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[1] Recent paleoseismic and geologic studies indicate that a
tsunami occurred 1100 years ago in Puget Sound. This study
aims to reproduce and validate the model tsunami, using a
finite difference model based on nonlinear shallow water
theory and abathymetry/topography computational grid that
takes into account the 1-meter rise in sea level that has
occurred in the region during the past 1100 years. Estimates
of tsunami height, the extent of inundation, and the current
velocity pattern are provided at the northern head of Cultus
Bay, Whidbey Island, where paleotsunami sand deposits
have been found. The model demonstrates that a tsunami
generated when the background water level was at mean high
water or above could have surged across the then-existing
coastal marsh, penetrated the full length of the shallow bay,
and deposited the observed sand layers. INDEX TERMS:

4564 Oceanography: Physical: Tsunamis and storm surges; 4255

Oceanography: General: Numerical modeling; 7221 Seismology:

Paleoseismology; 4560 Oceanography: Physical: Surface waves

and tides (1255); 9350 Information Related to Geographic Region:

North America. Citation: Koshimura, S., H. O. Mofjeld, F. I.

González, and A. L. Moore, Modeling the 1100 bp paleotsunami in

Puget Sound, Washington, Geophys. Res. Lett., 29(20), 1948,

doi:10.1029/2002GL015170, 2002.

1. Introduction

[2] Paleoseismic studies in the Puget Lowland of Western
Washington State demonstrate that a strong shallow crustal
earthquake occurred in this region about 1100 years ago.
This earthquake occurred on the Seattle Fault, a zone of
thrust or reverse faults that cross Puget Sound between
Seattle and Bremerton [Johnson et al., 1999] with a magni-
tude estimated at 7 or larger [Bucknam et al., 1992]. Based
on the distribution of exposed bedrock and seismic-reflec-
tion data, Johnson et al. [1999] inferred that the Seattle
Fault forms a west-trending zone of three or more south
dipping reverse faults. Bucknam et al. [1992] reported that
abrupt uplift and subsidence occurred main lyat Restoration
Point (7 m), Alki Point (4 m), and West Point (�1 m), and
no surface displacement was observed at Winslow.
[3] A tsunami in Puget Sound is believed to have

accompanied this earthquake. Atwater and Moore [1992]
have interpreted sandlayers found at West Point and Cultus
Bay as tsunami deposits. This evidence was especially well-

preserved at Cultus Bay, which opens southward at the
southern end of Whidbey Island, 40 km northof Seattle.
Holmes and Dinkelman [1993] and Walters and Takagi
[1996] have simulated this tsunami using numerical models-
with coarse grid bathymetry (500 m and 200–1000 m,
respectively).Each used a model without inundation on land
and highly simplified d is placement models for the 1100 bp
earthquake. Walters and Takagi [1996] found that a sig-
nificant tsunami would reach Cultus Bay 20 minutes after
the earthquake, while Holmes and Dinkelman [1993] found
maximum wave heights in their model of 6 m at West Point,
Seattle, and 2–5 m at Cultus Bay. However, the limitations
of these models lead to the conclusion that the details of the
tsunami’s generation and the inundation at Cultus Bay are
still not well determined. These shortcomings are addressed
in the present study, and we provide improved estimates of
tsunami height, the extent of the inundation zone and
current velocity patterns for sites where geological evidence
was found. We also place limits on what the background
tide and sea level must have been during the tsunami.

2. Geological Evidence for the Tsunami

[4] According to Atwater and Moore [1992], the tsunami
deposited a sand sheet 1 to 15 cm thick within a prehistoric
coastal marsh at the northwestern head of Cultus Bay. The
deposit rises from east to west through an area of approx-
imately 150 m by 300 m, which was sampled by numerous
auger borings and observations recorded in existing
trenches, and the deposit finally pinches out 3.9 m above
present mean lower low water, i.e., 1.9 m above present
mean sea level (MSL). This means that the tsunami surged
up at least to this level 1100 years ago. Atwater and Moore
[1992] reported that the grain size of the sand observed
along the line of auger borings at Cultus Bay varies from
0.09 to 0.07 mm. Atwater and Moore [1992] found that the
sand fines from east to west and concluded that a westward
current during the run-up produced the sand deposit. In over
200 meters of continuous exposure, the lack of sedimentary
structures associated with bed load suggests that the sand
was carried in suspension by the tsunami and the lack of
multiple graded beds suggests that the sand sheet was
deposited in a single pulse of sedimentation.

