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Preliminary Assessment of the Wave Generating
Potential from Landslides at Barry Arm, Prince William

Sound, Alaska

By Katherine R. Barnhart, Ryan P. Jones, David L. George, Jeffrey A. Coe, and Dennis M. Staley

Abstract

We simulated the concurrent rapid motion of landslides on
an unstable slope at Barry Arm, Alaska. Movement of landslides
into the adjacent fjord displaced fjord water and generated
a tsunami, which propagated out of Barry Arm. Rather than
assuming an initial sea surface height, velocity, and location for
the tsunami, we generated the tsunami directly using a model
capable of simulating the dynamics of both water and landslide
material. The fjord below most of the landslide source area was
occupied by the Barry Glacier until about 2012; therefore, our
direct simulation of tsunami generation by landslide motion
required new topographic and bathymetric data, which was col-
lected in 2020. The topographic data also constrained landslide
geometries and volumes. We considered four scenarios based
on two landslide volumes and two landslide mobilities—a more
mobile, contractive landslide and a less mobile, noncontrac-
tive landslide. The larger of the two volumes is 689 x 10° cubic
meters (m?)—Ilarger than the volume estimate in a previous
study—and reflects the largest plausible volume given current
observational data. The considered scenario that generated the
largest wave heights resulted in forecast wave heights of over
200 meters (m) in the northern part of Barry Arm, adjacent to
the landslide source area and runup on the opposite fjord wall
in excess of 500 m. Simulated wave heights in excess of 5 m
in southern Barry Arm and in Harriman Fjord occurred within
10—15 minutes (min) of landslide motion. The simulated tsu-
nami reached Whittier, Alaska, approximately 20 min after ini-
tial rapid landslide motion, with peak heights of just over 2 m in
Passage Fjord, 500 m offshore Whittier, occurring 26 min after
initial rapid motion. Time of peak wave heights was consistent
with previous modeling. Although results are preliminary and
can be refined with additional observations and analyses, they
provide a refined assessment of the upper bound of the hazard
presented by the Barry Arm landslides. The results herein sup-
port the National Oceanic and Atmospheric Administration’s
National Tsunami Warning Center mission to detect, forecast,
and warn for tsunamis in Alaska.

Introduction and Scope

When situated upslope of waterbodies, landslides have
the potential to generate a tsunami by rapidly moving into
the waterbodies and displacing water. This poses a hazard to
nearby populations, infrastructure, and marine traffic. There
are multiple recent instances of tsunamigenic landslides in
steep maritime terrain in the Arctic and subarctic. These events
are particularly problematic in areas that have experienced
rapid glacial retreat, as (1) debuttressing of and (or) thermo-
mechanical damage to steep valley sides may increase the
susceptibility of valley walls to rapid landslide motion, and
(2) rapid glacial retreat may increase the likelihood of land-
slide runout into open water rather than onto glacial ice that
would have been present prior to glacial retreat. Examples of
large tsunamigenic landslides in recently deglaciated terrain
include July 9, 1958, Lituya Bay, Alaska (Miller, 1960a,

b; Ward and Day, 2010); April 27, 1975, Kitimat, British
Columbia (Kirby and others, 2016); October 17, 2015, Taan
Fjord, Alaska (George and others, 2017; Haeussler and others,
2018; Higman and others, 2018); and June 17, 2017, Karrat
Fjord, Greenland (Bessette-Kirton and others, 2017; Poli,
2017; Gauthier and others, 2018).

In spring 2020, a citizen scientist identified a large, poten-
tially tsunamigenic landslide in Barry Arm (figs. 1 and 2), a
recently deglaciated fjord in Prince William Sound, Alaska
(Johnson, 1916; Dai and others, 2020). Here, the northwest
flank of the fjord side wall has destabilized into at least three
large, slow-moving landslides (fig. 2; Dai and others, 2020;
Schaefer and others, 2020; Coe and others, 2021). Evidence
for motion at the largest landslide (named Landslide A)
extends back to 1957, with more rapid movement between
2010 and 2017 coincident with the retreat of the Barry Glacier
calving front (Dai and others, 2020). During 2020, remote
interferometric synthetic aperture radar (InSAR) monitoring
revealed seasonally isolated movement of Landslide A
of about 17 centimeters (cm) between September 23 and
October 17 (Schaefer and others, 2020). Based on strike slip
and oblique slip faults located within Landslide A, Coe and
others (2021) subdivided Landslide A into three kinematic
elements (fig. 2; the Prow, Core, and Tail). The kinematic
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element boundaries reflect past deformational history and may
change based on future deformation. The second landslide,
Landslide B or the Wedge, is located up valley to the northeast
of Landslide A. It was identified during InSAR analysis in
summer 2020 and confirmed as an active landslide by InSAR
deformation and structure mapping (Schaefer and others,
2020; Coe and others, 2021). The third landslide was identified
based on differencing of June and October 2020 light detection
and ranging (lidar) data by the Alaska Division of Geology &
Geophysical Surveys (DGGS). This analysis revealed rapid
movement of an area adjacent to Landslide A called the Kite
(fig. 2) and a significant rockfall that mobilized as a rock ava-
lanche from the headscarp of Landslide A (DGGS, 2021). The
planimetric extent of Landslide A and the Kite are adjacent;
however, the structural mapping (Coe and others, 2021) and
lidar differencing (DGGS, 2021) indicate that these landslides
moved independently in 2020. Although recent landslide kine-
matics are relatively well constrained, little is known about

the potential for future rapid motion, landslide volumes, and
timescale over which the hazard will persist.

-Extent of figures 1B, 24,98, 108, 11B

For this preliminary report, we simulated the generation
and propagation of a tsunami originating from the concur-
rent rapid motion of Landslides A and B and the Kite into the
adjacent fjord water. Our primary goal was to advance our
understanding of potential tsunamigenic landslide hazards for
the Barry Arm landslides using a coupled landslide runout
and wave propagation model. Our results support the National
Oceanic and Atmospheric Administration (NOAA) National
Tsunami Warning Center’s mission to provide reliable detec-
tion, forecasting, and warning of tsunamis to protect life and
property. Our methods advance upon existing work (for exam-
ple, the tsunami modeling of Dai and others, 2020) through the
direct treatment of landslide physics using the model D-Claw
and incorporation of topographic and bathymetric data col-
lected in 2020 (NOAA, 2020; Daanen and others, 2021).
D-Claw is a depth-averaged, two-phase model capable of
simulating motion of variable granular fluid mixtures, ranging
from landslides to clear water, and has been used to simulate
subaerial landslide tsunami generation (George and others,
2017). Rather than assume an initial location, wave height,

Extent of figures 54, 90, 100, 11D B
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A, Prince William Sound, Alaska, and B, the region between Whittier, Alaska, and the landslide source area. Both maps

indicate place names discussed in the text, and panel A indicates the considered computational domain. Here and in subsequent
figures, glacial extents indicated by white polygons reflect the Randolph Glacier Inventory version 6.0 (RGI Consortium, 2017). The extent
of Barry Glacier in the inventory was modified to reflect its summer 2020 extent. Easting and northing coordinates are in North American
Datum of 1983 (NAD 83) Universal Transverse Mercator (UTM) Zone 6 N (European Petroleum Survey Group [EPSG] code 26906).

