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Conversion Factors

International System of Units to U.S. customary units

Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
meter (m) 1.094 yard (yd)
kilometer (km) 0.6214 mile (mi)
kilometer (km) 0.5400 mile, nautical (nmi)
Area
square meter (m2) 0.0002471 acre
square kilometer (km?) 247.1 acre
square meter (m?) 10.76 square foot (ft?)
square kilometer (km?) 0.3861 square mile (mi?)
Volume
cubic meter (m?) 6.290 barrel (petroleum, 1 barrel = 42 gal)
cubic meter (m?) 264.2 gallon (gal)
cubic meter (m?) 0.0002642 million gallons (Mgal)
cubic meter (m?) 35.31 cubic foot (ft)
cubic meter (m?) 1.308 cubic yard (yd3)
cubic meter (m?) 0.0008107 acre-foot (acre-ft)
Flow rate
meter per year (m/yr) 3.281 foot per year ft/yr)
millimeter per year (mm/yr) 0.03937 inch per year (in/yr)
foot per second (ft/s) 0.3048 meter per second (m/s)
mile per hour (mi/h) 1.609 kilometer per hour (km/h)
Datum

Horizontal coordinate information is referenced to the World Geodetic System of 1984 (WGS 84).
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PS
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Satellite Interferometry Landslide Detection and
Preliminary Tsunamigenic Plausibility Assessment in
Prince William Sound, Southcentral Alaska

By Lauren N. Schaefer,! Jinwoo Kim,2 Dennis M. Staley,' Zhong Lu,2 and Katherine R. Barnhart

Abstract

Regional mapping of actively deforming landslides,
including measurements of landslide velocity, is integral
for hazard assessments in paraglacial environments. These
inventories are also critical for describing the potential
impacts that the warming effects of climate change have on
slope instability in mountainous and cryospheric terrain. The
objective of this study is to identify slow-moving landslides
in the Prince William Sound region, southcentral Alaska,
United States, which has had rapid deglaciation since the
mid-1800s, and assess their tsunamigenic plausibility. We use
an automated time series persistent scatterer interferometric
synthetic aperture radar processing method with 7 years of
Sentinel-1 data (2016-22) to identify 43 slow-moving slopes
with average velocities ranging from approximately 0.2 to
21 millimeters per year. Landslide presence is confirmed using
aerial imagery and previous landslide inventory records. We
assess the tsunamigenic plausibility of the landslides using
empirically derived estimates of landslide mobility based
on modeled landslide volumes. Of the identified landslides,
our preliminary analysis suggests that 11 have tsunamigenic
potential if they were to fail rapidly and catastrophically.
Although our estimate of tsunamigenic plausibility is
preliminary and can be refined with additional observations
and analyses, it can be used to prioritize ongoing and future
hazard assessment, surveillance, and research efforts.

Introduction

As glaciers thin and retreat in response to climate change,
potentially unstable slopes are increasing in subarctic regions
(for example, refer to Haeberli and others, 1997; Holm and
others, 2004; Allen and others, 2009; Coe and others, 2018;
Higman and others, 2018; Bessette-Kirton and Coe, 2020;

Coe 2020; Dai and others, 2020; Klime$ and others, 2021;
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Fan and others, 2022; Svennevig and others, 2022; Kim and
others, 2022; Penna and others, 2023). Subaerial landslides
adjacent to open water that fail catastrophically (catastrophic
failure defined herein as a landslide that suddenly moves at a
speed that is faster than most humans can run, in other words,
greater than about 4 meters per second or 10 miles per hour)
have the potential to generate tsunamis that can be highly
destructive not only in the immediate vicinity of the landslides
(for example, Blikra and others, 2006; Higman and others,
2018), but also across broad regions (for example, Harbitz and
others, 2014). These landslide-generated tsunamis can affect
life, marine traffic, and the built and natural environment.
Measuring the displacement rates of unstable slopes allow for
a better understanding of how slope stability conditions change
throughout space and time due to glacial processes, climate
variability, and other transient movement-forcing phenomena
(Ballantyne, 2002; McColl, 2012). Landslide velocity and
changes in velocity also serve as critical inputs in landslide
hazard assessments (for example, Hermanns and others, 2013).
On a regional scale, satellite remote sensing that identifies
deformation (for example, methods using synthetic aperture
radar [SAR] data; Lu and Kim 2021; Kim and others, 2022)
or detects change associated with movement (for example,
methods using multispectral data; Nichol and Wong, 2005;
Ramos-Bernal and others, 2018) can provide the spatial and
temporal resolution required to better understand landslide
initiation, kinematics, and triggering conditions.

One area with rapid glacier retreat is the Prince William
Sound region in southcentral Alaska (United States) (fig. 1).
Prince William Sound is surrounded by the glaciated Chugach
Mountains, which rise from sea level to nearly 4,000 meters
(m) in a horizontal distance less than 20 kilometers (km).
This region has 25,000 square kilometers (km?) of waterways
and over 150 tidewater and valley glaciers. The Chugach
Mountains primarily consist of the Cretaceous Chugach
flysch accretionary complex (for example, Wilson and
others, 2015 and references therein). In general, and in
Alaska, flysch (alternating sandstone-siltstone beds) is highly
susceptible to rock-slope failures (for example, Duman and
others, 2005; Margielewski, 2006; Bessette-Kirton and Coe,
2020; Kim and others, 2022). The identification of a large
moving landslide with tsunamigenic potential in Barry Arm
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(Dai and others, 2020; Barnhart and others, 2021; Coe and
others, 2021; Schaefer and others, 2020; Schaefer and others,
2022; Schaefer and others, 2023) motivates the construction
of a more comprehensive inventory of other potentially
tsunamigenic landslides in this region.

