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D.J. Nicolsky', E.N. Suleimani’, R.D. Koehler?, and J.B. Salisbury?

Abstract
In this report we evaluate potential tsunami hazards for the southeastern Alaska com-
munity of Juneau and numerically model the extent of inundation from tsunami waves
generated by tectonic and submarine landslide sources. We calibrate our tsunami model
by numerically simulating the 2011 Tohoku tsunami at Juneau and comparing our results
to instrument records. Analysis of calculated and observed water level dynamics for the
2011 event in Juneau reveals that the model underestimates the observed wave heights
in the city by a factor of two, likely due to complex tsunami-tide interactions. We com-
pensate for this numerical underestimation by doubling the coseismic slip of the hypo-
thetical tsunami sources in our models. Potential hypothetical maximum credible tsunami
sources include variations of the extended 1964 rupture and megathrust earthquakes
in the Prince William Sound and Alaska Peninsula regions. Local underwater landslide
events in Lynn Canal, in Favorite, Saginaw, and Gastineau channels, and in Taku Inlet are
also considered as possible tsunamigenic scenarios. The results show that the maximum
predicted wave height in the Juneau area resulting from a tectonic tsunami is 2-3 m (6-10
ft), while a landslide-generated tsunami may cause a run-up of 15-16 m (49-52 ft) along
the Fritz Cove shoreline and potentially flood portions of the airport. Results presented
here are intended to provide guidance to local emergency management agencies in
tsunami inundation assessment, evacuation planning, and public education to mitigate

future tsunami hazards.

INTRODUCTION

Subduction of the Pacific plate under the
North American plate has resulted in numerous
great earthquakes and is the source of locally-gen-
erated tsunamis in Alaska (Dunbar and Weaver,
2008). Several historical earthquakes along the
Alaska—Aleutian subduction zone (fig. 1) have
generated tsunamis resulting in widespread dam-
age and loss of life in exposed coastal communi-
ties in Alaska and throughout the Pacific Ocean
(Lander, 1996). However, tsunamis originating in
the vicinity of the Aleutian Islands, Alaska Penin-
sula, and the Gulf of Alaska are of particular con-
cern to Alaskans because, as local hazards, waves

can reach coastal communities within minutes of
the earthquake that caused them.

The vulnerability of Alaska’s coast to tsunami
waves was demonstrated by the March 27, 1964,
Great Alaska earthquake. This M 9.2 megathrust
earthquake (fig. 1) was the largest recorded earth-
quake in North America and generated the most
destructive tsunami in Alaska history (Plafker
and others, 1969; Kanamori, 1970; Johnson and
others, 1996; Lander, 1996). In addition to the
major tectonic tsunami triggered by ocean-floor
displacement, multiple local tsunamis were gen-
erated by landslides. The landslide-generated tsu-
namis arrived almost immediately after shaking

'Alaska Earthquake Center, Geophysical Institute, University of Alaska, P.O. Box 757320, Fairbanks, Alaska 99775-

7320; djnicolsky@alaska.edu

2Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707. R.D. Koehler
now at Nevada Bureau of Mines and Geology, Mackay School of Earth Science and Engineering, University of
Nevada, Reno, 1664 North Virginia Street, MS 178, Reno, NV 89557
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Figure 1. Map of south-central and southeastern Alaska, showing rupture areas of major historical earthquakes (light
pink shading). Red stars mark epicenters of two September 1899 earthquakes. The segment notations of the Alaska-
Aleutian megathrust are from Nishenko and Jacob (1990): Yakataga-Yakutat (YY), Prince William Sound (PWS), Kenai
Peninsula (KP), Kodiak Island (KI), Semidi Islands (SEM), and Shumagin Islands (SH) segments. The area inside the black

rectangle is shown in detail in figure 2A.

was felt, leaving virtually no time for warning or
evacuation. Of the 131 fatalities associated with
this earthquake, 122 were caused by the tectonic
and landslide-generated tsunamis (Lander, 1996).
The local tsunamis in the Gulf of Alaska region
caused most of the damage and accounted for 76
percent of the aforementioned 122 tsunami deaths

(Lander, 1996).

The 1964 tsunami did not uniformly im-
pact the vast Alaska coastline. Waves did not cause
significant damage to Juneau; the 1964 tsunami
arrived approximately three hours after the earth-
quake on a rising tide and its estimated height was
~1.2 m (-3.9 ft) (Lander, 1996). Despite the rel-
atively small size of the 1964 tsunami at Juneau,
wave action persisted for at least 10 hours (Land-
er, 1996, figure 77). During future tsunamis, it is
possible that the highest wave in the tsunami wave
train could arrive during high tide and cause more

damage than what occurred in 1964. Potential fu-
ture earthquakes and tsunamis in the Gulf of Alas-
ka and around the Pacific Ocean necessitate the
development of inundation and tsunami evacua-
tion maps for use in tsunami risk mitigation.

We approach this problem—modeling the
outcome of different tsunami-generating scenari-
os—deterministically. This means we are not fo-
cused on calculating the relative likelihood and
frequency of various magnitude earthquakes, as
is done for land-use planning or insurance esti-
mates (Geist and Parsons, 2006; Geist and Lynett,
2014). Because the known earthquake and tsu-
nami history of Alaska is short, we instead model
the results of many hypothetical earthquakes and
landslides to explore potential “worst case scenar-
ios,” as determined by the geologic characteristics
and earthquake history of the region. Producing a
tsunami inundation map for a community there-
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fore consists of several steps. First, we develop
credible scenarios for maximum plausible tsuna-
migenic earthquakes based on historic records and
known fault segmentation. We then model tsuna-
mi dynamics resulting from each of the scenarios,
without assigning probabilities to the earthquake
occurrences. The results are then compared with
historical tsunami observations if such data exist.
Finally, we develop a “worst-case” inundation line
that encompasses the maximum extent of flooding
from all model simulations of all source scenarios
and historical observations. The worst-case inun-
dation line becomes a basis for local tsunami haz-
ard planning.

The intended audience for this report con-
sists of scientists, engineers, and planners interest-
ed in applying this approach to develop tsunami
inundation and evacuation maps. Digital data and
documentation provided with the report enable
technical users to explore the range of tsunami in-
undation expected for future events.

PROJECT BACKGROUND:
REGIONAL AND HISTORICAL

CONTEXT
Setting

Juneau (58°18’ N, 134°25’ W) is the capital
city of Alaska and had a population of 33,277 in
2016 (Alaska Department of Labor and Workforce
Development, 2016). Juneau is on the mainland
of southeastern Alaska east of Douglas Island (fig.
2A). It lies ~1,450 km (900 mi) northwest of Se-
attle and ~930 km (577 mi) southeast of Anchor-
age. Juneau is rather unusual among U.S. capitals
in that there are no roads connecting the city to
the rest of Alaska or to the rest of North America
(although ferry service is available for cars). The
absence of a road network is due to the extremely
rugged terrain surrounding the city. All resources
coming in and going out must be transported by
plane or boat.

Earthquake and tsunami history
Juneau is in southeastern Alaska, where the

primary tectonic elements of the Pacific-North

American plate boundary are the Alaska—Aleu-

tian subduction zone and the >1,000-km-long
(>620-mi-long) Fairweather—-Queen Charlotte
(FW-QC) fault system (fig. 1). Plate motion is ac-
commodated along the Fairweather fault, a trans-
form fault that extends primarily offshore along
the entire southeastern Alaska coastline, becoming
the Queen Charlotte fault to the south in British
Columbia (figs. 1 and 2A). The entire Fairweath-
er—Queen Charlotte fault system ruptured in large
strike-slip earthquakes over the last century: 1927
(M 7.1), 1949 (M 8.1), 1958 (M 7.9), and 1972
(M 7.6) (Sykes, 1971; Page, 1973; Tocher, 1960).
See Suleimani and others (2013, figure 4) for addi-
tional rupture location details of these earthquakes
and further information on the seismotecton-
ics of the region. An analysis of the above-men-
tioned events indicates that seismic slip along the
FW-QC fault system is parallel to the direction
of motion between the North American and Pa-
cific plates (Doser and Lomas, 2000). Recently,
an unusual thrust event on the southern part of
the FW-QC fault system—the 2012 Haida Gwaii
earthquake—generated a large tsunami along the
outer coast of British Columbia. The local run-up
was observed to reach 7.5 m (25 ft) in some in-
lets in the rupture area. Although large-magnitude
earthquakes can occur on the FW-QC fault sys-
tem, the predominantly strike-slip mechanism of
these earthquakes lacks large vertical perturbations
to the seafloor and is therefore unlikely to generate
tsunamis in Juneau.

Most of the hazard related to the strike-slip
earthquakes, besides the strong ground shaking, is
due to ground failures. The 1958 event triggered a
large landslide into Lituya Bay (fig. 2B) that gen-
erated a 530 m-high (1,740 ft-high) wave (Mill-
er, 1960). Other smaller landslides and ground
failures during the 1958 event occurred in Dis-
enchantment Bay, Dry Harbor, Haines/Skagway
area, and near Wrangell (Lander, 1996). Underwa-
ter cables were broken by submarine landslides in
Lynn Canal between Juneau and Skagway (figure
2B). No tsunami damage was reported for Juneau
during the 1958 event.

Because Juneau is located in a network of
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Tsunami inundation maps for Juneau, Alaska 5

.Skagwgy
X
g B
X
X
%
Z X
“L% X
Tidal Inlet %
=)
~: Area of Figure 3
: o
Glacier Bay = X
=N
Lituye
Palma Bay
/ /Taylor Bay ERE ) oy
Icy Strait 'S'a"d\ R
cross @ Elfin Cove
Sound Alexander
Archipelago
pd
©
n
Transig, N 25 50 75 100
nf"*’t Chiaagos jxevy qt—:—km
138°W 137°W 136°W 135°'W

Figure 2, continued. (B) Detailed map of the areas adjacent to Icy Strait and Lynn Canal. Red crosses indicate loca-
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rectangle is shown in detail in figure 3.

marine passages that weave through the islands of
southeastern Alaska and British Columbia (fig. 2),
it is commonly thought to be protected from tec-
tonic waves coming from the Pacific Ocean (for
example, Lander, 1996, p. 17). Only nine tsuna-
mis are reported to have reached the town, and
none have resulted in any damage or loss of life.
Table 1 provides a summary of tsunami effects at
Juneau caused by earthquakes of the last century,
as summarized from Lander (1996) and recent
trans-Pacific and local tsunami records extracted
from the tsunami database of the National Cen-
ters for Environmental Information/World Data
Centers (NCEI/WDS) (in progress). The largest
observed tsunami in Juneau happened after the
1964 earthquake; however no significant dam-

age was reported. Because future earthquakes in
the area might have different patterns of energy
release, relying solely on historical events may sig-
nificantly underestimate potential inundation in
the community.

Landslide tsunami hazard potential

Tsunamis caused by underwater slope fail-
ures constitute a significant hazard in the fjords of
coastal Alaska and other high-latitude fjord coast-
lines (Lee and others, 2006). Kulikov and others
(1998) analyzed tsunami catalog data for South-
east Alaska and British Columbia and showed that
this region has a long record of tsunami waves
generated by submarine and subaerial landslides,
avalanches, and rockfalls. In the majority of cases
tectonic tsunamis arriving in bays and fjords from
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Table 1. Tsunami effects at Juneau; data from the National Geophysical Data Center Global Historical Tsunami Data-
base (in progress) and comments from Lander (1996).

