Chapter 3: Historic Shorezone Erosion and its Impact on Sediment and Nutrient Loading

represent the shoreline position in this study. Other markers (e.g., debris lines, crests of
barriers, and bases of wave-cut scarps) may be visible in the field but are often difficult to
discern in aerial photographs and may have different relationships to still-water level. In
contrast, the shore-water interface is readily discernible in all photographs used in this
study but presents other challenges (described below).

The lateral position of the shore-water interface through time is affected by a number of
parameters including wave runup, wave setup, seiches, human activities, variations in
lake level, and shoreline erosion and accretion. Lateral changes in the position of the
shoreline due to wave runup, wave setup, and seiches are not significant in this study
because none of the images appear to have been acquired when strong winds were
affecting the lake. Human activities, such as infilling portions of the lakeshore or
constructing seawalls or other revetments, are commonly discernable from aerial
photographs and represent permanent alterations.

After georectifying the aerial photographs and importing them into a GIS database (ESRI
ArcView 3.2), the shore-water interface was mapped at a scale of 1:3,000 as a separate
theme for each year. At this scale, ] mm equals 3 m on the ground, which is close to the
resolution of the georectification process. Where adjacent photographs of the same age
and water level overlapped, the image that most closely matched the two orthophotoquad
bases (1992 and 1998) was used to map the shoreline. “Goodness of fit” was determined
by how closely common ground features (e.g., roads, buildings, boulders, and other
features) matched the base images for each of the rectified photographs. Almost the entire
shoreline was mapped from 1938, 1939, and 1940 images (Table 3-1). Additional areas
of the shoreline also were mapped from 1952, 1963, and 1995 images as well as 1992 and
1998 DOQs.

During the last 60 years, lake-level fluctuations were the most significant factor affecting
the lateral position of the shore-water interface. These fluctuations cause the lateral
position to migrate tens of meters with relatively minor changes. This effect, of course,
depends on the slope of the shore, which is particularly pronounced on gently sloping
offshore areas at the south end of the lake and near the outlet. In areas where the shore is
relatively steep, this effect is relatively minor. During the last 100 years, the surface of
Lake Tahoe has fluctuated from a historic high of 1899.29 m in July 1907 to a historic
low of 1895.96 m on November 30, 1992 (Fig. 1-2). These fluctuations have been largely
controlled by the rate of inflow into the basin relative to the volume of water released by
the dam, which only controls the upper 2 m or so of lake level, and the volume of water
evaporated from the surface of the lake. Since 1935, when the Truckee River Agreement
went into effect, the upper legal limit of Lake Tahoe has been defined as 1898.65 m
(6229.1 ft). Table 3-1 presents water surface elevations for the particular days that aerial
photographs were taken from 1938 to 1998. These elevations range from a low of
1896.25 m on August 26, 1992 to a high of 1898.55 m on August 14, 1952, a difference
of 2.3 m. During the last 15 years, Lake Tahoe has undergone the most dramatic lake-
level changes in recorded history, fluctuating between its historic lowstand (1895.96 m)
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in late 1992 to a level about 9 cm above the legal limit in early January, 1997. The net
result of lake-level fluctuations is an apparent migration of the shoreline.

Superimposed on yearly lake-level fluctuations are real accretion and erosion changes to
the Lake Tahoe shoreline. The challenge is to devise a methodology using multiple
generations of aerial photographs taken on days with different lake levels to discern
changes in the high shoreline position. Although most shoreline change likely happens
when the lake is at or near its legal limit, the photographs were taken over a range of lake
levels. We developed the following technique to estimate the position of the shore
through time by correcting for different water levels.

This technique is based on the assumption that on a stable, sloping shore, the shore-water
interface will migrate laterally in a predictable way depending on water level. This is
essentially a process of inundation but may not apply perfectly to shores composed of
unconsolidated sediment where subsequent wave action can regrade the shoreline causing
a shift in the shoreline planform. At Lake Tahoe, this assumption is reasonably valid but
may not apply to other bodies of water. Fig. 3-1 portrays the relationship between
different lake levels impinging on a stable shoreline. In this image, all of the projected
shorelines are parallel, and the distance between them is proportional to the difference in
lake levels and the slope of the shore. The addition or subtraction of sediment along the
shore is reflected in an apparent change in the shoreline position for a given water level
with respect to the other projected shorelines.

We encountered four different situations were encountered when mapping the shoreline
from 1938 to the present. The most common situation is represented by figure 3-1 where
there has been no change and the shorelines plot primarily in a regular and parallel
manner. The three other situations involve erosion, accretion, or oscillation and are
represented by Figs. 3-2, 3-3, and 3-4, respectively. For each of these situations, we used
the nearshore slope and simple trigonometry to estimate the amount of shoreline change
that occurred. In this study, we assumed that the shape of the nearshore profile remained
relatively constant through time although it may have shifted in space (Hands, 1983).

Based on water level, shoreline positions observed in the 1940 and 1952 photographs
should plot in nearly identical positions to the 1998 shoreline (Table 3-1). If the 1940 or
1952 shorelines plot lakeward of the 1998 shoreline, then erosion must have occurred. If
the 1940 or 1952 shorelines plot landward of the 1998 shoreline, then that particular
location along the shore must have accreted. This also holds true for the lower-water-
level 1938 and 1939 shorelines. If they plot landward of the 1998 shoreline, then
shoreline accretion must have taken place (Fig. 3-3). If the 1938 and 1939 shorelines plot
lakeward of the 1998 shoreline, change may still have occurred but is more difficult to
document.

The first step in documenting change using the 1938 and 1939 photos is to calculate the
nearshore slope at a particular location. Because we have no historical profile data we
used the average slope at a location as a proxy for the profile. The average slope is
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measured by using the 1992 and 1998 images combined with simple trigonometry (Fig.
3-5a). Assuming a constant slope through time, the 1938 or 1939 shorelines can be
projected to reflect a lake level equal to that of 1998 (Fig. 3-5b). In other words, 0.5 m of
water 1s added to the 1939 lake level to estimate where that shoreline would plot if the
water level were the same as in 1998. If the 1998 shoreline plots significantly landward
of the projected 1939 shoreline, then erosion must have occurred. When calculating
volumes of eroded sediment, we only considered the volume of eroded subaerial bluff or
beach material.

Explantion
1939 shoreline

N

¥ 1992 shoreline
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Figure 3-1. Shorelines from 1939 and 1992 superimposed on a 1998 image of the eastern shore

of Lake Tahoe north of Sand Harbor. This section of shore apparently has been stable during

the last 60 years. In 1998, lake level was at 1898.5 m: in 1939, at 1898.0 m: and in 1992_ at 1896.25 m.
Note how the superimposed shorelines form contour lines on this stable bedrock shore.

with their spacing dependent on local slope.
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Explanation
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Figure 3-2. Shorelines from 1939 and 1992 superimposed on a 1998 image of the Homewood area. In
this case, erosion 1s indicated because the 1939 shoreline (1898.0 m) is coincident with the 1992
shoreline (1896.25 m) along part of its length.
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- -5

Figure 3-3. The shoreline from 1939 (1898.0 m) superimposed on a 1998 image (lake level = 1898.5 m)
of the mouth of Blackwood Creek. Note that the shore has built lakeward even though lake level in
1939 was about one half meter below that in 1998,
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{ Explanation
1940 shoreline

] = ' _
Figure 3-4. Shorelines from 1940 (1898.36 m) and 1952 (1896.25 m) superimposed on a 1998 image
(lake level = 1898.5 m) from Edgewood Golf Course along the southeastern shore of Lake Tahoe. In this case,

there was accretion from 1940 to 1952 followed by erosion from 1952 to 1998,
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Figure 3-5. Schematic diagram that shows an example of how the amount of shoreline
erosion is calculated from aerial photographs that reflect different lake levels. Figure
3-5a shows how the overall slope is calculated from 1992 and 1998 DOQ's. Figure 3-5b
shows how this slope 1s used to estimate where the 1939 shoreline would project if lake
level were the same as when the 1998 image was taken. In this case, about 9 m of
apparent erosion has occurred because, given a slope of 10.6° , the projected 1939 lake
level would only move up the beach about 2.67 m, but the 1998 shoreline is 12 m away.
The approximately 9 m of difference between these figures represents erosion.
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In this case, comparing the 1940 shoreline position to that of 1998 indicates that accretion
has taken place. Comparing the 1952 shoreline position with 1998, however, indicates
that the shore has eroded. We interpreted these changing shoreline positions through time
to represent a dynamic situation where from 1940 to 1952 the shoreline was accreting,
but from 1952 to 1998 the shoreline eroded back to near the 1940 position. Therefore,
although both erosion and accretion have taken place along this shore during the last 60
years, shorezone processes have resulted in net erosion.

Nutrient Sampling and Analysis

Grab samples of shorezone sediments were taken at multiple locations around the lake to
analyze nutrient content (Table 3-2). Grain size was characterized in the field and
compared to analyses performed by Osborne et al., (1985). Typically, samples for this
study were taken from beaches, wave-cut scarps, and backshore areas. Grab samples
were collected at a depth of about 10 cm on beaches and backshore areas and at depths of
up to 3 m in wave-cut scarps.

Samples were analyzed for total phosphorus and total Kjeldahl nitrogen by DRI’s
Division of Hydrological Sciences analytical chemistry laboratory. Total phosphorus and
total kjeldahl nitrogen analytical procedures were used as a conservative measure of
nutrient content because it is unlikely that additional nutrients could be extracted from the
samples by lake water. Therefore, the nutrient content of the samples should be
considered a maximum estimate and directly comparable to nutrient flux rates reported
by Reuter and Miller (2000). Additionally, several analyses were performed on 1:1 soil-
water extracts.

Particle Size Distributions of Shorezone Sediment

A total of 43 samples were collected from various types of sedimentary units around the
lake and analyzed for their sand, silt, and clay content (Table 3-3). Not all of the areas
that have eroded were sampled, primarily due to limited access. The collected samples,
however, represent the range of sedimentary types encountered around the Tahoe
shorezone and serve for estimating the amount of sand, silt, and clay eroded into the lake.

Results

Both erosion and accretion have occurred along the Lake Tahoe shore during the last 60
years. Figure 3-6 presents a map delineating the areas where change has occurred.
Twenty-two areas along the shore have undergone erosion. The largest of these
encompasses an area of about 32,000 m* (Table 3-4). The total surface area of the eroded
shorezone equates to about 190,600 m>. By contrast, 20 areas have undergone accretion,
comprising a total area of about 56,500 m”.
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Table 3-2. Nutrient sample data. Samples were analyzed for total phosphate (TPO,) and

total Kjeldahl nitrogen (TKN). All location data is referenced to UTM Zone 10, NAD 27.

Sample TPO, TKN
Sample Name Date Easting Northing  (mgP/kg) (mgN/kg)
SB-1 17-May-00 | 763682 4347495 212 18
SB-2 17-May-00 | 763681 4347521 316 229
SB-3 17-May-00 | 763637 4347520 192 22
SB-4 17-May-00 | 763610 4347540 264 25
SB-5 17-May-00 | 763580 4347562 656 31
SB-6 17-May-00 | 763575 4347559 224 18
SB-7 17-May-00 | 763598 4347635 452 338
SB-8 17-May-00 | 763619 4347653 444 108
SB-9 17-May-00 | 763544 4347581 172 22
SB-10 17-May-00 | 763499 4347606 740 37
SB-11 17-May-00 | 763474 4347624 756 97
SB-12 17-May-00 | 763449 4347637 1800 16
SB-13 17-May-00 | 763396 4347657 960 37
SB-14 17-May-00 | 763409 4347669 572 171
SB-15 17-May-00 | 763450 4347671 408 216
KB-1 17-May-00 | 757082 4346895 4 33
KB-2 17-May-00 | 757021 4346930 92 76
KB-3 17-May-00 | 756940 4346962 55 35
KB-4 17-May-00 | 756920 4346986 40 67
KB-5 17-May-00 | 756882 4346986 a7 32
KB-6 17-May-00 | 756832 4347008 54 39
KB-7 17-May-00 | 756788 4347005 100 18
KB-8 17-May-00 | 756763 4347011 58 15
KB-9 17-May-00 | 756751 4347038 16 67
KB-10 17-May-00 | 756687 4347046 55 39
SPP-1 18-May-00 | 749888 4326641 320 20
SPP-2 18-May-00 | 749927 4326294 168 20
SPP-3 18-May-00 | 749947 4326252 148 274
SPP-4 18-May-00 | 749955 4326256 328 218
SPP-5 18-May-00 | 749955 4326256 272 32
SPP-6 18-May-00 | 749998 4326140 784 926
SPP-7 18-May-00 | 750030 4326073 79 4330
SPP-8 18-May-00 | 750026 4326079 084 628
SPP-9A 4-Aug-00 749805 4326977 299 297
SPP-9B 4-Aug-00 749805 4326977 205 219
SPP-9C 4-Aug-00 749805 4326977 172 83
SPP-9D 4-Aug-00 749805 4326977 ar7 50
SPP-10A 4-Aug-00 749809 4327071 484 167
SPP-10B 4-Aug-00 749809 4327071 445 62
SPP-10C 4-Aug-00 749809 4327071 171 203
BB-1 18-May-00 | 745806 4332280 648 58
BB-2 18-May-00 | 745784 4332237 576 41
BB-3 18-May-00 | 745774 4332222 740 56
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Table 3-2. (cont.)

BB-4 18-May-00 | 745749 4332187 624 51
BB-5 18-May-00 | 745732 4332153 636 67
LF-1 17-May-00 | 749414 4340749 729 1320
LF-2 17-May-00 | 749342 4340675 328 61
LF-3 17-May-00 | 749291 4340628 1410 1950
LF-4 17-May-00 | 749197 4340634 388 1360
LF-5 17-May-00 | 749197 4340634 542 1520
LF-6 17-May-00 | 749197 4340634 254 1360
NV-1 3-May-00 763884 4318954 80 18
NV-2 3-May-00 763904 4318962 88 112
NV-3 3-May-00 763930 4318969 168 136
NV-4 3-May-00 763962 4318989 172 321
NV-5 3-May-00 763995 4318992 164 363
NV-6 3-May-00 764034 4319003 128 265
CL-1 18-May-00 | 747392 4328651 380 42
CL-2 18-May-00 | 747427 4328625 416 43
CL-3 18-May-00 | 747454 4328595 324 145
TV-1 17-May-00 | 754976 4347261 72 50
TV-2 17-May-00 | 754925 4347267 64 486
uT-1 17-May-00 | 759883 4314321 132 41
uT-2 17-May-00 | 759900 4314321 192 31
UT-3 17-May-00 | 759910 4314321 130 35
BC-1 18-May-00 | 745737 4332362 467 185
BC-2 18-May-00 | 745719 4332376 506 139
ZC-1 6-Jun-00 764212 4322331 84 24
ZC-2 6-Jun-00 764224 4322331 552 315
ZC-3 6-Jun-00 764250 4322254 122 11
ZC-4 6-Jun-00 764268 4322250 285 258
ZC-5 6-Jun-00 764281 4322180 90 12
ZC-6 6-Jun-00 764293 4322169 330 199
ZC-7 6-Jun-00 764298 4322118 62 11
ZC-8 6-Jun-00 764308 4322120 114 240
GB-1 6-Jun-00 764768 4330898 196 36
GB-2 6-Jun-00 764749 4331014 132 21
GB-3 6-Jun-00 764744 4331079 189 32
GB-4 6-Jun-00 764726 4331157 266 25
GB-5 6-Jun-00 764722 4331197 690 1270
GB-6 6-Jun-00 764713 4331225 502 814
UT-3 Soil ext. 17-May-00 | 759910 4314321 0.06 1.2
LF-6 Soil ext. 17-May-00 | 749197 4340634 0.23 4.2
SB-11 Soil ext. 17-May-00 | 763474 4347624 0.44 1.6
KB-3 Soil ext. 17-May-00 | 756940 4346962 0.02 0.6
NV-4 Soil ext. 17-May-00 | 749197 4340634 0.13 1.9
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Table 3-3. Particle-size information for samples collected from the Lake Tahoe shorezone.

