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Chapter 1. Introduction and Background

Chapter 1
Introduction and Background

Introduction

This report summarizes results and interpretations of Lake Tahoe shorezone studies
begun by the Desert Research Institute (DRI) in spring 2000. These studies were
originally undertaken to quantify the amount of shorezone erosion since 1940 and to
derive estimates of how much sediment and nutrients were introduced into the lake from
this source. The studies gradually evolved to include monitoring and characterizing wave
activity at the lake, quantifying particle size distributions of shorezone sediments eroded
into the lake, and investigating processes of shorezone erosion. Most recently, we have
developed stochastic models that predict where and how much shorezone erosion will
occur given a set of controlling parameters and a separate modeling approach to assess
the effects of different lake-level management schemes on shorezone erosion. In this
report, the emphasis is on lateral changes to the shore position and not vertical changes to
beach areas. The report is arranged into the following chapters:

e Chapter 1 provides background on previous Lake Tahoe studies that are relevant
to shorezone erosion including the physical setting, climate, wave activity, water
quality, and shorezone system.

e Chapter 2 includes information on development of the modern shorezone system
at Lake Tahoe, the effects of shorezone protective structures on nearshore
processes in general, and the possible effects of these types of structures at Lake
Tahoe in particular.

e Chapter 3 discusses development of a technique to document the amount of
historic shorezone erosion at Lake Tahoe since about 1940 when the earliest aerial
photographs were made. This chapter also includes information about particle-
size distributions of shorezone sediments. Chapter 3 was published in its present
form, except for the particle-size data, in the Journal of Coastal Research (Adams
and Minor, 2002).

o Chapter 4 presents instrumental wave monitoring procedures, data reduction
techniques, and results documenting the wave climate at Lake Tahoe. Also
discussed are relationships among wind, waves, and the amount of wave energy
impacting a shore from different wave events.

e Chapter 5 presents results of an effort to develop a series of statistical models to
predict where shorezone erosion will occur and how much material will be
eroded, given a set of governing parameters. The approach uses data from Chapter
3 to develop statistical models but also incorporates field data and analytical
modeling of wave run up processes.

e Chapter 6 presents results of a statistical analysis to assess the effects of different
lake-level management scenarios on shorezone erosion. In particular, we address
the question of whether or not the Truckee River Operating Agreement (TROA),
if implemented, would significantly affect shorezone erosion.
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Chapter 1: Introduction and Background

Background
Physical Setting of Lake Tahoe

The geologic history of the Lake Tahoe basin provides an important context for studying
the shorezone system of this high elevation lake. In particular, the Quaternary (0 to
2,000,000 years ago) history of the basin can be directly correlated to the material
characteristics, processes, and rates of change found on different lengths of shoreline
around the lake. Lake levels have naturally fluctuated at Lake Tahoe, depositing
nearshore beach and other lacustrine deposits at higher levels than today. These deposits
and their material properties need to be considered when studying shorezone change at
Lake Tahoe. Therefore, this section includes a brief discussion of the early geologic
development of the Lake Tahoe basin and focuses on the more recent history when
glaciers repeatedly advanced and receded and lake levels rose and fell for reasons that are

not as yet entirely understood. This section is based on existing literature and from
observations made during the course of this study.

Lake Tahoe sits astride the crest of the Sierra Nevada in a large tectonic graben still
bounded by active faults. This graben is the westernmost expression of Basin and Range
extension at this latitude and is bounded on the east side by the Carson Range and on the
west by the Sierra Nevada crest (Gardner et al., 2000). Although faults are more difficult
to discern on land in the Tahoe basin, young fault scarps traversing the floor of the lake
demonstrate that this basin is still tectonically active (Gardner et al., 1999; Kent et al.,
2000). The majority of exposed bedrock in the basin consists of granitic rocks, but the
north end is filled with a large pile of Tertiary and Pleistocene volcanic rocks. Scattered

metamorphic rocks, particularly around Mt. Tallac, also exist in the basin (Burnett,
1971).

Figure 1-1 shows the distribution of rocks and sediments in the basin. This geologic map
reveals a variety of different geologic units near lake level, each of which probably
responds to wave action in different ways. Along the eastern shore of the lake, granitic
bedrock dominates except for a few small pocket beaches including Sand Harbor,
Glenbrook Bay, and Zephyr Cove. The southern shore is largely composed of glacial
outwash deposits into which young lake deposits are inset (Fig. 1-1). At the shore, the
outwash appears to be graded to levels higher than the current lake level of about 1899 m,
which means that either there has been significant shorezone erosion since the outwash
was deposited or that the outwash was deposited when lake levels were higher. The
western shore of the lake is dominated by glacial moraines, outwash, and lake deposits,
although granitic bedrock does crop out near Rubicon Point. The northern shore of the
lake is largely comprised of Tertiary volcanic rocks with some granitics around Stateline
Point and abundant areas of alluvial and lake deposits near the shore (Fig. 1-1).
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Figure 1-1. Simplified geologic map of the Lake Tahoe basin showing the distribution of rocks
and sediment.