Magnitude LA
Date 9 Origin water height Comments
(M)
(m)
Heavy seas broke towline, water mud-
Southeast dy and churned. The Juneau-Skag-
10/24/1927 7.1 Alask Observed way-Haines cable broke in two places.
aska Cable breaks were ascribed to a subma-
rine slide.
11/4/1952 8.2 Kamchatka 0.13
Peninsula
Central
3/9/1957 8.3 Aleutian 0.20
Islands
Southeast .
7/10/1958 7.9 Observed Six underwater cables broke.
Alaska
5/22/1960 8.6 Chile 0.05 Trace recorded.
3/28/1964 85 Gulf of 110 The tide was 4 to 6 feet higher than
Alaska normal.
Southeast Coast Guard reported “confused white-
0773071972 7.6 Alaska 0.10 cap throughout Alaskan waters.”
2/27/2010 8.5 Chile 0.1
3/11/2011 8.3 Japan: 0.21
Honshu

the open ocean had wave heights smaller than
those of local landslide-generated tsunamis. For
example, the 1964 landslide-generated tsunami in
Port Valdez devastated the waterfront and caused
a -52 m (~170 ft) run-up near Shoup Bay, while
the tectonic tsunami was not even noticed until a
high tide late in the evening (Coulter and Migliac-
cio, 1966; Wilson and Terum, 1968). On July 25,
2014, a M_ 6.1 strike-slip earthquake on the Fair-
weather fault occurred underwater near Palma Bay
(fig. 2B). This event did not generate a devastating
tsunami, due to mostly horizontal displacements
of the ocean floor. However, after the earthquake
the Alaska Communications Company reported
a broken fiber optic cable caused by a submarine
landslide in Cross Sound (Suleimani and others,
2015).

One of the largest historical tsunamis gen-
erated by a subaerial rock-slope failure occurred

in Lituya Bay in 1958 (Miller, 1960). Another
massive subaerial landslide occurred near Tyndall
Glacier in Taan Fjord—an arm of Icy Bay—in
October, 2015 (Rozell, 2016). A mountainside
with an estimated volume of 55 million m? (72
million yd?) collapsed into the fjord and caused
190 m (620 ft) run-up on the opposite side (P.
Lynett, University of Southern California, oral
commun., 2017). According to Geist and others
(2003) and Wieczorek and others (2007), another
potential massive subaerial landslide can occur in
Tidal Inlet—a fjord in Glacier Bay (fig 2B). The
tsunami hazard due to this landslide in nearby

Alaska communities is assessed by Suleimani and
others (2015).

Modeling of waves generated by rockfalls
presents a major difficulty. Subaerial landslides,
unlike submarine ones, impact water bodies at
high speeds and can cause larger tsunamis, given
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all other assumptions are the same. The impact of
a rockfall on the water surface results in a turbu-
lent splash and consequent mixing of the gran-
ular materials with water. Findings by Swanston
(1972) and City and Borough of Juneau (2009)
mention that several subaerial landslides have oc-
curred within the city limits during the last centu-
ry. Unfortunately, due to insufficient data on the
locations and volumes of potential subaerial land-
slides, we do not model tsunamis generated by this

type of landslide in this report'.

Presently there is little known about the po-
tential for submarine landslides in the vicinity of
Juneau. However, the combination of high sedi-
mentation rates, seismic activity, artificial fill, and
history of submarine landslides in Alaska coastal
communities with similar geologic settings (such
as Seward, Valdez, and Whittier), led us to con-
sider several potential landslides as sources of tsu-
nami waves that could impact Juneau. Figure 3
identifies six potential slide areas, five of which are
glacial river deltas deposited on underwater slopes
and one of which is an artificial fill location. Later
in the report we describe these submarine land-
slide-generated tsunami scenarios in detail and an-
alyze results of numerical modeling of slide-gener-
ated waves.

METHODOLOGY AND DATA

Grid development and data sources

Numerical modeling of the governing equa-
tions for water dynamics requires a discrete ap-
proximation of the motion of a continuous medi-
um (i.e., the water). In this work we discretize the
shallow-water equations in spherical coordinates
using a finite difference method. To compute a
detailed map of potential tsunami inundation
triggered by local and distant earthquakes, we use
a series of nested computational grids. A nested
grid allows for higher resolution in areas where it
is needed without expending computer resourc-
es in areas where it is not. The bathymetric and
topographic relief in each nested grid is based on
digital elevation models (DEMs) developed at the
National Center for Environmental Information

(NCEI) of the National Oceanic & Atmospher-

ic Administration (NOAA) in Boulder, Colorado
(Caldwell and others, 2012). The extent of each
grid used for inundation mapping of Juneau is
listed in table 2. The coarsest grid (level 0) spans
the central and northern Pacific Ocean and has a
resolution of 2 arc-minutes (-2 km), while the two
highest-resolution grids (level 4 Juneau high-res-
olution grid and level 4 Tongass Forest high-res-
olution grid) cover the community (fig. 4). We
use three intermediate grids between the coarsest-
and highest-resolution grids (table 2). Other grids
are employed in testing sensitivity of the tsunami
modeling to the grid resolution.

The bathymetry data for the 2-arc-min-
ute-resolution grid is extracted from the ETOPO2
dataset (National Centers for Environmental In-
formation [NCEI], 2006, http://www.ngdc.noaa.
gov/mgg/bathymetry/relief.html). The data sourc-
es and methodology used to create the 24-, 8-,
and 3-arc-second and high-resolution DEMs are
described in greater detail in Caldwell and others
(2012), Love and others (2012), and Macpher-
son and others (2014). The horizontal datum for
these grids is WGS84, and the vertical datum is
MHHW. The spatial resolution of the high-res-
olution grids satisfies NOAA minimum recom-
mended requirements for computation of tsunami
inundation (National Tsunami Hazard Mitigation

Program [NTHMP], 2010).

Accuracy of the high-resolution DEM is
determined by NASA’s Space Shuttle Radar To-
pography Mission (SRTM) dataset with vertical
accuracy of 16 m (52.5 ft) (Caldwell and others,
2012). Because the SRTM data can have large ver-
tical errors near the shoreline, prediction of the
potential tsunami inundation using those data can
be invalid. Hence this topographic dataset is aug-
mented with the recently developed USGS Na-
tional Elevation Dataset (NED) that is based on
Light Detection and Ranging (lidar) surveys col-
lected in 2013 and a real-time kinematic (RTK)
GPS survey in the harbor and airport areas.

The RTK GPS survey in Juneau was con-
ducted October 25, 2013. Locations of the GPS
measurements in Juneau are shown in figure 5.

'Guidelines and best practices for tsunami inundation modeling for evacuation planning state that the modeling
should add value to mapping products (National Tsunami Hazard Mapping Program [NTHMP], 2010).
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Table 2. Nested grids used to compute propagation of tsunami waves generated in the Pacific Ocean to the community
of Juneau. High-resolution grids are used to compute the inundation. Grids marked by asterisk (*) are employed in the
sensitivity study. Note that the grid resolution in meters is not uniform and is used to illustrate grid fineness near the
community. The first dimension is the longitudinal grid resolution, while the second is the latitudinal resolution.

Resolution L o
. e . atitudina
Grid name Areseconds meters (near Longitudinal boundaries boundaries
Juneau)

Level Sé;c'\i‘f‘i’crthem 120" x 120" | 1,850 x 3,700 120°00E - 100°00'W 10°00'N - 65°00'N
Level 1, Aslz:gea“em 24" x 24" 402 x 740 130°00°W - 141°00'W 54°00'N - 60°00'N
Level 2, Juneau West 8" x 8" 132 x 246 133°15'W - 137°17'W 55°44'N - 59°33'N
Level 3, Juneau 3-sec ; ; P oA O1m T 58°02'21"N -

grid 27" x 2.7 44 x 82 133°55'04"W - 135°18'27"W 58°41'40"N

Leve'gt'r;t‘ftham 2.7"x2.7" 44 x 82 133°17'W - 135°41'W 56°45'N - 58°00'N

58°02'22"N -

* n n o I i o I "
Level 3, Icy Bay 2.7"x 2.7 44 x 82 135°20'51"W - 136°53'57"W 58°33'05"N
58°43'45"N -

* n n o I " o I "

Level 3, Lynn Canal 27" x 2.7 44 x 82 134°54'01"W - 135°41'58"W 59°29'58"N
Level 3, Port \ N 0~ A1m O N1 A 56°00'34"N -
Alexander® 2.7"x 2.7 45 x 82 134°24'38"W - 135°07'34"W 56°28'39"N

Level 4, Juneau ; ; oA oI A o Aim o 58°14'58"N -
high-resolution grid 0.9" x 0.53 14.4 x 16.4 134°18'04"W - 134°47'28"W 58°2522"N

Level 4, To'ngass ) ) o I 58°25'31"N -

Forest high- 0.9" x 0.53 14.4 x 16.4 134°45'00"W - 135°00'42"'W oAt
. . 58°41'25"N
resolution grid
Level 4, Port \ \ ommiE L onAia a0 56°12'56"N -
Alexander* 0.9" x 0.53 152 x16.4 134°33'55"W - 134°41"17"W 56°16'42"N

Level 4, Skagway " " 04 TR 0 mim i 59°26"13"N -

high-resolution grid* 0.9" x 0.53 13.9x16.4 135°17'00"W - 135°22'26"W 59°20'44"N
Level 5, Port ) . oo omaia 56°14'02"N -

Alexander high- 0.3"x0.18 5.1x5.5 134°37'58"W - 134°39'22"'W 56°15'29"N

resolution grid*

The collected GPS measurements had 3-5 cm
(1.2-2.0 in) lateral and vertical accuracy relative
to the base station (Leica Geosystems AG, 2002).
Therefore, to achieve sub-meter accuracy for all
GPS measurements related to the MHHW datum,
the base station datum must relate to the MHHW
datum with sub-meter accuracy. Such base station
accuracy can be achieved if the base station is set
up at a well-known benchmark or monument. We
could not find a conveniently located benchmark
to allow a sustained radio signal between the base
station and a rover for the entire city and chose

to set up the base station at the head of Auke
Bay. As in previous investigations (Nicolsky and
others, 2013, 2015, 2016), we used NOAA tide
gauge measurements and GPS-measured water
level to convert the collected GPS elevations into
the MHHW datum. Figure 6 shows the relation of
the GPS-measured water level to the NOAA tide

measurements in Juneau.

The extent of the high-resolution USGS NED
data is shown in figure 7. The NED dataset is in
the North American Vertical Datum of 1988 and
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Figure 6. Observed water-level dynamics in Juneau and fitted GPS measurements of water level in the MHHW datum.
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requires conversion to the MHHW vertical datum
to incorporate with the high-resolution grids. To
accomplish this, we sample the NED dataset at
locations where the RTK GPS measurements are
available and plot the GPS elevations (converted
to the MHHW datum) against the NED eleva-
tions in figure 8A. We find that dataset elevations
are closely correlated, but the NED dataset is ver-
tically offset by 5.0 m (16.4 ft). To adjust the NED
to the MHHW datum we subtract 5 m (16.4 ft)
from the NED elevations, as shown in figure 8B.
We emphasize that the 5 m (16.4 ft) elevation dis-
crepancy corresponds to the vertical difference be-
tween the Mean Lower Low Water (MLLW) and
MHHW datums. Further investigation regarding

the vertical datum of the NED dataset revealed
that the lidar dataset, on which the NED dataset
is based, was converted to the MLLW vertical da-
tum. The latter supports our correction, which was
obtained independently. The values for land areas
from the vertically shifted USGS NED dataset
were then merged into the existing high-resolution
DEM, replacing the original values with the newly
interpreted elevations.

