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Abstract

Coastal erosion is of increasing concern to rural Alaskan communities, yet direct
measurements remain absent over much of the coast. In southwestern Alaska, the village of
Goodnews Bay has been repeatedly devastated by storms and flooding, events that forced the
village to relocate to higher ground in the 1920s. Storm surge continues to damage property and
infrastructure that is essential to their subsistence culture. This work assesses shoreline change
rates at the new village site based on a 59-year time series of aerial and satellite imagery. Long-
term and contemporary shoreline retreat rates were analyzed along nearly 500 meters of the
village coastline. The majority of the bluff fronting the village experienced a complex history of
erosion and mitigation, exhibiting a maximum erosion rate of -0.14 m/y (R? = 0.82). Bluff
erosion has been mitigated via depositing gravel and large rocks after significant storms. The
unmitigated bluff just north of the village eroded at -0.10 m/y rate consistently across its length
(R? = 0.92), suggesting that measureable erosion would have also occurred at the village bluff in
the absence of mitigation efforts. Projected future bluff top edge positions indicate that the main
road system will be significantly eroded in the coming decades, but no buildings are projected to
be directly impacted by 2050.

Storm surge is the primary driver of erosion in Goodnews Bay, thus the reliability of
local storm surge modeling is significant to the community. Historical storm surge and marine
total water level estimates were quantified using a combination of GPS data, formal reports,
anecdotal accounts, and post-storm imagery. These estimates were compared to the modeled
height for the 11/11/2011 storm surge in order to assess accuracy of modeling in this area.
Storms that caused significant damage had total water levels between 4.3 and 5.3 m above mean
sea level. The upper limit of this estimate came from the large 2011 Bering Sea storm. Evidence
for the total water level of previous storms was very limited. It is likely that the 1979 storm,
which flooded four homes, reached a similar height. Damage from large storms is expected to
become more prevalent with shorter land-fast sea ice seasons in Alaska.

A significant portion of this research incorporated community outreach. This included
educating youth about coastal science, discussing village history with elders, and installing
community-based erosion monitoring sites. Through these efforts, we hope to preserve the

traditional knowledge and increase local capacity to adapt to a changing climate.
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CHAPTER 1

INTRODUCTION

Coastal communities in Alaska are caught in the throes of dynamic environmental
phenomena. Retreating sea ice extents, increasing frequency of storms during open water, and a
warming and rising ocean all contribute to historically unprecedented erosion rates along
Alaska’s coasts, including regions of invaluable economic infrastructure and cultural
significance (Chapin et al., 2014; Jones et al., 2009; Walsh and Chapman, 2015). In 2003, the
United States General Accounting Office (GAQO) reported that 184 out of 213 (86%) of Alaska
Native villages are affected by flooding and erosion (GAQ, 2003). This list includes Goodnews

Bay, for which no formal shoreline erosion study has been conducted.

1.1. Background

The village of Goodnews Bay (Goodnews) sits at the mouth of the Goodnews River and
consists of 9.6 km? of land (Figure 1). The village is located 187 km south of Bethel and has a
population of approximately 243 residents, of which 36% are under 18 years old (City Data,
2017). The majority of residents are Yup’ik Alaska Natives. The economy is primarily
subsistence-based with a per capita income of $10,085 in 2013 (City Data, 2017). The village
received its current name from Russian explorers in 1818, but was originally called Imagpiguak,
meaning “Little Ocean” (Calista Corporation, 2016). Goodnews’ current Yup’ik name is
Mumtraq, sometimes spelled Mumtrak or Mamterat. In 1919, the USGS sent a mapping party to
the Goodnews Bay region, although their work focused on the area of Platinum just south of the
southern spit where residents of Goodnews had discovered platinum (Calista Corporation, 2016;
Mertie, 1940). This focus on economic geology became a recurring theme, and the majority of
publications and aerial surveys target Platinum rather than Goodnews (e.g. Harrington, 1921;

Mertie, 1939; Oommen et al., 2008).