Total
Sand
(% |Total Silt Clay
Location Field ID UTM Zone | Easting | Northing | wt.) | (% wt.) (% wt.)

Sugar Pine point SPP-1 10 749888 | 4326641 |100.0 0.0 NA
Sugar Pine point SPP-2 10 749927 | 4326294 |1100.0 0.0 NA
Sugar Pine point SPP-3 10 749947 | 4326252 | 96.0 4.0 NA
Sugar Pine point SPP-4 10 749955 | 4326256 | 99.5 0.5 NA
Sugar Pine point SPP-5 10 749955 | 4326256 |100.0 0.0 NA
Sugar Pine point SPP-6 10 749998 | 4326140 | 93.5 6.5 NA
Sugar Pine point SPP-6D 10 749998 | 4326140 | 93.1 6.9 NA
Sugar Pine point SPP-8 10 750026 | 4326079 | 72.3 19.6 8.1
Sugar Pine point SPP-9a 10 749805 | 4326977 | 93.8 6.2 NA
Sugar Pine point SPP-9b 10 749805 | 4326977 | 92.9 7.1 NA
Sugar Pine point SPP-9c 10 749805 | 4326977 | 96.8 3.2 NA
Sugar Pine point SPP-9d 10 749805 | 4326977 | 60.3 34.8 4.9
Sugar Pine point SPP-10a 10 749809 | 4327071 | 74.9 18.7 6.5
Sugar Pine point SPP-10aD 10 749809 | 4327071 | 74.8 19.0 6.1
Sugar Pine point SPP-10b 10 749809 | 4327071 | 99.3 0.7 NA
Sugar Pine point SPP-10bD 10 749809 | 4327071 | 99.4 0.6 NA
Sugar Pine point SPP-10c 10 749809 | 4327071 ] 6.3 65.5 28.3
Upper Truckee Riv. UT-2 10 7598900 | 4314321 | 99.9 0.1 NA
Upper Truckee Riv. UT-3 10 759910 | 4314321 |100.0 0.0 NA
Kings Beach Kings Beach 5 10 756882 | 4346986 | 99.9 0.1 NA
Kings Beach Kings Beach 6 10 756832 | 4347008 | 99.5 0.5 NA
Kings Beach Kings Beach 7 10 756788 | 4347005 |100.0 0.0 NA
Lake Forest LF-1 10 749414 | 4340749 | 69.5 17.4 13.0
Lake Forest LF-2 10 749342 | 4340675 | 99.6 0.4 NA
Lake Forest LF-2D 10 749342 | 4340675 | 99.7 0.3 NA
Lake Forest LF-3 10 749291 | 4340628 | 80.7 10.9 8.3
Lake Forest LF-4 10 749197 | 4340634 | 45.0 29.2 25.8
Lake Forest LF-4D 10 749197 | 4340634 | 45.7 | 27.7 26.6
Lake Forest LF-5 10 749197 | 4340634 | 32.0 34.6 334
Lake Forest LF-6 10 749197 | 4340634 | 28.5 36.1 35.5
Nevada Beach NB-1 10 763975 | 4318772 1100.0 0.0 NA
Nevada Beach NB-2 10 764040 | 4318641 |100.0 0.0 NA
Nevada Beach NB-3 10 764115 | 4318478 |100.0 0.0 NA
Nevada Beach NB-4 10 764212 | 4318220 |100.0 0.0 NA
Nevada Beach NB-5 10 764285 | 4317977 1100.0 0.0 NA
Kiva Beach KB-1 10 755805 | 4314116 | 51.0 441 4.9
Kiva Beach KB-2 10 755749 | 4314134 | 404 52.3 7.3
Kiva Beach KB-3 10 755686 | 4314146 | 57.0 375 5.5
Kiva Beach KB-4 10 755652 | 4314158 | 75.7 16.4 7.9
Pope Beach PB-1 10 757159 | 4313851 |100.0 0.0 NA
Pope Beach PB-2 10 757270 | 4313842 1100.0 0.0 NA
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Table 3-3 (cont.)

Pope Beach PB-3 10 757397 | 4313826 |100.0] 0.0 NA
Pope Beach PB-4 10 757633 | 4313801 |100.0] 0.0 NA
Pope Beach PB-5 10 757922 | 4313784 |100.0] 0.0 NA
Bijou Park BP-1 10 763548 [ 4315479 [ 99.9 0.1 NA
Bijou Park BP-2 10 763408 [ 4315373 | 99.9 0.1 NA

El Dorado Beach EDB-1 10 762205 [ 4314836 [ 40.7 | 434 15.9
El Dorado Beach EDB-2 10 762205 [ 4314836 | 98.7 1.3 NA
El Dorado Beach EDB-2D 10 762205 [ 4314836 | 98.7 1.3 NA
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Figure 3-6. Map of Lake Tahoe that shows areas that have undergone erosion and accretion since 1938
Most of the areas undergoing erosion are located in embayments backed by unconsolidated lacustrine
deposits, alluvial deposits, or both. See Fig. 1-1 for comparison.
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Table 3-4. Sediment and nutrient calculations for areas with eroded shorezones.

Location Material type rea (m)[Thickness (m)[Volume (m*|Mass (kg) |P (mg/kg)|N (mg/kg) ot P (MT)[Tot N (MT)
Nevada Beach-Stateline old granitic beach sand| 21,898 1 21,898 32,847,000 280 330 9.20 10.84
Stateline old granitic beach sand 361 1 361 541,500 280 330 0.15 0.18
Bijou Park old granitic beach sand| 11,644 1 11,644| 17,466,000 280 330 4.89 5.76
Al Tahoe-Regan Beach old granitic beach sand| 11,275 6 67,650/101,475,000 280 330 28.41 33.49
Upper Truckee River granitic beach sand 31,643 1 31,643| 47,464,500 150 35 7.12 1.66
Tahoe Keys old granitic beach sand 1234 1 1234/ 1,851,000 280 330 0.52 0.61
Kiva Beach-Camp Richardson|old granitic beach sand| 10,272 2 20,544| 30,816,000 280 330 8.63 10.17]
Baldwin Beach old granitic beach sand| 13,600 1 13,600 20,400,000 280 330 5.71 6.73
SE shore of Emerald Bay glacial till 15,544 2 31,088 46,632,000 315 120 14.69 5.60
Emerald Bay-Vikingsholm glacial ill 8304 1 8304| 12,456,000 315 120 3.92 1.49
Meeks Bay old granitic beach sand 6996 1 6996/ 10,494,000 280 330 2.94 3.46
Sugar Pine Point old granitic beach sand 4008 3 12,024| 18,036,000 280 330 5.05 5.95
Homewood volcanic beach sand 18,813 1 18,813] 28,219,500 320 230 9.03 6.49
Tahoe Tavern volcanic beach sand 9545 1 9545| 14,317,500 320 230 4.58 3.29
Lake Forest gravelly silt 1962 1 1962 2,943,000 395 1415 1.16 4.16
Carnelian Bay volcanic beach sand 8160 1 8160 12,240,000 320 230 3.92 2.82
Agate Bay volcanic beach sand 4562 2 9124| 13,686,000 320 230 4.38 3.15
Tahoe Vista volcanic beach sand 3449 1 3449 5,173,500 68 270 0.35 1.40
Brockway old granitic beach sand 1190 1 1190, 1,785,000 280 330 0.50 0.59
Kings Beach-west side volcanic beach sand 728 1 728/ 1,092,000 50 40 0.05 0.04
Kings Beach-east side volcanic beach sand 903 2 1806| 2,709,000 50 40 0.14 0.1
Glenbrook old granitic beach sand 4471 1 4471| 6,706,500 280 330 1.88 2.21

P N
TOTALS =| 190562 28,62341429,351,000 TOTALS (MT)= 117 110
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In order to calculate the volume of sediment and nutrients introduced into the lake by
erosion, the thickness of each area had to be estimated. Large-scale (1:2400) U.S. Bureau
of Reclamation topographic maps with one and five foot contours dating from 1918 and
1919 were used to calculate the thickness of discrete sediment packages. These packages
typically were 1-2 m thick but ranged up to 6 m thick along parts of the south shore.
Total volume of the eroded shorezone material equates to about 286,000 m® (Table 3-4).
To convert this volume of sediment into a mass, a density of 1.5 g/cm’ was assumed
because this value represents typical soil densities found in the Lake Tahoe basin
(Rodgers, 1974). From Table 3-4, the total mass of sediment eroded into Lake Tahoe
from the shorezone since 1938 amounts to approximately 429,000 metric tons (MT). If
averaged over the 60 year study period, about 7,150 MT of sediment have been washed
into the lake each year from shorezone erosion. The areas that have undergone accretion
are not included as sediment sinks in this budget.

Results from particle-size analyses (Table 3-3) were used to derive estimates of how
much sand, silt, and clay have been introduced into the lake since 1938. As stated above,
the total mass of sediment introduced into the lake from shorezone sources equates to
about 429,000 MT. Of this mass, approximately 396,350 MT (~92%) is composed of
sand-size sediment, with the remaining composed of approximately 26,500 MT (~6%)
and 6,500 MT (~1.5%) of silt and clay, respectively (Table 3-5). These values equate to
about 6,600, 440, and 110 MT/yr of sand, silt, and clay, respectively.

Phosphorus and nitrogen contents of the sampled sediment have wide ranges, but
generally the sediment around the lake is higher in phosphorus than nitrogen (Table 3-2).
A notable exception is at Lake Forest (samples LF-1 through LF-6; Table 3-2) where
nitrogen is unusually high. Samples LF-3 through LF-6 were collected from a single
vertical exposure through a gravelly silt or clay loam. Samples GB-5 and GB-6 from
Glenbrook are also relatively high in nitrogen, but these came from a seep emanating
from a wave-cut scarp below a large grassy area. Several stream samples were collected
adjacent to their respective beaches, including samples from Third Creek at Incline
Village (SB-7 and SB-8) and from Blackwood Creek (BC-1 and BC-2) along the west
shore. Both of these drainages supply sediment that is apparently much higher in nitrogen
than the beaches upon which they divulge.

All sediment samples were analyzed for total phosphorus and nitrogen by digestion
procedures, although several duplicate samples were analyzed with a 1:1 soil-water
extract procedure to check for consistency. These samples include UT-3 Soil ext., LF-6
Soil ext., SB-11 Soil ext., KB-3 Soil ext., and NV-4 Soil ext. (Table 3-2). All of the
samples analyzed by the soil-water extract procedure show similar nutrients values but
yield nutrient concentrations at least an order of magnitude less than their duplicates
where the sediment was first digested and then analyzed.
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Table 3-5. Particle size distributions and total mass calculations for sand, silt, and clay for eroded shorezone areas from 1938 to 1998.
Total Mass (kg)

Size Distribution (% wt.)

Location Material type Mass (kg) Sand Silt Clay Sand Silt Clay

Nevada Beach-Stateline old granitic beach sand | 32,847,000 100.0 0.0 0.0 32,847,000 0 0
Stateline old granitic beach sand 541,500 100.0 0.0 0.0 541,500 0 0
Bijou Park old granitic beach sand | 17,466,000 100.0 0.0 0.0 17,466,000 0 0

Al Tahoe-Regan Beach old granitic beach sand | 81,180,000 98.7 1.3 0.0 80,124,660 | 1,055,340 0

Al Tahoe-Regan Beach silty interbeds (~20%) | 20,295,000 40.7 43.4 15.9 8,260,065 | 8,808,030 |3,226,905
Upper Truckee River granitic beach sand 47,464,500 100.0 0.0 0.0 47,464,500 0 0
Tahoe Keys old granitic beach sand 1,851,000 100.0 0.0 0.0 1,851,000 0 0
Kiva Beach-Camp Richardson Mixed sediments 30,816,000 56.0 37.6 6.4 17,265,072 |11,576,493 (1,974,435
Baldwin Beach old granitic beach sand | 20,400,000 100.0 0.0 0.0 20,400,000 0 0
SE shore of Emerald Bay glacial till 46,632,000 96.8 3.2 0.0 45,122,078 | 1,509,922 0
Emerald Bay-Vikingsholm glacial till 12,456,000 96.8 3.2 0.0 12,052,681 | 403,319 0
Meeks Bay old granitic beach sand | 10,494,000 100.0 0.0 0.0 10,494,000 0 0
Sugar Pine Point Mixed sediments 18,036,000 81.5 14.3 4.1 14,704,267 | 2,584,218 | 747,515
Homewood volcanic beach sand 28,219,500 100.0 0.0 0.0 28,219,500 0 0
Tahoe Tavern volcanic beach sand 14,317,500 100.0 0.0 0.0 14,317,500 0 0
Lake Forest gravelly silt 2,943,000 62.6 19.6 17.8 1,841,989 | 576,528 | 524,483
Carnelian Bay volcanic beach sand 12,240,000 100.0 0.0 0.0 12,240,000 0 0
Agate Bay volcanic beach sand 13,686,000 100.0 0.0 0.0 13,686,000 0 0
Tahoe Vista volcanic beach sand 5,173,500 100.0 0.0 0.0 5,173,500 0 0
Brockway old granitic beach sand 1,785,000 100.0 0.0 0.0 1,785,000 0 0
Kings Beach-west side volcanic beach sand 1,092,000 100.0 0.0 0.0 1,092,000 0 0
Kings Beach-east side volcanic beach sand 2,709,000 100.0 0.0 0.0 2,709,000 0 0
Glenbrook old granitic beach sand 6,706,500 100.0 0.0 0.0 6,706,500 0 0
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Because all tasks in this part of the study proceeded concurrently, not all locations that
experienced erosion were sampled for nutrient content. Where sample locations
coincided with areas of erosion, average nutrient concentrations were used to calculate
the mass of phosphorus and nitrogen contained within a particular package of sediment.
Along eroded reaches of shore where no sample data exists, average nutrient
concentrations of similar geologic materials were used.

A total of about 117 MT of phosphorus and 110 MT of nitrogen have been introduced
into the lake during the period 1938 to 1998 from shoreline erosion (Table 3-4). If
averaged over the 60 years, these volumes equate to about 2 MT per year of phosphorus
and about 1.8 MT per year of nitrogen.

Sources of Error

Several sources of error could affect estimates of the mass of sediment and nutrients
delivered into Lake Tahoe from shorezone erosion. These include errors introduced by
data sources, measurement methods, analytical uncertainty, and natural variability in the
concentration of nutrients in shorezone sediments. Each of these sources will be
discussed in turn to quantify the overall precision of the estimates.

The first source of error is associated with the area and volumetric calculations of the
amount of shorezone erosion. Precision of the aerial photograph rectification procedure is
about + 2.0 m. Using this error, the total eroded shorezone area could be as low as
112,000 m” or as high as 272,600 m?, a difference of about + 43% from the observed
value of 190,600 m®. Converting this area to a volume required interpretation of contour
intervals. We assumed that thickness values were within 25% of the true value.

