-resolution horizontal velocity ADV measurements at B-1m
in each sampling interval (see Table 4.1):

ub = 2(var( u'east −west ) + var( u' north−south ))
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(4.12)

where u׳east-west=ueast-west-ûeast-west and u׳north-south=unorth-south-ûnorth-south are instantaneous horizontal velocities in
east-west and north-south directions.

4.2.5 Attenuation correction of ADCP backscatter signal
Sharp increases in timeseries of near bottom ADCP backscatter signals (echo or backscatter signal
amplitude) may be related to resuspension events (Quaresma et al., 2007), provided the backscatter is
corrected for attenuation. We follow the method in Lohrmann (2001) for Nortek ADCPs to approximate
the range normalized Echo Level (EL) of the backscatter signal:

EL = 0.43a + 20 log10 R + 2α w R + 20 R∫ α p dz

(4.13)

where a is the backscatter amplitude, R is the range along the acoustic beam (R = cellz/ cos (25°), where
cellz is distance from the transducer in m), αw is the water absorption coefficient which for 2 MHz ADCP
transducer (assuming zero salinity) is 1.34 dB m-1 and αp is the particle attenuation in dB m-1. In Equation
4.13, the base-ten logarithmic term accounts for acoustic spreading, the water absorption term accounts
for the decrease in signal strength with distance from the transducer and the term with the integral is the
particle attenuation, which is neglected here because near the bed, water was mostly clear and low
concentrations of sediment were normally observed at B-1m (Figure 4.2) (see Lohrmann, 2001).

4.2.6 Critical Shields parameter and shear stress
Lick et al. (1994) and Bedford and Abdelrhman (1987) reported that sediment material on the bottom of
central Lake Erie consists of 3% sand, 36% silt and 61% clay. Similarly, Fukuda and Lick (1980), showed
that > 69% of the central basin material has ds > 2×10-6m, which is in the 600×10-6m > ds > 2×10-6m silt
range (e.g. Das 2000) and we infer that the composition of the bed material is mainly silty. For these
sediments, as discussed in (Gloor et al., 1994, Luettich Jr et al., 1990, Dusini et al., 2009, Drake and
Cacchione, 1986), the Shields parameter (Equation 4.2) is applicable as a criterion to investigate bed
75

mobilization. Thus, we consider Equation 4.2 with ds= d50 =10×10-6m (from our grain size analysis),
which is the same as d50 from Fukuda and Lick (1980) to assess initiation of sediment resuspension by
calculating a current-induced Shields parameter Өc:

θ c = λc u12m

, λc =

CD
(4.14)

ρ
( s − 1 )gd s
ρ

and a surface wave induced Shields parameter (Өw):

θ w = λwub2

fw

, λw =
2(

(4.15)

ρs
− 1 )gd s
ρ

Note that the interaction of surface waves and currents, as for example described in Lou et al. (2000), is
not considered here to enable us distinguish the dominant process driving sediment resuspension.
Following Lick et al. (1994), we define upper and lower thresholds for τcr and ϴcr for old (>24 h)
and fresh (<24 h) sediment, respectively. For the upper threshold, we use the empirical method by
Mitchener and Torfs (1996) and estimate τcr =0.4 N m-2 based on ρb=1093 kg m-3 from our laboratory
measurements. From this estimate of τcr, the upper critical velocity for bed mobilization is estimated to be
ucr=0.29 m s-1 (from Equations 4.5 and 4.7 with CD=5×10-3 evaluated through a least-square fit as shown
in Figure 4.4c and discussed in section 4.2.4). For the lower threshold, we test the applicability of τcr = 0.2
N m-2 (ucr=0.20 m s-1, Equations 4.5, 4.7) because it was proposed by Fukuda and Lick (1980) as a critical
stress in central Lake Erie and suggested to be required for an active turbulence condition (O’Callaghan et
al., 2010, Dyer et al., 2004). Using ρs = 2150 kg m-3 and ds =10×10-6m (from laboratory measurements),
the critical Shields parameter from Equation 4.2 is calculated to be ϴcr =3.55 for τcr =0.4 N m-2 and ϴcr
=1.77 for τcr =0.2 N m-2.
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4.2.7 Water column turbulent parameters
TKE is calculated at B-1m following Wüest and Lorke (2009):

TKE =

1
2Tint erval

∫ ( u'

2
east − west

2
2
+u' north
− south +u' k )dt

(4.16)

where Tinterval is the duration of each ADV sampling interval (Table 4.1). Reynolds stress (τReynolds) is
calculated at B-1m as covariance of vertical and horizontal instantaneous velocities during each sampling
interval (Perlin et al., 2005):

τ Re ynolds = ρ uij ' u' k , τ Re ynolds = τ t

(4.17)

Note that u׳ij remains positive in our calculation such that changes in the sign of u׳k result in sign changes
of τReynolds. From this, it is inferred that the sign of τReynolds indicate whether an eddy is propagating toward
or away from the bed as a sweep (u׳ij >0, u׳k >0) or an outward-interaction (u׳ij >0, u׳k <0), respectively
(Boegman and Ivey, 2009, Heathershaw, 1979).
We use the gradient Richardson number (Ri) to evaluate periods with Ri < 0.25 (e.g. Boegman et
al., 2003, Bouffard et al., 2012) during which shear instabilities are likely leading to the growth of HFIW,
which will break locally creating turbulent overturns:

Ri( z ) =

N2
S2

(4.18)

where S2 (z) = (∂ûeast-west /∂z)2+(∂ûnorth-south /∂z)2 is the velocity shear squared from on the vertical gradient
of the horizontal velocity profile (∂û /∂z) and N is the Brunt-Väisälä frequency:

N 2( z ) = −

g ∂ρ ( z )
ρ 0 ∂z

(4.19)
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where ∂ρ/∂z is the vertical gradient of density in the water column. Because velocity and temperature field
data were recorded at different depths, we linearly interpolate the temperature and velocity data to 10 cm
cells for computation of Ri.
To locate density overturns within the water column, we estimate the Thorpe displacement length
scale (d )׳for n segments (here segments lengths are 10 cm) over 1m to 16.5m (Thorpe, 1977, Dillon,
1982):

d n ' 2 = ( z n − z stable ) 2

(4.20)

where zn is the observed depth of a particle displaced from its stable monotonic density profile of zstable.
Both zn and zstable are calculated at the center of each 10cm segment every 10s (temperature loggers in
Table 4.1).

