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Abstract
To investigate wind-driven nearshore sediment resuspension at Lake Tahoe, California-
Nevada (USA), we combined field observations, computations from field data, and wind-wave
modeling. We found that wind-waves resulted in sediment resuspension as corroborated by
simultaneous increases in total measured suspended sediment concentration. We developed
management charts illustrating relationships between fetch, wind speed, and wave height and
between water depth, wave height, and nearshore bottom dynamics (i.e., the potential for
mobilization of different sized particles). We evaluated the potential for sediment resuspension
with changing lake levels, considering a range of possible future scenarios. For a representative
grain size of 150 um, the wind-driven surface waves influence the sediments to a maximum
water depth of about 9 m. However, in situ measurements of suspended sediment concentration
and particle size distribution revealed that the concentration of fine particles (<16 um) was
unchanged by wind events; instead, larger particles were resuspended. We investigated the use of
acoustic backscatter from acoustic Doppler devices to infer nearshore suspended sediment
concentration for those times when direct measurements were not available. We found that there
was limited applicability of such techniques due to an unexplained but consistent lag between
time series of signal strength and bottom shear stress. In conclusion, while the data verified that
wind-driven nearshore sediment resuspension occurs at Lake Tahoe, the resuspended particles
were generally larger in size than those that most negatively impact water clarity. This confirms

that the nearshore lakebed sediments are generally devoid of fine particles.
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Chapter 1. Introduction

1.1 Purpose

The overarching goal of the research presented in this dissertation is to understand wind-
driven nearshore sediment resuspension and its implications for water clarity at a deep lake.
First, this required a comprehensive field campaign to observe wind-driven nearshore sediment
resuspension in summer and winter. Second, this required computations of bottom shear stress.
We present a novel approach for quantifying the total bottom shear stress in a lacustrine
environment according to its components attributed to wind-waves, mean currents, and random
motions, validating it with further computations from field data. Third, this required modification
of the wind-wave model STWAVE. We developed what we believe is the first application and
validation of a modification of the code STWAVE to simulate wind-wave induced sediment
resuspension for a viscous-dominated flow in lakes. Next, this required a function for sediment
entrainment rates appropriate for a lacustrine environment. We validated a function that was
developed under open channel conditions. Lastly, this required an investigation of the use of
acoustic backscatter from acoustic Doppler devices to infer nearshore suspended sediment
characteristics for those times when direct measurements were not available. This research was
conducted at Lake Tahoe, California-Nevada (USA), an example of a lake that is deep and
oligotrophic. Moreover, nearshore sediment resuspension had never before been extensively
studied at Lake Tahoe.

The specific aims of the overall study are addressed by answering the following research

questions.

1) Is it possible to gain insight into and quantify the contributions to total bottom shear

stress coming from wind-waves, currents, and random motions in lakes?



2)

3)

4)

)

6)

7)

8)

9)

Is it feasible to adapt numerical models for wave motion (usually employed to address
fully-turbulent flows in lakes from hurricane conditions) to simulate wave fields in lakes
under typical flow conditions?

Do resuspension formulae of the same type as those applied in shallow lakes and coming
from open channel flows well represent the resuspension phenomenon in the nearshore of
a deep lake?

What are the observed nearshore patterns in summer and winter?

To what water depth do wind-driven surface waves influence the sediments?

What lake area does this influence extend, and how does it change with changing lake
level?

What are the implications of wind-driven nearshore sediment resuspension for lake
clarity?

Does the signal strength from acoustic Doppler devices serve as a reliable surrogate for
suspended sediment concentration in water of high transparency?

Does the Rousean distribution reflect the daily-averaged vertical profile of suspended

sediment we inferred in the nearshore?

1.2 Background

1.2.1 Lake Tahoe Total Maximum Daily Load

Lake Tahoe, the jewel of the Sierra Nevada Mountains on the California-Nevada border,

appears startlingly deep and blue. Nevertheless, lake transparency has been declining since the

1960s. In 1980 California declared Lake Tahoe an Outstanding National Resource Water, a

designation for exceptional waters requiring special protection. In 1982 Lake Tahoe was

designated an impaired water body by the U.S. Environmental Protection Agency. Under the



Federal Clean Water Act, a Total Maximum Daily Load (TMDL) was required to address its
impairment. The agreed-upon water quality objective for Lake Tahoe is deep water transparency
equal to the average annual Secchi depth measured between 1967 and 1971 (29.7 m). The Lake
Tahoe TMDL identifies the external pollutants responsible for the loss of transparency as fine
sediment (<16 um), nitrogen, and phosphorus. The TMDL also identifies the load of each
pollutant entering the lake, the contributing sources of these loads, the reductions needed, the
reduction opportunities that are available for each source, and the implementation plan to achieve
these reductions [Lake Tahoe Total Maximum Daily Load Technical Report, 2010].

The Clean Water Act protects the beneficial use of a water body. In the case of Lake
Tahoe, this protects the aesthetic enjoyment of its historical deep water and nearshore clarity.
However, the Lake Tahoe TMDL only addresses external sources of pollution as they relate to a
reduction in mid-lake clarity and assumes that achieving an improvement in mid-lake clarity will
necessarily mean an improvement in nearshore water quality as well. Considering only external
sources of pollutants, this may be a reasonable assumption as surface discharges entering the
lake result in pollutant loading. Considering internal sources of pollution, this assumption may
no longer be valid as nearshore processes may impact nearshore water clarity independent of
watershed impacts to mid-lake clarity.

Until now, an investigation of the potential for internal sources of fine sediment (e.g.,
resuspended sediment) has been lacking. Yet at other wind-exposed lakes, sediment resuspension
can be a significant source of fine particulates. A recent investigation at the Salton Sea,
California (USA) suggested that resuspension-driven, internal nutrient loading was the dominant
source of nutrient enrichment [Schladow et al., 2006]. Indeed, a general review of the empirical

evidence indicates that the long-term contribution of resuspended matter to the total flux of



particulate matter can be as high as 85 percent [Evans, 1994]. This suggests that sediment
resuspension could contribute to internal pollutant loading resulting in a reduction in lake
transparency. More information is needed regarding the internal sources and impacts of particle
and nutrient loads at Lake Tahoe.

1.2.2 Process of wind-driven sediment resuspension

The most common cause of nearshore sediment resuspension is wind. Wind stresses on a
lake contribute to the development of surface waves, surface currents, internal seiches, and
strong horizontal currents below the water’s surface [Horne and Goldman, 1994]. All of these in
turn contribute to the transfer of momentum and turbulent mixing through the water column
[Fischer et al., 1979]. If the transfer of momentum is sufficient to generate bottom shear stress in
excess of the critical shear stress, then this results in sediment entrainment into the water column.
Sediment may be kept in suspension by diffusion of turbulence from the sediment-water
interface as long as the turbulence is great enough to overcome the fall velocity of the particles in
suspension [Raudkivi, 1998]. In a deep lake, wind-driven sediment resuspension is limited to the
nearshore zone.

Quantitative estimates of sediment resuspension may be made a number of different
ways. Methods include optical and acoustic instrumentation, instantaneous multiple-point water
samplers, sediment traps, sediment cores and grabs, radiotracers, mass balance calculations,
modeling approaches, correlation analysis, and laboratory experiments [Bloesch, 1994]. Optical
and acoustic devices allow for the direct measurement of suspended sediment concentration
(SSC), or surrogate for SSC, as a time series at a particular location. This makes possible

observations of event-based sediment resuspension, which is the approach best suited to our

purpose.



In addition to the mechanism of wind, sediment resuspension may also periodically result
from sediment slumping, seismic activity, inflows from streams and storm outfalls, and outflows
[Bloesch, 1994; Fischer et al., 1979; Hdakanson and Jansson, 1983].

1.2.3 Implications for water quality

Water quality in lakes may be affected by sediment resuspension in several ways. At
Lake Tahoe, the most important issues related to sediment resuspension are optical water quality
(clarity) and internal nutrient loading.

Optical water quality

Discussions regarding Lake Tahoe’s water quality (e.g., the development of the Lake
Tahoe TMDL) most often center on preserving its clear blue waters. Optical water quality, or
more precisely, the visual quality of water [ Davies-Colley et al., 1993], therefore is of significant
interest. While the appearance of the lake as part of a cultural landscape cannot be understated,
neither can the ecological aspects of optical water quality. It is of vital importance for
photosynthesis as well as the suitability of aquatic habitat for sighted organisms [Davies-Colley
and Smith, 2001].

Light penetrates a water body and is attenuated by its absorption and scattering [Kirk,
2011]. Fine suspended sediment, phytoplankton, and organic detritus reduce light transmission
through water by increasing scattering and light absorption, phenomena which result in a water
body’s increased turbidity. This was recently observed at the Salton Sea [Schladow et al., 2006].
Increased turbidity effectively decreases the vertical extent of the photic zone, which in turn
limits the growth of phytoplankton [Horne and Goldman, 1994; Wetzel, 1983]. Almost all energy
that forms the basis of life in freshwater ecosystems comes from the sun and enters the aquatic
food web via the primary production of phytoplankton. In addition to altering primary

production, changes in the distribution of light can affect the behavioral adaptations of
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organisms, such as the diurnal migration of zooplankton in response to sunlight [Horne and
Goldman, 1994], as well as change the density stratification of the upper water column (by
changing the distribution of heat). Therefore, changes in the distribution of light can have
profound ecological consequences.

Internal nutrient loading

Phosphorus has been intensely studied in aquatic ecosystems, particularly as it is often
the least abundant of the major nutrients for biota, and therefore most commonly limits
biological productivity. Phosphorus limitation is due in part to the fact that in its soluble form it
readily adsorbs to soil particles and is not available for phytoplankton growth. [See Horne and
Goldman, 1994; Wetzel, 1983.]

Phosphorus most often enters water bodies as a result of erosion and is transported bound
to the sediment particles, eventually settling from the water column and entering the lake
sediments. Generally in oligotrophic lakes, the net flux of phosphorus on a yearly basis is toward
the sediment [Hdakanson and Jansson, 1983], and therefore the phosphorus content in the lake
bed may be several orders of magnitude greater than that of the water [ Wetzel, 1983]. As
sediment is resuspended, however, it introduces particulate-bound phosphorus back into the
water column. When conditions are such that soluble phosphates are released from the particles
(or pore-water) and increase aqueous phosphorus concentrations, the process is known as
internal nutrient loading.

One consequence of internal loading is that even if lake managers achieve drastic
reductions in external phosphorus inputs to a lake, productivity may not decline for many years
due to the phosphorus in the sediment that will continue to transfer into the water column as the
concentration gradient across the sediment-water interface is favorable. The transfer of

phosphorus is accelerated if the sediment is disturbed by turbulence and resuspended. Indeed,

6



Sondergaard et al. [1992] suggests that internal loading as a product of sediment resuspension at
Lake Arreso (Denmark) may result in 20 to 30 times greater phosphorus release than from an
undisturbed sediment bed. Although Lake Tahoe was previously nitrogen-limited, as is typical of
lakes in dry climates [Horne and Goldman, 1994], it is now phosphorus-limited [ Goldman,
1988]. Therefore, controlling phosphorus inputs at Lake Tahoe may be the most reasonable
means of slowing cultural eutrophication of both the mid-lake and nearshore. However, if
internal loading proves to be great enough, then the desired environmental improvements may
not be achieved until the accumulated deposit of phosphorus in the lake bed is exhausted. This
study focuses on wind-driven resuspension of particulate matter; characterization of the potential
for phosphorus loading is beyond the scope of this work.
1.3 Organization

This dissertation is divided into five chapters. An introduction to the study is presented in
this chapter. The second chapter describes wind-driven nearshore sediment resuspension at Lake
Tahoe in winter, by means of field investigations, computations from field measurements, and
wind-wave modeling. The third chapter explores patterns of wind-driven nearshore sediment
resuspension on a seasonal basis, as well as the implications of nearshore sediment resuspension
on water clarity. The fourth chapter investigates the use of acoustic backscatter from acoustic
Doppler devices to infer suspended sediment characteristics. The final chapter summarizes key

findings and presents conclusions and suggestions for future research.
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Chapter 2. Wind-driven nearshore sediment resuspension in a deep

lake during winter

This chapter is based on work that was published as a regular research article in Water
Resources Research, a journal of the American Geophysical Union.
Citation:
Reardon, K. E., F. A. Bombardelli, P. A. Moreno-Casas, F. J. Rueda, and S. G. Schladow (2014),

Wind-driven nearshore sediment resuspension in a deep lake during winter, Water Resour. Res.,
50, d0i:10.1002/2014WR015396.

2.1 Abstract

Ongoing public concern over declining water quality at Lake Tahoe, California-Nevada
(USA) led to an investigation of wind-driven nearshore sediment resuspension that combined
field measurements and modeling. Field data included: wind speed and direction, vertical
profiles of water temperature and currents, nearbed velocity, lakebed sediment characteristics,
and suspended sediment concentration and particle size distribution. Bottom shear stress was
computed from ADV-measured nearbed velocity data, adapting a turbulent kinetic energy
method to lakes, and partitioned according to its contributions attributed to wind-waves, mean
currents, and random motions. When the total shear stress exceeded the critical shear stress, the
contribution to overall shear stress was about 80 percent from wind-waves and 10 percent each
from mean currents and random motions. Therefore, wind-waves were the dominant mechanism
resulting in sediment resuspension as corroborated by simultaneous increases in shear stress and
total measured sediment concentration. The wind-wave model STWAVE was successfully
modified to simulate wind-wave induced sediment resuspension for viscous-dominated flow
typical in lakes. Previous lake applications of STWAVE have been limited to special instances of

fully-turbulent flow. To address the validity of expressions for sediment resuspension in lakes,



sediment entrainment rates were found to be well represented by a modified 1991 Garcia and
Parker formula. Lastly, in situ measurements of suspended sediment concentration and particle
size distribution revealed that the predominance of fine particles (by particle count) that most
negatively impact clarity was unchanged by wind-related sediment resuspension. Therefore, we
cannot assume that wind-driven sediment resuspension contributes to Lake Tahoe’s declining

nearshore clarity.

Keywords: sediment resuspension; wave-induced shear stress; entrainment formula; STWAVE;
Lake Tahoe; nearshore
2.2 Introduction

Many lakes suffer from water quality issues associated with bed sediment-water column
interactions. Over time, particles, nutrients, and contaminants accumulate in the lakebed
sediment, resulting in a lakebed which is itself an internal source of pollution. Resuspension of
lakebed sediment is of particular interest because it alters the quality of the attendant water by
three mechanisms [Wetzel, 1983]. First, resuspension adds previously-deposited particulates to
the water column. This increases turbidity and can change the water temperature distribution
[Schladow et al., 2006; Swift et al., 2006]. Increased turbidity in turn reduces the visual quality
of water and the vertical extent of the photic zone, which limits phytoplankton growth [ Wetzel,
1983; Davies-Colley et al., 1993; Horne and Goldman, 1994; Davies-Colley and Smith, 2001].
Modified water temperature alters lake stratification and affects biological processes and
chemical reaction rates [Horne and Goldman, 1994]. Second, resuspension releases nutrients
and other contaminants attached to resuspended particulates. This may accelerate eutrophication
via internal nutrient loading [Wetzel, 1983; Chung et al., 2009a] and may also increase the

availability of toxic heavy metals in the water column [e.g., Mian and Yanful, 2003, 2004;
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Massoudieh et al., 2010]. Third, resuspension increases the exchange between pore-water and

the overlying water. This may also contribute to lake pollution [Wetzel, 1983].