The value used for density of eroded sediment was 1.5 g/cm® which is near the average
density for soils exposed near the shoreline of Lake Tahoe (Rodgers, 1974). The standard
deviation for the density of the soils analyzed by Rodgers (1974) is about + 13%.

Error associated with nutrient concentrations may stem from analytical error as well as
natural variability. Because most of the shorezone sediment eroded at Lake Tahoe is
composed of alluvial and lacustrine deposits (Fig. 1-1), we use the standard deviation of
phosphorus and nitrogen concentrations associated with these deposits (68% and 95%,
respectively).

To arrive at total error from all sources for these calculations, we summed the fractional
errors from each of the sources (Taylor, 1997). If we were to compute the error just for
the mass of sediment introduced into the lake from shorezone erosion, it would be about
+ 80%. By adding in the fractional uncertainties associated with the nutrient
measurements, the overall uncertainties increase to about + 150% for phosphorus and
about + 176% for nitrogen loading.
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Discussion

Shorezone change around Lake Tahoe is discontinuous in space and appears to be well
correlated with the type of geologic materials found along the shore (Figs. 1-1 and 3-6).
Virtually no significant change was found in shorezones primarily composed of bedrock,
either granitic or volcanic. Instead, the areas where both erosion and deposition have
occurred are almost all composed of alluvium or older lacustrine deposits. An exception
is along the southeastern shore of Emerald Bay where there appears to be significant
shorezone erosion in glacial till. This assessment is largely in agreement with the studies
of Orme (1971; 1972) and the evaluation of disturbance potential outlined in the Lake
Tahoe Shore Zone Ordinance Amendments (TRPA Staff, 1999). Contrary to the studies
of Engstrom (1978), shoreline stability apparently has more to do with composition of
shorezone materials than with prevailing winds and the amount of fetch, although these
parameters are certainly important.

Observations made during the course of this study also confirm the conclusions of
Osborne et al. (1985) who demonstrated that most of the material found along the
beaches of Lake Tahoe is locally derived from erosion of backshore areas and that littoral
transport tends to occur in relatively small, isolated cells. Evidence for littoral drift also
was seen in our study where areas of erosion were adjacent to small areas of accretion,
suggesting a redistribution of material along the shore.

Quantitative results of this study document net shoreline change during the last 60 years,
but additional observations suggest similar longer-term trends. Almost all of the areas of
significant shoreline erosion occur within bays or reentrants along the shore backed by
relatively erodible sediment. The shapes of these bays suggest that during the long term
(hundreds to thousands of years) net erosion has taken place, causing the bays to enlarge
relative to more stable portions of the shore (Fig. 3-6). On much shorter time scales,
obvious erosional features (e.g., shoreline scarps, fallen trees, etc.) observed in the field
do not always reflect longer term (decadal) conditions because, overall, many of these
areas have changed relatively little during the last 60 years. In places like Kiva Beach and
Sugar Pine Point (see Fig. 1-3), fresh evidence of erosion is matched by a noticeable
change during the last 60 years. Along many lower elevation parts of the shore—
including Baldwin Beach (Fig. 2-1), parts of Sugar Pine Point, and Nevada Beach (Fig. 2-
2)—relatively young beach barriers are located inland from the shore and rise only a
small vertical distance (1-2 m) above current maximum lake level. It is unknown if these
features date from the early part of the 20™ century when lake levels regularly exceeded
the legal limit of 1898.65 m. If so, the development and positions of these barriers
provide insight into the effects of higher lake levels on Lake Tahoe.

Field observations also confirmed that seawalls and other types of revetments now
protect some of the areas with documented erosion. Therefore, these areas are no longer
able to contribute sediment and nutrients to the lake, provided these structures remain in
functional working order. The effect of shore protective structures on offshore and
alongshore erosion is relatively unknown, however, and should be investigated (see
Chapter 2). In terms of stability analyses, the data collected and utilized for this study
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have been for a basin-wide assessment of shoreline change. Results are not intended to be
used for local studies of shoreline stability but may form a valuable framework within
which to conduct more detailed stability studies on a variety of scales.

Conclusions

Results of this study indicate that a total of 429,000 MT of sediment, 117 MT of
phosphorus, and 110 MT of nitrogen have been introduced into Lake Tahoe from
shorezone erosion during the last 60 years. These values indicate that, on average, about
7150 MT per year of sediment, 2 MT per year of phosphorus, and 1.8 MT per year of
nitrogen are being introduced into Lake Tahoe by shorezone erosion. These values
represent long-term averages and probably have decreased through time. Additionally,
these values likely vary considerably from year to year depending on lake level,
frequency and intensity of storms, and other factors. Based on total error from all sources,
we consider these estimates accurate to within a factor of two.

Not all sediment sizes affect the water quality of Lake Tahoe in the same way. Sand and
coarser sediment have rapid settling velocities that cause these coarse particles to quickly
fall to the bottom when introduced into the lake by stream flow or shorezone erosion. Silt
and clay, however, have slower settling velocities so that they spend a much longer
period of time in the water column and can, in certain circumstances, be easily
resuspended by wave action or other types of bottom agitation. Silt and clay-sized
particles also can act as transport agents when nutrients adhere to their surfaces (Murphy
and Knopp, 2000). The majority of sediment introduced into the lake from shorezone
sources appears to be in the sand-sized range (Tables 3-3 and 3-5). It is difficult to
compare the mass of silt and clay from shorezone sources to the mass of silt and clay
introduced into the lake from inflowing streams because total suspended sediment
measurements are not commonly broken down into different sized fractions. The mass of
fine sediment introduced into the lake from shorezone erosion is significant, however,
and should not be ignored when assessing impacts to lake water quality.

The Lake Tahoe Watershed Assessment (Murphy and Knopp, 2000) identified five
sources of phosphorus and nitrogen for Lake Tahoe including atmospheric deposition,
stream loading, direct runoff, groundwater, and shorezone erosion. Based on the previous
assessment, shorezone erosion was thought to account for about 0.45 and 0.75 MT of
phosphorus and nitrogen per year, respectively. Results of this study, however, indicate
that loading due to shorezone erosion is appreciably higher for phosphorus (~ 4%) but
still relatively low (<1%) for nitrogen (Table 3-6). It must be emphasized, however, that
these percentages are normalized so that if estimates for any of the other sources are
scaled back, the relative importance of shorezone erosion to nutrient loading becomes
greater and needs to be reconsidered.
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Table 3-6. Yearly sources for nitrogen and phosphorous for Lake Tahoe in MT.

Nutrient Inputs Total N (MT) Total P (MT)
Atmospheric deposition*® 233.9 (56%) 12.4 (26%)
Stream loading* 81.6 (20%) 13.3 (28%)
Direct runoff™ 41.8 (10%) 15.5 (33%)
Groundwater* 60 (14%) 4 (9%)
Shorezone erosion” 1.8 (<1%) 2 (4%)

Source comparison:
*Lake Tahoe Watershed Assessment (Murphy and Knopp, 2000).
"Estimates from the Watershed Assessment for yearly contributions of nitrogen and phosphorous
are 0.75 and 0.45 metric tons, respectively.
**From this study.

Although the amount of phosphorus and nitrogen loading from shorezone erosion ranks
last with respect to the other four nutrient sources, sediment loading from shorezone
erosion probably ranks second. All of the other sources, except groundwater, contribute
fine sediment to the lake. Annual sediment input from stream loading is estimated to be a
minimum of about 11,300 MT/yr (Reuter and Miller, 2000). Firm estimates of the mass
of sediment introduced from atmospheric deposition (dust) and direct runoff are lacking,
but the average input from shorezone erosion (~7150 MT/yr) may greatly exceed these
other two sources. Thus, shorezone erosion is an important component of the sediment
and, to a lesser extent, nutrient budget of Lake Tahoe.

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

March 31, 2004 47




Chapter 4: Waves at Lake Tahoe

Chapter 4
Waves at Lake Tahoe

Kenneth D. Adams
Anna K. Panorska

Introduction

Waves are generated as winds blow across a body of water and some of the wind energy
is transferred to the water due to frictional drag (Komar, 1998). This energy transfer,
which increases the size of the waves, continues until the wind stops, changes direction,
or the edge of the body of water is reached. The velocity at which the wave groups travel
across the water is dependent on the wave period, with longer period waves traveling at
progressively faster rates. On Lake Tahoe, wave periods for the largest waves probably
reach about 6.5 seconds, indicating that these waves travel at approximately 10 m/s (22
mph). Shorter period waves travel at lower velocities. As waves approach the shore and
enter shallower water, they begin to interact with the bottom, causing the waves to
undergo a series of transformations. As they shoal, wave velocity and length
progressively decrease, wave height increases, and the wave period remains constant
(Komar, 1998). Waves finally break when the crests become oversteepened, unstable,
and tumble forward on themselves. This expenditure of energy on the shore is the main
driving force in sediment erosion, transport, and deposition.

Waves are periodic oscillations of the water surface that are typically measured in terms
of their height, wavelength, period, and velocity (celerity) (Fig. 4-1). In nature, a wind-
whipped water surface is usually composed of a combination of different wave groups,
each with its own height, period, and velocity. When observed from the shores of Lake
Tahoe during a windstorm, waves pounding the shore appear as a confused mix of
smaller waves superimposed on larger waves, but definite patterns present themselves.
Typically, larger waves dominate the surface and arrive every several seconds or so.
When instruments are used to record these waves, all of this variation is present and must
be processed in order to characterize wave heights and periods (Fig. 4-2).

The two most common measurements derived from raw wave data are significant wave
height and peak spectral period (Earle et al., 1995). Significant wave height is defined as
the average of the highest one-third of the waves. This measurement is approximately the
average wave height reported by observers watching waves on a shore (Komar, 1998).
Peak spectral period is derived through spectral analysis of raw wave data (Fig. 4-3),
which presents the energy density per unit frequency interval for each frequency or
period. In other words, the energy of different waves is separated into different “energy
peaks” (Fig. 4-3). From significant wave height and peak spectral period estimates, many
other wave characteristics—including maximum wave height, wavelength, velocity,
shoaling transformations, breaking wave height, and run-up height—can be calculated
(Komar, 1998). Water waves are predictable because they obey simple physical laws that
are common to many different types of waves including sound and seismic waves.
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Figure 4-1. Wave parameters that, along with the period 7, describe simple wave motions
(after Komar, 1998).

An simple approach for making wave predictions, known as wave hindcasting, is outlined
in the Shore Protection Manual (CERC, 1984) and discussed in Komar (1998). This wave
spectrum approach predicts the significant wave height and peak spectral period if the
wind velocity and duration as well as the fetch are known. When waves cannot reach
their maximum potential, they are restricted by either a duration-limited or a fetch-limited
condition. When wave growth is duration-limited, winds do not blow long enough from a
particular direction for the waves to reach their maximum height for a given wind
strength. For example, when a 9 m/s (20 mph) wind blows for only a single hour across
the surface of Lake Tahoe, waves grow to approximately 0.35 m high with 2.2 second
periods. If this same wind were to blow for a longer period of time, say two hours, wave
height would increase to about 0.55 m and the wave period would increase to about 3.0
seconds. Because the longest fetch (the distance of open water over which the winds
blow) at Lake Tahoe is limited to about 33 km (measured north to south), waves could
only reach a maximum height of 0.95 m with about 4.25 second periods, given a 9 m/s
wind. This is the fetch-limited condition where, no matter how long the wind blew at 9
m/s, waves would be limited to this maximum height.
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Raw Wave Record From Hour 3, JD 93 at Thunderbird Lodge, Nevada
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Figure 4-2. Thunderbird Lodge site wave record consisting of 1024 water-level measurements at a frequency of one measurement per
second for a duration of approximately 17 minutes.
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Wave Energy Spectra for Hour 3, JD 93 at
Thunderbird Lodge, NV
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Figure 4-3. Wave energy spectra plot processed from the raw wave record shown in Fig.
4-2. The greatest amount of energy is contained in waves with a frequency of 0.3
seconds, which corresponds to a period of about 3.3 seconds.

Wave Monitoring Procedures and Data Reduction

As part of the effort to quantify shorezone erosion and its effects on water quality at Lake
Tahoe, three wave-recording stations were deployed—one each at Incline Village, Meeks
Bay, and the Thunderbird Lodge (Fig. 4-4). These stations ran for a period of over one
year. Data was recorded and processed according to the “Wave Data Analysis Standard”
published by the U.S. Army Corps of Engineers (Earle et al., 1995). Each station
consisted of a submerged pressure transducer that registered water surface elevation
changes at 1-second intervals for a period of 1024 seconds (approximately 17 minutes) at
the top of each hour and transmitted this information to a data logger (Fig. 4-2). The
stations recorded wave data each hour, 24 hours per day. Each station also was equipped
with a cellular phone that was called once or twice per day to download the stored data to
a computer at DRI.

The first site was on a pier at Incline Village that looks down the entire length of the lake
(Fig. 4-5), a fetch of about 33 km. The pressure transducer was strapped to a concrete
piling facing to the south. When installed on January 19, 2001 (JD 19), lake level was at
1897.84 m (6226.42 ft), water depth at the site was about 2 m, and the pressure
transducer was submerged at a depth of 1.04 m. The lake bottom beneath the pier (and
presumably extending offshore) consists of coarse gravel, cobbles, and boulders.

The Meeks Bay site is relatively sheltered from the prevailing south to southwest winds
but has a significant fetch (21.5 km) to the northeast (Fig. 4-4). Water depth on the day
we installed the station (January 24, 2001; JD 24) was about 2 m, lake level was at
1897.82 m (6226.38 ft), and the transducer, mounted on a pier piling, was submerged to a
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Figure 4-4. Locations of wave recording stations, wind stations, and wave transects. Each of the wave transects extends
from the shoreline to a depth of 10 m and was used to calculate the shore gradient at each location.
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Figure 4-5. Photograph looking south from the Incline Village wave monitoring site. The fetch
here is approximately 33 km.

depth of 1.82 m. Lake bottom in the vicinity of the pier consists of large boulders to >2 m
with scattered sand and gravel patches between the large boulders.

The Thunderbird Lodge site was located along the northeast shore of Lake Tahoe and has
a long fetch to the west and southwest (Fig. 4-4). Installation was more challenging at
this site because there is no pier and the shore is extremely rocky and bouldery, as along
much of the eastern shore. Large granitic boulders litter the nearshore area with small,
scattered sand patches found among them. On a calm, early February morning (February
1, 2001; JD 32), we installed our pressure transducer about 15 m from shore on a small
sand patch in approximately 1.9 m of water. The pressure transducer was mounted on a
small metal stand weighted down with small boulders found in the area. The cable was
strung back to shore where the data logger enclosure was located. This site was also
completely autonomous, with a solar panel that charged a battery that ran the electronics.

Although there were a few data gaps during the time periods that each of the stations was
operating, overall the stations performed admirably. The data was processed to determine
significant wave height, peak spectral period, and zero-crossing period according to the
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specifications outlined in Earle et al. (1995). Steps involved in the wave data analysis
were 1) initial data quality assurance tests to reject poor quality data, 2) data segmenting
to reduce statistical uncertainties of spectra, 3) mean removal, 4) trend removal, 5) use of
windows to reduce spectral leakage, 6) corrections for window use, 6) fast Fourier
transforms (FFTs), and 7) cross-spectral analysis, including segment averaging. Because
the instruments did not record wave direction, directional statistics were not produced. A
statistical software program (S-Plus 2000) was used to process the wave data and produce
estimates.