4.3 Results
4.3.1 Wind
The most frequent wind directions were from the north and south-west in both years (Figure 4.2a,d) with
averaged wind speeds of 4.3m s-1 and 4.4 m s-1 in 2008 and 2009, respectively. The maximum wind speed
in 2008 was 13.7m s-1 from the north and in 2009 was 14.9m s-1 from the south-west. A daily wind breeze
<5m s-1 was observed, but there were no significant oscillatory frequencies associated with synoptic
storms (>5m s-1) during the measurement periods. Previous work (Hamblin, 1987) has shown a typical
100 d synoptic storm return period.

4.3.2 Coupling between seasonal stratification and high turbidity events
At Sta. 341, the summer thermocline forms in early spring (day 160-170) and the thermocline (taken here
as the 16 °C isotherm) remains at 9-11m depth, until deepening to intersect the lake-bed in late August
(day 240-250) (Figure 4.2). Near-inertial isotherm displacement oscillations indicate the presence of
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vertical mode one (V1) and/or mode two (V2) Poincaré waves with 16.8 h periods (see Chapter 2, Rao et
al 2008). Turbidity observations at B-1m, in both years, (Figure 4.2) show that most of the time the water
near the bottom is clear with minimal suspended material (4<NTU); however, as the stratification evolves
in the water column, there are changes in near-bed turbidity (Figure 4.2c,f). In both years, the peak in
turbidity is observed when the thermocline intersects the lake-bed. At other times, depending on the depth
of thermocline, the degree of stratification and presence of episodic storms, near-bed sediment
resuspension events (high turbidity) were observed (Figure 4.2c,f). In general, near-bed high turbidity
events during the stratified period were substantially different in both years.
In 2008 (Figure 4.2b) deepening of the thermocline near day 240 caused a spike to 40 NTU at B1m, which is ~10 times higher than background values. There was also a 30 NTU peak on day 258
corresponding to a northerly storm with speeds > 10 m s-1 (Figure 4.2a, c). In 2009 on day 252, the
thermocline-bed interaction caused a peak to 40 NTU at B-1m; however this event was preceded with
several high turbidity events corresponding to up- and down-welling of the near-bed thermocline (Figure
4.2e,f). In 2009, there was an early spring turbidity peak on day 143-144 when the water temperature
increased (Figure 4.2e), suggesting the possibility of a spring algae bloom (Paerl and Huisman 2008, Di
Toro et al., 1975). This peak was not observed in 2008 when near bed throughout spring and summer.
Other examples of near-bed high turbidity events in 2009 can be seen as spikes in the turbidly timeseries
on days 227.6, 228.5, 232 and 238. To understand the processes responsible for peaks in turbidity, other
field data are investigated below.

4.3.3 Mean horizontal current structure and induced bed stress
The near bottom mean horizontal currents (averaged over 15 min in each sampling interval, Table 4.1) at
Sta. 341 are always umean < 0.2 m s-1 (e.g. Figure 4.3c,e) with strong velocities ~ 0.3m s-1 observed above
the logarithmic layer at depths of 5-13m. Mean horizontal currents in the water column are controlled by
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Figure 4-2 Time series at Sta. 341 of 2008 (a) wind velocity and direction low-passed filtered at 12h <, (b) thermal structure, lowpassed filtered isotherms at 12h<, triangles show location of RBR-1060, (c) turbidity recorded at B-1m. Panels (d) to (f) are the same for
2009 and time is GMT. The grey rectangles are refurbishment periods.

surface seiches with a period of 14 h (barotropic) and internal Poincaré waves with period of 16.8 h
(baroclinic), which are the dominant processes. Both processes, with periods slightly less than the inertial
period (Ti =18 h), energize the near-bed mean currents (Rao et al., 2008; Bouffard et al., 2012). We
followed the methods explained in MacKinnon and Gregg (2003 and 2005) to separate the barotropic and
baroclinic (V1, V2, V3 and V4 Poincaré modes) processes in the water column (here we only show the
dominant first two vertical Poincaré modes and detailed calculations were discussed in Chapter 2). To
visualize the dominant process, we compute the associated integrated kinetic energy through the water
column for each mode and divide the energy by the depth integrated total kinetic energy. We refer to this
quantity as the ratio to total kinetic energy (Figure 4.3f). During spring when stratification was weak
(N2~10-4s-2) and barotropic wave activity predominated (Figure 4.3f), we observed and assessed surface
wave induced resuspension (e.g. days 142-165). Conversely, during the summer stratified periods (e.g.
days 226-242) when Poincaré waves were strong, resuspension due to these waves does not occur, rather
resuspension results from thermocline oscillations or HFIW.
To investigate the influence of the mean current on sediment resuspension, the mean current
induced bed-stress is computed. We least-squares fit the law-of-the-wall (Equation 4.6) to the near bottom
observed velocity from the HR ADCP (downward looking, Table 4.1) within the logarithmic layer
(Figure 4.4 a). The thickness of the logarithmic layer is temporally variable ranging from B-0.2m to
shallower depths. By fitting Equation 4.6 to velocity data, we estimated time series of z0 and u*. The
distribution of z0 in general is log-normal (Figure 4.4b) with a mean value of z0=2×10-3 m indicating the
most frequent theoretical height at which the velocity is zero during the measurements. The shear velocity
time series also has a linear relationship with u1m (Figure 4.4c,d) and from the best linear fit is estimated
to be CD=5×10-3 (slope in Equation 4.7, Figure 4.4c, and for velocity at B-1m>0.01 ms-1 the error in
estimation is CD=5×10-3±2×10-3), thus enabling us to calculate the mean current induced bed-stress (τc)
with the velocity at B-1m (u1m) from the ADV during times when the HR ADCP failed (Figure 4.4e). No
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evidence of sediment resuspension by mean currents was observed (e.g. in 2009 days 142.6 or 145.6 with
strong mean currents ~0.1-0.2m s-1, Figures 4.3c,e , 4.5d and 4.2f).