Wind-driven sediment resuspension is the result of the transfer of momentum from the air
to the water surface layers in the lake. When large enough surface waves are produced such that
the wave momentum reaches the bed sediment-water column interface, this can lead to the
entrainment of bed particles into the water column [Hakanson and Jansson, 1983]. In a deep

lake, wind-driven sediment resuspension is limited to the shallow nearshore zone.

In open channels, the mean current is the primary contributing factor to the generation of
bottom shear stress that leads to sediment resuspension. However, it has been shown that surface
waves contribute significantly more than currents to sediment resuspension in lake environments,
such as the nearshore of the Laurentian Great Lakes [see Hawley et al., 2004] and in shallow
lakes and ponds [e.g., Luettich et al., 1990; Mian and Yanful, 2004; Chung et al., 2009a]. To
predict sediment resuspension, we follow the standard practice by which we assume that it
occurs only when the excess shear stress (i.e., the difference between the shear stress and the
critical shear stress for incipient motion) is larger than a certain value. Critical shear stress is
related to lakebed properties [Hdkanson and Jansson, 1983] and is therefore variable in space
and time. Wind is also highly variable, which further obfuscates the determination of cause-

effect relationships.

Most approaches to estimate the action of wave fields in lakes have been based on
empirical formulae [e.g., Hamilton and Mitchell, 1996] and parametric models [e.g., Luettich et
al., 1990; Hawley et al., 2004; Chung et al., 2009a]. More recently, models based on first

principles (i.e., conservation laws) have simulated the wave fields in lakes in order to analyze the
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effects of hurricanes [e.g., Bunya et al., 2010; Dietrich et al., 2010], which are characteristically
fully-turbulent flows similar to the conditions in some marine coastal environments. Lakes,
however, are typically low-energy environments, episodically punctuated by high-energy wind
events. This means the flow regime close to the lakebed is characteristically viscous-dominated,

and until now not well represented in the available models.

Widely-used formulae to predict sediment entrainment rates as a function of water flow
and sediment characteristics for open channels are available in the literature [e.g., Sutherland,
1967; Van Rijn, 1984; Garcia and Parker, 1991, 1993]. Typically, these formulae are limited to
equilibrium conditions for a representative, non-cohesive particle and a uniform distribution of
shear stress in space, which is, of course, in sharp contrast to what we observe in natural systems.
Chung et al. [2009a] investigated sediment resuspension at a shallow lake (Salton Sea,
California, USA) and found that sediment entrainment into suspension was nevertheless
predicted by an extension of the formula proposed by Garcia and Parker [1993]. Chung et al.
[2009b] found that this extended formula coupled with a hydrodynamic and water quality lake
model well represented water quality characteristics. Furthermore, Lou et al. [2000] integrated
the formula proposed by Garcia and Parker [1993] into a suspended sediment transport model
that included sediment resuspension at Lake Michigan (USA) and found reasonable agreement

between simulated and measured results.

Although the nearshore water quality of Lake Tahoe, a subalpine lake located on the
California-Nevada border (Figure 2-1), has degraded over time [Taylor et al., 2004], an
understanding of the role of wind-driven sediment resuspension has been lacking. The lake’s
large size permits the development of sizable wind-driven waves and currents and offers an

opportunity to link wind exposure, lakebed sediment characteristics, and nearshore sediment

12



resuspension. In addition to providing the first dataset on sediment resuspension at Lake Tahoe,

this study aims to answer the following research questions:

1) Is it possible to gain insight into and quantify the contributions to total bottom shear
stress coming from wind-waves, currents, and random motions in lakes?

2) Is it feasible to adapt numerical models for wave motion (usually employed to address
fully-turbulent flows in lakes from hurricane conditions) to simulate wave fields in lakes
under typical flow conditions?

3) Do resuspension formulae of the same type as those applied in shallow lakes and coming
from open channel flows well represent the resuspension phenomenon in the nearshore of
a deep lake?

4) And finally, does nearshore sediment resuspension contribute to declining nearshore

clarity at Lake Tahoe?

2.3 Methods

To answer our research questions, we collected field measurements of hydrodynamic and
sediment variables, directly computed estimates of shear stress using field data, and carried out

numerical modeling.

2.3.1 Field measurements

Lake Tahoe is an example of an oligotrophic lake as characterized by low nutrient
concentrations, high dissolved oxygen concentrations, and transparent waters to relatively great
depths. The lake is deep (maximum depth 505 m; average depth 313 m) and has a volume of

156 km® with a total shoreline of about 116 km. The watershed area is only 800 km? compared to
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the lake’s total surface area of 500 km®. Owing to the large lake volume and small watershed, the

average hydraulic residence time is extremely long at about 700 years [Goldman, 1988].

The nearshore study site was located at the south end of Lake Tahoe about 1000 m
offshore on a shallow, broad shelf that slopes gently (about 0.3 percent) before dropping
abruptly. There are similar shelf structures on the west and north shores of Lake Tahoe
(accounting for approximately 25 percent of the total lake perimeter), but much of the lake has
very steep sides (approximately 75 percent). Due to its shallow water depth and previously
observed periods of elevated turbidity [ 7aylor et al., 2004], the study site was thought to be

favorable for observing wind-driven nearshore sediment resuspension.

Lake measurements were taken at a water depth of 4.5 to 5 m from 13 November 2008 to
14 January 2009; a complete dataset was collected from 11 to 19 December 2008. We measured
wind speed and direction 5 m above lake level at long-term meteorological stations maintained
by the University of California, Davis, Tahoe Environmental Research Center, on the piers at
Timbercove near the City of South Lake Tahoe and the US Coast Guard (USCGQG) station at
Tahoe City (Figure 2-1). We measured vertical profiles of nearshore water temperature with a
thermistor chain made up of eight Onset Stow Away TidbiT temperature loggers. We measured
vertical profiles of water currents with a Nortek acoustic Doppler current profiler and directional
wave gauge (AWAC). The AWAC was bottom-mounted and provided profiles of current
magnitude and direction in three dimensions in 0.50 m vertical bins. The frame and blanking
distance precluded velocity measurements in the first 0.60 m above the lakebed. The Acoustic
Surface Tracking (AST) feature of the AWAC malfunctioned and therefore data on surface wave
properties were somewhat limited. We measured nearbed velocities with two acoustic Doppler

velocimeters (ADV), a Nortek Vector and a Sontek ADVOcean Probe. Both were mounted on a
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sawhorse frame located about 200 m shoreward from the AWAC (Figure 2-1). We measured
suspended sediment concentration and particle size distribution with a Laser In Situ Scattering
and Transmissometry 100X type B instrument (LISST-100X) from Sequoia Scientific, Inc. The
LISST-100X was deployed alongside the sawhorse frame on two aluminum risers and sampled
at the same height as the sampling volume of the Vector (0.2 m above lakebed). The two
instruments were about 2 m apart. We characterized lakebed sediment from two grab samples
taken from the study site on 22 July 2008. Generally, the sediment was well-sorted, non-
cohesive, and with no apparent bedforms. Samples were analyzed using an LS 13 320 MW
particle size analyzer from Beckman Coulter, Inc. We also reviewed a recent study by Herold et
al. [2007] describing the nearshore lakebed sediment at Lake Tahoe. Details regarding the field
measurements are listed in Table 2-1 and include the parameter(s) measured, instrument,
location(s), sensor height(s) or orientation, period, sampling rate/interval, sampling duration, and

burst interval, as applicable.

For the nearbed velocity measurements, the flow perturbation from the sawhorse-frame
legs did not extend to the sampling volumes. Sumer and Fredsoe [1997] compiled experimental
results and characterized the effect of a cylinder on the flow as a function of cylinder Reynolds
number. In our case, with observed nearbed velocities ranging from 0.02 to 0.2 m s and a
cylinder diameter equal to about 0.05 m, the cylinder Reynolds number was between 10° and
10*. This corresponded to a perturbation with a spatial extent of up to six times the cylinder
diameter [Sumer and Fredsoe, 1997]. The ADV sampling volumes were at a distance of more
than 13 times the cylinder diameter from the sawhorse-frame legs. Additionally, sampling
heights were confirmed by a diver at the start and end of the deployment period and did not

change.
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For the suspended sediment concentration and particle size distribution measurements,
the LISST-100X uses laser diffraction to obtain the suspended sediment particle size distribution
in 32 logarithmically-spaced size classes of median diameter from 1.25 to 250 um and reports
concentration in volume units of uL L™, The raw data were processed and converted according
to Andrews et al. [2011]. The Lake Tahoe Basin is dominated by granitic soils [California
Geological Survey, 2005] so we assumed suspended sediment density equal to 2650 kg m™ in
order to report mass concentration (ug L™). To report particle counts, we assumed discrete,
spherical particles with a representative diameter equal to the median-sized particle of each
logarithmically-spaced size class and uniform density. The presence of organic material and the

formation of flocs were verified to be negligible.

For the lakebed sediment characterization from two grab samples, the Beckman Coulter
particle size analyzer used laser diffraction to measure the particle size distribution in 34 user-
defined logarithmically-spaced size classes of median diameter from 0.04 to 2000 um and
reports concentrations in volume units of pL L. To report mass concentration (ug L), we

assumed lakebed sediment density also equal to 2650 kg m™.

2.3.2 Computations from field measurements
Direct estimates of bottom shear stress

We directly estimated bottom shear stress from ADV-measured velocity data collected
from the Sontek ADVOcean Probe adapting a variant of the turbulent kinetic energy (TKE)
method as described by Kim et al. [2000]. (The Sontek ADVOcean Probe resulted in better
quality data [i.e., had better quality checks] than the Nortek Vector.) The method of Kim et al.
[2000] relies on linear relationships between turbulent kinetic energy and total shear stress. Yet

currently there is no widely-accepted method to discriminate contributions to the shear stress
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coming from waves, currents, and random motions. Therefore, we developed the method
described in this section and provide validation of our results in Section 2.4.3.

We defined the velocity vector, denoted in bold, u = (u, v, w) in a Cartesian coordinate
system (x, y, z) in which x is aligned east-west, y is aligned north-south, and z is aligned

vertically. The total bottom shear stress is given by

ltl=CipE, 2-1)
where C; is a proportionality constant equal to 0.21 [Kim et al., 2000]; p is the density of water,

taken at Lake Tahoe as, approximately, 1000 kg m™; and E is a given measure of the TKE. The

TKE is defined by E = 0.5 (u'2 + v'2 + w'2), where prime indicates fluctuations, and the
overbar refers to averaging over time. Kim et al. [2000] also argued that another plausible

expression for the bottom shear stress is

7] = C, p w2, (2-2)
where C, is a proportionality constant equal to 0.9. Considering only the vertical velocity
fluctuations is a reasonable variation of the TKE method since instrument noise errors associated
with the vertical velocity component are much smaller than for the horizontal components [Kim
et al., 2000, p. 403]. In this study, we followed Equation (2-2) for the computation of bottom
shear stress. With a burst interval of 1 h, we directly estimated the total bottom shear stress from
the velocity measurements collected in each burst of 3 min at 10 Hz (see Table 2-1). (By
comparing power spectral density plots corresponding to different burst lengths, we determined

that 3-min bursts adequately described the flow components [see Appendix A].)

In order to partition the contributions to total bottom shear stress from wind-waves, mean

currents, and random motions, we filtered the signals of each directional component of velocity
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for each burst in three steps using a second-order Butterworth filter. To the best of our
knowledge, guidance from the literature to address this complicated issue was otherwise lacking.
Initially, we applied a bandpass filter that passed all frequencies between 0.03 and 2 Hz. This
corresponded to wave periods between 0.5 and 30 sec, commonly referred to as the wind-wave

band (see NortekUSA, www.nortekusa.com). Then we applied a lowpass filter that passed all

frequencies below 0.03 Hz. This corresponded to wave periods longer than 30 sec, which we
attributed to mean currents. Lastly, we applied a highpass filter that passed all frequencies above
2 Hz. This corresponded to wave periods shorter than 0.5 sec, which we attributed to random

motions. After separating velocity into three contributing parts such that,

Uiotal = Uwind—-waves + Umean currents + Urandom motions» (2'3)

we directly estimated the bottom shear stress due to wind-waves, mean currents, and random
motions using Equation (2-2). In this way we partitioned the total bottom shear stress according
to its provenance using the high-frequency nearbed velocity signal. Such partitioning requires
validation with field data since the non-linear nature of any measure of energy of near-bottom
motions involving, for instance, products between the components of waves and currents may
affect the results. Thus, partitioning of this type is justified only if these products are small

compared to the square of other components. We justify such partitioning below.

Figure 2-2a shows the east-west () component of the velocity vector, filtered to obtain
all contributions from a 3-min sampling burst with the ADVOcean Probe on 13 December 2008
at 7 a.m. This example, which corresponds to an instance of relatively high wind intensity, shows
the velocity signal measured with the ADVOcean Probe to have three distinct parts of the form
indicated by Equation (2-3). The velocity signal resulting from the wind-wave contribution
oscillated about null from a minimum of -0.23 m s to a maximum of 0.17 m s". The velocity
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signal resulting from the mean current contribution was on average 0.13 m s™ and maintained a
positive value indicating that in spite of the considerable oscillatory motion of the waves, net

flow was positive (eastward) during the 3-min sampling burst.

In order to show that the designed methodology to separate different contributions to
flow was physically sound, we present in Figure 2-2b the plot of the power spectral density of
the total velocity signal shown in Figure 2-2a. We observed the most energetic peak in the power
spectral density at 0.33 Hz (Figure 2-2b), which corresponded to the wind-wave contribution
(wave period equal to 3 sec). That peak was captured by the imposed wind-wave band and is
clearly distinguishable relative to other individual contributions to flow (i.e., currents and
random motions) and dominant when compared to the non-linear interactions among currents
and waves. This indicates that the separation was appropriate. We also reviewed power spectral
density plots for bursts throughout the study period. During windy periods, we observed clear
peaks in power spectral density of about 0.3 to 0.35 Hz. For low-wind periods, no such peaks
existed (not shown). Our observations suggested that no further adaptations to our methodology

were warranted (see Section 3.5.3).

We anticipated that values of shear stress coming from the wind-wave component would
agree well with values computed from linear wave theory (LWT; see Section 2.4.3). To address
the sensitivity of the results of bottom shear stress attributed to wind-waves, we varied the
precise limits of the filter band. We found that the results changed very modestly, which
reinforced that our imposed filter band indeed captured the bulk of the influence of the wind-

waves to bottom shear stress (see Appendix B).
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Estimate of critical shear stress

For practical purposes, the Shields diagram [Shields, 1936] for threshold of sediment
particle motion in unidirectional, steady, uniform flow has been found adequate to characterize
incipient conditions under oscillatory flows [see Raudkivi, 1998, p. 342]. Experimental data for
wave-induced entrainment have agreed reasonably well with the Shields diagram [Komar and
Miller, 1974; Madsen and Grant, 1975]. We assessed the critical bottom shear stress as
Teriticat = TcPs R G D, (2-4)
where 7. is the non-dimensional critical Shields parameter, p, is the sediment density, R is the
submerged specific gravity, g is the acceleration due to gravity, and D is the representative

sediment grain size [from Parker, 2004]. The non-dimensional critical Shields parameter [from

Parker et al., 2003] was calculated as t; = 0.5[0.22Re; ®¢ + 0.06 x 10(-77R%°°)] where Re,,

is the explicit particle Reynolds number of the form Re, = /gRD3 /v, and v is the kinematic

viscosity of water, taken equal to 10° m® s™. The submerged specific gravity is defined as

R = (ps —p)/p.