Wave Monitoring Results

Hourly wave observations were collected for more than one year, providing quantitative
data on the Lake Tahoe wave climate. As expected, wave energy was episodic and varied
from place to place. Figures 4-6, 4-7, and 4-8 show hourly plots of significant wave
heights at Incline, Meeks Bay, and Thunderbird Lodge, respectively, for Julian Day' (JD)
60 to JD 430 (March 1, 2001 through March 6, 2002). In these plots, all waves less than 5
cm are shown as calm. During the period of record, it was calm (waves <5 cm) about
64% of the time at Incline Village, 85% of the time at Meeks Bay, and 65% of the time at
Thunderbird Lodge. Significant wave heights reached as high as 60 cm at Thunderbird
Lodge, 40 cm at Incline, and only about 30 cm at Meeks Bay. It is not surprising that the
wave records of Incline and Thunderbird appear very similar (Figs. 4-6 and 4-8); they are
both located in the northeastern part of the lake basin with large fetches to the south and
southwest (Fig. 4-4). In contrast, the wave record from Meeks Bay contains less frequent
wave events of generally lower magnitude occurring at different times than wave events
at Incline and Thunderbird. This difference likely can be explained by the fact that the
Meeks Bay site is largely sheltered from wind and waves from the south-southwest but is
exposed to waves from the northeast that are less frequent. Hence, the differences in the
wave records of Incline and Thunderbird compared to Meeks probably reflect distinct
wave events from different directions recorded at the respective stations.

Discussion

Relationships Between Wind and Waves

Wave growth at Lake Tahoe is directly driven by local winds, so there should be a good
correlation between wind and waves. We compared wind data from three meteorological
stations, maintained by Air Resource Specialists, Inc. (ARS), to wave data. These stations
are located at the Thunderbird Lodge, South Lake Tahoe Blvd., and D.L. Bliss State Park
(Fig. 4-4). Although there are many similarities between the wind data from each of these
stations, there are also some distinct differences.

Figure 4-9 compares wind records from each of the three meteorological sites located
around the lake. Although peak wind velocities were similar, there were distinct

' The Julian Day (JD) system counts the days of the year beginning at JD 1 on January 1 and ending with
JD 365 on December 31. In this study, sequential numbering of Julian Days past 365 is used for a
simplified way of keeping track of the date in computer programming.
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Significant wave heights at Incline Village for JD 61-430
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Figure 4-6. Plot of significant wave heights at the Incline Village site for Julian Days 61-430.
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Significant wave heights at Meeks Bay for JD 61-430
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Figure 4-7. Plot of significant wave heights at the Meeks Bay site for Julian Days 61-430.
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Significant wave heights at Thunderbird Lodge for JD 61-390
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Figure 4-8. Plot of significant wave heights at the Thunderbird Lodge site for Julian Days 61-390.
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Figure 4-9. Plots of wind speed vs. direction for the Thunderbird Lodge, D.L. Bliss, and
Lake Tahoe Blvd. meteorological stations. See Fig 4-4 for locations.
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differences in directional components. Both the Thunderbird Lodge and Lake Tahoe
Blvd. records show a high frequency of winds from the south-southwest with secondary
peaks from the north. The D.L. Bliss record, however, shows a less peaked distribution
ranging from east through west. The exact causes of these differences in direction are not
known but probably relate to local factors such as topography and wind shielding.

0.4

Wave height (m)

Wind speed (m/s)

[
Figure 4-10. Comparison between wind speed and wave height for the Thunderbird
Lodge location, R*=0.74.

A comparison between winds and waves recorded at Thunderbird Lodge show a strong
correlation (Fig. 4-10), which suggests that the winds at this location could be used to
predict wave height. Scatter in this plot is attributed to the fact that even though winds
were recorded from all directions (Fig. 4-9), waves only arrive from the south through the
north. A similar relationship exists (R>=0.72) between winds recorded at Thunderbird and
waves recorded at the Incline site, which is to be expected because of the similar
locations of Thunderbird and Incline (Fig. 4-4).

Wave Energy and Total Swash Elevation

Wave energy at Lake Tahoe is clearly episodic, where long periods of calm are separated
by relatively windy periods during which the waves grow to a size dictated by wind and
fetch conditions (Figs. 4-6, 4-7, and 4-8). Now that we actually have wave records
spanning a moderate amount of time, a preliminary assessment of the amount of wave
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energy imparted at the shore can be made. The energy density (E) of waves is directly
related to the wave height by the following equation from Komar (1998):

E = 1/8pgH’ Eq. 4-1

Where p = density of water (1000 kg/m’), g = acceleration due to gravity (9.8 m/sec’), H
= wave height (m). The units for this equation are Newtons/m”. As waves approach the
shore and begin to break, energy density (£) varies because wave height changes during
shoaling. However, the energy flux or wave power (P)—which is the rate at which
energy density is carried along by the moving waves—remains approximately constant
(Komar, 1998). Energy flux (P) is given by:

P=EC Eq. 4-2

Where E = energy density and C = celerity (velocity) of individual waves. Wave power at
a shore is a direct measurement of wave energy and can be used to assess the cumulative
amount of energy imparted by relatively common, small waves as compared to the
amount of energy carried by infrequent, large waves.

Wave energy is the driving force behind shorezone erosion; but it is not known whether
high frequency, low magnitude wave events or low frequency, high magnitude wave
events accomplish more geomorphic work over time. Put another way, we do not know
whether infrequent, large storm events erode more of the shore through time or whether
the near daily occurrence of relatively small waves does more to erode the shore.
Consequently, understanding the amount of energy and how it is delivered to the shore by
different-sized wave events is important to gaining a more complete understanding of
erosion processes and how sediment and nutrients are introduced into the lake. DRI’s
wave monitoring efforts were well-equipped to measure wave characteristics and energy
associated with relatively frequent wave sizes but may not have been sufficient to capture
rare, large wave events with recurrence intervals measured in years or decades.

To explore potential effects of large waves, we employed the concept of the “design
storm,” which is used by TRPA to calculate wave run up heights for engineering
applications at Tahoe. According to the definitions chapter in the TRPA Code of
Ordinances, the design storm is defined as follows: "An extreme wind event is an 80
miles per hour onshore wind of one hour duration." The short time period was chosen by
TRPA staff because of the generally fetch-limited conditions at Lake Tahoe. Given these
wind conditions, however, waves would reach their maximum size within about 10 km
and be considered duration-limited in areas with longer fetch. The general geometry of
the lake dictates that waves reaching almost every part of the shore from an 80 mph wind
blowing for one hour would be duration-limited but would still obtain significant wave
heights of about 2.6 m with a peak spectral period of about 5 seconds. An exception is in
Emerald Bay where fetch is limited to about 3 km and waves from the same storm would
reach significant wave heights of about 1.6 m with a peak spectral period of about 3.5
seconds.
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Using the Incline Village wave record as an example (Fig. 4-6), cumulative wave power
for all waves arriving at Incline Village from JD 61 to JD 430 was approximately 1.41 x
10° Joules (J). In comparison, wave power arriving at Incline Village from a single design
storm event (H = 2.6 m, T'= 5 seconds) is about 1.16 x 10® J. In other words, significantly
more wave energy was expended at Incline Village in just over one year due to frequent
but relatively small wave events than would be the case during the single hour of the
design storm. This comparison points to the contribution of relatively frequent wave
events to shorezone erosion. Even moderate-sized waves can generate enough shear
stress to transport coarse sand and gravel. Therefore, although large storm events are
likely important to long-term erosion trends, smaller, more frequent waves can cause
significant erosion on shores composed of relatively soft materials, particularly when lake
levels are high.

In fact, lake level may be one of the prime indicators of whether or not shorezone erosion
will occur for a given wave event. When lake level is low at Tahoe, beach areas are
significantly larger than when the lake is high and can absorb much of the wave energy.
When lake level is high, however, breaking waves can directly impact backshore areas
and cause erosion.

When large storm waves break on a shore, the elevation to which the swash extends
depends on wave set-up and wave run-up (Komar, 1998). Wave set-up is a rise in the
mean water level above the still water elevation created by the breaking waves.
According to laboratory measurements, set-up is confined to the surf zone shoreward of
the initial breaking point and consists of an upward slope of the water toward the land.
Wave set-up effectively deepens local water depths, allowing waves to break closer to
shore. The onrush of water up the beach slope after the wave breaks is known as run-up.
The following equation (Komar, 1998) is used to calculate total swash elevation (Wave
set-up plus wave run-up):

R" =0.36g"°SH*°T Eq. 4-3

Where g = acceleration due to gravity (980 cm/sec?), S = beach gradient (dimensionless)
H = deep water significant wave height, and T = wave period. This equation gives total
elevation achieved by the swash of waves above still water level. Table 4-1 displays the
total swash elevation for each of the wave transects shown in Fig. 4-4 under design storm
conditions (80 mph for 1 hour). Even for more common waves (i.e., 0.5 m height with a 3
second period), total swash elevation can be significant in shorezone erosion (Table 4-2).

Total swash elevation at Lake Tahoe takes on greater significance when considered in
relation to Lake Tahoe’s legal limit, 1898.65 m (6229.1 ft). Local water elevations can be
significantly higher than this still-water limit during storms (Tables 4-1 and 4-2). When
water level along a shore is raised by storm waves, the energy of the waves can directly
impact areas above the legal limit. This effect may contribute to rapid periods of erosion
such as occurred in January 1997, particularly along shores composed of relatively soft
material such as alluvial and lacustrine deposits.

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

March 31, 2004 61



Chapter 4: Waves at Lake Tahoe

Table 4-1. Total swash elevations for waves generated from the design storm (80 mph, 1 hour) at
Lake Tahoe. Locations of wave transects are shown in Fig. 4-4.

Fetch Deep water wave |Wave period
Transect# | (km) Gradient height (cm) (sec) Total swash elevation (cm)

1 20.5 0.2084 260 5 189
2 225 0.1616 260 5 147
3 25.2 0.1226 260 5 111
4 334 0.0701 260 5 64
5 32.8 0.0452 260 5 41
6 325 0.0398 260 5 36
7 30.9 0.0433 260 5 39
8 26.9 0.0302 260 5 27
9 19.3 0.0328 260 5 30
10 17 0.0203 260 5 18
11 22.8 0.0518 260 5 47
12 24 0.0274 260 5 25
13 23.3 0.0231 260 5 21
14 17.7 0.0415 260 5 38
15 24.5 0.1132 260 5 103
16 29.5 0.0182 260 5 16
17 32 0.0140 260 5 13
18 324 0.0196 260 5 18
19 32.8 0.0186 260 5 17
20 32.7 0.0253 260 5 23
21 33.1 0.0283 260 5 26
22 33 0.0497 260 5 45
23 30.8 0.0883 260 5 80
24 28.7 0.3454 260 5 314
25 27.7 0.1430 260 5 130
26 271 0.0509 260 5 46
27 214 0.0307 260 5 28
28 21.5 0.2997 260 5 272
29 15.1 0.1367 260 5 124
30 16.2 0.0466 260 5 42
31 234 0.0361 260 5 33
32 22.8 0.0441 260 5 40
33 22.7 0.0806 260 5 73
34 23.5 0.0562 260 5 51
35 23.7 0.2258 260 5 205
36 235 0.0877 260 5 80
37 23.3 0.0709 260 5 64
38 22.5 0.1185 260 5 108
39 22 0.0683 260 5 62
40 21.9 0.2674 260 5 243
41 24.8 0.1641 260 5 149
42 24.6 0.1065 260 5 97
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43 24.8 0.1225 260 5 111
44 25.6 0.1330 260 5 121
45 25.7 0.0415 260 5 38
46 26.3 0.0302 260 5 27
47 27.8 0.0072 260 5 7

48 28 0.0055 260 5 5

49 27.8 0.0055 260 5 5

50 26.7 0.0934 260 5 85
51 29.9 0.0512 260 5 47
52 30.8 0.0791 260 5 72
53 314 0.0334 260 5 30
54 314 0.0900 260 5 82
55 32 0.0226 260 5 20
56 32 0.0175 260 5 16
57 31.5 0.0155 260 5 14
58 30.4 0.0218 260 5 20

Table 4-2. Total swash elevations for relatively common waves at Lake Tahoe.
Locations of wave transects are shown in Fig. 4-4.

Fetch Deep water wave |Wave period
Transect # (km) Gradient height (cm) (sec) Total swash elevation (cm)
1 20.5 0.2084 50 3 50
2 22.5 0.1616 50 3 39
3 252 0.1226 50 3 29
4 33.4 0.0701 50 3 17
5 32.8 0.0452 50 3 11
6 325 0.0398 50 3 10
7 30.9 0.0433 50 3 10
8 26.9 0.0302 50 3 7
9 19.3 0.0328 50 3 8
10 17 0.0203 50 3 5
11 22.8 0.0518 50 3 12
12 24 0.0274 50 3 7
13 23.3 0.0231 50 3 6
14 17.7 0.0415 50 3 10
15 24.5 0.1132 50 3 27
16 29.5 0.0182 50 3 4
17 32 0.0140 50 3 3
18 324 0.0196 50 3 5
19 32.8 0.0186 50 3 4
20 32.7 0.0253 50 3 6
21 33.1 0.0283 50 3 7
22 33 0.0497 50 3 12
23 30.8 0.0883 50 3 21
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24 28.7 0.3454 50 3 83
25 277 0.1430 50 3 34
26 27.1 0.0509 50 3 12
27 214 0.0307 50 3 7
28 215 0.2997 50 3 72
29 15.1 0.1367 50 3 33
30 16.2 0.0466 50 3 11
31 234 0.0361 50 3 9
32 22.8 0.0441 50 3 11
33 22.7 0.0806 50 3 19
34 235 0.0562 50 3 13
35 23.7 0.2258 50 3 54
36 235 0.0877 50 3 21
37 23.3 0.0709 50 3 17
38 225 0.1185 50 3 28
39 22 0.0683 50 3 16
40 21.9 0.2674 50 3 64
41 24.8 0.1641 50 3 39
42 24.6 0.1065 50 3 25
43 24.8 0.1225 50 3 29
44 25.6 0.1330 50 3 32
45 25.7 0.0415 50 3 10
46 26.3 0.0302 50 3 7
47 27.8 0.0072 50 3 2
48 28 0.0055 50 3 1

49 27.8 0.0055 50 3 1

50 26.7 0.0934 50 3 22
51 29.9 0.0512 50 3 12
52 30.8 0.0791 50 3 19
53 31.4 0.0334 50 3 8
54 314 0.0900 50 3 22
55 32 0.0226 50 3 5
56 32 0.0175 50 3 4
57 31.5 0.0155 50 3 4
58 30.4 0.0218 50 3 5
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Chapter 5
Modeling Shorezone Erosion at Lake Tahoe

Anna K. Panorska
Kenneth D. Adams

Introduction

Shorezone erosion has negative effects on the water quality of Lake Tahoe due to the
introduction of fine sediment and nutrients (Reuter and Miller, 2000). In addition to
introducing sediment and nutrients into the lake, shorezone erosion also results in direct
losses of land in backshore areas. Many factors affect the locations, rates, and amounts of
erosion making prediction a challenging task. During the last four years, studies of the
Lake Tahoe shorezone have focused on documenting physical characteristics (Chapter 2),
delineating where erosion has occurred historically (Chapter 3; Adams and Minor, 2002),
and collecting hourly wind and wave data to characterize driving forces (Chapter 4). The
next logical step is to incorporate these observations and data into a framework that
attempts to predict where, how much, and under what conditions shorezone erosion will
occur.