Figure 4-3 Time series at Sta. 341 of 2009 (a) wind velocity and direction low-passed filtered at 1h< contour plots
of observed velocity, (b) east-west direction using ADCP upward looking, (c) east-west direction using the HR
ADCP (downward looking), (d) north-south direction using ADCP upward looking, (e) north-south direction using
HR ADCP (downward looking), (f) ratio of kinetic energy of barotropic and baroclinic components to total kinetic
energy. Time is GMT.

4.3.4 Surface wave induced resuspension
On days 146, 152, and 159.5 at Sta. 341, surface waves with periods of ~6s (Figure 4.5a) intensify ub
(Figure 4.5b) and also umax >0.25 m s-1 (Figure 4.5c). As a consequence of these surface waves τb
increased and whenever τb > τcr=0.3 N m-2 resuspension is observed as shown in Figure 4.5d,i (we
followed Gloor et al. (1994) and calculated τb associated with ub and umax using CD=5×10-3 , Figure 4.4c).
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From Equation 4.2, the associated ϴcr=2.75 (Figure 4.5e). For example, on day 147 in 2009 surface waves
with Hs=1.1m and Ts ~ 6s, increased ub to 0.2 m s-1 and bed material resuspended with high echo
intensity; decreasing with height above bed (Figure 4.5i). Similar observations can be seen on days 152

Figure 4-4 (a) Three example of logarithmic fit to observed velocity data, (b) histogram of the roughness length z0
estimates from the law-of-the-wall scaling on a logarithmic scale, (c) relationship between observed velocity at B1m and shear velocity (u*) estimates from the law-of-the-wall, CD is estimated as slope of the least squares fit line,
(d) time series of observed velocity at B-1m and estimated u*, (e) time series of applied shear stress on the bed using
observed velocity at B-1m and estimated u*.

and 159.5 during the passage of surface waves with Hs ̴ 0.1 m and Hs ̴ 0.5 m (ub ~0.05 m s-1). The
presence of surface waves increased the production of near-bed TKE (Figure 4.5j) as orbital velocities
generated turbulence. The temporal variation in time series of low pass filtered TKE (using a second
order Butterworth filter passing TKE >Ti), indicates that production of TKE depends on the presence of
surface waves, as opposed to the presence of basin-scale waves (surface seiches and Poincaré waves).
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When combined with the above observations, a key process driving resuspension is surface waves with
periods > ~ 6s (Figure 4.5k). It is inferred from Figure 4.5i-l that surface waves cause significant
turbulence production with ~0< TKE< 2 m2 s-2 and ~0 < τReynolds < 0.05 N m-2 (on average the value of
τReynolds >0, as shown in time series of the low pass filtered τReynolds > Ti, Figure 4.5l ). Positive τReynolds
shows the lifting mechanism for sediment occurred mainly through sweep processes (Equation 4.17).
We now determine the observational ucr and then τcr and ϴcr. We observe resuspension when umax
>0.25m s-1 and this increase in maximum velocity only occurred 1% of the time in some of the sampling
intervals (Figure 4.5c). For example, as shown in Figure 4.5c,i, the burst-current umax > 0.25 m s-1 on days
143.3 and 144.4 resuspensed bed material to B-0.1m. Hence, ucr = 0.25 m s-1 is chosen as a critical
instantaneous velocity threshold for resuspension (see also events on days 155.1 and 160.7). This may be
compared to day 145.9 (Figure 4.5 c,i) when umax ~ 0.2 m s-1 and no increase in intensity of normalized
echo level was recorded. We find better performance for this criterion over ucr =0.29 m s-1, which is
based on ρb at Sta. 341 (see section 4.2.6). With ucr =0.25 m s-1, τcr and ϴcr are computed using Equations
4.2, 4.5 and 4.7 to be 0.31 N m-2 and 2.75, respectively (Figure 4.5d,e). We investigate the applicability of
the new thresholds, which all are a function of ucr =0.25 m s-1 for other resuspension events in sections
4.2.6 and 4.2.7.
As shown in Figure 4.5b, ub was calculated from linear theory using both the hourly wave
measurements and Equation 4.12 using 20 min ADV data). The comparisons from both methods for ub
are in a very good agreement in Lake Erie (consistent with Wiberg and Sherwood 2008 in the coastal
ocean). Thus we use the more frequent ub from Equation 4.12 to calculate τw and ϴw (Figure 4.5d,e). From
these results, ub>0.05 m s-1 is associated with increased TKE and resuspension. The ratio of observed umax
/ ub =(0.25 m s-1/0.05 m s-1)=5 falls in the range observed in Lake St. Clair, where surface wave induced
shear stresses are 3-10 times higher than those due to currents (Hawley and Lesh 1992). Here, we use umax
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Figure 4-5 Time series at Sta. 341 of 2009 (a) surface wave height and period, (b) bottom orbital velocities ub, (c)
mean current using ADCP, and mean, maximum, ub and u99% currents per sampling interval using ADV data, (d)
induced bed shear stress using CD=5×10-3 and ADV mean, maximum, u99% currents and surface wave shear stress, (e)
Shield parameter using mean, maximum, u99% currents, and surface wave induced shear stress, (f) chlorophyll-a time
series at B-5m, (g) turbidity at B-5m and (h) B-1m, (i) range normalized backscatter signal, EL, (Equation 4.13) near
the bed, red arrows indicate the time of resuspension, (j) Turbulent Kinetic Energy, TKE (k) temporal variation of
TKE low pass filtered > inertial period, Ti =18 h, (l) Reynolds stress.
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and describe all resuspension events by shear stress associated with currents because ub is only induced by
surface waves not all other physical processes.