In this report, we used automated persistent scatterer
interferometric synthetic aperture radar (PSInSAR)
processing of Sentinel-1 synthetic aperture radar (SAR)
data to identify mountainous bedrock slopes in the Prince
William Sound region of Alaska (refer to study area outlined
in figure 1, approximately 40,500 km?) that moved very
slowly to extremely slowly (less than or equal to 16 mm/yr
tol.6 m/yr as classified in the International Geotechnical
Societies’ United Nations Educational, Scientific and Cultural
Organization [UNESCO] Working Party on World Landslide

149° 148° 147°

Inventory [WP/WLI; WP/WLI, 1995]) between 2016 and 2022.
While slow-moving landslides do not necessarily represent a
hazard, rapid acceleration of slowly deforming landslides has
been observed prior to catastrophic failure in other locations
(Hermanns and others, 2013). We confirmed landslide presence
and estimated landslide area using a combination of ascending
and descending SAR tracks, optical imagery and digital

terrain data, and previous landslide inventories. A preliminary
assessment of tsunamigenic potential was then performed using
empirically derived estimates of landslide mobility combined
with estimated landslide volumes. The data in this report are
intended to provide a preliminary means of assessing the
potential hazard of the landslides identified using PSInSAR and
to assist in the prioritization of future research, surveillance, and
hazard assessment efforts.
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Figure 1. Map showing the study area of the Prince William Sound, roughly 40,500 square kilometers. Inset indicates location of Prince

William Sound in southcentral Alaska.



Methodology

The following section describes methods used to
(1) identify moving slopes, (2) confirm landslide presence and
delineate landslide boundaries, (3) calculate landslide volumes,
and (4) assess whether catastrophic failure of the landslide could
produce a tsunami.

Persistent Scatterer Interferometric Synthetic
Aperture Radar

We used PSInSAR to identify ground deformation in the
Prince William Sound region using Sentinel-1 satellite images
acquired during snow-free months (typically June—October)
from 2016 through 2022. Persistent scatterer interferometric
synthetic aperture radar quantifies phase differences at loca-
tions that exhibit consistent reflection and high coherence (in
other words, there is little loss or change in radar reflectance)
through a long period of time. These stable natural and artificial
reflectors are known as persistent scatterers (PSs; for example,
Ferretti and others, 2001; Hooper and others, 2004). Unlike
traditional differential interferometric synthetic aperture radar
(InSAR), which measures differences in the phase of returning
waves between two SAR images, the use of PSs throughout a
long temporal series of INSAR images in the PSInSAR tech-
nique allows for the extraction of useful phase information on a
sparse grid of targets. This method can correct baseline-induced
artifacts, digital elevation model (DEM) errors, and atmospheric
disturbances through spatiotemporal regression and filtering.
This permits the creation of time series of subtle (on the order
of 10s of millimeters) ground deformation (Ferretti and others,
2001; Hooper and others, 2004; Hooper, 2008; Lu and Kim,
2021) and is effective in identifying landslides in paraglacial
regions (Kim and others, 2022).

Differential interferograms throughout the study area
were generated and stacked using methods described in
Kim and others (2022). Stacked interferograms were then
processed using the Stanford method for persistent scatterers
PSInSAR technique (Hooper and others, 2004; Hooper, 2008).
Persistent scatterers candidates were initially chosen based on
pixels with lower values of variations in amplitude using the
amplitude dispersion index (Ferretti and others, 2001), which
corresponds to scatterers with a higher signal-to-noise ratio
and thus better quality of phase. The PS probability was then
estimated by iterative phase analysis (eq. 1) based upon the
phase decorrelation noise, y . , which describes the variance in
the residuals between observed and estimated phase at the PS
candidate pixel (Hooper and others, 2004):

11N P
= — SV ATV
= wEe : )

where
N is the number of interferograms;
w,.; isthe wrapped phase of pixel x in the ith
interferogram;

Methodology 3

Ayy,; s the evaluated spatially uncorrelated look
angle error factor; and

is the estimation of the spatially
correlated factor.

The iterative process continues, and the solution converges,
until y _ is no longer decreasing (Hooper, 2008; Qu and others,
2022). The resulting phase values of the PS candidates then go
through processing steps that consist of DEM error correction,
phase unwrapping, atmospheric filtering, and geocoding while
maintaining the original resolution of SAR acquisitions (for
Sentinel-1, 5 m by 20 m in range and azimuth, respectively)
based on the geometry between the satellite orbit and the
elevation of each pixel. This results in a time series of phase
differences (in other words, ground deformation) for each PS.

Ascending satellite scenes for snow-free months for
the years 2016-21 and descending satellite scenes for snow-
free months for the years 201622 for Sentinel-1 tracks
P014 (ascending, 162 scenes between June 9, 2016, and
October 24, 2022), P065 (descending, 102 scenes between
June 1, 2016, and October 27, 2021), P094 (ascending,

128 scenes between June 3, 2016, and October 29, 2021),

and P160 (descending, 114 scenes between August 8,

2018, and October 22, 2022) were used in PSInSAR pro-
cessing and are available from Alaska Satellite Facility’s
vertex platform (https://search.asf.alaska.edu/) and the
European Space Agency’s Copernicus Open Access Hub
(https://scihub.copernicus.eu/). All movement described is one
dimensional in the line of sight (LOS) of the satellite, where
positive values indicate that distances between the satellite and
the ground surface have become shorter, and negative values
indicate that distances have become longer. It is assumed that
the rate of deformation during snow-covered (and therefore
decorrelated) periods follows that during the previous epoch,
and each epoch and its following snow-free season is bridged
by InSAR observations to minimize the effect of the winter
period of no data.

Landslide Delineation and Confirmation

Landslide presence and precise geospatial extent inherently
have some degree of uncertainty because of the partially qualita-
tive nature of landslide identification (Guzzetti and others,
1999). To minimize this uncertainty, we visually assessed the
PSInSAR results to identify contiguous areas greater than
50,000 square meters (m?) that exhibited deformation during the
analysis period. This area threshold corresponds to the typical
landslide minimum size found in an optical landslide inventory
of northwest Prince William Sound (Higman and others, 2023),
and allows us to reduce the inclusion of false positives because
of other deformation phenomena in the area of interest (for
example, localized deformation because of glacial processes).
The identification of deforming slopes was confirmed using
two or more SAR tracks. Once these preliminary areas were
defined, we use optical satellite imagery and digital elevation
data to identify features indicative of slope instability processes,
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including scarps, tension cracks, and signs of surface activity
(for example, rockfall). Optical satellite imagery with 0.5-m
resolution was sourced from Maxar’s WorldView (Maxar,
2023). Digital elevation data sources were obtained from

the Alaska Division of Geological & Geophysical Surveys’
Elevation Portal (Alaska Division of Geological & Geophysical
Surveys, 2023), including the statewide 5-m interferometric
synthetic aperture radar DEM and local airborne light detection
and ranging (lidar) datasets.