In this chapter, we use data and knowledge gained in our studies thus far to develop a
series of stochastic models of shorezone erosion. We start with a model of erosion
occurrenc, which connects the probability of erosion with environmental characteristics.
We then present a model for (conditional) distribution of the amount of erosion, given
that erosion occurred. In combination, these approaches provide valuable information on
where, how much, and under what conditions shorezone erosion will occur by
considering lake-level fluctuations, material properties of the shorezone, wind and wave
climate at Lake Tahoe, and local shorezone conditions. This chapter is presented in two
parts. The first section develops and describes stochastic methods to predict whether or
not erosion will occur at a particular place, and the second section presents techniques to
determine how much erosion will occur at a location.

Modeling the Occurrence of Erosion

We used a generalized linear model, logistic regression, to build a model for erosion
occurrence. Because we wanted to model a binary variable (erosion or no erosion), we
chose a tool built for binary response modeling. Additionally, logistic regression is
available in most professional statistical software programs and is optimized
(parameterized) automatically according to well-defined statistical principles.

Logistic Regression Model

We used the techniques of McCullagh and Nelder (1989) to provide an estimate of a
function of the response variable (erosion or no erosion) as a linear function of the
predictor variables. In logistic regression, the response variable is binomial. That is, the
variable has only two possible values: erosion occurred (1) or no erosion occurred (0)
with probability of success (erosion) given as p. The logistic regression equation connects
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a function L of p (the link function) with the linear function of the predictor variables.
The link function is the logit function: L(p)=In(p/(1-p)). In mathematical terms:

L(p)=In 7 pp =B+ 2 B+ 2 Byx F Xy itk Eq. 5-1
- i=1 ij

where the B’s are real coefficients (parameters of the model), and x;’s are the &

explanatory variables. The terms :Bijxi *x j are called “interaction” terms. Once the

model is parameterized, p’s are computed from the values of L(p) for each observation
using an inverse logit function:

L
e

T I+ét

P Eq. 5-2

The inverse logit function is closely connected with logistic distribution, which is why
this regression technique is called logistic regression. The model is parameterized to the
data with maximum likelihood estimates of Bi’s. These are computed using an iterative
optimization procedure called iterative reweighted least squares (IRLS). For details on
the IRLS procedures and generalized linear models, see McCullagh and Nelder (1989).
All computations were made using an Splus procedure g/m. The logistic regression model
assigns an estimated probability of erosion to each shoreline segment.

Variables Influencing Erosion

To assess the impact of individual land, shore, and meteorological characteristics on the
probability of erosion, we employed analysis of deviance and the Cp statistic criterion.
For analysis of deviance (McCullagh and Nelder, 1983), we used a sequential chi-square
test for significance of sequential addition of individual variables to the null model
(model with only a constant term). The Cp statistics (McCullagh and Nelder, 1983;
Akaike, 1973) were used to approximate the relative importance of each variable (or its
smoothed value) to the response. The smaller the Cp statistics, the more “influential” the
corresponding explanatory variable.

Goodness-of-Fit Techniques

In any statistical modeling problem, we have a choice of measures for goodness of fit.
They always depend on the questions we want to answer and the cost of erroneous
predictions with the model. In this project, we felt that it was most important that the
models classify observations correctly (i.e., that the agreement between the shoreline
segments observed as eroded or not eroded and classified by the model as eroded or not
eroded is reasonable). To quantify the goodness of fit, we used traditional, and new,
perhaps more intuitive measures of fit.

The traditional measure of fit is a chi-square test for independence between observations
and model predictions. The chi-square test (Hosmer and Lemeshow, 1989) provides a
means for assessing classification accuracy by testing independence between the
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observed and model-predicted observations. We classified observations as eroded (E) or
not eroded (NE) based on the probability of erosion estimated by the model. This
required choosing a cutoff for probability of erosion that would classify a segment as E or
NE. We chose a cutoff of 0.62, which optimized all conditional probabilities of match
between the model and data. Other methods of choosing cutoff probability can be used,
depending on user preferences and needs.

Another look at fit can be provided by analysis of model deviance. Deviance or residual
deviance' of a logistic regression model is defined as:

Re sidual deviance = -2XIn(F ) Eq. 5-3

where F is the likelihood function. That is, the residual deviance is the familiar
“~2*loglikelihood function”. The likelihood function (in logistic regression) gives the
probability of observing the observed data under a logistic regression model. That is, F is
the probability of observing the data we actually observed computed using the
probabilities of erosion estimated by the model. In mathematical terms:

n

F=[] =\ (1-x,)"" Eq. 5-4

i=1

where every 7; =P(E; =I) is the probability of erosion of the itk shoreline segment

estimated by the model, and » is the total number of observations. The common
interpretation of the likelihood function is having two models that give two sets of
probabilities of erosion for every segment (the one with larger likelihood F is better).
Thus, the model with smaller residual deviance is better. We would like to note that
although the definition of residual deviance is very different from the definition of the
error (residual) sum of squares in the familiar linear regression, their use for assessing
regression model fit is similar. For linear regression, we seek a model with minimal error
sum of squares; for logistic regression, we seek a model with minimal residual deviance.
We can test if the difference between two models is significant using a chi-square test
based on the difference between the residual deviances of the models (McCullagh and
Nelder, 1983).

Another, perhaps more informative use of residual deviance is computation of n™ root of

the likelihood function for a given model, that is ﬁ Mathematically, W is the
geometric average probability of modeling what was actually observed (per segment).
Averaging is with respect to the number of observations. A geometric average is a more
suitable estimate of an average term in a product (F is a product) than the arithmetic

average. With the residual deviance computed for a model, it is easy to compute ¥/ F .

' We use the term “residual deviance” to be consistent with the familiar notion of residual sum of squares
for linear models.
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Namely,
ﬁ = exp(— Re sidual deviance/2n) Eq. 5-5

where n is the number of observations in the data set. Again, a successful model will
simulate with a high average probability (per segment) what was actually observed.

New, intuitive measures of fit include conditional probabilities of match between
observations and model predictions. A good model should predict erosion with
reasonable accuracy, but accuracy measures need to be defined. An intuitive approach is
to examine the four combinations of model predictions coupled with observations. We
have two outcomes from the model: erosion (1) or no erosion (0). The observations also
were partitioned into eroded (1) and non-eroded segments (0). When we couple model
predictions with observations, we can calculate the probabilities of the model correctly
predicting what was observed. More precisely, we examined the following conditional
probabilities:

1. P(ol|pl), the probability of observing erosion (01) given (|) that the model
predicted erosion (pl)

2. P(00|p0), the probability of observing no erosion (00) given that the model
predicted no erosion (p0)

3. P(pljol), the probability of predicting erosion (pl) given that erosion occurred
(ol)

4. P(p0|00), the probability of the model predicting no erosion (p0) given that no
erosion occurred (00)

We will refer to these probabilities as measures of fit. The choice of a particular measure
of fit should be left to the user, although we estimated all of them.

In order to estimate measures of fit, we classified the probabilities of erosion returned by
the models into two categories: erosion or no erosion. This step required choosing a
cutoff point for the probabilities of erosion. All probabilities less than the cutoff were
classified as prediction of no erosion. All of those equal to or greater than the cutoff were
classified as predicted erosion. For every model, we explored a range of cutoffs. As
expected, a given cutoff does not maximize all measures of fit at the same time.

Conditional probabilities of fit were estimated as relative frequencies. For example, the
conditional probability of observed erosion given predicted erosion was computed as:

P(ol|pl) = P(ol and p1)/P(pl) = (the number of segments with observed and
predicted erosion)/(the number of segments
with predicted erosion).

Results

Variables influencing erosion. Explanatory variables considered in the logistic
regression models included the type of feature, slope, normalized height of shoreline
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feature, material, aspect, and wind station location. Some of these variables were
qualitative (type of feature, material, and wind station location) and some quantitative
(slope, normalized height, and aspect).

Below, we present results of sequential chi-square tests for significance for all variables
added sequentially (first-top to last-bottom) to the model (Table 5-1). This analysis, with
a mix of qualitative and quantitative variables in a logistic regression model, corresponds
to the familiar analysis of covariance in the multivariate regression. The first column lists
all explanatory variables in the order they were added to the model. The second column
provides residual deviance of the sequentially upgraded models. The last column contains
p-values of the sequential chi-square tests. The last line of Table 5-1 corresponds to the
model with all explanatory variables. The NULL model includes an intercept but no
explanatory variables.

Table 5-1. Results of first test on all explanatory variables with no interaction terms.
Terms added sequentially (first to last).

Residual Deviance P-value

NULL model 87.32067

Feature 78.06127 0.0097577
Slope 72.74613 0.0211409
Normalized height 72.57669 0.6806083
Material 62.82363 0.0207862
Aspect 62.61548 0.6482209
Wind 62.18464 0.5115794

The chi-square test suggested that feature, slope, and material were significant
explanatory variables. Next, we repeated this test with several interaction terms involving
significant variables. We present results of the final model tests with two significant
interactions (slope*material and slope*wind) in Table 5-2. In the final model, we used
the three individual variables that were significant in the no-interaction model and two
interactions. Since the interaction between wind and slope is significant, we included
wind itself as an explanatory variable in the final model.

Table 5-2. Results of final model tests with two significant interaction terms. Terms
added sequentially (first to last).

Residual deviance Pr(Chi)

NULL model 87.32067

Feature 78.06127 0.0097577
Slope 72.74613 0.0211409
Material 62.88530 0.0197869
Wind 62.37638 0.4756064
Slope*material 50.01642 0.0062465
Slope*wind 46.19912 0.0507260
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The sequential chi-square tests were significant for feature, slope, material, and the
interactions of slope*material and slope*wind. Additionally, we tested the model with
interactions for significant improvement over the model without interaction terms. The
test showed significant improvement after adding two interaction terms.

Finally, we computed Cp statistics for all models that included only one explanatory
variable. The Cp statistical values for the NULL and all one-variable models are provided
in Table 5-3. The lower the Cp statistics are, the more “influential” the variable. The
NULL model includes an intercept but no explanatory variables.

Table 5-3. Cp statistical values for the NULL and one-variable models.

Cp
NULL model 65.03226
Feature 61.35856
Slope 60.16785
Normalized height 66.93348
Material 52.57659
Aspect 62.42300
Wind 52.91893

The Cp statistics roughly confirm results of the chi-square analysis. Since feature and two
interaction terms were found significant in the sequential chi-square test, we selected the
model with feature, slope, material, and the interactions of slope*material and
slope*wind as explanatory variables.

Goodness-of-Fit Analysis

We computed all measures of fit (conditional probabilities of matches between observed
and predicted erosion) as well as performed chi-square tests of independence and analysis
of deviance described above.

Measures of fit. Starting with results on the conditional probabilities of fit, the logistic
regression model was fit to the data, and the probabilities of erosion were computed for
each segment. In order to compute conditional probabilities of fit, we had to choose a
cut-off value for the model-predicted probability of erosion. Any observation with the
estimated probability of erosion below the cutoff value was classified as having no
erosion; otherwise it was classified as eroded. Then, the conditional probabilities of
match between observed and predicted erosion were computed (see Goodness-of-fit
techniques).

Figure 5-1 presents estimated conditional probabilities of fit (match) as functions of the
cutoff value. Two conditional probabilities [P(o1|P1) and P(p0|o0)] are increasing and
two are decreasing [P(00[P0) and P(pl|o1)] functions of the cutoff value. Fortunately, the
curves intersect at roughly one point with a cutoff value of about 0.62. This means that
0.62 is an optimal cutoff. Overall, we were positively impressed with the fit of the model.
For cutoff 0.62, all probabilities of match are about 0.8.
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Figure 5-1. Estimated conditional probabilities of fit as
a function of the cutoff value

Chi-square goodness-of-fit analysis. We also tested fit using the more conventional
method of a chi-square test for independence between observed and model-predicted
erosion. The tests showed dependence between observed and predicted erosion (p-values
=0).

Analysis of deviance. Estimates of geometric mean probabilities of modeling the data
that was actually observed are as follows: NULL model (no explanatory variables) 0.5;
fitted model: 0.69. The increase from 0.5 to about 0.7 is practically very significant.

MODELING THE AMOUNT OF EROSION

This section describes development of a stochastic model that predicts the amount of
shorezone erosion at a location, given that erosion will occur. There were two main
objectives for this part of the study:

1. Identifying a suite of explanatory variables necessary and significant for
explaining and forecasting the amount of erosion on a lakeshore

2. Evaluating performance of different statistical models and choosing the model
with the best predictive power.

Objective 1. Identifying a suite of explanatory variables necessary and significant for
explaining and forecasting the amount of erosion on a lakeshore.
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Adams and Minor (2002) defined 22 areas of the Lake Tahoe shorezone that have
undergone erosion during the last 60 years (see Chapter 3). These areas were defined
from a time-series of georectified air photos spanning the period from 1938 to 1998. The
images were incorporated into an ArcView database for analysis. We used the 22 eroded
shore segments as our study areas. For each of these segments, we compiled the
following data: length, estimated eroded area and volume (Adams and Minor, 2002), soil
material, slope, and total swash elevation for waves of a given height. We chose the
estimated eroded area as the response variable describing the “amount” of erosion. We
then analyzed wind and wave records looking for relationships with erosion. Our initial
work focused on relationships between wind and wave statistics. The second step was
exploration of the correlation between regional wind records from the National Oceanic
and Atmospheric Administration (NOAA) Upper Air Archives (Oakland, California) and
the local wind records at three sites around Lake Tahoe. Our objective for the wind data
work was to explore the relationship between strong wind events causing high wave
activity and erosion patterns around the lake.

Objective 2. Evaluating performance of different statistical models and choosing the
model with the best predictive power.

We evaluated three types of models of erosion (linear, additive, and tree) as a function of
the explanatory variables. We chose residual analysis and correlation between observed
and model-predicted erosion as indicators of fit (or lack thereof).

Results

Variables for the model. As expected, the initial set of explanatory variables was
successful in explaining variability in the amount of erosion at each of the sites (the
variables were selected on the basis of their physical connections to erosion). Total swash
elevation (TSE) reflects the lake level for any given wave energy and slope. TSE
represents total elevation achieved by the swash of the waves above still water level
(Komar, 1998). It is a linear function of slope, so the models with slope as an explanatory
variable are equivalent to those with TSE. The reason for including TSE in the suite of
explanatory variables was to make a connection between lake level and the amount of
erosion. Although that connection is not direct, it is the only one we found significant in
the models. We evaluated the usefulness of each variable in explaining the erosion
amount by including that variable in the model and checking its contribution to
variability in the erosion amount. Note that some of the explanatory variables are
continuous (erosion area, TSE) and some are discrete (soil material-five levels)—
implying that we use analysis of covariance as our tool.

We also explored a wide range of wind statistics as explanatory variables. These included
maximum and average of local winds as well as the percent of time and number of hours
the wind direction was within 30° of the aspect of a given segment. None of the wind
statistics proved significant in modeling erosion. A discrete variable grouping eroded
areas by the location of the closest wind station (wind location — 3 levels) proved
significant, however. We are not sure why and will explore this question in future
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research. The final set of explanatory variables included TSE50 (TSE with a common
deep-water wave height of 50 cm), soil material, and wind direction.