Figure 1. The village of Goodnews Bay. The bluff fronting the village (B) has been covered with armor rock to protect against
erosion. The bluff northwest of the sewage lagoon (A) is not covered. The new airstrip is higher in elevation than the previous, but still

experienced partial flooding in the 2011 storm. Inhabitants moved northwest from the previous village site between the 1920s and
1950s due to flooding. New homes are built uphill to the northeast.
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Goodnews has a long history of flooding due to storm surge, some of which led to
erosion of the bluff fronting the village. The village relocated to its current site in the 1920°s due
to frequent flooding (Calista Corporation, 2016). A federal disaster declaration for western
Alaska was filed for the 2011 storm, resulting in $18,300 for road repairs in Goodnews Bay
(FEMA, 2011). Documentation shows that storm-induced flooding has submerged the previous
airstrip (1969, 1989) and caused property damage/loss (2003) including boats (2011) and at least
one home (1979) (Table 1, Appendix I).While erosion was reported for multiple events,
quantitative reports only exist for the 1979 storm, reportedly causing 6 to 10 feet (2 to 3 m) of
“bank erosion” (Appendix II). No formal erosion studies have centered on Goodnews to date,
but in 1994 the Alaska District Corps of Engineers Flood Plain Management assessed damage
reports and concluded that storms and wind-driven waves at high tide are the primary cause of
flooding and ice push in Goodnews (Appendix II). Steps were taken by the now-defunct Alaska
Coastal Management Program to implement a regional Coastal Management Plan, in which
Goodnews was included as part of the Cefialiurliit Coastal Resource Service Area (DNR, 2008).
However, the only significant mitigation effort in place at Goodnews is armoring the bluff

fronting the village.

1.2.  Geologic History

Goodnews Bay is a back-barrier micro tidal (mean range ~ 0.75 m) shallow lagoon (1 to
2 m) located along the eastern Bering Sea coastline of southwestern Alaska (Figure 1). The
coastline, which fronts village infrastructure, is approximately 2 km long. The lower Goodnews
River valley was estimated to have been most recently glaciated between 40,000 and 70,000 4C
years before present (Kaufman et al., 2011). The coastal area is composed primarily of
unconsolidated quaternary alluvial deposits, and the lithology of the quarried mountain east of
the village consists of Permian basalt and serpentinite (Wilson et al., 2013). The location is
tectonically stable with potential subsidence of 1 +£ 2 mm per year, possibly recovering from a
previous forebulge from the last glacial maximum in the Ahklun Mountains between 11.0 to 12.4

years before present (Briner et al., 2002; Degrandpre, 2015).



1.2.1. Surface Characteristics

Surface features change gradually from the mountains to the bay. The village
infrastructure is built on the surrounding low-shrub tundra, which is mixed with tussock-sedge,
dwarf-shrub, and moss (CAVM Team, 2003). The road gravel is sourced from three local
serpentinite quarries (see Section 1.2.2), and is typically broken down to 0.5 — 3 cm angular
grains. Grain size increases to as much as 10 cm at The Point, the southernmost section of beach
where boats are stored and launched. Grain size gradually decreases seaward, also becoming
more rounded, before terminating at the mud (clay) line. From this observation, it seems likely
that the angular gravel and rock is brought from the quarry in order to allow vehicle access to
The Point, although no record of beach replenishment has been found. Beach sediments also vary
alongshore, gradually shifting from the large angular gravel on The Point in the south into sand,
and ultimately mud northwest of Quirkik Hill. Vegetation cover increases from southeast to
northwest, opening up into extensive low-lying reed grass beyond the unarmored bluff. In
general, the beach transitions from gravel-topped road to gravel- and rock-topped bluff, into the
mixed beach with varying degrees of vegetation, before gradually decreasing slope into

extensive mud flats out to the Goodnews River and Bay (Figure 2).



Figure 2. General gradation of beach surface features. White circles with arrows denote the
direction a picture was taken. A) The main road runs adjacent to the armored bluff, and beach,
ATV tracks separate vegetation, and vegetation gradually gives way to extensive mud flats.
Image acquired August, 2016. B) Creek culvert allowing water through the armored bluff. C)
Gravel beach at The Point (boat launch). D) Coarse gravel (3-10 cm) at The Point. E) Finer
gravel (1-3 cm) east of The Point.