Numerical modeling of tsunami
wave propagation and run-up

To model propagation of tectonic tsunamis
from the the Pacific Ocean to the community of
Juneau, we apply the numerical model developed

Figure 7. Extent
of USGS NED
dataset and
locations of GPS
measurements.
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by Nicolsky and others (2011b) and Nicolsky
(2012) and used in previous Alaska tsunami inun-
dation studies (for example, Suleimani and others,
2010, 2013, 2015; Nicolsky and others, 2011a,
2013, 2014a, 2014b, 2015). All hypothetical tsu-
nami simulations are conducted using the bathy-
metric/topographic data corresponding to the
MHHW tide level in Juneau. We assume that the
initial displacement of the ocean surface is equal
to the vertical displacement of the ocean floor in-
duced by the earthquake rupture process. We do
not account for the finite speed of the rupture
propagation along the fault, and we consider the
ocean-bottom displacement to be instantaneous.

Modeling of the March 11, 2011,
Tohoku Tsunami

Prior to proceeding with hypothetical sce-
narios, we verify our model against the observed
tsunami generated by the March 11, 2011, M,
9.0 Tohoku earthquake in Japan. Among many
reasons for model verification listed in Synolakis
and others (2007), the one that has particular im-
portance for distant tsunami events is ensuring the
consistency of the DEM nesting.

The March 11, 2011, Tohoku tsunami result-

ed in the 21 cm (8.3 in) water wave recorded by the
NOAA tide gauge in Juneau (National Geophys-
ical Data Center/World Data Service [NGDC/
WDS], in progress). The tsunami was also record-
ed at tide gauges in Elfin Cove, Port Alexander,
and Skagway (fig. 4). The Tohoku tsunami did not
result in significant waves in Southeast Alaska be-
cause the tsunami traveled a great distance from
its source and waves were directed primarily to the
northwest, toward the coast of Japan, and to the
southeastern region of the Pacific Ocean (Tang
and others, 2012). There are no eyewitness ac-
counts of this tsunami at Juneau, probably because
of its small size and early arrival time (5:35 am
local time). The 2011 Tohoku tsunami arrived on
the falling tide and the highest wave arrived when
the tide was at its low; the tidal range was 3.7 m
(12 ft) on March 11, 2011 (National Oceanic and
Atmospheric Administration/National Ocean Ser-
vice [NOAA/NOS], in progress; https://tidesand-
currents.noaa.gov/waterlevels.html?id=9452210).

There are several deformation models rep-
resenting the slip distribution of the March 11,
2011, Tohoku earthquake. Here, we apply the fi-

nite fault model III by Shao and others (2011).
The resulting vertical seafloor deformation is illus-
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trated in figure 9. Similar to Suleimani and others
(2013) and Nicolsky and others (2015), we model
the 2011 Tohoku tsunami dynamics without con-
sidering tidal sea level change; all model runs are
conducted using bathymetric data that correspond
to the MHHW tide level, if not otherwise noted.

Analysis of the modeling data reveals that
the simulated tsunami arrives sooner than the ob-
served one. We apply the time correction of 8T
= 12 min to the Elfin Cove and Port Alexander
time series and 8T = 15 min to the Juneau and
Skagway time series. Figure 10 shows a compar-
ison between the observed wave histories and the

calculated time series at the Elfin Cove, Port Alex-
ander, Juneau, and Skagway tidal stations. The wa-
ter level observations were processed to remove the
tidal component. As reported by Tang and others
(2012), a similar time shift was observed between
the computed and observed waves in their study.
They did not use the tidal stations of Elfin Cove,
Juneau, and Skagway in their analysis, but for the
Yakutat station they applied the time correction
of 6T = 12 min. Systematic tsunami traveltime
delays (due to elasticity of the solid earth, seawa-
ter compressibility, and variations of gravitational
potential) occur in many numerical experiments

(Watada and others, 2014).

Figure 9. Vertical defor- W
mations of the ocean
floor and adjacent
coastal region corre-
sponding to the March o
11,2011, Tohoku
earthquake, based on
a finite fault model
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The visual comparison between the comput-
ed and measured water-level dynamics at Elfin
Cove (fig. 10A) shows that the model provides a
good approximation to the recorded tsunami am-
plitudes for the first ten hours after the wave ar-
rival, i.e., the modeled and observed waves arrive
mostly in phase with each other and have similar
amplitudes. After ten hours, phases of the modeled
and observed waves start to differ and the com-
parison eventually degrades, as can be seen in the
plot at time equal to 20-24 hours after the earth-
quake. The comparison between the first modeled
and observed wave in Port Alexander (fig. 10B) is
quite good except that the first wave is slightly un-
derestimated. Close examination of the Elfin Cove
results shows that the first observed wave is also
slightly underestimated. The underestimation at
both tide gauges could be attributed to errors in
the 2011 tsunami source model, discrepancies in
the bathymetry, and to simplifications of the nu-
merical model.

We also note that tsunami dynamics in Port
Alexander are dominated by 9-minute oscillations,
and the modeled range of water level variability
(black line) is smaller than the observed range. The
tide gauge at Port Alexander is at the mouth of the
narrow and shallow channel connecting the Cha-
tham Strait to an inland lagoon (fig. 4b). We recall
than the tsunami arrived to Southeast Alaska on
the falling tide with the tidal range being about 3
m (10 ft). The maximum waves in Port Alexander
occurred when the tide was 2.0-2.5 m (6.6-7.1 ft)
below the MHHW (National Oceanic and Atmo-
spheric Administration/National Ocean Service
[NOAA/NOS], in progress; https://tidesandcur-
rents.noaa.gov/waterlevels.html?id=9451054).
Because our numerical model cannot simulate tid-
al dynamics, we simulate the 2011 tsunami on the
water level corresponding to 2 m (6.6 ft) below the
MHHW datum (blue line, fig. 10B). The channel
connecting the lagoon to Chatham Strait is much
shallower at this water level, if even existent, and
thus less water can flow into the inland lagoon.
We notice that the range of modeled oscillation
is significantly increased and the results are now

comparable to the observations. Hence, we con-
clude that it is important to consider tides at Port
Alexander because dynamic opening and closing
of narrow, shallow channels has a significant im-
pact on tsunami model accuracy.

For the inside locations, namely, Juneau and
Skagway, the numerical model reproduces the first
two (fig. 10C) and four waves (fig. 10D), respec-
tively. For the subsequent waves, the reproduction
is not as good. The calculated highest wave at Ju-
neau (fig. 10C) underestimates its recorded coun-
terpart by ca. 50 percent. The discrepancy could
be due to: a) effects of bottom friction; b) coarse
resolution of intermediate grids describing the
complex network of channels and passages that
lead to Juneau from the Pacific coast; c) positive
interference between various oscillation patterns in
the fjord system; or d) tsunami-tide interactions.
In the rest of this section, we conduct a series of
tests to analyze which of the above mechanisms is
likely to be responsible for underestimation of the
maximum tsunami wave height in Juneau.

First, we compare the modeled tsunami in
Juneau with results of two numerical experiments,
in which bathymetry is refined in a) Icy Bay only
and b) in both Icy Bay and Chatham Strait (see
table 2 for DEM list). The numerical results are
plotted in figure 11A. The grid refinement in only
Icy Bay does not result in any visibly distinguish-
able changes to the water dynamics in Juneau.
However, the grid refinement of both Icy Bay
and Chatham Strait produces slightly decreased
maximum wave heights in Juneau. The numeri-
cal experiment with a smaller bottom friction (the
surface roughness coefficient n in the Manning
formula is decreased four times to n=0.005 s/m'?
[0.007 s/ft"?]) results in decreased maximum wave
height in Juneau (fig. 11B). We emphasize that in
all experiments the first wave crest and trough are
almost the same and the difference between the
numerical results is seen in the second wave crest.

Finally, similar to the tsunami dynamics in
Port Alexander, the maximum tsunami wave in Ju-
neau occurred when the tide was near its minimum,
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Figure 10. Observed and simulated water-level dynamics for the March 11, 2011, Tohoku tsunami at (A) Elfin Cove, (B)
Port Alexander, (C) Juneau, and (D) Skagway tide stations. All simulations are carried out with the assumption that the
still water level is at the MHHW level (no ocean tides in the model), except for the Port Alexander simulation. One of the
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in this case 4 m (13 ft) below the MHHW level.
Therefore, we conduct a numerical experiment in
which the undisturbed water level corresponds to
the tide level when the second tsunami wave crest
arrives, i.e., 3 m (10 ft) below the MHHW datum.
The modeled water level in Juneau is shown by
the green line in figure 11B. Despite the fact that
Juneau is connected to the ocean by deep channels
(100-300 m [300—1,000 ft]), the 3 m (10 ft) re-
duction in the undisturbed water depth produces
significant changes to the water level dynamics in
Juneau, helping to better match modeled maxi-

mum wave heights with those that were observed.

We hypothesize that changes in various mod-
el parameters (i.e., water depth, bathymetric res-
olution, and bottom friction) cause slight pertur-
bations in natural oscillations in the fjord system.
For example, modeling tsunamis on the reduced
water level (the still water depth in the fjords is
shallower) results in decreased periods of water
level oscillations. Because Juneau is surrounded by
a complex system of fjords, and if the fjord system
oscillates on similar frequencies, the overall oscil-
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Figure 11. Comparison of the observed March 11,2011, Tohoku tsunami in Juneau to its modeled counterpart.
The latter was computed for various perturbations of parameters: (A) refinement of the topography/bathymetry
grids near Juneau, (B) changes in the bottom friction and still water depth.
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lation looks like a single oscillation with a slowly
varying amplitude. Depending on the difference
between the individual frequencies, the overall os-
cillation pattern can experience positive and neg-
ative interference among its constituents. As a re-
sult, oscillations with nearly the same periods can
lead to gradual amplification of the water waves.
After the initial amplification, the individual oscil-
lations can destructively interfere with each other
and decrease the wave height. We notice that for
both the observed and modeled tsunamis, wave
crests increase in height for the first few hours
(<12 hrs after earthquake) then decrease in height
after another ~6 hours (-18 hours after the earth-
quake).

Among the considered parameters, tide level
variations and tidal dynamics, in general, seem to
have the greatest effect on the natural oscillation
patterns of the waves in Juneau. A similar phys-
ical mechanism is likely amplifying the wave in
Skagway. Unfortunately, tide-tsunami coupling is
a rather complicated problem (Kowalik and oth-
ers, 2006; Kowalik and Proshutinsky, 2010) and
its solution needs extensive exploration and val-
idation before application in the tsunami hazard
assessments. Therefore, to account for the model’s
underestimation of the potential tsunami impact
for Juneau, we correspondingly adjust the tsunami
sources as discussed later in the report.

Numerical model of landslide-
generated tsunamis

Tsunamis generated by submarine landslides
are complex physical phenomena, the study of
which accelerated following the 1998 Papua New
Guinea (PNG) earthquake (e.g., Tappin and oth-
ers, 2001, 2008). In this particular event, the M,
7.1 earthquake triggered an underwater slump
that produced a tsunami with a 15 m local inun-
dation, killing almost 2,200 people (Tappin and
others, 2008). After the PNG tragedy, in order
to minimize future losses, a number of models to
simulate water dynamics due to submarine land-
slides have been developed (e.g., Fine and others,

1998; Grilli and Watts, 1999; Watts and others,
2003; Lynett and Liu, 2002; Skvortsov and Born-
hold, 2007; Levholt and others, 2008; Weiss and
Wiinnermann, 2009; Horrillo and others, 2013;
Ma and others, 2013; George and Iverson, 2014).

Modeling landslide-generated tsunamis in-
volves simulation of not only the water and land-
slide, but also the coupling between them. The
water dynamics are computed by potential flow
theory, Navier-Stokes equations, or a variety of
depth-averaged equations. The landslide dynam-
ics are either prescribed according to some simple
formulae or modeled according to the assumed
rheology. In general, the slide rheology could be
described by a dense Newtonian (viscous) fluid,
Bingham (viscoplastic) fluid, granular flow, or
simply by a non-deformable solid body (Harbitz
1992; Jiang and LeBlond 1992, 1993; Iverson and
Denlinger, 2001). See Lovholt and others (2015),
Grilli and others (2016), and Yavari-Ramshe and
Ataie-Ashtiani (2016) and references therein for a
list of developed numerical models and their clas-
sifications.