3. Earthquake Scenario

[5] Based on seismic reflection data, Pratt et al. [1997]
interpreted the Seattle Fault as a thrust fault dipping south-
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ward at an angle of about 20� steepening to 45� near the
surface, within a total rupture area of 4420 km2, and
concluded that the fault could generate a Mw =7.6 to 7.7
earthquake. Details of the rupture that occurred 1100 years
ago are uncertain; therefore, we modified the hypothesis of
Pratt et al. [1997] to develop a scenario that provided a
reasonable match to coseismic displacement estimates based
on geologic evidence. Thus, we divided the fault rupture
area into 12 segments, according to the structure inferred by
Pratt et al. [1997] and Johnson et al. [1999]. Six segments
form the shallow (�5.5 km) and steeper-dipping (60�)
portion of the fault, while six segments directly underneath
these form the deeper (�5.5 km)and less-steeply dipping
(25�) portion.
[6] The total length of the fault (Table 1) is 60 km with a

combined width of 44 km. Values of D, the sub-surface slip
on each segment, were adjusted to provide computed sur-
face displacements [Okada, 1985] that are reasonably con-
sistent with those inferred from the geological evidence.
The computed uplifts (Figure 1) are 5.3 m at Restoration
Point and 4.2 m at Alki Point, in reasonable agreement with
geological evidence of 7 m and 4 m uplift, respectively. The
computed subsidence at West Point is only 0.22 m, slightly
less than the observed 1 m value.
[7] The resulting total seismic moment for this seismic

source model is calculated to be M0 = 2.91 � 1020 Nm
from Equation (1), where m is the shear modulus equal to
3.0 � 1010 N/m2. This value corresponds to an earthquake
of magnitude Mw = 7.6, as given by the relationship of
Equation (2) [Kanamori, 1977]. The average amount of
sub-surface fault displacement DA is 3.67 m, and is
compatible with the empirical relationship between the
magnitude and the fault displacement obtained by Wells
and Coppersmith [1994].

M0 ¼
X12

k¼1

mWkLkDk ð1Þ

1:5Mw ¼ logM0 � 9:1 ð2Þ

4. Numerical Model

[8] We use the TUNAMI-N2 model [Imamura, 1996] to
simulate the tsunami propagation and coastal inundation in
Puget Sound. This model is based on a set of non-linear
shallow water equations with bottom friction in the form of

Manning’s formula, with coefficient n = 0.025; the equa-
tions are discretized by the leap-frog finite difference
scheme applied over the computational domain shown in
Figure 1 (b), with corner coordinates (47.2�N, 123.0�W)
and (48.0�N, 122.1�W). As the initial condition, we assume
instantaneous displacement of the sea surface identical to
the vertical sea floor displacement shown in Figure 1 (b).
[9] The digital bathymetry/topography data were pro-

vided by the PRISM (Puget Sound Regional Synthesis
Model) Program [Finlayson et al., 2001], which compiled
the data from USGS digital elevation models and NOS
GODAS bathymetry. The original grid spacing of this data
is 30 m, and the datum for the elevation is based on
NGVD29. We retained 30 m spacing in the smaller rec-
tangle enclosing Cultus Bay (Figure 1 (b)) but decimated
the rest of the grid to a coarser 90 m spacing.
[10] Eronen et al. [1987] collected a core from the

northern Puget Lowland and investigated relative sea level
change during the past 6000 years. Their result shows that

Figure 1. (a) Inferred structure of the Seattle Fault
[Johnson et al., 1999]. (b) Computed coseismic deformation
of the earthquake about 1100 years ago. The contour
intervals are 1 m for uplift (solid line) and 0.25 m for
subsidence (dashed line). Abbreviations as follows: CB =
Cultus Bay, ED = Edmonds, SEA= Seattle Waterfront, WP=
West Point, W =Winslow, AP= Alki Point, RP = Restoration
Point, BR = Bremerton and TC = Tacoma. The square at
Cultus Bay indicates the computational domain with high
resolution data (30 m grid).