For each identified instability, a speculative perimeter
polygon was manually delineated to calculate landslide area.
The perimeter was drawn to circumscribe the PSInSAR points
that showed deformation; exceptions to this approach occurred
when clear lineations associated with slope deformation (for
example, antiscarps, normal scarps, tension cracks, strike-slip
faults) were visible in aerial imagery, or if the landslide has
been previously delineated using high resolution imagery (for
example, Coe and others, 2021). Where possible, the upslope
extent of the landslide was defined based on the highest altitude
normal scarps, the lateral extents were defined along shear
zones, and the lower extent was assumed to be within some area
of the slope. Owing to a lack of high-resolution bathymetric
data, only subaerial portions of the landslide were considered.
Resulting landslide polygons represent only a plausible extent
of the landslide boundary, and therefore, landslide delineation
and calculated landslide area are estimates that should be
revised if additional data become available.

Landslide Volume

Because of uncertainty in the depth and geometry of the
landslide failure surfaces, a range of landslide volumes were
approximated using logarithmic spirals and volume-area
(V-A) relations. Logarithmic spirals were calculated using
a python package digger (Barnhart and others, 2023), using
methods described in Barnhart and others (2021). Work at
Barry Arm (Dai and others, 2020; Schaefer and others, 2023)
suggests that the basal failure surface is likely curved, which
suggests that a logarithmic spiral geometry is valid to use for
landslides in flysch. In polar coordinates (r, 8), a logarithmic
spiral is defined as follows:

r = roeb‘mnqﬁ (2)

where
rpand ¢ are positive constants.

The elevations and locations of the landslide headscarp
and toe imply an average ground surface slope of @.
Equation 2 and the location of the headscarp and toe along
the logarithmic spiral line can be rearranged to generate the
following relation (eq. 3) among @, the headscarp angle a, and
the toescarp angle j:

__DP-ua
“TZ@p 3)

in which C is equivalent to 1. However, similar logarithmic
spirals can be constructed with lower values of C. To
determine the volume of each landslide, the location of the
headscarp, toe, and headscarp angle was specified for a series
of downslope-oriented transects spaced 50 m apart. The
smallest volumes were constructed using a headscarp angle of
45 degrees and C equals 1, and the largest landslide volumes
were constructed with a headscarp angle of 60 degrees and C
equals 0.5, using methods in Barnhart and others (2021).

Additionally, we calculated an estimated volume (V, in
cubic meters [m3]) of the landslide based on surface area (4,
in m?) using the V-A scaling power law for bedrock landslides
defined in equation 4 as follows:

V= ad )

where
o  0.186 and
Y 1.35 (Larsen and others, 2010).

All volume calculations consider only the scenario in
which the entire delineated subaerial extent fails catastrophi-
cally; in other words, no partial failure scenarios were consid-
ered. Thus, none of the reported volume estimates should be
considered the smallest possible failure for a given location.
Additionally, it is plausible that landslide failure could mobilize
adjacent ground not included in the defined extent, which would
increase the total volume of failed material. Landslide volume
is an important input into the subsequent tsunamigenic plau-
sibility assessment, but volume determination based on aerial
extent and V-A scaling and modeling is imprecise and replete
with uncertainty. Using a range of potential landslide volumes
reflects this uncertainty.

Tsunamigenic Plausibility Assessment

Because of the remoteness of the study area and lack of
substantive infrastructure contained within, the primary concern
in this initial assessment of landslide hazard is the potential for
catastrophic failure of a given landslide into waterbodies, and
the corresponding tsunami generation. Given the preliminary
nature of this report, we relied upon simple, empirically derived
estimates of landslide mobility to characterize the tsunamigenic
potential of identified instabilities using the method described
in Scheidegger (1973). In other locations, this method has
been accepted as a conservative approach for estimating the
potential runout and tsunami generation of identified landslides
(Hermanns and others, 2012). Two steps are required for this
method. First, the potential reach of the landslide was determined
using the scaling relations (eq. 5) derived by Scheidegger (1973),
where a mobility estimate (/) can be calculated as follows:

F = pa10b (5)

where
V' is the landslide volume estimated by the
methods described in the “Landslide
Volume” section,



a —0.15666, and
b 0.62419.

The mobility index F is inversely related to landslide
travel distance, so a low value of F indicates a long travel
distance, and a high value of F indicates a short travel
distance. Mobility index F was calculated for all three volume
methods described in the “Landslide Volume” section.

Second, we compared F to the mobility required for the
landslide to reach the nearest shoreline. Accurate calculation
of . requires two processing steps: (1) calculation of
the height of the “top” of the landslide, and direction and
length of the fall line from the calculated top to the bottom
of the landslide (H;,,, L ;. fig. 2), and (2) calculation of
the height and length of the runout path from the landslide to
the nearest water body (H,,,, L, fig. 2). To determine the
maximum height used in the calculation, we first identified
the slope aspect of the area-weighted center (or centroid) of
the landslide polygon to define bearing (compass direction)
of the fall line during landslide failure. The fall line (4-4"in
figure 2), was then defined as a straight line from the top of
the landslide, through the center of mass, and terminating at
the bottom of the landslide below the center of mass on that
same bearing. The variables H,,, and L, were then defined
as the elevation difference and planimetric distance from
A-A’, respectively (fig. 2). Elevation and slope aspect were
calculated using the 5-m interferometric synthetic aperture
radar-derived DEM available for Alaska (Alaska Division of
Geological & Geophysical Surveys, 2023).

Once the fall line direction, distance, and height were
determined for the landslide polygon, we calculated the
variables H,,,,, and L, along the path from the bottom of the
landslide to the water body (44" in figure 2). Here, we used
an eight flow direction flow routing algorithm (Tarboton and
others, 1997) to define the location of flow path from the bottom
of the landslide to the nearest water body. Application of the
algorithm on the original 5-m DEM resulted in an unnecessarily
complex flowpath. Therefore, we iterated through several
length-scale and smoothing parameter values and resampled the
input DEM to 50-m and smoothed it using a mean filter within a
circular neighborhood a length-scale (radius) of 10 pixels. These
values preserved the broad-scale topographic influence on flow
direction while reducing the unnecessary complexity of the
defined flow path from the landslide to the nearest water body.