2.3.3 Simulations of sediment resuspension
Modification to the wind-wave model STWAVE

To numerically estimate the wave-induced bottom shear stress, we implemented the full-
plane version of the US Army Corps of Engineers (USACE) wind-wave model STWAVE
[Massey et al., 2011] to which we introduced a key change as detailed in this section. STWAVE
is a finite difference, steady-state, spectral wave model that solves the wave action balance
equation, including wave generation and transformation by refraction and shoaling, wave

breaking, generation by wind-input, wave-wave interaction, and white capping [Smith, 2007,
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Holthuijsen, 2007; Massey et al., 2011]. In earlier versions of STWAVE, the model could be
used in the so-called half-plane only, which was suitable for coastal applications and required
boundary conditions for the waves [Smith et al., 2001]. Now a full-plane version is available
[Massey et al., 2011], which encompasses the entire closed domain without the need for such

boundary conditions and is therefore especially suitable for lakes [Smith and Zundel, 2006].

Additionally, in earlier versions of STWAVE, the sink term in the spectral energy density
due to bed friction was absent [Smith et al., 2001]. To account for bottom friction, STWAVE
now relies on Manning’s equation [Massey et al., 2011], which is applicable to fully-turbulent
flow regimes [Gioia and Bombardelli, 2002; Bombardelli and Garcia, 2003]. Lake applications
of STWAVE have so far been limited to hurricane conditions which result in fully-turbulent flow

regimes [e.g., Bunya et al., 2010; Dietrich et al., 2010; see also

http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=software:9]. In order to reflect typical lake
conditions with flow regimes that are viscous-dominated, it was necessary to correct the bottom-
friction formulation. We were able to produce such an update because we were kindly provided
the source code of STWAVE in Fortran by researchers at the USACE. Considering the criterion
in the friction factor diagram by Kamphuis [1975], it was easily concluded from the field data
that the lake flow near the bed was viscous-dominated as the wave Reynolds number was always

smaller than 10*.

The bottom shear stress due to waves was computed using the modified STWAVE,

according to the formulation

|Twaves| =05p Cf ul%,rmsa (2-5)
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where T,,4,¢s denotes the magnitude of the bottom shear stress due to waves, Cr represents the
bottom-friction coefficient, and uy, ;s 1s the magnitude of the root-mean-square orbital velocity

at the lake bottom. This orbital velocity is calculated in STWAVE as

[oe] s 2 . .
Uems = | foz ﬁ S(f, B) dB df,where o is equal to 2 m times the wave frequency, f,
sin
calculated as the reciprocal of the wave period, k represents the wave number, H denotes the
water depth, and the wave direction is given by f [Holthuijsen, 2007]. The spectrum as a

function of the frequency and the wave direction is given by S.

We updated the code to estimate bottom friction for viscous-dominated flow [see
Kamphuis, 1975] with the expression Cr = 2/ \/E , where Re,, denotes the wave Reynolds
number, Re,, = Uy, rms Ay /Vv. The amplitude of particle motion, A,, = Uy ;4ns/@; the wave
angular frequency, w = 27/T),; and the wave period is T,,. Changes to STWAVE were
introduced to the subroutine Friction, while the rest of the code remained unchanged. It is

worth mentioning here that wave heights and periods change with this modification and, thus,

results with the original and modified STWAVE code are intrinsically different.

In order to validate the development, we compared model results including the above
viscous-dominated regime with observations of waves measured at the Salton Sea [Chung et al.,
2009a; Chung et al., 2009b]. Good agreement was found between field measurements and results
from the modified STWAVE (Appendix 2-A, Figure 2-A1). Additionally, we considered results
from the Sverdrup-Munk-Bretschneider (SMB) model for shallow water waves [Coastal
Engineering Research Center (CERC), 1984] and found good agreement. (See Appendix 2-A for
comparisons of field data and results from the modified STWAVE model; SMB model results

are not shown here.) This model validation suggested that the modified STWAVE was an
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appropriate tool to calculate the effect of wind-waves on the development of bottom shear stress
leading to sediment resuspension in shallow areas. See also Appendix C for background and

further comparisons of STWAVE.

Modeling of the wave field and bottom shear stress

To implement the modified STWAVE for Lake Tahoe, we utilized 50 m square grid cells
covering the entire lake in which we specified bathymetry data. The bathymetric data was
prepared by merging US Geological Survey multi-beam sonar and USACE SHOALS
bathymetry data sets, both with a grid spacing of 10 m (unpublished data, 2009). We used the
wind record at Timbercove station (see Table 2-1) and assumed a spatially constant (though
temporally variable) wind field. Because STWAVE is a steady-state model, we conducted
simulations every 2 h, updating the model input wind speed and direction from the wind record.
Based on review of the meteorological data, we were able to determine that the duration of
strong wind events was usually greater than 2 h; hence, we can reliably capture their changes and
follow the wind-wave behavior taking a snapshot of the wave field by numerical simulation

every 2 h. We output model results at the grid cell where the instruments were located.

Modeling entrainment of sediment in suspension

We modeled entrainment of uniform, non-cohesive lakebed sediment into suspension
according to the entrainment formula given by Garcia and Parker [1991]. For this formulation,
the dimensionless coefficient for sediment entrainment into suspension, Eg = c,,, defined as the
ratio between the vertical flux of sediment close to the bed and the terminal fall velocity, vg
[Garcia and Parker, 1991, 1993; Bombardelli and Garcia, 1999; Parker, 2004; Chung et al.,

2009a] is given, for quasi-equilibrium or mild-disequilibrium conditions, as
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E, = AZ,” /(1 + (A4/0.3)Z,°), (2-6)
where A is a constant and Z,, is a similarity variable for uniform sediment. The constant

A = 1.3 X 1077 and the similarity variable for uniform sediment is Z,, = (i, /vs)aRe,", where
i1, is the skin shear (friction) velocity, a is a fitting parameter that we introduced in this study,
and n is the power in similarity variable for uniform sediment. Because we observed no
bedforms at the study site, the skin shear velocity, @i, = u,, where u, is the shear velocity. The
total bottom shear stress and shear velocity are related as |Tpo¢q;] = pu? . The sediment fall

velocity was computed according to the formula by Dietrich [1982] for natural particles such that

vy = exp(=b; + b;In(Re,) — by(In(Re,))” — by(In(Re,,))” + bs(In(Re,,))*)/gRD, where
b; = 2.891394, b, = 0.95296, b; = 0.056835, b, = 0.002892, b; = 0.000245 [see
Bombardelli and Moreno, 2012, p. 233]. The value of o was obtained by best fit. Garcia and
Parker [1991] determined that n ~ 0.6 was best and that these formulations were limited to
conditions where 0.70 < i, /vy < 7.5 and 3.50 < Re,, < 37.00. We used this formulation with
the time series of total bottom shear stress to calculate the dimensionless sediment entrainment
rate, E, for those instances when the total bottom shear stress exceeded the critical shear stress;
we then compared to the nearbed sediment concentration, c,,, measured directly with the

LISST-100X. In doing so, we assumed a condition of quasi-equilibrium [see Chung et al., 2009a,

Appendix C].

2.4 Results and discussion
2.4.1 Observed nearshore patterns during winter
Nearshore water temperatures decreased steadily from about 10.5 °C to about 7 °C during

the study period, and generally the water column was not subject to thermal stratification
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(Figure 2-3). The temperature difference between bottom and top thermistors was typically less
than 1°C and never greater than 3 °C; these temperature differences were usually sustained for
about 2 to 3 h and no more than 6 h (Figure 2-3), confirming that our time step of 2 h for the
application of the modified STWAVE was adequate. Based on these results we assumed that the
thermal structure did not impact the transfer of momentum in the water column. See Appendix D
for mid-lake temperature profiles during the winter study period.

For times of low-wind intensity, we generally observed wind speeds of about 2 to 3 m s™
and opposite wind directions (180° out of phase) at the Timbercove and USCG stations
(Figure 2-4). For periods of strong wind, we observed wind speeds greater than 6 m s™ and
alignment (or near-alignment) of the wind direction at Timbercove and USCG stations. There
was only one instance of elevated wind speed and misalignment of the wind direction between

the meteorological stations during the study period (see Figure 2-4 at day 334).

From 11 to 19 December (days 346-354), the period for which LISST-100X data were
available, we twice observed simultaneous peaks in wind speed, nearbed velocity, total bottom
shear stress, and suspended sediment concentration, suggesting wind-driven nearshore sediment

resuspension (Figure 2-5).

For the most severe storms, elevated winds of nearly 14 m s and exceeding 15 m s™
were southwesterly (about 200° clockwise from north) and sustained in a quasi-constant
direction for nearly 4 days from 12 to 15 December (days 347-350) and for 1 day on 19
December (day 354), respectively (see Figures 2-5a and 2-5b). The effective fetch for
southwesterly winds at the study site was about 1 km. Typical velocities measured with the
ADVs were about 0.03 m s but reached more than 0.15ms™ and0.20 ms™ on 13 and 19

December (days 348 and 354), respectively (Figure 2-5c¢). Typical nearshore suspended sediment
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concentrations were 2 to 2.5 uL L™ (Figure 2-5¢). During the first storm event on 13 December
(day 348), however, the suspended sediment concentration reached 4 pL L. During the second
storm event on 19 December (day 354), it was nearly 3 pL L. Compared with results at shallow
lakes which demonstrate sediment responses that can vary by orders of magnitude [e.g., Luettich
et al., 1990; Chung et al., 2009a], we observed at Lake Tahoe much more subtle sediment

responses. We attributed this to the relative limitation of available fine material in the nearshore.

From the AWAC-measured current profiles, we saw typical velocities at the study site of
about 0.09 m s™' near the surface and generally decreasing with increasing water depth to about
0.05 ms™ in the bottom-most bin. Measured nearbed velocities were about 0.03 m s™. For the
periods of peak wind speed (commencing on days 348 and 354), the direction of water
movement (Figures 2-6¢ to 2-6f) shifted to solidly align with the wave direction (Figure 2-6b)
and the sustained wind direction (Figure 2-6a). This offers a clear cause-effect explanation of

water motion in the nearshore of the lake.

2.4.2 Sediment properties

According to the Wentworth scale for sediment classification [ Wentworth, 1922], the
lakebed sediment at the study site is about 92 percent sand, 7 percent silt, and <1 percent clay
(Figure 2-7). Additionally, the grab samples collected at the study site were consistent with a
substrate map developed to assess fish habitat suitability [Herold et al., 2007, Figure 5], which
showed that sand dominated in the south shore of Lake Tahoe. After considering the particle size
distributions from the grab samples, we assumed a representative grain size of 150 um
(0.15 mm), corresponding approximately to d;, (Figure 2-7). Furthermore, 150 um (0.15 mm)
corresponded to the peak in suspended sediment concentration by mass concentration during
sediment resuspension events (Figure 2-13a). Using Equation (2-4), the critical shear stress for
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incipient motion, Tcpiticqr>» Was therefore 0.081 Pa. Considering the finest material, 1 to 1.5
percent of the total particles by mass concentration were particles <10 pm (0.01 mm) and about 2
to 3 percent of the total were particles <20 pm (0.02 mm). Compared to shallow lakes, the
nearshore of Lake Tahoe has coarse bed material. The study site generally lacks cohesive agents.
At the Salton Sea, for example, the sediment has been characterized by a representative grain
size of 25 um [Chung et al., 2009a], and at Lake Balaton (Hungary), the sediment has been
characterized as predominantly clay and fine silt [Luettich et al., 1990, Figure 2]. Even at Lake
Constance (Europe), a deep lake, the nearshore sediment was characterized by a representative

grain size of 60 um [Hofmann et al., 2011].

2.4.3 Bottom shear stress computation from field measurements and validation
In Figure 2-8 we present a comparison of bottom shear stress generated by wind-waves
and currents, computed from the filtered velocity signals. As expected from other studies in
shallow waters, the bottom shear stress due to wind-waves was much greater than that due to
currents [see Luettich et al., 1990; Mian and Yanful, 2004; Chung et al., 2009a]. Also, in order
to validate our proposed decomposition of the velocity field, we developed computations of
bottom shear stress due to wind-waves using linear wave theory and assuming reasonable wave
heights of 0.4, 0.5, and 0.6 m and wave periods of 2.4, 2.6, and 3 sec (since we did not
accurately measure wave data with the AWAC). Table 2-2 shows those comparisons, indicating

a satisfactory agreement, which improves with increasing wave heights.

The shear stress due to wind-waves exceeded the critical shear on 13 December (day 348)
and 19 December (day 354). From Figure 2-5 we know that this resulted in an increase in the
suspended sediment concentration so we argue that we have identified by experimental
observation two instances of wind-wave induced sediment resuspension.
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In Figure 2-9 we quantify the relative contribution of each component of bottom shear
stress evaluated via Equation (2-2); we show that with increasing total bottom shear stress, the
relative contribution of the each component becomes distinct. When the total bottom shear stress
exceeded the critical shear stress, the contribution of the wind-wave component to total bottom
shear stress was more than 80 percent. The contributions of the mean current and random motion
components were less than 10 percent each. For large values of total bottom shear stress, we
observed that it was attributed to wind-waves. When the currents were weak and there was very
low wind, then the relative contributions of mean currents and random motions were sometimes
greater than 10 percent each, but nevertheless the total bottom shear stress remained very small
(i.e., much less than the critical shear stress). Overall, wind-waves contributed most

meaningfully to the development of bottom shear stress.

2.4.4 Comparison of measured and modeled bottom shear stress
Measured and modeled bottom shear stress due to wind-waves

Figure 2-10 shows measured wind speed and direction from the Timbercove station as
well as simulated significant wave height, wave period, and bottom shear stress resulting from
wind-waves at the study site from 13 November to 21 December (days 318-355). Simulated
sediment resuspension with the modified STWAVE occurred most often as a result of a northerly
wind (see days 319, 334, and 339) of a magnitude of about 10 m s™ or greater. Alternatively,
when we simulated a comparably elevated wind speed from the southwest (about 200° clockwise
from north), as we observed on 19 December (day 354), the modeled bottom shear stress due to
wind-waves did not exceed the critical shear stress. Figure 2-10e shows that simulated wind-
wave induced sediment resuspension events occurred five times at the study site during the

complete study period.
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A comparison of measured and modeled bottom shear stress due to wind-waves is shown
in Figure 2-11. Generally, the agreement in bottom shear stress was in the presence of northerly
winds. We generally found good agreement between measured and simulated results, particularly
considering that the method of Kim et al. [2000] was developed for flows different than lake

flows.