4.3.5 Algae blooms and high turbidity events
In 2009, turbidity spikes on day 143-144 at B-1m and days 147-149, 157-158 and 161-162 at B-5m
(Figures 4.5g,h) are associated with peaks in chlorophyll-a (Figure 4.5f). During these periods, water
temperatures are warm (Figure 4.2e) and acoustic backscatter signals did not intensify (Figure 4.5i),
suggesting the turbidity spikes result from algae bloom events, or algae patch dynamics (e.g., León et al
2012), as opposed to resuspension events.

4.3.6 Up-and down-welling events and resuspension
Figure 4.2 shows spikes in turbidity when the hypolimnion is thin. This mechanism is further
investigated, for example, on day 231 to 242 (Figure 4.6c), where free-surface fluctuations with ~4 day
periods resulted from sustained winds > 7.5 m s-1 over 2 days (beginning on day 231, Figure 4.6a). The
baroclinic response was thermocline up- and down-welling events where, as the metalimnion approached
the bed, the near-bed current significantly increased (Figure 4.6f) to conserve mass with corresponding
epilimnion flow (i.e., baroclinic V1 current).

On days 231-232.5, the mean hypolimnetic current

increased from < 0.05 m s-1 to >0.15 m s-1(Figure 4.6d,e,f), TKE → 0.4 m2 s-2 (Figure 4.6g) and τReynolds
substantially increased from ~0.01 Nm-2 to 0.1 Nm-2 (Figure 4.6h). During the increase of TKE and
τReynolds, burst-current umax (with peaks ~ 0.5 m s-1) > ucr = 0.25 m s-1 on days 231-232.2 (umax in Figure
4.6f) were recorded by the ADV at B-1m (Figure 4.6f), which eventually resuspended sediments; shown
as spikes in the near-bed turbidity (Figure 4.6f, j). No general agreement between umean, u99% and
resuspension events was observed (Figure 4.6f,j). Similarly, on days 237-238 sudden increases in the
current (Figure 4.6e,f) generated burst-currents with umax>ucr (Figure 4.6f) resulting in significant
sediment resuspension (>50 NTU at B-1m Figure 4.6j).
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Figure 4-6 Time series at Sta. 341 of 2009 (a) wind velocity and direction low-passed filtered at 1h< (b) surface
wave height and period, (c) water elevation, (d) east-west using ADCP upward looking,(e) north-south and white
contour are 10s isotherms using sensor indicated by triangles, (f) mean, maximum, ub and u99% currents per sampling
interval using ADV data, (g) Turbulent Kinetic Energy, (h) Reynolds stress, (i) turbidity at B-5m and (j) B-1m.
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4.3.7 Sediment resuspension due to HFIW breaking
Shoaling of high-frequency nonlinear internal waves has long been associated with sediment resuspension
(e.g., Klymak and Moum, 2003, Quaresma et. al., 2007, Boegman and Ivey, 2009). Solitary-type
nonlinear internal waves have not been observed in Lake Erie, and so here we examine the ability of
HFIW, with period of 5-45min potentially resulting from the growth of Poincaré wave driven shear
instability (Bouffard et. al., 2012b), to resuspend sediments in the lake. An example of the unstable waves
during the passage of a Poincaré wave trough occurred on days 226.5-229 (Figure 4.7a); after the first
wave packet (near day 227), the metalimnion expanded and deepened toward the bed. During this time, Ri
< 0.25 (Ri-1 > 4) below the thermocline (Figure 4.7b) indicating the possibility of shear instability and
associated billowing (Boegman 2009). Overturns are confirmed with Thorpe displacements ~ 2 m below
the thermocline (days 227.2-227.4 and 228.2-228.6, Figure 4.7c). High-pass filtered temperature data (2nd
order Butterworth filter passing < 1h where the HFIW are 5-45min) at B-1.05m shows the Thorpe
overturns to be preceded by packets of high-frequency internal waves. Similar temperature fluctuations
were recorded by XR-620 and TWR-2050 loggers at B-1m, but at lower frequency (Figure 4.7d, Table
4.1), which confirm the presence of high-frequency temperature oscillations and weak ephemeral
stratification near the bed. During and after the passage of the HFIW packets, the ADV recorded burstcurrents with umax >0.25 m s-1 (days 227.3-227.4 and 228.2-228.5, Figure 4.7f), production of TKE
(Figure 4.6g) and resuspension (days 227.6 and 228.5 in Figure 4.7g); with the HFIWs being strongest
during stratified periods (i.e., waveguide present) and instantaneous velocities/TKE strongest between
wave events, when the non-stratified water column was more amenable to overturns and turbulence
production. Resuspension occurred during these turbulence events, after the passage of the wave packets,
when umax >0.25 m s-1.
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Figure 4-7 Time series at Sta. 341 in 2009 (a) Isotherm contour plot using 10 s temperature data from sensors
moored at depths indicated by triangles, (b) time series of Richardson number at depth 14m, (c) contour plot of
Thorpe displacements with thermocline which is the green line taken to be the isotherm 16°C, (d) near bed
temperature time series using RBR-1060 at B-1.05m logged 10s, TWR-2050 at B-1m logged 1h, XR-620 at B-1m
logged 3min, (e) high-pass filtered < 1h temperature time series using RBR-1060 at B-1.05m logged 10s, (f) mean,
maximum, ub and u99% currents per sampling interval using ADV data, (g) turbidity at B-1m.
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4.4 Discussion and conclusions
We have presented field observations for surface wave and HFIW induced resuspension. To assess
generality we compare our results to other Lake Erie observations and data from other lakes and
mechanistic resuspension models.