Hillshade vertical exaggeration (VE) equal to 3.
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Figure 2. A, the region between Barry Arm and Whittier, Alaska, and B, inset showing the location of the Barry Arm landslides. Extent
of Bindicated by red box in A. Location and identification (ID) number of hypothetical gages discussed in the text indicated with white
diamonds or white star (coordinates provided in table 3). Colored polygons indicate landslide kinematic elements as mapped by Coe
and others (2021). Landslide A contains the Prow, Core, and Tail. Landslide B contains the Wedge. The Kite is an independent kinematic
element identified by Coe and others (2021). The location of seismic station Barry Arm East (BAE) indicated with the white plus sign.

Easting and northing coordinates are in North American Datum of 1983 (NAD 83) Universal Transverse Mercator (UTM) Zone 6 N

(European Petroleum Survey Group (EPSG) code 26906). Hillshade vertical exaggeration (VE) equal to 3.
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and velocity for the tsunami, the use of D-Claw permits direct
simulation of tsunami genesis from landslide motion into

the fjord. Within, we consider only the case of all identified
landslides rapidly moving together, two alternative landslide
volumes constrained by observations of headscarp and toe
angles, and two options for landslide mobility.

The larger of the two considered volumes represents the
largest plausible volume, given current observational con-
straints. Additional observations may refine our understanding
and could increase or decrease the estimated volume. Before
this work was conducted, whether a landslide with material
that is more mobile would produce a larger tsunami than a
landslide with material is less mobile was not clear; accord-
ingly, we considered both cases. Similarly, considering only
the scenario in which all landslides rapidly move together is
intended to represent the likely worst-case scenario that pro-
duces the largest waves. Whether other landslide geometries or
rapid landslide motion sequences will produce a larger wave
is uncertain. For example, the following are other plausible
scenarios: a sequence in which movement of an identified
landslide destabilizes an adjacent, previously stable area;
complex landslide-water-glacier interactions below Landslide
B; or far-field tsunami-tidewater glacier interactions.

The newly available topographic and bathymetric data
allow us to directly simulate the landslide and subsequent
wave generation, rather than assume the magnitude of an ini-
tial wave. Our scenarios, topographic surface, and bathymetric
surface are constrained by data collected after the preliminary
modeling by Dai and others (2020), which simulated a series
of hypothetical waves, generated not by landslide-water
interaction, but as “hot start” initial wave conditions (more
discussion of “hot start” initial conditions are discussed in
“Model Description” section). We describe the approach of
Dai and others (2020) and compare our results with theirs in
the “Discussion” section.

Our results reflect a refinement on anticipated wave
heights near the landslide, as well as in more distal locations
in Prince William Sound, including at Passage Canal near the
town of Whittier, Alaska.

Model Description

We use D-Claw, a depth-averaged model originally
developed for dense granular flows such as landslides and
debris flows. D-Claw simulates the coupled evolution of fluid
and solid phases while satisfying mass and momentum con-
servation. The theoretical basis and numerical implementation
are described in Iverson and George (2014) and George and
Iverson (2014), respectively. D-Claw is related to the open-
source GeoClaw software, which was originally developed
for tsunami modeling (George, 2006; Berger and others, 2011;
LeVeque and others, 2011; Mandli and others, 2016). It is a
part of the Clawpack family of models developed for solving
hyperbolic systems of equations (LeVeque, 2002).

D-Claw can simulate solid material and fluid mixtures
that span high solid volume fraction (landslide material,
for example, might have a solid volume fraction of 0.64) to
low solid volume fraction (water has a solid volume frac-
tion of 0.0). The model conceptualizes landslide material as
fully saturated granular material. In this work, we discuss
the mobility of this material—our use of this term followed
Iverson and others (2015) and Iverson and George (2016) in
considering the mobility of a landslide as the combination of
its speed and runout distance. A major control on the mobility
of material in D-Claw is the difference between the evolving
solid volume fraction, m, and the evolving equilibrium critical
state solid volume fraction, m,,,, because the sign of m-m,,,
controls whether material motion is contractive, resulting in
a positive feedback in which pore pressure increases thereby
reducing effective frictional resistance. The positive pore
pressure feedback present in contractive material results in a
more mobile landslide. In contrast, incipient motion of non-
contractive material does not result in elevated pore pressure
and reduced frictional resistance as readily. All else equal, a
landslide composed of noncontractive material is less mobile.

In D-Claw, material of a user-specified spatially variable
thickness, velocity, pore pressure, and solid volume fraction
is initialized on top of a basal surface. Under a landslide, the
basal surface represents the failure surface; under the ocean,
it represents the seafloor; and elsewhere, it represents the
topographic surface (for example, the surface of Barry Arm
Glacier). D-Claw can support a time-variable basal surface
(for example, to generate a coseismic tsunami). We did not use
this capability in our application. When material is initial-
ized without velocity (as was done in our application), the
material will remain stationary if gravitational driving forces
are balanced by the resisting forces of granular friction. If
driving forces exceed resistance, the unstable material moves,
converting potential energy into kinetic energy. Depending on
the solid volume fraction, some of the energy is absorbed by
granular friction.

After rapid downslope motion, granular material may
come to rest at an angle that is lower than the angle of inter-
nal friction. To reflect this observation, we use a version of
D-Claw recently extended to include the frictional hysteresis
model of Rocha and others (2019) in which the basal friction
angle (¢ in Iverson and George, 2014) is reduced by an angle
¢, based on the Froude number. The implication of this exten-
sion is that the angle at which moving material with high solid
volume fraction comes to rest is lower than the friction angle
of static material ¢.

In the absence of solid material, D-Claw’s equations
reduce to the nonlinear shallow-water equations, and GeoClaw
solutions are reproduced. The shallow water equations are a
commonly used approach for simulating coseismic tsunamis.
Where water depths are shallower than a user-specified
threshold, a Manning’s n value friction coefficient is used
to represent bottom friction. Higher-order dispersive terms,
absent in the shallow water equations, are increasingly recog-
nized to play a more significant role in the wave characteristics



of landslide-generated tsunamis compared to coseismic ones
(for example, see Fritz and others, 2004; Heller and Hager,
2011; Kirby and others, 2013; Levholt and others, 2015).
Previous work has applied dispersive Boussinesq-type, water-
wave models to submarine landslide-generated tsunamis (for
example, Lynett and Liu, 2002, 2005; Watts and others, 2003;
Grilli and Watts, 2005; Geist and others, 2009; Zhou and Teng,
2010; Shi and others, 2012; Ma and others, 2013). Such a
model may be necessary to more accurately resolve complex
features like harbor currents and offshore wave interactions.
However, our focus here is on the accuracy of the landslide
motion, subsequent wave generation, and magnitude of the
largest waves. Nevertheless, implementing a Boussinesq
model with our initial waveform may reveal more detailed
features of the far-field tsunami behavior.

Numerical simulations of subaerial landslide-generated
tsunamis can be broadly grouped into four types (see the
review by Yavari-Ramshe and Ataie-Ashtiani, 2016); all have
limitations. A comparison of these approaches is discussed in
George and others (2017), and we summarize the approaches
here: (1) use of an independent landslide model to generate
time-variable boundary conditions, subsequently coupled to a
wave propagation model; (2) three dimensional (3D) multifluid
models; (3) depth-averaged multilayer models; and (4) depth-
averaged two-phase codes that can seamlessly simulate both
the landslide and water-wave propagation via direct mass and
momentum conservation (for example, D-Claw). Each option
varies in its computational intensity, assumptions regarding the
geometry of the landslide and the waterbody, and representa-
tion of horizontal/vertical mass and momentum exchange.