Modeled rate of sediment entrainment into suspension

With a sediment size of 150 pm (0.15 mm), the value of the explicit Reynolds particle
number, Re,,, is 7.39, and the value we found in this work for the fitting parameter o is 0.75. For
those times when the total bottom shear stress was in excess of the critical shear stress, the
measured suspended sediment concentrations and i, /v, were within the limits of Equation (2-6).
Figure 2-12 shows good agreement between simulated and measured rates of sediment

entrainment into suspension.

2.5 Implications of sediment resuspension on lake clarity

Swift et al. [2006] showed that particles with the greatest potential to negatively impact
lake clarity were inorganic and smaller than 10 um (0.01 mm). Fine inorganic particles strongly
scatter light (as opposed to organic particles that strongly absorb light), resulting in decreased
lake transparency [Davies-Colley et al., 1993; Kirk, 2011]. Due to their small size, their overall
mass concentration remains small, whereas the total number of particles is large, relative to

larger particle size classes.

During storm periods, the particle size distributions of suspended particles by mass
concentration had a dominance of particles of about 150 um (0.15 mm) (Figure 2-13a), whereas

during low-wind periods, the peak was less pronounced and shifted slightly, so there was a
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dominance of particles of about 100 um (0.10 mm) (Figure 2-13c). These larger particles,
however, would tend to settle from the water column relatively quickly and therefore have a
limited impact on water clarity. While the introduction of wind-wave energy could lead to the
formation of flocs resulting in a shift in the dominant particle size class, this is unlikely at the
study site due to its utter lack of cohesive material. Alternatively, under both storm and low-wind
conditions, the characteristic distributions of suspended particles by particle count demonstrated
a clear dominance of much smaller particles at about 4 pm (0.004 mm) (median-sized particles
3.76 and 4.43 pm)(Figure 2-13b and 2-13d). This suggests that irrespective of wind conditions,
the predominance of fine particles that negatively impact nearshore lake clarity remained

unchanged.

2.6 Discussion and conclusions

The combination of field observations, computations using field data, and modeling
presented in this paper provided the first data set for nearshore sediment resuspension at Lake
Tahoe during winter. In spite of relatively coarse lakebed sediment but owing to the shallow
water depth and periodic strong and sustained winds, we have identified by experimental
observation instances of wind-wave induced sediment resuspension in the nearshore of a deep
lake. For those instances when the total bottom shear stress exceeded the critical shear stress
resulting in sediment resuspension, wind-waves were the driving mechanism for sediment
resuspension as the contribution to overall bottom shear stress from wind-waves was about 80
percent and from mean currents and random motions was equally about 10 percent each. The
southern part of Lake Tahoe (at a water depth of about 5 m) exposed to typical winter weather
may reasonably expect periodic sediment entrainment from the sediment-water interface to the

water column of particle sizes on the order of 100 pm (0.10 mm). We were able to directly
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quantify the total bottom shear stress and its components induced by wind-waves, mean currents,
and random motions by successfully extending to a lake environment the method of Kim et al.

[2000] (developed for flows different than lake flows).

We simulated bed shear stress with the use of a modified version of STWAVE, in which
we changed the formulation of the loss of energy density due to friction. This extended the
model’s applicability to a viscous-dominated flow regime. The simulated bottom shear stress
from the modified STWAVE was in good agreement with the measured bottom shear stress
attributed to wind-waves, particularly when wind direction favored a larger fetch, and suggested
that the modified STWAVE is a reliable tool to assess sediment resuspension in a lake. We
believe this was the first application of the wind-wave model STWAVE to simulate wind-wave
induced bottom shear stress for viscous-dominated flow typical in lakes and complements a body
of research in coastal marine environments using advanced wind-wave models to address a
varied set of problems. Also, we observed agreement between simulated and measured rates of
sediment entrainment into suspension according to a slightly modified formula of Garcia and

Parker [1991].

In situ measurements of suspended sediment concentration and particle size distribution
collected with the LISST-100X revealed that the predominance of fine particles (by particle
count) was unchanged by storm-related sediment resuspension. Therefore, the evidence to date
does not suggest that nearshore sediment resuspension contributes to increased suspended
sediment concentration of the size class (<10 um) that most negatively impacts lake clarity.
Nevertheless, sediment resuspension resulted in a marked increase of suspended sediment

concentration by mass concentration of particles on the order of 100 um (0.1 mm), particles too
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large to persist in the water column. Therefore, we cannot assume that nearshore sediment

resuspension contributes to declining nearshore clarity at Lake Tahoe.

2.7 Appendix 2-A: Validation of the modification of the STWAVE code

A subset of field measurements that included surface wave characteristics collected at the
Salton Sea from 4 August to 29 November 2005 and published by Chung et al. [2009a; 2009b]
were used to validate numerical modeling results obtained from the modified full-plane version
of STWAVE. The field measurements of significant wave height and period were obtained using
the AWAC. Figure 2-A1 shows good agreement between measured and modified STWAVE-

simulated wave heights and periods.
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Notation

Teritical
Teurr

TW{lU@S

%

w

fitting parameter, dimensionless.

wave direction, degrees.

water density, kg m™.

sediment density, kg m™.

bottom shear stress, Pa.

critical Shields parameter, dimensionless.

critical bottom shear stress, Pa.

bottom shear stress due to currents, Pa.

bottom shear stress due to wind-waves, Pa.

kinematic viscosity of water, m* s™.

wave angular frequency, rad s™'.

distance above bed that near-equilibrium nearbed suspended sediment
concentration is measured, m.

constant in the Garcia and Parker formula, dimensionless.
amplitude of particle motion just above the boundary layer, m.
constants in the Dietrich formula, dimensionless.
near-equilibrium suspended sediment concentration, pL L™ or kg m™.
bottom-friction coefficient, dimensionless.

proportionality constant in the expression of bottom shear stress,
dimensionless.

proportionality constant in the expression of bottom shear stress,

dimensionless.
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D representative grain size (diameter), m.
d,, diameter for which 10 percent of the sediment mass is smaller, m.
E measure of turbulent kinetic energy, m” s™.

Es sediment entrainment coefficient, dimensionless.

f wave frequency, Hz.
g acceleration due to gravity, m 2.
H water depth, m.
H,, significant wave height, m.
k wave number, rad m™.
n power in similarity variable for uniform sediment, dimensionless.
R submerged specific gravity, dimensionless.
Re, explicit particle Reynolds number, dimensionless.
Re,, Wwave Reynolds number, dimensionless.
S spectra, W Hz'.
wave period, s.
u water velocity vector, ms™.
7 mean component of the velocity vector, ms™.
u’' fluctuating component of the velocity vector, ms™.
Woean currents  Water velocity signal attributed to mean currents, m s
WUy andom motions  Water velocity signal attributed to random motions, m s™.

U;orqr  total water velocity signal, m s

. . . . -1
Uy ind-waves Water velocity signal attributed to wind-waves, ms™ .
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component of water velocity aligned with x in the Cartesian coordinate
system, m s

shear velocity, m s™.

skin shear velocity, m s™.

magnitude of bottom root-mean-square orbital velocity, m s™.

component of water velocity aligned with y in the Cartesian coordinate
system, m s

sediment fall velocity, m s

component of water velocity aligned with z in the Cartesian coordinate
system, m s

Cartesian coordinate system aligned in the east-west direction.
Cartesian coordinate system aligned in the north-south direction.
Cartesian coordinate system aligned vertically.

similarity variable for uniform sediment for Garcia and Parker formula,

dimensionless.
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Table 2-1. Field measurements

Parameter(s) Instrument Location(s) Sensor height(s) Period Sampling Sampling Burst
measured or orientation rate/interval duration interval
Wind speed and Met One Windset Timbercove® 5 m above water ongoing 10 min NA NA
direction 3-cup anemometers  USCG"® level
Vertical profiles of Onset Stow Away N 38°56.57 0.2,0.5,1.0, 1.5, 13 Nov 2008- 5 min NA NA
water temperature TidbiT temperature ~ W120°1.18” 2.0, 2.5, 3.0, and 14 Jan 2009

loggers 3.5 m above

lakebed

Vertical profiles of ~ Nortek AWAC N 38°56.57 Bottom-mounted 13 Nov 2008- 10 min (currents) NA NA
water currents and W120°1.18° 14 Jan 2009 1 h (waves)
surface wave
properties
Nearbed velocity Sontek ADVOcean N 38°56.46° 0.20 m above 13 Nov- 10 Hz 3 min lh

Probe W120°1.17°  lakebed 21 Dec 2008
Nearbed velocity Nortek Vector N 38°56.46° 0.10 m above 13 Nov- 64 Hz 2 min 2h

W120°1.17°  lakebed 19 Dec 2008

Suspended sediment  LISST-100X N 38°56.46° 0.20 m above 11 Dec 2008- 1 Hz 2 min 2h
concentration and W120°1.17°  lakebed 14 Jan 2009
particle size
distribution
Lakebed sediment Grab samples (2) N 38°56.46° NA 22 July 2008 NA NA NA
characteristics W120°1.17°

*The Timbercove meteorological station is located at the end of a long pier 270 m offshore and about 4.5 km from the study site at
N 38° 56.99’ latitude and W 119° 58.07 longitude.

The USCG meteorological station is located 75 m offshore and about 30 km from the study site at N 39° 10.84’latitude and

W 120° 07.16’longitude.

NA=not applicable



Table 2-2. Comparison of shear stress attributed to waves (T,,qes) cOming from Linear Wave
Theory (LWT) and Modified STWAVE, considering three scenarios of wave height and period
and for a water depth of 5 m (the water depth at the study site).

Parameter Scenario 1 Scenario 2 Scenario 3
Wave height (m) 0.4 0.5 0.6
Wave period (sec) 2.4 2.6 3
Twaves — LWT (Pa) 0.051 0.095 0.187
Twaves — Modified 0.075 0.100 0.175
STWAVE (Pa)
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Figure 2-1. (a) Lake Tahoe bathymetry and orientation. Meteorological data were collected at
the Timbercove and US Coast Guard stations. Lake measurements were made at the location
indicated as the study site. Contours are shown at 100 m intervals. Lake Tahoe is located at
approximately 39°N latitude and 120°W longitude. (b) In situ lake measurements were collected
with instruments as shown.
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Figure 2-2. (a) East
sampling burst with the ADVOcean Probe on 13 December 2008 at 7 a.m. Data collected for

-west (#) component of the velocity vector measured during one 3-min

each directional component of each burst were filtered to partition the velocity contribution from
wind-waves, mean currents, and random motions. (b) Power spectral density. The peak of the

power spectral density is at 0.33 Hz (corresponding to a wave period equal to 3 sec). The vertical
dashed lines demarcate the so-called wind-wave band from 0.033 to 2 Hz (corresponding to

wave periods between 0.5 and 30 sec).
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Figure 2-3. Water temperature observed from 13 November through 19 December 2008 at the
study site for top and bottom thermistors. The temperature at the top thermistor remains nearly
equal to or greater than that of the bottom thermistor, implying thermodynamic neutrality or
stability.
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Figure 2-4. Meteorological data from 13 November through 19 December 2008 at the
Timbercove and US Coast Guard stations. Arrows (and overbar at days 347 to 351) indicate
instances of elevated wind speed and alignment (or near-alignment) of the wind direction at both
stations. Wind direction is denoted as degrees clockwise from north.

46



—— Timbercove US Coast Guard
~15 | (a)
w
£12 IN
ki |
: | j
’W }h | | ) M"\'
T b |
= ; |
: Al W {7
» 3 o Al f "’W it A4 \M J’\ A i\
i i i M 'y p
T A AN 2 K N
346 347 348 349 350 351 352 353 354 355
360 T
b |
S 270 —( rf',r
2 [ WM “J \
gl B L R W
£ F 'W )
S 9
| - b
0 n 1 1 1 L L ] 1 ] L 1 ]
346 347 348 349 350 351 352 353 354 355
_02
w ——Vector ~ ===-- ADVOcean Probe f
()
E_ L
-
=
801
3
©
@ »
= Jon VA
1] i T LT
g 0 - 1 1 W'y
346 347 348 349 350 351 352 353 354 355
0.2
= d
: @
a
W
ﬁﬁ,l 3
©
w
o=
v
0 a8 3 -
346 347 348 349 350 351 352 353 354 355
4
r (e
~3 ( )
o
2,
a
W
0 :
346 347 348 349 350 351 352 353 354 355
Day number

Figure 2-5. Comparison of observed variables from 11 through 19 December 2008: (a) wind
speed and (b) wind direction (degrees clockwise from north) measured at Timbercove and USCG
stations, (c) burst-averaged nearbed velocity resolved in the horizontal plane at 0.20 m (Vector)
and 0.10 m (ADVOcean Probe) from the bottom, and (d) total bottom shear stress computed
according to Equation (2-2) from data collected by the ADVOcean Probe, and (e) nearbed
suspended sediment concentration (SSC). Dashed vertical lines indicate the simultaneous
occurrence of peaks in several variables.
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Figure 2-6. Vector plot of measured variables from 11 to 19 December 2008: (a) wind measured
at Timbercove station, (b) significant wave height, (c) hourly-averaged currents near the water
surface, (d) hourly-averaged currents at the bottom-most AWAC bin, (e) burst-averaged nearbed
velocity at 0.20 m from bottom, and (f) burst-averaged nearbed velocity at 0.10 m from bottom.
Dashed vertical lines indicate concurrence of wind-driven sediment resuspension.
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Figure 2-8. Comparison of bottom shear stress generated by (top) wind-waves and (bottom)
currents, computed according to Equation (2-2) from data collected by the ADVOcean Probe.
The dashed line at 0.081 Pa indicates the critical shear stress for incipient motion for a
representative particle size of 150 pm.
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Figure 2-10. Input variables of (a) wind speed and (b) wind direction (measured degrees
clockwise from north) and results simulated with the modified STWAVE of (¢) significant wave
height, (d) wave period, and (e) bottom shear stress due to wind-waves. The horizontal dashed

line at 0.081 Pa indicates the critical shear stress for incipient motion for a representative particle
size of 150 um.
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Figure 2-11. Comparison of bottom shear stress directly estimated from field data and modeled
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Figure 2-12. Comparison of predicted and observed values of equilibrium nearbed concentration
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stress for incipient motion for a particle size of 150 um.

54



1200

(a) o
I -
= ——13 Dec 2008 at 8 a.m. E
< 800 | 5
ol o
2 |mmend 19 Dec 2008 at 4 a.m. :
. 2
A 400 + E
(- W
0 - RN Lt il Ll
0.00 0.01 0.1 1 0.1 1
1200
(c) -
E =
- ——12 Dec 2008 at 12 a.m. =
".'_I 800 | g
----- 17 Dec 2008 at 12 a.m. (=]
2 P
%]
(] 1
v 3 =]
a 400 E
a.
0
0.001 0.01 0.1 1 0.001 0.01 0.1 1
Particle diameter (mm) Particle diameter (mm)
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December 2008 at 4 a.m.) and (c) low-wind periods (12 December 2008 at 12 a.m. and 17
December 2008 at 12 a.m.). Characteristic distributions of suspended particles by particle count
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Chapter 3. Seasonal differences in nearshore sediment resuspension

at Lake Tahoe

This chapter is based on work that has been prepared for potential publication as a regular
article in Lake and Reservoir Management, the journal for the North American Lake
Management Society. The authors are: Kristin E. Reardon (UC Davis), Patricio A. Moreno-
Casas (Universidad de los Andes), Fabian A. Bombardelli (UC Davis), and S. Geoffrey

Schladow (UC Davis).

