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Cover. Shoreline change at Newtok, Alaska. Black and white image from 1951 and color image from 2015.
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Abstract
Many of Alaska's coastal communities are vulnerable to erosion, flooding, and
permafrost degradation. However, few vulnerability assessment tools are available
to the public that are complete or that utilize transparent, consistent, and quantitative
methods at a scale needed for local planning. This report summarizes statewide
analyses oflong-term shoreline change at 48 Alaska communities. Shoreline datasets
were compiled from previously published U.S. Geological Survey assessments for
northern Alaska, as well as created from historical and recent aerial images by the
Alaska Division of Geological & Geophysical Surveys for western Alaska. Shorelines
were analyzed to calculate rates of shoreline change every 82 feet (25 meters) along
coastlines and tidally influenced river banks. In northern and western Alaska, 57
percent (27 of 48 total) of communities had erosion rates greater than 3.3 feet per
year (1 meter per year) over the past 60 years. Maps of shoreline change and erosion
rates are included here in a small map format for use by local community entities
for planning and communication with state and federal agencies. Shoreline change
rates alone do not describe community vulnerability, which may also depend on the
location of infrastructure and the capacity of a community to respond to erosion, as
well as other factors. Shoreline change rates were determined from historical data.
Future rates of shoreline change may be influenced by coastal management and

changes to environmental conditions that may result from climate change.

BACKGROUND

According to the U.S. General Accounting
Office (GAO) (2003), 187 out of 213 (86 percent)
Alaska Native villages are vulnerable to flooding
and erosion to some extent. However, in the
absence of measured shoreline change data, govern-
ment reports (including GAO, 2003, 2009; Imme-
diate Action Working Goup, 2008; U.S. Army
Corps of Engineers [USACE], 2009; University of
Alaska Fairbanks [UAF] and others, 2019) relied
largely on anecdotal and now outdated sources,
such as previous experience of engineers on staff
and communities who self-reported their level of
vulnerability. Although these reports highlighted
that additional data and monitoring were necessary
to improve reporting, limited progress has been

made and subsequent reports (UAF and others,
2019) still primarily rely on the initial analysis of
community vulnerability (e.g., USACE, 2009).

Alaska Native communities depend on state
and federal resources for developing strategies
and building infrastructure to respond to erosion.
Consistent and quantifiable data are necessary to
ensure that government resources are distributed
appropriately among Alaska Native communities
where the need for assistance far outweighs available
resources. The Denali Commission (which funded
UAF and others, 2019), recognized that quantifi-
able analyses were necessary to make better state-
wide assessments of environmental threats, and, as a
result, included prototype scopes of work that could
be followed for individual communities to determine

!Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, Alaska 99709-3707.
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vulnerability and proceed with mitigation (UAF and
others, 2019). The Denali Commission also funded
development of this report, which fulfills a step in
the prototype scope of work for erosion, to evaluate
historical erosion rates. Previous efforts to evaluate
erosion vulnerability for Alaska communities were
largely not accomplished due to gaps in baseline data

(Overbeck, 2018).

Alaska has nearly 40 percent of the tidally
influenced shoreline in the U.S., yet much of the
coast had remained unmapped at a resolution
high enough to measure shoreline change until
recent years. Between 2015 and 2019, the U.S.
Geological Survey (USGS), the Alaska Division of
Geological & Geophysical Surveys (DGGS), and
the National Oceanic & Atmospheric Adminis-
tration (NOAA) Office for Coastal Management
made huge strides in mapping Alaska’s coastline by
employing photogrammetric techniques to develop
modern and historical high-resolution orthorec-
tified aerial imagery (Overbeck and others, 2016,
2017; Quantum Spatial, 2019), supplemented by
lidar digital elevation data. Historical aerial images
were orthorectified by Far North Geospatial, LLC.
for continuous stretches of coastline, including
aerial imagery collected by the Army (circa 1950-
60s) and the USGS Alaska High-Altitude Photog-
raphy (AHAP) effort (circa 1970-80s) and made
available to the public as single-frame photographs
(USGS, 2019).

Recent and historical orthoimagery provide
critical baseline datasets for mapping shoreline
change (Overbeck, 2018). Nationally, the USGS
conducts assessments of historical rates of shoreline
change using the Digital Shoreline Analysis System
(DSAS; Himmelstoss and others, 2018). USGS
shoreline change assessments have been completed
continuously along coastlines for the contiguous
U.S. and the Hawaiian Islands (Fletcher and others,
2012; Gibbs and Richmond, 2015; Gibbs, Snyder,
and Richmond, 2019; Hapke and others, 2006;
Hapke and Reid, 2007; Hapke and others, 2010;
Kratzmann and others, 2013; Morton and others,

2004; Morton and Miller, 2005). The USGS shore-

line analyses are not only continuous over very long
stretches of coast but also localized to determine
vulnerability approximately every 164 ft (50 m)
along the coast, making them detailed enough for
community-level decision making. USGS reports
on shoreline change have been used in this report
as the source of data for northern Alaska (Gibbs
and Richmond, 2015; Gibbs, Snyder, and Rich-
mond, 2019), while a DGGS assessment provided
data for western Alaska. Coordination and collabo-
ration among state and federal agencies resulted in
high-quality coastal map data from past to present,
from Kaktovik to Port Heiden, encompassing 48
Alaska communities, which was not possible for
any single agency on its own.

INTRODUCTION

A shoreline defines a land-water interface at the
coast; however, because of water level fluctuations
due to tides, weather, and other factors, there are
many definitions for shorelines (Boak and Turner,
2005; Gould and others, 2015). Shorelines can
represent a specific vertical reference of an elevation
on a beach (e.g., a tidal datum elevation such as mean
sea level; NOAA, 2020) as well as a visual interpre-
tation of a linear feature (e.g., a vegetation line that
grows to the limit of saltwater influence; Gould
and others, 2015). Shoreline change is the retreat
or aggradation of a shoreline as a result of sediment
erosion or accretion (Mangor and others, 2017).
Shoreline change can occur because of changing
sediment supply, oceanographic conditions, episodic
storm events, terrestrial degradation through slope
failure or permafrost thaw, and other nature- and
human-driven processes. Shorelines are naturally
very dynamic; however, when changes occur at or
near infrastructure and land used for hunting or
gathering subsistence resources, erosion can be disas-
trous (Alaska Deparment of Homeland Security &
Emergency Management [DHSEM], 2018).

DSAS is a tool used to measure shoreline
change by computing the distance between shore-
lines through time at transects along the coast
(Himmelstoss and others, 2018). The outputs
of DSAS show how much shoreline change has
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occurred and the rate of shoreline change through
time, which contributes directly to coastal vulnera-
bility. Shoreline erosion rates are a common input
to Coastal Vulnerability Indices (CVIs) around
the world, with Alaska examples including Gorok-
hovich and Leiserowitz (2012) and the ShoreZone
CVI (Harper, 2014), which used a simplified
version of shoreline change rate terminology (e.g.,
erosional, stable, and accretional) as opposed to
numerical rates.

In an effort to provide numerical shoreline
change data to Alaskans for local decision making
and assessments of vulnerability, the Alaska Divi-
sion of Geological & Geophysical Surveys (DGGS)
has assimilated pre-existing shoreline change assess-
ments (Gibbs and Richmond, 2015; Gibbs, Snyder,
and Richmond, 2019) and conducted new shoreline
change assessments on Alaska’s western coast. This
report summarizes the shoreline change assessments
at communities on Alaska’s northern and western
coastlines, compares the results to existing govern-
ment reporting, details typical regional mitigation

responses to erosion, highlights potential impacts of
climate change on shorelines, and explores how to
develop hazard maps that directly address commu-
nity needs. The report includes community map
sheets that show shoreline change rates and historical
shoreline extents relative to aerial imagery extending
over community infrastructure. This report provides
the most consistent and comprehensive quantitative
assessment of shoreline change for Alaska communi-
ties to date, and serves as a communication tool for
communities and state and federal agencies alike in
understanding and responding to erosion.

DATA

DGGS acquired shoreline data from USGS
assessments for northern Alaska (Gibbs and Rich-
mond, 2015; Gibbs, Snyder, and Richmond, 2019)
and carried out shoreline change assessments for
western Alaska to determine shoreline change rates
for 48 Alaska communities and to create shoreline
change maps for 44 communities (where baseline
data were available; fig. 1; table 1). Orthoimagery
was collected on the North Slope in 2019 (Quantum
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Figure 1. Communities subject to erosion that either are presented in this report (purple), will be released in a follow-up to
this report (white), or did not have complete datasets to conduct a shoreline change analysis (gray).
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Table 1. Shoreline and imagery datasets used for this report*.

Communities**

Previous Shoreline
Dates and Source

New Historical
Imagery Dates and

New Modern
Imagery Date and

Source*** Source
Utaiagvik 1947, 2005, 2010 none 2021
aiag (Gibbs and others, 2017) (planned)
Kaktovik, Wainwright LEG7IEE, 2005 OIS (ZC?ulagntum Spatial
' 9 (Gibbs and others, 2017) (DCRA, 2019a) 2010) patial,
Deering, Kotzebue, Point Lay, Point LEABIE, Lovigiez, 20U
Hope 2019 none none
P (Snyder and Gibbs, 2019)
1950/52, 1980/85, gftr;ii(r:?ee“r”enot
Kivalina, Shishmaref 2003/04, 2016 none gery

(Snyder and Gibbs, 2019)

available for map
sheet)

Alakanuk, Brevig Mission, Chefornak,
Eek, Elim, Emmonak, Golovin,
Goodnews Bay, Hooper Bay, Kipnuk,

Kongiganak, Kotlik, Koyuk, Kwigillingok,

1950-63, 1973-85,
2002-13

2015-16
Fairbanks Fodar

Napakiak, Newtok, Nome, Nunam Iqua, none Far North Geospatial (Ovarseak el G
Quinhagak, St. Michael, Scammon Bay, and DGGS 2016, 2017) '
Shaktoolik, Stebbins, Teller, Toksook (DCRA, 2019a) ’
Bay, Tuntutuliak, Tununak, Unalakleet,
Wales
1951-52, 1980-83,
Levelock, Togiak, Twin Hills, 2002 2018
Dillingham, Clark's Point, Ekuk, Egegik, none Far North Geospatial (Quantum Spatial,
Naknek, South Naknek and DGGS (DCRA, 2019)
2019a)
TBD
. Far North Geospatial 2019
Port Heiden none and DGGS (planned)
(DCRA, 20193)

*Colored rows are completed communities, uncolored rows are in-progress.
**Shoreline dates are also available for each community in the appendix.