Any approach that does not directly simulate a landslide
must make assumptions regarding how the landslide will
behave and how this behavior will translate into an initial
waveform. This initial waveform—represented by spatially
distributed values for sea surface height and velocity—is
then placed into the simulation domain. When the simulation
begins, the wave propagates based on the governing equa-
tions. Because such an approach initializes a simulation with a
preformed wave, it has been called a “hot start” initial condi-
tion (Grilli and others, 2013). One example of this type of
approach is the use of a landslide impact model that was used
to generate an initial waveform for the Tidal Inlet landslide by
Wieczorek and others (2007). In contrast, use of a model like
D-Claw, which can directly simulate a wide range of landside
dynamics, means that we need not make these assumptions.
Instead, the landslide material evolves under its governing
equations, exchanges mass and momentum with the ocean
water, and thereby generates a tsunami.

George and others (2017) demonstrated the feasibility
and validity of using D-Claw to simulate a tsunamigenic land-
slide at Tyndall Glacier, which generated a wave that propa-
gated into Taan Fjord—a comparable situation to Barry Arm.
Accordingly, we summarize their initialization strategy and
their results. They initialized the simulation with a static dense
granular-fluid mixture in the landslide source zone and still
water in Taan Fjord and Icy Bay. The approach used to initiate

Data and Data Processing 5

landslide motion was to initialize the pore pressure in the
landslide material at hydrostatic pressure. When the simulation
commenced, intergranular friction was insufficient to resist
the driving force of gravity, and the landslide material rapidly
moved downslope, impacting the still water and generating
waves via direct momentum exchange and mass displacement.
As discussed by George and others (2017), this approach was
beneficial in that no coupling was needed to translate landslide
motion into wave generation as is appropriate when the depth
and length scales of the landslide and waterbody are similar

(a characteristic that holds true for Barry Arm). George and
others (2017) assessed the validity of their simulation at Taan
Fjord by comparing simulated inundation limits and normal-
ized difference vegetation index (NDVI) values from Landsat
8 Operational Land Imager images. Simulated inundation
matches observed areas with negative NDVI, which indicate
areas of vegetation removal. These areas of negative NDVI
are qualitatively consistent with the inundation extent mapped
in the field and presented in the subsequent publication of
Higman and others (2018).

Data and Data Processing

The subaerial lidar and submarine bathymetric data
acquired in 2020 were necessary to simulate landslide motion
directly into the fjord (fig. 3). Prior to the 2020 bathymetric
survey, the most recent bathymetric data were from 1992
(NOAA, 1992), and no water depth measurements were avail-
able in areas deglaciated between 1992 and 2020. This area
includes the fjord immediately downslope from Landslide A
and the Kite.

The subaerial lidar data were collected on June 26, 2020,
by the DGGS (Daanen and others, 2021). The data have a
nominal horizontal spatial resolution of 10 cm and a nonveg-
etated vertical accuracy of 7.7 cm. They are provided in the
horizontal coordinate system of North American Datum of
1983 (NAD 83; 2011), Universal Transverse Mercator (UTM)
6 N, and North American Vertical Datum of 1988 (NAVD 8&8)
National Geodetic Survey Geoid Model 12B (GEOID12B).

We leveraged three bathymetric datasets with differing
spatial resolutions and dates (fig. 3). Higher resolution bathy-
metric data were collected in Barry Arm and Harriman Fjord
between August 12 and 23, 2020, by NOAA (NOAA, 2020).
These data have a nominal spatial resolution of 4 meters
(m) and are in the horizontal coordinate system of NAD 83
(2011) UTM 6 N and vertical datum mean lower-low water
(MLLW). We relied upon coarser resolution bathymetric data
in other locations. In Passage Canal near Whittier, Alaska,
NOAA has collected topobathymetric data with a nominal
spatial resolution of 10 m (NOAA, 2009b). Simulation in the
rest of Prince William Sound relied upon a topobathymetric
data with a nominal 50-m resolution (NOAA, 2009a). These
two NOAA datasets use a vertical datum of mean higher high
water (MHHW).
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We projected all data into the horizontal projected coordi-
nate system of NAD 83 (2011) UTM 6 N, in which the Barry
Arm topographic data and bathymetric data were collected.
These new datasets were translated from their original vertical
coordinate systems to MHHW based on the offset between
MHHW, MLLW, and NAVD 88 at Whittier, Alaska (NOAA
station 9454949). At this station, MLLW is 3.715 m below
MHHW, and NAVD 88 is 3.395 m below MHHW. We inte-
grated the new datasets at a spatial resolution of 5 m for use as
simulation input files.

Landslide Source Characteristics and
Scenario Design

Which portions of Landslide A, Landslide B, and the Kite
will further destabilize, resulting in rapid landslide motion,
is considerably uncertain. Additional unknowns include
(1) whether these landslides may move together or separately,
(2) what the landslide volumes are, and (3) how mobile each
landslide is. To account for this uncertainty, we considered
multiple scenarios (table 1) created by combining two land-
slide volumes with two landslide mobilities. In this prelimi-
nary report, we considered only the case in which all three
landslides fail concurrently. We used this scenario because we
expect this choice to generate the largest subsequent wave.
However, it may be the case that different scenarios than
what was considered here would produce a larger wave (for
example, different landslide geometries, material properties,
landslide motion sequences, and (or) destabilization of areas
not yet recognized as being susceptible to failure). Further,
identifying the relative or absolute likelihood for rapid motion
of each landslide or kinematic element is beyond the scope

Table 1.

[m?, square meter]
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of this report; therefore, we consider the scenario in which all
rapidly move together. We additionally note that our scenario
design is meant to represent synchronous rapid motion of the
landslides from intrinsic factors, rather than motion that might
occur associated with an earthquake or other exogenous event.
Strong ground motion might result in additional locations of
ground failure and the generation of tsunamis by multiple
landslides and (or) coseismic seafloor motion.

Landslide Failure Surface

The choice to consider the rapid motion of all three
landslides enforces the planimetric extent of the landslide
region, but there is additional uncertainty in the spatially
variable depth to the landslide failure surface and thus the
landslide volume. The failure surface is the surface between
destabilized material (above), which may rapidly move, and
stable material (below). In this preliminary report, we did
not undertake extensive slope stability analysis (for example,
Reid and others, 2000, 2015). Because no information was
available regarding the depth of the failure surfaces or their
geometry, we approximated the failure surface with a series of
logarithmic spirals oriented in the downslope direction (fig. 4).
Such a curve is a common choice for a curved failure surface
in geotechnical engineering (for example, Chen, 1975; Das,
2020) and represents an upper bound for landslide size. In
polar coordinates (r, 8), a log spiral is defined as

r = ryefd (1)
where
r,and ¢ are positive constants.

Summary of four considered scenarios including key simulation input parameter values.