3.1 Abstract

Motivated by declining water clarity at Lake Tahoe, California-Nevada (USA), this
investigation synthesized field observations and modeling with the purpose of informing
decision-makers facing management challenges at wind-exposed lakes. We present the first field
observations of nearshore sediment resuspension in summer and winter at Lake Tahoe and offer
key findings. Also, using the previously modified and validated wind-wave model STWAVE we
develop management charts that illustrate relationships between fetch, wind intensity, and wave
height and between water depth, wave height, and nearshore bottom dynamics (i.e., the potential
for mobilization of different sized particles). For a representative grain size of 150 um, the wind-
driven surface waves were found to influence the sediments to a maximum water depth of about
9 m. We evaluated the potential for nearshore sediment resuspension with changing lake levels,
considering a range of possible future scenarios. (Changes in wind intensity and direction were
not considered, because wind conditions are projected to change only moderately.) Wind-waves
resulted in periodic nearshore sediment resuspension in summer and winter. However, the
particle size distribution of the resuspended material revealed that the concentration of fine
particles was unchanged by wind events; instead, larger particles were resuspended. Therefore,
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we conclude that wind-driven nearshore sediment resuspension does not result in an increase in
particle loading of the size class that has been identified to most negatively impact water clarity.
The potential for internal loading of nutrients impacting water clarity, by both resuspension and
hypolimnetic anoxia, has yet to be assessed.

Key words: clarity, Lake Tahoe, nearshore sediment resuspension, STWAVE, wind-waves

3.2 Introduction

Interactions at the sediment-water interface can critically affect water quality in natural
systems. Particulates and nutrients enter a water body from diverse external sources or they are
reintroduced from within the system itself, such as when previously-deposited sediment is
resuspended from the sediment bed. The general concept of sediment resuspension is predicated
on the comparison of a destabilizing parameter (e.g., bottom shear stress) and a sediment
parameter (often taken as critical shear stress for a representative grain size). We assume
sediment resuspension occurs when the destabilizing parameter exceeds the sediment parameter,
as is standard practice. Wind-driven sediment resuspension occurs when the water depth is
shallow enough to transfer sufficient momentum of the wind-waves from the water surface to the
sediment-water interface [Hdakanson and Jansson, 1983]. Therefore, in an otherwise deep lake,
only the shallow nearshore zone is susceptible to wind-driven sediment resuspension. This is in
contrast to a shallow lake, where wind-driven sediment resuspension may occur over the entire
areal extent of the lake [see Luettich et al., 1990; Chung et al., 2009].

Lake Tahoe is a deep, sub-alpine lake that appears startlingly blue. Nevertheless, lake
transparency has declined since long-term monitoring began in the 1960s. In 1982 Lake Tahoe
was designated an impaired water body by the US Environmental Protection Agency. Under the

Federal Clean Water Act, a Total Maximum Daily Load (TMDL) was required to address its

58



impairment. The agreed-upon water quality objective for Lake Tahoe is deep water transparency
equal to the average annual Secchi depth measured between 1967 and 1971 (29.7 m). The Lake
Tahoe TMDL identifies the pollutants responsible for the loss of transparency as fine sediment
(<16 pm), nitrogen, and phosphorus. The TMDL also identifies the load of each pollutant
entering the lake, the contributing sources of these loads, the reductions needed, the reduction
opportunities that are available for each source, and the implementation plan to achieve these
reductions [Lake Tahoe Total Maximum Daily Load Technical Report, 2010]. Until now, a
comprehensive investigation of the potential for internal sources of fine sediment (e.g.,
resuspended sediment) has been lacking. Yet at other wind-exposed lakes, sediment resuspension
can be a significant source of fine sediment [Evans, 1994; Bloesch, 1995; Chung et al., 2009].

In the previous chapter (also Reardon et al. [2014]), we investigated wind-driven
nearshore sediment resuspension at Lake Tahoe in winter and found that wind-waves resulted in
sediment resuspension as corroborated by simultaneous increases in shear stress and total
measured sediment concentration. As previous lake applications of the wind-wave model
STWAVE had been limited to special instances of fully-turbulent flow, we modified and
validated STWAVE to simulate wind-wave induced sediment resuspension for viscous-
dominated flow typical in lakes. Additionally, we considered in situ measurements of suspended
sediment concentration and particle size distribution for several instances of low-wind and high-
wind periods; the data suggested that the predominance of fine particles that most negatively
impact clarity was unchanged by wind-related sediment resuspension.

Here we consider the complete time series of suspended sediment concentration and
particle size distribution at Lake Tahoe, and focus on the seasonal differences. To investigate

seasonal differences of wind-driven nearshore sediment resuspension, we combined
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comprehensive field observations, computations of bottom shear stress from field data, and
wind-wave modeling with the aim of answering the following questions:
1.) What are the observed nearshore patterns in summer and winter?
2.) To what water depth do wind-driven surface waves influence the sediments?
3.) What lake area does this influence extend, and how does it change with changing lake
level?
4.) What are the implications of wind-driven nearshore sediment resuspension for lake

clarity?

3.3 Study site

Lake Tahoe is located in the western United States on the California-Nevada border in
the mountains of the Sierra Nevada (Figure 3-1). It is an example of a deep, oligotrophic lake as
characterized by low nutrient concentrations, high dissolved oxygen concentrations, and
exceptionally transparent water to great depths. Lake Tahoe is large within a small watershed,
and therefore has an extremely long hydraulic residence time. Table 3-1 lists pertinent lake
information. Ongoing public concern over the onset of cultural eutrophication as described in
Goldman [1988] has focused research attention on preserving and protecting the lake’s famed
clarity. At the same time, we have continued to develop an understanding and predictive tools
which are useful for other lakes.

The nearshore study site was located at the south end of Lake Tahoe about 1000 m
offshore on a shelf that was shallow, broad, and gently-sloping (~0.3 percent; Figure 3-1). We
conducted measurements at a water depth of 5 m. We also collected meteorological data from the
long-term meteorological station maintained by the University of California, Davis, Tahoe

Environmental Research Center on the pier at Timbercove near the City of South Lake Tahoe.
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Timbercove station was located about 4.5 km from the study site; this was the closest long-term
meteorological station to the study site. Due to its shallow water depth and regular wind
exposure, the study site was thought to be favorable for observing wind-driven nearshore
sediment resuspension. Additionally, it had been previously identified as an area of impaired

water quality, particularly in summer-time [Alexander and Wigart, 2013; Taylor et al., 2004].

3.4 Methods

We collected field measurements of hydrodynamic and sediment variables in summer
and winter, directly estimated bottom shear stress from field data, and employed a recently

modified wind-wave model.

3.4.1 Field observations and computations from field data

Lake measurements were taken in summer from 22 July to 3 September 2008 and in
winter from 13 November 2008 to 14 January 2009. We measured wind speed and direction,
vertical profiles of water temperature, nearbed velocity, lakebed sediment characteristics, and
suspended sediment concentration and particle size distribution, as described in the previous
chapter. Instrument deployments in summer and winter were the same (and at the same location)
with two exceptions. Lakebed sediment characteristics were determined from grab samples
collected solely in summer (22 July 2008) and are described in the previous chapter. We
assumed that lakebed sediments characteristics did not change from summer to winter; this was
reasonable considering our visual estimation of the study site. Measurements of suspended
sediment concentration and particle size distribution were collected solely in winter
(11 December 2008 to 14 January 2009) and are also described in the previous chapter. A

summary of the field campaigns is presented in Table 3-2 and includes the parameter(s)
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measured, instrument, location(s), sensor height(s) or orientation, period, sampling interval,

sampling duration, and burst interval, as applicable.

In addition to measurements collected during the two study periods, we analyzed 10 years
of wind data collected at Timbercove station from 1 June 2003 to 31 July 2013 with the purpose
of characterizing the seasonal wind exposure at the study site. Summer is herein defined from
June through September and winter from December through March. Details regarding the

meteorological station are provided in the previous chapter and summarized in Table 3-2.

We directly estimated bottom shear stress from ADV-measured velocity data collected
from the Sontek ADVOcean Probe according to the method developed in the previous chapter.
Bottom shear stress was partitioned into three components attributed to wind-waves, mean
currents, and random motions. We demonstrated that wind-waves (the wind-wave band was
defined by periods from 0.5 to 30 sec) contributed most consistently to the development of

bottom shear stress.

To compute the value of critical shear stress, we used the formulation from Parker [2004]
that incorporates the non-dimensional critical Shields parameter. The Shields diagram [Shields,
1936] for threshold of sediment particle motion in unidirectional, steady, uniform flow has been
found adequate to characterize incipient conditions under oscillatory flows [Raudkivi, 1998;

p. 342]. Therefore, this is a reasonable approach considering the wind-exposed nearshore of

many lakes.

3.4.2 Predictive tools developed from wind-wave modeling
To estimate the wave-induced bottom shear stress, we implemented a modified form of

the full-plane version of the US Army Corps of Engineers wind-wave model STWAVE.
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STWAVE is a finite difference, steady-state, spectral wave model that solves the wave action
balance equation, including wave generation and transformation by refraction and shoaling,
wave breaking, generation by wind-input, wave-wave interaction, and white capping. We
modified the bottom-friction formulation to reflect typical lake conditions with flow regimes that
were viscous-dominated. Previously, lake applications of STWAVE had been limited to special
instances of fully-turbulent flow [e.g., Bunya et al., 2010; Dietrich et al., 2010]. In order to
validate the development, we compared model results and field observations and found good
agreement [Reardon et al., 2014]. This model validation suggested that the modified STWAVE
was an appropriate tool to calculate the effect of wind-waves on the development of bottom

shear stress leading to sediment resuspension in shallow areas.

The modified STWAVE was used to consider a range of wind conditions and the
resulting bottom sediment dynamics. We based our analysis on the work of Norrman [1964],
who presented relationships between wave height, wind conditions, effective fetch, and sediment
response at one particular lake [Hakanson and Jansson, 1983; Figure 6.21]. As these figures
were based on observations at Lake Vittern (Sweden) alone, there is difficulty in applying them
generally to all lakes. Using the modified STWAVE, we have developed similar figures based on
Lake Tahoe and suggest that other lakes could be considered likewise.

In particular, we reproduced wind events ranging from 3 to 21 m s™ coming from
different directions. A total of seven wind velocities (3, 6,9, 12, 15, 18, and 21 m s 1) and five
wind directions (0°, 30°, 45°, 60°, and 90°, measured clockwise from north) were selected to
represent a range of realistic wind events at Lake Tahoe. A total of 35 simulations were
implemented in the modified STWAVE with a 50 m square grid cell resolution. Considering the

study site in the southern part of Lake Tahoe, the longest fetch (~30 km) results from a northerly
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wind (i.e., a wind direction equal to 0°). The shortest fetch is achieved when the wind blows
from east to west (i.e., a wind direction of 90°); this is when the wind blows offshore very near
the study site (~1 km). Significant wave heights, peak wave periods, bottom orbital velocities,
and bottom shear stresses were calculated for each cell, based on wave motions alone, i.e.,
neglecting the presence of mean currents and turbulent motions. The results of modeled bottom
shear stress were used to calculate the corresponding maximum particle diameter that could be
resuspended from the lakebed considering the formulation of critical shear stress. Once the
potential resuspension of the maximum particle diameter was obtained for each incremental
bottom shear stress, a multivariate regression was used to develop predictive equations relating
wind, water depth, and nearshore bottom dynamics (i.e., the potential for mobilization of
different sized particles).

To understand the areal extent of wind-driven nearshore sediment resuspension at Lake
Tahoe and how it changes with changing lake water level, we ran the modified STWAVE model
with water surface elevations between 2 m below the natural rim (1895 m) and the maximum
legal limit (1899 m) in increments of 0.5 m (the natural rim of the lake is 1897 m; all referenced
to NAVD 88), and for wind speed and direction that generated the maximum shear stress. Thus,
we define an area of maximum potential wind-driven sediment resuspension. Lake water level is
influenced by stream inflow, groundwater inflow, direct precipitation, evaporation, outflow, and
overflow, as applicable, and is therefore affected by climate change. Sahoo et al. [2012;
Figure 13] projected lake water levels at Lake Tahoe over the next century, which may increase
or decrease within the range we have identified for our model runs. Future climate conditions

that are drier than normal will likely result in a water surface elevation below the natural rim;
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conversely, future climate conditions that are wetter than normal will likely result in water

surface elevations above the natural rim, up to the maximum legal limit.

We do not consider future scenarios in which the wind intensity changes. In general,
researchers predict a decrease in wind intensity as average global temperatures increase [Ren,
2010]. Focusing on the Tahoe Basin in particular, Dettinger [2012] spatially downscaled
meteorology output from the coupled ocean-atmosphere general circulation model (CM2.1) of
the National Oceanic and Atmospheric Administration’s Geophysical Fluid Dynamics
Laboratory in response to two greenhouse-gas emissions scenarios (A2 and B1). Under both
scenarios, Dettinger [2012] projected relatively small changes in wind speeds. In the Tahoe
Basin, wind speeds were projected to decrease 4 to 5 percent over the next century relative to
historical averages [Dettinger, 2012; Figure 9]. Therefore, our consideration of wind intensity

represents our understanding of the greatest potential for wind energy input into the lake.
3.5 Results

3.5.1 Wind exposure

Considering the Timbercove wind record from 1 June 2003 to 31 July 2013, we observed
predominantly southerly winds (SW, S, SE); they represented 60 percent of the winds over the
10 year period (not shown) and between 60 and 70 percent of the winds measured in summer and
winter (Figure 3-2). Northerly winds (NW, N, NE) represented between 22 and 31 percent of the
wind record measured in summer and winter (Figure 3-2). For summer, the mean wind speed
ranged from 2.1 to 5.9 m s, and was most frequently from the southeast direction (Figure 3-2a).
Similarly for the study period, the mean wind speed ranged from 2.0 to 5.7 m s, and was most

frequently southeasterly as observed in daily mid-afternoon peaks (Figure 3-2b; see Figure 3-4a).
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The average maximum wind speeds were 12.3 and 8.0 m s™' for the entire summer record and the
summer study period, respectively. Large values of wind speed (13.4 m s™ for the entire summer
record; 11.3 m s for the summer study period) were of southwesterly direction (Figure 3-2a and
3-2b). For winter, the mean wind speed ranged from 2.1 to 6.1 m s, and the largest mean wind
speed was associated with northeasterly winds, then second-largest, southwesterly winds (Figure
3-2¢). The average maximum wind speeds were 14.7 and 10.5 m s for the entire winter record
and the winter study period, respectively (Figure 3-2c and 3-2d). The greatest value of wind
speed over the entire winter record was from the northeast (18.1 m s'; Figure 3-2¢); the greatest
value of wind speed over the winter study period was from the southwest (13.9 m s'; Figure 3-
2d). Although the maximum wind speed observed during the study periods of 2008 and 2009

were less than those over the 10 year record, the mean wind speed is comparable.