Inland water bodies included in this analysis were
initially derived from the USGS National Hydrography
Dataset Plus High-Resolution dataset (USGS, 2023).

We include all waterbodies >0.5 km? in our analysis.

Coastal shorelines were defined using National Oceanic

and Atmospheric Administration (NOAA) Center for
Environmental Information Global Self-consistent,
Hierachical, High-resolution Geography Database (GSHHQG)
shorelines data (NOAA, 2023), which were manually
revised to better reflect current shoreline locations in areas
of rapid glacial recession or advancement in the study period
(2016-22). We then calculated the values of H,,, and L,,,,,
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as the elevation difference (using the original 5-m DEM) and
planimetric distance from 44" (fig. 2), where 4 ” is located
at the point at which the flowpath intersects the closest large

waterbody (for example, a lake, fiord, or ocean). Iy, is then
calculated as:
F o [—]slide + Hpalh (6)
shore Lxlide + Lpath

In the cases where the bottom of the landslide is located
directly above a waterbody (for example, B—B'in fig. 2), it is
not necessary to calculate a flowpath and instead define F,,,,
as H .,/ L, The name of the nearest waterbody shoreline
for each landslide is provided in table 1.1. Like mobility
index F, F,,,, is inversely related to landslide travel distance,
where a low value of F, ,, indicates a long travel distance
and a high value of F, ,, indicates a short travel distance. We
then assigned a “plausible” tsunami potential rating to those
landslides where F,,,, is greater than or equal to F and an
“implausible” tsunami potential rating for those landslides
where F,,,. is less than F. If any one of the three volumetric
methods resulted in a plausible tsunami potential rating, we
adopted a conservative approach and assigned the landslide as
being plausibly tsunamigenic (refer to table 1.1). Again, this
reflects the uncertainty in the area and volume calculations

required for this analysis.

Results

Within our area of interest, we identified and confirmed
43 landslides, with variable sizes and velocities, that were
moving between 2016 and 2022 (figs. 36, table 1). Of these, 14
landslides were previously documented (Dai and others, 2020;
Coe and others, 2021; Higman and others, 2023; Schaefer and
others, 2023), although they were not necessarily identified as
moving in these earlier studies. Previously identified landslides
are referred to by the names assigned by previous authors,
and new landslides were named based on nearby geographic
features. Landslides identified in this report occur throughout
Prince William Sound but have a higher spatial density in the
western portion of the study area (fig. 3). Landslides range in
areal extent from 0.06 to 3.95 km? and have minimum volumes
ranging from 0.1 to 145%10° m? and maximum volumes ranging
from 0.92 to 1025x10° m3 (fig. 5, table 1, app. 1). Eighteen of
the landslides are directly above present-day (as of April 2023)
glacier termini, 28 are within 1 km of a glacier terminus, and 31
are within 2 km of a glacier terminus. For the snow-free months
(June—October) in 2016 through 2022, average LOS speed
(absolute value of velocity) ranged from 0.2 to 21 mm/yr, and
peak LOS speed (absolute value of velocity) ranged from 5 to
41 mm/yr (table 1).

Of the 43 identified landslides, 11 have tsunamigenic
plausibility if they failed catastrophically (depicted in blue,
figs. 3 and 4; PSInSAR results for the 11 landslides are
shown in fig. 6). Of these, three are directly above water
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Figure 2. Conceptual diagram of the variables used to calculate the mobility required for the landslide to reach the nearest shoreline,
Fepores fOr the tsunami plausibility assessment. A, Map view and B, cross-sectional view of two possible topographic landslide
configurations and their runout path for a landslide situated above a valley bottom (noted with A-A-A”) and directly above a water
body (noted with B—B’). For landslides not directly above water bodies, the distance (L) and elevation difference (H,,,,) of the
landslide to the closest waterbody is the sum of the distance and elevation difference of the fall line (A-A’) and the length and elevation
distance of the path from the bottom of the landslide to the shoreline (A-A").



(Barry Arm A, Yale D, and Yale E, fig. 6). The other eight
are directly above glaciers or land with variable distance

to the nearest waterbody. As described in the “Methods”
section, tsunamigenic plausibility was calculated using three
potential volumes: considering a small and large landslide
mass with logarithmic spirals, and using V-A scaling. Of
the 11 landslides, 5 landslides did not meet the criteria for
tsunamigenic plausibility in one or more volume methods

Results 7

(Barry Arm B, Big Johnstone, Columbia, Portage A, and

Yale F; app. 1). However, because one volume method did
result in tsunamigenic plausibility, we chose a conservative
approach and assigned it as having an overall rating of being
tsunamigenically plausible. The smallest and largest calculated
volumes considering all methods are shown in table 1, and

all calculated volumes and their associated tsunamigenic
plausibility estimates are provided in table 1.1.
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Table 1. List of deforming landslides, their characteristics, and the results of the preliminary tsunamigenic plausibility assessment.

[Landslide volumes are the minimum and maximum determined from all three scenarios described in the “Methodology” section. Landslides with a plausible
tsunamigenic potential are in bold font. Latitude and longitude are of the landslide centroid. Average and peak velocity values are for the summer months (June—
October) between 2016 and 2021. DD, decimal degrees; WGS 84, World Geodetic System of 1984; km?, square kilometer; m?, cubic meter; x, multiplied by;
LOS, line of sight; mm/yr, millimeters per year; =, equals]

