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Abstract Landslide-generated tsunamis pose significant hazards and involve complex, multiphase
physics that are challenging to model. We present a new methodology in which our depth-averaged
two-phase model D-Claw is used to seamlessly simulate all stages of landslide dynamics as well as
tsunami generation, propagation, and inundation. Because the model describes the evolution of solid and
fluid volume fractions, it treats both landslides and tsunamis as special cases of a more general class of
phenomena. Therefore, the landslide and tsunami can be efficiently simulated as a single-layer continuum
with evolving solid-grain concentrations, and with wave generation via direct longitudinal momentum
transfer—a dominant physical mechanism that has not been previously addressed in this manner. To
test our methodology, we used D-Claw to model a large subaerial landslide and resulting tsunami that
occurred on 17 October 2015, in Taan Fjord near the terminus of Tyndall Glacier, Alaska. Modeled shoreline
inundation patterns compare well with those observed in satellite imagery.

1. Introduction

Coseismic tsunamis such as the 2004 Indian Ocean and 2011 Tohoku tsunamis have widespread impacts, but
subaerial landslides that enter water bodies can produce equally destructive waves, albeit at more localized
scales. Examples include the 1958 Lituya Bay, Alaska, rockslide (~ 30 x 10° m3) and tsunami, which resulted in
the highest known inundation in historical times (~ 525 m) [Miller, 1960; Fritz et al., 2001], and more recently,
the 2015 Tyndall Glacier, Alaska, landslide (70-80 x 10 m?3) [Stark, 2015] and resulting Taan Fjord tsunami.
While these tsunamis occurred in largely uninhabited regions, the threat of landslide-generated tsunamis
impacting more populous regions is widely recognized [e.g., Synolakis et al., 2002; Okal and Synolakis, 2004;
Grilli et al., 2009; Waythomas et al., 2009; Tehranirad et al., 2015]. Efficient, accurate, robust models are needed
to understand the physics of landslide-generated tsunamis and to assess the associated hazards.

Landslide-generated tsunamis present unique modeling challenges because of the need to compute land-
slide dynamics as well as wave-generation and wave-propagation dynamics. Researchers have used a variety
of approaches, as summarized in an extensive literature review by Yavari-Ramshe and Ataie-Ashtiani [2016].
Much of this literature is focused on modeling the wave characteristics (nonlinearities, dispersion, etc.) result-
ing from prescribed and simplified landslide behavior (e.g., motion of a submerged rigid body). Less focus has
been directed toward accurately modeling the physics of landslide initiation and motion and the evolving
landslide-water interaction. Most modeling efforts that do seek to resolve these earlier stages of the landslide
wave-generation process can be broadly categorized as follows: (1) approaches that utilize an independent
landslide model that is used to generate boundary conditions for a wave-propagation model [e.g., Adabie
etal.,2012; Xing et al., 2016; Grilli et al., 2009], (2) variable-density 3-D multifluid models [e.g., Abadie et al., 2010;
Horrillo et al., 2013], and (3) depth-averaged multilayered models in which the landslide material is assumed
to completely underlie the water body [e.g., Ferndndez-Nieto et al., 2010; Ma et al., 2015; Kirby et al., 2016].

The approaches enumerated above all have shortcomings for modeling tsunami generation by subaerial
landslides. Use of landslide model output to prescribe boundary conditions for a tsunami model fails to
account for bidirectional momentum exchange and conservation. Computationally intensive 3-D models can
be illuminating mechanistically but are prohibitively inefficient for application to real-world hazard assess-
ment [Yavari-Ramshe and Ataie-Ashtiani, 2016]. Moreover, 3-D models based on multifluid rheologies fail
to account for landslides’ complex mechanisms of energy dissipation, which are influenced by dynamical
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Figure 1. The landslide source area (a) in relation to Icy Bay and (b) in relation to southeast Alaska. (c) A photograph
taken following the landslide (courtesy of Christopher Larsen, University of Alaska, Fairbanks) provides an oblique view
of the Tyndall Glacier terminus and adjacent landslide source area.

feedbacks that cause an evolution of effective friction [Iverson, 2005; Iverson and George, 2016]. Finally, while
multilayered depth-averaged models have been successfully applied to tsunamis generated by submarine
landslides, they are unsuitable for modeling tsunamis generated by subaerial landslides, wherein the dom-
inant wave-generating mechanisms are due to longitudinal mass displacement and momentum exchange,
not to vertical motion of the seafloor. [see Yavari-Ramshe and Ataie-Ashtiani, 2016 for an overview, and results
from Fritz et al., 2003a, 2003b; Okal and Synolakis, 2004; Heller and Hager, 2014; Heller, 2007; Xiao and Lin, 2016,
and others].