***DCRA = Alaska Division of Community & Regional Affairs.

Spatial, 2019) and used to delineate more recent
shorelines to add to and recompute the shoreline
change assessment conducted by the USGS for certain
communities (Gibbs and Richmond, 2015; table 1).
A shoreline change assessment was completed for
northwest Alaska more recently and did not require
any updates (Gibbs, Snyder, and Richmond, 2019).
For western Alaska, DGGS assessed the accuracy of
and adjusted historical orthoimagery (delivered to
DGGS by Far North Geospatial), delineated shore-
lines, and computed shoreline change rates. Fairbanks
Fodar collected modern orthoimagery datasets in

western Alaska (Overbeck and others, 2016, 2017),
and Quantum Spatial collected data in southwestern
Alaska (Quantum Spatial, 2019). Modern orthoim-
agery datasets achieved excellent horizontal precision
(compared to GPS ground checkpoints) and were
used to correct the historical datasets and determine
their horizontal uncertainty. Some Alaska communi-
ties that experience coastal erosion were not analyzed
here because baseline data were not available (fig.
1). For example, the baseline data used by the Kenai
Peninsula Borough (Kenai Peninsula Borough, 2017)
was not available to use in this report.
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Additional communities at risk to coastal
erosion have not been assessed here. Please contact
DGGS to learn more about shoreline change
assessment data gaps at a particular community or
to request a shoreline change assessment.

METHODS

The shoreline change analyses used to create
community map sheets of shoreline change are
described below. The analyses included assessing the
quality of historical orthoimagery datasets, identi-
fying and delineating shorelines in a Geographic
Information System (GIS), computing shoreline
position uncertainty, and computing historical
shoreline change rates at transects cast along the

coast using DSAS.

Historical Imagery

Historical imagery datasets were orthorectified
by Far North Geospatial using Agisoft Photoscan
over large geographic regions covering multiple
hundreds of miles of shoreline. When compared
to recent imagery datasets (Overbeck and others,
2016, 2017; Quantum Spatial, 2019) at individual
communities, the horizontal root-mean square
error, RMSE_ (American Society for Photogram-
metry and Remote Sensing [ASPRS], 2014), of the
historical datasets ranged from 0.6 to 65.6 ft (0.17
to 20 m). To improve the horizontal accuracy of
historical datasets, photo-identifiable points (which
served as ground control and checkpoints) were
identified in each community and used to conduct
a first-order georeference of the already orthorec-
tified imagery. The first-order georeference is a
simple shift in the x and y direction of the imagery.
The combination ground control/checkpoints were
commonly difhicult to identify due to the extreme
differences in landscape as well as infrastructure
over the period of time analyzed. Much of the
infrastructure in rural communities today was not
built before the early 1950s, when the first aerial
imagery datasets were collected. Western Alaska
has also been subject to vast environmental changes
since the 1950%, including thawing permafrost
resulting in thermokarst lakes draining or changing

hydrology across landscapes, vegetation growth or
decline, and frost heaving of surface rock features.
For the communities analyzed, at least three points
were used as ground control and checkpoints. The
most common ground control/checkpoints used
were v-shaped vegetation patterns (for example, a
treeline that came to a point) and distinct inland
lake shorelines. A horizontal shift was performed
on the imagery if the mean residual resulted in an
RMSE, greater than 8.2 ft (2.5 m) or the RMSE,
could not be improved with shifting because the
spread of the data was not consistent about the
mean residual. The adjusted RMSE ranged from
0.6 t0 36 ft (0.17 to 11 m) and averaged 7.4 ft (2.3
m), which greatly improved the horizontal accu-
racy of the orthoimagery used for the shoreline
change analyses.

Shorelines

A shoreline is a linear demarcation between
land and water that can represent a visual feature
or an elevation contour on the beach. Either type
of shoreline (i.e., visual- or elevation-identified)
can be delineated within a Geographic Informa-
tion System (GIS) program (e.g., ArcGIS) based
on source orthoimagery or elevation data. Shore-
line data are created in the form of a vector (line)
that represents the shoreline position at a partic-
ular time along a section of coast. For example, if
multiple shoreline datasets are available, they can
be compared visually to show how the shoreline
has changed through time. The distance between
shoreline vectors can also be measured to compute
shoreline change distances and rates. The primary
remote sensing datasets utilized for this work were
orthoimagery, since not only does Alaska lack
high-resolution elevation data along the coastline,
but also tidal datums by which shoreline features
are extracted from elevation data are not well estab-
lished (although the contiguous U.S. has VDatum,

there is no vertical reference datum conversion tool

for Alaska).

Some shorelines or visible shoreline features
(e.g., the visible wet/dry line in an image) are a
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good proxy for mean high water (MHW) tidal
datum (Moore and others, 2006); however, vari-
ations in daily water levels may offset the visual
shoreline from the MHW shoreline. Because there
are not well-established tidal datum elevations
along the coast of northern and western Alaska,
the high water line (HWL) that represents the high
tide and wave runup extent of the day, was used as
a shoreline proxy for the modern imagery. Modern
imagery is much higher in resolution and accuracy
than historical datasets; in fact, for microtidal sand
or gravel beaches with sporadic vegetation, the
only visible feature in the historical imagery was
the land-water interface (LW1I) shoreline. The anal-
ysis directly compares LW1 and HWL to compute
shoreline change.

In mesotidal and macrotidal areas (vertical
range of the tide is either between 6.5 and 13 ft
[2 and 4 m] or above 13 ft [4 m], respectively),
the HWL shoreline is difficult to interpret from
orthoimagery; however, those coastal regions are
also primarily river deltas or have coastal bluffs
that have a visible vegetation line (VL). Thus, for
regions with a distinct VL, the VL was used to
compute shoreline change. The tidal range on the
outer coast of Alaska transitions from microtidal
on the North Slope and in western Alaska to meso-
tidal between Hooper Bay and Nelson Island on
the outer Yukon—Kuskokwim Delta. Moving south
and east along the coast, tides then transition to
macrotidal in areas of Bristol Bay. The shoreline
proxies generally follow the geographic variation in
tidal range, but are also referenced per community
in the results.

Shoreline Uncertainty

Shoreline position uncertainty is a critical
component of analyzing shoreline change because
the uncertainty is used to show a range within
which the shoreline has changed, given the accuracy
of remote sensing datasets and the analysis method.
Shoreline position uncertainty was computed for
shorelines using the root sum of squares method
for uncertainty of the data inputs:

U, =NUZ+ U2+ U2, where
0 » d
=\NU2_ +U? orthorectification error,

0 o0,50urce

= horizontal uncertainty of recent imagery,

0, source

i

= resolution error, and

U
U
U, = horizontal uncertainty of historical imagery, RMSE,,
U
»
U

= digitizer error.

Orthorectification error (U) was computed
as the root sum of squares between the horizontal
uncertainty (RMSE; ASPRS, 2014) of the source
imagery or ground control (U, ) and that of the
orthorectified image (U). Resolution error (U)
was the ground sample distance, or pixel size of the
orthoimagery. Digitizer error (U) was computed for
each individual who digitized shorelines—each digi-
tizer delineated a section of coast from the lowest
resolution orthoimagery three times; the average
distance between the three shorelines was U ,.

Shoreline Change

DSAS is an ArcGIS tool developed by the
USGS that uses delineated shorelines from various
time periods as the input to analyze shoreline change
(Himmelstoss and others, 2018). Shoreline change is
measured at regular intervals along the coast at tran-
sects that are cast orthogonal to shorelines from a
baseline (fig. 2A). At each transect, DSAS marks the
position of the shoreline intersection and measures
the distance between shorelines along the transect.
DSAS then computes a suite of shoreline change
statistics at each transect, including the distances
between shorelines and rates of shoreline change. To
compute a rate of shoreline change, a line is drawn
through the position of shorelines through time,
and the slope of the line represents the linear regres-
sion rate of change (fig. 2B). Other rates of shore-
line change can also be computed, including the
weighted linear regression (WLR; table 2). The WLR
represents the shoreline change rate that takes into
account the uncertainty in each shoreline position.
The WLR was used to compute shoreline change
rates at the communities where more than two
shorelines were available. The end point rate (EPR;
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table 2) is the rate of change between the oldest and
the newest shoreline. The EPR was used at commu-
nities where only two shorelines were available for
the analysis, or in riverine environments that had
episodic shoreline change. DSAS was used to cut the
transects to the distance between the two furthest
shorelines analyzed (i.e., the shoreline change enve-
lope; fig. 2C). The community map sheets show the
shoreline change envelope along the shoreline or
river bank of a community, and are colored by the
erosion rate (either WLR or EPR). For this report,

transects were cast or recast (in the case of the USGS
shorelines) to every 82 ft (25 m) along the coast.

The maximum rate of erosion is computed
as the highest (most negative) rate of erosion at a
particular transect near a community and is used
throughout this document to compare erosion rates
between communities.

RESULTS

Erosion has affected most communities on
Alaska’s northern and western coastline. Previous

wd
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Figure 2. Example of how the shoreline change analysis is used to compute the shoreline change envelope (SCE) and the linear
regression rate of shoreline change. A. Transects are cast across shorelines from a baseline to determine where the shorelines
intersect the transect. B. The best fit line through the shoreline positions along the transect is used to compute the linear regres-
sion of shoreline change; the slope of the line is the shoreline change rate. C. Finally, the SCE, the line that represents the two
farthest-apart shorelines is mapped to show how much the shoreline has changed, and colored to show shoreline change rate.

Table 2. DSAS statistics used in this report, with full descriptions (Himmelstoss and others, 2018).

Full description

The rate of shoreline change, calculated by dividing the distance of
shoreline movement by the time elapsed between the oldest and
the most recent shorelines.

The spatial uncertainty of the EPR, computed by adding the root

sum of squares between the uncertainty of the oldest and the
most recent shorelines.