Estimated Estimated Average LOS Peak LOS Tsunami
No. Landslide Latitude (DD, Longitude (DD, Estimated minimum maximum speed (absolt_lte speed (absolt_lte plausihi!ity
WGS 84) WGS 84) area (km?)  volume volume value of velocity), value of velocity), (1= plausible,
(m3)x108  (m3)x10°  2016-2022 (mm/yr) 2016-2022 (mm/yr) 0 =implausible)
1 BarryArmA 61.147 —148.154 3.29 116.77 563.91 3.48 9.16 1
2 BarryArm B 61.169 —148.13 0.70 14.47 103.76 5.09 11.59 1
3 Begich Peak 60.826 —148.827 0.15 1.85 10.04 3.24 19.95 0
4  Big Johnstone 60.026 —148.819 0.32 5.11 27.65 4.79 14.04 1
5  Bryn Mawr 61.246 —147.832 0.24 3.36 24.41 8.89 16.20 1
6  Camicia A 61.177 —146.078 0.63 12.51 65.87 12.33 23.77 0
7  Camicia B 61.181 —146.06 0.25 3.65 18.27 13.01 16.82 0
8  Carpathian 60.684 —148.877 0.20 2.67 12.12 6.00 22.55 0
9  Childs A 60.706 —144.929 0.35 5.61 23.12 9.82 15.36 0
10  Childs B 60.705 —144.913 0.92 21.01 90.55 4.17 11.22 0
11 Cleave Creek 61.112 —145.153 0.74 15.66 105.02 11.54 25.67 0
12 Columbia 61.202 —146.975 0.80 17.32 111.25 9.64 19.27 1
13 Cotterell 60.621 —148.648 0.47 8.41 4251 19.88 41.36 0
14 Dartmouth 61.164 —147.658 0.18 2.39 12.82 6.37 13.90 0
15  Day Harbor North A 60.113 —149.132 0.35 5.69 46.49 12.16 19.49 0
16 ~ Day Harbor North B 60.123 —149.115 0.14 1.68 8.54 8.43 13.73 0
17 East Ellsworth 60.113 —148.913 0.06 0.10 0.92 7.73 15.98 0
18  Ellsworth A 60.182 —148.975 1.08 13.69 113.42 4.03 9.15 0
19  Ellsworth B 60.168 —148.984 1.39 36.38 159.56 1.44 10.59 0
20 Glacier Creek 61.028 —148.983 0.29 4.47 23.33 4.6 10.31 0
21 Grasshopper A 61.467 —148.313 2.17 66.85 416.50 16.48 7.39 0
22 Grasshopper B 61.452 —148.321 3.29 117.00 646.03 8.09 13.13 0
23 Hunter Creek 61.330 —148.797 1.85 53.90 435.97 5.04 8.50 0
24 Inner Lake George 61.281 —148.421 0.54 10.15 43.93 6.95 15.02 0
25  Kings River 60.462 —148.899 0.60 11.67 66.04 4.28 8.65 0
26  Knik 61.409 —148.176 1.99 59.46 390.21 5.14 11.72 0
27  Maynard Mountain 60.794 —148.736 1.26 31.93 163.79 0.39 7.44 1
28  North Big Johnstone 60.080 —148.692 0.75 15.84 80.89 21.22 30.50 0
29 Portage A 60.749 —148.813 0.32 4.97 18.71 1.57 4.73 1
30 Portage B 60.754 —148.806 0.17 2.09 10.02 9.36 14.66 1
31  Serpentine A 61.134 —148.287 0.43 7.54 35.48 5.35 10.91 0
32 Serpentine B 61.124 —148.289 0.37 6.10 27.73 8.84 14.49 0
33 South Fork Snow 60.236 —149.249 0.33 5.20 20.28 6.62 14.34 0
34 South Tiekel 61.199 —145.106 0.78 16.82 90.37 1.15 12.25 0
35  Twentymile 61.028 —148.894 3.33 118.78 651.75 9.03 17.54 0
36  Upper Carmen River B 60.897 —148.665 0.48 8.47 52.27 6.35 13.33 0
37  West Puget 60.056 —148.653 0.60 11.73 77.93 10.47 18.11 0
38  YaleB 61.250 —147.518 0.39 6.50 27.55 0.18 5.39 0
39  YaleD 61.218 —147.621 3.95 145.41 1,025.18 0.41 6.62 1
40 YaleE 61.237 —147.624 0.35 2.86 7.44 6.10 17.73 1
41 YaleF 61.248 —147.653 2.54 82.51 525.70 5.16 10.01 1
42 Yale G 61.259 —147.615 2.40 76.56 369.10 13.73 20.33 0
43 YaleH 61.295 —147.494 0.11 1.16 3.29 8.51 18.06 0




Discussion

Our results identified 43 deforming landslides and
established baseline rates of movement in the Prince William
Sound region. Of the landslides that we identified, 29 were
not previously recognized by optical analysis of imagery,
emphasizing the complementary role that deformation mapping
using radar remote sensing can play to more traditional
mapping efforts, especially throughout large areas. Landslides
identified in this report appear to occur primarily within
bedrock as opposed to unconsolidated material, although field
observations would be useful to verify this interpretation.

Landslide Inventory and Implications

The hazard associated with a possible tsunami likely
varies substantially across landslides. Of the 43 deforming
landslides, we identify 11 landslides that meet the defined
mobility criteria for plausible tsunami generation. Landslide
characteristics (for example, size, material properties, failure
mechanism, runout behavior), waterbody type (for example,
lake, fjord, open ocean), submarine characteristics (for
example, water depth, submarine landforms), and landslide
runout surface (for example, land, glacier ice, or direct
entry into the water) all may affect the resulting tsunami
characteristics (for example, wave height). However, a
comparison based purely on size suggests that the inventory
developed here contains two landslides with tsunamigenic
potential (Yale D, Yale F; table 1, app. 1) that are of
comparable size or larger than the Barry Arm A landslide,
which has the potential to generate a hazardous wave of
regional significance (Dai and others, 2020; Barnhart and
others, 2021).

In comparing our landslide inventory to those in similar
environments, such as Glacier Bay in Alaska (Kim and others,
2022), we find that the rates of landslide velocity are similar,
on the order of 4 cm or less per year. These observed landslide
velocities classify them as very slow (16 mm/yr to 1.6 m/yr)
to extremely slow (less than 16 mm/yr) according to the
International Geotechnical Society’s UNESCO Working Party
on World Landslide Inventory (WP/WLI, 1995). Although
average velocity is useful in defining destructive potential,
it does not account for potential acceleration and the speed
during catastrophic failure. Additionally, like in Glacier Bay,
many of the landslides are near present-day (as of April 2023)
glacier termini. Thus, landslide and landslide-generated
tsunami hazards may continue to evolve as glaciers continue
to thin and retreat.