3.5.2 Observed nearshore patterns in summer and winter

There were different patterns of physical phenomena in summer and in winter. For
summer, we observed a reliable diurnal pattern of nearshore water warming and cooling with a
daily difference of about 2 °C (Figure 3-3a). In winter, the diurnal pattern was more subtle and,
in general, the temperature of bottom and top thermistors tracked closely (Figure 3-3b). Summer-
time nearshore water temperatures varied from 16.6 to 21.0 °C, but beginning and ending at 19.8
and 20.0 °C, respectively. We saw a greater temperature difference between bottom and top
thermistors in summer (about 3 °C on average; Figure 3-3a) than in winter (about 1 °C on
average; Figure 3-3b). These temperature differences, however, were usually sustained for about
2 to 4 h and no more than 6 h. Generally, the onset of wind events ended the thermal
stratification of the water column within several hours.. Based on these results, we assumed that

the thermal structure did not greatly impact the transfer of momentum in the water column.
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During the summer study period, we observed a pattern of daily, elevated, mid-afternoon
wind speeds greater than 6 m s™' that were of south-southeasterly direction. Wind speeds of
9ms" or greater were observed several times; these were of south-southwesterly direction (see
Figures 3-4a and 3-4b; days 209, 216, 221, 231-232, and 238-239). For the winter study period,
we observed low wind speeds punctuated by high-energy wind events; there were no regular

daily patterns of wind observed in winter (Figure 3-5a and 3-5b).

During the summer study period, we observed nearbed current speed measured with the
Vector and ADVOcean Probe on average of about 0.03 m s™'. Peaks in nearbed current speed
were less than 0.10 m s (Figure 3-4c and 3-4d); this is in contrast to winter conditions with

nearbed current speed peaks of 0.15 to 0.20 m s™ (Figure 3-5¢ and 3-5d).

For the summer study period, we observed a pattern of daily, elevated, mid-afternoon
bottom shear stress; we observed two instances where the bottom shear stress exceeded the
critical shear stress, indicated in Figure 3-4¢ at 8 August 2008 (day 221) and 18 August 2008
(day 231). For the winter study period, we observed bottom shear stress that demonstrated no
regular daily patterns; like for the wind record, there were very low measures interrupted by
abrupt increases (Figure 3-5¢). We observed three instances where the bottom shear stress
exceeded the critical shear stress, indicated in Figure 3-5¢ at 8 December 2008 (day 343),

13 December 2008 (day 348), and 19 August 2008 (day 354).

Spectra from different bursts collected at Lake Tahoe during high wind events throughout
the summer and winter yield similar results and have similar form (Figure 3-6). We see that the
peak of the power spectral density ranges from 0.28 to 0.37 Hz (corresponding to wave periods

between 2.7 and 3.2 sec). For the two summer-time bursts corresponding to the instances when
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bottom shear stress exceeded the critical shear stress, we observed the most energetic peak in the
power spectral density plots at 0.28 and 0.37 Hz (Figure 3-6a), which corresponded to the wind-
wave contribution from wave periods equal to 3.6 and 2.7 sec, respectively. For windy periods in
winter, more pronounced peaks in power spectral density of about 0.3 to 0.35 Hz were observed
(Figure 3-6b). See also Figure 2-2 with a peak of the power spectral density equal to 0.33 Hz
(corresponding to a wave period of 3.0 sec). Therefore, the wind-wave band we have imposed

reasonably reflects the nature of the wind-wave contribution to flow and bottom shear stress.

3.5.3 Sediment characteristics

Herold et al. [2007; Figure 5] showed that sand dominated in the entire south shore of
Lake Tahoe; Reardon et al. [2014] showed that sand dominated at the study site. We assumed a
representative grain size of 150 um, corresponding approximately to d;, from the particle size
distributions from two grab samples (Figure 2-7). Furthermore, 150 pm corresponded to the peak
in suspended sediment concentration by mass concentration during sediment resuspension events
(Figure 2-13a). According to the formulation from Parker [2004], the critical shear stress for

incipient motion for a particle size of 150 um was 0.081 Pa.

3.5.4 Bottom shear stress and sediment resuspension

We present the mean and maximum bottom shear stress separated by wind direction for
the study periods in summer and winter. For summer, the mean bottom shear stress over the
study period ranged from 0.001 to 0.007 Pa. The maximum bottom shear stress was 0.093 Pa and
associated with wind of southwesterly direction; this was the only wind direction for which the
bottom shear stress exceeded the critical shear stress (Figure 3-7a). Generally, values of bottom
shear stress were greater in winter than summer. This was attributed to greater wind intensity
observed in winter. For winter, the mean bottom shear stress ranged from 0.003 to 0.036 Pa. The
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maximum bottom shear stress was 0.182 Pa and associated with wind of southwesterly direction;
bottom shear stress also exceeded the critical shear for southerly (0.119 Pa) and westerly
(0.106 Pa) wind directions (Figure 3-7b). The wind directions associated with maximum bottom

shear stress were the same wind directions as for the maximum observed wind speeds.

During winter we collected in situ measurements of suspended sediment concentration
(SSC) with a LISST-100X. We observed that suspended sediment concentration did not change
with increasing total bottom shear stress for particles of median diameter 2.5 to 16 um (Figure 3-
8a). The Lake Tahoe TMDL attributes the loss of deep water transparency, in part, to fine
sediment (<16 um). Furthermore, Swift et al. [2006] showed that particles with the greatest
potential to negatively impact lake clarity were inorganic and <10 um. Fine inorganic particles
strongly scatter light, which results in decreased lake transparency [Davies-Colley et al., 2001;
Kirk, 2011]. However, we observed a modest increase in suspended sediment concentration for
several instances when the bottom shear stress exceeded the critical shear stress for particles of

median diameter 100 to 250 um (Figure 3-8b).

3.5.5 Predictive tools developed from wind-wave modeling

Wind-driven nearshore sediment resuspension results in the entrainment of bed particles
into the water column and those resuspended particles are subject to horizontal transport by local
currents. Figure 3-9 illustrates how wave height and water depth influence the potential for
resuspension. Increasing wave heights result in increased bottom shear stress, leading to greater
potential for resuspension. Conversely, increasing water depth results in decreased bottom shear
stress, leading to the diminished potential for resuspension. For example, Figure 3-9 shows that

if a particle of 10 um were at a water depth of 5 m, a wave height of 0.37 m could initiate
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entrainment into suspension. Considering our representative grain size of 150 um, the maximum

water depth to which wind-driven surface waves influence the sediments is about 9 m.

Figure 3-10 shows the combination of wind speed and direction, fetch, and particle
resuspension for three different water depths. No matter the water depth, the largest resuspension
potential occurs at the largest fetch. Fetch and wind direction are linked in Figure 3-10 (relative
to the study site). At the study site, the largest fetch occurs as a result of a northerly wind (i.e., a
wind direction equal to 0° clockwise from north). The no resuspension area (gray area) shown in
Figure 3-8 enlarges with increasing water depth, emphasizing that deeper water experiences

weaker bottom shear stresses at the same wave height.

Due to the complex bathymetry of the nearshore of Lake Tahoe, and particularly due to
its steep sides, the relationship between lake water level and potential areal extent of wind-driven
nearshore sediment resuspension is not linear. Figure 3-11 shows the areal extent of wind-driven
nearshore sediment resuspension at Lake Tahoe’s south nearshore zone and how it changes with
changing lake water level. For a lake water level equal to the natural rim (1897 m), the potential
area affected is 8.3 km” (Figure 3-11b). For a lake water level equal to the maximum legal limit
(1899 m), the potential area affected is 7.2 km” (Figure 3-11c). Finally, for a lake water level
equal to 2 m below the natural rim (1895 m), the potential area affected is 4.7 km? (Figure 3-
11a). Figure 3-11d shows that as the lake water level drops below the natural rim, the potential
areal extent of wind-driven nearshore sediment resuspension decreases. This is because with
dropping lake water level, the areal extent of the shallow nearshore shelf at Lake Tahoe
decreases (i.e., the nearshore zone is no longer submerged to the same extent). As the lake water
level increases from the natural rim to the maximum legal limit, the potential areal extent of

wind-driven nearshore sediment resuspension also decreases (Figure 3-11d).
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3.6  Summary and conclusions

We offer the following key findings considering our nearshore observations in summer
and winter. In summer, we observed regular increases in wind speed each afternoon. The time
series is characterized by a strong diurnal pattern with wind intensity peaking each day at mid-
afternoon. By contrast, in winter, we observed low-wind periods punctuated by high-energy
storm events. Both low-wind and high-wind periods were sustained for days at a time with no
regular pattern. Most often, the instances of greatest bottom shear stress and the concomitant
wind-driven sediment resuspension at the study site, both in summer and winter, resulted from
strong and sustained southwesterly winds. This was not the direction of maximum fetch, but it
was the direction from which the strongest winds occurred. Observed wind-waves had periods of

about 3 sec, in both summer and winter.

Considering the nature of the wind-waves, we observed that the peak in the power
spectral density plots corresponded to a wave period of 3 sec (Figure 3-6). In summer, the form
of the power spectral density plot is less pronounced than that of those for winter. In winter, we
see strong peaks of similar form for each burst. We attribute this to the fact that in winter the
wind intensity was greater and therefore revealed in the high-frequency nearbed velocity signal

when presented in the frequency domain.

We considered the wind conditions that derive the maximum bottom shear stress and
found that wind-driven surface waves resulted in potential sediment resuspension up to a water
depth of 9 m. This influence extended to a lake area of 8.3 km® for a lake water level equal to the
natural rim and decreased both as the lake water level increased to the maximum legal limit

(7.2 km?) and decreased to 2 m below the natural rim (4.7 km?; F igure 3-11).
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We determined that wind-waves do not have a major impact on the lakebed sediment at
the study site (i.e., the south end of Lake Tahoe about 1000 m offshore at a water depth of 5 m).
With increasing bottom shear stress attributed to wind-waves, the suspended sediment
concentration of particles of median diameter 2.5 to 16 pm did not change (Figure 3-8a). For
particles of median diameter 100 to 250 um, we see a modest increase (same order of magnitude)
in suspended sediment concentration for several instances when the bottom shear stress exceeded
the critical shear stress (Figure 3-8b). In general, the lakebed sediment at the nearshore of Lake
Tahoe is coarse and granular and we suspect that the relative lack of fine material available for

resuspension is a result of the armoring of the lakebed sediment.

An important consideration is how these research findings can be translated to
management strategies. Because these results suggest that wind-driven nearshore sediment
resuspension does not produce an increase in particle loading of the size class that has been
identified to most negatively impact water clarity, these findings do not counter the Lake Tahoe
TMDL conclusions concerning the source of fine particle loads. However, the resuspension of
coarser material has the potential to increase the internal loading of phosphorus and other
contaminants from the sediments. The chemical impact of sediment resuspension was beyond the

scope of this study, but it is an aspect that requires further examination.
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Table 3-1. Summary information about Lake Tahoe

Maximum depth 505 m
Average depth 313 m
Lake surface area 500 km”
Watershed area 800 km?
Lake volume 156 km’
Shoreline 116 km
Mean hydraulic residence time 700 years
Elevation of natural rim* 1897 m
Elevation of maximum legal limit™ b 1899 m
Annual average Secchi depth (target)” 29.7m
Annual average Secchi depth (2013)° 214 m
"Referenced to NAVD 88

®Fixed according to the Truckee River Operating Agreement (https:/troa.net/)
‘Lake Tahoe Total Maximum Daily Load Technical Report 2010

“Tahoe: State of the Lake Report 2014

All other information from Goldman [1988]
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Table 3-2. Field measurements in summer and winter

Parameter(s) Instrument Sampling period® Sampling Sampling  Burst
measured interval  duration interval
Summer Winter

Wind speed Met One ongoing ongoing 10 min NA NA
and direction Windset 3-

cup

anemometer
Vertical Onset Stow 23 Jul -3 13 Nov — 5 min NA NA
profiles of Away TidbiT Sep 14 Jan
water temperature
temperature” loggers
Nearbed Sontek 23 Jul - 29 13 Nov — 10 Hz 3 min lh
velocity® ADVOcean Aug 21 Dec

Probe
Nearbed Nortek 23 Jul - 27 13 Nov — 64 Hz 2 min 2h
velocity? Vector Aug 19 Dec
Suspended LISST-100X NA 11 Dec — 1 Hz 2 min 2h
sediment type B 14 Jan
concentration’  (Sequoia

Scientific,

Inc.)
Lakebed Grab samples 22 July NA NA NA NA
sediment (2) 2008
characteristics

*Field measurements were collected in summer 2008 and winter 2008-2009.

bEight temperature loggers were located at heights of 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 m

above lakebed

‘Sampling volume was 0.10 m above lakebed
ISampling volume was 0.20 m above lakebed
NA=not applicable
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Figure 3-1. Lake Tahoe bathymetry and orientation. Meteorological data were collected at the
Timbercove station. Lake measurements were made at the study site. Contours are shown at
100 m intervals. Lake Tahoe is located at approximately 39°N latitude and 120°W longitude.
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Figure 3-2. Wind statistics separated by wind direction at Timbercove station for (a) summer
from 2003 to 2013, (b) summer during the study period, (¢) winter from 2003 to 2013, and (d)
winter during the study period. Bars represent percent of wind data separated by wind direction.
Wind speeds (m s!) are given as mean (closed circle) and maximum (open circle).
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Figure 3-3. Water temperature observed from (a) 23 July to 29 August 2008 and (b)

13 November to 20 December 2008 at the study site for top and bottom thermistors. The
temperature at the top thermistor remains nearly equal to or greater than that of the bottom
thermistor, implying thermodynamic neutrality or stability.
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Figure 3-4. Comparison of observed variables from 23 July through 29 August 2008: (a) wind
speed and (b) wind direction (degrees clockwise from north) measured at Timbercove station,
burst-averaged nearbed current speed in the horizontal plane at (¢) 0.20 m (Vector) and (d) 0.10
m (ADVOcean Probe) from the bottom, and (e) total bottom shear stress at a water depth of 5 m
computed from data collected by the ADVOcean Probe. The horizontal dashed line at 0.081 Pa
indicates the critical shear stress for incipient motion for a representative particle size of 150 um.
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Figure 3-5. Comparison of observed variables from 13 November to 20 December 2008: (a)
wind speed and (b) wind direction (degrees clockwise from north) measured at Timbercove
station, burst-averaged nearbed current speed in the horizontal plane at (¢) 0.20 m (Vector) and
(d) 0.10 m (ADVOcean Probe) from the bottom, and (e) total bottom shear stress at a water
depth of 5 m computed from data collected by the ADVOcean Probe. The horizontal dashed line
at 0.081 Pa indicates the critical shear stress for incipient motion for a representative particle size

of 150 pm.

