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Abstract. We investigatethe potential of local earthquakedo

generatetsunamisand seicheswithin Lake Tahoe. We calculated
the long wavelengthoscillationsgeneratedy 3 hypotheticalM,, >

7 earthquakescenariosfor faults with normal slip directly under
andoutsidethelakebasin. The scenariosnvolving fault slip under
the lake are the North Tahoe-Incline Village and West
Tahoe-DollarPointscenarios.The Genoascenarianvolvesa fault

that cropsout 10 km eastof the lake. Faulting beneaththe lake

generatesa tsunamifollowed by a seichethat continuesfor hours
with wavesaslargeas3 to 10 m. The seichepotentiallythreatens
low lying lakesidecommunitiesandlifelines. We alsocomparethe

spectralcharacteristicof synthetictide gaugerecordswith wind

swell observations.The fundamentamodecalculatedfor a seiche
is consistent with the wind swell observations.

I ntroduction

Large prehistoric earthquakeshave occurred beneath Lake
Tahoe[Hyneet al., 1972 Schweickeret al., 1999. Considering
the sizeandactivetectonichistory of Tahoe,it is reasonabl¢o ask
if moment magnitude (M,,) 7 earthquakescan generatelarge
devastatingtsunamisand seiches. In an enclosedbasin, we will
refer to the tsunamias the initial wave producedby coseismic
displacemenfrom an earthquakeand the seicheas the harmonic
resonance within the lake.

Lake Tahoelies in an intermontanebasin boundedby normal
faults [Hyne et al., 1973. The tracesof thesefaults are mostly
submergedon the lake bottom or are hidden by lacustrineand
glaciofluvial deposits. A geodeticsurvey places6 mm/yr of the
overall Pacific-North America tectonic plate motion along the
easterrSierranearLake Tahoe[ Thatcheretal., 1999. One-halfof
this plate motion occurs on the faults used in this study.

A previous study by the U.S. Bureau of Reclamation
investigatedthe potentialdangerto the Lake TahoeDam (in Tahoe
City) by earthquake-inducedeiche waves [Dewey and Dise,
1987]. They predicteda maximumwave heightof 3.35m at the
damfrom earthquakesimilar to the scenariosn this study. Their
findings led to improvementsto the dam in the event of
overtoppingby seichewaves.A new high precisionsurveyof the
lake by Gardneret al., [1998] provide high resolutionbathymetry
thatallows for the accuratamappingof fault traces[Schweickeret
al., 1999 and calculationof long period wave propagation. We
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will utilize this new information to estimatethe distribution of
shorelinewave heightsin greaterdetail thanin the previousstudy.
We compareandvalidatethe numericalmodelingresultsusingthe
spectral characteristicsof lake wind swells recordedby a tide
gauge station.

Earthquake Scenarios and Bathymetry

We consider three hypothetical earthquake scenarios: North
Tahoe-InclineVillage fault (scenarioA), WestTahoe-DollarPoint
fault (scenarioB), and Genoafault (scenarioC) [Table 1; Fig. 1].

Trenches excavatedalong the Genoa fault revealed two late
Holoceneearthquakesvhich occurred575+75and2100+100years
ago with 3.5 to 5 m of slip per event [Ramelli et al., 1999,

comparablén sizeto thelargesthistoricalearthquakes the Basin
and RangeProvince[Wells and Coppersmith,1994. From these
resultswe find it reasonabléo usea maximumslip of 4 min all of

the earthquake scenarios.

Table 1. Scenario Source Parameterst

u(m) n L(km) W(km)  Mg(dyne cm) My
A 263 18 36 17 4.8x16° 7.0
B 2.83 24 48 17 6.9x1¢6 7.2
C 192 13 65 17 6.4x1G° 7.1

1The dimensionsof the fault are strike length L, dip length W
with a dip of 60°. The equationusedfor seismicmomentis,
Mg=HLWu, where u is the averageslip and p is the shear
modulusequalto 3x10' dynecni?. Thesstrikelengthof thefault
was divided into n segmentsand slip was taperedalong strike
from a maximumof 4 m at the centerto O m at the endsof the
fault using a linear slope. The slip is fixed in the dip direction.

ScenarioA includesthe North Tahoe-InclineVillage fault zone
[Schweickertet al., 1999. The northeaststriking North Tahoe
fault is a normalfault dippingto the southeaswhich is submerged
underthe northernportion of Lake Tahoe. Seismicreflectionand
marine sonarhaverevealeda > 10 m-high scarpdisplacinglake
bottom sediments[Hyne et al., 1972 Schweickertet al., 1999.
The Incline Village fault is the on-shorecontinuationof the North
Tahoe fault.