Glacial deposits adjacent to the lake generally date from one of three major glacial
episodes that include—from oldest to youngest—the Donner Lake, Tahoe, and Tioga
glaciations. The Domner Lake glaciation has been difficult to date but may be as old as
400,000 to 600,000 years (Birkeland, 1964). Till and moraines of Tahoe age have not
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Chapter 1: Introduction and Background

been directly dated in the basin but correlative deposits along the eastern side of the
Sierra Nevada near Yosemite date from about 70,000 years ago, 140,000 years ago, or
from both times (Bursik and Gillespie, 1993; Phillips et al., 1990). The Tioga glaciation
was the last major glaciation and reached its maximum advance around 20,000 years ago,

although large expanses of ice still may have been present as late as about 14,000 years
ago (James et al., 2002).

The abundance of lake deposits cropping out near the shore of Lake Tahoe indicates that
lake level, at times, has been much higher than the current level of 1899 m. Periodic ice
dams just downstream from the lake outlet may have been one cause of these higher lake
levels. Birkeland (1964) presents evidence that all three of the major glacial episodes may
have dammed Lake Tahoe and caused higher than present lake levels. During Donner
Lake time, most of the Truckee River Canyon was filled with ice flowing east from the
Sierran crest. Lake deposits and benches found at elevations up to 2073 m may relate to
this damming episode (Birkeland, 1964). In Tahoe time, ice from Squaw Creek blocked
the Truckee River and caused Lake Tahoe to rise to about 1926 m before the dam broke.
The sudden release of more than 14 cubic kilometers of water caused a catastrophic flood
that coursed down the river and eventually ended up in Lake Lahontan, a large pluvial
lake that at times occupied much of northwestern Nevada (Morrison, 1991). Birkeland
(1964) thought that ice damming was negligible in Tioga time, even though his mapping
clearly shows that Tioga ice blocked the Truckee River to an elevation of about 1902 m,
or approximately 5 m above the natural outlet. The volume of water ponded by a dam at
1902 m equates to about 3 cubic kilometers, enough for a large flood event.

During the middle Holocene (4,000 to 7,000 years ago), lake level at Tahoe may have
fallen below the natural rim for an extended period. Lindstrom (1990) presents evidence
that rising waters between 4,000 and 5,000 years ago drowned currently submerged trees
along the southern shore of Tahoe. The implication is that Tahoe did not spill for an
extended period, allowing forests to colonize areas adjacent to the lower lake level. When
climate became effectively wetter around 4000 years ago, Lake Tahoe again rose to its
rim and drowned these trees. Davis et al. (1976) reviewed physical evidence for lower
lake levels during this same time period. In particular, the major drainages of the upper
Truckee River, Trout Creek, and Taylor Creek were graded to base levels much lower
than present and deeply dissected into the glacial outwash plains along the south shore.
When water level began to rise at the end of the middle Holocene, these drainages were
backfilled and beach barriers developed at the lake-marsh interfaces. According to this

model, much of the material filling the marshes around Lake Tahoe dates from the last
few thousand years.

In the early part of the 20" century, lake levels commonly exceeded the now legally
mandated maximum elevation of 1896.65 m (6229.1 ft) (Fig. 1-2). The highest historic
level was in 1907 when the lake rose above 1899.29 m (6231.19 ft). Shoreline erosion
undoubtedly occurred during these high water periods, but the aerial photography used in

our study (Chapter 3) does not extend far enough back in time to capture the effects of
these periods.
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Figure 1-2. Lake levels at Lake Tahoe from 1900 to 2000.

Climate

The climate of Lake Tahoe is strongly influenced by topography and moist Pacific air
masses traversing the area from the eastern Pacific Ocean (TRPA Staff, 1971). Elevations
range from about 1898.65 m (maximum lake level) to more than 2750 m along both the
Sierra crest to the west of the basin and the Carson Range bounding the east side of the
lake. Even at the scale of the basin, a strong climatic gradient exists where average
annual precipitation ranges up to 125 cm on the western side of the basin but only about
60 cm of precipitation falls along the east shore of the lake. Precipitation falls primarily
in the winter months (November through March) as snow from Pacific frontal systems.
Annual snowfall around the basin also reflects the climatic gradient. Tahoe City in the
northwest part of the basin receives an average annual snowfall of 480 cm, whereas
Glenbrook on the east shore and Stateline at the south shore only receive 243 and 161 cm
of snowfall, respectively (data from Western Regional Climate Center, Desert Research
Institute). Although abundant snow falls on the basin, winter temperatures are relatively
mild with daytime high temperatures during J anuary averaging between 2 and 4° C at the
lower elevations (TRPA Staff, 1971). Because of its large size and heat capacity, the lake
actually has an ameliorating effect on winter temperatures—areas further from the lake
are usually colder than areas along the lakeshore. Of course, elevation also plays an
important role in controlling local temperature gradients. Summer temperatures around
the lake are also mild, with highs commonly in the 21 to 27° C range.