The rate of shoreline change, calculated as the slope of the best-fit
line, weighted by uncertainties of the observed shoreline positions.

The confidence interval of the weighted linear regression rate,
computed by multiplying the standard error of the weighted linear

regression rate by the two-tailed test statistic at the 90 percent
confidence interval.

Acronym Shoreline change statistic
EPR End point rate
EPRunc Uncertainty of the end point
WLR Weighted linear regression
Standard error of the weighted
WCI90 linear regression rate with a 90
percent confidence interval
SCE Shoreline change envelope

The distance between the two shorelines furthest from each other
at a given transect.
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studies could not provide shoreline change rates at
the community scale because of the low resolution
and limited accuracy of datasets available at the
time, such as from satellite imagery (Macander and
others, 2014); such studies also lacked the capacity
to conduct the work for such a large number of
communities (USACE, 2009; UAF and others,
2019). This shoreline change assessment was made
possible because of the coordinated and collabo-
rative efforts of both state and federal agencies to
collect baseline datasets, making this report the
first consistent, community-centered, high-resolu-
tion, and quantifiable report of shoreline change for
Alaska communities. In this report, shoreline change
rates were measured at coastal and tidally influenced
riverine communities in northern and western
Alaska. The analysis was conducted near commu-
nity infrastructure and areas used for subsistence and
economic activities.

Maps of shoreline change show the shoreline
envelope (this distance of the two farthest-apart
shorelines) colored by shoreline change rate (example
in fig. 3). Transects with erosion rates below 1 ft per
year were considered stable and were colored gray
to keep the maps consistent with USGS methods
(Gibbs and Richmond, 2015; Gibbs, Snyder, and
Richmond, 2019). Gaps between transects do exist
in areas, resulting from gaps in orthoimagery data,
gaps in the shoreline data because of the location
and extent of coastal river channels or lakes, and
infrastructure impeding the shoreline such as docks,
revetments, and roadways.

Among the communities analyzed here, the
maximum rate of erosion ranged from 0.7 to 72.3
ft per year (0.2 to 22 m; fig. 4; table 3). The highest
rates of erosion (greater than 16.4 ft per year [5 m
per year]) were measured at communities in very
different geologic settings, including Newtok,
Napakiak, Kaktovik, Port Heiden, and Dillingham.
Although some communities had very rapid rates
of erosion, only 57 percent of the communities
analyzed here (27 of 48) had erosion rates greater
than 3.3 ft per year (1 m per year). The uncertainty
of measured change rates averaged 1.2 ft per year

(0.4 m per year), ranging between 0.1 and 18.7
ft per year (0.03 and 5.7 m per year), with the
highest uncertainty at Newtok. In general, shore-
line change rate uncertainty was driven by how
accurately the linear regression model represented
observed erosion, as well as by the magnitude of the
erosion rate. At Newtok, for example, the erosion
rate was very high (72.3 + 18.7 ft per year [22 + 5.7
m per year]), and the accompanying uncertainty
was 26 percent the magnitude of the erosion rate.
The average percent of uncertainty for all commu-
nities analyzed was 22 percent. Uncertainty at all
communities reflected deviations from the linear
trend; since some communities did not experience
linear erosion, they had higher shoreline change
rate uncertainty. Those communities may be more
subject to episodic or nonlinear shoreline change.

DISCUSSION

Fifty-three
northern and western Alaska eroded at a rate of

percent of communities in
more than 3.3 ft per year (1 m per year) since the
1950s. However, there are communities where
erosion rates alone do not show how vulnerable the
community is to erosion. There are also commu-
nities that have experienced very rapid erosion but
that have not been well represented by govern-
ment reporting to date. The erosion rates reported
here provide a quantitative context for erosion
hazards along Alaska’s coast. These rates should
be compared to community infrastructure and
land-use priorities before being used to determine
community vulnerability.

Limitations of Linear Trends

The rates of shoreline change presented on the
community map sheets are based on linear regres-
sion trends of shoreline change, primarily from four
datasets collected circa the 1950s, 1980s, 2000s,
and 2015-19, although at some locations there were
fewer. Linear trends are useful for describing long-
term geomorphic trends that take into account both
active and passive mechanisms for change driven by
underlying tectonism. However, they simplify very
complex interactions of physical processes (including



9

Shoreline change at Alaska coastal communities

obulIBIM Ul (painseaw a1am Jo) palind

-20 aAeY (dew 4o apis 3BU) Aeg WIMX03SNY BUOJR SUIIISEOD JO UOISOIS pUB JaAlY 3obuljjiBimy ay) Buole Uol@Idde pue UoISOla Ylog "uoiaidde Buiedipul
SI0]0D |00D puUe UOISOJa BUNEdIpUl SI0j0d 30y YIM ‘@Bueyd auljaloys Jo 23el ayy Aq paiojod s adojaaus abueyd auljpioys ay | ‘(@dojaAus abueyd auljaioys)
S109SUBI} 2I0YS-SS0ID 1B Saul2Ioys Jede-1Saylie) 0M) U} UDaMISq 9dURISIP a4l SMoys dejy “exsely YobBul|jiBimy Joj 19ays dew jo ajdwex3 ‘g ainbi4

18.£91

N.1S.65

‘ueld uonebli piezeH olelS eysely ey o} jepdn gL0z oy ul Aoueby Juswoebeuey Aousbiswg [eiepe oy} pue Ao eysele"sBBp :eysqem
eysely Jo aje)s oy} Aq Joj pred alem sisAieue ey jonpuod o} pasn ejeq ‘weiboid Juel ey 0 pousieall | nug ‘Jonpoud 1o 8IS 0jU0.j98] By} Jof pred sef 8U) PasdXe asje sUOAUE Jo Jojsanbay ayj o} AJIGEl] S,eXSElY JO
uoyssiwwog Jleusq ayy Aq papuny josfoid 1 uojsosg [8JSBOD By} JO Med S| MIOM SIYL  JelS By] [[IM JUBAS OU UJ “SSIMIBYIO JO J0BIY) B.njie) AUE JO S]oNpo.d IO SBOINISS OJUO.}IB]S Y} JO 8SN By} WO

Jsyjaym Appus uo uosiad sayjo Aue o iesn ay) Aq paiayns sebewep Jayjo Jo ‘fenuanbasuod ‘eroads ‘oelipur

“SUONIEDO] |[E JE UO}J.008 PUE UOISOJ® BUI[2I0yS 108)j8) A|S1Inaoe Jou op pue paliidwis a1e 8BUBYD SUIIBIOUS  “yonaniu fue Joj aiqel oq exsely Jo S1BIS ouj Jim Jusnse ou ] sesodind sJosn Aue Joj sseusjelidoidde

4O sajels JeaulT ‘uoneidoe Bunuasaidas si0j09 (000 pue uoisosd Buyuasaidal s10j0d Joy yum ‘(Jesk/jes) pue esk/sieyew)

418y} 1o spnpoud 1o ejep o 8y} Jo sall 10 I oy} 0} Joadsal yum (sseupy
ejes aBueyd auljaioys sy Aq peiojoo s| adojerus sBueyd BulBIOYS BUYL “GLOZ PUB €561 USBMIS] SOUIBIOYS ISOULIE) PUB  pue Ay 10 sa ’ ’ peydw 1o dxo ou sy BYSE|Y JO OJR)S oLl
}SeJeau 8y} UBBMIaQ SOUBSIP 8Y} S8}edIpul UOIIed0| Jo8suel] yoee je adojaaua abueyd sul@ioys Jo yjbus| ay] ‘sjoasues}
Jenolpuadiad-aloys je abueyd auljaIoys JO 8jel Jeaul] sy} saulwIslep awl} YBNOIY) SaUIBIOYS Usamjaq 8oUBISIP painses SAHAANS TVIISAHJOID % TVIID0TOHD 10 NOISIAIA
ayy ‘Aening _mo_mo_omamu wm.D ME Aq padojensp (Sysq) weisAs siskleuy auljaioys [enbia sy buisn .mMON pue £G61 SHOYNOSHY TVANLVN 40 INFINLIVIHA
usamjaq pajos||0o sydesBojoyd [eOLOJSIY WO} paleauljap 81am SeuljaIoys "9oealul Jajem-pue| ay) Jueseidal sauljaioys
Aobeyse|e uoleAaje woly a|qefieAe AJaBeWwIoydO "NE 8U0Z W1N £8AVN :uonosfoid VASVV 40 HIVIS

N.1G.65 M09 N.2S.65

‘uoneoo] Jey} je sauljaioys Hede-}saype) omy
Ay} usamjaq aouelsIp 8y} si YydIym ‘edojaaus
abueyo suljaioys sy si Yibua| yoasuel]
(9voree) vLO0L uonaI0y
(e€010'l)  010€0
(0L010'L-) €001€0- dlaeis
(0'b-01g'¢) €0-0107}-
(€€-0186") 01-010g ———
(86-03¥'¥l-) 0°€ OtyP-
(1eahpyo9y) ieak/siajow

ajey abueys auljaioys

uoisolg

N.€S.65

\\ ....
O
2%

\\\:

MOL.E9L

\ SI1919IN 009

RS

2508/606710L/Biotop 456 ne-eoL N£G.69 )
MOONITIUDIMM eysely ‘Yobuljjibimy
0202 ‘S1eyjo pue 308qienQ

01-020Z SNOILYOILSIANI 40 LHOd3Y (sL0z—€s61) @bueyn aul@ioys

1884°000°C




10 Report of Investigation 2020-10

Maximum Rate of é
Erosion (feet/year)
Custom 1 X
e <728 L
-
o £16.4 © o
0 =938 . 9,
o <33 A 002
o <1.0 o °
. Erosion Not (go $
Assessed & v
Newtok (72.8) @ o
‘@ v
8o

Quinhagak (18.7) 5 o ‘8 ot

Port Heiden (25.9) @

Qo Napakiak (42.0)
)

Dillingham (20.7)

Kaktovik (27.9)

.
M)
.

o

- LY R4

)

Figure 4. Maximum long-term rates of erosion measured at Alaska communities between 1947 and 2019. Results for some
communities are still in progress while DGGS computes shoreline change rates; some communities do not have complete
datasets to conduct a shoreline change analysis; and some communities’ analyses have been completed but data are not

available to the public.

tides, storm surges, waves, and currents) that result
in erosion and accretion, and are not as represen-
tative of current conditions when there have been
large changes to a coastal system, such as emplace-
ment of shore protection structures. For example,
some communities may have experienced less rapid
erosion in recent years because of infrastructure built
to mitigate the erosion, yet the long-term erosion
rate took into account historical shoreline positions.
Linear trends also underrepresent erosion if rates
have recently increased (e.g., due to thawing perma-
frost or other processes such as sea ice decline). It is
important to recognize these factors and limitations
when interpreting the erosion rates presented in this
report. Linear trends, however, provide an advan-
tage over existing erosion assessments by quantifying
historical erosion, as opposed to relying on written
or anecdotal accounts alone. Future efforts to model
shoreline change using process-based models that
take into account physical processes would require
additional data (e.g., nearshore bathymetry and

water levels) at each community, which is not readily
available across Alaska.