Here we propose use of a new, single-layer, multiphase, depth-averaged model to seamlessly simulate all
stages of subaerial landsliding and consequent tsunami generation and propagation. In this model momen-
tum conservation and exchange occurs naturally as the landslide material interacts with the water body and
generates impulse waves. This approach is very accurate and efficient computationally, and we apply it with-
out tuning of any calibration parameters. We test our approach by comparing model predictions with tsunami
inundation limits observed in satellite imagery, and we also compare our predictions with results obtained
using a more traditional methodology.

2. The 2015 Tyndall Glacier Landslide and Taan Fjord Tsunami

At about 8:19 PM. (local time) on 17 October 2015, after a period of heavy rain, a large landslide occurred
near the toe of Tyndall Glacier in southeast Alaska [Rozell, 2016; Stark, 2015]. Tyndall Glacier originates on the
southwestern flank of Mount St. Elias (elevation 5489 m). U.S. Geological Survey (USGS) aerial photographs
show that as recently as 1957, Tyndall Glacier occupied the entire length of Taan Fjord, an arm of Icy Bay
(Figure 1). Since 1957, the glacier terminus has receded by about 18 km. Measurements from Landsat imagery
show the terminus retreated about 10 km between 1972 and 2000 but retreated minimally between 2000
and 2015. Sometime between 1983 and 1996 a large landslide described by Meigs and Sauber [2000] and by
Meigs et al. [2006] occurred along the fjord wall near the toe of Tyndall Glacier, but this landslide consisted of
a slump that did not run out a great distance or impact the nearby fjord. The landslide of 17 October 2015
remobilized the older slump debris into a high-speed landslide and possibly involved additional material as
well. Meigs and Sauber [2000] suggest that the older slump was a result of instability caused by deglaciation
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Figure 2. (a) Map view and (b) vertical cross-section profile of the landslide source area near the terminus of the Tyndall
Glacier. Three longitudinal transects crossing the landslide source identify the location of fitted logarithmic spirals used
to estimate the shape of the continuous failure surface. The vertical cross section (Figure 2b) is along the dark transect
shown in Figure 2a.

and the consequent increase in valley wall height. However, valley wall height did not significantly increase
between 1996 and 2015, so that mobilization of the 2015 landslide cannot be attributed directly to glacier
recession.

Runout of the 2015 landslide generated a tsunami in Taan Fjord that reached vertically 150 m up a hillside on
the opposite side of the fjord [Rozell, 2016]. Landslide mass estimates from the long-period seismicity radiated
by the landslide were about 1.8 x 10'" kg, which implies a volume of about 70-80 x 10° m3 [Stark, 2015].
To draw further inferences about the scope of the event, we used satellite imagery acquired beforehand and
shortly afterward (ASTER, Landsat, and Earth Observing 1-Advanced Land Imager).

3. Methods

3.1. Estimating the Landslide Source Geometry and Digital Terrain Model

We outlined the 2015 landslide source area extent by interpreting satellite topography and imagery, guided
by mapping of Meigs et al. [2006] of the older slump deposit at the site. We approximated the landslide basal
slip surface by fitting logarithmic spirals along three longitudinal transects drawn orthogonal to scarps within
the landslide (Figure 2). (In lieu of additional data, landslide slip-surface profiles are commonly assumed to
have log-spiral shapes.) The logarithmic spirals were constrained by the inferred scarp and toe inclinations,
and by the landslide volume estimate of 70-80 x 10° m3. The slip surface profiles were joined with the
source area outline to form a continuous 3-D surface by using triangulated irregular network interpolation.
The consequent modeled landslide source area is 0.9 km? and volume is 78 x 106 m3.

To form a base DEM for our computations, we used a combined bathymetric-topographic terrain model
with airborne Interferometric Synthetic Aperture Radar (IFSAR) topography and bathymetry interpolated
from U.S. National Atmospheric and Oceanic Administration (NOAA) hydrographic surveys (H09649, H10985,
H11100, and H11994), nautical chart 16741 [NOAA, 2012], and depth contours illustrated by Meigs et al.
[2006]. Bathymetry coverage is incomplete, and manually interpolated contours were used for a 6 km reach
between NOAA chart 16741 and the study area of Meigs et al. [2006].

3.2. The D-Claw Model

Our depth-averaged landslide and debris flow model, D-Claw, describes the coupled evolution of solid and
fluid volume fractions in conjunction with mass and momentum conservation. A key feature of the model
is the evolving feedback between the solid-volume fraction and the pore-fluid pressure—an important
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Figure 3. The simulated landslide initiation and generation of impulse waves. The color scale indicates the evolving
solid-volume fraction. Evolving higher-resolution AMR grids resolve the landslide motion and subsequent wave
generation. An animated version of this figure more clearly illustrates the wave generation process and is available
in the supporting information.

mechanism known to influence the evolving apparent friction and mobility of landslides [Iverson, 2005;
Iverson and George, 2016]. Incorporation of this feedback enables simulation of landslide dynamics from ini-
tiation to deposition without imposing unrealistic initial force balances or adjusting rheologies along the
runout path [Iverson and George, 2016]. A detailed derivation of the D-Claw equations is provided by Iverson
and George [2014], and a detailed description of our numerical solution technique as well as tests of model
predictions against experimental data is provided by George and Iverson [2014].