The climate of the Lake Tahoe basin has a strong controlling influence on its hydrology.
Most of the annual precipitation is stored as a thick snowpack during the winter months
and is released during spring snowmelt. This can be seen in the lake-level record (Fig. 1-
2) that shows levels increasing each spring to an annual maximum in early summer,
which then generally declines until the next snowmelt season. The timing of these high-
water periods has important ramifications for shoreline erosion because it is likely that

the most severe erosion occurs when strong winds blow across the lake when the water
level is high.
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Winds, Waves, Seiches, and Shoreline Erosion

Until recently, limited quantitative data was collected on concerning winds in the basin
and how they affect wave generation, seiching, and shoreline erosion. The Western
Regional Climate Center (WRCC) at DRI archived wind data from the South Lake Tahoe
airport beginning in 1992, but this data is limited for wave growth studies because the site
is far from the lakeshore and winds were only recorded during daylight hours. For the
years prior to 1992, wind data is available for only sporadic periods. Wind velocity and
direction were reported from the South Lake Tahoe airport from 1965 through 1967
(TRPA Staff, 1971), but again these statistics are for winds occurring only during
daylight hours. Wind statistics also were reported by the U.S. Coast Guard Station at
Tahoe City for the period January 1967 to September 1969 (TRPA Staff, 1971).
Unfortunately, wind observations during this period were recorded just twice daily, once
in the morning and once in the afternoon, so the duration of wind events is not known.
Both Orme (1971) and Engstrom (1978) used wind statistics for Tahoe City to infer wave
conditions, but both authors were hampered in their analyses by the lack of wind duration
information which is critical for wave growth formulae.

More recently, Air Resource Specialists, Inc. (ARS) has been collecting wind data from
at least three different sites near Lake Tahoe. These include D.L. Bliss State Park in the
southwestern part of the basin, Thunderbird Lodge on the northeastern shore, and South

Lake Tahoe Boulevard at South Shore. Data from these sites is discussed more
thoroughly in Chapters 4 and 5.

Two other studies concerning wind conditions at Lake Tahoe are worthy of note. First, a
study by Mulberg (1984) delineated seasonal wind patterns. The original report, however,
has proved difficult to obtain. The only usable information is a series of figures
reproduced in a guidebook article by Moory and Osborne (1984). These figures show
winds in all seasons primarily from the south and southwest. From the regular wind flow
patterns shown in the figures, however, it seems that local topographic effects were not
considered in this study. In this same guidebook article (Moory and Osborne, 1984), a
reference is made to wind data from eight locations along the shore of Lake Tahoe.

Unfortunately, it is unclear whether this data was ever published; attempts to acquire the
data have been fruitless.

Existing quantitative wave information for Lake Tahoe is also sparse. Orme (1971)
reported that waves could reach up to 2 — 3 m in height, but waves of this magnitude
were not observed. Instead, this range probably was derived from maximum fetch
distances and theoretical considerations using the wave growth formulae suggested by the
U.S. Army Corps of Engineers (CERC, 1984). Engstrom (1978) also used wave
hindcasting procedures outlined in the Shore Protection Manual (CERC, 1984) combined
with wind data reported by the Tahoe Regional Planning Agency (TRPA) for Tahoe City
(TRPA Staff, 1971) to hindcast waves at Lake Tahoe. Again, because winds specified by

both velocity and duration were lacking from the TRPA data set, Engstrom’s (1978)
analysis is considered preliminary.
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Chapter 1: Introduction and Background

Lake Tahoe, like virtually all inland water bodies, is subject to seiches, which are defined
as periodic oscillations of a body of water the period of which is determined by resonant
characteristics of the containing basin as controlled by its physical dimensions (McGarr
and Vorhis, 1968). This means that each basin has a fundamental period of oscillation
controlled by the size of the basin, regardless of the magnitude of the initial impulse. A
seiche can be created in any number of ways including changes in atmospheric pressure
over one part of the water body or by wind stress that causes the water surface to slope
and pile-up at the downwind side of the lake (Carter, 1988). When the wind subsides, the
water surface oscillates at a period determined by the dimensions of the basin. At a lake
shore, occurrence of a seiche would appear as a sudden rise or fall in the water level. The
importance of seiches to shorezone erosion is that they can temporarily raise water level

along parts of a shore, allowing waves to penetrate further inland and cause accelerated
erosion.

LeConte (1884) was the first to discuss the occurrence of seiches at Lake Tahoe, although
they were not actually observed by him. Interviews with residents at the time suggested
that sudden lake-level changes occasionally had occurred. LeConte (1884) estimated that
the fundamental period of a seiche occurring at Lake Tahoe would be about 17 minutes in

the north-south direction and about 10 minutes in the east-west direction. The maximum
amplitude is currently unknown.

Budlong (1971) discusses the potential for seiches at Lake Tahoe and cites personal
observations of seiches ranging in amplitude from 13 to 23 cm. Dramatic photographs
documenting these relatively sudden changes in water level emphasize the potential
importance of this phenomenon to shorezone erosion (Budlong, 1971). On a moderately
sloping beach along the south shore, lateral distance in wave runup appeared to change
by as much as several meters with a seiche of about 13 cm (Budlong, 1971).