Erosion Rates Compared to Erosion
Vulnerability

Erosion rates alone do not provide all the infor-
mation necessary to determine whether a commu-
nity is vulnerable to erosion or not. Vulnerability is
broadly determined through evaluating the value
of what is at risk to change, as well as the proba-
bility and severity of negative impacts. In the case of
coastal erosion, vulnerability could be influenced by
the distance of structures from an eroding shoreline,
the erosion rate, or even a community’s capacity to
respond to erosion. Ultimately, the possibilities for
determining a metric for vulnerability depend on
the purpose for such a metric. For example, Harper
(2014) developed a metric to compare coastal erosion
vulnerability across the entire state of Alaska, which
resulted in broad swaths of coast identified at the
same vulnerability level. The Harper (2014) metric
is not useful for regional or local community assess-
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Table 3. The maximum rate of erosion, uncertainty in erosion rate, shoreline change rate type, and shoreline indicator at each
community analyzed. WLR = weighted line regression; HWL = high water level; LWI = land-water interface; EPR = end point
rate; VL = vegetation line.

Average
Uncertainty, Average
Max. Rate WCI90 or Max. Rate Uncertainty
Erosion Rate of Erosion EPRunc of Erosion WCI90 or Shoreline

Class Community (ft/yr) (ftlyr) (m/yr) EPRunc (m/yr) Rate Type Indicator  Time Range
Newtok -72.8 18.7 -22.2 5.7 WLR VL 1951-2015

Napakiak -42.0 0.3 -12.8 0.1 EPR VL 1952-2015

>16.4 ft/yr Kaktovik -27.9 5.9 -85 1.8 WLR HWL/LWI  1947-2019
(5 m/yr) Port Heiden -25.9 0.3 -7.9 0.1 EPR VL 1957-2013
Dillingham -20.7 3.0 -6.3 0.9 WLR VL 1952-2018

Quinhagak -18.7 0.3 -5.7 0.1 EPR VL 1952-2016

Alakanuk -13.8 0.1 -4.2 0.0 EPR VL 1951-2015

9.8 TEocgik 131 01 4.0 0.0 EPR L 1951-2018
(3 miyr) Kipnuk 98 0.7 30 02 WLR VL 1952-2015
Kwigillingok -9.7 1.5 -3.0 0.5 WLR VL 1953-2015

Clark's Point -85 0.3 -2.6 0.1 EPR VL 1951-2018

Point Hope -7.9 0.7 -2.4 0.2 EPR HWL/LWI  1950-2019

Shishmaref -75 2.0 -2.3 0.6 WLR HWL/LWI  1950-2016

Emmonak -75 0.1 -2.3 0.0 EPR VL 1950-2016

Naknek -6.9 1.3 -2.1 0.4 WLR VL 1951-2018

Nunam Iqua -6.9 1.3 -2.1 0.4 WLR VL 1951-2015

Chefornak -6.6 1.0 -2.0 0.3 WLR VL 1952-2015

>3.3 ft/yr Point Lay -5.9 0.7 -1.8 0.2 EPR HWL/LWI  1949-2016
(1 m/yr) Golovin -5.6 1.0 -1.7 0.3 WLR HWL/LWI  1951-2019
Wales -5.6 0.3 -1.7 0.1 EPR HWL/LWI  1950-2012

Eek -4.9 1.0 -15 0.3 WLR VL 1953-2015

Hooper Bay -4.6 0.3 -1.4 0.1 EPR VL 1951-2015

Unalakleet -4.6 1.3 -1.4 0.4 WLR VL 1951-2015

Tuntutuliak -4.3 0.7 -1.3 0.2 WLR VL 1952-2015

Kotzebue -4.3 1.0 -1.3 0.3 WLR HWL/LWI  1950-2016

Kongiganak -39 0.7 -1.2 0.2 WLR VL 1952-2015

Utgiagvik -3.6 1.0 -1.1 0.3 EPR HWL/LWI  1947-2010

Koyuk -3.3 0.1 -1.0 0.0 EPR VL 1950-2015

Levelock -3.3 1.0 -1.0 0.3 WLR VL 1951-2018

Scammon Bay -3.0 0.7 -0.9 0.2 EPR VL 2007-2015

Twin Hills -3.0 1.3 -0.9 0.4 WLR VL 1952-2018

Teller -2.6 1.0 -0.8 0.3 WLR HWL/LWI  1950-2015

Wainwright -2.6 0.7 -0.8 0.2 EPR HWL/LWI  1949-2019

Toksook Bay -2.6 0.1 -0.8 0.0 EPR VL 1955-2015

>1.0 ft/yr Kotlik -2.3 1.0 -0.7 0.3 WLR VL 1951-2015
(0.3 m/yr) Nome -2.3 0.3 -0.7 0.1 EPR HWL/LWI  1951-2015
St. Michael -2.3 0.3 -0.7 0.1 EPR HWL/LWI  1951-2015

South Naknek -2.0 0.7 -0.6 0.2 WLR VL 1951-2018

Goodnews Bay -16 0.7 -0.5 0.2 WLR HWL/LWI  1957-2016

Ekuk -16 0.3 -0.5 0.1 EPR VL 1951-2018

Stebbins -16 0.3 -0.5 0.1 EPR HWL/LWI  1951-2015

Tununak -1.3 0.1 -0.4 0.0 EPR VL 1955-2015

Kivalina -1.3 0.3 -0.4 0.1 EPR HWL/LWI  1952-2016

Deering -1.0 1.0 -0.3 0.3 0.3 HWL/LWI  1978-2016

Shaktoolik -1.0 0.1 -0.3 0.0 0.0 HWL/LWI  1950-2015

<LOftlyr g Mission -0.7 03 202 01 01 HWLAWI  1950-2015
) g 0.7 0.1 0.2 0.0 0.0 HWL/LWI  1951-2015

Togiak -0.3 13 -0.1 0.4 0.4 VL 1953-2018
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ments of vulnerability that are needed to prioritize
different structures within a community that may
be more or less at risk. Vulnerability is also not static;
it changes through time as a community grows or
declines in population, builds new infrastructure,
takes measures to mitigate erosion, or even shifts
cultural values. This is why remapping communities
at regular intervals is necessary for short- and long-
term decision making. The time interval between
mapping efforts depends on the rate of erosion and
the coastal processes driving erosion. For rapidly
eroding coastlines, annual remapping or continuous
localized monitoring may be necessary to manage
the impacts of erosion. However, for more stable
coastlines, remapping may not be necessary for years
or decades at a time. For coastlines impacted by
storm surge flooding, remapping may be necessary
after storm events.

The interrelated social, environmental, and
cultural issues surrounding erosion also call for inter-
disciplinary advancements in the general under-
standing of vulnerability. This is particularly relevant
in Alaska, where subsistence hunting and gathering
activities are central to culture and survival for Indig-
enous people (GAO, 2009). More work is needed
to determine what vulnerability means to Alaska
communities, and a vital and feasible first step is

ShoreZone
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inundated
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measuring historical shoreline change.

Since there are so many communities in Alaska
facing erosion hazards, and since communities look
primarily to state and federal resources to address
erosion issues, there is a need for understanding
vulnerability at each community consistently for
the entire state. In the absence of measured shore-
line change information, previous reporting (GAO,
2003; GAO, 2009; USACE 2009; UAF and
others, 2019) has underreported erosion threats at
certain communities with very high erosion rates.
The results of this report will help identify addi-
tional communities at risk to erosion that were not
previously identified. However, this report does not
provide a full assessment of vulnerability because
the risk has not yet been associated with infrastruc-
ture or community values. This report encompasses
only 48 communities, whereas previous studies
found 187 communities vulnerable to erosion
(GAO, 2009). Improvements in collecting baseline
data are necessary at the remaining communities in
order to compute shoreline or river change rates.

Regional Processes and Coastal
Management

Alaska is so diverse in geology, ecology, culture,
and governance along its coastline that, inevitably,
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coastal processes and management strategies have
also varied. Different zones of the coastline have
been grouped here (i.e., North Slope, Northwest
Arctic, Bering Strait, Yukon—Kuskokwim Delta,
Bristol Bay, and Alaska Peninsula; fig. 5) to aid in
discussion regarding the drivers of shoreline change
and the responses to erosion.

Across all regions of Alaska the coastline is
very diverse, ranging from micro- to macrotidal,
and including areas of inundated tundra, vegetated
peat, mudflats, lagoons fronted by barrier islands,
inlets, bays, beaches, bluffs, or cliffs (Gorokhovich
and Leiserowiz, 2012; ShoreZone, 2019; fig. 5).
The coast is composed of materials ranging from
ice to organics to mud, sand, gravel, or rock (Shore-
Zone, 2019; fig. 5). Northern and western Alaska
are on passive tectonic margins, which results in
low relief compared to the mountainous active
margins of the Aleutians, southcentral Alaska, and
southeast Alaska. Northern and western Alaska
also experience relative sea level stability compared
to sea level decline or rise in other regions (Sweet
and others, 2017). The Alaska coastline has regions
with similar morphology to most other U.S. coast-
lines—for example, volcanic islands of the Aleu-
tians similar to Hawaii, lithified coastal bluffs in
Bristol Bay and on the Kenai Peninsula similar
to California, sandy barrier islands on the North
Slope similar to the Outer Banks of North Caro-
lina, and rocky cliffs in southeast Alaska similar
to Maine. Alaska is different, however, in that the
coastline is affected by periglacial processes and in
many regions composed of permafrost. In general,
permafrost is coldest and most continuous along the
North Slope and in northwest Alaska, and becomes
more discontinuous, with temperatures closer to
the freezing point (i.e., 32°F, or 0°C), moving south
toward the Yukon—Kuskokwim Delta and Bristol
Bay (Jorgenson and others, 2008). Sea ice forms
in the Beaufort, Chukchi, and Bering seas each fall
and winter. The sea ice extent moves south as air
temperatures drop, extending out to the Pribilof
Islands in the middle of the Bering Sea and along
the coast to Bristol Bay (in some years); the sea

ice then recedes back north through spring and
summer, opening up the coast to water and waves
all along the North Slope. Since the coast of Alaska
formed under periglacial processes, major changes
to ocean and air temperatures that result in less sea
ice and thawed permafrost—because of climate
change—could also impact coastal morphology.