1.2.2. Bluff Characteristics

The two bluffs in the Goodnews area identified in Figure 1 are composed of
unconsolidated, primarily fine-grained sediments. The unarmored bluff northwest of the village
is examined as a control variable. There is no evidence of attempted erosion mitigation or
replenishment for the unarmored bluff. The bluff fronting the village is designated as the
“armored bluff” because residents have placed large (10 - 50 cm) angular serpentinite and basalt
rocks sourced from the local quarries. The date when armoring began is not known, but evidence
from aerial imagery suggests that the first two large quarries were excavated between 1957 and
1983 (Figure 3). This corresponds with the construction of the previous airstrip, which is a
probable cause for quarrying (as well as for roads and infrastructure foundation). The area of the
current armored bluff appears to be vegetated in aerial imagery from 1983, suggesting either it
has not been armored or it was overgrown. The third large quarry was excavated between 1983
and 2005, before the current runway was built. The 2005 image shows that the bluff is armored
with exposed rock. The frequency of armoring is also unknown; whether armoring is a direct
response to large events, is gradually replenished, or a combination, is still being investigated.

The discussion of armoring history and impact is continued in Section 4.1.

Sl g S
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Figure 3. Aerial and satellite images of large rock quarries opened in Goodnews. Two quarries
opened between 1957 and 1983, and a third was opened by 2005.



Both bluffs are important to the village. An all-terrain vehicle (ATV) trail runs on top of
the unarmored bluff, providing access to berry-picking and hunting areas. The main road system
for the village runs on top of the armored bluff, and the bluff edge is generally the road edge, too.
Important infrastructure including homes and the diesel station are located near the armored bluff
edge. No homes or large structures have been lost to bluff erosion, although smokehouses may

have been lost due to a combination of flooding and erosion (Table 1).

1.3. Coastal Dynamics
1.3.1. Sea Level Change

Long-term changes in sea level directly impact nearshore processes, which can lead to
significant changes in erosion rates (Nicholls and Cazenave, 2010). Satellite altimetry data
suggests that offshore mean sea level (MSL) is dropping near Goodnews Bay by 0.25 mm/year
(SD = 0.08), but GPS and glacial isostatic adjustment models show tectonic vertical velocity is -
1.71 mm/year (SD = 0.61) and -0.997 mm/year, respectively (Degrandpre, 2015). Thus, this
analysis finds relative sea level is changing at a rate that could not be distinguished from 0
mm/year. A rise in relative sea level is found across western Alaska from Bristol Bay to the
Chuckchi Sea, but, due to lower rates of eustatic sea level rise in Arctic regions, this rise is much
lower than the estimated global average rate of sea level rise, 3.2 mm/year (Ablain et al., 2009;
Church and White, 2011). For this study of Goodnews, it is simply important to note that relative
sea level is likely rising, but this rise is slow and unlikely to be a significant factor in the
observed coastal erosion. Additional work in the area, especially in regards to measuring sea
level change with high precision, is required to better understand the influence of sea level rise

on erosion.

1.3.2. Tidal Data and Local Datums

Goodnews experiences mixed semi-diurnal tides. The nearest accepted tidal datum was
established at station 9465396 in Platinum, 16 km west at the head of the bay. The referenced
dataset runs from May 25 to October 1, 2007, but the tidal datums are based on a first reduction
of the July data, with no control tide station. While this datum is likely similar to Goodnews’ it is
not acceptable for this study; local hydrographic conditions associated with the Goodnews River

are likely to cause significant variations in local water levels and timing, an error that amplifies



considerably for shoreline studies on low-profile beaches (e.g. Ruggerio et al., 2013). No
permanent infrastructure has been installed to monitor and record water level in or around the
bay. In late August 2015, the Department of Natural Resources Alaska Division of Geological
and Geophysical Surveys (DGGS) installed a temporary water level sensor in Platinum.
However, the sensor began experiencing errors on November 17, 2015, and ceased operation in
January 2016. The nearest active water level sensor is in Port Moller, AK, about 350 kilometers
south. Without an appropriate tidal datum or an active water level sensor in the region, the ability
for coastal hazard assessments to provide robust results becomes limited. This study addresses
that data gap by tying a 4-day water pressure gauge to the tidal datum of Platinum station
9465396. While this estimated tidal datum proves effective for this study, its high uncertainty

prevents it from being a suitable replacement for a formal tidal analysis.