Limitations

The data presented in this report are intended to provide
a preliminary means of assessing rates of deformation within
the study timeframe and to assess the potential hazard of the
landslides identified using PSInSAR methods. Specifically,
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we use these results to identify landslides that show evidence
of very slow to extremely slow movement and which may
generate a tsunami should they fail catastrophically. The
methods used for this analysis are not without limitation.
An exhaustive compilation of all instabilities in the region,
and confirmation of deforming areas as landslides, is
challenging because of cloud and vegetation cover, poor
lighting conditions, satellite imaging geometry, and the lack
of high-resolution topography and bathymetry data. Most
of the Prince William Sound region is covered in snow
from November to May, which causes C-band Sentinel-1
InSAR observations to lose coherence. Additionally, much
of the region is covered by moving glaciers, which cause
decorrelation due to movement and melt processes, reducing
the number of potential persistent scatterers. Moderately
to rapidly moving landslides cannot be detected by InNSAR
observations because interferometric phases are constrained
within 2n modulo (phase periodic with a 2n radian period).
In other words, surface motion exceeding a half radar
wavelength (for example, movement greater than about 2.8
centimeters between SAR datasets within a given pixel for
the Sentinel-1 satellite) results in a large spatial gradient of
phase changes and thereby loss of coherence (Lu and Kim,
2021). To correct unwrapped InSAR phase values, the phase
variations between neighboring pixels should be less than
n. This can result in a biased estimate of landslide velocity.
Thus, the velocities presented herein are only accurate within
the limits of the C-band PSInSAR method; for example,
deformation measured using InSAR and pixel offset tracking
of the Barry Arm A landslide indicates that the landslide
was moving at a rate of 1-10 meters per year between
2016 and 2020 (Dai and others, 2020; Schaefer and others,
2023), which is not reflected in PSInSAR results herein.
Other methods such as lidar differencing, longer-wavelength
InSAR, or pixel offset tracking could provide more spatial
measurements throughout a given landslide and thus provide
a more accurate assessment of landslide velocities. The
best methodological approaches for a given landslide is
dependent on several landslide characteristics (for example,
velocity, geometry, landslide type), which may be elucidated
with further investigations. This additionally highlights the
need for multi-sensor, multi-method approach for developing
landslide inventories and their velocities in these regions.
The viewing geometry of the Sentinel-1 SAR satellite
also causes displacement measurements to be affected
by slope gradient, slope aspect, and geometric distortion
(Natijne and others, 2022); north- and south-facing slopes
have poor sensitivity because near-polar-orbiting SAR
satellites are measuring distance from a right angle of
satellite moving direction. Vegetation can further obscure
C-band InSAR detection of landslides; longer-wavelength
InSAR observations are more suitable for revealing
landslides beneath vegetation and (or) snow cover (Lu and
Kim, 2021; Xu and others, 2023). Thus, we consider this
inventory to be more complete on vegetation- and snow-free
slopes, and on east- and west-facing slopes.
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Regardless of satellite orbit direction (ascending or
descending track), coherence in the Prince William Sound
region decreases with greater temporal separation between
interferometric pairs. The number of high coherence points
exceeding 0.3, which is often used as threshold of a reliable
interferometric phase (Hanssen, 2001), is quickly reduced
even during summer months, although multiples of a
year (for example, 1, 2, 3, and so forth years for temporal
baselines) tend to keep coherence because of the seasonal
similarity in the area (fig. 7). Therefore, the dissipating
coherence is a major obstacle in making timely, reliable
InSAR measurements and identifying and monitoring
landslides in this area.

The empirical nature of the V-A scaling and the mobility
analysis results in uncertainty in the estimates of runout
potential. Landslide volumes were estimated using V-A
scaling and runout relations defined in other geographic,
geologic, and climatic settings, which may significantly
differ in lithology, structure, and origin. To ensure accurate
size and volume estimates, more detailed analysis of the
morphology and kinematics of the landslides included in

this study is required. Additionally, estimates of landslide
mobility required to reach the shoreline follow the shortest
distance from the bottom of the landslide to the shoreline,
which may not reflect the effect of topography (for example,
intermediary ridgelines) on the potential travel path of

a failed landslide. All mobility estimates are also based
upon observed runout behavior of landslides on dry land.
Landslides that run out on glaciers, of which there are
several potential examples in this study, may exhibit runout
characteristics that differ significantly from those forecasted
using the methods included in this report (for example,
Bottino and others, 2002). Specific analyses of the runout
behavior of large rock avalanches in this environmental
setting could better constrain the potential for catastrophic
failures to enter the water and generate a tsunami.
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Prioritizing Future Analyses

This report only depicts the plausibility of a given
landslide entering a waterbody during catastrophic failure
and makes no attempt to estimate the potential wave height,
travel time, runup, inundation, current velocities, duration,
or resonance of a landslide-generated tsunami. Additional
modeling (for example, George and others, 2017; Barnhart
and others, 2021) could be performed to better constrain
the potential effect of a future catastrophic failure on
communities, mariners, recreationalists, and the natural and
cultural resources in, on, and around Prince William Sound.
In addition, hazards presented by non-tsunamigenic landslides
can be considerable, such as the potential for a landslide dam
and subsequent dam-break flood. Persons traveling through,
recreating, or performing commercial or subsistence activities
should be aware of potential landslide hazards anytime in or
below steep, potentially unstable terrain.

This report does not ascribe any likelihood to the
catastrophic failure of these landslides. The determination
of a likelihood or a probability estimate for any landslide
is a difficult proposition. Slope stability and the potential
for failure can be affected by many intrinsic and external
factors, including material properties, weathering and
alteration, changes in stress and strength conditions,
hydrometeorological effects, and strong ground motion
during a local or regional earthquake. In addition,
catastrophic failure of a landslide is also possible without
easily detectible precursory movement. Therefore, it must
be assumed that landslide hazards are always present in the
identified locations. Future investigations into the controls
on slope stability, potential triggering conditions, material
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properties, geologic structure, and monitoring technologies
may improve our understanding of the potential for
catastrophic failure.