Table 1. Dimension of the Fault and Source Parameters for the

Present Scenario

Shallow Segments (�5.5 km) Deep Segments (�5.5 km)

n L (km) W (km) D (m) n L (km) W (km) D (m)

1 15.2 6.0 4.0 1 15.2 38.0 2.0
2 6.3 6.0 6.0 2 6.3 38.0 4.0
3 8.9 6.0 8.0 3 8.9 38.0 6.0
4 3.2 6.0 8.0 4 3.2 38.0 6.0
5 11.5 6.0 6.0 5 11.5 38.0 4.0
6 14.9 6.0 4.0 6 14.9 38.0 2.0

n indicates the index of fault segments, which increases from west to east
along the strike direction. L is the strike length of each fault segment, W is
the downdip width, and D is the fault displacement.
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1000 bp sea level was approximately 1 m below its present
position. Thus we assume that mean sea level (MSL) at the
time of the earthquake was 1 m below the present value,
relative to the land, and have adjusted the bathymetry/
topography grid accordingly. The tidal range within Puget
Sound is approximately 3 m and mean high water (MHW)
is 1.2 m above MSL in the vicinity of Cultus Bay [NOS,
2001]. The effect of these changes in background water
level can be significant; therefore, two separate model
simulations were conducted for tide stages corresponding
to MSL and MHW.

5. Results and Discussion

[11] The background water level is Late Holocene MSL.
As shown in the Figure 2, the tsunami propagates toward
both north and south from the source region. Figure 3
illustrates the computed tsunami waveforms at Edmonds,
the Seattle Waterfront, Bremerton and Tacoma. Since the
Seattle Waterfront is within the tsunami source region, a
tsunami more than 3 m high strikes and inundates this area

within 3 minutes after the earthquake, with clear potential to
cause significant damage.
[12] Figure 4 shows the maximum extent of tsunami

inundation and the time series of water levels for MSL
and MHW. With the background water level at MSL, the
tsunami could not reach the marsh at the head of Cultus Bay
to deposit a substantial sand layer. At MHW, however, the
tsunami inundation reaches the level of the observed
deposit. Figure 5 shows snapshots of the computed current
velocity patterns within Cultus Bay at 2-minute intervals,
when the background water level is set to MHW. The first
wave reaches the mouth of the bay in 20 minutes, then
surges northward toward the head of the bay. The tsunami
current velocity at the head of the bay is estimated to be
more than 3 m/s. Southard and Boguchwal [1990] showed
that the sand with 0.1 to 0.14 mm diameter would be
suspended at 80–90 cm/s flow for the flow depth of 1 m.
The water depth at the bottom of Cultus Bay is approx-
imately 1–2 m. Thus it is likely that the sand on the bottom
of the shallow swash zone of Cultus Bay could be easily
suspended by the modeled current to be deposited on the
marsh.
[13] The inundation simulated in the present model does

not extend across the full tsunami deposit area excavated by
Atwater and Moore [1992]. One possible reason is that the
topography and near shore bathymetry used in the present
model are based on recent surveys that may not accurately

Figure 2. Snapshots of computed tsunamis propagating
within central Puget Sound at 5-minute intervals.

Figure 3. Computed tsunami waveforms at Edmonds,
Seattle, Bremerton, and Tacoma. See Figure 1 for the
locations of these sites in Puget Sound.

Figure 4. (a) Extent of computed tsunami inundation zone
within Cultus Bay based on each background water level.
Solid line in each figure is the contour of land elevation in
meter, including the shoreline at each tidal stage. The datum
of the contours is Late Holocene (1100 bp) MSL. The
square indicates the excavated area for tsunami deposit by
Atwater and Moore [1992]. Black triangle is the point to
output the computed tsunami waveforms. (b) Computed
tsunami waveforms at the western head of Cultus Bay.
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reflect conditions 1100 years ago. For example, a west-
trending upward slope has been created in the excavated
area by peat layers over the tsunami sand deposits since the
time of the earthquake [Atwater and Moore, 1992]. This
post tsunami peat layer was not removed from the top-
ography data in the present model, and may therefore
prevent the modeled tsunami from penetrating farther west-
ward across the excavated area, as the actual tsunami may