82



Power spectral density

Power spectral density

102 101 100 10!
Frequency (Hz)

Figure 3-6. Power spectral density for 3-min bursts in 2008 for summer on (a) 8 August
beginning at 7 p.m. and (b) 18 August beginning at 5 p.m. and winter on (c) 9 December
beginning at 1 a.m., (d) 13 December beginning at 7 a.m., and (e) 19 December beginning at
9 a.m. The vertical dashed lines demarcate the so-called wind-wave band from 0.033 to 2 Hz
(corresponding to wave periods between 0.5 and 30 sec). (The spectra have been offset for
illustrative purposes.)
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Figure 3-7. Mean and maximum bottom shear stress at a water depth of 5 m separated by wind
direction for (a) summer and (b) winter. Bottom shear stress was directly estimated using
ADVOcean Probe data. Observations of wind direction were collected at Timbercove station.
The horizontal dashed line at 0.081 Pa indicates the critical shear stress for incipient motion for a
representative particle size of 150 um.
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Figure 3-8. Suspended sediment concentration (SSC) versus total bottom shear stress at a water

depth of 5 m for particles of median diameter (a) 2.5 to 16 um and (b) 100 to 250 pm. In situ
measurements of SSC were collected with the LISST-100X. Bottom shear stress was directly

estimated using ADVOcean Probe data.
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Figure 3-9. Particle resuspension with varying water depths and wave heights. Solid lines show
the limit at which different particle diameters are resuspended from the lakebed. Similarly, the
broken line shows the case for particles with diameter <10 um. After Norrman [1964].
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Figure 3-10. Resuspension curves considering different wind speed and direction for water
depths of (a) 2.1 m, (b) 4.2 m, and (c) 8.3 m. The corresponding fetch is indicated on the
secondary axis. Solid lines show the limit at which different particle diameters are resuspended
from the lakebed. Similarly, the broken lines show the limiting case for particles with diameter
<10 pm.

87



—
£ (d)
=
S— 8 L O O
© o
£ . ° o
S 6
5 o) ©
(7]
> al
=5
wv
1]
15
" 2
2
c
7]
°
S o
1895 1896 1897 1898 1899

Water surface elevation (m)

Figure 3-11. The areal extent of wind-driven sediment resuspension (denoted by black) in Lake

Tahoe’s southern nearshore zone, considering lake water level equal to (a) 2 m below the natural
rim (1895 m), (b) the natural rim (1897 m), and (c) the maximum legal limit (1899 m). The area

potentially affected by wind-driven sediment resuspension is (a) 4.7 km?, (b) 8.3 km?, and

(c) 7.2 km?. (d) Potential resuspension area with changing water surface elevation. Contours are

shown at 50 m intervals.
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Chapter 4. Inferring nearshore suspended sediment characteristics

using acoustic Doppler devices

This chapter is based on work that is in preparation for publication as a technical note in
the Journal of Hydraulic Engineering, a journal of the American Society of Civil Engineers. The
authors are: Kristin E. Reardon (UC Davis), Fabian A. Bombardelli (UC Davis), and S. Geoffrey

Schladow (UC Davis).

4.1 Introduction

Understanding the prevalence and distribution of suspended sediment is critical to
assessing and improving water quality in natural systems. In an otherwise deep lake, the shallow,
wind-exposed nearshore is of interest because it is susceptible to wind-driven sediment
resuspension. Sediment resuspension results in the addition of light-scattering particles to the
water column, as well as an increase in the exchange between pore-water and sediment-bound
nutrients and contaminants and the overlying water [ Wetzel, 1983]. Suspended matter, such as
fine sediment, phytoplankton, and organic detritus, reduces light transmission through water by
increasing the scattering and absorption of light [Kirk, 2011]. In this way, the nearshore lakebed
becomes a source of fine particles, nutrients, and contaminants that may negatively impact water
quality and contribute to reduced transparency [Kirk, 2011] and an altered temperature

distribution [Schladow et al., 2006; Swift et al., 2006].

Sediment resuspension studies in large lakes that have relied on measurements of
hydrodynamic and water quality variables have benefited from the development of in situ
instruments that can be autonomously deployed [e.g., Chung et al., 2009; Hofmann et al., 2011].

In these studies, sampling continued during extreme weather events when wind conditions on the

89



lake would have made boat-based measurements unsafe. Time series were also recorded that
would have been too labor-intensive and costly to have been practical without autonomous
operation. For this investigation, we consider time series from three different acoustic Doppler
devices deployed with the intended purpose of measuring flow and also exploring the backscatter
signal amplitude as a proxy for suspended sediment concentration (SSC). Furthermore, we
consider direct, concurrent measurements of SSC and particle size distribution (PSD) taken with

an in situ optical device

Acoustic Doppler devices are designed to measure three-dimensional flow characteristics
using the acoustic Doppler principle. Their operation relies on the presence of particulate matter
in the water and measuring the reflection of an acoustic signal. Although the intended purpose of
these instruments is to measure water velocity by measuring the velocity of the suspended
particulates, they can also provide information about the quantity and type of particulate matter
present by measuring the intensity of the backscatter intensity (BSI) or signal amplitude [Sontek,
1997; Nortek, 2001]. Acoustic Doppler devices are generally robust and well-suited to many lake

applications as diverse as the Salton Sea [Chung et al., 2009] and Lake Tahoe.

Although in theory the signal strength of acoustic Doppler devices is a seemingly obvious
proxy for SSC, establishing relationships between signal strength and SSC has proven difficult.
To date, the literature lacks an accepted standard by which suspended sediment characteristics
should be inferred from the signal strength of acoustic Doppler devices. At this time, researchers
must consider a priori the water quality conditions and instrument itself for calibration of

regression models that are site- and instrument-specific.
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Our study uses field measurements with the aim of demonstrating the applicability and
reliability of using acoustic Doppler devices to infer suspended sediment characteristics and
estimating the vertical profiles of suspended sediment concentration resulting from wind events.
In doing so, we explored the merit of using signal strength as a surrogate for SSC in water of
high transparency. Specifically, we considered whether these relationships between signal
strength and SSC developed under winter conditions could be extended to summer. We also
explored whether the Rousean distribution reflects the daily-averaged vertical profile of

suspended sediment we inferred in the nearshore.

4.2 Field site and methods

We collected field measurements in summer and winter at the south shore of Lake Tahoe,
a subalpine lake located in the Sierra Nevada Mountains on the California-Nevada border
(Figure 2-1; Figure 3-1). While Lake Tahoe is oligotrophic as characterized by low nutrient
concentrations, high dissolved oxygen concentrations, and transparent waters to great depths, it
has experienced a measured reduction in deep water transparency over the last half century
[Goldman, 1988]. It has also experienced a measureable decline in nearshore water quality

[Taylor et al., 2004].

The study site was located about 1000 m offshore in a water depth of about 5 m.
Generally, the lakebed sediment at the study site was granular, well-sorted, non-cohesive, and
with no apparent bedforms, both in summer and winter. It was composed of sand (>92 percent),
silt (7 percent), and clay (<1 percent), and we assumed a representative grain size of 150 pm,
corresponding approximately to d,, (Figure 2-7). As shown in Chapter 2, for a grain size of

150 pm, the critical shear stress for incipient motion was equal to 0.081 Pa.
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Comprehensive field surveys to investigate nearshore sediment dynamics were carried
out in summer from 23 July to 3 September 2008 and in winter from 13 November 2008 to
14 January 2009. Measurements included: nearbed velocity using two acoustic Doppler
velocimeters (ADVs), a Sontek ADVOcean Probe and a Nortek Vector; and vertical profiles of
currents using a Nortek acoustic Doppler current profiler and directional wave gauge (AWAC).
In winter, SSC and PSD were measured with a LISST-100X. The instrument locations and
sampling strategies for summer and winter were the same. Furthermore, all instruments were
self-contained, moored, and autonomously deployed. Chapter 2 contains detailed information
about field measurements. Table 4-1 summarizes the pertinent instrument deployment

information.

The Laser In Situ Scattering and Transmissometry (LISST) series instruments from
Sequoia Scientific, Inc. are optical devices that measure suspended particle concentrations over a
range of size classes according to the laser diffraction technique. A laser beam passes through a
small sampling volume containing particles in suspension. The light scattered by the particles is
measured by photodetectors to give SSC and PSD [LISST 100-X Particle Size Analyzer User’s

Manual version 4.65, 2009].

To quantify SSC from acoustic measurements of signal strength, we assessed the slope
and intercept of the calibrated linear regression of the SSC. We explored other regression
methods suggested by Rasmussen et al. [2009]; however, they proved no better than the simple
linear regression. To directly estimate bottom shear stress from ADV-measured velocity data

collected from the Sontek ADVOcean Probe we used the method developed in Chapter 2.

92



4.3 Results and discussion

A comparison of signal strength from the ADVOcean Probe, Vector, and bottom-most
bin of the AWAC and total SSC measured with the LISST-100X from 13 November 2008 to 14
January 2009 is presented in Figure 4-1. We observed that the ADVOcean Probe and Vector
gave very similar results. Signal strength from the AWAC agreed with that of the ADVOcean
Probe and Vector at times when there were very large peaks in signal strength. We assumed that

the true measure of SSC was represented by the data collected with the LISST-100X.

To develop a relationship between SSC and signal strength of the ADVOcean Probe, we
calibrated a simple linear regression model with slope equal to 0.0631 and intercept of -2.5254
(1’=0.49; n=120; Figure 4-2). We similarly developed a relationship between SSC and signal
strength of the Vector with slope equal to 0.0446 and intercept equal to -0.5739 (r*=0.55; n=95;
Figure 4-3). The LISST-100X provides the suspended sediment particle size distribution in 32
logarithmically-spaced size classes of median diameter from 1.25 to 250 um. Considering the
concentration of each size class and the signal strength of the ADVOcean Probe and Vector, it
was possible to improve the linear regression models. The signal strength of the ADVOcean
Probe best correlated with the concentration of particle size class of median diameter equal to
85.9 um (r*=0.52). The signal strength of the Vector best correlated with the concentration of
particle size class of median diameter equal to 61.7 pm (r*=0.74). This is not ideal, however, as
the time series of SSC would reflect only the concentration of particles within the specific size

class and not the overall concentration of all particles from 1.25 to 250 pm.

A comparison of bottom shear stress and SSC during the winter study period is shown in
Figure 4-4. We observed a regular periodicity of one day for the time series of SSC from
13 November to 9 December 2008 (Figure 4-4b). We speculate that these regular peaks in SSC
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could be the result of advection of suspended sediment from daily snow melt. No such pattern
was observed for shear stress for the same period (Figure 4-4a). As described in Chapter 2, from
9 December 2008 onward the weather turned very cold with freezing air temperatures night and
day and strong and sustained winds in a quasi-constant direction. This change in the weather may
have been responsible for an abrupt end to the regular pattern as freezing weather could have

ended the snow melt into the lake.

A comparison of bottom shear stress and SSC during the summer study period is shown
in Figure 4-5. We observed a regular periodicity of one day for the time series of SSC for the
entire period (Figure 4-5b). Similarly, we observed a regular return period of one day for shear
stress for the same period (Figure 4-5a). However, these time series did not align. The peaks in
shear stress occured in the afternoon or evening of each day; this corresponded to regular peaks
in afternoon wind intensity, as discussed in Chapter 2. The peaks in SSC occurred in the middle
of the night, nearly always at midnight. The data coming from the Vector were collected
independently, yet correlated nearly perfectly (R*>0.95) with the data coming from the
ADVOcean Probe. We suspect that the regular afternoon wind events resulted in sediment
resuspension at a shallower water depth, and then we observed the offshore advection of

resuspended sediment at a later time.

For both winter and summer, we considered the effect of changing water temperature and
thus density on the signal strength of the acoustic Doppler instruments. We reviewed the time
series of vertical temperature profiles to see if diurnal patterns of stratification and mixing

aligned with the daily fluctuations in signal strength. They did not.
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A comparison of profiles of daily-averaged signal strength obtained from the vertical bins
of the AWAC and the Rousean vertical distribution of sediment concentration is presented for
winter in Figure 4-6 and summer in Figure 4-7. We assume that signal strength reported in each
vertical bin is directly comparable. The Rouse equation was developed for open channel flow
under equilibrium conditions, indicating a balance between the upward flux of sediment due to
turbulence and the effect of gravity which returns sediment to the bed [Rouse, 1937; Julien,
1995]. Here we found that the shape of the Rousean distribution closely resembles the profiles of

signal strength and corresponds to a range of appropriate representative particle sizes.

4.4 Conclusions

We found that there are limitations regarding the use of signal strength of acoustic
Doppler devices as a proxy for suspended sediment concentration when deployed in high-
transparency water. We assumed that the data collected with the LISST-100X was the true
measure of SSC and was therefore used to calibrate the linear regression models. However,
Fugate and Friedrichs [2001] inferred concentrations of estuarine particle populations in the
lower Chesapeake Bay using Sontek ADVs and a LISST-100; compared them to concentrations
from pumped water samples collected at regular intervals; and found that the Sontek ADV
proved to be the best estimator of concentration. It may prove worthwhile for future research
efforts to verify that the data collected from the LISST-100X in fact reflects in situ particle
concentrations. We observed that the Rousean distribution reflects the daily-averaged vertical

profile of suspended sediment inferred in the nearshore.
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Table 4-1. In situ measurements

Instrument Sampling periods® Sampling Sampling strategy
Summer Winter height or Sampling Sampling Burst
orientation rate/interval  duration interval
ADVOcean 23 Jul- 13 Nov-21 0.10 m 10 Hz 3 min lh
Probe 29 Aug Dec above bed
Vector 23Jul- 13 Nov-19 0.20 m 64 Hz 2 min 2h
27 Aug Dec above bed
AWAC 23 Jul- 13 Nov-14 Bottom- 10 min NA NA
3 Sep Jan mounted”
LISST-100X NA 11 Dec — 14 0.20 m 1 Hz 2 min 2h
Jan above bed

In situ measurements were taken in summer 2008 and winter 2008-2009.

"The AWAC provided profiles in 0.5 m vertical bins; the frame and blanking distance precluded
measurements in the first 0.6 m above bed.
NA=not applicable
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Figure 4-1. Comparison of signal strength from the ADVOcean Probe, Vector, and bottom-most
bin of the AWAC and total SSC measured with the LISST-100X from 13 November 2008 to 14
January 2009.
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Figure 4-2. Linear regression of suspended sediment concentration (SSC) versus signal strength
of the ADVOcean Probe every 2 h.
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Figure 4-3. Linear regression of suspended sediment concentration (SSC) versus signal strength
of the Vector every 2 h.
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midnight.

103



©
(N}

)
g
501 +
7]
©
Q
L
17, ]
0.0
205 212 219 226 233 240
6
4
-
2
Q
&2 —Vector
——ADVOcean Probe
0
205 212 219 226 233 240

Day number
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Figure 4-7. Comparison of daily averaged signal strength profiles and the Rousean distribution.
Solid black lines are signal strength profiles observed every 7 days for 23 July to 29 August
2008. Dashed black lines show the Rousean distribution for Rouse number, Z, of 0.0313, 0.0625,

and 0.125. Data are from 2008. Large values of signal strength near the water surface are
attributed to sidelobe interference.
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Chapter 5. Summary and conclusions

The research presented in this dissertation was the first study of wind-driven nearshore
sediment resuspension and its implications for water clarity at Lake Tahoe. While Lake Tahoe
appears startlingly deep and blue, lake transparency has nevertheless been declining since the
1960s. The Lake Tahoe TMDL identifies the external pollutants responsible for the loss of
transparency as fine sediment, nitrogen, and phosphorus, but an investigation of the potential for
internal sources of fine sediment (e.g., resuspended sediment) had been lacking. Yet at other
wind-exposed lakes, sediment resuspension can be a significant source of fine particulates.