Although there is substantial anecdotal evidence for shorezone erosion at Lake Tahoe,
few detailed studies exist quantifying the rates of erosion and the conditions under which
it occurred. A notable exception is the previously mentioned work of Budlong (1971)
who studied processes and rates of shorezone erosion in the area of the then newly built
Tahoe Keys development. In this work, he documented that rapid erosion occurred
immediately west of the Keys East channel because of the interruption of longshore drift
from the east by a pair of jetties “protecting” the entrance to the channel. During a single,
ten-month period (6/01/69-3/31/70), the shoreline retreated up to 16 m over a distance of
about 150 m. In this case, longshore drift was from the east, driven by easterly winds
during the winter months. Budlong (1971) also surmised that willow-clearing activities
along the shore by Tahoe Keys personnel substantially contributed to the magnitude of
shore retreat by eliminating the root-binding effects of the vegetation.

Studies by Orme (1971, 1972) do not specifically quantify shorezone erosion, but they do
provide useful information about the shorezone system of Lake Tahoe and factors
affecting erosion. Orme (1971) presents an excellent discussion of the shorezone system
at Lake Tahoe, the natural processes occurring along the shore, and how human activities
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have altered the shorezone system and may continue to do so in the future. A significant
contribution of Orme (1971) is the delineation of currents and littoral drift patterns at the
lake. Although the map of shore drift directions is somewhat generalized, it provided a
starting place for the refinements of Osborne et al. (1985) and observations made during
the course of the present study (Fig. 1-3). A second significant contribution of this early
report is that it served as the basis for constructing a shorezone plan for Lake Tahoe
(Orme, 1972) that was officially adopted by TRPA in 1976 (TRPA Staff, 1999). Orme
(1972) stated that eroding shorelines comprise 16.3% of the Lake Tahoe shoreline and
wave-cut escarpments ranging in height from 0.5 to 18 m backed eroding shorelines.

Osborne et al. (1985) provide a comprehensive review of the lithologies, grain shapes and
size distributions, sediment sources and sinks, and shore drift patterns of the littoral zone
of Lake Tahoe. This study represents the synthesis of three master theses that include the
studies of Waldron (1982), Edelman (1984), and Gaynor (1984). The major conclusions
of Osborne et al. (1985), with respect to shorezone erosion, are that 1) the principal
sediment source for the major sand beaches at Lake Tahoe is the backshore erosion of
young lacustrine and fluvio-glacial outwash; 2) the major sediment source for the gravel
and cobble beaches is also erosion of backshore areas and possibly nearshore erosion of
older lakebed deposits, moraines, and volcanic rocks; 3) sand is primarily delivered to the
smaller pocket beaches by weathering of local granodiorite bedrock and boulders; 4) the
maximum depth of fair-weather sand transport is about 3 m and about 9 to 10 m under
storm conditions; and 5) littoral sand transport is restricted to many small, well-defined
drift cells separated by closely spaced topographic barriers (Fig. 1-3).

Reuter and Miller (2000) report the results of a preliminary study to determine the mass
of sediment and nutrients introduced into the lake from shorezone erosion. In this study,
the authors assumed that 55% of the Tahoe shore was eroding at a given rate and then
applied nutrient (P and N) concentrations and a density factor to determine an order-of-
magnitude estimate of the mass of sediment, nitrogen, and phosphorus introduced into the
lake each year from shorezone erosion. The results indicate that approximately 450 to
900 MT (metric tons) of sediment, 0.3 to 0.6 MT of phosphorus, and 0.5 to 1.0 MT of
nitrogen are introduced into the lake each year from this source (Reuter and Miller,

2000). These values will serve as a direct comparison to the estimates derived from the
present study.
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Figure 1-3. Map of Lake Tahoe showing dominant shore drift directions, locations of sublacustrine canyon
heads, steep offshore escarpments, wave recording stations, wind recording stations, and locations mentioned
in the report. Both the sublacustrine canyon heads and steep offshore escarpments are probably barriers to

littoral drift. Data used to construct this figure are from Orme (1971), Osborne et al. (1985), and observations
made during the course of this study.
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Water Quality

Since the 1960s, hundreds of scientific papers and reports have been written about the
Lake Tahoe watershed and its water quality. Up until recently, however, a comprehensive
review and synthesis did not exist. The Lake Tahoe Watershed Assessment (Murphy and
Knopp, 2000) fulfills this role by presenting the “state of the science” in what is known
about environmental conditions, air quality, aquatic resources, water quality, limnology,
biological integrity, and socioeconomic issues within the basin. In particular, one of the
stated goals (Aquatic resources, water quality, and limnology of Lake Tahoe and its
upland watershed; Reuter and Miller, 2000) is to provide “a comprehensive review of
past studies with the focus of assessing both upland and lake water quality.” The authors
of this chapter succeed admirably at this task by reviewing and synthesizing
approximately 450 reports, published papers, and other documents; a repeat of the
information here would be redundant. Several publications were not included in the
review, however, and warrant mention here.