4.4.1 Drag coefficient, bottom roughness and shear velocity
Lorke et al. (2002) conducted a similar study in Lake Alpnach, where they found CD = 9×10-3, u* ~ 0.1 u1m
and log-normal distribution for z0, which may be compared to our u* ~ 0.07 u1m , CD=5×10-3 and the lognormal distribution of z0 in Figure 4.4b. The difference in CD results from the smoother bed in Lake Erie
(mostly silty with z0=2×10-3 m) compared to Lake Alpnach (z0=14×10-3 m) making different bottom
turbulent regimes Van Rijn (1993). Our CD is 34% greater than CD=3.3×10-3 proposed by Ivey and Boyce
(1982) in Lake Erie based, who used mean hypolimnetic currents at B-1m to obtain u* by solving an
equilibrium balance between conservation of energy and TKE. We argue that our CD, from fitting the
law-of-the-wall to high-resolution near-bottom velocity measurements, is more accurate for the central
basin.

4.4.2 Resuspension criteria
From the observational near bed velocity and turbidity data in Figures 4.5-4.7, we defined and examined a
critical velocity ucr =0.25 m s-1, shear stress τcr=0.3 N m-2 and Shields parameter ϴcr=2.75 for sediment
resuspension in central Lake Erie. This value of ϴcr is for sediments at Sta.341 with d50~10×10-6 m and
ρs=2150 kg m-3 in 8-12 ͦ C water. Our observed value of τcr=0.3 N m-2, which reasonably described the
near bed high turbidity events (Figures 4.5-4.7) is greater than previous proposed values in Lake Erie of
0.1, 0.2, and 0.18 N m-2 by Lick et al. (1994), Fukuda and Lick (1980), and Dusini et al. (2009),
respectively (Table 4.2). Our suggested τcr is also greater than τcr=0.25 N m-2 in Lake St. Clair Tsai and
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Lick (1986), and τcr=0.13 N m-2 in Lake Michigan (Lou et al., 2000). This is not unexpected as τcr should
vary with sediment type and water temperature (if d50<600×10-6 m, Van Rijn 1993). Our observed τcr , is
based on direct field observations of resuspension (Figure 4.5) and includes cohesive and non-cohesive
bed materials. Once explanation is the presence of cohesive sediments and therefore consolidation of bed
materials increasing the required shear stress for resuspension of sediment with the same d50. Our higher
τcr=0.3 N m-2 is expected for sediments deposited for >24h. As discussed in section 4.2.6, following
Mitchener and Torfs (1996) and O’Callaghan et al. (2010), we used ρb = 1093 kg m-3 at Sta. 341 and
estimated τcr=0.4 N m-2. This estimate of τcr is even greater than our 0.3 N m-2 estimate, in agreement with
the discussion by Mitchener and Torfs (1996) describing the method to be conservative. Likewise,
O’Callaghan et al. (2010) found τcr to be reasonably defined using ρb in estuaries with mud/sand
compositions. Based on these arguments, we hypothesize that resuspension starts when the applied shear
stress suppress the weight gravity force of sediment particles (ρb) and the flocculation forces due to
cohesive bed material. Once sediments are resuspended, the applied shear stress required to resuspend bed
material becomes smaller (lower threshold), likely due to presence of lower cohesive forces, here taken to
be τcr=0.2 N m-2. Note that for d50 <600×10-6 m, τcr is inversely proportional to water temperature (Van
Rijn, 1993) and in central Lake Erie with d50 =10×10-6 m, our values for ucr , τcr and ϴcr are valid before
warm epilimnion water is entrained toward the bed (Figure 4.2b,e).
Our observations show burst-currents with umax>ucr=0.25 m s-1 (τcr=0.3 N m-2 and ϴcr=2.75) are a
better predictor (Figures 4.5c,4.6f,4.7f) for resuspension events compared to near bed mean currents of ̴
0.15-0.2 m s-1 (associated τcr=0.11-0.20 N m-2 and ϴcr=0.99-1.77), which we do not observe to resuspend
deposited sediments for >24h. These observations are consistent with Gloor et al. (1994) who showed
burst-currents of 0.07 m s-1 resuspended bed material with mean currents of 0.02 m s-1 in Lake Alpnach.
Our ratio of umax/umean=1.6-2.5 is smaller than Lake Alpnach umax/umean=3.5; this may be because the
length scales associated with a mature instability increase if the background current umean becomes weaker
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and subsequently limits the size of the eddies appearing in the form of burst-current (e.g. Stastna and
Lamb, 2008).
Production of TKE energizes the burst-currents, which are in agreement with observational
results from O’Callaghan et al. (2010). During some events, resuspension coincides with significant
changes in τReynolds. Temporal variation of τReynolds was sometimes on average positive suggesting sweep
mechanisms (Equation 4.17) consistent with Boegman and Ivey (2009) as, for example, the resuspension
events on day 147 in 2009 (Figure 4.5) or on day 232 in 2009 (Figure 4.6). However, there were periods
when the sign of τReynolds altered positively and negatively proposing alternative outwards-interaction (u׳ij
>0, u׳k <0, Equation 4.17) and sweep (u׳ij >0, u׳k >0, Equation 4.17) mechanisms (Boegman and Ivey 2009,
Heathershaw, 1979) due to the presence of rotating counter-clockwise/clockwise eddies, like the
resuspension events (day 227.6 and 228.5, Figure 4.6). Further investigation of these mechanisms is
beyond the scope of this study. Our observation on the relationship between TKE and τReynolds support
Boegman and Ivey (2009) who found these are not highly correlated; as opposed to the linear relationship
between TKE and τReynolds (O’Callaghan et al., 2010).
Temporal changes in τReynolds (Figure 4.5, 4.6) are observed to lift sediments upward (e.g. day 232
in Figure 4.6). However, we also observed periods with an increase in TKE with no significant changes in
τReynolds; indicating that the burst-currents can only have a noticeable impact on horizontal velocities (uij׳
>>uk )׳e.g. days 237, Figure 4.6). Such observations suggest that strong increase in velocity influences the
governing momentum balance and the medium over the sediments can be subjected to a negative pressure
gradient which is able to resuspend sediment.