We carried out a comprehensive field campaign to observe and quantify wind-driven
nearshore sediment resuspension in summer and winter. We identified by experimental
observation instances of wind-driven sediment resuspension and used this information to
establish a framework for bottom shear stress computations and wind-wave modeling for wind-
driven nearshore sediment resuspension. We also explored the nature of the lakebed, wind
exposure, wave climate, and hydrodynamic and sediment variables to elucidate nearshore
patterns in summer and winter. In summer we observed strong diurnal patterns. In winter we
observed low-energy periods punctuated by high-energy events with no regular order.

We developed a novel approach for quantifying the total bottom shear stress in a
lacustrine environment according to its components attributed to wind-waves, mean currents, and
random motions, validating it with further computations from field data. When the total shear
stress exceeded the critical shear stress, the contribution to overall shear stress was about 80
percent from wind-waves and 10 percent each from mean currents and random motions.
Therefore, wind-waves resulted in sediment resuspension as corroborated by simultaneous

increases in shear stress and total measured sediment concentration. Additionally, by filtering the
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high-frequency nearbed velocity signal, we shed light on the nature of the individual flow
components. Furthermore, the power spectral density plots provided quantification of the peak
wave periods.

We modified the wind-wave model STWAVE by correcting the bottom-friction
formulation in order to reflect typical lake conditions with flow regimes that are viscous-
dominated. Lake applications of STWAVE had previously been limited to hurricane conditions
which result in fully-turbulent flow regimes. We developed what we believe is the first
application and validation of a modification of the code STWAVE to simulate wind-wave
induced sediment resuspension for a viscous-dominated flow in lakes. The modified STWAVE
was used to develop management charts that illustrate relationships between fetch, wind
intensity, and wave height and between water depth, wave height, and nearshore bottom
dynamics (i.e., the potential for mobilization of different sized particles). For a representative
grain size of 150 um, the wind-driven surface waves influence the sediments to a maximum
water depth of about 9 m. Lastly, we evaluated the potential for nearshore sediment resuspension
with changing lake levels, considering a range of possible future scenarios.

We validated the 1991 Garcia and Parker formulation for sediment entrainment rates
appropriate for a lacustrine environment that was otherwise developed for open channel
conditions. We showed good agreement between simulated and measured rates of sediment
entrainment into suspension.

We investigated the use of acoustic backscatter from acoustic Doppler devices to infer
nearshore suspended sediment characteristics for those times when direct measurements were not

available. We explored the nature of the suspended sediment and signal strength of the
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autonomously-deployed in situ instruments. We concluded that there is limited applicability of
such techniques in a lake of high transparency.

An important consideration is how these research findings can be translated to
management strategies. Because the evidence to date does not suggest that wind-driven
nearshore sediment resuspension results in an increase in particle loading of the size class that
has been identified to most negatively impact water clarity, there are no recommended changes
to the Lake Tahoe TMDL at this time. However, long-term monitoring of hydrodynamic and
sediment variables is critical. Future changes in the watershed and/or atmospheric sources of
pollutants may impact particle loading of fine sediment by wind-driven sediment resuspension.
Currently, we attribute very modest increases in suspended sediment concentration resulting
from wind-driven sediment resuspension to a relative limitation of fine material in the nearshore.
If the prevalence of fine material increased in the future, then there would likely be an associated
increase in particle loading of fine material. Additionally, future changes in climate may impact
particle loading of fine sediment by wind-driven sediment resuspension. This was investigated
here by considering projected changes in lake water level. (We do not consider future scenarios
in which the wind intensity changes, because in the Tahoe Basin, wind speeds were projected to
decrease very modestly over the next century relative to historical averages.) Yet should these
climate projections prove incorrect or incomplete, this research remains useful and can be
reviewed and updated considering alternative scenarios. Furthermore, the predictive tools and
management charts developed in this work will aid researchers and managers in understanding
the effects of changing lake conditions (natural or engineered) on the potential for wind-driven

nearshore sediment resuspension.
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To identify the potential for internal loading of nutrients by resuspension and
hypolimnetic anoxia, additional nearshore studies are necessary. Controlling phosphorus inputs
at Lake Tahoe may be the most reasonable means of slowing cultural eutrophication of both the
mid-lake and nearshore by further limiting nutrients for primary productivity. However, if at
Lake Tahoe internal loading proves to be great enough, then the desired environmental
improvements may not be achieved until the accumulated deposit of phosphorus in the lake bed
is exhausted. This has not yet been adequately investigated. This study focused on wind-driven
resuspension of particulate matter; characterization and quantification of the potential for
phosphorus loading was beyond the scope of this work. Further research could result in
recommendations to update management strategies aimed at protecting the aesthetic enjoyment

of Lake Tahoe’s historical deep water and nearshore clarity.

110



Appendix A. Sampling strategy adequacy

The sampling strategy (3-min bursts at 10 Hz every hour) optimized the balance between
the resolution of the flow scales, available battery power, and available memory of the
ADVOcean Probe. The instruments were deployed at Lake Tahoe for two months at a time and
were not readily accessible by a diver.

In order to show that 3-min bursts adequately represent the flow scales, we present the
spectra of two signals. In Figure A-1, we included one 3-min burst measured on 13 December
2008 at 7 a.m. (the burst shown in Figure 2-2); in turn, in Figure A-2, we appended the time
series from 13 December 2008 at 7 a.m. with the time series from 8 a.m. and 9 a.m. to mimic a
9-min burst. We see that the spectra have similar form, including a peak at approximately
0.33 Hz, indicating that 3-min bursts were adequate to characterize the waves.

Additionally, we investigated the ratio between the sampling time (7), and the “integral
scale” (Tx) because of the so-called “fast-sampling limit” [Bendat and Piersol, 2000] and the
influence of 7/7Tx on the variance of the estimator of the mean of the signal. This “fast-sampling
limit” corresponds to the case of At << Tx and 7>>Tx, where A¢ is the sampling time. In our case,
At=0.1 sec, Tx=3 sec, and 7=180 sec, so the conditions above do not hold strictly. Thus, although
we believe that the theory (and rules of thumb) is extremely important in these cases, we also
consider that it only provides crude guidance in practical cases. We therefore believe that the
comparison shown gives compelling evidence that the 3-min bursts successfully capture the
wind-wave band.

Reference
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Figure A-1. Power spectral density for a 3-min burst on 13 December 2008 at 7 a.m. (the burst
shown in Figure 2-2 of the manuscript). The peak of the power spectral density is at 0.33 Hz
(corresponding to a wave period equal to 3.0 sec). The vertical dashed lines demarcate the so-

called wind-wave band from 0.033 to 2 Hz (corresponding to wave periods between 0.5 and
30 sec).
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Figure A-2. Power spectral density for three 3-min bursts appended together; these bursts were
collected on 13 December 2008 at 7 a.m., 8 a.m., and 9 a.m. (9 min total). The peak of the power
spectral density is at 0.33 Hz (corresponding to a wave period equal to 3.0 sec). The vertical
dashed lines demarcate the so-called wind-wave band from 0.033 to 2 Hz (corresponding to
wave periods between 0.5 and 30 sec).
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Appendix B. Sensitivity analysis of the velocity decomposition

We based the decomposition on the general understanding of flows in coastal areas. We
carefully considered various aspects of this methodology during the development of the work;
furthermore, we have provided checks for the computations to the extent possible. We believe
that the methodology offers a plausible solution to a challenging subject in coastal zones in
general, and in lakes in particular, initiating a discussion on how to more accurately discriminate
among the components of shear stress.

Several factors contribute to our belief that the methodology is sound. First, the
decomposition of the velocity signal as the sum of several components of different frequencies is
a technique at the heart of methodologies in several branches of science, including turbulence.
Second, we found that estimates of shear stress due to waves obtained from the methodology are
in agreement with values coming from computations which use estimations of the wave heights
(see Table 2-2). In Table 2-2, we adopted values of the wave heights, since we were not able to
observe wave heights directly with the AWAC. Third, Figure 2-9 is very compelling. When the
wind is intense and the total bottom shear stress is in excess of the critical shear stress, the vast
majority of the contribution to the total bottom shear stress (about 80 percent) can be attributed
to wind-waves, consistent with findings in the literature [e.g., Luettich et al., 1990]. At these
times, there are instances when the random motions contribute to the shear stress as well, but this
amounts to 10 percent at most, which is below the uncertainty of any methodology assessing
shear stress in natural flows. When the currents are weak and there is very low wind (and the
total bottom shear stress is much less than the critical shear stress), then random motions may
account for up to half of the bottom shear stress, as expected. However, it is important to

remember that in these instances, the total bottom shear stress is nearly zero. Overall, random
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motions never contribute meaningfully to the development of bottom shear stress. Thus, the
physics-based methodology provides sound results.

We have examined the idea of an adaptive methodology in several ways. First, we
performed a sensitivity analysis for different values of the wind-wave band. Second, we
compared spectra coming from different bursts. It is worth mentioning at this point that the limits
were adopted following standard analyses found in the literature. We originally obtained the
band (0.5 to 30 sec) from recommendations by Nortek; these ranges are also consistent with
classifications provided by Horikawa [1978]. We found that the shear stress attributed to wind
waves changes modestly by varying the bands (see Figure B-1), with differences which are
within the ranges of errors in field measurements, reinforcing that we have indeed captured the
bulk of the influence of wind waves.
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band of 0.5 to 30 sec and various band filters (as indicated in the legend).
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Appendix C. Background and further comparisons of STWAVE

We have undertaken comparisons regarding the model, as detailed below. We also show
below that our modifications to STWAVE resolve what we consider to be a fluid-mechanics

inconsistency within the code.

In earlier versions of STWAVE, two elements were missing: 1.) the code could only be
used in the so-called “half plane,” which precluded the simulation of wave fields in water bodies
such as lakes; and 2.) the sink term in the spectral energy density due to bed friction was absent.
In the 2001 manual [Smith et al., 2001], the discussion regarding the bottom friction was as
follows: “The significance of bottom friction on wave dissipation has been a topic of debate in
wave modeling literature. Bottom friction has often been applied as a tuning coefficient to bring
model results into alignment with measurements. Although bottom friction is easy to apply in a

wave model, determining the proper friction coefficients is difficult.”

These two aspects of the code have recently been modified [see Massey et al., 2011]. To
address the first issue, a “full plane” model was developed. This modification made the model
especially suitable for lakes. To address the second issue, the 2011 version of STWAVE uses

Manning’s equation to account for bed friction.

According to the 2011 manual [Massey et al., 2011], a Manning’s n value between 0.01
and 0.05 should be used. Units of Manning’s # should be m"°. A value of Manning’s 7 of 0.01
pertains to glass, an unrealistic condition for lakes. Although the USACE acknowledges that # is
a “calibration parameter” [Massey et al., 2011], we strongly believe that it should not be used as

a “garbage dump” [Yen, 2001, personal communication]. Numerous early runs with STWAVE
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were developed considering no bottom friction and, more recently, with Manning’s n equal to

zero (which corresponds to no bottom friction).

We believe that the formulation of the shear stress embedded in STWAVE using
Manning’s equation involves conceptual shortcomings for the simulation of wave fields in lakes,
where the flow condition is often far from being fully rough — and therefore outside the range of
applicability of Manning’s equation [see Gioia and Bombardelli, 2002]. In lakes, orbital
velocities close to the bed are usually so small that the corresponding wave Reynolds numbers
are also very small. This is fundamentally different from the case of open-channel flow.
Furthermore, STWAVE was validated under mostly energetic, fully-rough conditions, very
different from those occurring in most lakes. STWAVE has been validated against observations
with wave heights much larger than the usual conditions experienced in lakes (e.g., at Willapa
Bay, WA; Grays Harbor, WA; and Ponce de Leon Inlet, FL). We believe that the code needed to

be modified to account for this deficiency, which led to the development of our approach.

We have compared the model results of STWAVE with a fixed Manning’s n value of
zero (no friction) and the modified STWAVE (formulated for viscous-dominated flow) for wave
height, wave period, and root-mean-square of the nearbed velocity (u,4,,5). Our comparisons
indicate that our modification resulted in very modest differences when considering northerly
winds of 3 m s (Figure C-1a) and 12 m s (Figure C-1b), and slightly greater differences at
21 ms™ (Figure C-1c) for the south shore of Lake Tahoe. Note that winds of 21 m s are much
greater than what we would reasonably expect at Lake Tahoe considering the wind record at
Timbercove for the years from 2003 to 2013. The highest wind speed observed during our study

period was approximately 15 m s™ (Figure 3-2).
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Additionally, we have compared the model results of STWAVE with a fixed Manning’s n
value of 0.02 (as it would have been run for fully-turbulent conditions) and the modified
STWAVE (formulated for viscous-dominated flow) for wave height, wave period, and root-
mean-square of the nearbed velocity (4,,,5). Our comparisons indicate that our modification
resulted in appreciable differences when considering northerly winds of 3 m's™ (Figure C-2a),

12 m s (Figure C-2b), and 21 m s™ (Figure C-2c) for the south shore of Lake Tahoe. It should

be noted that n = 0.02 is an arbitrary value selected for illustrative purposes.

In summary, we have developed a methodology that accounts for the viscous-dominated
conditions typical in many lakes (i.e., having little bottom friction and low Reynolds numbers),

which is based on the underlying physics, rather than an arbitrary assumption of Manning’s n.
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Figure C-1. Difference of results for wave height, period, and root-mean-square of the nearbed
velocity (tyqs) resulting from a northerly wind of (a) 3ms™, (b) 12 ms™, and (¢) 21 m's™
obtained with the original and modified STWAVE models. The water depth based on the
bathymetry of Lake Tahoe is shown for reference. Original STWAVE model results obtained
using n=0.
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Figure C-2. Difference of results for wave height, period, and root-mean-square of the nearbed
velocity (i) resulting from a northerly wind of (a) 3 ms™, (b) 12ms™, and (¢) 21 ms™,
obtained with the original and modified STWAVE models. The water depth based on the
bathymetry of Lake Tahoe is shown for reference. Original STWAVE model results obtained
using n=0.02.
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Appendix D. Mid-lake stratification during the winter study period

From a subset of field measurements that included vertical temperature profiles collected
at mid-lake to a depth of 440 m (referred to as the Glenbrook Thermistor Chain in Figure D-1)
from 14 March 2008 to 4 May 2010 (unpublished data), we see that internal waves in Lake
Tahoe occur at depths of about 50 to 75 m during the study period (see Figure D-1).
Additionally, the nearshore water temperatures were colder than any temperature recorded at the
mid-lake thermistor chain. We speculate that the appearance of cold water at the study site was
due to density currents. The important point for this work is that at the study site, the water

column remained unstratified.
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Figure D-1. Mid-lake temperature profiles to a depth of 440 m at Lake Tahoe. Temperature is in
degrees Celsius.
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