In a recent study to simulate the 1975 Kiti-
mat, British Columbia, submarine landslide,
Kirby and others, (2016) investigated landslide
models with viscous, viscoplastic, and solid body
rheologies. The viscous deformable slide model
was found to predict somewhat lower wave heights
than the solid slide model. The solid slide also pro-
duced results comparable to the viscoplastic slide
model developed by Skvortsov and Bornhold
(2007). Similarly, Ataie-Ashtiani and Najafi-Jilani
(2008) and Najafi-Jilani and Ataie-Ashtiani (2008)
experimentally showed that granular slides had
a maximum amplitude up to 15 percent smaller
than that of the equivalent rigid slide. Therefore,
the solid body landslides are likely to produce the
most extensive inundation; however, most of the
errors/uncertainty in the computed inundation
originates from the landslide source characteriza-
tion. For instance, according to Kirby and others
(2016), model results indicate that the strongest
influence on the amplitude of generated waves
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is the slide volume, with changes in slide shape
(with the volume held constant) playing a lesser
role. The initial acceleration, and hence the slide
density and slope of the ocean bottom, also sig-
nificantly affects the wave height. Furthermore,
an initial shallow submergence—which enhances
tsunami generation—as well as proximity to the
shore also significantly influence the run-up of
landslide-generated tsunamis.

In this report, to simulate tsunamis produced
by hypothetical underwater slope failures in chan-
nels and canals near Juneau, we use a numerical
model by Kirby and others (2016) with two fully
coupled components: a depth-integrated layer of
Newtonian viscous fluid for the landslide model
(Jiang and LeBlond 1992; Fine and others, 1998)
and a shock-capturing Non-Hydrostatic Wave
(NHWAVE) model by Ma and others (2012).
The depth-integrated model for the slide was suc-
cessfully applied to simulate landslides in Alaska
(Fine and others, 1998; Suleimani and others,
2011) and was later used to assess tsunami hazards
in Seward, Whittier, and Valdez (Suleimani and
others, 2010; Nicolsky and others, 2011a, 2013).
The NHWAVE model was designed to model
fully dispersive surface wave processes by solving
the non-hydrostatic Navier—Stokes equations in
a domain over a surface and terrain in the sigma
coordinate system. Performance of NHWAVE
has been verified and validated in Tehranirad and
others (2012) for a series of benchmarks provided
by Synolakis and others (2007), and a landslide
benchmark developed from results in Enet and
Grilli (2007). The coupling of the NHWAVE
model to the viscous landslide model was recently
tested using measurements from laboratory exper-
iments by Grilli and others (2016). Unfortunately,
a comprehensive set of numerical benchmarking
procedures for models describing a deformable
slide and its coupling with water waves has yet to

be developed.

Because NHWAVE discretizes the water
column into several layers, run-up modeling is a
computationally expensive task due to the strict

Courant—Friedrichs—Lewy (CFL) condition on
the vertical water velocity (Courant and others,
1928). Therefore, we selected a vertical thresh-
old of 0.1 m (0.3 ft) instead of 0.01 m (0.4 in)
to model inundation in NHWAVE. The latter
value is commonly used to simulate inundation
by depth-averaged shallow water equations. To in-
crease confidence in predicting the extent of inun-
dation from landslide-generated waves we employ
FUNWAVE-TVD—a phase-resolving, time-step-
ping Boussinesq model for nearshore ocean sur-
face-wave propagation (Shi and others, 2012), de-
scribed below.

First, we simulate wave generation caused by
the motion of a viscous landslide down the fjord
slope using the fully coupled model (Kirby and
others, 2016). At the beginning of each numeri-
cal experiment, when the submarine slide initially
propagates down the fjord wall, it pushes water and
creates a positive wave propagating away from the
slide. Behind, at the original slide location, an ini-
tial water surface depression occurs and it is conse-
quently filled with water under the restoring force
of gravity. The wave radiation patterns created by
slide dynamics are complex and usually include a
series of crests and troughs radiating away from
the slide area. Lovholt and others (2015) provide
an in-depth description of landslide tsunami gen-
eration. When the slide reaches a fjord bottom,
most of its energy has already been transferred to
the water. At this moment, execution of the fully
coupled model is terminated. The resultant wa-
ter level and the water velocities (depth-averaged
across all layers in NHWAVE) are used as initial
conditions for the FUNWAVE model. FUN-
WAVE then models a potential inundation of dry
land with 2 0.01 m (0.4 in) threshold between dry
and wet cells. We stress that the threshold for the
FUNWAVE model is smaller than the one used
in NHWAVE and this allows for more accurate
calculations of potential inundation. A similar
two-stage approach is implemented to simulate
inundation along the U.S. East Coast (Grilli and
others, 2013) and the Gulf of Mexico (Lépez-Ven-
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egas and others, 2014), where the sliding area and
the coast are not adjacent to each other.

In many fjords, potential underwater slides
exist along the city waterfront, often in areas of
unknown inundation susceptibility (Nicolsky
and others, 2011a; 2013). Thus the initial wa-
ter-level depression could be directly adjacent to
a community, as was the case in Valdez during the
1964 earthquake (Coulter and Migliaccio, 1966).
In these scenarios, we transfer the water level and
velocities from the fully coupled model to FUN-
WAVE when the initial depression is refilled, and
the “rebound” crest starts to propagate onshore.
We also check that by this time most of the slide
mass has reached the fjord bottom. Because there
is uncertainty in choosing the specific moment of
time when the rebound crest has developed, we
transfer the water level and velocities for two dis-
tinct occasions, i.e., separated by 30 seconds in
time. The uncertainty is later assessed by compar-
ing water dynamics predicted by the fully coupled
model and the FUNWAVE model at certain loca-
tions around the bay. The extent of potential in-
undation from the landslide scenario encompasses
the inundation extent of the NHWAVE model
and of both realizations of the FUNWAVE model.

Hypothetical tectonic tsunami sources

In this section, we consider several tectonic
tsunami sources to develop tsunami hazard maps
for the community of Juneau. We follow the no-
tations of Nishenko and Jacob (1990) for megath-
rust segmentation: Yakataga—Yakutat (YY), Prince
William Sound (PWS), Kenai Peninsula (KP),
Kodiak Island (KI), Semidi Islands (SEM), and
Shumagin Islands (SH) (fig. 1).

The many islands, channels, and passages
that characterize the landscape near Juneau may
provide protection to the city by dissipating tsuna-
mis that hit the outer coast of southeastern Alaska;
conversely, the passages also serve as wave guides
to channel the tsunami energy to Juneau. Analysis
of available bathymetry charts shows that waves
can reach Juneau primarily by two routes: from
the west through Icy Strait, and from the south

through Chatham Strait and Stephens Passage (fig.
2A). In a recently completed study by Suleimani
and others (2015), tsunamis generated by earth-
quakes along the KI, KP, PWS, and YY segments
are thought to be worst-case scenarios for the Icy
Strait communities: Elfin Cove, Gustavus, and
Hoonah. Because Juneau is located farther inland
along the same tsunami propagation route, we
consider the same tsunami scenarios considered
in the Icy Strait study for the Juneau study. We
also consider tsunamis propagating north through
Chatham Strait and Stephens Passage, and model
a tsunami generated by an earthquake in the Cas-
cadia subduction zone along the Washington—Or-
egon coast.

To parameterize co-seismic slip distributions
for tectonic scenarios, we employ a discretization
of the Alaska—Aleutian plate interface (Hayes and
others, 2012) between the subducting and over-
riding plates. The interface is discretized into a set
of 10-15 km-long rectangles with the upper and
lower edge of each rectangle being coincident with
a 1-km depth contour of the interface. The value
of slip is prescribed to each patch (subfault) and its
contribution to the overall coseismic deformation
is consequently computed by Okada (1985) for-
mulae. The value of rake—the direction a hanging
wall block moves during rupture—is assumed to
be 90° in order to maximize coseismic deformation
for the given slip. All contributions from subfaults
are added together to derive the co-seismic defor-
mation associated with the considered scenario.
The rigidity modulus is assumed to be a constant
3.6*10'° N/m? and independent of depth. There-
fore, all listed values of M for the hypothetical
scenarios provide a qualitative assessment for the
moment magnitudes.

Table 3 provides a summary of all tecton-
ic scenarios considered in this report. Scenarios
marked by an asterisk (*) indicate scenarios de-
scribed in previously published modeling studies
by Suleimani and others (2015, 2016). As in pre-
vious investigations (Nicolsky and others, 2011;
Suleimani and others, 2015, 2016), we consider
models of the 1964 earthquake.
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Table 3. Hypothetical tectonic scenarios used to model tsunami run-up in Juneau. Scenarios marked by an asterisk (*)
indicate scenarios described in the previously published modeling studies by Suleimani and others (2015, 2016).

4| m Descriotion Maximum | Average Maximum sub- Maximum
w P slip, m (ft) | slip, m (ft) | sidence, m (ft) uplift, m (ft)
1| 9.2 | Repeat of the 1964 M_ 9.2 Alaska Earthquake 23(75) 10(33) 5.5(18) 9 (30)
Earthquake modeling extension of the 1964
2193 rupture to the YY segment 23(75) 15(49) 5.5(18) 9(30)
3| 9.2 Tohoku-type earthquake in the area of the 1964 37 (120) 9(30) 4(13) 14 (48)
rupture
. Tohoku-type earthquake in the area of the 1964
4*1 9.2 rupture and YY segment 37 (120) 11(34) 4.5(15) 10(33)
. Tohoku-type earthquake across Prince William
|90 Sound and Kenai Peninsula 44(144) 22(72) 8(26) 14(44)
6*| 9.0 [ Earthquake according to the SAFRR project 75 (245) 16 (52) 3(9) 15 (49)
Earthquake in the Cascadia subduction zone
7* 1 9.1 | along the British Columbia, Washington, Ore- 45 (148) 36(118) 8(25) 11(35)
gon and northern California shore

Scenario 1. Repeat of
the 1964 M 9.2 Alaska
Earthquake (fig. 12A).

Over the last two decades, several models of coseismic defor-
mation forthe M_ 9.2 Great Alaska Earthquake were developed
by Johnson and others (1996), Ichinose and others (2007), Suito

and Freymueller (2009), and Suleimani (2011). Most of the dif-
ference between them is in distribution of slip and extent of the
splay faults along the Kenai Peninsula. Maximum slip across all
sources is 23 m (75 ft); average slip is 10 m (33 ft).

We conduct numerical simulations for each of the above-men-
tioned coseismic deformation models. An envelope of the
maximum inundation extents among all of these models is used
to define the hypothetical inundation according to this scenario.