Scenario name and description

Simulation input parameters

NC-290 C-290 NC-689 C-689
Symbol Units Description Smaller, noncon-  Smaller, contrac- Larger, noncontrac-  Larger, contrac-
y P tractive, less mobile tive, more mobile tive, less mobile  tive, more mobhile
o degrees  Headscarp angle 45 45 60 60
unitless  Logarithmic spiral coefficient 1.0 1.0 0.5 0.5
(defined in equation 2)
m unitless  Initial solid volume fraction 0.64 0.62 0.64 0.62
M, unitless  Critical state solid volume 0.64 0.64 0.64 0.64
fraction
17 degrees  Basal friction angle 36 36 36 36
®, degrees  Basal friction angle offset 10 0 10 0
k, m?2 Hydraulic permeability 10710 10710 10710 10710
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The elevation and location of the headscarp and toescarp
imply an average ground surface slope of @, and equation 1
requires that in the following relation among @, the headscarp
angle a, and the toescarp angle / (all shown in fig. 4D) the
value C be equal to 1.

c- ¢ 2
6P @

This constraint derives from the log spiral having a
constant derivative in polar coordinates. However, logarithmic
spirals with very similar headscarp and toescarp angles, which
result in a deeper logarithmic spiral and a larger landslide
volume, can be constructed when this ratio (and its inverse)
are both greater than about 0.5.

We constructed the failure surface for each of the three
landslides by calculating a logarithmic spiral at each of a series
of downslope-oriented transects spaced 50 m apart (example
transects shown by dotted lines in fig. 4C). For each transect,
we specified the location of the headscarp and toescarp, the
headscarp angle, and the ratio C in equation 2. Depending on
the location of the toescarp relative to the shoreline, it may be
located underwater. We then calculated the value of f implied
by the other variables. A larger landslide volume can be cre-
ated by a larger magnitude for a (more vertical) and (or) a
smaller value of C. In between each transect, we interpolated
the landslide depth to construct a spatially continuous landslide
failure surface that intersects the topographic surface at the edge
of each landslide. The volume contained between the failure
surface and the topographic surface is the landslide volume.

Analysis of the recent lidar data (Daanen and others, 2021)
constrained the headscarp angles to between 45 degrees (°) and
60°. We constructed two landslide volumes by using different
values for the headscarp angle. The smaller landslide volume
was constructed using a headscarp angle of 45° and C=1 and
the larger landslide volume with a headscarp angle of 60° and
C=0.5. We ensured that the failure surface was always mono-
tonically increasing in altitude from toescarp to headscarp (that
is, #<0°). These choices yielded failure surfaces for all three
landslide extents and a combined landslide volume of 290 x
106 and 689 x 10° cubic meters (m?) for the smaller and larger

options, respectively (fig. 44, B). This combined landslide
volume reflects the combination of the three landslides. The
volume is partitioned between these landslides in the smaller
(larger) scenarios as follows: the Kite contains 10 (48) x 106 m?,
Landslide A contains 214 (532) x 10 m3, and Landslide B con-
tains 66 (109) x 10° m3. These volumes are comparable to the
prior estimates presented in Dai and others (2020). They report
an estimate for the volume of Landslide A of 455 x 106 m3,

15 percent smaller than our upper bound estimate for that land-
slide. We will refer to the smaller landslide volume case with
the designator 290 and the larger case with 689, reflecting the
landslide volumes in millions of cubic meters.

The smaller landslide volume is comparable to the
volume of water immediately adjacent to the unstable region
(200 x 10° m3). Near the toe of Landslide A and the Kite is
a narrow region with probable submarine landslide material.
That is, the basal-slip surface of Landslide A may intersect the
land surface below water in this location. In this region, the
model is initialized with solid volume fraction lower than that
of the landslide, reflecting the weighted average of pure water
thickness and landslide thickness implied by the bathymetric
and failure surface depths. The geometry of the landslides and
the geometry of the adjacent body of water are comparable
(table 2), and therefore, the use of the shallow water assump-
tions for this application is valid.

We considered two landslide volumes for multiple reasons.
First, these two volumes reflect uncertainty in the depth and
geometry of the failure surfaces. Second, comparing multiple
volumes supports assessing the sensitivity of the tsunami height
to the landslide volume. Finally, using two landslide volumes
and mobilities (described further in the “Landslide Mobility”
section) permits assessing the interaction between landslide
volume and material properties. Because we consider only the
case in which landslide material rapidly moves from over the
entire landslide extent, none of our scenarios should be consid-
ered as the smallest plausible event. Additional information may
provide new constraints on the geometry of known landslides
or identify additional landslides, so our largest scenario may
not represent the largest possible event. However, our largest
scenario does represent the largest plausible landslide volume
given information that we currently have available.

Figure 4 (facing page). Landslide depth to failure surface for A, the smaller landslide volume and B, the larger landslide volume. The
failure surface was constructed by fitting logarithmic spirals to a series of transects parallel to the downslope direction in the landslide.
Black outlines in A and B demarcate the extent of Landslide A, Landslide B, and the Kite, each an independent landslide. Example
transect locations are shown in C as dashed lines, here spaced 400 meters apart. The yellow polygon in C represents the main body of
Landslide A, and the solid black line goes through the centroid (white dot) at an orientation perpendicular to the downslope direction.
The transect shown in D is from the thick dashed line in A-C. It extends from the headscarp location (red dot) to the toescarp location
(green dot). The logarithmic-spiral fitting can support relatively larger or smaller landslide depths by modifying the headscarp (a) and
toescarp (B) angles to create either a shallower failure depth (smaller landslide) or deeper failure depth (larger landslide) as shown by
the purple and brown lines in 0. @ is the average slope angle. The base map in A and B reflects a hillshade (no vertical exaggeration)
based on the bathymetric and topographic data in 2020 (respectively, National Oceanic and Atmospheric Administration [NOAA], 2020;
Daanen and others, 2021). Where recent data are not available (upper left-hand corner of A and B) the 50-meter dataset is used (NOAA,
2009a). Easting and northing coordinates are in North American Datum of 1983 (NAD 83) Universal Transverse Mercator (UTM) Zone 6 N
(European Petroleum Survey Group [EPSG] code 26906). Hillshade vertical exaggeration (VE) equal to 1.
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Table 2. Summary of depth and volume of the two landslide geometries and adjacent waterbody.

[m, meter; m3, cubic meter]

Area Mean depth, m Median depth, m Maximum depth, m Total volume, m3
Adjacent water 71 70 136 200 x 106
Larger (689) scenario 169 164 349 689 x 106
Smaller (290) scenario 74 67 236 290 x 106
Landslide Mob|||ty parameter set the contractive set and give it a designation

The final element of uncertainty we considered in
scenario design was the mobility of the landslides. The
material properties (for example, solid volume fraction and
shear strength) of the landslides are not known; therefore, we
considered multiple alternatives. Because little is known about
the material properties of the landslide material, we lack the
necessary information to determine the relative or absolute
probabilities of these alternative mobilities.

As discussed earlier, an important control on landslide
material mobility in D-Claw is whether the material is contrac-
tive or noncontractive. The initial motion of contractive material
results in increased pore fluid pressures, which then manifest in
more mobile, fluid behavior, even under high solid-volume frac-
tions. In contrast, the initial motion of noncontractive material
does not produce these high pore fluid pressures, resulting in a
less mobile landslide. How the landslide behaves after it begins
to move may influence momentum transfer between the land-
slides and the ocean water—thus influencing the form of the ini-
tial and propagating waves. To account for this uncertainty, we
consider two mobility scenarios, one with more mobile, contrac-
tive landslide material and one with noncontractive, less mobile
landslide material. A more or less mobile landslide might gener-
ate a larger tsunami for the following reasons: the more mobile
landslide might displace water more quickly, whereas the less
mobile landslide might fail more coherently, resulting in a more
piston-like impact on the water. We considered both because
before we undertook this study, we did not know which scenario
would produce the largest wave.