1.3.3. Climate and Weather

Goodnews is in the western transitional climate zone, influenced both by the Bering Sea
and air masses moving over the interior. Average temperatures are below freezing for half of the
year in Goodnews, with monthly means ranging from about -10 to 10°C (Figure 4). This climate
leads to isolated (> 0 to 10%) permafrost, thus permafrost thaw is not thought to play a major
role in this study (Jorgenson et al., 2008). Mean monthly temperature and precipitation are
projected to increase for the remaining century, based on mid-range emission climate models
from the International Panel on Climate Change (SNAP, 2017). Peak precipitation occurs in late
summer and slowly diminishes through fall, when the typical storm season begins (Terenzi,
Jorgenson, and Ely, 2014). Heavy rainfall coinciding with a storm surge can lead to substantial

flooding.
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Figure 4. Historical and projected future temperature and precipitation for Goodnews Bay. Data
provided by Scenarios Network for Alaska + Arctic Planning (SNAP). The 5-model projected
average values are determined on a 2 km resolution grid, based on mid-range emissions (RCP
6.0) from the International Panel on Climate Change’s fifth Assessment Report published in
2014. Error in these projections, especially precipitation, is significantly high (SNAP, 2017).

1.3.4. Sea Ice

The Goodnews River and Bay tend to freeze over from late fall until spring. Residents
travel on the ice for subsistence hunting and to connect with Platinum, the nearest city (Wildlife
Service, 1986). Residents reported that the bay ice was repeatedly broken up by strong winds in
recent years, and they could not travel on it. No assessment of sea ice concentration in the bay
has been quantified, but these anecdotal accounts are consistent with the qualitative observations
of the bay using Landsat imagery (Appendix III). Sea ice concentration data from approximately
50 km west of the bay suggests annual maximum sea ice concentration decreasing in recent

years, with formation occurring later and breakup occurring earlier (Figure 5). Some climate
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models project an ice-free November for the entire Bering Sea by 2050 (Douglas, 2010; Perovich
and Richter-Menge, 2009).
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Figure 5. Annual sea ice concentration 50 km west of Goodnews Bay. Offshore sea ice began
steeply declining in 2012, such that total concentrations dropped below 25% in 2015. Calculated
from data produced by the Historical Sea Ice Atlas (2017).

1.3.5. Storms and Wind-Driven Waves

Goodnews has weathered several large storms in the contemporary record, the most
recent being on November 11, 2011 (Table 1). This storm caused damage and flooding in at least
37 coastal villages (Parnell, 2011). The automated weather observing system operated by the
Federal Aviation Administration, which measures temperature, pressure, wind speed and wind
direction in Platinum, failed on October 19, 2011, less than one month before the most recent
large storm. All instruments were restored on February 16, 2012 and continued to function,
although some small lapses exist. The Goodnews village public safety officer George Bright was
monitoring the wind during the storm, “The highest it hit was 114 [mph]. I don’t know how
much higher it got because my wind vane blew oft” (Denning-Barnes, 2011). The damage and

storm surge flooding rivaled reports of the 1979 storm (Table 1).
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Table 1. Documented storms that caused damage in Goodnews Bay.

Storm Date Description

1920s Village relocates due to flooding and storms.?

1969 Storm causes flooding of airstrip up to 6 to 12 inches.’

1974 Large storm impacts the village, causes flooding.”®

1979 Nov 8-9 Large storm causes flooding from storm surge. Three houses flooded and
unbalanced, one is destroyed. Estimated 6 to 10 feet of bank erosion, and
“flood depth” of 8 to 9 feet. Previous airstrip narrowed (noted that flood
water commonly floods previous airstrip). Residents claimed worst storm-
driven waves in 20 years. 36 meters/sec (80 mph) winds reported in the
region, 26.2 m/s (59 mph) winds measured in Bethel !

1982 Flood occurs.?

1984 FEB Erosion of gravel bank fronting village due to heavy rains. The creek
bridge washed away, and the creek froze.>

1989 AUG 17 Strong winds from the south cause storm surge and flooding, high water
goes over airstrip (noted that flooding occurs annually).?