In a paleoseismic study, Hamilton and Shen-
nan (2005) estimated coseismic subsidence during
the 1964 earthquake and two earlier events. It was
shown that the earthquake dated to 1,500-1,400
years B.P. produced more than twice the subsid-
ence caused by the 1964 earthquake. By compar-
ing Kenai Peninsula sites with other sites around
Cook Inlet, the authors find that each of the three
great earthquakes in the study had a different
pattern of coseismic subsidence. Recent work by
Shennan and others (2008) tests the hypothesis
that in some seismic cycles PWS, KK, KB, and YY
megathrust segments can rupture simultaneously
to produce earthquakes of greater magnitude than
historical events. They present geologic evidence

of six prehistoric major tsunamigenic earthquakes
in the Kenai Peninsula area of south-central Alaska
in the past 4,000 years based on radiocarbon ages
of tidal marsh deposits in Girdwood. They find
paleoseismic evidence that earthquakes approxi-
mately 900 and 1,500 years B.P. simultaneously
ruptured three adjacent segments of the Aleutian
megathrust: the PWS, KI, and YY segments. The
rupture area of these earthquakes was estimated to
be 23,000 km? (8,880 mi*) greater than that of
the M_ 9.2 Great Alaska Earthquake of 1964, and
with a 15 percent larger seismic moment. There-
fore, we constructed a hypothetical tsunami sce-
nario based on the extended 1964 source.
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Scenario 2.M_ 9.3
earthquake modeling
extension of the 1964

rupture to the YY segment
(fig. 12B).
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We develop extensions of the four above-mentioned coseismic
deformation models for the 1964 event by adding to each of
them a coseismic deformation in the YY segment. The latter
deformation is based on scenario 5 in Nikolsky and others (2013).
We note that extensions of Johnson’s and Suleimani’s models
were used as scenarios 1 and 2 in Suleimani and others (2013)
to assess potential inundation in Sitka. Maximum slip across all
sources is 22-23 m (72-75 ft); average slip is 13-15 m (43-49 ft).

We conduct numerical simulations for each of the considered
coseismic deformation models. An envelope of maximum po-
tential inundation extents among all of these models is used to
define the hypothetical inundation according to this scenario.

Following lessons learned from the March,
11,2011, M_9.0 Tohoku earthquake and tsuna-
mi (Ito and others, 2011), and given similarities
between the Alaska and Tohoku subduction mar-
gins (Ryan and others, 2012; Kirby and others,
2013), we propose that a hypothetical rupture

might propagate to shallow depths and produce a
large amount of slip close to the trench. Therefore,
we also consider tsunami scenarios (scenarios 3—5)
in the Gulf of Alaska—the most sensitive location
for Southeast communities due to the directivity
of the tsunami propagation pattern.

Scenario 3*.M 9.2
Tohoku-type earthquake
in the area of the 1964
rupture (fig. 12C).

Scenario 4*. M 9.2 Tohoku-
type earthquake in the area
of the 1964 rupture and YY

segment (fig. 12D).

Scenario 5*. M 9.0 Tohoku-
type earthquake across
Prince William Sound and
Kenai Peninsula (fig. 12E).

1

This scenario is the same as scenario 2 in Suleimani and others
(2015) tsunami modeling study for Elfin Cove, Gustavus, and
Hoonah. Maximum slip is 37 m (120 ft); average slip is 9 m (30 ft).

This scenario is the same as scenario 4 in Suleimani and others’
(2016) tsunami modeling study for Yakutat. Maximum slip is 37

m (120 ft); average slip is 11 m (34 ft).

1

This scenario is the same as scenario 3 in Suleimani and others
(2015) tsunami modeling study for Elfin Cove, Gustavus, and
Hoonah. Maximum slip is 44 m (144 ft); average slip is 22 m (72 ft).

We supplement the above scenarios with two
additional scenarios. First, we consider a scenario
developed by the USGS Science Application for
Risk Reduction (SAFRR) project to describe the
impacts of a tsunami generated by an earthquake
in the Alaska Peninsula region to the coastline of

Southern California (Ross and others, 2013). We
also consider a scenario along the Oregon-Wash-
ington coast. Although a rupture of the Cascadia
subduction zone is not a worst-case scenario for
the Juneau area, for the sake of community pre-
paredness we simulate a large hypothetical earth-
quake along the western seaboard of the U.S.
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Scenario 6*.M 9.0
earthquake according to the
SAFRR project (fig. 12F).
(52 ft).

Scenario 7*. M 9.1
earthquake in the Cascadia
subduction zone along

the British Columbia,
Washington, Oregon, and
northern California shore
(fig. 12G).

(118 ft).

The regions of the Aleutian megathrust that
correspond to the aforementioned scenarios are
~1,000 km (~620 mi) from Juneau, while the
northern part of the Cascadia subduction zone
source is about 1,200 km (750 mi) from town.
Therefore, all scenarios result in zero coseismic
land change in Juneau.

Hypothetical landslide tsunami
sources

In addition to the hypothetical tectonic sce-
narios, we consider several submarine landslide
scenarios that could generate hazardous waves
along the Juneau waterfront. Swanston (1972)
conducted an overview of subaerial landslide haz-
ards in Juneau, but subaerial landslides are not
considered in this report because of the significant
uncertainty associated with specifying their poten-
tial location and volume.

Overviews of submarine landslides in waters
close to Alaska are presented by Schwab and oth-
ers (1993), Kulikov and others (1998), and Lee
and others (2006). Additionally, Lemke (1967),
Wilson and Terum (1968), Plafker and others
(1969), and Shannon and Hilts (1973) conducted
geologic investigations after the 1964 earthquake
in numerous locations around south-central and
southeastern Alaska. One of the resounding con-
clusions from these studies is that accumulation of
loose deltaic sediment on underwater slopes caus-
es over-steepening of fjord walls and contributes
directly to underwater slope instability. During
an earthquake, dynamic forces imposed by seis-

This scenario isthe same as scenario 5 in Suleimani and others
(2015) tsunami modeling study for Elfin Cove, Gustavus, and
Hoonah. Maximum slip is 75 m (245 ft); average slip is 16 m

This scenario isthe same as scenario 7 in Suleimani and others
(2015) tsunami modeling study for Elfin Cove, Gustavus, and
Hoonah. Maximum slip is 45 m (148 ft); average slip is 36 m

1

1

mic acceleration add to the gravitational force and
triggers sliding of the unconsolidated sediments
(Hampton and others, 2002). The major factors
contributing to total slide volume and extent are
thought to be the duration of ground motion,
configuration of underwater slopes, and type of
sediment forming these slopes (e.g., unconsolidat-
ed or fine-grained materials are more prone to fail-
ure). Therefore, artificial fill areas and glacial creek
deltas are especially susceptible to sliding and are
considered as locations for potential landslides
(Nicolsky and others, 2011a, 2013; Suleimani and
others, 2010, 2015, 2016).

Because there is practically no geotechnical
data for submarine sediments along the Juneau wa-
terfront, we employ a heuristic approach to devel-
op a set of hypothetical landslide scenarios. First,
we identify creek deltas and artificial fill areas near
the community. Next, we assume generic, bowl-
shaped failure surfaces in the ground material at
the identified locations based on the generic pa-
rameters of landslides investigated after the 1964
earthquake (Nicolsky and others, 2013; Suleimani
and others, 2015, 2016). Without geotechnical
information we lack data to support alternative,
more complicated slide plane geometries. After
the failure surfaces are defined, we interpolate be-
tween the failure surfaces and compute a thickness
of the potential slide mass and estimate its volume.
The slide volume and thickness are compared to
well-studied historical submarine landslides in

Alaska as follows.
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Scenario 1: Repeat of the 1964 M, 9.2 Alaska Earthquake
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Figure 12. (A) Computed vertical ground-surface deformation related to scenario 1: Earthquake modeling of the 1964 rupture.
Ground-surface deformation for all other tectonic scenarios (2-7) are shown in figures 12B-G. Blue shaded areas are associated
with coseismic ground subsidence; areas of uplift are shown in red.
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Scenario 2: Earthquake modeling extension of the 1964 rupture to the YY segment
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Figure 12, continued. (B) Ground-surface deformation for scenario 2. Blue shaded areas are associated with coseismic ground
subsidence; areas of uplift are shown in red.
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Scenario 3: Tohoku-type earthquake in the
area of the 1964 rupture
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Scenario 5: Tohoku-type earthquake across the Prince
William Sound and Kenai Peninsula
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Scenario 4: Tohoku-type earthquake in the area of the
1964 rupture and the YY segment
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Figure 12, continued. (C, D, E, F) Ground-surface deformation for scenarios 3, 4, 5, and 6.

Blue shaded areas are associated

with coseismic ground subsidence; areas of uplift are shown in red.
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Scenario 7: Earthquake in the Cascadia subduction
zone along the British Columbia, Washington, Oregon,
and northern California shore
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During the 1964 earthquake, submarine
slides are known to have occurred in Seward, Val-
dez, and Whittier. For example, several failures
initiated along the fjord walls at relatively shallow
depths in Seward (Lemke, 1967; Haeussler and
others, 2007), with a total volume of transport-
ed material estimated to be about 210 million m?
(270 million yd?®) and a maximum slide thickness
of about 60 m (200 ft). In Whittier, the maximum
slide thickness along several transects in Passage
Canal was similarly about 50-70 m (160-230 ft)
(Kachadoorian, 1965, plate 3). Massive landslides
also occurred in Valdez. Coulter and Migliaccio
(1966, plate 2) estimated that approximately 75
million m® (98 million yd?) of unconsolidated de-
posits were transferred from the Valdez waterfront
into the bay, and the waterfront slide thickness
was estimated at <100 m (<330 ft). Nicolsky and
others (2013) revised the volume to be between
75 and 100 million m? (98 and 130 million yd?).
Therefore, we limit thickness of hypothetical slides
next to creeks and rivers in Juneau to 50-70 m

Figure 12, continued. (G) Ground-surface deformation for
scenario 7. Blue shaded areas are associated with coseismic
ground subsidence; areas of uplift are shown in red.

(160-230 ft), whereas the thickness of a hypo-
thetical massive landslide in Taku Inlet could be as
much as 100 m (330 ft).

From a tsunami modeling perspective, an
initial landmass failure on a fjord wall has much
greater potential to produce a tsunami than the
fjord-bottom material disturbed by the slide.
Therefore, we place landslides near the shore in
shallow water to increase their wave generation
potential. Because both slide volume and initial
acceleration are important parameters for the tsu-
nami generation potential, we consider a sensitiv-
ity study with respect to these values later in the
report.

We identified six potential slide areas in the
vicinity of Juneau—at the distal ends of deltas in
Berners Bay, Eagle River, Mendenhall River (Fritz
Cove), Sheep Creek, at the artificial fill site next to
the Franklin Street Dock, and in Taku Inlet (fig.
3). Slide volume and maximum slide thickness for
each landslide scenario are summarized in table 4.
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Table 4. Hypothetical landslide scenarios used to model potential extent of inundation by landslide-generated tsunamis.

Scenario Location of Underwater Slide Maxmﬂg:gﬂiﬁ;j me, mfé(llrr::sz rSr:i?ff)

8 Head of Fritz Cove (FC slide; fig. 13a) 110(144) 66 (220)

9 Offshore of Eagle River (ER slide; fig. 13b) 82(107) 51(170)

10 The head of Berners Bay (BB slide; fig. 13¢) 79 (103) 40 (130)

11 Offshore of Sheep Creek (SC slide, fig. 13d) 9(12) 31(100)

12 South Franklin Street (SFS slide; fig. 13e) 0.8(1.0) 16 (52)

13 Taku Inlet (Tl slide, fig. 13f) 250 (330) 46 (150)
Scenario 8. An underwater Fritz Cove is a bay between the mainland and Douglas Island,

slide at the head of Fritz ~ about 13 km (8.1 mi) from the city of Juneau. The Mendenhall

Cove (FCslide; fig. 13A). River deposits glacial sediments at the northern shore of the
cove. Industrial and residential areas, as well as the airport,
are in close proximity to Fritz Cove. We estimate a maximum
hypothetical slide volume of 110 million m? (144 million yd3).

We perform a sensitivity study for this scenario by consider-
ing two additional cases. In the first case, the slide volume is
decreased by about 50 percent, such that the volume is 51
million m* (68 million yd3). In the second case, the slide density
is increased by 50 percent in order to probe uncertainty in the
potential inundation due to denser ground material.

Scenario 9. An underwater The front of the Eagle River delta is another potential location
slide offshore of Eagle River for a submarine landslide. The river originates at Eagle Glacier
(ER slide; fig. 13B). in the Coast Mountains and flows into Favorite Channel 32

km (20 mi) north of the city. A state recreational area and two
campgrounds are located at its mouth. We estimate a maximum
hypothetical slide volume of 82 million m3? (107 million yd?).