Our more mobile, contractive scenarios used the same
model input parameters as implemented by George and
others (2017) for the Tyndall Glacier landslide as well as by
Iverson and others (2015) for the Oso, Washington, land-
slide. The Oso landslide had an exceptionally high mobility
and long runout distance (Iverson and others, 2015). This
parameter set reflects the case in which the Barry Arm land-
slides are highly mobile. Specifically, the initial value for the
solid volume fraction m, is set at 0.62; the initial value for
the critical state solid volume fraction, m,,,, is set at 0.64;
and the initial value for material hydraulic permeability £,
is set at 10-10 square meters (m?; table 2). A negative value
of m,-m,,, implies that the initial behavior of the material
will be contractive (as opposed to noncontractive or dila-
tive), and the material will be highly mobile (Iverson and
George, 2014, 2016; Iverson and others, 2015). We call this

C. This set does not use the frictional hysteresis model of
Rocha and others (2019) and sets p=36° and ¢,=0°. A second
parameter set reflects noncontractive behavior and is desig-
nated NC. Relative to the contractive case, the noncontrac-
tive case varies in only its values for m,=0.64 and ¢ ,=10°.

For all scenarios, simulation of the ocean water requires a
Manning’s n value and specification of a maximum depth for
bottom friction. We use a Manning’s n value of 0.033 seconds
per inverse cube root meter (m''3 s) and a bottom friction
depth of 2000 m. The Manning’s n value is similar to that used
by George and others (2017; they used 0.025 m'' s) and is
within the range of reasonable values (for example, see Sraj
and others, 2014).

Considered Scenarios

The combination of our two options for landslide volume
and two options for landslide mobility yields four scenarios
which we name C-290, NC-290, C-689, and NC-689. Key
parameter values for each are listed in table 1. The scenario
names reflect the combination of landslide mobility (C,
contractive; NC, noncontractive) and landslide size (290 or
689 x10% m3). Thus, scenario C-290 refers to the contractive,
more mobile, smaller landslide with a total landslide volume
0f 290 x 10° m.

Model Implementation

Simulations were initialized with water (pure fluid) in
the ocean and the ocean surface at rest (recall that we use
the MHHW vertical datum as our reference height) and a
granular-fluid mixture with no velocity in each of the three
landslide source regions. Pore pressure was initialized to
hydrostatic pressure. D-Claw supports adaptive mesh refine-
ment, and we used a computational grid cell size of 50 m
around the landslide and along the wave propagation path.
Preliminary simulations tested smaller grid cell sizes (5 m)
and yielded similar results. In the portions of the domain
where no wave propagated, the cell size was permitted to
remain at a coarse resolution of 1,000 m.

D-Claw uses adaptive computational time steps set based
on a target and maximum Courant—Friedrichs—Lewy stabil-
ity criteria. We set the target to 0.25 and the maximum to 0.5.



Model output was written at regular intervals of 15 seconds, less
frequently than the computational time steps used. We placed
eight hypothetical gages in the simulation domain. These gages
do not exist in Prince William Sound but represent points in the
simulation domain where results were extracted for time series
analysis. Easting, northing, latitude, and longitude coordinates
for each gage are provided in table 3.

It takes approximately 20 minutes (min) of simulated
time for the wave to reach Whittier, Alaska, and 90 min to
reach both Valdez and Cordova, Alaska. Simulations com-
mence and in all scenarios the landslide material immediately
moves downslope into the fjord water. Simulations were run
for 120 min of simulated time. Computation was conducted
using the U.S. Geological Survey Denali supercomputer
(USGS Advanced Research Computing, 2021).

The scenarios were represented in D-Claw by specifying
scalar parameter values (table 1), spatially variable surface
topography, the spatially variable basal surface, and the thick-
ness of mobile material (initial landslide thickness and water
depths). Under the landslide source, the basal surface is the
failure surface and elsewhere it is the seafloor or topographic
surface. This potentially mobile layer is composed of either
landslide material in the landslide source zone or water in
the ocean. This was implemented by specifying a spatially
variable solid volume fraction reflecting water (pure fluid) in
the ocean and initial solid volume fraction m, in the landslide
source. D-Claw can simulate entrainment of material from the
basal surface; however, we have no information to constrain
whether and how much entrainment might occur, and accord-
ingly, we specified the simulations such that mass does not
exchange between the mobile layer of water and landslide
material and the basal surface. In the following text we will
refer to the surface altitude of the mobile layer—which may
vary in its solid volume fraction—as the “wave height.”

Results 1

Results

We considered four landslide scenarios, each resulting in
tsunami generation. After the simulations commence at time
zero, the landslide material immediately moves into the fjord
water with most landslide material entering the water within
30 seconds of simulated time. Maps depict the area inundated
by the landslides in each scenario for the first 4 min of simu-
lated time (fig. 5).

The landslide motion generates a tsunami by displacing
fjord water and exchanging momentum with it. The largest
wave was generated by the larger, contractive, more mobile
scenario C-689. As shown in figure 5, this scenario inundates
a larger portion of the fjord than the other scenarios and does
so more quickly. In describing the results, we adopt the ter-
minology introduced by Walder and others (2003) to describe
spatial domains. The splash zone is near the landslide source
and runout areas and is characterized by complex hydrody-
namics: in the near field, the tsunami organizes into a coher-
ent wave and in the far field, the tsunami dispersive effects
become important. Scenario C-689 generates waves of
almost 200 m in height in the splash zone. These waves reach
Whittier, Alaska, in just over 20 min (in the remainder of
this report, times refer to time since simulation commenced).
Peak wave height in Whittier, Alaska, occurs at 26 min. At
the transition between the splash zone and the near field,
located just north of the junction of Harriman Fjord and
Barry Arm, scenario C-689 generates a wave of 25 m. This
wave attenuates to just over 2 m at gage 8, located 500 m off-
shore Whittier, Alaska, in Passage Fjord. All other scenarios
result in a wave of just under 1 m at gage 8.

In this preliminary report, we do not perform an inunda-
tion analysis at Whittier, Alaska, or any other Prince William
Sound community. We present cross sections through time

Table 3. Hypothetical gage locations shown in figure 2. Easting and northing coordinates are in North American Datum of 1983 (NAD
83) Universal Transverse Mercator (UTM) Zone 6 N (European Petroleum Survey Group [EPSG] 26906).

[m, meter; NA, not applicable]

Gage number Easting Northing Latitude Longitude Description
1 437170 6774969 61.1043 —148.1655  Base of landslide in Barry Arm
2 436983 6772579 61.0828 —148.1682  Junction of Barry Arm and Harriman Fjord
3 437766 6771072 61.0694 —148.1532  Middle of southern Barry Arm
4 438185 6767334 61.0359 —148.1442  Junction of southern Barry Arm and Port Wells
5 439006 6759012 60.9613 —148.1263  Northern Port Wells
6 431189 6740360 60.7926 —148.2640  Southern Port Wells
7 422674 6741853 60.8045 —148.4210  Eastern Passage Canal
8 408443 6739767 60.7827 —148.6814  Passage Canal 500 m offshore Whittier, Alaska
NA 438311 6778944 61.1402 —148.1456  Waterline below Landslide A, white star in figure 28
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of the largest generated wave in the area near the landslide
source, time-wave height curves at select points for all sce-
narios, and maximum wave height synthesis for the largest
generated wave. After presenting the results, we contrasted the
scenarios and compared our results with prior simulations for
this area.