In the limit of vanishing solids fraction, D-Claw’s model equations reduce to the nonlinear shallow-water
equations that are commonly used for tsunami modeling. In fact, D-Claw provides a generalization and exten-
sion of the tsunami modeling software GeoClaw [George, 2006; Berger et al., 2011; LeVeque et al., 2011; Mandli
etal., 2016], and it reproduces GeoClaw solutions if solids are absent. Like GeoClaw, D-Claw employs adaptive
mesh refinement (AMR), finite-volume shock-capturing algorithms [LeVeque, 2002], inundation-front reso-
lution, and well-balanced preservation of static and flowing steady states [George, 2008, 2011; George and
Iverson, 2014].

To model tsunamis generated by subaerial landslides, we initialize D-Claw by representing the landslide
source material as a statically balanced, homogeneous grain-water mixture, and by representing the water
body as a static pure fluid. Landslide motion is instigated by specifying a gradual rise in basal pore water pres-
sure until failure commences at the weakest point. Ensuing landslide motion satisfies depth-averaged mass
and momentum conservation, and impulse waves are generated naturally as the denser landslide mixture
impacts the water body and exchanges mass and momentum with it. A key advantage of this approach is that
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Figure 4. Map views of the simulated landslide and tsunami propagation. The blue-red shading indicates the elevation
of the evolving free surface relative to the undisturbed water elevation (with 0 m corresponding to —1.07 m mean

sea level (msl)). The color scale is based on a log, scale to visually accommodate the highly variable surface height.
Rectangular outlines indicate evolving AMR grids. An animated version of this figure provides greater detail and is
available in the supporting information.

it does not require specification of coupling mechanisms to link distinct models for landslide motion, wave
generation, and wave propagation. If the depth and length scales of the landslide and impacted water body
are similar (Figure 2), then the shallowness assumption used to derive the D-Claw equations can be applied
to the entire continuum as a single layer—as is commonly done for modeling landslides and tsunamis indi-
vidually. If the impacted water body is deep relative to the landslide mass, then the single-layer assumption
becomes more tenuous and multiple layers that exchange mass and momentum might be warranted.

To generate the chief results we present here, D-Claw was initialized as described above, with pure fluid in Taan
Fjord and Icy Bay with a sea surface elevation of —1.07 m (based on NOAA tide gauge records corresponding
to the time of the landslide). Model parameters are described in detail by Iverson and George [2014] and George
and Iverson [2014]. Because of the current lack of data for physical properties of the Tyndall Glacier landslide
material, we used the same parameter values we previously used when modeling the 2014, Oso, Washington
landslide, [Iverson and George, 2016]. (An additional parameter necessary for the water body, the Manning fric-
tion coefficient, was set to 0.025 m~'/3 s, as done by Berger et al. [2011]. We used three levels of adaptive grids,
with 400 m, 50 m, and 5 m resolutions. The finest third-level grids are used to resolve all motion of landslide
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Figure 5. NDVI images indicating the decreased vegetation caused by tsunami inundation near the shoreline of the
Taan Fjord. The extent of the inundation predicted by D-Claw is outlined in black.

material and water waves. The coarser levels resolve dry land and stationary water prior to the arrival of waves
(see Figure 4). The use of AMR in this manner improves computational efficiency by an order of magnitude
compared to the use of a single uniform 5 m grid (319 versus 7820 min wall time for 600 s simulation on a
MacBook quad-core laptop) [cf. LeVeque et al., 2011].

To help evaluate the results obtained using our new methodology, we also performed more traditional sim-
ulations in which we first precomputed the landslide dynamics in the absence of water and then used the
computed landslide surface as an evolving basal boundary surface for simulating tsunami generation and
propagation. The same model parameters were used for all simulations.

4, Results

We first present results obtained by using our new methodology. Figure 3 provides an oblique perspec-
tive of the simulated landslide impacting Taan Fjord. Because of the relative volumes of landslide material
and fjord water (Figure 2b), the landslide causes significant mass displacement and longitudinal momentum
transfer, generating a large water wave in a piston-like fashion. Figure 4 shows the simulated tsunami wave
propagating down Taan Fjord and into Icy Bay.