have done so. However, we feel the results support their
interpretation of the event, given the inherent uncertainties,
and conclude that a tsunami could have been generated by
the 1100 bp Puget Sound earthquake at a tidal stage at or
above MHW, and could have subsequently penetrated the
coastal marsh at the head of Cultus Bay and deposited the
observed sand layers. This study also suggests that further
tsunami modeling studies using shallow crustal faults as the
source scenarios may spread additional light on the tsunami
hazard in Puget Sound.
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this study were presented at ITS 2001. PMEL Contribution 2444.

References
Atwater, B. F., and A. L. Moore, ATsunami about 1000 Years Ago in Puget
Sound, Washington, Science, 258, 1614–1617, 1992.

Bucknam, R. C., E. Hemphill-Haley, and E. B. Leopold, Abrupt Uplift
within the Past 1700 Years at Southern Puget Sound, Washington,
Science, 258, 1611–1614, 1992.

Eronen, M., T. Kankainen, and M. Tsukada, Late Holocene Sea-level Re-
cord in a Core from the Puget Lowland, Washington, Quat. Res., 27,
147–159, 1987.

Finlayson, D. P., R. Haugerud, and R. Greenberg, Building a seamless
digital elevation model of the Puget Sound basin, Puget Sound Regional
Research 2001: Abstracts and Biographies, Puget Sound Water Quality
Action Team, Olympia, WA, 2001.

Holmes, M., and L. Dinkelman, Modeling Paleotsunamis in Puget Sound,
Washington, Abstracts with Programs, 25(1), Geological Society of
America, 1993.

Imamura, F., Review of Tsunami Simulation with a Finite Difference Meth-
od, in Long-Wave Runup Models, edited by H. Yeh, P. Liu, and C.
Synolakis, World Scientific, River Edge, NJ, 43–87, 1996.

Johnson, S. Y., S. V. Dadisman, J. R. Childs, and W. D. Stanley, Active
Tectonics of the Seattle Fault and Central Puget Sound Washington—
Implications for Earthquake Hazards, GSA Bulletin, 111(7), 1042–1053,
1999.

Kanamori, H., The energy release in great earthquakes, J. Geophys. Res.,
82, 2981–2987, 1997.

National Ocean Service, Benchmark Sheets, NOAA, (http://www.co-ops.
nos.noaa.gov/bench.html), 2001.

Okada, Y., Surface deformation due to shear and tensile faults in a half-
space, Bull. Seismol. Soc. Am., 75(4), 1135–1154, 1985.

Pratt, T. L., S. Johnson, C. Potter, W. Stephenson, and C. Finn, Seismic
reflection images beneath Puget Sound, Western Washington State: The
Puget Lowland Thrust Sheet Hypothesis, J. Geophys. Res., 102, 27,469–
27,489, 1997.

Southard, J. B., and L. A. Boguchwal, Bed configurations in steady uni-
directional water flows. Part 2. Synthesis of flume data, J. Sediment.
Petrol., 60(5), 658–679, 1990.

Walters, R.A., T. Takagi, Review of finite element methods for tsunami
simulation, in Long-Wave Run up Models, edited by H. Yeh, P. Liu, and
C. Synolakis, World Scientific, River Edge, NJ, 43–87, 1996.

Wells, D. L., and K. J. Coppersmith, New empirical relationships among
magnitude, rupture Length, rupture width, rupture area, and surface dis-
placement, Bull. Seismol. Soc. Am., 84(4), 974–1002, 1994.

����������������������������
S. Koshimura, Disaster Reduction and Human Renovation Institution,

1-5-2 Wakinohama Kaigan-Dori, Chuo-Ku, Kobe 651-0073, Japan.
(koshimuras@dri.ne.jp)
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Figure 5. Snapshots of computed current velocity patterns
within Cultus Bay at 2 minute intervals. Black square is the
area excavated by Atwater and Moore [1992] that contained
the tsunami deposit.
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