Tsunami Generated by Scenario C-689

The largest wave heights were generated by the larger,
contractive, more mobile scenario C-689 (figs. 6-8). After the
simulation commences, the landslide enters the northernmost
portion of Barry Arm fjord (north of the junction of Barry Arm
and Harriman Fjord). This generated runup on the opposing
fjord wall in excess of 500 m (fig. 54), which is comparable
to the largest historical runup which was observed at Lituya
Bay in 1958 (524 m; National Geophysical Data Center/World
Data Service, 2020) and larger than the 300 m runup reported
by Dai and others (2020).

In scenario C-689, the motion of the three landslides
into the water displaced all the water in the splash zone, the
northernmost portion of Barry Arm adjacent to the terminus
of Barry Glacier. The combination of the landslide material
and displaced water generated a wave comparable in height
to the water depth (maximum water depth of 136 m, table 2).
The wave then propagated into deeper water over complex
bathymetry containing many shallow regions. These shal-
low regions are likely submarine glacial erosional features or
deposits representing glacial scour into bedrock and (or) ter-
minal moraine deposits of previous extents of Barry Glacier.
We refer to these submarine features by the letters identified
in figure 6 (I, II, I1L, and IV). Our simulations assume that
the seafloor over the entire domain does not change, that is,
there is no entrainment or landslide growth from this surface.
We had little information to constrain the material proper-
ties of these submarine features, and if any of these features
were to erode or fail in response to an overriding landslide or
propagating wave, this would likely change the results. Such a
change could result in either a larger or smaller wave.

When the simulated wave propagated over these fea-
tures, it interacted with them, primarily resulting in a decrease
in wave height. This is highlighted in figure 6, where the
maximum wave height at any point in the simulated time is
shown. Glacial retreat since 2006 has exposed features I and II
(Dai and others, 2020). Feature III was identified by Johnson
(1916) as the 1899 extent of Barry and Coxe Glaciers. After
the wave in scenario C-689 interacted with features I and II, its

Figure 5 (following page).

maximum height decreased from over 200 m to under 100 m.
When the wave reaches feature II1, it is around 25 m, and after
passing over feature III, the maximum wave height decreases
further. Finally, when the wave passed over feature 1V, its
maximum wave height reduced below 5 m.

Time-Wave Height Histories for All Scenarios

The time series of wave heights for all four scenarios
at the eight hypothetical gage points are shown in figures 7
and 8, the latter of which shows only the time interval rang-
ing from 1 min before to 20 min after the arrival of the wave.
The larger, contractive, more mobile scenario C-689 is much
larger than the other three scenarios, which produce similar-
sized waves. The accompanying U.S. Geological Survey data
release includes a comma separated values (CSV) file contain-
ing the gage traces shown in figures 7 and 8 (Barnhart and
others, 2021).

The wave generated by scenario C-689 reflects the
behavior described in the prior section, “Tsunami Generated
by Scenario C-689.” In the splash zone area immediately
proximal to the landslide source area (gages 1-3), the resulting
wave dynamics are complex and variable across scenarios. At
some gages, time series asymptotically reached nonzero val-
ues (for example, most landslide scenarios at gage 2). These
nonzero gage values indicate that the landslide source material
extended at least as far as the location of that gage, creating a
deposit and (or) damming water. In scenario C-689, the maxi-
mum wave height was 37 m near the junction of Harriman
Fjord and Barry Arm (figs. 7 and 8; gage 2), decreasing to
approximately 25 m at feature III.

Past feature III, the wave has left the landslide runout
area, and the form of the propagating wave is clearer. At gage
4, the distinction between the wave generated by the four
scenarios becomes more easily interpretable. Scenario C-689
generates a much larger wave than the smaller, contractive,
more mobile scenario C-290. The less mobile, noncontrac-
tive scenarios NC-290 and NC-689 show less sensitivity to
the landslide volume; indeed, the smaller, noncontractive,
less mobile scenario NC-290 generates a comparable but just
slightly larger wave than the larger, noncontractive, less mobile
scenario NC-689. At gage 4, scenario C-689 produces a wave
of nearly 10 m, over twice as large as any other scenario.

As the wave propagates over feature IV and into Port
Wells (gage 5), the wave heights decreased by up to a factor of
4. The wave heights do not substantively change at the south-
ern end of Port Wells (gage 6) or at the start of Passage Canal

Landslide material extent for the first 4 minutes of simulated time for A, scenario C-290, B, scenario NC-290,

C, scenario C-689, and D, scenario NC-689. Landslide material identified as model grid cells where solid volume fraction exceeded 0.3.
Extent of landslide material plotted at 15-second increments and earlier times plotted over later times. Blue line outlines the shoreline
attime equal to 0, and black line outlines the initial extent of landslide material. Easting and northing coordinates are in North American
Datum of 1983 (NAD 83) Universal Transverse Mercator (UTM) Zone 6 N (European Petroleum Survey Group [EPSG] code 26906).

Hillshade vertical exaggeration (VE) equal to 1.
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Figure 6. Barry Arm fjord from the landslide source region into Port Wells. A, Map indicating the location and direction of transect with
the dashed line, gray dot, and white diamond. B, Maximum wave height in green for the larger, contractive, more mobhile Scenario C-689,
which produces the largest tsunami. The seafloor is indicated by the black line and dark gray region. As the wave height spans multiple
orders of magnitude, the maximum wave height is also shown on a logarithmic y-axis scale, and values below the maximum are shaded
green (C). Substantial decreases in peak wave height are colocated with areas of low water depth, for example, those highlighted

by vertical lines in B and C. The locations of the vertical lines are indicated in A using triangles, and the color indicates the feature
identification (ID). Note that the x-axes in B and C are equivalent. Easting and northing coordinates in A are in North American Datum

of 1983 (NAD 83) Universal Transverse Mercator (UTM) Zone 6 N (European Petroleum Survey Group [EPSG] 26906). Hillshade vertical
exaggeration (VE) equal to 1.
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Figure 7. Wave height as a function of simulated time for each of the four considered scenarios at eight hypothetical gage locations
indicated in figure 2. Extent of x-axis reflects the entire simulated time of 2 hours. Gage number indicated by gray bar at the top of each
panel and location shown by red dot in each inset map. This inset map shows land in gray and ocean in white and represents the same
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(gage 7). After the simulated wave propagated into shallower
water near Whittier, Alaska, the wave heights increased. We
do not compute detailed inundation for the town of Whittier,
Alaska, or other Prince William Sound communities. Gage

8 shows the water levels in Passage Canal 500 m offshore
Whittier, Alaska: they reached just over 2 m in scenario
C-689, which produces the largest waves. All other scenarios
have peak wave heights at Whittier, Alaska, of less than 1 m.
The water level at gage 8 began to rise at 20 min and reached
a peak height around 26 min.