We utilized satellite imagery to compare observed tsunami inundation limits with those predicted with our
new methodology. Aerial imagery taken after the tsunami shows clear signs of inundation and vegetation
removal along the shores of Taan Fjord [Rozell, 2016]. We used pan-sharpened Landsat 8 Operational Land
Imager images from 14 May 2015 and 15 May 2016 to assess vegetation change. For each image, normal-
ized difference vegetation index (NDVI) was calculated from the visible red (R) and near-infrared (NIR) bands:
NDVI = (NIR — R)/(NIR + R). High values of NDVI generally correspond to dense vegetation. NDVI results
from 2015 were subtracted from results for 2016 to produce a change image shown in Figure 5 (following
similar approaches described previously in the literature [e.g., Mancino et al., 2014]). Overall, there is more
vigorous vegetation growth in the Taan Fjord area in 2016, but there are conspicuous areas of vegetation
removal adjacent to the shoreline. The extent of inundation predicted by the seamless D-Claw simulation is
outlined in black in Figure 5. The modeled inundation limits generally correspond well with those observed
in the imagery.
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Figure 6. Time series of the simulated tsunami at five chosen locations in Taan Fjord and Icy Bay, showing the wave
heights relative to the undisturbed water elevation (—1.07 msl). Results of the seamless D-Claw simulation (red) are
compared to those of the precomputed variable bottom simulation (dotted blue). Locations of the time series are
indicated on the map as triangles near labels G1-G5. All locations are downstream of the reach of significant

solid material.

Figure 6 compares results generated by using our new methodology and the more conventional and more
labor-intensive boundary-displacement methodology to compute time series of water waves at five locations
in Taan Fjord and Icy Bay. Given the dramatically different assumptions about wave generation processes in
these alternative approaches, broadly similar tsunami waves are predicted at points distant from the landslide.
The seamless D-Claw simulation produces a larger peak amplitude, however— particularly near the source
area—and it involves no user intervention to create evolving boundary conditions.

5. Discussion

The numerical simulation of tsunamis generated by subaerial landslides poses unique and often competing
challenges. Theimpact of a landslide into a water body is multifaceted and three dimensional, yet a need exists
for computationally efficient models for real-world hazard assessment. (The need for efficiency is accentuated
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by the increasing call for probabilistic approaches [e.g., Grilli et al., 2009; Yavari-Ramshe and Ataie-Ashtiani,
2016].) Researchers have developed efficient depth-averaged models (particularly multilayered models) for
submarine-landslide tsunamis. However, the extension of these models to subaerial landslides and impulse
wave generation is numerically challenging (see, e.g., Mandli [2011] for an overview) and physically tenuous.
The methodology we present here is exceedingly efficient in terms of machine execution as well as the sim-
ulation procedure, and wave generation due to mass displacement and longitudinal momentum exchange
occurs naturally. Additionally, use of AMR in D-Claw allows an optimal spatiotemporal resolution of both the
landslide and rapidly evolving wave fronts that produce inundation limits. To model the Tyndall Glacier land-
slide and Taan Fjord tsunami, we employed D-Claw with relatively coarse topographic and bathymetric data
that were available prior to the event, and without any model tuning or calibration. Thus, our modeling proce-
dure was closely analogous to procedures that must be used for practical hazard forecasts when no constraints
from postevent studies are available.

Because of the relatively short wavelength of landslide-generated tsunamis, there is increasing consensus that
wave dispersion, which is neglected in oceanic-scale tsunami models based on the shallow water equations,
plays an important role in wave propagation [e.g., Grilli and Watts, 1999; Lynett and Liu, 2002, 2005; Fritz et al.,
2004; Zhou and Teng, 2010; Ma et al., 2013; Kim, 2014]. Interestingly, nonhydrostatic pressure corrections for
depth-averaged landslide models (that account for the effects of steep and curving basal topography) yield
equations similar to those of dispersive Boussinesg-type water-wave models [see Castro-Orgaz et al., 2014].
Incorporation of such correction terms in D-Claw may provide a fruitful direction for future research.

6. Conclusions

Our seamless D-Claw simulations of the Tyndall Glacier landslide and Taan Fjord tsunami used an uncalibrated
model but produced shoreline inundation patterns that are consistent with the data currently available. More
in-depth comparisons would require higher-resolution bathymetry and topography as well as additional
field data. Comparisons of two alternative approaches (seamless versus precomputed landslide and evolving
seafloor) predict similar tsunami waves in Taan Fjord and Icy Bay. Thus, the two approaches would likely lead
to similar assessments of inundation hazards in this particular case. However, the seamless approach using
D-Claw has clear computational and methodological advantages because it avoids the step of precomputing
an evolving spatiotemporal landslide surface, and the mass and momentum of the system are automati-
cally resolved owing to the absence of quasi-coupled model interfaces. Our results suggest that D-Claw can
simulate the impulse waves associated with subaerial landslide tsunamis with sufficient fidelity for hazard
forecasting.
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