North Slope

Most academic and government research
regarding coastal erosion in Alaska has been
focused on Alaska’s North Slope and the Canadian
Arctic, with studies of the mechanics and drivers
of erosion of ice-rich coastal bluff failure through
block collapse (e.g., Barnhart and others, 2014;
Barnhart, Overeem, and Anderson, 2014; Jones
and others, 2008, 2009, 2013, 2018; Mars and
Houseknecht, 2007; Thomas and others, 2020;
Wobus and others, 2011). Although there are
regions along the North Slope coast where erosion
is occurring faster than in most other parts of the
world due to block collapse of permafrost coast-
lines (Gibbs and Richmond, 2015), those regions
are primarily uninhabited or host infrastructure
operated by oil industry rather than communities.
Although block collapse of coastal permafrost does
occur near the outer margins of some community
infrastructure, the five communities that do reside
along the North Slope coast of Alaska are also
fronted by gravel and sand spits or barrier islands.
In addition to permafrost degradation, North
Slope communities are vulnerable to erosion due
to coastal storms that occur during ice-free ocean
conditions (fig. 6). Coastal storms on the North
Slope develop in the Arctic, the magnitude of
storm surge and waves depends on the extent of the
northern sea ice edge throughout summer and fall,
which controls the span of open water (i.e., fetch)
that storms are able to develop over.

The North Slope Borough actively manages
erosion at the North Slope community hub,
Utqiagvik, through management of a sand berm
that is built up before and during high water and
wave events. Although these might be considered
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Figure 6. Erosion of ice-rich coastal bluffs at Utgiagvik during a coastal storm. Photo taken August 2019. Sandbags have

been placed at the base of the coastal bluff to mitigate erosion.

“small-scale” storm events (e.g., wind and surge
that might not reach hurricane or Nor’easter cate-
gorization levels), they can still result in flooding
and erosion at the community. A rock revetment
was built along 500 ft (153 m) of shoreline at
the community of Wainwright in 2013 to halt
erosion in front of approximately 25 percent of the
community’s critical infrastructure on the coast;
however, the remainder of the coastline is still at
risk to erosion (Umiaq and Olgoonik Develop-
ment, LLC, 2014). The airport at Point Hope is
currently undergoing re-alignment to avoid erosion
of the end of the runway (Department of Transpor-
tation & Public Facilities [DOT&PF], 2019). The
remaining communities on the North Slope coast
(Point Lay and Kaktovik) have much of their infra-
structure far enough away from eroding shorelines
that mitigation measures have not yet taken place,
but such measures may be necessary in the future.

Northwest Arctic and Bering Strait

Moving south through northwest Alaska and
the Bering Strait region, many coastal commu-
nities have been built on mixed sand and gravel
spits and barrier islands, making them vulnerable

to erosion from coastal storms (for example, fig.
7, which shows sediment deposited in front of
the Kivalina rock revetment after construction).
Coastal storms (extratropical cyclones) develop
either over the Russia mainland and build energy
over the Bering Sea, or over the northwest Arctic
and build over the Chukchi Sea. Coastal storms
typically track up the coast (from south to north)
but can also directly impact from the west. As
storms move toward the coast, storm surge builds.
In the comparatively narrow embayments of
Norton Sound and Kotzebue Sound, storm surge
is enhanced, resulting in higher storm elevations at
the heads of the sounds. Although erosion during a
single coastal storm can be alarming, the long-term
trends of shoreline change for most communities
in the northwest and Bering Strait region are stable
to slowly erosional.

Coastal communities in this region have
conducted erosion mitigation primarily through
building (or emplacing) structural solutions to
erosion, flooding, or a combination of both, which
has resulted in stabilized shorelines. Coastal protec-
tion structures, such as rock or concrete revetments,
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Figure 7. Oblique photograph of the rock revetment at Kivalina, taken July 2012 (ShoreZone, 2019).

can effectively reduce the rate of erosion over the
section of coast on which they are built. This is the
case at Shishmaref, where historical erosion of the
barrier island was very rapid. However, in recent
years, portions of the island have been protected by
multiple rock revetments (fig. 8). Although erosion
along the rock revetments was effectively mitigated
after construction, these large structures are cost
prohibitive; as a result, the revetments do not extend
along the entire length of the island, meaning rapid
erosion still occurs south of the revetments at the
community’s airport, landfill, frontage road, and
subsistence sites (fig. 9). Hardening the shoreline
can also have negative impacts on adjacent areas
that may become sediment starved because of the
loss of sediment from the previously eroding coast-
line, or where edge effects result in greater focus of
wave energy on the ends of the hardened structure,
resulting in erosion on either side of a revetment
(Griggs, 2005). Any shoreline revetment built to
halt erosion will eventually result in the loss of
access to the beach and, over time, the erosion of

Figure 8. Shishmaref rock revetments. Photo taken August
2017.

the beach fronting the revetment (Griggs, 2005;
Mangor and others, 2017).

Rock revetments utilize large boulder-sized
rocks, which can be displaced by waves and rock
scour during large storm events and thus require
investments in maintenance if they are to protect in
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Figure 9. Erosion south of the rock revetments at Shishmaref between August 2012 and August 2017, as well as after a storm
in November 2017 (photo provided by the Native Village of Shishmaref), with a stationary snow fence for spatial reference.

Figure 10. Oblique photograph of a portion of the rock
revetment at Unalakleet, taken July 2015 (ShoreZone, 2019).

the long term. Rock revetments or rubble mounds
were placed at Kivalina, Unalakleet, and St. Michael
to mitigate erosion (figs. 7, 10, 11). The commu-
nity of Deering is located on a sand spit in Kotzebue
Sound, and for the most part is fronted by an inter-
locking concrete revetment. In recent years, however,
the revetment has been undermined by coastal storm
activity (fig. 12). Without investments to maintain
and repair infrastructure, such rock revetments,
rubble mounds, and concrete revetments eventually
become at risk to erosion again.

Figure 11. Oblique photograph of rock mound at St. Michael,
taken July 2015 (ShoreZone, 2019).

Figure 12. Erosion control structure at Deering, which was
undermined and damaged by storm surges. Photo taken
July 2018.
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Figure 13. Unconsolidated gravel berm (used as a road) in front of the tank farm in Shaktoolik. Photo taken after a storm in

August 2019 eroded the berm.

The community of Shaktoolik is located on a
mixed sand-gravel spit at the head of Norton Sound.
In 2015, the community began construction of an
unconsolidated gravel berm because of its low cost
compared to that of a rock revetment; however,
gravel is more easily eroded. A storm in August 2019
impacted both Shaktoolik and nearby Unalakleet,
causing no damage in Unalakleet but significantly
eroding ShaktooliK’s gravel berm (fig. 13).

Yukon—-Kuskokwim Delta
The Yukon—Kuskokwim Delta of Alaska has

huge expanses of low-elevation deltaic deposits
that are discontinuously frozen with areas of high
ice content (Jorgenson and Ely, 2001; Jorgenson

Figure 14. River bank at Alakanuk, where erosion has
already undermined a road and other infrastructure. Photo
taken August 2014 (ShoreZone, 2019).

and others, 2008; Jorgenson and others, 2018;
Whitley and others, 2018). Communities primarily
have infrastructure located directly on the banks of
rivers and eroding coastline, making any amount of
erosion a threat to infrastructure (for example, at
Alakanuk; fig. 14). The low elevation of the Yukon—
Kuskokwim Delta makes communities that are
settled even very far inland (20-23 miles) suscep-
tible to coastal flooding and erosion from storm
surge (Terenzi and others, 2014), events that have
the potential to further degrade permafrost through
the salinization and thawing of flooded areas (for
example, at Kwigillingok; fig. 15). The combina-
tion of low-elevation land and thaw-susceptible

Figure 15. Erosion near the airstrip at Kwigillingok, which
is also susceptible to permafrost degradation and flooding,
which may lead to usteq. Photo taken June 2017.
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soils makes this region of Alaska particularly vulner-
able to the combined impacts of flooding, erosion,
and permafrost degradation. “Usteq” is the Yup'ik
term for land collapse that involves the complex
interactions of flooding, erosion, and permafrost
degradation, which when combined can be disas-
trous (DHSEM, 2018). Usteq at the community
of Kwigillingok has resulted in vast environmental
changes across the landscape of the community.
The combination of floods and thawing permafrost
has resulted in lakes draining and rerouting across
the community and near infrastructure, changing
entire drainage systems. Due to the complex nature
of these changes, the effects from usteq at Kwig-
illingok were not easily tracked through the shore-
line change analysis conducted as part of this report.

Newtok, Alaska, had the highest measured
rates of erosion in the state. Erosion at Newtok is
two-fold: the community is located on a cutbank
of the tidally influenced Ninglick River, where the
channel has migrated very rapidly (fig. 16); and this
portion of the Ninglick River is subject to waves
that develop over the long fetch of the river’s width,
as well as storm surge from coastal storms. Erosion
has the potential to impact community infrastruc-
ture including residences, steam houses, storage
structures, the only water supply, and the high
school and elementary school—all of which front
the eroding river bank (Native Village of Newtok

and others, 2015). After 25 years of coordinated
relocation efforts (from 1994 to 2019), Newtok
relocated 30 percent of their population to a new
community site (DCRA, 2019b); efforts are still
underway to relocate the remaining 70 percent of
the population.