Maximum Wave Height Generated by Scenario
C-689

The maximum wave height for the larger, contractive,
more mobile scenario C-689 is shown in figure 9. The entirety
of Prince William Sound is shown, as well as maps focused on
the landslide source area, the westernmost portion of Passage
Canal, and the domain between Barry Arm and Whittier,
Alaska. Tsunami travel time (fig. 10) and time of maximum
wave height (fig. 11) were also computed for the same extents
as figure 9. The map of maximum wave height reflects the
patterns of wave propagation presented in the prior two sec-
tions, “Tsunami Generated by Scenario C-689” and “Time-
Wave Height Histories for All Scenarios.” The accompanying
U.S. Geological Survey data release for this report includes
Geostationary Earth Orbit Tagged Image File Format (Geo-
TIFF) files containing the maximum wave height, the time
of maximum height, and the tsunami travel time presented in
figures 9—10 (Barnhart and others, 2021).

Wave heights exceeding half a meter in scenario C-689
were not extensive outside of the Port Wells region (fig. 11).
Wave heights exceeding 20 m were primarily simulated in
northern Barry Arm (fig. 11). Wave heights exceeding 5 m,
but less than 20 m, were simulated in southern Barry Arm,
Harriman Fjord, and along the shorelines and inlets of Port
Wells near the junction of Port Wells and Barry Arm (fig. 11).
The maximum wave height was greatest at the heads of fjords,
likely because water depths decrease in those locations and
because of focusing of tsunami energy.

Discussion

The presented simulations represent four hypothetical
landslide scenarios at Barry Arm and the generation and prop-
agation of a tsunami generated by rapid landslide motion. The
scenarios were computed using the D-Claw model, which is
capable of simulating landslide dynamics, a propagating wave
in water, and the interactions between both. Here, we discuss
the implications of the variations in results across scenarios as
well as compare our results to prior simulations at this site.

Our scenario design considers only the case in which all
three landslides concurrently fail. We reiterate that the mate-
rial properties of the landslides are unknown, the actual size

Discussion 17

of the landslides is unknown, and the relative probability of
different scenarios is unknown. Thus, we vary the geometry
of hypothetical landslide failure surfaces to create plausible
geometries for landslide volumes, constrained by the mapped
extent of the kinematic elements and headscarp angles (Coe
and others, 2021; Daanen and others, 2021). Similarly, we
vary the material properties to create more mobile, contrac-
tive landslides and less mobile, noncontractive landslides. The
motion of all landslides together and the design of the “larger”
C-689 and NC-689 scenarios are intended to reflect the largest
plausible volume given current observational constraints. As
additional information becomes available, this volume may
be refined and changed. Taken together, these scenario design
decisions are intended to create the largest plausible wave;
however, we stress that other landslide geometries, landslide
motion sequences, material properties, and model assumptions
may produce a larger wave.

Scenario Comparison

The clearest result that comes from comparing the four
scenarios is that the larger, contractive, more mobile scenario
C-689 generated the largest tsunami, and all other scenarios
generated a similar sized tsunami. We focus the remainder of
this subsection on exploring why scenario C-689 produced a
larger tsunami than the other scenarios. One approach to this
would be to calculate the landslide velocity upon impact. We
do not do this because our simulations did not represent the
landslide as a rigid block.

In figure 5, we presented the extent of the simulation
domain inundated with landslide material through time.

This figure shows that scenario C-689 inundated a larger
portion of the fjord and did so more quickly than the other
scenarios. To further examine the differences between the
scenarios, we estimated the volume of fjord water displaced
through time in each of the scenarios (fig. 12). We estimated
the displaced water by calculating the volume of water that
was initially present in the areas where landslide material is
present (defined as material with solid volume fraction greater
than 0.3). Because this calculation does not consider mixing
between landslide material and fjord water, it should be con-
sidered as a rough estimate. Scenario C-689 displaces the most
water of all the scenarios and the rate of displacement (slope
of the line) is faster than the other scenarios (fig. 12).

Next, we examined how material at the base of Landslide
A behaves right at the initiation of motion. In figure 13, we
plot time series of wave height, velocity, and momentum for
a point at the base of Landslide A (white star in fig. 25B). This
point was chosen to represent the motion of landslide material
as it entered the water. Tracking the boundaries between the
landslide material, the mixing region, and displaced water is
beyond the scope of this contribution. The wave height time
series (top panel) show that the wave height at the base of the
slides is similar between the two smaller (C-290 and NC-290)
and two larger (C-698 and NC-689) scenarios, but that the
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Figure 12. Approximate volume of fjord water displaced by landslide
material for each of the four considered scenarios. Displaced volume
estimated as the volume of initial fjord water displaced by material

with solid volume fraction greater than 0.3.

larger scenarios displace water faster (purple lines have a
steeper initial slope than green lines). Because the larger sce-
narios represent more landslide material, larger wave heights in
these scenarios than in the smaller scenarios is not surprising.

The largest velocities come from the smaller, contrac-
tive, more mobile scenario (C-290). The middle panel shows
that the smaller, contractive, more mobile scenario moves
more quickly than its noncontractive, less mobile counterpart.
This same pattern persists for the larger scenarios in that the
larger, contractive, more mobile scenario C-689 reaches larger
velocities than its noncontractive counterpart. This separation
in velocity between the more mobile, contractive scenarios
and the less mobile, noncontractive scenarios makes sense
after recalling how D-Claw conceptualizes landslide material.
If material is contractive, initial motion increases pore pres-
sures, thereby reducing intergranular friction. This reduction in
intergranular friction results in a more efficient conversion of
potential energy into kinetic energy.

The most substantial difference between the largest
tsunami-generating scenario C-689 and the other scenarios is
shown in the momentum plot (fig. 13C). The combination of
landslide thickness from the large landslide volume and land-
slide speed from contractive, more mobile material results in
substantially higher momentum values in scenario C-689. By
combining the analysis of displaced volume and the analysis
of behavior at the landslide source, we conclude that both
mass displacement and momentum exchange are important
processes for wave generation at the Barry Arm location.

A final point of scenario intercomparison is to note
that the generated tsunami is more sensitive to the landslide
material in the contractive, more mobile scenarios than in
the noncontractive, less mobile scenarios. Indeed, the two
noncontractive scenarios, which differ in landslide volume by
more than a factor of 2, generate similar tsunamis. The extent

to which this finding is unique to the landslide volumes and
mobilities considered here, and to the geometry of the Barry
Arm landslide site, is not known. The comparison of the four
scenarios points to the importance of constraining both mate-
rial properties and landslide geometry to better bracket the
forecast wave magnitude.

Comparison with Prior Work

In this section of the discussion, we compare our results
with prior tsunami simulations conducted by Dai and others
(2020). We note that these authors did their work before
new bathymetric and topographic data were collected. These
data, which were necessary for our direct simulations of
tsunami, were not available to these authors. Given this lack
of observational information, Dai and others (2020) used a
first principles style approach to generate a series of hypo-
thetical initial tsunami waveforms intended to capture the
order of magnitude of tsunami crest height and length scales.
They initialized their sea surface with these waveforms and
simulated the propagation of the initial waveform. To most
succinctly describe how they initialized their simulations
we quote from the supplementary material of Dai and others
(2020, p. 6): “The cross-channel profile of the initial tsunami
follows a Gaussian shape, with a half width of 1 kilometer
(km). In the along-channel direction, the tsunami is described
as a half-sine wave with length 2 km [with initial crest height
of 150 m], yielding a displaced volume of water equal to
1/3 the volume of the landslide. The initial speed under this
wave is calculated with nonlinear long wave theory with a
channel-aligned direction pointing away from the landslide
source.” To reflect uncertainty in the size of the initial tsu-
nami form, Dai and others (2020) considered multiple initial
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first minute of simulation taken from the location labeled by the
white star in figure 2B (location given in table 3).

crest heights for the tsunami waveform: 25, 75, 150, and
300 m. For clarity, we will refer to these four scenarios as
D-25, D-75, D-150, and D-300.