We conclude this discussion with a qualitative
prioritization of the identified landslides for future analyses
into “high,” “moderate,” and “low” categories (table 2).
We assigned a “high” priority ranking to 11 landslides
where a tsunami was determined to be a plausible outcome
from rapid catastrophic failure because of the potential
far-reaching nature of a tsunami. Within this category,
landslides above connected water bodies may (for example,
Yale D) may be expected to have farther-reaching effects
than those above isolated water bodies (for example, Big
Johnstone). However, because of boat traffic in these isolated
water bodies and recreational activity along their shorelines,
they remain in the “high” priority ranking. “Moderate”
priorities were assigned to those landslides that did not
meet the defined plausibility criteria but were (1) close
to the numerical value defining plausibility (within 0.1),

(2) proximal to known recreation areas, infrastructure,

and (or) city boundaries, and (or) (3) have a glacier
composing most of the runout surface which could increase
runout travel distance. In addition to those 11 landslides
identified as having tsunamigenic plausibility, we assigned
a “moderate” priority to 6 landslides. The rationale for
this assignment can be found in table 2. The remaining

26 landslides were assigned a “low” priority ranking for
future analyses given the lack of known risk should these
landslides fail catastrophically. It is important to note that
further investigations may reveal characteristics of a given
landslides that would modify these categories.
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Table 2. List of deforming landslides, the results of the preliminary tsunamigenic plausibility assessment, their priority for future

analyses, and rationale for their priority ranking.

[no. number; =, equals]

Tsunami Plausibility

No. Landslide (1=plausible, Priority Rationale
0 = implausible)
1 Barry Arm A 1 High Tsunami plausibility criteria met
2  Barry Arm B 1 High Tsunami plausibility criteria met
3 Begich Peak 0 Low Implausible tsunami hazard
4  Big Johnstone Lake 1 High Tsunami plausibility criteria met, proximity to recreation area and infrastructure
5 Bryn Mawr 1 High Tsunami plausibility criteria met
6  Camicia A 0 Moderate Close to meeting tsunami plausibility criteria (within 0.1), proximity to city boundary,
recreation area, and infrastructure
7  Camicia B 0 Low Implausible tsunami hazard
8  Carpathian 0 Low Implausible tsunami hazard
9  Childs A 0 Low Implausible tsunami hazard
10 Childs B 0 Low Implausible tsunami hazard
11 Cleave Creek 0 Low Implausible tsunami hazard
12 Columbia 1 High Tsunami plausibility criteria met
13 Cotterell 0 Low Implausible tsunami hazard
14 Dartmouth 0 Low Implausible tsunami hazard
15 Day Harbor North A 0 Low Implausible tsunami hazard
16 ~ Day Harbor North B 0 Low Implausible tsunami hazard
17 East Ellsworth 0 Low Implausible tsunami hazard
18  Ellsworth A 0 Moderate Close to meeting tsunami plausibility criteria (within 0.1), glacial runout path, proximity
to recreation arca
19  Ellsworth B 0 Moderate Close to meeting tsunami plausibility criteria (within 0.1), glacial runout path, proximity
to recreation area
20  Glacier Creek 0 Low Implausible tsunami hazard
21 Grasshopper A 0 Low Implausible tsunami hazard
22 Grasshopper B 0 Low Implausible tsunami hazard
23 Hunter Creek 0 Low Implausible tsunami hazard
24 Inner Lake George 0 Moderate Close to meeting tsunami plausibility criteria (within 0.1), proximity to recreation area
25  Kings River 0 Low Implausible tsunami hazard
26  Knik 0 Low Implausible tsunami hazard
27  Maynard Mountain 1 High Tsunami plausibility criteria met, proximity to city boundary, recreation area, and
infrastructure
28  North Big Johnstone 0 Moderate Close to meeting tsunami plausibility criteria (within 0.1)
29  Portage A 1 High Tsunami plausibility criteria met, proximity to recreation area and infrastructure
30  Portage B 1 High Tsunami plausibility criteria met, proximity to recreation area and infrastructure
31  Serpentine A 0 Low Implausible tsunami hazard
32 Serpentine B 0 Low Implausible tsunami hazard
33 South Fork Snow 0 Low Implausible tsunami hazard
34 South Tiekel 0 Low Implausible tsunami hazard
35  Twentymile 0 Low Implausible tsunami hazard
36  Upper Carmen River B 0 Low Implausible tsunami hazard
37  West Puget 0 Low Implausible tsunami hazard
38  YaleB 0 Low Implausible tsunami hazard
39  YaleD 1 High Tsunami plausibility criteria met
40  YaleE 1 High Tsunami plausibility criteria met
41  YaleF 1 High Tsunami plausibility criteria met
42 YaleG Moderate Close to meeting tsunami plausibility criteria (within 0.1)
43 YaleH Low Implausible tsunami hazard




Conclusions

We used persistent scatterer interferometric synthetic
aperture radar methods to determine areas that have exhibited
deformation related to landslide processes from 2016 to 2022.
We identified 43 landslides, 11 of which have the potential
to generate a tsunami should they fail catastrophically.

Given uncertainty in characterizing landslide size and runout
potential, we ascribe a qualitative ranking of analyses priority
to the identified landslides; the 11 landslides that met the
tsunami plausibility criteria were considered to have a “high”
priority for future analyses. Six additional landslides that were
close to meeting the plausibility criteria or are proximal to city
boundaries, infrastructure, or recreational areas were ascribed
a “moderate” priority ranking.

Although the results presented herein represent a signifi-
cant advancement in our understanding of the location and
rate of landslide deformation in the Prince William Sound
region, they should be considered preliminary and subject
to revision. However, these data and results will contribute
to improving our understanding of landslide and tsunami
hazards in the region. The information presented here can be
used to strategize future analyses, surveillance efforts, and
hazard assessments for these newly identified landslides.
Specifically, assessment of past landslide behavior, poten-
tial triggering conditions, and refined estimates of volume,
mobility, and tsunamigenic potential could be prioritized
for those landslides that have exhibited deformation in the
persistent scatterer interferometric synthetic aperture radar
analysis and have the potential to run out into the water or
into developed areas or infrastructure.
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Appendix 1.

Appendix 1.

Landslide volume was approximated considering smaller
and larger logarithmic spirals and a volume-area relation (as
described in the “Landslide Volume” section in the main text),
resulting in three volume estimates. Each of these volume
estimates was then used to calculate landslide mobility (F)
to determine the tsunami plausibility (as described in the
“Tsunamigenic Plausibility Assessment” section in the main
text). The resulting volumes, values of F, the name of the
nearest downstream waterbody shoreline, and the mobility
required for the landslide to reach the nearest downstream
waterbody shoreline (F,,,,; calculation describe in the
“Tsunamigenic Plausibility Assessment” section in the main
text) is provided for each landslide in table 1.1.