Nolan and Hill (1991) derived suspended sediment budgets for four tributaries to Lake
Tahoe during a four-year period (1984-87) and concluded that bed and bank erosion were
the major sources of sediment during the period of study. They found that differences in
climate, geology, basin physiography, and land use controlled the differences in sediment
production from each of the study drainages. Two of the major implications from this
study are that the hillslopes appear to be relatively disconnected from the fluvial systems

and that land use changes within each of the drainages could lead to increased suspended
sediment delivery to the lake.

Kilroy et al. (1997) provide an important synopsis of past United States Geological
Survey (USGS) monitoring activities in the Tahoe basin and include tables and maps of
all monitoring stations, their periods of record, and what constituents were analyzed. This

document provides a valuable starting place for anyone implementing a water quality
monitoring program in the Lake Tahoe basin.

Rowe and Allander (2000) studied the interactions between surface and groundwater for
the Upper Truckee River and Trout Creek for the period July through December 1996.
One of the major conclusions from this study is that in the upper sections of the
watersheds, groundwater flow is generally toward the streams while in the lower reaches,
groundwater flow generally parallels both the Upper Truckee and Trout Creek. Another
important point is that during the latter part of their study period (November 1996), the
groundwater level beneath the lower reaches of the drainages was at about the same
elevation as the surface of Lake Tahoe implying that there was minimal groundwater

flow directly into the lake. It is unknown how fluctuations in lake level affect
groundwater levels.
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Chapter 2
Lake Tahoe Shorezone

Development of the Modern Shorezone System

Shorezone erosion at Lake Tahoe is a direct consequence of wave energy acting upon the
shore. Although most winds at the lake blow from the south, long-term shorezone erosion
is not entirely dependent on the direction and magnitude of prevailing winds. Instead,
shorezone erosion during the last 60 years appears to have been largely dependent on the
type of geologic materials found along the shore (Fig. 1-1) (Adams and Minor, 2002).
The areas that appear to be most susceptible to erosion generally are composed of
unconsolidated alluvial and lacustrine sediments, but shores composed of Tertiary
volcanics at the north end of the lake also display evidence of recent wave erosion. Not
coincidently, shorezone areas composed of unconsolidated sediment are also where the
highest concentration of shorezone protective structures is found. In particular, the south
and west shores of Lake Tahoe appear to have the most of protective structures, although
specific data on exactly how much of the shoreline is protected is not available. Orme
(1972) estimated that approximately 16.3% of the shoreline was eroding while Reuter
and Miller (2000) assumed that about 55% of the shoreline was eroding. Based on the
geologic materials found along the shore and observations made during the course of this
study, we conclude that about 67% of the natural Tahoe shoreline is capable of erosion or
has eroded since lake level was raised in the late 1800s. This estimate does not account
for the percentage of shorezone protected by revetments or other structures. The only
type of shore that appears relatively immune from shorezone erosion is that composed of

granitic rocks, which make up much of the east shore and the area between Emerald Bay
and Rubicon Point (Fig. 1-1).

Another major factor that controls shorezone erosion is spatial-temporal relationships
between water level and wave energy. At Lake Tahoe, the largest erosive events occur
when strong winds blow and lake level is at or near its maximum level of 1898.65 m
(6229.1 ft). Because of dam operations at Lake Tahoe, lake level typically fluctuates
between about 1898 m (6227 ft) and 1898.65 m (6229.1 ft) (Fig. 1-2) but occasionally
drops lower due to subnormal snowpack. High water or full pool is generally reached
around May or June and remains there only a brief time before lake level steadily
declines until a low water level of about 1898 m (6227 ft) is reached in late fall or early
winter. The strongest winds commonly occur in late fall and winter when large frontal
systems move across the area from the eastern Pacific and lake level is not at full pool.
An exception occurred in January 1997 when strong easterly winds combined with an
abnormally high lake level (~1898.79 m) produced widespread and severe erosion on the
western shore of the lake. Interestingly, the severe erosion suffered in 1997 along many
parts of the shore does not necessarily reflect long-term trends (Adams and Minor, 2002).

This may be due to the relative rarity of strong casterly winds blowing across a higher
than typical lake level.
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Prior to installation of the first dam at Tahoe City in the late 1880s, the natural spill point
of the lake was at about 1896.8 m (6223 ft). The shorezone system that formed around
the lake at this elevation was probably in relative equilibrium because lake level likely
was unable to rise much above the spill point. The spill point is not composed of bedrock
but of light-colored, dense clay covered with patches of sand and gravel. Although this

seems like an unstable condition for a lake’s overflow point, the cohesive clay actually
provides a relatively stable lip.

The shorezone presently forming at the 1898.65 m (6229 ft) level, however, is probably
not in equilibrium around much of Lake Tahoe because the lake surface has not been at
this elevation for much time since the first dam was installed. What this means is that
shorezone erosion around the lake probably proceeded rapidly after the dam was first
installed and has decreased through time as more and more waves have impacted the
shorezone in the ensuing 120 years. Although we are only able to quantify shorezone
erosion back to about 1938 (date of the earliest aerial photographs), it is likely that much
erosion occurred between when the first dam was installed and 1938.