Making a direct comparison between the scenarios pre-
sented by Dai and others (2020) and those presented here is
difficult because where in space and at what point in simulated
time the waveforms should be compared is not clear. One
quantity that is easier to compare is the tsunami arrival and
peak wave height times. Our scenarios generated tsunami
arrival times at gage 8 (500 m offshore Whittier, Alaska) of
approximately 20 min after the initial motion of the landslides
and peaks around 26 min. Our results indicate nearly identical
timing of wave arrival and wave peak times as prior simula-
tions presented in figure S9 of Dai and others (2020).

Another variable that is possible to compare is tsunami
runup. Dai and others (2020) report runup values adjacent to
their initial waveform of nearly 300 m for scenario D-150.

In contrast, we see runup values of between 200 m (scenario
NC-290) to over 500 m (scenarios C-689 and NC-689). No
scenarios impact the Barry Arm East (BAE) seismic station
(located at an elevation of 578 m, plan view location indicated
by the white plus in fig. 2B).

To more fully compare our simulated tsunami with the
scenarios considered by Dai and others (2020), we plot-
ted evolution of solid volume fraction, wave height, and
flow direction for scenario C-689 at 0, 1, 2, 3, and 4 min of
simulated time (fig. 14). This figure shows that the landslide
material pushes the water out of the splash zone north of Point
Doran. During this time, the direction of flow in the tsunami
was not always oriented down fjord to the south (for example,
at 3 min after rapid landslide motion, the wave height is higher
on the west side of the fjord than the east, and the flow is to
the southwest). As the landslide material runs out, it reflects
off the opposing fjord wall (for example, the northwest and
southeast directed flow at I min in fig. 14). The orientation of
the landslide relative to the fjord means that much of the initial
landslide momentum is not oriented in the direction of coher-
ent tsunami propagation.

By the time the wave reached feature III (fig. 6) and
propagated into the southern portion of Barry Arm, its form
and direction were coherent, meaning the dominant direction
of flow momentum was aligned down fjord. As the tsunami
propagated over feature 111, its maximum wave height was
approximately 25 m (figs. 6 and 14). Because feature III is the
location where the tsunami transitioned from the splash zone
to the near field, and where it began propagating as a coherent
wave directed down fjord, we concluded that the maximum
tsunami wave height at feature III is the most comparable
value to the initial crest heights used by Dai and others (2020).
This implies that our largest wave-generating scenario, C-689,
is most comparable to their scenario D-25.

An additional difference between our results and those
of Dai and others (2020) is the type of wave model used.
While D-Claw uses the shallow water approximations, Dai
and others (2020) used pPCOULWAVE (Lynett, 2006), a code
that implements a nonlinear, dispersive Boussinesq-type wave
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model (Kirby, 2016). As discussed earlier, the Boussinesq-
type model may be more appropriate for the propagation of
landslide-generated waves because these waves typically have
shorter wavelengths. However, comparison between the simu-
lated wave height at Whittier, Alaska, for scenario C-689 and
scenario D-25 indicates that both scenarios produce a wave of
approximately 2 m in magnitude.

Importance of Topographic and Bathymetric
Data

The focus of this preliminary report is on simulating the
landslide motion and initial wave generation. We are supported
in this by the recent bathymetric and topographic datasets col-
lected in 2020 (respectively, NOAA, 2020; Daanen and others,
2021). Indeed, these bathymetric data illuminate submarine
features I and II for the first time (fig. 6). Our ability to directly
simulate a landslide-generated tsunami in the context of the cur-
rent bathymetric data means that we do not need to assume an
initial waveform. Uncertainty in the size of the wave certainly
exists—and primarily derives from uncertainty in the geometry
and material properties of the landslide. However, direct simula-
tion of landslide motion would not have been possible without
the bathymetry acquired in August 2020.

Conclusions

The main points of the report are as follows:

 Simulation of landslide motion and subsequent tsunami
generation at Barry Arm was made possible by newly
collected light detection and ranging (lidar) and bathy-
metric data.

* Specific treatment of landslide volume and mobility
influences the tsunami height, with the largest and
most mobile landslide scenario producing the largest
wave, and all other scenarios producing similar but
smaller waves.

* Our largest modeled wave heights result from the
largest plausible failure volume and a highly mobile
landslide. These wave heights are similar to the small-
est wave scenario presented by Dai and others (2020),
even though the landslide volume considered here
is greater.

* The largest scenario results in a wave with just over
2 m of height 500 meters offshore Whittier, Alaska.
This wave arrives in Whittier, Alaska, approximately
20 minutes (min) after initial landslide motion and
peaks 26 min after initial motion. Simulated wave
heights exceeding 5 m are common throughout Barry
Arm and Harriman Fjord and peak within 10 min of
initial landslide motion.

* The results presented here differ from the prior simula-
tions presented in Dai and others (2020) because we
are able to directly simulate the landslide entering the
ocean. We also have current bathymetric data that were
not yet available during the analysis included in their
paper. We compared our results to these prior simula-
tions by examining our simulated wave heights at the
location where our simulated wave becomes coher-
ent and directed down fjord (near Point Doran). At
this location, the peak wave heights from our largest
scenario are approximately 25 meters. On this basis,
we conclude that our largest wave-generating scenario
(C-689) is most directly comparable with the small-
est scenario considered by Dai and others (2020),
which used a 25-m initial wave crest height. When we
compare our simulated gage traces at Whittier, Alaska,
from scenario C-689 with the 25-m initial wave sce-
nario (fig. S9 in Dai and others, 2020), we find both
simulations yield a maximum wave height of around
2 m and a peak wave time of about 26 min.

We conclude by describing the limitations of this prelimi-
nary report. Herein, we only considered four scenarios based
on currently available data. Given these data, these scenarios
are intended to reflect uncertainty in landslide size and mobil-
ity and to demonstrate how this uncertainty propagates into
tsunami height. We consider only the case in which all three
landslides fail concurrently. This scenario design was intended
to constrain the largest plausible tsunami-generating landslide
and help inform the tsunami warning system. Other scenarios
not considered here could result in a larger wave (for example,
landslides that move because of an earthquake or a sequence
of landslides). Finally, our simulations with D-Claw permit
seamless simulation of wave initiation by the landslides but they
may produce different results than other methods for landslide-
derived wave initiation (for example, vertical seafloor move-
ment, multilayer models) or application of codes that use differ-
ent wave models (for example, shallow water versus Boussinesq
type). The results presented here emphasize the importance of
up-to-date topographic and bathymetric data for identifying,
assessing, and simulating the potential hazard of tsunamigenic
landslides, particularly in recently deglaciated areas where new
subaerial and submarine terrain is being revealed.
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