ScenarioB includesthe West Tahoe-DollarPoint fault zone
[Schweickertet al., 1999]. Theseare north-southstriking normal
faults. The West Tahoefault dips to the eastandis submerged
from EmeraldBay to McKinney Bay. The Dollar Pointfault is the
northern continuation of the West Tahoe fault northward from
Dollar Point. Continuity of the fault is obscured through
McKinney Bay by submarine landslides, but the landslides
suggests active faulting.



Ichinose et al.: Potential hazard from Lake Tahoe tsunami and seiche waves

25 cm displacement contour interval

KNB

39'10°

39°

12010 120°

Figure 1. Scenario A, B, and C vertical componentground and lake bottom coseismic
displacements. Dashed contours represent subsidenceand solid contours represent uplift.

Geographiclocations: TAC-Tahoe City, KNB-Kings Beach, LFT-Lake Forest, SLT-South Lake
Tahoe, MB-McKinney Bay, EB-Emerald Bay, DP-Dollar Point

Fig. 1 showsthe modeledvertical coseismicdisplacemenof land
and lake bottom from the three scenarios. The fault traceswere
digitized from geologic mapsinto segments.Each segmentwas
assigneda dip of 60°, typical for Basinand Rangenormal faults.
Staticcoseismidisplacementproducedy fault slip arecomputed
for a 3D elastic half-spacefrom dislocation theory based on
Okada’s[1992] equations.

High resolutionbathymetryand backscattedatawas collected
in Lake Tahoe using marine multibeam-sonafGardner et al.,
1998]. The original resolution of the bathymetry (10 m) was
resampledo 2 arc-secondncrements.Shorelineareasot mapped
by the sonarwereextrapolatedinearly to the modernshorelineand
NOAA marine navigation maps were used to check the
extrapolation. The maximumwaterdepthis 500 m in the northern
portion of the lake andthe averagdake elevationduring the sonar
surveywas 1899 m, recordedby a tide gaugeat Lake Forest. This
elevationis usedto referencethe post-earthquakéake levels and
simulated wave heights.

Numerical Modding Results

A tsunami and seiche in Lake Tahoe can be treated as
shallow-waterlong waves becausethe maximum water depth is
muchsmallerthanthe wavelength. Wave propagatioris simulated
as an initial value problem. The initial lake level values were

specified by assuming that the lake surface instantaneously

conformedto the vertical displacemenbf the lake bottom while

horizontal velocities were set to zero. The effect of horizontal
deformationon the initial conditionis neglectedhereand left for

future work. The effect may be significant becauseof the
coseismicdisplacemenof the steepbathymetricslopes. For the
1994 Java Earthquake, Tanioka and Satake[1996] included the
horizontal contribution, which resulted in a 43% increasein

maximumi initial vertical ground displacementnd an increasein

the wave amplitudesat the shorelineby as much as 30%. The
predictedincreaseof tsunamirun-up heightsincreasedy a factor
of 2. Thelinearhydrodynamicequation®f motionweresolvedby

thefinite-differencemethodusinga staggeredjrid schemd Satake,
1995]. Total reflectionis assumeat land-watemhoundarieandno

wave run-upon land is considered.We usea time stepof 0.2 sec
to satisfy the Courant-Friedrichs-Lewy stability condition.

Scenarioswere simulatedfor 2.5 hourselapsedrom the time of
the earthquake.ln ScenarioA, shorelineareason the hangingwall
near the fault rupture will be inundateddue to permanentground

subsidenceasa resultof coseismicelasticrebound. Othershoreline
areaswould be temporarilyinundatedby tsunamiand seichewaves.
The largestamplitudesin the synthetictide gaugerecords(Fig. 2)
associatewith the seicheratherthanthe tsunami. Wave amplitudes
can exceedheightsof 3 m within shallow baysand shoresbetween
Incline Village and CarnelianBay, and at SouthLake Tahoewith
amplitudesas large as 6 m at some locations (Figs. 2 and 3).
Scenario B produces a similar pattern of maximum wave
amplitudesas ScenaricA exceptthatthe waveamplitudesn some
areasare as high as 10 m. ScenarioC produceswaves with
averageamplitudesof 0.5 m. Sincestaticcoseismiadisplacements
decreaseas the inverse cube of the distance,M,, 7 earthquakes
alongfaults outsideof the lakewill notdisplaceenoughof thelake
bottom to create a large seiche.
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Figure 2. Filtered and unfiltered synthetictide gaugerecords
simulatedfrom scenarioA andB. The recordsare computedat
the nearest shoreline grid to each location.
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Figure 3. Predictedmaximumwave amplitudesand shorelinedeformationalongthe sameshoreline
track. Theshorelinetrack distancestartsfrom the north shore(seeinset)andtrackscounter-clockwise

around the lake. Positive values indicate shoreline uplift and negative values are shoreline subsidence