The Yukon—Kuskokwim Delta has the highest
population density of northern and western Alaska
(Department of Labor and Workforce Development
[DLWD], 2010). Many residences and critical facili-
ties are at risk to imminent erosion; however, very few
erosion control structures have been constructed to
mitigate erosion to date. Limited construction could
be due to lack of available rock in the region. The
most successful strategy has been to move structures
one building at a time through local efforts (e.g.,
Native Village of Kwigillingok and URS Corpora-
tion, 2015). Local capacity to move structures can
be dependent on access to heavy equipment, as well
as on funds for fuel and skilled labor. Consequently,
most of these deltaic communities are now more at
risk than the communities that remain higher up on
statewide rankings (UAF and others, 2019), such
as those that have had rock revetments built since
their original assessment. For example, Nunam Iqua
is relocating, abandoning, and demolishing coastal
infrastructure in response to the encroaching shore-
line (6.9 + 1.3 ft per year [2.1 + 0.4 m per year];
fig. 17). These erosion impacts were noted but not

Figure 16. Oblique photograph of Newtok taken August
2014 (ShoreZone, 2019). Since then, erosion has begun to
undermine the residential buildings nearest the river bank.

Figure 17. Erosion at Nunam Iqua near power poles and
community water source intake pipe. Photo taken August
2019.
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emphasized in hazard mitigation plans or economic
development plans (Nunam Iqua Advisory Plan-
ning Board, 2017), and as a result, UAF and others
(2019) ranked the community far lower than many
places where almost no infrastructure is at imminent
risk of erosion.

At communities where mitigation structures
have been built, very limited investments have
been made to maintain them. For example, in the
1980s, a concrete interlocking block revetment was
installed at the community of Kotlik on the Yukon
River. Though the structure reduced erosion rates, it
is now in disrepair and beyond its original lifespan.
The river banks are currently eroding, and some
structures are now overhanging the river (fig. 18).
Similarly, the community of Tununak is located on
a mixed sand-gravel spit on Nelson Island, where

erosion is mitigated by a gabion basket revetment
along the entire spit, but sections are in need of

repair after significant storm damage (fig. 19).

Figure 18. Building overhanging river bank at Kotlik. Photo
taken June 2017. Concrete blocks from dilapidated NRCS
erosion-control structure piled along river bank.

Figure 19. Gabion basket revetment at Tununak, August 2019.



20 Report of Investigation 2020-10

Bristol Bay and Alaska Peninsula

Most communities in Bristol Bay are perched
on tall (>20-ft-high) coastal bluffs as a result of the
large tide range (macrotidal; fig. 20) and/or their
proximity to river mouths. Bristol Bay communi-
ties are commonly centered around commercial
salmon fishing sites and fish canneries that were first
established in the early 1900s (Wright and others,
1985). Although Jorgenson and others (2008) show
no permafrost in Bristol Bay, recent geotechnical
surveys presented at the 2019 Alaska Forum on
the Environment showed permafrost underlying a
wastewater treatment facility in Naknek. Additional
research is needed to understand where permafrost is
around Bristol Bay and how permafrost might influ-
ence erosion. The tall and exposed nature of the bluffs
makes them vulnerable to groundwater seepage,
overland runoff, and slumping. Coastal bluffs are
fronted by mixed sand-gravel beaches, but the bluffs
themselves are primarily composed of consolidated
and/or clay-rich materials that are more resistant to
wave impacts, compared to sandy beaches. During

coastal storms, materials that slumped or were trans-
ported to the beach from the bluffs are eroded by
waves (fig. 21). Waves can also cut niches at the base
of the bluffs, which destabilizes the material above,
resulting in new slumps.

Communities located at river mouths in Bristol
Bay are subject to erosion from coastal and riverine
processes. In Dillingham, for example, the commu-
nity wastewater lagoon, located at the confluence of
the Wood and Nushagak rivers, is at risk to erosion.
Recent community-based monitoring of erosion has
shown coastal storms inundate and kill vegetation
fronting the lagoon; without this vegetation, regular
changes in water levels and waves have eroded the
bank as much as 9 ft (2.7 m) after a single storm event.

On the Alaska Peninsula in Bristol Bay, the
coastline is predominantly covered by volcanic mate-
rials from activity of the Aleutian Arc. The commu-
nity of Port Heiden is located on pumice-rich coastal
bluffs. The unconsolidated material is highly erod-
ible, even single storm events can result in up to 38

Figure 20. Erosion of coastal bluffs at Naknek. Photo taken May 2017.
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ft (11.6 m) of erosion (Buzard and others, 2018;
Kinsman and Gould, 2014). Although the commu-
nity relocated most infrastructure in the 1980’s,
some buildings, pipes, and foundations eroded onto
the beach and into Bristol Bay (Alaska Native Tribal
Health Consortium [ANTHC], 2018). In 2019,
Goldfish Lake, a large lake used for subsistence
activities, was breached and partially drained (fig.
22). This resulted in the loss of a main road that
provided access to the old village of Meshik, a safe

boat launching site, and subsistence resources.

Figure 21. Coastal bluffs at Dillingham. Photos
taken August 2016.

Regional Summary

These cases demonstrate how the age and
unreliability of erosion control structures used in
Alaska could result in higher erosion rates in the
future, compared to the long-term rates presented
in this report. Although erosion rates at commu-
nities with rock or concrete revetments are lower
compared to other communities, community
infrastructure is currently so close to the shoreline
that even minor amounts of erosion—or failure of
erosion control structures—could result in disaster.
Thus, a slow erosion rate does not necessarily indi-
cate low erosion vulnerability.

Although many communities in northern
and western Alaska are taking mitigation actions to
reduce the threat of erosion, it is yet to be seen how
climate change may impact the drivers of shoreline
change. Due to the lack of oceanographic and terres-
trial instrumentation to monitor environmental
changes at communities, all regions of Alaska still
require a great deal of study in order to better under-
stand the relevant coastal processes and to project
future changes of shoreline positions.

Figure 22. Erosion and subsequent drainage of Goldfish Lake at Port Heiden. Photo taken November 2019 by the Native
Village of Port Heiden.
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Climate Change

Erosion rates determined by this study were
derived from historical data from the 1950s to
2019. Today, Alaska is undergoing unprecedented
environmental changes that may accelerate erosion
rates moving forward, including but not limited to
the following:

o Relative sea level change (e.g., Sweet and others,
2017),

e Sea ice decline leading to increased fetch and
an opening up of coastal waters to wind and
wave activity (e.g., Farquharson and others,
2018; Overeem and others, 2011; Steele and
Dickinson, 2016),

o Changing patterns in coastal storms (e.g., Fang
and others, 2018; Vermaire and others, 2013),

e Changing ocean currents (e.g., Armitage and
others, 2020),

e Increased air and ocean temperatures thawing
coastal permafrost (e.g., Jones and others,
2018; Smith and others, 2010), and

e Increased precipitation and groundwater runoff
eroding coastal bluffs and thawing permafrost

(Intergovernmental Panel on Climate Change

[IPCC], 2014; Thoman and Walsh, 2019).

Although there are many recognized envi-
ronmental changes (listed above), their impacts
on shoreline change near communities and coastal
infrastructure are not well established. The Arctic
is warming faster than the global average (IPCC,
2014). Sea ice has declined steadily (Perovich and
others, 2017), which increases open water days
and ocean wave activity, which in turn can impact
shorelines at a higher frequency (Fang and others,
2018; Vermaire and others, 2013). Increases in
air and water temperature (Overland and others,
2017; Steele and Dickinson, 2016) are expected to
degrade Arctic permafrost (Jones and others, 2018;

Smith and others, 2010). Changes in the amount,
timing, and occurring temperature of precipitation
will mean not only changes in discharge at riverine
communities (IPCC, 2014), but also changes to
erosion from the terrestrial environment at bluffs
and along coastal rivers. Relative sea level change
will also play a role in shoreline change in Alaska.
For northern and western Alaska, current rates
of relative sea level change are stable (Sweet and
others, 2017). However, when sea level is modeled
for future global scenarios, relative sea level could
increase from 1 to 10 ft (0.3 to 3 m) across northern
and western Alaska by 2100 (from intermediate to
extreme scenarios; Sweet and others, 2017). The
wide range of uncertainty in modeled projections
is the result of a lack of accurate water level moni-
toring stations and continually operating reference
stations in the region (Overbeck, 2018).

The way the coast responds to changing
environmental conditions will also depend on
the existing shoreline morphology and under-
lying framework geology, which differ vastly across
the state. Future scenarios for planning should
consider the possible changes in erosion rates due
to a changing climate, but the amount of uncer-
tainty associated with climate models should also
be reflected so as not to alarm communities subject
to coastal erosion where uncertainty in climate
scenarios is high.

Community-Centered Hazard
Mapping

Kettle and others (2019) recently found that
the products of most Western science and hazard
research do not meet the needs of small-commu-
nity planners in Alaska (participants of surveys were
from mostly tribal councils, villages, and communi-
ties, with a 26 percent response rate). Science prod-
ucts lack the detail necessary for community-level
planning, and are often presented in a format
that is difficult to understand (Kettle and others,
2019). For example, Macander and others (2014)
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utilized low-resolution satellite imagery to measure
shoreline change in western Alaska; however, the
resultant product provided one value of erosion or
accretion for any given community. Luijendijk and
others (2018) utilized higher resolution satellite
imagery to conduct an analysis similar to Macander
and others (2014); however, their analysis did not
extend to all coastal communities, abruptly stop-
ping (likely where data were no longer available) in
the northern Arctic, and excluded communities of
inland coastal rivers. Although the data used for the
analysis were higher in resolution, Luijendijk and
others (2018) did not compute shoreline change
rates at enough transects along the coastline for the
final map tool to provide enough information for
community-level planning.