Tsunami Plausibility for Various Landslide Volume Methods
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Table 1.1. Calculated landslide mobility required to reach the shoreline (F,,,,), and potential landslide mobility (F) and tsunami plausibility for the three considered landslide
volume methods (logarithmic spiral—small, logarithmic spiral—large, and volume-area scaling power law).

[no., number; m3, cubic meter; x, multiplied by; =, equals]

144

Mobility Logarithmic spiral-small Logarithmic spiral-large Volume-area scaling power law
. Nearest downstream water- required Estimated Potential Tsun_al_n_l Estimated Potential Tsun.a[n.l Estimated Potential Tsu".afn.l
No. Landslide L to reach . plausibility . plausibility . plausibility
body shoreline shoreline volume landslide (1 = plausible volume landslide (1= plausible volume landslide (1= plausible
(Fpoe) X100 mobility (A5 usible) X100 mobility B ausible) (™) X107 mobility (A ausible)
1 Barry Arm A Barry Arm 0.53 206.37 0.21 1 563.91 0.18 1 116.77 0.23 1
2 Barry Arm B Barry Arm 0.25 63.12 0.25 0 103.76 0.23 1 14.47 0.32 0
3 Begich Peak Turnagain Arm 0.09 4.10 0.39 0 10.04 0.34 0 1.85 0.44 0
4  Big Johnstone Big Johnstone Lake 0.31 20.19 0.30 1 27.65 0.29 1 5.11 0.37 0
5 Bryn Mawr Harvard Arm 0.41 11.16 0.33 1 2441 0.29 1 3.36 0.40 1
6 Camicia A Valdez Glacier Lake 0.18 15.08 0.32 0 65.87 0.25 0 12.51 0.33 0
7  Camicia B Valdez Glacier Lake 0.16 9.66 0.34 0 18.27 0.31 0 3.65 0.39 0
8  Carpathian Spencer Glacier Lake 0.13 6.00 0.37 0 12.12 0.33 0 2.67 0.41 0
9  Childs A Copper River - Miles Lake 0.09 5.61 0.37 0 23.12 0.30 0 5.67 0.37 0
10  Childs B Copper River - Miles Lake 0.08 32.30 0.28 0 90.55 0.24 0 21.01 0.30 0
11 Cleave Creek Copper River 0.08 68.92 0.25 0 105.02 0.23 0 15.66 0.31 0
12 Columbia Columbia Bay 0.27 66.89 0.25 0 111.25 0.23 1 17.32 0.31 0
13 Cotterell Kings Bay 0.09 21.94 0.30 0 42.51 0.27 0 8.41 0.35 0
14 Dartmouth Coghill Lake 0.07 7.56 0.35 0 12.82 0.32 0 2.39 0.42 0
15 Day Harbor North A Day Harbor 0.09 26.06 0.29 0 46.49 0.26 0 5.69 0.37 0
16 ~ Day Harbor North B Day Harbor 0.10 245 0.42 0 8.54 0.35 0 1.68 0.45 0
17  East Ellsworth Ellsworth Glacial Lake 0.13 0.10 0.69 0 0.92 0.49 0 0.57 0.53 0
18  Ellsworth A Ellsworth Glacial Lake 0.16 13.69 0.32 0 113.42 0.23 0 26.08 0.29 0
19  Ellsworth B Ellsworth Glacial Lake 0.17 42.84 0.27 0 159.56 0.22 0 36.38 0.28 0
20  Glacier Creek Turnagain Arm 0.09 7.04 0.36 0 23.33 0.30 0 4.47 0.38 0
21  Grasshopper A Knik Glacial Lake 0.05 269.52 0.20 0 416.50 0.19 0 66.85 0.25 0
22 Grasshopper B Knik Glacial Lake 0.05 406.48 0.19 0 646.03 0.18 0 117.00 0.23 0
23 Hunter Creck Knik River 0.03 250.98 0.20 0 435.97 0.19 0 53.90 0.26 0
24 Inner Lake George Inner Lake George 0.21 27.08 0.29 0 43.93 0.27 0 10.15 0.34 0
25  Kings River Kings Bay 0.10 30.54 0.28 0 66.04 0.25 0 11.67 0.33 0
26  Knik Knik Glacial Lake 0.05 296.89 0.20 0 390.21 0.19 0 59.46 0.25 0
27  Maynard Mountain Passage Canal 0.36 56.59 0.26 1 163.79 0.22 1 31.93 0.28 1
28  North Big Johnstone Big Johnstone Lake 0.17 24.55 0.29 0 80.89 0.24 0 15.84 0.31 0
29  Portage A Portage Lake 0.33 5.1 0.37 0 18.71 0.31 1 4.97 0.38 0
30 Portage B Portage Lake 0.53 3.54 0.40 1 10.02 0.34 1 2.09 0.43 1
31  Serpentine A Serpentine Cove 0.14 20.85 0.30 0 35.48 0.28 0 7.54 0.35 0
32 Serpentine B Serpentine Cove 0.14 17.87 0.31 0 27.73 0.29 0 6.10 0.36 0
33 South Fork Snow Kenai Lake 0.04 8.64 0.34 0 20.28 0.30 0 5.20 0.37 0
34 South Tiekel Copper River 0.05 40.18 0.27 0 90.37 0.24 0 16.82 0.31 0
35  Twentymile Turnagain Arm 0.04 264.04 0.20 0 651.75 0.18 0 118.78 0.23 0
36  Upper Carmen River B Carmen Lake 0.11 8.47 0.35 0 52.27 0.26 0 8.58 0.35 0
37  West Puget Big Johnstone Lake 0.13 30.96 0.28 0 77.93 0.24 0 11.73 0.33 0
38  YaleB Yale Arm 0.12 17.76 0.31 0 27.55 0.29 0 6.50 0.36 0
39  YaleD Yale Arm 0.57 760.22 0.17 1 1,025.18 0.16 1 145.41 0.22 1
40 Yale E Yale Arm 0.51 2.86 0.41 1 7.44 0.35 1 5.57 0.37 1
41  YaleF Yale Arm 0.18 321.84 0.20 0 525.70 0.18 1 82.51 0.24 0
42 Yale G Yale Arm 0.16 135.03 0.22 0 369.10 0.19 0 76.56 0.24 0
43 YaleH Yale Arm 0.07 2.73 0.41 0 3.29 0.40 0 1.16 0.47 0
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