Scenario 10. An underwater Berners Bay is 40 km (25 mi) north of Juneau and is an estuary
slide at the head of Berners  fed by four glacial rivers including the Antler River, Berners
Bay (BB slide; fig. 13C). River, and Lace River, as well as Cowee Creek. A submarine

landslide could potentially occur along the delta front, and
landslide-generated waves may threaten Echo Cove—a natural
harbor with a boat ramp, parking lot, and several camping areas.
We estimate a maximum hypothetical volume of 79 million m?
(103 million yd?®).




Scenario 11. An underwater
slide offshore of Sheep Creek
(SC slide; fig. 13D).

Scenario 12. An underwater
slide at South Franklin Street
(SFS slide; fig. 13E).

Scenario 13. An underwater
slide in Taku Inlet (Tl slide;
fig. 13F).
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Sheep Creek originates high in the Coast Mountains and
empties into Gastineau Channel about 6 km (3.7 mi) south of
Juneau. The mouth of Sheep Creek has a well-formed delta
that represents another potential location for a submarine
landslide. We estimate a maximum hypothetical slide volume
of 9 million m3 (12 million yd3).

Discovery of gold in Juneau created mining opportunities
around the community as well as mine tailings and an excess of
artificial fill material. Some of the fill was used to level off areas
along South Franklin Street and increase capacity of wharves
on Gastineau Channel. In the event of significant ground shak-
ing, itis possible that some of this material could slide into the
channel. For example, during the 1994 event in Skagway, some
of the dock area slid into the harbor (Cornforth and Lowell,
1996) and generated a tsunami. The 1994 Skagway slide was
estimated to have a volume of 0.8 million m3 (1 million yd?), with
the subaerial part accounting for 10 percent of the total slide
volume (Rabinovich and others, 1999).

In this scenario, we consider a hypothetical failure along South
Franklin Street. Similar to the Skagway slide, we assume the
hypothetical slide has a volume of 0.8 million m3 (1 million yd?®).
As a part of the sensitivity study, we also consider a thinner
slide at the same location with a total volume of 0.35 million
m? (0.45 million yd?).

Strong ground shaking during the 1964 earthquake caused a
massive submarine landslide atthe head of Port Valdez (Coulter
and Migliaccio, 1966). South of Juneau, the Taku River as well
as other smaller glacier-fed streams drain to the ocean and
carry unconsolidated sediment to the head of Taku Inlet. We
hypothesize that sediments at the head of Taku Inlet, close to
Taku Glacier, could fail and slide into the bottom of the inlet.
Volume of the maximum hypothetical slide in Taku Inlet is as-
sumed to be 250 million m* (327 million yd3).

MODELING RESULTS

We performed numerical calculations for 13
scenarios that include both tectonically- and land-
slide-generated tsunamis. For tectonic tsunami
scenarios, we modeled water dynamics in the grids
listed in table 2 (grids marked with an asterisk[*]
were used only in the sensitivity studies). For sce-

narios related to landslide-generated tsunamis, we
simulated water dynamics and computed run-up
only for the high-resolution grid. To visualize dif-
ferent effects of tectonic and landslide-generated
waves in the vicinity of Juneau, we separately plot
maximum wave heights for each tectonic scenario
and the maximum composite wave heights for all
landslide scenarios.
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Figure 13. (A, B) Locations and initial landslide thicknesses for scenarios 8 and 9.
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Figure 13, continued. (C, D) Locations and initial landslide thicknesses for scenarios 10 and 11.
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Figure 13, continued. (E, F) Locations and initial landslide thicknesses for scenarios 12 and 13.
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Tectonic scenarios

Numerical experiments indicate that tsuna-
mis generated by a potential earthquake rupture
in the Gulf of Alaska region can reach Juneau in
about 2.5 hours after the earthquake. However,
the first wave might not be the highest wave, as
observed during the 2011 Tohoku tsunami. To
assess the potential impact of seven different tsu-
nami scenarios, we simulate wave heights at sev-
eral locations. Computer experiments reveal that
scenarios 3, 4, and 7 produce the maximum wave
heights near Juneau. These three scenarios describe
Tohoku-type ruptures in the Gulf of Alaska region
and a rupture of the Cascadia subduction zone,
respectively. To illustrate the modeled tsunami
dynamics according to these scenarios, we select
three locations (shown in figures A1-A and A1-B):
the tide gauge next to downtown Juneau (point
1); in Auke Bay—the major harbor area (point 8);
and in Douglas Harbor (point 15). The associat-
ed computed water level dynamics are shown in
figure 14. For all three locations, scenario 4—the
multi-segment Tohoku-type earthquake in the
Gulf of Alaska—results in the highest modeled

wave.

Although scenario 4 is considered as a max-
imum geologically credible tsunami for the com-
munity, numerical modeling of the 2011 Tohoku
tsunami demonstrated that the tsunami wave am-
plitude at Juneau could be underestimated by a
factor of two even with good correlation between
observed and modeled waveforms elsewhere in
the same region (e.g., the first three waves at Elfin
Cove and Skagway) (fig. 10C). As conjectured, the
tsunami-tide interaction might be responsible for
the underestimation of modeled tsunami height
in Juneau. Thus, in order to produce a maximum
potential estimate of inundation for the hypothet-
ical tsunamis that compensates for the underesti-
mation uncertainties, we generated two additional
scenarios (scenarios 1D and 4D) as described be-
low.

Because propagation of tsunamis in the open
ocean and deep fjords is modeled as a linear pro-
cess, we can double the modeled wave amplitude

in Juneau simply by increasing the coseismic slip
by a factor of two. We compensate for the un-
derestimated maximum credible tsunami height
in Juneau by doubling coseismic slip of scenar-
io 4—the scenario which resulted in the highest
wave in Juneau. We emphasize that this additional
earthquake slip scenario is a numerical solution to
the underestimation of tsunami height in Juneau
(due to complex tsunami-tide interactions that are
beyond the scope of current tsunami model capa-
bilities). The effective (doubled) slip should not be
considered from a geophysical point of view, but
rather from a numerical modeling point of view.
Thus, scenario 4D is a hypothetical tsunami that
could be generated by a conjectural earthquake
with double the coseismic slip of scenario 4 (the
extension “D” stands for “doubled” to indicate the
adjusted slip in the scenario).

The available geologic evidence suggests that
repeated 1964-type events (scenario 1) may be a
more realistic estimate of future earthquake dis-
placements in the Gulf of Alaska. Thus, similar to
scenario 4D, we generated scenario 1D to account
for the potential underestimation of the modeling
results due to tsunami-tide interactions. We first
double the coseismic slip for all four models (fig.
12A) considered as part of scenario 1 and then
model potential inundation in the community
according to all of them. The modeling results
indicate that the highest waves according to John-
son and others (1996) and Suleimani and others
(2011) are almost the same and are the highest of
the four models. The maximum modeled wave
height in Juneau according to these two models is
about 1.4 m (4.6 ft) at the tide gauge (fig. A1-A).
This wave height correlates well with the observa-
tions of the 1964 tsunami in the city of about 1.2
m (3.9 ft) (Lander, 1996).

Figure 15 shows maximum tectonic tsunami
heights above MHHW in the Juneau and Tongass
Forest high-resolution grids for scenario 4D. The
modeled inundation extents according to scenari-
os 1D and 4 are delineated as well. We note that
scenario 4D is a numerical solution that accounts
for large uncertainties as discussed earlier, and that
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on fig. A1) for selected scenarios that have the highest potential to produce the maximum wave
near Juneau.
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scenario 4 may be a more credible estimation of
maximum inundation due to the tectonic tsuna-
mis. Tsunami flow depth over dry land is another
important indicator of potential damage. Maxi-
mum flow depth is calculated by subtracting the
DEM elevations from maximum tsunami wave
height over previously dry land. Thus, in addition
to the computed maximum tsunami heights, fig-
ure 16 shows the flow depths in the area around
Juneau airport above the mean shoreline (MSL)
according to scenario 4D. Figure 16 also shows
the calculated envelope of the inundation extents
of the four models of a repeat of the 1964 event
and the modeled extent of potential inundation
according to scenario 4.

Modeling results suggest that scenario 4D
produces waves with wavelengths of several kilo-
meters (miles) that produce a relatively uniform
distribution of maximum tsunami heights around
the community. The highest waves, up to 3 m (10
ft), occur in the Gastineau Channel and around
the Juneau airport (fig. 15A), while significantly
smaller tsunami heights of 1.0-1.2 m (3.2-3.9
ft) are predicted in Favorite Channel and far-
ther north in Lynn Canal (fig. 15B). There is a
sharp change in tsunami heights in the middle of
Gastineau Channel, where a bridge spans between
downtown Juneau and Douglas Island. The flow
here is constricted by the narrows and thus long
waves that enter the channel from the southeast
are partially reflected (fig. 15A). Only a part of
the tsunami energy penetrates farther northwest
through this narrows, resulting in decreased tsuna-
mi height in the upper Gastineau Channel. How-
ever, the waves are high enough to flood the area
north of the airport. The low-lying areas south of
the airport are flooded by smaller waves coming
through Fritz Cove. North of Juneau, in the area
of Favorite Channel and Lynn Canal (fig. 15B),
maximum tsunami wave heights are on the order
of 1.0 m (3.3 ft), except for the mouth of the Eagle
River, where the waves amplify up to 1.5 m (4.9
fr).

Numerical results according to scenario 4
qualitatively resemble those according to scenario
4D, in that low-lying areas south of the airport

are flooded, the highest waves occur in Gastineau
Channel and around the Juneau airport, and there
is a sharp change in the modeled tsunami heights
in the middle of Gastineau Channel. Overall, the
spatial distribution of the maximum tsunami wave
heights according to scenario 4 has the same spa-
tial pattern as that modeled according to scenario
4D (fig. 15). However, the maximum wave height
for scenario 4 is about half the size in Gastineau
Channel (1.2-1.5 m [3.9-4.9 ft]) and about 1.5
times smaller in Lynn Canal (0.6-0.9 m [2.0-3.0
ft]).

The hypothetical extent of inundation ac-
cording to the 1964 event (scenario 1) is less than
that for the Tohoku-type rupture in the Gulf of
Alaska (scenario 4). However, a repeat of 1964
may be a more realistic future event. For scenar-
io 1D, the maximum flow depth occurs at the
eastern end of the airport, where it reaches 2.5 m
(8.2 ft) above the MSL datum (fig. 16) and floods
low-lying areas at the head of Gastineau Channel.
The spatial extent of inundation and maximum
wave heights according to scenario 1D are similar
to those according to scenario 4. In all cases, the
low-lying areas and tidal flats around the airport
could be inundated.

Landslide scenarios

While tectonically-generated waves may not
inundate the coast for hours after an earthquake,
landslide-generated waves could hit low-lying ar-
eas while the ground is still shaking (Coulter and
Migliaccio, 1966; Wilson and Terum, 1968). Ad-
ditionally, some landslide-generated waves can oc-
cur without an earthquake and therefore without
any warning. In this section, we present our mod-
eling approach to estimate the extent of inunda-
tion for the hypothetical landslide scenarios. We
will discuss in detail scenario 8, which describes
an underwater slide at the head of Fritz Cove. We
model inundation for all other hypothetical land-
slide scenarios with the same approach but do not
discuss these other scenarios in detail.