The maps associated with this report do fulfill
the needs for coastal planning and engineering
feasibility assessments in Alaska communities,
based on the quality of the baseline data used for
the assessment (high-resolution—1 to 3 ft [0.3 to
1 m] ground sample distance and spatially accu-
rate—shoreline change rate uncertainty below 44
percent of the maximum rate of erosion for shore-
lines eroding greater than 1 ft per year [0.3 m per
year]), the frequency at which shorelines were
measured along the coast (every 82 ft [25 m]), and
the output format. The maps were developed as
“small map templates” using 8.5 x 11-inch format
and are meant to be printed with small printers,
which are typically the only printing source for
community tribal and city offices. Each map sheet
is specific to the community footprint and shows
enough detail to determine, from one building
to the next, how at risk that portion of the shore-
line is. Maps also include one map layer of data
to simplify what the user sees. Although the map
sheets are an improvement over what is currently
available, there are still many ways in which they
could be enhanced for planning by Alaska commu-
nities; DGGS will pursue such enhancements in
future versions of shoreline change maps.

Many of Alaskas coastal communities have
very small populations (dozens to a few thousand
people) and lack the technical expertise and staffing
capacity to respond to erosion near infrastruc-
ture (e.g., to apply for and track progress of grant
applications to multiple state and federal agencies
to mitigate erosion; [GAO, 2003; GAO, 2009]).
With that in mind, agencies that have a fiscal obli-
gation to assist communities vulnerable to erosion
can utilize the shoreline change rates created in this
report to update analyses that can lead to commu-
nity prioritizations (e.g., GAO, 2003; GAO, 2009;
UAF and others, 2019). The individual community
maps show the level of detail necessary to determine
which structures are vulnerable to erosion and may
need to be moved to avoid damage, thus making the
maps a critical tool for the planning and implemen-
tation phases of hazard mitigation. The community
should play a key role in developing the evaluation
criteria. An example of this process was provided
in the Shishmaref Relocation Site Feasibility Study
(AECOM Technical Services, 2016), where protec-
tion-in-place and relocation alternatives were eval-
uated against criteria for the physical environment,
construction and utilities factors, social and access
factors, and cost implications.

Many of Alaska’s coastal communities are
primarily home to Indigenous people, who rely on
Indigenous knowledge to interact with and make
decisions about their changing environment:

“Indigenous knowledge is a systematic way
of thinking applied to phenomena across biolog-
ical, physical, cultural and spiritual systems.

It includes insights based on evidence acquired
through direct and long-term experiences and
extensive and multigenerational observa-

tions, lessons and skills. It has developed over
millennia and is still developing in a living
process, including knowledge acquired today
and in the future, and it is passed on from
generation to generation.” (Inuit Circumpolar
Council, 2013)
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Alaska’s Indigenous knowledge holders have a
deep understanding of the changes occurring in the
environment; however, many challenges remain in
using multiple knowledge frameworks to respond to
and mitigate coastal hazards. The framework for the
co-production of knowledge is predicated on equity
between Indigenous and non-Indigenous knowledge
holders in defining a problem, identifying ques-
tions, developing methods, gathering information,
analyzing information, communicating, reviewing
results, accessing and controlling information, and
reciprocity (Behe and others, 2020).

This report does not solve all of the problems,
including the integration of Indigenous knowledge
(through co-production) or the comparison of
shorelines to the location of infrastructure in order
to determine vulnerability (the next phase of this
work); nor does it take into account how climate
change may influence future shoreline change rates.
However, these maps do provide a transparent,
consistent, and quantitative assessment of shoreline
change at a scale necessary for community plan-
ning, which has not been available to date. Progress
in developing baseline datasets and mapping shore-
lines has made it possible to create such maps for
44 communities in northern and western Alaska.

CONCLUSIONS

This report is the first consistent and quan-
titative assessment of erosion for Alaska commu-
nities to date. State and federal agency coordina-
tion was critical to develop the quality baseline
data necessary to conduct community shoreline
change assessments. This assessment found that
57 percent of coastal communities in northern
and western Alaska have experienced erosion

greater than 3.3 ft per year (1 m per year) over the
last 60 years. Throughout the different regions of
Alaska, communities have responded to erosion
in different ways, whether through building rock
or concrete revetments, using gravel berms, or
moving individual structures away from eroding
banks. Although many communities are threat-
ened by erosion, each community has a different
level of vulnerability that could not be deter-
mined through this work alone. Community-cen-
tered maps were created to display the geographic
extent of erosion rates for the purpose of commu-
nity planning; however, we were unable to use the
co-production of knowledge to create them. In
the future, erosion rates in Alaska are expected to
be impacted by coastal management practices of
maintaining or building new coastal structures as
well as by changes to the environment resulting
from climate change.
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APPENDIX: SHORELINE POSITION AND
AERIAL ORTHOIMAGERY UNCERTAINTIES

Table Al. Shoreline uncertainty values that remained constant for all communities analyzed here.

Date U, (m) U, (m) Up (m) U, (m)
1950’s See below 0.17 1.00 See below
1980’s See below 0.17 1.70 See below
2015-16 See below 0.035 0.20 See below
2018 See below Not Available 0.20 See below
2019 See below 0.035 0.075 See below
Table A2. Shoreline uncertainty values computed for specific communities.
RMSE_ (Ortho- RMSE, (Ortho-
rectification rectification Shoreline Shoreline
error of error of Shoreline Shoreline Position Position
Imagery imagery, U ) imagery, U ) Digitizer Error  Digitizer Error Accuracy U, Accuracy U,
Community Date (m) (ft) U, (fm) U, (ft) (m) (ft)
7/21/1951 0.98 3.22 0.29 0.95 1.44 4.72
7/23/1980 0.95 3.12 0.29 0.95 1.98 6.50
Alakanuk
8/23/2006 0.98 3.22 0.29 0.95 1.06 3.48
8/31/2015 0.46 151 1.55 5.09 1.63 5.35
9/21/1950 1.32 4.33 1.55 5.09 2.27 7.45
Brevig 8/1/1985 3.25 10.66 1.55 5.09 3.98 13.06
Mission 6/13/2004 1.58 5.18 0.29 0.95 171 561
8/28/2015 0.12 0.39 1.55 5.09 1.57 5.15
9/20/1952 251 8.24 0.29 0.95 2.72 8.92
8/30/1984 4.84 15.88 0.29 0.95 5.14 16.86
Chefornak
10/2/2004 0.55 1.80 0.29 0.95 0.86 2.82
9/6/2015 0.03 0.08 1.55 5.09 1.56 5.12
6/11/1951 2.74 8.99 0.34 1.12 3.32 10.90
Clark’s Point ~ 7/16/1980 4.34 14.24 0.34 1.12 2.88 9.45
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
_ 7/1/1978 Not Available Not Available Not Available Not Available 10.4 34.1
Peering 8/31/2016 Not Available Not Available Not Available Not Available 25 10.2
8/20/1952 2.25 7.39 0.34 1.12 2.49 8.16
Dillingham 7/16/1980 3.69 12.11 0.34 1.12 4.04 13.24
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
7/24/1953 6.86 22.51 0.29 0.95 6.94 22.77
7/17/1980 1.73 5.68 0.29 0.95 2.39 7.84
ek 6/16/2004 1.52 4.99 0.29 0.95 1.66 5.45
8/21/2015 0.07 0.22 1.55 5.09 1.56 5.12
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Table A2, continued. Shoreline uncertainty values computed for specific communities.

RMSE_(Ortho- RMSE_ (Ortho-

rectification rectification Shoreline Shoreline
error of error of Shoreline Shoreline Position Position
Imagery imagery, U ) imagery, U ) Digitizer Error  Digitizer Error Accuracy U, Accuracy U,
Community Date (m) (ft) U, (fm) U, (ft) (m) (ft)
6/25/1951 0.89 293 0.34 1.12 1.38 453
Egegik 8/27/1983 1.11 3.63 0.34 1.12 1.98 6.50
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
6/11/1951 3.63 11.91 0.34 1.12 3.78 12.40
Ekuk 7/16/1980 2.89 9.48 0.34 1.12 3.32 10.90
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
6/25/1951 1.53 5.02 1.55 5.09 2.40 7.87
) 7/24/1980 0.88 2.89 1.55 5.09 2.47 8.10
Him 6/11/2004 0.75 2.46 0.29 0.95 0.86 2.82
8/5/2015 0.23 0.75 1.55 5.09 1.58 5.18
6/14/1950 1.20 3.94 0.21 0.69 1.58 5.18
7/23/1980 1.63 5.35 0.21 0.69 2.07 6.79
Emmonak 8/1/2006 0.80 2.62 0.21 0.69 1.02 3.35
8/31/2015 0.00 0.00 0.21 0.69 0.27 0.89
10/15/2016 0.00 0.00 0.21 0.69 0.54 1.77
6/24/1951 3.14 10.30 1.55 5.09 3.64 11.94
7/10/1980 1.04 341 1.55 5.09 2.53 8.30
Golovin 6/6/2004 0.33 1.08 0.29 0.95 0.69 2.26
8/23/2015 0.26 0.85 0.29 0.95 0.44 1.44
8/24/2019 0.07 0.24 0.29 0.95 0.30 0.98
6/4/1957 1.53 5.02 0.29 0.95 1.86 6.10
Goodnews 8/19/1983 2.01 6.59 0.29 0.95 2.65 8.69
Bay 6/6/2005 089 292 0.29 0.95 111 364
5/5/2016 0.21 0.69 0.29 0.95 0.41 1.35
7/21/1951 2.28 7.48 0.29 0.95 251 8.24
Hooper Bay  7/5/2007 1.36 4.46 0.29 0.95 1.52 4.99
8/13/2015 0.54 1.77 1.55 5.09 1.65 541
7/29/1947 11.00 36.09 Not Available Not Available 16.00 52.50
8/29/2003 3.70 12.14 Not Available Not Available 6.00 19.69
Kaktovik
7/13/2013 0.70 2.30 0.29 0.95 0.97 3.18
9/9/2019 0.04 0.12 0.29 0.95 0.30 0.99
9/20/1952 1.10 361 1.55 5.09 2.15 7.05
7/17/1980 3.54 11.61 0.29 0.95 3.94 12.93
Kipnuk
10/2/2004 1.32 4.33 0.29 0.95 1.48 4.86

9/19/2015 0.03 0.08 0.29 0.95 0.35 1.15
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Table A2, continued. Shoreline uncertainty values computed for specific communities.