4.4.3 Surface wave induced resuspension
Our observations (Figure 4.5) show that surface waves in Lake Erie with Hs ≥ 0.1m with Ts > 5s are able
to resuspend bed material (Figure 4.8a). Solving Equation 4.11 for Ts with L=h/2 where h=17.5m
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(shallow water definition Dean and Dalrymple, 1991, Wiberg and Sherwood, 2008) indicate that for
surface waves with Ts ≥ 5.6s, based on linear wave theory, ub always reaches the bottom, increases
velocity fluctuations and as a result TKE. Furthermore, during the 2009 measurement at Sta. 341, only the
surface waves with Ts ≥ 5.6s whose orbital velocities reached the logger (TWR 2050) were measured
(Figure 4.5a,b). For example wind data between days 144 to 165 as shown in Figure 4.4 suggest the
presence of surface waves while the surface wave record showed no waves (Figure 4.5a,b). We are
skeptical about presence of no waves on this period. We explain that over the measurement period there
were surface waves with Ts <5.6s; hence, the logger was not able to record because it was placed on the
tripod at depth B-1m which limited the surface waves record to those with Ts >5.6s. As shown in Figure
4.5, during the passage of surface waves on Sta. 341, TKE significantly increase to ~1-2 m2s-2, generates
burst-currents and resuspends bed material. The influence of surface waves on TKE occurs despite small
changes in ub ̴ 0.05m s-1, which significantly increase τb (Equation 4.8, 4.9). This is in reasonable
agreement with previous observations by Luettich Jr et al. (1990) and Hawley and Lesht (1992) showing
the considerable influence of small ub on resuspension events, which is comparable with much stronger
mean currents. These results are also consistent with the Dusini et al. (2009) numerical investigation of
surface waves in Lake Erie who show the influence of surface waves with periods of Ts ̴ 5.9s on sediment
mobilization. However, contrary to Dusini et al. (2009), our observations reveal that wave height only
influences the intensity of sediment resuspension and does not limit the occurrence of sediment
resuspension and surface waves with Hs~0.1m and Ts ≥5.6s are able to resuspend sediment. No transfer of
TKE to mean flow, as proposed by Anis and Moum (1995), was observed near the bed likely due to small
variation in surface wave induced τReynolds, which limit the turbulence production term.

4.4.4 Enhanced burst-current by up/down-welling events and resuspension
Our results show that baroclinic up- and down-welling events modulate the metalimnion in the central
basin, and create strong velocities in the thin hypolimnion, which enhance burst-currents to > 0.25 m s-1
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near the bed with the ability to resuspend sediments (days 231 or 242 in Figure 4.6 and Figure 4.8b). It
remains unclear if the enhanced turbulence results from the increase in the mean velocity or the flow
acceleration (Figure 4.8b) (e.g. Kundu and Cohen, 2002 page 338).

Figure 4-8 Schematic drawing of resuspension mechanisms, (a) surface wave induced resuspension, ellipses are
induced orbital velocities, (b) up/down welling induced resuspension; arrows denote velocity profile induced by
baroclinic vertical mode 1 currents. HFIW induced resuspension (c) billow growth and collapse, (d) wave radiation
toward the bed. In panels (c,d) numbers are time sequence for each process leading to resuspension. Bottom light
brown color indicates sediments and resuspended sediments in the water.

4.4.5 HFIW induced resuspension
Nonlinear internal waves, and their associated resuspension during shoaling, were expected but not
observed in central Lake Erie. However, we have observed sediment resuspension associated with highfrequency linear waves formed during turbulence events following Poincaré wave generated shear
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instability through the thermocline (Bouffard et al., 2012b and Figure 4.7). The resuspension may result
from turbulence created during the gravitational degeneration of the billows near the thermocline or by
breaking of the high-frequency internal waves on the lake bed.
The first mechanism is that the instabilities grow and eventually billow; causing overturns and
near-bed turbulence that resuspends sediments (Figure 4.8c). This occurs at the billowing timescale Tb~20
ΔU/g( ׳Turner, 1980) where ΔU is the velocity difference over the layer of interest (12 °C isotherm,
between 11-15m depth), g'=(ρ- ρ0)g/ ρ0 is the reduced gravity, g=9.81 m s-2 and ρ is the water density. The
wavelength of instabilities will be λ~7δ, where the shear layer thickness δ~0.3(ΔU)2/g׳. Thus, we
calculate Tb ~ 2 h, δ=2.4m and λ=16.8m for ΔU=0.05 m s-1 (Figure 4.6d,e) and g=׳10-4 m s-2 , which is
consistent with observed Tb ~3h (Figure 4.7b and 4.8c; the time from the formation of shear-induced high
frequency waves until the billow starts growing). Interestingly, for the first resuspension event there is a
~7h lag between the elevated umax and the induced resuspension (day 227.6 Figure 4.7f,g); but there is no
such lag during the second resuspension event (day 228.5) resulting from elevated umax (days 228.2228.5). The time lag likely results from the need to for eddies to mix the weak stratification near the bed
prior to the first, but not the second, resuspension events (Figure 4.7d). The first resuspension event is
consistent with the time scale of decay of turbulence associated with a turbulent event over the period
Δt=227.0 -227.5 day (12h) where <dTKE/dt> ~ 0 (< > denotes averaging over Δt), <TKE> ~ 0.08 m2 s-2
and <ɛ> ~ 2×10-7 m2 s-3. Here ɛ has been calculated assuming a logarithmic profile using ɛ = u*3(κz)-1 (at
z=1m and using CD=5×10-3 umean=0.06 m s-1). The ratio <TKE> <1.2ɛΔt>-1 ~ 7 (1.2 is for the effect of the
buoyancy flux in the TKE budget) suggests that only 1/7 of the turbulent energy has been dissipated, and
the remnant energy has the potential to reach the bed (after overcoming the weak stratification) and
resuspend bed material. The second resuspension event on day 228 reached the bed with zero lag between
the gravitational degeneration of overturns, created in the hypolimnion (Figure 4.7c), and the
resuspension on day 228.5 because there was no stratification blocking the downward propagation of the
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eddies. We conclude that this resuspension likely results from growth and decay of billows generated by
Poincaré wave induced baroclinic shear (Figure 4.8c).
The alternative mechanism driving HFIW-induced resuspension is that the shear instabilities
generate linear waves that propagate through the weakly stratified hypolimnion and break on the bed
(e.g., Ivey et al., 2000); thus resuspending sediments (Figure 4.8d). The waves will radiate to the bed at a
fixed angle β to the horizontal with a period (ω=2π/ THFIW) according to N where ω=N sin β (Boegman,
2009, Ivey et al., 2000). The observed HFIW have a range of periods THFIW =5-40 min and in the
hypolimnion (Figure 4.7e) N2=10-4~ 10-3 s-2. On days 226.9 and 228, we estimate β=42 ͦ and 33 ͦ for THFIW
=5min and 6min, and N2=10-3 s-2. We estimate β by transforming the temporal-coordinate to a spatialcoordinate using a background 0.3 m s-1 for Poincaré wave speed and find an observed angle β ~ 16 ͦ for
the 12 ͦ C isotherm (Figure 4.7a). Although breaking of linear waves on lake bottoms has been proposed
in the literature and many lake-beds are believed to be critical for linear wave breaking (MacIntyre et al.,
1999, Imberger, 1998, Thorpe, 1998, Lorke, 2007) our results suggesting that the observed resuspension
events do not result from linear wave breaking.