Hypothetical Fritz Cove slide

We assume that slide-prone unconsolidated
deposits at the head of Fritz Cove (scenario 8) are
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Figure 16. Modeled maximum water flow depth above MSL for maximum credible event (scenario 4D) and the mod-
eled extent of the potential inundation for scenarios 1D and 4 near Juneau airport. The difference between MSL and
MHHW datums in Juneau is 2.36 m (7.74 ft). Modeling results for scenarios 1D and 4D assume the effective slip param-

eterization to compensate for the tsunami-tide interactions.

initially at rest and ground shaking triggers the
slide. The extent of the source area of the slide is
shown in figure 17.

One of the parameters influencing slide
dynamicsis density of the slide mass. Unfortunately,
there are no geotechnical data describing sediments
in Fritz Cove. Shannon and Hilts (1973)
conducted a subsurface geotechnical investigation
of underwater slope materials that failed in a
similar setting in Resurrection Bay near Seward,
Alaska, during the 1964 earthquake, and found
that the density of the slide material ranged from
2,000 to 2,110 kg/m? (125 to 132 Ib/ft’). Thus, as
in the previous investigation of submarine slides
in Port Valdez (Nicolsky and others, 2013), in this
report we also assume a slide density of p = 2,000
kg/m? (125 Ib/ft®). Another parameter influencing

slide dynamics is viscosity. Sensitivity studies
by Rabinovich and others (2003) demonstrate
that the influence of kinematic viscosity (u,) on
tsunami heights is not significant. In this study we
assume that the slide kinematic viscosity is such
that w/p = 0.1 m’/s (1.1 ft’/s) and the surface
roughness coefficient n = 0.1 s/m'? (0.15 s/ft'”)
in the Manning formula for the bottom friction
dissipation (Kirby and others, 2016). At the
open (water) boundary of the numerical grid,
we specify the radiation boundary condition for
the water waves and then simulate the landslide-
generated tsunamis using the NHWAVE model
for 30 minutes. The modeled maximum tsunami
flow depth over dry land (above the mean sea level
[MSL] datum) is displayed in figure 17. Numerical

simulations indicate that waves can reach the
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northern coast of Auke Bay in 4-5 minutes and
the western end of the airport runway in about 10
minutes. Also, during the numerical experiment,
we recorded water-level dynamics in Fritz Cove
at five locations (fig. 17). We later compare the
water-level dynamics computed by the NHWAVE
and FUNWAVE models at these five places.

Results of the numerical experiment with
NHWAVE show that the hypothetical land-
slide-generated tsunami may produce 5 to 15
m-high (16 to 49 ft-high) waves along the south-
ern shore of Fritz Cove and may cause significant
inundation of wetlands in Gastineau Channel. As
mentioned earlier, NHWAVE results are incorpo-

rated into the FUN'WAVE model by specifying the

initial conditions to be used in the FUNWAVE
model. For scenario 8, we use the NHWAVE-com-
puted water level and velocity at d = 3 and 4 min-
utes after the initial movement of the slide. The
parameters calculated by NHWAVE at d = 3 and
4 minutes are then plugged into FUNWAVE and
the model is run for the remainder of the 30 min-
ute period.

The comparison between the NHWAVE-
and FUNWAVE-computed water-level dynamics
at the five locations is shown in figure 18. Despite
some differences in the FUNWAVE results (for
d=3 and 4 minutes), both modeling results—the
amplitudes and periods of the waveforms—are in
agreement. Moreover, the coupling is rather stable;
changes in the NHWAVE water dynamics at two

134°42'W

134°42'W

134°30'W

134°36'W

134°36'W 134°30'W

Figure 17. The NHWAVE-modeled maximum water flow depth above MSL according to scenario 8-the hypothetical
Fritz Cove (FC) landslide. The extent of the FC slide source area is shown by the red cross-hatched polygon; the bound-
ary of the computational grid used in the NHWAVE calculations is delineated by the dashed green line; locations of the
five stations used to record the modeled water-level dynamics are marked by green stars.
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close time moments do not result in large chang-
es of the FUNWAVE dynamics. Therefore, we
suggest that coupling the NHWAVE and FUN-
WAVE models is successful, both models simulate
the tsunami after the transfer of data similarly,
and most of the slide energy is adequately trans-
ferred to the water. The modeling results are only
conjectures with respect to realistic landslide-gen-
erated tsunami dynamics. Recall that the initial
landslide volume (fig. 13A) is defined by idealized
failure surfaces and is modeled as viscous fluid;

hence the difference between the FUNWAVE and

NHWAVE modeling results could be accommo-
dated by perturbations to the landslide geometry,
the assumed slide rheology, or to other model pa-
rameters. Thus, from the physical point of view
both FUNWAVE and NHWAVE results are
equally plausible.

Figure 19A displays the modeled extent of
inundation according to NHWAVE and two
modeled extents of inundation according to FUN-
WAVE, related to d=3 and 4 minutes, respective-
ly. All modeled run-up extents are generally in
agreement with each other. However, FUNWAVE
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Figure 18. Comparison of sce-
nario 8 NHWAVE- and FUN-

WAVE-computed water-level
dynamics at five stations,
shown by green stars in figure
17.The FUNWAVE model

is initialized using NHWAVE

outputs at 6=3 and 4 minutes
after the landslide failure.
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predicts large inundation at the west end of the
airport runway and the other side of the Menden-
hall River, along Crazy Horse Road. The observed
differences in predicted inundation could be relat-
ed to the coupling of NHWAVE and FUNWAVE
models, distinctions in the physical formulation of
the models, or to smaller wet/dry thresholds in the
inundation modeling algorithm. The NHWAVE
model was configured to use a 0.1 m (0.3 ft)
threshold between wet and dry cells to optimize
the computational time, while the same threshold
for FUNWAVE was set to 0.01 m (0.03 ft). De-
spite some discrepancies, both models match the
general pattern of inundation around Fritz Cove.
Finally, by encompassing the maximum extent of
flooding by NHWAVE and by two iterations of
FUNWAVE, we develop an extent of the com-
posite inundation (fig. 20A). The maximum flow
depth over dry land (above the MSL datum) across

all three models is also shown in figure 20A.

To probe sensitivity of inundation with re-
spect to slide volume and density, we conduct two
additional experiments. In one experiment the
slide volume is reduced by about 50 percent to be
51 million m* (68 million yd®); in the other ex-
periment density is increased by 50 percent to be
3,000 kg/m?® (187 Ib/ft®). All other model param-
eters are held constant. Recall that the density of
the slide mass determines the initial acceleration of
the slide, so a slide with higher density accelerates
more quickly and can generate higher waves. The
slide volume determines how much water is dis-

placed by the sliding mass.

Using the same two-stage NHWAVE-FUN-
WAVE methodology, we model these additional
two cases and plot the combined maximum ex-
tents of flooding in figure 19B. Results from the
smaller slide volume are similar to the original sce-
nario and show slightly subdued flooding of low
lying areas and tidal flats between Douglas Island
and the Juneau airport. The residential communi-
ty on the northern side of Douglas Island is not
inundated. Results from the higher density slide
indicate significantly more flooding of the indus-
trial and residential areas northwest of the airport.

However, the slide density of 3,000 kg/m? (187
Ib/fe®) is high for the silt and sand carried by the
Mendenhall River to Fritz Cove. Nevertheless, the
results demonstrate sensitivity of run-up extent to
adjustments in model parameters.

Other hypothetical slides

We use the same two-stage NHWAVE-
FUNWAVE methodology to model the inunda-
tion extents for scenarios 9—13. Results for sce-
nario 9 suggest the hypothetical Eagle River slide
could generate 10—-11 m (33-36 ft) waves at the
mouth of the Eagle River and inundate the high-
way (fig. 20B), and the highway bridges across the
Eagle River could be impacted by waves carrying
debris. Also, waves propagating along the eastern
shore of Favorite Channel could cause inundation
of low-lying areas south and north of the Eagle
River delta. The potential run-up on Shelter and
Lincoln islands (not shown in fig. 20B) could
reach 6-7 m (20-23 ft).

The Berners Bay slide (scenario 10) could
generate a tsunami that floods low-lying areas in
the estuary of Cowee Creek and the shores of Echo
Cove, as shown in figure 20C. The maximum tsu-
nami run-up is west of lower Cowee Creek and
a landing strip on the northeastern side of the
Cowee Creek mouth could also be inundated.
Results suggest that the tsunami may propagate
outside of Berners Bay into Lynn Canal and cause
a local run-up in Bridget Cove and around Mab

Island.

The Sheep Creek slide (scenario 11) could
generate 67 m-high (20-23 ft) waves at the Sheep
Creek delta. Results indicate that the tsunami
reaches Thane Road (fig. 20D). On the opposite
side of Gastineau Channel, the landslide-generat-
ed tsunami could cause 7-9 m (23-30 ft) waves.
As in scenario 9, the modeled waves propagate
along Gastineau Channel in both directions from
the Sheep Creek delta and inundate low-lying ar-
eas along the channel. The wave can reach the Ju-
neau downtown area in about 5 minutes.

The landslide-generated tsunami triggered
along Franklin Street (scenario 12, fig. 21A) pro-
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Figure 19. (A) Comparison of NHWAVE- and FUNWAVE-modeled inundation extents for scenario 8;
extent of the FC slide source area is marked by the red cross-hatched polygon. (B) Sensitivity of the
potential inundation with respect to volume and density of the FC slide.
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Figure 20. Maximum water
flow depth from hypothetical
landslide-generated tsuna-
mis. Flow depth is computed
as maximum composite of
NHWAVE and FUNWAVE flow
depths. (A) Scenario 8 Fritz
Cove slide and (B) scenario 9
Eagle River slide. Slide thick-
nesses for each scenario are
shown in figure 13. Maximum
composite extent of inun-
dation is shown by the red
hatched line.
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duces a 4-5 m (13-16 ft) run-up next to the dock
facilities along the eastern coast of Gastineau
Channel. On the opposite side of the channel, the
waves can reach 3 m (10 ft) and inundate low-ly-
ing beach areas and the Lawson Creek delta. Waves
reach the delta ~60 seconds after the landslide trig-
gering. An experiment with a slide volume of 0.35
million m? (0.45 million yd*)—i.e., decreased by
50 percent with respect to the original configu-
ration—resulted in the same wave pattern and a
reduction of wave height by 50 percent. This nu-
merical experiment shows that wave height signifi-
cantly depends on slide volume and that further
research is necessary to constrain landslide sources
in this region and hence to estimate the potential
wave heights.

Finally, in scenario 13 (fig. 21B), we simu-
late a tsunami triggered by a landslide in Taku In-
let. The landslide generates waves up to 10-15 m
(33—45 ft) near Jaw Point in Taku Inlet (fig. 13F).
Waves emanating from the inlet mouth are signifi-
cantly reduced in amplitude after multiple reflec-
tions inside the inlet. The tsunami within Gastin-
eau Channel reaches a height of 2 m (6.6 ft) with
local run-up reaching 3 m (10 ft) in some isolated
areas. The first wave reaches downtown 6—7 min-
utes after the landslide.

Composite inundation

We use the predicted maximum flow depths
from both hypothetical landslide-generated and
tectonic tsunamis to develop a composite flow
depth map for Juneau. Specifically, we superpose
the maximum-credible tectonic tsunami (scenar-
io 4D) with inundation from landslide-generated
tsunamis (scenarios 8-13) by selecting the max-
imum computed flow depth values at each grid
point. Map sheet 1 shows an overview of the max-
imum composite calculated extent of inundation
and the maximum composite flow depths over dry
land (above the MSL datum) around the city of
Juneau, while map sheets 2—5 focus on specific
areas to highlight details of the tsunami inunda-
tion zone for the community. We emphasize that
scenario 4D is a numerical solution that accounts
for large uncertainties by doubling the slip, as dis-

cussed earlier, and that scenario 4 may be a more
credible estimation of maximum inundation due
to tectonic tsunamis. Therefore, we also plot the
potential inundation areas according to scenario 4
in map sheets 2-5.