RMSE_(Ortho- RMSE_ (Ortho-
rectification rectification Shoreline Shoreline
error of error of Shoreline Shoreline Position Position
Imagery imagery, U ) imagery, U ) Digitizer Error  Digitizer Error Accuracy U, Accuracy U,
Community Date (m) (ft) U, (fm) U, (ft) (m) (ft)
7/20/1952 Not available Not available Not available Not available 2.3 7.5
7/30/1980 Not available Not available Not available Not available 2.2 7.2
Kivalina
9/19/2003 Not available Not available Not available Not available 1.7 5.6
8/29/2016 Not available Not available Not available Not available 3.8 125
6/17/1952 1.44 4.72 0.29 0.95 1.79 5.87
7/17/1980 2.04 6.69 0.29 0.95 2.68 8.79
Kongiganak
9/17/2004 1.47 4.82 0.29 0.95 161 5.28
8/12/2015 0.07 0.22 0.29 0.95 0.36 1.18
6/14/1951 1.77 5.81 0.29 0.95 2.06 6.76
Kotlik 8/31/2006 0.79 2.59 0.29 0.95 1.03 3.38
8/22/2015 0.46 151 0.29 0.95 0.58 1.90
7/1/1950 Not available Not available Not available Not available 15.7 51.5
6/1/1951 Not available Not available Not available Not available 15.7 51.5
Kotzebue
7/1/1978 Not available Not available Not available Not available 10.4 34.1
9/1/2016 Not available Not available Not available Not available 3.1 10.2
9/21/1950 1.86 6.10 1.55 5.09 2.62 8.60
7/24/1980 2.31 7.58 1.55 5.09 3.26 10.70
Koyuk
6/24/2004 0.71 2.33 0.29 0.95 0.97 3.18
8/5/2015 0.23 0.75 0.29 0.95 0.42 1.38
6/20/1953 2.04 6.69 0.29 0.95 2.30 7.55
7/17/1980 1.83 6.00 0.29 0.95 2.52 8.27
Kwigillingok
9/17/2004 0.53 1.74 0.29 0.95 0.85 2.79
8/21/2015 0.07 0.22 0.29 0.95 0.36 1.18
8/2/1951 1.97 6.48 0.34 1.12 2.24 7.35
8/4/1982 3.52 1155 0.34 1.12 3.88 12.73
Levelock
6/17/2002 1.37 450 0.34 1.12 1.73 5.68
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
7/18/1951 1.54 5.06 0.34 1.12 1.87 6.14
Naknek 7/16/1980 451 14.80 0.34 1.12 4.80 15.75
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
6/17/1952 3.68 12.07 0.49 161 3.88 12.73
Napakiak 7/20/1980 3.36 11.02 0.49 161 4.57 14.99
5/4/2016 0.22 0.72 0.49 161 0.57 1.87
7/21/1951 1.77 5.81 0.29 0.95 2.06 6.76
Newtok 6/6/2005 0.70 2.30 0.29 0.95 0.97 3.18
9/1/2015 0.18 0.57 0.29 0.95 0.40 1.31
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Table A2, continued. Shoreline uncertainty values computed for specific communities.

RMSE, (Ortho- RMSE_ (Ortho-
rectification rectification Shoreline Shoreline
error of error of Shoreline Shoreline Position Position
Imagery imagery, U ) imagery, U ) Digitizer Error  Digitizer Error Accuracy U, Accuracy U,
Community Date (m) (ft) U, (fm) U, (ft) (m) (ft)
6/23/1951 2.27 7.45 1.55 5.09 2.93 9.61
Nome 8/2/1985 2.36 7.74 1.55 5.09 3.30 10.83
8/23/2015 0.26 0.86 0.29 0.95 0.44 1.44
7/22/1951 2.20 7.22 0.29 0.95 2.44 8.01
7/23/1980 1.77 5.81 0.29 0.95 2.48 8.14
Nunam Iqua
9/1/2006 0.63 2.07 0.29 0.95 0.92 3.02
8/14/2015 0.53 1.74 0.29 0.95 0.64 2.10
7/1/1950 Not available Not available Not available Not available 15.7 51.5
6/24/1978 Not available Not available Not available Not available 10.4 34.1
Point Hope
8/29/2016 Not available Not available Not available Not available 3.8 125
8/17/2019 0.029 0.10 0.29 0.95 0.67 2.2
7/1/1949 10.00 3281 Not available Not available 15.70 51.51
Point Lay 7/16/1982 10.00 3281 Not available Not available 10.40 34.12
9/3/2016 0.30 0.98 0.29 0.95 2.10 6.89
6/24/1957 2.87 9.42 Not available Not available 3.95 12.96
8/20/1963 3.17 10.40 Not available Not available 4.38 14.37
6/22/1973 1.63 5.35 Not available Not available 3.61 11.84
8/26/1983 2.12 6.96 Not available Not available 4.07 13.35
Port Heiden
6/17/2002 2.10 6.89 Not available Not available 2.61 8.56
6/26/2009 2.64 8.66 Not available Not available 3.16 10.37
5/1/2011 2.46 8.07 Not available Not available 8.13 26.67
6/17/2013 1.04 3.41 Not available Not available 2.01 6.59
6/20/1952 6.86 22.51 0.29 0.95 6.94 22.77
8/5/1982 1.79 5.87 0.29 0.95 2.49 8.17
Quinhagak
7/27/2005 1.16 3.81 0.29 0.95 1.38 4.53
5/4/2016 0.21 0.69 0.29 0.95 0.41 1.35
Scammon 7/5/2007 1.18 3.87 0.29 0.95 1.45 476
Bay 8/15/2015 0.54 1.77 0.29 0.95 0.64 2.10
6/18/1950 1.65 541 0.29 0.95 1.96 6.43
6/24/1980 2.06 6.76 0.29 0.95 2.69 8.83
Shaktoolik
6/27/2004 1.46 4.79 0.29 0.95 1.52 4.99
8/6/2015 0.23 0.75 0.29 0.95 0.42 1.38
8/15/1950 Not available Not available Not available Not available 2.9 9.5
8/1/1985 Not available Not available Not available Not available 2.7 8.9
Shismaref
9/19/2003 Not available Not available Not available Not available 1 3.3
8/31/2016 Not available Not available Not available Not available 2.5 8.2
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Table A2, continued. Shoreline uncertainty values computed for specific communities.

RMSE_(Ortho-

RMSE_ (Ortho-

rectification rectification Shoreline Shoreline
error of error of Shoreline Shoreline Position Position
Imagery imagery, U ) imagery, U ) Digitizer Error  Digitizer Error Accuracy U, Accuracy U,
Community Date (m) (ft) U, (fm) U, (ft) (m) (ft)
7/18/1951 154 5.06 0.34 1.12 1.87 6.14
South 7/16/1980 451 14.80 0.34 1.12 4.80 15.74
Naknek
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
7/24/1951 1.70 5.58 0.29 0.95 2.00 6.56
Stebbins 6/27/2004 2.33 7.64 0.29 0.95 2.42 7.94
8/6/2015 0.23 0.75 1.55 5.09 1.58 5.18
7/8/1951 1.72 5.64 1.55 5.09 2.53 8.30
St. Michael 6/27/2004 151 4.95 0.29 0.95 1.65 5.41
8/6/2015 0.23 0.75 1.55 5.09 1.58 5.18
9/21/1950 2.32 7.61 1.55 5.09 2.97 9.74
8/1/1985 1.84 6.04 1.55 5.09 2.95 9.68
Teller
6/28/2004 1.10 3.61 0.29 0.95 1.28 4.20
8/28/2015 0.12 0.39 1.55 5.09 1.57 5.15
7/24/1953 4.12 13.53 0.34 1.12 4.26 13.98
Togiak 8/19/1983 4.02 13.20 0.34 1.12 434 14.24
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
8/24/1955 0.75 2.46 0.29 0.95 1.29 4.23
Toksook Bay  10/2/2004 0.67 2.20 0.29 0.95 094 3.08
9/1/2015 0.24 0.77 0.29 0.95 0.43 1.41
6/17/1952 0.85 2.79 0.29 0.95 1.36 4.46
7/27/1980 1.34 4.40 0.29 0.95 2.19 7.19
Tuntutuliak
9/17/2004 0.17 0.56 0.29 0.95 0.72 2.36
8/12/2015 0.22 0.72 0.29 0.95 0.43 141
8/24/1955 1.36 4.46 0.29 0.95 1.72 5.64
7/17/1980 1.77 5.81 0.29 0.95 2.48 8.14
Tununak
10/2/2004 0.61 2.00 1.55 5.09 1.57 5.15
9/1/2015 0.15 0.48 0.29 0.95 0.38 1.25
6/15/1952 2.74 8.99 0.34 1.12 2.94 9.65
Twin Hills 7/28/1983 434 14.24 0.34 1.12 4.65 15.26
9/6/2018 0.05 0.17 0.34 1.12 0.40 1.30
6/26/1951 0.76 2.49 0.29 0.95 131 4.30
8/28/1981 1.13 371 0.29 0.95 2.07 6.79
Unalakleet
6/27/2004 2.04 6.69 0.29 0.95 2.15 7.05
8/1/2015 0.23 0.76 0.29 0.95 0.42 1.38
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Table A2, continued. Shoreline uncertainty values computed for specific communities.

RMSE_(Ortho- RMSE_ (Ortho-
rectification rectification Shoreline Shoreline
error of error of Shoreline Shoreline Position Position
Imagery imagery, U ) imagery, U ) Digitizer Error  Digitizer Error Accuracy U, Accuracy U,
Community Date (m) (ft) U, (fm) U, (ft) (m) (ft)
8/1/1947 Not available Not available Not available Not available 16 52
Utgiagvik 7/25/2005 Not available Not available Not available Not available 6 20
7/24/2010 Not available Not available Not available Not available 10 33
7/1/1949 10.00 3281 Not available Not available 16.00 52.50
9/12/2011 6.00 19.69 Not available Not available 6.00 19.69
Wainwright
8/1/2014 0.34 1.12 0.29 0.95 0.75 2.45
8/17/2019 0.03 0.10 0.29 0.95 0.30 0.98
7/31/1950 1.83 6.00 0.29 0.95 2.11 6.92
8/1/1985 1.46 4.79 0.29 0.95 2.12 6.96
Wales
6/28/2004 0.29 0.95 0.29 0.95 0.74 2.43
6/27/2012 1.37 4.49 0.29 0.95 2.36 7.74
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