4.4.6 Generalization of resuspension criteria
We plot our observed Өcr against particle number, D*= (d50 (S’-1)gν-2)1/3 where S’ = ρs ρ0-1, along with
published data (Figure 4.9a, Table 4.2), on the well-known Shields diagram for non-cohesive
resuspension (e.g. Van Rijn, 1993). With the exception of the Gloor et al. (1994) observations in Lake
Alpnach, our results are consistent with published data over d50 ~10-200×10-6 m showing a trend (Figure
4.9a), outside the already well defined range for D*>1 (e.g. Van Rijn, 1993). This data contradicts Van
Rijn, (1993), who suggest bed mobilization (not resuspension) occurs according to Өcr=0.2 for the
laminar flow regime Re* <1 (Re*=u* d50 ν-1) such as Lake Erie with Re* =0.2. The data propose an inverse
proportional relationship between Өcr and d50 for D* <1 (Figure 4.9a). Mier and Garcia (2011) present a
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similar diagram showing that for cohesive and fine sediments; Өcr significantly increases as d50 decreases.
The data include recently settled (<24 h) unconsolidated fine sediments (the samples were not
consolidated as the field) and non-cohesive Pliolite particles with d50 ≈100 µm (Boegman and Ivey 2009).
The lack of consolidation and presence of cohesive material between the non-cohesive material may
explain the relationship, e.g. as shown by Araújo et al. (2008) and Mier and Garcia (2011). This is
because τcr required to lift the sediments has to be strong (increasing Өcr) to overcome flocculation forces
resulting from presence of cohesive materials.
τcr is inversely proportional to water temperature for sediment d50<600×10-6 m (Figure 4.9b).
Again, a trend is proposed between the data by Van Rijn (1993) and our observational and published data
except for Mier and Garcia (2011) and Gloor et al. (1994). The inconsistency of the Gloor et al. (1994)
and Mier and Garcia (2011) d50~50×10-6 m data was not unexpected, as it did not agree with Figure 4.9a;
suggesting different resuspension mechanisms. Our suggested trend in the Shields diagram is able to
describe Mier and Garcia (2011) laboratory τcr for d50~3×10-6 m as it is relatively well aligned with other
observations (Figure 4.9a). We did not have enough data to investigate Mier and Garcia (2011)
observation with our τcr trend (Figure 4.9b), so we can not conclude trend for τcr is valid for d50< 8×10-6 m
(Figure 4.9b).
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Table 4.2 Comparing observations of ucr , τcr and ϴcr in Lake Erie and other locations.

Reference

site of study

ucr

τcr

(m s-1)

(N m-2)

0.25

-6

d50×10
(m)

ρs (kg m-3)

ϴcr

Temperature( ͦ C)

0.3

2.75

8-12

10

0.15 *

0.12

0.122

N/A

60

2650

0.19 *

0.18

0.055

N/A

200

(sand)

0.14 *

0.1

N/A

N/A

N/A

0.2 *

0.2*

1.24*

Room temp.
(inferred , 20)

10

Lake
Michigan

0.16 *

0.13

0.28

2

30

(Quaresma et al., 2007)

Portuguese
mid-shelf
(Ocean)

0.2 *

0.2 *

0.06

14

214

(Gloor et al., 1994)

Lake Alpnach

0.07

0.007

0.05

5

10

(Dusini et al., 2009)

Lake St. Clair

0.22 *

0.25

N/A

N/A

N/A

(Araújo et al., 2008)

Westerschelde
Estuary

0.31*

0.48

3.71-0.74*

~15*

8-40

St. Clair River

0.92*

4.23

87.1-5.2*

~20

3-50

Laboratory

0.03*

5.5×10-3

1.51-1.08*

~20

106-150

Present work

(Dusini et al., 2009)
Lake Erie
(Lick et al., 1994)

(Fukuda and Lick, 1980)

(Lou et al., 2000)

(Mier and Garcia, 2011)

(Boegman and Ivey 2009)

(Sediment)
2150
(silt)

N/A
(sand)
2650
(silt)
2650*
(sand/silt*)
2650
(sand)
2650
(sand/silt)
(sand)
2650*
(mostly clay)
2650
(glacial till)
1003.5
(Pliolite)