After the dam was installed, the lake rose several times to levels above 1898.65 m
(6229.1 ft) in the early part of the 20™ century (Fig. 1-2). On five separate occasions, lake
level exceeded the current maximum for periods of up to several months at a time. In
terms of shorezone erosion, the two most important high water periods probably occurred
in 1904 and again in 1907 when lake level was above the current maximum beginning in
March and lasting through the summer months. The effect of these early high lake
periods is not exactly known, but it is likely that they caused widespread erosion around
the lake. Evidence of these early high water periods may be found at Baldwin Beach (Fig.

2-1) and Nevada Beach (Fig. 2-2) where young beach features are found about 1 m above
the modern shore.

Higher than natural lake levels since the upper limit was leally established in 1935 are
causing the shorezone system of Lake Tahoe to seek a new equilibrium condition. Along
much of the eastern shore and other rocky areas, bedrock and boulders are sufficiently
resistant to change that the higher lake level has had limited impact (Fig. 2-3). Along
many other parts of the shore, however, large wave-cut escarpments, overhanging banks,
and other signs of active shore erosion are present (Figs. 2-4 to 2-6). This suggests that in
many places the shorezone is not yet in equilibrium. Given current management of the
Lake Tahoe dam, shorezone erosion will continue but may decrease through time as more
areas along the shore reach equilibrium. Continuing erosion represents a direct threat to
many properties and structures along the shore and will result in the introduction of
sediment and nutrients into Lake Tahoe for the foreseeable future.
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Figure 2-1. Vertical aerial photograph of Baldwin Beach (August 19, 1995) showing a series of
beach ridges inland from the modern beach ridge. The older, slightly higher beach ridge crests are
marked by red lines, and the extent of these older beach deposits are outlined in yellow. The modern
ridge is marked by a blue line. The older beach ridges may have formed in the early 20th

century when lake levels reached above 1899.23 m (6231 ft). See Fig. 1-2.
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Figure 2-2. Aerial photograph of Nevada Beach (August 25, 1963)
showing large beach platform that may have formed in early part
of the 20th century when lake levels exceeded 1898.65 m

(6229.1 ft). The yellow line marks marks the landward limit

of this feature. Note the change in vegetation.

Shorezone erosion at Lake Tahoe
Final Report to USBR and TRPA
Kenneth D. Adams-DRI

March 31, 2004

14



Chapter 2: Lake Tahoe Shorezone

Figure 2-3. Armored shore along the east side of Lake Tahoe. This type of
shorezone is relatively resistant to erosion from waves.

Figure 2-4. Fresh wave-cut escarpment in unconsolidated sediments. The

shoreline angle is the abrupt break in slope at the top of the beach and at the
base of the escarpment.
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Figure 2-5. Two views of a wave-cut escarpment

at Lake Forest on the northern shore of Lake Tahoe.
In the photograph to the left, taken on May 17, 2000,
lake level is near maximum and wave activity can
directly impact the backshore area. In the photograph
below, taken at the same place on August 28, 2003,
lake level is much lower. The shore has undergone
erosion here since May, 2000, as evidenced

by the blocks of sediment at the base of the small
escarpment. This erosion probably occurred from

undercutting by wave activity when water level was
high.
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Figure 2-6. Photograph of actively eroding shoreline at Sugar Pine Point on the western shore

of Lake Tahoe. Note how the trees are being undercut, causing them to lean and eventually
fall into the lake.

Shorezone Protective Structures and Their Effects on Coastal Processes

Shorezone protective structures are almost invariably designed and built to do one thing,
protect the backshore area directly behind the structure from further erosion. They are not
designed to protect the beach in front of the structure, nor are they designed to protect
areas of the shore on either side of the structure. We make a distinction between static,
vertical, impermeable structures and sloping, dynamic structures. Vertical seawalls and
sheet pile structures are examples of the former and permeable structures composed of
boulders, cobbles, and gravel are examples of the latter. In addition to the references cited
within the text below, the following discussion is also based on the works of McDougal
et al. (1987), Weggel (1988), Bruun (1988), Wood (1988), Kraus (1988), Komar and
McDougal (1988), Griggs and Fulton-Bennett (1988), Griggs and Tait (1988), Plant and
Griggs (1992), Lorang (1992), and Kraus and McDougal (1996).

The debate over whether or not seawalls or other types of “hard” engineering solutions
negatively affect beaches has been vigorous during the last 20 years. At this time, there
does not appear to be a clear consensus on how structures affect beach processes,
probably because of the wide range of parameters that control how a particular beach
system responds to changes in one or more of these parameters. However, much of the
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controversy about the harmful effects of sea walls on beaches could be due to
practitioners failing to distinguish between “passive” and “active” erosion. Pilkey and
Wright (1988) referred to passive erosion as being “...due to tendencies which existed
before the wall was in place,” and active erosion as being “...due to the interaction of the
wall with local coastal processes.” In other words, active erosion is when the wall or

other type of revetment directly increases erosion in front of, or to either side of, the
structure.