Relationship between winds and waves. Wave records were combined with local wind
records for this analysis. Both wind and wave records were summarized to hourly
averages for the time period when both records were available (3/2/01-8/31/01). Wave
records were from three wave stations: Incline Village (IV), Thunderbird Lodge (TB) and
Meeks Bay (MB). The wind records were from three wind stations: TB, D.L. Bliss State
Park (DLB), and South Lake Tahoe Blvd (SLT) (Fig. 4-4). Wind records corresponding
to wave records were chosen by proximity. The wave records from IV and TB were
paired with the wind record at TB. The wave record at MB was paired with DLB wind
data. As expected, we found that significant wave height is closely correlated with wind
speed (Fig. 4-10). This correlation depended on the site, however. Correlations between
significant wave height and wind speed ranged from 0.75 at TB and 0.72 at IV to only
0.26 at MB. Our explanation is that the MB station is in a relatively sheltered location,
and the direction of the winds is variable around that location because of the rugged
terrain. This variability in wind direction may be one important factor diminishing the
correlation between wind speed and wave height. Differences between distributions of
wind direction and speed for the two wind records sites (DLB and TB) paired with the
wave data are evident in the boxplots presented in Figs. 5-2 and 5-3.
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Figure 5-2. Boxplot showing the distribution of wind directions at the DLB
and TB sites. Distribution of the wind direction at DLB shows much more
dispersion than at TB. In fact, the standard deviation (in degrees) of wind
direction at TB (53) is about half of the standard deviation of the wind
direction at DLB (114).
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Figure 5-3. Boxplot showing distributions of hourly wind speeds at the DLB and
TB sites. The wind speed at DLB is generally lower and less variable than at TB.

An exploratory step was taken by modeling wind speed at one lake location using speed
at another as proxy. This analysis used wind data summarized to daily averages at the
three stations for the period from 9/1/98 to 8/31/01. Wind speeds were smoothed to
reduce variability, and then linear and polynomial models were fit to the smoothed,
paired wind records. Correlations were computed between modeled and observed wind
speeds. These ranged from 0.47 (LTB and DLB-linear model) to 0.70 (LTB and TB—
polynomial model) to 0.75 (DLB and TB—polynomial model). It seems that future
modeling should be done piecewise (i.e., using different models for high and low wind
speeds).

Relationships of local and regional wind records. We also studied relationships between
regional wind records from NOAA Upper Air Archives and local wind records from the
three wind record sites around Lake Tahoe. This was undertaken to extend a proxy wind
record for the Tahoe Basin back to the 1940s, the period of record for the Upper Air
Archives. We summarized the local data sets from hourly to twice-daily wind statistics
because the Oakland data recorded wind characteristics around noon and midnight. Local
data between 6 a.m. and 5 p.m. were summarized (min, max, average, median) to
correspond to the noon sampling in Oakland. The rest of the local data were summarized
to correspond to the midnight sampling in Oakland. Our analysis focused on identifying
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patterns linking the Oakland data to local wind records. No definite pattern was found.
Correlations between wind speed and direction at Oakland and locally at Lake Tahoe
were very low (below 0.3 in all cases). No transformation of variables helped. We
concluded that the two records are not closely related and that there is little information
about the local wind climate at Lake Tahoe that can be gained from the upper air records
in Oakland.

Modeling erosion. We explored several statistical approaches to modeling erosion:
linear, additive, and tree. We used residual analysis and correlation between observed and
model-predicted erosion as indicators of fit. The best in terms of these measures of fit
was the linear model. Since explanatory variables were mixed, continuous, and discrete,
the model had to be fitted to the data using a “dummy variables” technique. The
technique accounts for each level (value) of each discrete variable by assigning a
coefficient to the indicator of that variable.

The data set used for modeling is included as Table 5-1. The five levels of soil material
were coded as: old granitic beach sand (ogbs), granitic beach sand (gbs), gravelly silt
(gs), glacial till (gt), and volcanic beach sand (vbs). The three levels of the wind data
variable correspond to the locations of the wind stations closest to the shore segment. The
resulting linear model was:

Eroded area = 6701.9 — 9586.7*I(gbs) — 7958.1*I(gs) — 1257.1*I(gt) + 72.3*I(ogbs)
+222.66*TSE50 + 2688.3*I(Bliss) — 2547.3*I(LTB) Eq. 5-6

where I(x) is the indicator function. I(x) is 1 when its argument is equal to x, otherwise it
is 0.

The multiple R* for this model is 0.738, and the correlation between the observed and
model-predicted amount of erosion was 0.86. The observed and predicted erosion areas
together with 95% pointwise prediction intervals are plotted in Fig. 5-4.
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Table 5-4. Dataset for modeling the amount of shorezone erosion.

Soil Eroded Predicted
Location material area Tse50 | Wind data | eroded area
NevadaBeach ogbs 21898 22.71 LTB 13150.75
Stateline ogbs 361 4.62 LTB 9122.98
BijouPark ogbs 11644 3.19 LTB 8803.60
AlTahoe ogbs 11275 3.19 LTB 8803.60
UpperTruckee gbs 31643 4.38 LTB 31643.00
TahoeKeys ogbs 1234 5.58 LTB 9335.90
KivaBeach ogbs 10272 8.77 LTB 10045.64
BaldwinBeach ogbs 13600 13.15 LTB 11021.53
SEEmeraldBay gt 15544 117.14 Bliss 17912.42
EmeraldBayVikingsholm gt 8304 63.35 Bliss 5935.58
MeeksBay ogbs 6996 41.04 Bliss 11855.14
SugarPinePoint ogbs 4008 11.16 Bliss 5201.35
Homewood vbs 18813 31.08 Bliss 13769.91
TahoeTavern vbs 9545 7.57 Bliss 8535.59
LakeForest gs 1962 3.59 Tbird 1962.00
CarnelianBay vbs 8160 17.93 Tbird 5888.74
AgateBay vbs 4562 20.32 Tbird 6421.04
TahoeVista vbs 3449 10.36 Tbird 4203.11
Brockway ogbs 1190 6.77 Tbird -728.05
KingsBeachwest vbs 728 6.77 Tbird 3404.65
KingsBeacheast vbs 903 9.16 Tbird 3936.96
Glenbrook ogbs 4471 11.55 Tbird 336.56

Modeling Results
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Figure 5-4. Plot of modeling results showing the predicted areas of erosion compared to
the observed area and the 95% pointwise prediction limits.
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All variables in the model are statistically significant on a 5% significance level (Table 5-
5). The residuals for this model have the following statistics:

Table 5-5. Statistics of the residuals for shoreline erosion model.
Statistics of the residuals

Minimum| 1st Quartile | Mean | Median | 3rd Quartile | Maximum

-8761.98| -2241.07 0.00 113.18 2445.65 8747.25

Distribution is fairly symmetric around zero and does not change much with the increase
in predicted values. Thus, we conclude that our model, although simple, is a good
working model. We believe that although the variables in the model were predictable
(i.e., chosen because they should influence erosion), the value of this work lies in
quantification of the amount of erosion.

Conclusions

In this paper we developed a series of stochastic models that predict where, how much,
and under what conditions shorezone erosion will occur at Lake Tahoe. These models
consider environmental factors such as lake-level fluctuations, material properties of the
shorezone, and the wind and wave climate at Lake Tahoe. They do not, however, account
for the effects of shorezone protective structures. Therefore, when applying these models,
local shorezone conditions must be taken into account. The approaches and models
developed herein should be adaptable to other large lakes if the contributing parameters
are known or can be measured.
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Chapter 6
Effect of Different Lake-Level Scenarios on Shorezone Erosion

Kenneth D. Adams
Anna K. Panorska

Introduction

The amount of shorezone erosion that has occurred, or has the potential to occur, at any
particular location around Lake Tahoe is directly related to material properties of the
shorezone, wave activity, and fluctuating water levels (Chapter 3; Adams and Minor,
2002). More specifically, shorezone erosion typically is caused by waves breaking at the
bases of easily eroded bluffs when lake level is high. Both the direct impact of waves on
the bluffs and the onrush of wave swash up the beach are capable of erosion and sediment
transport. When lake level is low, wave energy is expended on the beaches and does not
impact long-term shore erosion.

The natural spill point for Lake Tahoe is at about 1897 m (6223 ft). Since the 1880s, a
series of dams at the outlet have increased lake level to as high as 1899.2 m (6231 ft)
resulting in large amounts of shorezone erosion. The Lake Tahoe dam is now operated
under the Truckee River Agreement (TRA), which has been in place since 1935. Under
this management scheme, lake level is mandated to not exceed 1898.65 m (6229.1 ft),
and water is managed for flood control and to satisfy water rights. A new management
scheme, the Truckee River Operating Agreement (TROA), is currently under
consideration to replace the existing management scheme for dam operations. Under
TROA, the dam would continue to be operated for flood control and to satisfy water
rights, but also would provide for enhancement of spawning flows in the lower Truckee
River. Because projected lake levels under TROA would be slightly different than under
the TRA, concerns have been raised about how TROA, if implemented, might affect
shorezone erosion at Lake Tahoe. In this chapter, we address the question of whether or
not lake levels under TROA would significantly affect shorezone erosion.

Observations of the Heights of Shoreline Angles and Beach Ridges

A record of past erosive events at Lake Tahoe is preserved by shoreline angles, which are
formed by erosion and sediment transport during wave breaking and run up. Shoreline
angles are defined by an abrupt change in slope found at the upper edges of beaches and
at the bases of wave cut escarpments. These angles represent the minimum height of
maximum wave run up (Fig. 6-1). Another measure of the height to which waves can
reach is the crest of beach ridges, which commonly form on lower gradient slopes with an
abundant sediment supply. Variations in the heights of both types of features provide a
measure of how much shorezone erosion has occurred at a site in the past, and more
importantly, the potential for further erosion in the future.
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Shoreline angle

Crest of
beach ridge

Figure 6-1. Photographs of features reflecting the height of modern wave
runup. A) Shoreline angle formed at the top of the beach and at the base of a
wave-eroded bluff. B) Coarse gravel beach ridge formed from wave run up.
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Figure 6-2. Map of the locations of shoreline angle and beach ridge
measurements and their heights relative to the maximum lake level
of 1898.65 m (6229.1 ft).

We made 90 elevation measurements of shoreline angles and the crests of beach ridges
along most parts of the shore capable of erosion (Fig. 6-2 and Table 6-1). In Figure 6-2,
the height of the shore features is plotted with respect to the maximum lake level of
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1898.65 m (6229.1 ft); positive numbers indicate features above maximum lake level,
while negative numbers indicate features below maximum lake level. Elevations were
measured with a hand level and survey staff, using the surface of the lake as a known
datum. Elevations of shoreline angles and beach ridges vary by as much as 1.4 m, which
is in part a reflection of the variation in the height of wave run up at different locations
around the lake. In general, elevations of beach ridge crests are higher than nearby
shoreline angles, an observation consistent with Pleistocene beach features in the
Lahontan basin (Adams and Wesnousky, 1998). For about 20% of the locations
measured, the elevation of the shoreline angle is actually lower than the maximum lake
level of 1898.65 m (6229.1 ft) (Table 6-1). This means that when the lake is at full pool,
the still-water level is at or above the elevation of the shoreline angle and that waves will
directly impact the bluff (see Fig. 2-5). The fact that there are a significant number of
locations with shoreline angles lower than the maximum lake level is further proof that
the shorezone system of Lake Tahoe is not yet in equilibrium and that erosion will
continue to occur when lake levels are high.

Table 6-1. Locations and heights of features reflecting the modern wave climate at
Lake Tahoe. SL angle = shoreline angle. Normalized height is the height of the feature
minus the legal high limit of Lake Tahoe (1898.65 m). Coordinate system is UTM
Zone 10, NAD 27.

Height of
Easting | Northing Feature feature (m) Normalized height (m)
1 749818 | 4325595 beach ridge 1899.18 0.5285
2 749692 | 4327507 SL angle 1899.13 0.4785
3 749729 | 4327475 SL angle 1898.93 0.2785
4 749765 | 4327442 SL angle 1898.63 -0.0215
5 | 749834 | 4327167 SL angle 1898.78 0.1285
6 749836 | 4327140 SL angle 1898.53 -0.1215
7 749819 | 4327096 SL angle 1898.73 0.0785
8 | 749821 4327056 SL angle 1898.33 -0.3215
9 | 749815 | 4326989 SL angle 1898.38 -0.2715
10 | 749810 | 4326951 SL angle 1898.48 -0.1715
11 | 749809 | 4326922 SL angle 1898.98 0.3285
12 | 749810 | 4326874 SL angle 1898.98 0.3285
13 | 749957 | 4326279 SL angle 1898.83 0.1785
14 | 749981 4326228 SL angle 1898.83 0.1785
15| 750001 4326195 SL angle 1898.88 0.2285
16 | 750013 | 4326153 SL angle 1898.83 0.1785
17 | 750034 | 4326096 SL angle 1898.98 0.3285
18 | 750073 | 4326030 SL angle 1898.98 0.3285
19 | 750095 | 4326006 SL angle 1898.98 0.3285
20 | 749926 | 4325665 SL angle 1898.88 0.2285
21| 753637 | 4314771 SL angle 1898.53 -0.1184
22 | 753793 | 4314630 beach ridge 1899.33 0.6816
23 | 753975 | 4314530 beach ridge 1898.93 0.2816
24 | 754320 | 4314359 beach ridge 1899.28 0.6316
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Table 6-1 (cont.)

25| 754809 | 4314188 beach ridge 1899.13 0.4816
26 | 754946 | 4314156 beach ridge 1899.03 0.3816
27 | 755380 | 4314218 SL angle 1898.58 -0.0684
28| 755651 4314171 SL angle 1898.88 0.2316
29| 755806 | 4314131 SL angle 1898.98 0.3316
30| 756148 | 4314042 SL angle 1898.93 0.2816
31| 756383 | 4314003 SL angle 1898.78 0.1316
32| 759651 4314232 SL angle 1898.83 0.1816
33| 759996 | 4314378 SL angle 1898.58 -0.0684
34| 760363 | 4314440 beach ridge 1898.83 0.1816
35| 760578 | 4314526 beach ridge 1898.78 0.1316
36| 760687 | 4314541 beach ridge 1899.03 0.3816
37| 760902 | 4314633 SL angle 1898.13 -0.5184
38| 761200 | 4314707 SL angle 1898.48 -0.1684
39| 761833 | 4314795 SL angle 1898.63 -0.0184
40| 762209 | 4314854 SL angle 1898.68 0.0316
41| 762699 | 4315017 SL angle 1898.68 0.0316
42| 762796 | 4315054 SL angle 1898.63 -0.0184
43| 764234 | 4318118 beach ridge 1899.13 0.4785
44| 764378 | 4316957 SL angle 1898.93 0.2785
45| 764010 | 4315990 SL angle 1898.83 0.1785
46| 763710 | 4319290 SL angle 1898.83 0.1785
47| 745841 4333076 SL angle 1898.84 0.1834
48| 745431 4331603 SL angle 1898.69 0.0334
49| 745378 | 4331073 SL angle 1898.79 0.1334
50| 745666 | 4330290 SL angle 1898.74 0.0834
51| 745920 | 4329647 SL angle 1899.14 0.4834
52| 746441 4328952 SL angle 1898.84 0.1834
53| 746631 4328787 SL angle 1898.84 0.1834
54| 749259 | 4327770 SL angle 1898.69 0.0334
55| 749693 | 4327516 SL angle 1899.04 0.3834
56| 746000 | 4334744 beach ridge 1898.99 0.3335
57| 746273 | 4335259 SL angle 1898.59 -0.0665
58| 746273 | 4335413 SL angle 1898.64 -0.0165
59| 746200 | 4336210 SL angle 1898.89 0.2335
60| 746656 | 4336629 SL angle 1898.74 0.0835
61| 746949 | 4337495 SL angle 1898.69 0.0335
62| 747133 | 4338565 SL angle 1898.69 0.0335
63| 748166 | 4340504 SL angle 1898.74 0.0835
64| 749458 | 4323365 SL angle 1898.78 0.1255
65| 749726 | 4322339 SL angle 1898.88 0.2255
66| 751248 | 4320567 SL angle 1898.58 -0.0745
67| 750243 | 4321404 SL angle 1898.78 0.1255
68| 764477 | 4327693 SL angle 1898.77 0.1133
69| 764529 | 4327899 SL angle 1898.67 0.0133
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Table 6-1 (cont.)