* denotes parameter is indirectly inferred from the other available parameters in the reference or using
CD=5×10-3
N/A denotes data are not available
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Figure 4-9 (a) Values of critical Shields parameter (Өcr) for erosion of silts and fine-grained cohesive
sediments plotted on a modified Shields diagram. Particle number D*= (d50 (S’-1)gν-2)1/3 where S’=ρs ρ0-1,
against Өcr, both dimensionless, values of Өcr on lines for D*>1 are from Van Rijn (1993) Shields diagram
of non-cohesive materials, (b) Values of critical shear stress (τcr) for erosion of silts and fine-grained
cohesive sediments plotted on a modified critical shear stress diagram, values of τcr on lines for
d50>100µm are from Van Rijn (1993) diagram of non-cohesive materials. In (a,b) dashed magenta line is
guide from the end of Van Rijn (1993) data to our results. In (a,b), the filled rectangle below and above
the present work indicate the error bar in τb based on CD=5×10-3± 2×10-3. See Table 4.2 for references.
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Chapter 5
Conclusions
High-resolution physical and biogeochemical field data in central Lake Erie during the summers 20082009 along with three-dimensional numerical model results were used and analyzed to understand the
modal structure of Poincaré waves, dynamics of the bottom mixed layer, and mechanisms leading to
sediment resuspension. The main conclusions of this study are summarized below:
1- In Chapter 2, the vertical mode-one Poincaré wave was found to be mostly dominant during
the seasonal stratified period. Vertical mode-two evolved when the metalimnion thickness expanded
during calm conditions with a positive net heat flux. Barotropic currents were generated during sustained
winds with duration more than the inertial period. The horizontal modal structure was also investigated in
a sensitivity analysis, using a three-dimensional hydrodynamic transport model forced with real and
idealized wind events. Progressive vector diagrams and plots of spatial distribution of clockwise spectra
peak were used to locate nodes of dominant Poincaré waves in the lake. Observed and periodic northerly
winds typically formed horizontal mode-two Poincaré waves, whereas impulsive and periodic westerly
winds generated horizontal mode-three.
2- In Chapter 3, it is shown that Equation 3.1 is generally applicable to approximate hmix	
   during
both weakly and strongly stratified periods. In general hmix ≠hlog and we categorized three conditions
whereby these length scales differ based on the strength of stratification (Nmax2). When Nmax2>10-3 s-2 the
mixed temperature region created by baroclinic waves can merge with the bottom hmix and make hmix>hlog
and also when Nmax2<<10-4 s-2 surface mixed layer can merge with hmix from the bottom making hmix>hlog.
However, when Nmax2~10-4 s-2, the stratification is sufficient enough to block upward propagation of
eddies making hmix<hlog.
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3- In Chapter 4, it is shown that surface waves (with periods ≥ 5.6s), the intersection of summer
thermocline with the bottom (within ~5m) and HFIW breaking (due to near-bed shear instability) can
resuspend sediment. The spring algae bloom was also associated with high turbidity events; thus leading
to the recommendation that fluorometers be deployed with turbidity sensors to enable these events to be
distinguished. Characteristic central Lake Erie sediments (d50=10×10-6 m) deposited for >24h resuspended
when the above mechanisms caused increased TKE, burst-currents >0.25 m s-1, and τcr=0.3 N m-2. The
results may be generalized to other sediment types according to the modified Shields diagram.
The individual Chapter conclusions may be synthesized to draw general conclusions from the
entire thesis. This work has opened new perspective to better understand the Poincaré waves in a large
shallow lake (Lake Erie). However, the spatial distribution of these waves needs to be validated over the
lake with field measurements from other basins. Furthermore, the dynamics of Kelvin waves remain
unknown. Contrary to our expectations, we did not observe Kelvin waves in our field measurements in
the central basin, so we cannot confirm nor reject the presence of these waves in Lake Erie. There is;
however, qualitative evidence that Kelvin waves exist in the deeper eastern basin (K.G. Lamb, personal
communication). The influence of mixing induced by Poincaré waves in the lake by Bouffard et al.
(2012b) showed the important role of these basin scale waves on oxygen transfer; so knowledge of the
spatial distribution of oxygen transfer by the Poincaré wave will help to better investigate the regions with
hypoxia. Furthermore, our ELCOM simulations (Chapter 2) showed the locations of the summer
clockwise gyres in the central and eastern basins to match with the two anticyclonic Poincaré wave cells;
however, further analysis can help to quantify the contribution of Poincaré waves in water circulation of
the lake considering the induced cyclonic Stokes drift. Our results also suggest for future field
measurement of Poincaré waves, that the locations of stations should be in a cross shape (e.g. center of
central basin, Pelee Island, Cleveland and the east of Leamington as shown in Figure 5.1) allowing the
study of the phase speed and time lag as the wave progresses. Moreover, future investigations on
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laboratory scale and numerical modeling are required to study the Poincaré waves induced logarithmic
velocity profile. In addition further detailed investigations on grid spacing of <10cm (below the B-1m to
the bed) on field, laboratory scale or numerical modeling are required to better understand the formation
of burst-current and the resulting sediments resuspension by up-down welling events and HFIW.

Figure 5-1 Map of Lake Erie and its bathymetry. The filled magenta ellipses indicate the suggested
deployment locations of field instruments for future study of Poincare waves in the lake. The red ellipse
shows the predominant Poincare wave cell and the green arrow indicates the direction of propagation.
This thesis clarified the predominant basin-scale waves and their induced bottom mixed layer,
and identified the factors driving sediment resuspension in Lake Erie. The results are valuable for
decision makers to better manage hypoxia in the lake. Furthermore, during the summers of 2008-09 in the
central lake, no Kelvin waves and rare number of resuspension events were observed suggesting the
hypoxia less likely results from Kelvin waves and biomass resuspension.
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