Seawalls and other types of static revetments can negatively interact with coastal
processes in several ways, including reducing sediment supply, inhibiting storm response
and recovery, shoreface steepening, and narrowing of the surf zone (Pilkey and Wright,
1988). Constructing seawalls at the base of eroding bluffs immediately cuts off this
source of beach sand. Considering that Osborne et al. (1985) documented that much of
the beach sand at Lake Tahoe is derived from eroding backshore areas, elimination of this
source of sediment likely has had negative effects on many of the lake’s beaches. It must
be borne in mind, however, that this effect will occur regardless of the type of structure.

When steep storm waves impact a shore, they commonly move sand offshore causing a
narrowing and steepening of the beach (Komar, 1998). Along the western coast of the
U.S., this process commonly occurs during the winter months. During subsequent
summer months, long-period swell arriving from far distant parts of the Pacific Ocean
gradually move the sand back toward shore causing a widening and flattening of the
beach, thus completing the yearly cycle (Komar, 1998). Because swell does not exist at
Lake Tahoe, relatively steep storm waves are the most geomorphically effective waves
that impact the Lake Tahoe shoreline. Sand transport during these periods is dominantly
directed either alongshore or offshore. Once sand is moved offshore, it may be lost to the
shore system. Without continued renewal from eroding bluffs or alongshore sources,
protective beaches are reduced. During calmer periods, the presence of ripples oriented
parallel to the shore may be evidence that, at times, there is a net shoreward movement of

sand-sized sediment. At present, however, the relative magnitude of onshore versus
offshore sand transport is not known.

Another way that shorezone protective structures may impact the beach is by reflecting
wave energy back toward the lake which causes scour in front of the structure (Pilkey and
Wright, 1988). The degree to which this occurs may be dependent on where the structure
is placed relative to water level and the wave run up zone. If a structure is placed above
the wave run up zone, then its presence is likely to have little influence on beach
dynamics. If the structure is placed within the active swash zone, however, it can cause
wave reflection and net offshore sediment transport. Because sloping dynamic revetments
absorb some of the wave energy through kinetic motions of individual particles, there
may not be as much wave energy reflectance and consequent beach scour (Komar, 1998).
The permeable nature of dynamic revetments also tends to reduce the amount of
backwash that may reduce scour in front of the structure.
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Shorezone Protective Structures at Lake Tahoe

To examine the specific effects of protective structures on shorezone processes at Lake
Tahoe, we compared detailed topographic-bathymetric maps of individual parcels that
had shorezone protective structures installed to detailed basin-wide bathymetry. Basin-
wide bathymetry was obtained with a LIDAR-equipped airplane in July 2000. For this
phase of the study, TRPA supplied twelve project files, each with topographic-
bathymetric maps with one or two foot contours. Three of these were deemed unsuitable
for our objectives because they were pier replacement or pier modification projects. Of
the remaining project files, most structures were classified as sloping, dynamic
revetments and only one was considered to be a vertical, static revetment.

Project topographic maps were scanned in order to begin a rectification process using
ENVI image processing software. Once the image was digitized, an attempt was made to
rectify the project maps to 1992 and 1998 digital orthophoto quadrangles (DOQs). The
rectification technique used was similar to that applied in an earlier phase of this study to
rectify aerial photographs around the perimeter of Lake Tahoe (see Chapter 3 and Adams
and Minor, 2002). Whereas an aerial photograph might cover several square miles and
have many roads, buildings, and natural features to select as common ground control
points', topographic maps of the revetment projects were much smaller. A typical project
map shows one or two small buildings, often within a dense canopy of trees, immediately
inland from a short stretch of shore. Consequently, rectification posed a significant
challenge because common ground control points were exceedingly difficult to identify.
In effect, virtually all of the project maps did not have enough common ground control
points to accurately rectify them to the DOQs. An exception is the Fleur de Lac
topographic map that possessed enough common ground control points to be rectified and

imported into ArcView geographic information system (GIS) software where contour
lines were traced as a separate theme.

Although LIDAR shallow-water bathymetry data were collected on July 16 and 17, 2000,
DRI did not receive the first dataset (10 x 10 x 0.15 m) until January 20, 2001 and the
second, more detailed (4 x 4 x 0.15 m) dataset until May 31, 2001. Resolution of the
original bathymetric data was 4 x 4 x 0.15 m, which means that each pixel was 4 m on a
side and had a vertical resolution of 15 cm. The original data was resampled to 10 x 10 x
0.15 m (herein referred to as coarse bathymetric data) and then released to DRI. In the
resampling process, the heights of all objects in a given pixel are averaged and recorded
to the nearest 15 cm. Although the vertical resolution is still 15 cm after resampling, this
is an average height for the pixel and much information is lost.

The coarse bathymetric data was merged with deep-water bathymetry (Gardner et al.,
1999) to yield an impressive view of the bed of Lake Tahoe. Many features can be seen
in the shallow areas around the lake that were never seen before (e.g., submerged
shorelines, abrasion platforms, and large scale bed forms). Contour lines derived from the

' Common ground control points are features that can be identified on both the base DOQ and the image or
map that is being rectified.
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coarse bathymetric data delineate large-scale features along the shore but are not
sufficiently detailed to look at near-shore changes at the parcel level.