70| 764574 4328969 SL angle 1898.72 0.0633
71| 764376 4329197 SL angle 1898.67 0.0133
72| 764222 4325661 SL angle 1898.77 0.1133
73| 749161 4340634 SL angle 1898.55 -0.1019
74| 749436 4340744 SL angle 1898.85 0.1981
75| 749774 4340910 SL angle 1898.55 -0.1019
76| 750360 4341034 SL angle 1898.90 0.2481
77| 750923 4341830 SL angle 1898.60 -0.0519
78| 751657 4345319 SL angle 1898.75 0.0981
79| 752272 4345755 beach ridge 1899.55 0.8981
80| 754565 4347239 SL angle 1898.83 0.1749
81| 754952 4347210 SL angle 1898.88 0.2249
82| 756345 4347036 SL angle 1898.78 0.1249
83| 758514 4345579 SL angle 1899.08 0.4249
84| 761495 4348327 SL angle 1898.98 0.3249
85| 764297 4322109 SL angle 1898.82 0.1652
86 | 764262 4322179 SL angle 1898.72 0.0652
87| 764247 4322214 SL angle 1898.72 0.0652
88| 764221 4322240 SL angle 1898.72 0.0652
89| 764205 4322375 SL angle 1898.72 0.0652
90| 764082 4322615 SL angle 1898.92 0.2652

Modeling of Wave Run up

To address the question of whether TROA will significantly affect shorezone erosion, we
need to define what “affect” means in this context. In order for the shorezone to erode,
waves need to reach the shoreline angle, either by directly breaking on the bluff itself or
by the swash of the breaking waves rushing up the beach and reaching the base of the
bluff. The impact of waves at the bases of wave-cut escarpments results in undercutting
and shoreward retreat of the bluff, which typically occurs when lake level is high. If wave
run up does not reach the base of a bluff, then erosion likely will not occur. Similarly,
shore retreat can occur if wave swash overtops active beach ridges, eroding material from
the front of the beach ridge and depositing it on the shoreward side of the ridge, causing
the ridge to migrate landward (Adams and Wesnousky, 1998).

Lake Tahoe typically fluctuates between its maximum lake level of 1898.65 m (6229.1 ft)
and its natural rim elevation of about 1897 m (6223 ft) (Fig. 1-2), although sometimes the
lake drops below its natural rim. It is reasonable to assume that shorezone erosion only
occurs when lake level is high. The question then becomes, at what lake-surface elevation
does shorezone erosion potentially become significant?

To address this question, we used observations of elevations of shoreline angles and
beach ridges (Table 6-1) compared to modeled elevations of wave run up for a variety of
wave parameters and lake levels. The maximum wave run up height above still-water
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level is known as total swash elevation (TSE), which is linearly dependent on the local
slope and wave period:

Total swash elevation=0.36g"°SH’"T Eq. 6-1

where g = 9.81 msec?, S = slope, H = deep-water significant wave height, and T = wave
period (Komar, 1998). This equation predicts the height above still-water level that swash
from waves of given parameters will reach upon breaking. Modeled lake levels for Lake
Tahoe under current operating conditions were used in this analysis (Table 6-2), along
with the wave parameters outlined in Table 6-3.

Table 6-2. Average annual lake levels for the water year
under current conditions.

Exceedence values Lake level (ft) Lake level (m)

Maximum 6228.74 1898.54
5% 6228.45 1898.45

10% 6228.37 1898.43
20% 6228.24 1898.39
30% 6228.11 1898.35
40% 6227.89 1898.29
Median (50%) 6227.63 1898.20
60% 6226.90 1897.98
70% 6226.16 1897.76
80% 6224.92 1897.38
90% 6223.55 1896.96
95% 6222.86 1896.75
Minimum 6221.49 1896.33

Table 6-3. Wave parameters used in this analysis.

Wave height (m) Wave period (sec)
0.5 3
1 4
2 5

We first modeled the TSE at each of the 90 shoreline measurement locations (Table 6-1),
given the three sets of wave parameters in Table 6-3. Slope was calculated from high-
resolution LIDAR bathymetry. We then added the TSE values for the three types of
waves to the lake levels associated with each of the exceedence frequencies (Table 6-2)
to determine the absolute height that the TSE would reach. These elevations were then
compared to elevations of the shoreline angles and beach ridges (Table 6-1). If the TSE at
a particular site reached the elevation of the shoreline angle or the crest of a beach ridge,
then we concluded that shorezone erosion is possible at that location, for those
conditions.
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For the smallest waves (0.5 m, 3 sec), shoreline angles and beach ridges are not impacted
at any of the 90 sites when lake level is at 1898.01 m (6227 ft) or lower. For the next
larger waves (1 m, 4 sec), just one shoreline angle and no beach ridges are impacted
when lake level is at 1898.01 m (6227 ft) or lower. For the largest waves (2 m, 5 sec),
shoreline angles are impacted at four of the 90 sites when lake level is at 1898.01 m
(6227 ft) or lower. Therefore, 1898.01 m (6227 ft) is a reasonable cutoff lake surface
elevation to choose when discussing lake level as it relates to shorezone erosion.

Changing Water Levels Under TROA

In order to assess how much erosion is possible at any given location around Lake Tahoe
and how changing lake levels under TROA might affect shorezone erosion, we must
make several assumptions. We first assume that this assessment only applies to
shorezones capable of erosion, which generally excludes bedrock shores and shores with
significant and effective shore protective structures. Next, we assume that lake level will
never rise above the maximum legal level of 1898.65 m (6229.1 ft). Given this constraint,
there is a maximum run up elevation for every shore location based on the maximum size
waves possible for that location and local conditions such as slope. Given enough time,
the maximum size waves possible at any given location will occur at that location. The
amount of time that it will take for the Lake Tahoe shorezone to reach equilibrium (i.e.,
when shorezone erosion no longer occurs) is unknown. It is likely, however, that the rate
of change will decrease through time as more and more storms impact various parts of
the shore when lake level is high. Recall that the natural rim of Lake Tahoe is at
approximately 1897 m (6223 ft), so waves have only been acting on the shorezone being
formed at 1898.65 m (6229.1 ft) for some fraction of the 120 years or so when the first
dam was installed. Because TROA will not alter the maximum legal limit of Lake Tahoe,
this proposed agreement should have no impact on the total, long-term amount of
shorezone erosion. TROA may, however, affect the rate of shorezone erosion in the
shorter term because it will affect lake levels below the maximum limit.

The concern that TROA will increase shorezone erosion is primarily related to the fact
that lake levels would be altered from those under different lake-level management
scenarios, including the existing scheme. In this analysis, three different lake level
scenarios are compared to TROA, including Current, No Action, and Local Water Supply
options. The U.S. Bureau of Reclamation supplied modeling data for each of these
scenarios. If lake levels are the same or lower than under TROA in these comparisons,
then no increases in shorezone erosion are expected. If lake levels are higher under
TROA, then there is a potential for increased shorezone erosion.

The first step to evaluate potential effects of different lake-level scenarios on future
shorezone erosion is to calculate the difference in lake levels from each of the four
different scenarios. In this study, the 5% exceedence lake levels (wet conditions) (Table
6-4) and 50% exceedence lake levels (moderately wet conditions) (Table 6-5) were used
for each calendar month for comparisons. The order of comparison is Current vs. No
Action, Current vs. Local Water Supply, Current vs. TROA, No Action vs. TROA, and
No Action vs. Local Water Supply.
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Table 6-4. Comparison of lake level changes (5% exceedence values) between Current vs. No Action, Current vs. Local Water Supply,
Current vs. TROA, No Action vs. TROA, and No Action vs. Local Water Supply. Green-shaded boxes are those that have positive lake-
level changes under TROA. Units are in meters.

ocT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

Current 1898.439|1898.409 | 1898.427 | 1898.452 | 1898.470 | 1898.528 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.479

VS.
No Action 1898.430|1898.409 | 1898.421 | 1898.452 | 1898.467 | 1898.516 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.473
Differences -0.009 0.000 -0.006 0.000 -0.003 -0.012 0.000 0.000 0.000 0.000 0.000 -0.006
Current 1898.439|1898.409 | 1898.427 | 1898.452 | 1898.470 | 1898.528 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.479

VS.
Local Water Supply | | 1898.430 | 1898.409 | 1898.421|1898.452 | 1898.467 | 1898.516 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.473
Differences -0.009 0.000 -0.006 0.000 -0.003 -0.012 0.000 0.000 0.000 0.000 0.000 -0.006
Current 1898.439|1898.409 | 1898.427 | 1898.452 | 1898.470 | 1898.528 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.479

VS.
TROA 1898.427|1898.403 | 1898.421 | 1898.455 | 1898.473 | 1898.528 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.552 | 1898.470
Differences -0.012 -0.006 -0.006 0.003 0.003 0.000 0.000 0.000 0.000 0.000 -0.006 -0.009
No Action 1898.430|1898.409 | 1898.421 | 1898.452 | 1898.467 | 1898.516 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.473

VS.
TROA 1898.427|1898.403 | 1898.421 | 1898.455 | 1898.473 | 1898.528 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.552 | 1898.470
Differences -0.003 -0.006 0.000 0.003 0.006 0.012 0.000 0.000 0.000 0.000 -0.006 -0.003
No Action 1898.430|1898.409 | 1898.421 | 1898.452 | 1898.467 | 1898.516 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.473

VS.
Local Water Supply || 1898.430 | 1898.409|1898.421 | 1898.452 | 1898.467 | 1898.516 | 1898.546 | 1898.622 | 1898.622 | 1898.622 | 1898.558 | 1898.473
Differences 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table 6-5. Comparison of lake level changes (50% exceedence values) between Current vs. No Action, Current vs. Local Water Supply,
Current vs. TROA, No Action vs. TROA, and No Action vs. Local Water Supply. Green-shaded boxes are those that have positive lake-level
changes under TROA. Units are in meters.

ocCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP
Current 1898.022|1898.010{1898.000/1898.107|1898.110{1898.122|1898.144|1898.342|1898.479/1898.421|1898.314|1898.180
VS.
No Action 1898.010[1897.994|1897.985|1898.077|1898.089|1898.116|1898.135|1898.339|1898.467|1898.409|1898.299|1898.171
Differences -0.012 | -0.015 | -0.015 | -0.030 | -0.021 | -0.006 | -0.009 | -0.003 | -0.012 | -0.012 | -0.015 | -0.009
Current 1898.022(1898.010]{1898.000]{1898.107|1898.110|1898.122|1898.144|1898.342|1898.479|1898.421|1898.314|1898.180
VS.
Local Water Supply 1898.007[1897.994|1897.985|1898.077|1898.089|1898.113(1898.135|1898.339|1898.464|1898.409|1898.299/1898.171
Differences -0.015 | -0.015 | -0.015 | -0.030 | -0.021 | -0.009 | -0.009 | -0.003 | -0.015 | -0.012 | -0.015 | -0.009
Current 1898.022(1898.010|1898.000({1898.107|1898.110|1898.122|1898.144|1898.342|1898.479/1898.421|1898.314|1898.180
VS.
TROA 1898.061|1898.058({1898.049/1898.107|1898.132|1898.138|1898.171|1898.351|1898.476/1898.418|1898.305|1898.199
Differences 0.040 0.049 0.049 0.000 0.021 0.015 0.027 0.009 | -0.003 | -0.003 | -0.009 | 0.018
No Action 1898.010[1897.994|1897.985|1898.077|1898.089|1898.116{1898.135|1898.339|1898.467|1898.409|1898.299/1898.171
VS.
TROA 1898.061[1898.058|1898.049|1898.107|1898.132|1898.138|1898.171]|1898.351|1898.476|1898.418|1898.305|1898.199
Differences 0.052 0.064 0.064 0.030 0.043 0.021 0.037 0.012 0.009 0.009 0.006 0.027
No Action 1898.010[1897.994|1897.985|1898.077|1898.089|1898.116{1898.135|1898.339|1898.467|1898.409|1898.299/1898.171
VS.
Local Water Supply 1898.007|1897.994|1897.985|1898.077|1898.089|1898.113|1898.135|1898.339|1898.464|1898.409|1898.299|1898.171
Differences -0.003 | 0.000 0.000 0.000 0.000 | -0.003 | 0.000 0.000 | -0.003 | 0.000 0.000 0.000
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In examining Table 6-4 (5% exceedence values), most of the comparisons yield no
change or a negative number, which indicates that lake level would actually be lowered
in those cases. If lake level does not change or is lowered, then there is no increased
potential for shorezone erosion. Therefore, in the scenario comparisons of Current vs. No
Action, Current vs. Local Water Supply, and No Action vs. Local Water Supply (Table 6-
4), shorezone erosion will not be affected. In both the Current vs. TROA and No Action
vs. TROA scenario comparisons, lake level would be slightly increased for a period of
two to three months each year (Table 6-4). The magnitude of lake-level change under
TROA, compared to Current and No Action alternatives for the 5% exceedence values,
would range from 0.3 to 1.2 cm (0.01 to 0.04 feet; 0.12 to 0.48 inches).

For the 50% exceedence values (Table 6-5), most of the comparisons also yield no
change or a negative change. In particular, for the scenario comparisons of Current vs.
No Action, Current vs. Local Water Supply, and No Action vs. Local Water Supply
(Table 6-5), shorezone erosion will not be affected. In the Current vs. TROA comparison,
lake level would be increased by as much as 4.9 cm (0.16 feet; 1.92 inches) in November
and December and lesser amounts during other times of the year. For the TROA vs. No
Action comparison, lake level would be increased during all months of the year by 0.6 to
6.4 cm (0.2 to 0.21 feet; 0.24 to 2.52 inches) (Table 6-5).

To evaluate whether or not these magnitudes of lake-level change (for both the 5% and
50% exceedence values) would influence shorezone erosion, we used observations of the
elevations of shoreline angles and beach ridges combined with analytical modeling of
wave run up processes and a statistical procedure to determine significance.

Stochastic Model

Our procedure was to evaluate the probability of whether shoreline angles and beach
ridge crests (Table 6-1) would be reached by run up from different wave sizes under
several lake-level scenarios. Given a lake level, we estimated the proportion of the 90
shoreline segments where the waves would have TSE large enough to reach the shoreline
angle. That proportion would indicate the probability of erosion of a segment. Further,
given two lake levels and wave parameters, we estimated the difference in the proportion
of segments for which the waves reached the shoreline angle. Using stochastic
techniques, we estimated that difference and tested its significance. If the difference was
not significantly different from zero, we concluded that the two lake levels were no
different in their erosive potential. If the difference was significantly different from zero,
we concluded that the higher lake level had significant potential for causing more
erosion. For this analysis, we used several combinations of wave height and period that
are common or possible for Lake Tahoe (Table 6-3).