Wind Swell Observations

A tsunamicanexcitea lake seicheif thereis low wavedampingin
an enclosedbasin. It is possibleto identify the modesof a seiche
producedby earthquakesand to comparethem to observations
from tide gaugerecords of seichesgeneratedby wind swells.
Investigatorsof harbor oscillations[e.g. Thompsonet al., 1996]
have validated numericalmodelswith wind swells. Long lasting
winds can pile waterup on oneside of the lake. Whenthe winds
calm, the waterwill equilibrateand excite a seichecomparabldn
frequenciedo thosegeneratedy earthquakesThesefrequencies
dependmainly on the structureof the offshorebathymetrybut their

excitation will depend on the direction and strength of the wind.

Wind swells were recordedat a pier in Lake Forestover the
eveninghoursof May 15,1999. A 2.5hourtide gaugerecord,at 1
sampleperseg wasfastFouriertransformed.Fig. (4a)showsthe 3
dominantspectralpeaks,of decreasingtrength,at 1062,673,and
496 secperiod. We comparethesespectralpeakswith the Lake
Forestsyntheticsfrom scenarioA andB in Fig. (4b). The spectra
of the syntheticsfrom both scenariosreproducethe dominant
frequency around the peak observedat 1062 sec although the
spectraof the syntheticsarea little morecomplexwith a split mode
at 1277and901 secperiod. Fig (4c) showsthat the synthetictide
gaugerecordsat Kings Beach,10 km north of Lake Forest,also
provide a reasonabldit to the wind swell datawith peaksat 980,
588, and 333ec

We estimatethe periodsfor the fundamentabnd highermodes
of standingwavesin arectangulabasinby usingthe solutionfrom
the 3D wave equationwith zero flow boundaryconditions. The
eigenperiodS, ,allowed are given by,

m/secassuminga constantvaterdepthof 500 m. Fig. 5 showsthe
fundamentalmode T4, for this rectanguladake is 1011 secand
hasanodein the x directionalongthe centerof thelake. The other
fundamentaimodeT, g is 548 secandhasa nodein they direction
along the centerof the lake. Thefirst highermodeTq is 482sec
and hastwo nodeswhich separatehe lake into 4 quadrants.The
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wherec = (gh)l/2 is thegroupvelocity dependenbn the squareroot
of thewaterdepthh andthe acceleratiorof gravity g, Ly is thelake Figure 4. (a) Observed spectra of lake seiche

width, L,, is the lake length,n and m = 0,1,2,3...are the integer
number of modesallowed in the x and y directions [Sorensen
1993]. We calculatedTqq, T1g and Tq1 using a lake length of
35.4 km, a width of 19.2 km, and a wave group velocity of 70

generatedby wind swells and synthetic spectraof
seicheinducedby earthquakefor (b) Lake Forestand
(c) Kings Beach.
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Figure 5. FundamentalTyq and T1g) and first higher modes
(Tq 9 for arectanguladake basinwith the dimensionssimilar to
Lake Tahoe. The triangle marksthe locationsof two tide gauge
stations in Fig. 4.

Tp1 mode,associateavith thelowestfundamentamode,correlates
with the dominantoscillationsobservedrom the wind swellsand

alsoin the synthetictide gaugerecords. The matchesbetweerthe

two other spectralpeaksin the wind swell dataand T and T1 ¢

are morequestionabldut we do not expecttheseperiodsto match
exactly since the lake is not rectangular. Given that the

fundamentalseiche period is several hundred seconds,seismic
surfacewaves,with periodsof 10 to 100 se¢ are not expectedo

generate seiche wavdadnn, 1964].

We do not include bottom friction and nonlinearity in the
simulationsfor the shallowportionsof the lake so the estimatef
amplitudesand duration of oscillations are somewhatuncertain.
However,thereare someindicationsthat the lake may be efficient
in resonatingpecausehe steepness the lake bathymetrynearthe
eastand west shoresmay provide total reflection. The reflection
characteristicsof boundaries depend on wavelength and all
boundaries behave as full reflectors at longer wavelengths
[Thompsoret al., 1996]. Excitation of free oscillationshavebeen
observedfor other enclosedbasins[Satakeand Shimazaki 1988].
A seiche in Hebgen Lake, Montana, excited by a M, 7.5
earthquakelastedfor 11.5hours[Witkind, 1960]. The durationof
the seicheis importantbecausét suggestghat dangerousvaves
can also arrive hours after the earthquake and tsunami waves.

It is important to note that Fig. 3 representsthe predicted
maximumwave heightsat the shoreand doesnot reflect the wave
run-up or inundationdistance. Futurerun-upcalculationswill need
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