The fine bathymetric data (4 x 4 x 0.15 cm) represents a six-fold increase in resolution
over the coarse data because of the much smaller 4 x 4 m cell size. Elevation averaging
still occurred within the 16 m? cells of the fine data, however. The high quality and
resolution of the LIDAR bathymetric data must be emphasized because this represents a
significant advance over all other readily available topographic or bathymetric sources of

data. Limitations discussed below are more a function of the proposed application than of
the data itself.

To evaluate these limitations, a comparison was made between a project contour map
from Fleur De Lac Estates at Tahoe Pines (1 foot contours; September, 1997) and
contours derived from the fine bathymetric data (Figs. 2-7 and 2-8). This part of the shore
consists of two breakwaters that nearly enclose a marina or lagoon and have been in place
since at least 1939. From site drawings and other information gleaned from the project
file and various aerial photographs, vertical shorezone protective structures are also
located to the north and south of the breakwaters. Contours derived from the LIDAR 4 x
4 x 0.15 m bathymetry data are shown in F ig. 2-7. Although the higher-resolution data
offers a significant improvement over the lower-resolution data, the high-resolution data
still does not appear to be appropriate for comparison to project contour maps. Note how
resolution of the data affects the creation of the contour lines and the mismatch between

the “0” contour line and the shore (Fig. 2-7) Data gaps are also clearly evident where the
data grid does not coincide with the shoreline.

As can be seen from Fig. 2-8, project-file and LIDAR contours are not at all coincident.
In places, the two sets of contour lines are nearly orthogonal to one another. This
situation can mean one of two things. Either there has been a large amount of change in
near-shore bathymetry or one or the other data sets is inaccurate or too coarse to make the
comparison. Because the project contours appear sufficiently detailed and fit the shore
geometry very well, we conclude that this data is reasonably accurate. In contrast,
contour lines generated from the LIDAR data do not perfectly follow the shoreline and
many are not continuous. The discontinuous nature of many of the contour lines appears
largely due to edge effects, where the contours are inadvertently controlled by the edge of
the grid. Edge effects are particularly prominent around some of the piers where contours
close around data gaps (Figs. 2-7 and 2-8). The LIDAR data is accurate, but does not

appear to be able to provide high enough resolution to make these types of comparisons
at the parcel level.
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Figure 2-7. Map of the Fleur de Lac site with shallow-water bathymetry and 0.5 m contours superimposed
on the 1998 DOQ.
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Figure 2-8. Map of the Fleur de Lac area showing a comparison between contours derived from project files and
contours derived from LIDAR data. Note how in some places the contour lines are nearly orthogonal.

From this exercise, we conclude that assessing bathymetric change by comparing project
contour maps to high precision LIDAR bathymetry is not feasible. The hypotheses
proposed in the DRITRPA Shorezone Erosion Study Phase II proposal dated November
1, 2000 are, therefore, not testable by this means. These hypotheses stated that vertical,
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impermeable, static revetments cause significantly elevated rates of erosion in the
foreshore and that dynamic, permeable, sloping revetments slow shorezone erosion and
have insignificant impacts on foreshore bathymetry.

Although the above hypotheses could not be tested, general recommendations concerning
shorezone protective structures can be made based on a literature survey and observations
made during the course of this study. The main concern with vertical, static revetments is
that they may reflect wave energy back toward the lake, thus causing accelerated erosion
in front of the structure. Whether or not this occurs depends on several factors including
the position of the vertical revetment relative to wave run-up and the particle size
distribution of sediments in front of the structure. A vertical wall placed outside of the
maximum run-up zone clearly will have no effect on beach processes, whereas a wall
placed well within the surf zone will reflect some of the wave energy and may adversely
affect beach processes (Weggel, 1988). The degree to which beach processes are affected
depends on the wave climate at the site and the particle size distribution of the foreshore
in front of the wall. If the foreshore is armored with gravel, cobbles, or boulders,
probably little change will be induced by wave reflection. If the foreshore is composed of
sand, however, then wave reflection may cause significant scour.

Sloping, dynamic revetments absorb some wave energy through movement of particles
within the revetment (Komar, 1998). Because of the sloping design, additional energy is
expended as waves break and run-up the structure. Both of these processes absorb wave
energy and decrease reflected wave energy. Scour due to backwash is also reduced
because some of the run-up percolates into the structure, thereby decreasing the amount
of water in the backwash. All of these features mimic natural processes on a coarse gravel
beach, which makes them less likely to adversely affect beach processes in the vicinity.

We recommend against rigid implementation of a blanket policy uniformly applied to all
lake front properties. A more reasonable approach would be to treat each project
individually, taking into consideration site-specific factors including foreshore particle
size distributions, height of total swash elevation relative to the location of the revetment,
composition of the backshore, beach gradient, and the local wave climate. Generally,
sloping dynamic revetments are less likely to have adverse affects on shorezone
processes than do seawalls, but they may not be appropriate for every situation. Because
total swash elevation is so important to shorezone erosion and wave interactions with
revetments, the manner in which it is calculated should conform to the most recent and
defensible research of this process (Komar, 1998). Examples using this procedure to
calculate the height of wave run-up are presented in Chapter 4.
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