For a higher lake level, we let Xj, i=1, ..., 90 be independent and identically distributed
random variables indicating erosion potential (i.e., let X;=1 for the i™ segment if the total
swash elevation is greater than the elevation of the shoreline angle of that segment). This
implies that waves will impact the shoreline angle and potentially cause erosion of that
segment otherwise, we let X;=0 (no erosion for given waves).
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For the lower lake level, we let Y; correspond to X;’s (i.e., Y; has the same interpretation
for each of the 90 shoreline segments).

Next, we let px = (1/90)21:190 Xiand py = (1/90)21:190 Yi [i.e., px (py) is the proportion of
the segments that have potential for erosion under higher (lower) lake level]. The
difference between the proportions of areas (segments) that have potential for erosion
under two lake levels is estimated by d = px-py,. We wanted to test if d were significantly
greater than zero. If d>0, then the proportion of segments with potential for erosion
would be larger under the higher lake level.

Because random variables X; and Y; are dependent (computed for the same shoreline
segments), the proportions px and p, are also dependent. Thus, traditional tests for
difference of proportions do not apply. Instead, we used tests for dependent proportions
or matched pairs (Agresti, 2002). The null hypothesis in all cases was Ho: d=0 and was
tested against the alternative H;: d>0. Rejection of the null hypothesis means that the
higher lake level would yield a significantly larger number of areas subject to erosion.

Assumptions under which this methodology works include identical distribution of the
Xi’s (Yi’s). We think of the shoreline of the lake as an infinite or very large collection of
short segments. The true probability of erosion p is the probability that a segment will
erode for a given set of wave and geological conditions. We also can think of p as the
proportion of the total shoreline that has potential for erosion under certain types of wave
conditions. Then, p is the true proportion of (potentially) eroded segments. We think of
the sample of 90 segments as a random sample from the much larger population of
shoreline segments. X;’s (Yi’s) indicate erosion for each segment in the sample. The
probability that each X (Y;) is 1 (erosion occurs) is p, the same for each sample segment.
Thus, we may think of X;’s (Y;’s) as identically distributed.

Results

Lake-Level Scenarios in Table 6-4 (5% Exceedence Values)

There were no significant differences in the proportions of (potentially) eroded shoreline
segments for any lake levels and wave characteristics (5% significance level).

Lake-Level Scenarios in Table 6-5 (50% Exceedence Values)

Each of the positive-value comparisons in Table 6-5 were analyzed for each of the wave
types in Table 6-3 to test if significantly more shoreline angles were impacted by the TSE
for the increased lake level.

For the smallest types of waves (H = 0.5 m, t = 3 sec), there were no significant
differences in the proportions of impacted shoreline angles for any lake levels (5%
significance level).

For moderate-sized waves (H =1 m, t = 4 sec), only one comparison yielded a significant
difference in the proportions of impacted shoreline angles. Lake levels during the month
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of June under the No Action vs. TROA comparison would be increased from 1898.467 m
to 1898.476 m, a difference of 0.009 m. The sample proportion of nonimpacted shoreline
angles under the No Action lake level (LL1) is 0.7444 but is 0.7 under TROA (LL2). The
observed difference of 0.0444 has a p-value of 0.0455 and is therefore significant.

For the largest waves (H =2 m, t = 5 sec), three of the comparisons yielded significant
differences in the proportions of impacted shoreline angles. Table 6-6 outlines the

specific comparisons that yielded the significant differences.

Table 6-6. Comparisons yielding significant differences in proportions of impacted shoreline
angles under two lake levels. Lake levels are in meters.

Proportio [Proportion
n non non
Lake-level| impacted | impacted
Comparison Month LL1 LL2 difference| for LL1 for LL2 |Difference|P-value
Currentvs. TROA | OCT | 1898.022 [1898.061| 0.040 0.9556 | 0.9111 0.0444 |0.0455
No Action vs. TROA | OCT | 1898.010 |1898.061| 0.052 0.9556 | 0.9111 0.0444 10.0455
No Action vs. TROA | FEB | 1898.089 |1898.132| 0.043 0.9000 | 0.8444 | 0.0556 |0.0253

Our next step was to determine how much lake level would need to be increased to
produce a significantly larger proportion of impacted shoreline angles for each of the
positive value comparisons listed in Tables 6-5 and 6-6. For this analysis, we started with
the lower lake level (LL1) and increased it by 0.001 m increments until the proportion of
nonimpacted shoreline angles under the higher lake level (LL2) was significantly greater
than under the starting lake level. We chose a significance level of 5%. Results of this
analysis are shown in Table 6-7.

The magnitude of lake level increase required to cause a significant increase in the
number of impacted shoreline sites ranged from several millimeters up to about thirty
centimeters (Table 6-7). In general, the largest increases are associated with the smallest
wave types (H = 0.5 m, t = 3 sec), but the trends are not very well defined.
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Table 6-7. Results from the analysis to determine magnitude of lake level changes necessary to
significantly increase shorezone erosion under different wave conditions and starting lake levels.
The columns for this table are as follows: h=wave height, t=wave period, LL1=lake level 1 (starting
lake level), LL2=lake level 2=first lake level higher than LL1 with significantly larger proportion of
nonimpacted shoreline angles, plp=proportion of nonimpacted shoreline angles under LLI,
ppl=proportion of nonimpacted shoreline angles under LL2 (should be smaller than plp),
d=difference=plp-ppl, L=lower end of the 95% CI for d, U=upper end of the 95% CI for d,
p.valuel=p-value for testing hypotheses: Hy: d=0 versus Ha: d>0. All values of p-valuel are less

than 5% by design.

h t LL1 LL2 plp pp1 d L U p.value1
0.5 3 1898.452 | 1898.503 | 0.8889 | 0.8556 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.47 | 1898.503 | 0.8889 0.8556 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.467 | 1898.503 | 0.8889 0.8556 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.516 | 1898.551 | 0.8333 0.8 0.0333 | -0.0038 | 0.0704 0.0416

1 4 1898.452 | 1898.467 | 0.7778 | 0.7444 | 0.0333 | -0.0038 | 0.0704 0.0416
1 4 1898.47 | 1898.475 | 0.7333 0.7 0.0333 | -0.0038 | 0.0704 0.0416
1 4 1898.467 | 1898.474 | 0.7444 0.7111 0.0333 | -0.0038 | 0.0704 0.0416
1 4 1898.516 | 1898.54 | 0.6667 | 0.6333 | 0.0333 | -0.0038 | 0.0704 0.0416
2 5 1898.47 | 1898.492 | 0.5444 | 0.5111 0.0333 | -0.0038 | 0.0704 0.0416
2 5 1898.467 | 1898.492 | 0.5444 | 0.5111 0.0333 | -0.0038 | 0.0704 0.0416
2 5 1898.516 | 1898.54 0.4778 0.4444 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.022 | 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.01 | 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.107 | 1898.288 1 0.9667 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.11 | 1898.288 1 0.9667 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.122 | 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.144 | 1898.299 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.342 | 1898.406 | 0.9556 0.9222 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.18 | 1898.299 | 0.9889 0.9556 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.01 | 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1897.994 | 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1897.985 | 1898.288 1 0.9667 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.077 | 1898.288 1 0.9667 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.089 | 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.116 | 1898.288 1 0.9667 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.135 | 1898.299 | 0.9889 0.9556 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.339 | 1898.406 | 0.9556 0.9222 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.467 | 1898.503 | 0.8889 | 0.8556 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.409 | 1898.449 | 0.9222 | 0.8889 | 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.299 | 1898.406 | 0.9556 0.9222 0.0333 | -0.0038 | 0.0704 0.0416
0.5 3 1898.171 | 1898.299 | 0.9889 0.9556 0.0333 | -0.0038 | 0.0704 0.0416
1 4 1898.022 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 0.0416
1 4 1898.01 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 0.0416
1 4 1898 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 0.0416
1 4 1898.107 | 1898.195 | 0.9889 0.9556 0.0333 | -0.0038 | 0.0704 0.0416
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Table 6-7 (cont.)

1

4 1898.11 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.122 | 1898.212 | 0.9778 | 0.9444 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.144 | 1898.212 | 0.9778 | 0.9444 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.342 | 1898.385 | 0.8889 | 0.8444 | 0.0444 | 0.0019 0.087 0.0228

1898.18 | 1898.212 | 0.9778 | 0.9444 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.01 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1897.994 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 0.0416

1897.985 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.077 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.089 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.116 | 1898.195 | 0.9889 | 0.9556 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.135 | 1898.212 | 0.9778 | 0.9444 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.339 | 1898.385 | 0.8889 | 0.8444 | 0.0444 | 0.0019 0.087 0.0228

1898.467 | 1898.474 | 0.7444 | 0.7111 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.409 | 1898.449 | 0.8222 | 0.7889 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.299 | 1898.377 0.9 0.8667 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.171 | 1898.212 | 0.9778 | 0.9444 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.022 | 1898.061 | 0.9556 | 0.9111 | 0.0444 | 0.0019 0.087 0.0228

1898.01 | 1898.061 | 0.9556 | 0.9111 | 0.0444 | 0.0019 0.087 0.0228

1898 1898.061 | 0.9556 | 0.9111 | 0.0444 | 0.0019 0.087 0.0228

1898.107 | 1898.1563 | 0.8667 | 0.8333 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.11 | 1898.193 | 0.8556 | 0.8222 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.122 | 1898.2 0.8444 | 0.8111 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.144 | 1898.2 0.8444 | 0.8111 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.342 | 1898.39 | 0.6667 | 0.6333 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.18 | 1898.212 | 0.8333 0.8 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.01 | 1898.061 | 0.9556 | 0.9111 | 0.0444 | 0.0019 0.087 0.0228

1897.994 | 1898.061 | 0.9556 | 0.9111 | 0.0444 | 0.0019 0.087 0.0228

1897.985 | 1898.061 | 0.9556 | 0.9111 | 0.0444 | 0.0019 0.087 0.0228

1898.077 | 1898.107 0.9 0.8667 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.089 | 1898.107 0.9 0.8667 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.116 | 1898.193 | 0.8556 | 0.8222 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.135 | 1898.2 0.8444 | 0.8111 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.339 | 1898.39 | 0.6667 | 0.6333 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.467 | 1898.492 | 0.5444 | 0.5111 | 0.0333 | -0.0038 | 0.0704 | 0.0416

1898.409 | 1898.431 | 0.6222 | 0.5889 | 0.0333 | -0.0038 | 0.0704 0.0416

1898.299 | 1898.373 | 0.6889 | 0.6556 | 0.0333 | -0.0038 | 0.0704 0.0416
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1898.171 | 1898.212 | 0.8333 0.8 0.0333 | -0.0038 | 0.0704 | 0.0416

Discussion and Conclusions

Lake Levels and Erosion Potential

In the above analyses, our goal was to determine whether or not different lake-level
management schemes for Lake Tahoe would significantly affect shorezone erosion. In
particular, would implementation of TROA significantly increase shorezone erosion? Our
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approach combined field measurements of the elevations of wave-formed geomorphic
features (shoreline angles and beach ridges) (Table 6-1), analytical modeling of the wave
run up process (TSE), and a statistical procedure to test for significance. In this approach,
we assumed that further shorezone erosion would not occur if swash from waves did not
reach the shoreline angle or the crest of a beach ridge. The converse, however, is not
necessarily true. That is, if swash from waves does reach the shoreline angle or beach
ridge crest, then the potential exists for further erosion, but this is not a certainty.
Whether or not erosion actually occurs at a site will be dependent on a number of factors
including the frequency, magnitude, and direction of wind events when water levels are
high (which controls the amount of wave energy impacting a particular site) and the
material properties of the shorezone.

For 5% exceedence values (wet conditions), there is no significant increase in erosion
potential for any of the lake-level scenario comparisons (Table 6-4) under the three
different wave types (Table 6-3). This means that when lake levels are at their highest,
implementing TROA will not affect shorezone erosion at Lake Tahoe.

For 50% exceedence values (moderately wet conditions), three discrete lake-level
comparisons produced significant differences in proportions of impacted shoreline angles
under both lake level scenarios (Table 6-6). In each comparison, TROA levels would be
higher by about 4 to 5 cm. Under TROA levels, however, we emphasize that from 84 to
91% of the measured shoreline angles and beach ridges would not be impacted. Under
Current or No Action lake levels, from 90 to 96% of the sites would not be impacted.
There is certainly a statistical difference in the number of sites impacted under the three
comparisons in Table 6-6 (5% significance level), but how these statistical differences
translate into real differences in shorezone erosion potential is not entirely clear. We
suspect the impact to be minimal, however. Therefore, implementing TROA should have
minor to no effect on shorezone erosion at Lake Tahoe.

Using the Appropriate Statistical Technique

The implications of incorrectly using the familiar method of comparing independent
proportions can be alarming. The difference between the two methods is mainly
manifested in different variances of the sample difference of proportions d [i.e., different
Var(d)]. Suppose first that the two sample proportions are positively correlated (as they
are in most problems). In our approach, this means that if a given segment has a high
probability of erosion under one lake level, it also will have a high probability of erosion
under another lake level. This is true because the probability of erosion depends on
natural, environmental characteristics of the shoreline, which do not change with respect
to lake level. Assuming that the correlation between sample proportions of nonimpacted
shoreline angles is positive, Var(d) computed for dependent samples is smaller than
Var(d) computed for independent samples. Thus, the paired design (in the case of
positively correlated proportions) improves the precision of statistical inference. In fact,
the p-value from independent sample analysis will be larger than for dependent sample
analysis.
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Chapter 6: Effect of Different Lake-Level Scenarios on Shorezone Erosion

For example, consider the case of H=1, T=4, LL1= 1898.342, and LL2=1898.385. The
sample proportion of nonimpacted segments under LL1 is 0.8889, and the sample
proportion of nonimpacted segments under LL2 is 0.8444 giving a sample difference of
d=0.0444. Dependent proportions analysis yields a p-value of 0.02, but incorrect
independent sample analysis yields a p-value of 0.2553. Thus, on a 5% significance level,
we get two contradictory conclusions. From the correct dependent samples analysis, we
conclude that the difference in proportions of non-eroded segments is significant under
the two lake-level scenarios. We get an insignificant result for the incorrect independent
samples analysis, however. In the long run, assuming independent proportions will lead
to fewer significant results. That is, we will classify the difference in lake level as
insignificant when in fact it is significant.

In the second case, when sample proportions are negatively correlated, Var(d) computed
for dependent samples is larger than Var(d) computed for independent samples. Then, the
p-value from the independent sample analysis will be smaller than for the dependent
sample analysis. As a result, we would reject the null hypothesis too often.

Comments on Earlier Modeling Efforts

In the two earlier models we developed, we studied the influence of environmental and
geological factors on erosion potential (Chapter 5). One model used the amount of
erosion and the other the probability of erosion as the response variables. The first was
linear while the second was a logistic regression model. Both aimed at explaining the
erosive climate of the Lake Tahoe shorezone. Lake level never entered the models as an
explanatory variable, because it is the same for all segments around the lake. As such, it
would be an inconsequential explanatory variable. In order for lake level to be a useful
explanatory variable, we would need to have erosion measurements under two lake
levels, which we do not have. Additionally, it is unclear whether such measurements
could be gathered at all, given that the range of lake-level fluctuations from year to year
is greater than the variation imposed under TROA. Our approach of computing the
difference in proportions of potentially eroded areas under two lake-level scenarios
captures the need for estimation of erosion potential without requiring direct observations
of erosion occurring under two lake levels.
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