We note that although the occurrence of
the maximum credible event (scenario 4) is pos-
sible, the available geologic evidence suggests that
repeated 1964-type events (scenario 1) may be a
more realistic estimate of future earthquake dis-
placements. Thus, on map sheets 2—-5 we also plot
the potential inundation areas according to sce-
nario 1D. Recall that scenario 1D, similar to sce-
nario 4D, accounts for the potential underestima-
tion of the modeling results due to tsunami-tide
interactions. We emphasize that the wave height
according to scenario 1D correlates well with ob-
servations of the 1964 tsunami in Juneau. Thus
scenario 1D may provide a more plausible esti-
mate of future tsunami inundation.

Time series and
other numerical results

We supplement the inundation maps with
a time series of modeled water levels and velocity
dynamics at certain locations around the town to
provide emergency managers with the tools nec-
essary to completely assess the tsunami hazard for
Juneau. Emergency managers should consider the
arrival time of the first wave, the maximum wave
amplitude, and the duration of wave action during
their evacuation planning. Appendix A contains
time series plots of sea level and velocity at critical
locations for scenarios 1D and 4D. Both of these
scenarios were simulated with the doubled coseis-
mic slip values as a part of the numerical modeling
technique. We emphasize that although scenario
4D is thought to be the worst-case tectonic tsu-
nami, scenario 1D might be a more realistic esti-
mate of a future earthquake. Because there are four
models considered as a repeat of the 1964 event,
and because the Johnson and others (1996) model
produces one of the highest waves across the four,
we use modeling results according to Johnson and
others (1996) to illustrate the impact of the repeat
of the 1964 event on the community.
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Figure 21. Maximum water level above MHHW for (A) scenario 12 slide along Franklin Street; and (B)
scenario 13 slide in Taku Inlet.
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For each location shown by a number in fig-
ures A-1A and A-1B, we plot the sea level and wa-
ter velocity according to both scenarios in figure
A-2. Zero time corresponds to the earthquake or-
igin time. Elevations of onshore locations and val-
ues of ocean depth at offshore locations are based
on the MHHW datum. Because velocity magni-
tude is calculated as water flux divided by water
depth, the velocity value has large uncertainties in
shallow water. In these plots, velocity is computed
only where water depth is greater than 0.3 m (1
ft). For scenario 1D, the maximum water level is
about 1.4 m (4.6 ft) and it occurs at the Juneau
tide gauge (point 1; fig. A1-A) about 3 hours and
15 minutes after the earthquake (point 1; fig. A2).
For scenario 4D, the highest wave is 2.5 m (8.2 ft),
and it also occurs about 3 hours and 15 minutes af-
ter the earthquake. The strongest tsunami currents
of 8 m/s (26 ft/s; 4 knots) occur under the bridge
(point 2, fig. A1-A) about 4 hours after the earth-
quake. The tsunami activity continues for at least
24 hours, with 1.0 m (3.3 ft) waves arriving at the
tide gauge, as seen in various plots in figure A2.
For example, the highest wave in Auke Bay (point
8; fig. A1-1) occurs 10 hours after the earthquake
(point 8; fig. A2). Maximum wave heights at the
selected locations are listed in table A-1.

Because water-level oscillations can continue
for more than a full day, even if the earthquake
occurs during a low tide these oscillations will be
affected by the subsequent rising tide. Low-lying
areas that were not initially flooded may become
inundated 24-48 hours after the earthquake. An-
other important factor in the tsunami hazard as-
sessment for any coastal community is arrival time
of the first wave. The time series plots demonstrate
that the first wave arrives at Juneau about 3 hours
after the earthquake. This means that the Juneau
population would have up to 3 hours for evacua-
tion if the tsunami is generated by a megathrust
earthquake in the Gulf of Alaska. However, un-
derwater landslides in the vicinity of Juneau are
capable of producing waves that could reach on-
shore locations within minutes after slope failure.
Plots of the modeled water level and velocity for

these are shown in figure A-3. Because the land-
slide-generated tsunamis are simulated both with
the NHWAVE and FUNWAVE models using the
two-stage approach, we provide time series for
both models. Recall that FUNWAVE was initial-
ized at time d after the slide collapse, hence the
FUNWAVE results are not available at the be-
ginning of each scenario. Providing all modeling
results permits an estimate of the uncertainty in
wave height. Recognizing that arrival time is key
to the vulnerability of a community to tsunami
hazard has special significance for local emergency
officials in evacuation planning.

SOURCES OF ERRORS AND
UNCERTAINTIES

The hydrodynamic model used to calculate
propagation and run-up of tectonic tsunamis is a
nonlinear, flux-formulated, shallow-water mod-
el (Nicolsky and others, 2011b; Nicolsky, 2012)
that passed the verification and validation tests re-
quired for numerical codes used to produce tsuna-
mi inundation maps (Synolakis and others, 2007;
National Tsunami Hazard Mitigation Program
[NTHMP], 2012). The NHWAVE and FUN-
WAVE models used to simulate inundation from
landslide-generated tsunamis have also passed the
same NHTMP verification and validation tests
(Tehranirad and others, 2012). Most of the errors/
uncertainties in the numerical predictions origi-
nate from the tsunami sources used in the numer-
ical models. Due to insufhicient data on locations
and volumes of hypothetical subaerial landslides,
we do not model tsunamis generated by this type
of landslide even though they present a significant
hazard to Alaska coastal communities.

The spatial resolution of the grid used to
calculate tsunami inundation at Juneau is ~16 m
(52.5 ft) and satisfies NOAA minimum recom-
mended requirements for computation of tsunami
inundation (National Tsunami Hazard Mitigation
Program [NTHMP], 2010). We stress that this
resolution is high enough to describe major re-
lief features; however, small topographic features,
buildings, and other facilities cannot be resolved
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accurately by the existing model. We also note that
uncertainty in grid cell elevation/depth propagates
into the modeling results and eventually contrib-
utes to a horizontal uncertainty in the location of
the inundation line. However, no established prac-
tices exist to directly propagate the DEM uncer-
tainty into the uncertainty of the inundation line
(Hare and others, 2011). In addition to the uncer-
tainty related to the grid cell elevation/depth, un-
certainties in the tsunami source (earthquake and
landslide geometry) are the largest sources of error
in tsunami modeling efforts. The direction of the
incoming waves, their amplitudes, and times of
arrival are primarily determined by displacements
of the ocean surface in the source area. Therefore,
the inundation modeling results for local landslide
sources are especially sensitive to the slide volume,
its initial position, and acceleration. The modeling
process is highly sensitive to errors when the com-
plexity of the source function is combined with its
proximity to the coastal zone. Another important
source of uncertainty related to the under-pre-
diction of the tsunami observations near Juneau
is attributed to the tsunami-tide interactions, but
other physical mechanisms could also play a role.
The current practice is to create some additional
buffer area around the inundation line to use for
hazard mitigation and decisions related to tsunami
evacuation.

SUMMARY

We present the results of numerical modeling
of tectonic and submarine landslide-generated tsu-
nami waves for the town of Juneau in southeastern
Alaska. Each of the scenarios considered is geolog-
ically reasonable and presents potential hazards to
the community. The available geologic evidence
indicates that repeated 1964-type events provide
the most realistic estimate of future earthquake dis-
placements and associated tsunami generation and
inundation. However, a Tohoku-type event is pos-
sible. Scenario 4, based on a Tohoku-type source
mechanism, is considered the worst-case tectonic
tsunami scenario based on credible geophysical
and geological information. Considering potential
underestimation of modeled tsunami wave heights

due to tsunami-tide interactions that are not well
understood, scenario 4D is also possible, while a
series of landslide-generated tsunamis could result
in short arrival time and high tsunami wave ampli-
tudes. A submarine landslide in Fritz Cove could
present a local tsunami hazard for Juneau.

The maps that are part of this report have
been completed using the best information avail-
able and are believed to be accurate; however, their
preparation required many assumptions. We have
considered several tsunami scenarios and have pro-
vided an estimate of maximum credible tsunami
inundation. Actual conditions during a tsunami
event may vary from those considered, so the re-
port’s accuracy cannot be guaranteed. The limits of
inundation shown should only be used as a guide-
line for emergency planning and response action.
Actual areas inundated will depend on specifics
of earth deformations, on-land construction, and
tide level, and may differ from areas shown on the
maps. The information on these maps is intended
to assist state and local agencies in planning for
emergency evacuation and tsunami response ac-
tions in the event of a major tsunamigenic earth-
quake. These results are not intended for land-use
regulation or building-code development.
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Figure A-1. Locations of time series points near Juneau in Gastineau Channel. The coordinate locations of the time
series points are listed in table A-1.
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Figure A-2. Time series of the water level (left column) and velocity (right column) for scenarios 1D and 4D (with dou-
bled slip to account for the tsunami-tide interactions) at locations shown in figure A-1.
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Figure A-2, continued. Time series of the water level (left column) and velocity (right column) for scenarios 1D and 4D
(with doubled slip to account for the tsunami-tide interactions) at locations shown in figure A-1.
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Figure A-2, continued. Time series of the water level (left column) and velocity (right column) for scenarios 1D and 4D
(with doubled slip to account for the tsunami-tide interactions) at locations shown in figure A-1.
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Figure A-2, continued. Time series of the water level (left column) and velocity (right column) for scenarios 1D and 4D
(with doubled slip to account for the tsunami-tide interactions) at locations shown in figure A-1.



Tsunami inundation maps for Juneau, Alaska 63

Point 1 Point 1

Juneau tidal gauge Juneau tidal gauge
06 — T

o
3

o
>
T
L

04+ L I E|

Sea level (meters)
o o o o
N w B n

T T T T
1 1 i 1

o
T

Water current (meters/second)

15
T|me after fallure (minutes) T|me after failure (minutes)

—A— Scenario8 —— Scenario 11 Scenario 12

Point 2
Bridge

o
3

o o o =4
w N o >
T T T T

L

Sea level (meters)
o
N
T

14
T

Water current (meters/second)

e 3 Y Y Y o
10 15 20 2

Time after failure (minutes) Time after failure (minutes)

Point 3 Point 3
Harbor Harbor

o
~

< o
N 9w
w
T

o
T

o
T

Sea level (meters)
o o
o 2 o
S oo
T

0.051

Water current (meters/second)

1 1
Tlme after fallure (minutes) Time after failure (minutes)

—— Scenario8 —e— Scenario 11 Scenario 12

Point 4 Point 4

Aurora Harbor Aurora Harbor
05 ——————— 0.35 — T

03fF : : -
025+

0.2

/\/]ﬂ\\mAﬁ\ﬂAi\\
\XVV\JWVV

0 T \ I \ T PPl aia
20 25 30 0
Tlme after fallure (minutes) Tlme after fallure (minutes)

®
8
&

0151

Sea level (meters)

011

0.051

Water current (meters/second)

—A— Scenario8 —— Scenario 11 Scenario 12

Figure A-3. Time series of the water level (left column) and velocity (right column) for scenarios 8-12 at locations shown
in figure A-1.
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Figure A-3, continued. Time series of the water level (left column) and velocity (right column) for scenarios 8-12 at
locations shown in figure A-1.
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Figure A-3, continued. Time series of the water level (left column) and velocity (right column) for scenarios 8-12 at
locations shown in figure A-1.
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Figure A-3, continued. Time series of the water level (left column) and velocity (right column) for scenarios 8-12 at

locations shown in figure A-1.
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Figure A-3, continued. Time series of the water level (left column) and velocity (right column) for scenarios 8-12 at
locations shown in figure A-1.
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Figure A-4, continued. Time series of the water level (left column) and velocity (right column) for scenario 13 at loca-
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Figure A-4, continued. Time series of the water level (left column) and velocity (right column) for scenario 13 at loca-
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