2003 NOV 16 Storm surge causes damage to boats.*

2011 NOV 11-12

Large storm causes flooding from storm surge. Surge erodes bluff,
damages airstrip, airport fence, property and homes, and displaces one
family. Six to twelve boats are damaged or missing. Several Conex
shipping containers with construction supplies washed out to mud flats.
100 mph winds reported.* ¢

' Terenzi, Jorgenson, and Ely, 2014

2 Calista Corporation, 2016

3 Flood Plain Management, Appendix II

4 Alice Julius, personal communication, Appendix I (photos of 2003 damage)
> Denning-Barnes, 2011

¢ Appendix I (photos of 2011 damage)

7 Anna, Goodnews resident, personal communication

8 Evan Evan, Goodnews resident, personal communication

The amount of damage from a storm and subsequent flooding in Goodnews may be

closely linked to the tidal stage and sea ice cover. A storm surge occurring at high tide amplifies

the total water level (TWL) well above mean higher high water (MHHW). Bering Sea storms

tend to occur in Autumn, when offshore sea ice is only beginning to reach the region (Douglas,

2010; Terenzi, Jorgenson, and Ely, 2014). Large concentrations of sea ice over a wide area can

reduce wind drag significantly, nullifying the potential for a surge to build (Macklin, 1983). The

absence of offshore sea ice over a fetch as little as 50 km is enough for high-power storms to
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build a significant surge, although more typical storms require several hundred kilometers of
fetch to generate surge greater than 1 meter (Barnhart, Overeem, and Anderson, 2014; Erikson et
al., 2015; Jones et al., 2009; Macklin, 1983; Pease, Salo, and Overland, 1983). Unconsolidated
bay ice can still allow surge to reach the village, contributing ice blocks as a battering component
of wave attack (e.g. Appendix I). It is important to note that future assessments of storm surge
impact in Goodnews would require quantifying trends in bay ice timing and conditions in

addition to offshore fetch.

1.4. Previous Research

Alaska’s western and northern coastlines are experiencing rapid changes in response to
longer sea ice-free seasons, increasing frequency of storms during open water, and a changing
Arctic climate ( Barnhart, Overeem, and Anderson, 2014; Gibbs, Nolan, and Richmond, 2015;
Serreze and Stroeve, 2015; Walsh and Chapman, 2015). As scientists, journalists, and
policymakers turn a new focus on this region, it is of great importance to identify where high
erosion rates are occurring (e.g. Mason et al., 2012). However, methods vary and there exists no
widely accepted standard for how to measure, analyze, and report shoreline change (Gibbs and
Richmond, 2015).

Several methods exist to document erosion and coastal changes (e.g. Boak and Turner,
2005; Vieira da Silva et al., 2016; Moore, 2000; Thieler and Danforth, 1994). Repeat beach
profiles are a simple and proven way to directly measure erosion and volumetric change (e.g.
Emery, 1961; Kinsman and Gould, 2014; Theuerkauf and Rodriguez, 2012). Recent advances in
remote sensing applications allow researchers to effectively quantify multi-meter changes across
broad landscapes using historic aerial photographs coupled with satellite imagery (e.g. Gibbs,
Nolan, and Richmond, 2015; Manley et al., 2006; Mars and Houseknecht, 2007; Mason et al.,
2012). Limitations include resolution of imagery, availability of data with high spatial and
temporal resolution, and cloud-free coastlines with clear shoreline position proxies such as a
visible high water line, rack line, wet/dry line, bluffs, or vegetative indicators (Boak and Turner,
2005; Moore, 2000; Thieler and Danforth, 1994). Geometric errors can be reduced using
orthorectified imagery and ground-truth measurements, but this approach can be challenging
given the limited availability of high-resolution (< 1 m) imagery of the remote Alaskan coastline.

The USGS Digital Shoreline Analysis System tool (DSAS) is commonly implemented to
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quantify change rates and project future shoreline positions (Ford, 2013; Gibbs and Richmond,
2015; Jones et al., 2008; Mars and Houseknecht, 2007). This geographical information software
extension casts virtual transects along temporal vector shorelines and uses distances between
shorelines intersecting the transect to calculate rates of change (Maio et al., 2012; Thieler et al,
2009). Regardless of the method of quantifying erosion, measurements are typically reported in
meters per year. This practice is useful to standardize erosion for comparison to other areas.
However, erosion in many places is non-linear, and is often linked to seasonal variations, storms,
and even decadal geomorphic changes (e.g. Kinsman and Gould, 2014). Thus when measuring,
interpreting, and reporting erosion it is important to consider the meaning of the units and their
relationship to the driver(s) of change.

As mentioned previously, no formal erosion study has focused on Goodnews Bay.
Following the 2003 GAO report, the US Army Corps of Engineers (USACE) conducted an
erosion assessment of 178 of the listed villages. Goodnews and Platinum were not assessed
because they are listed under flooding on the GAO report, not erosion (USACE, 2009b).
Although this assessment opportunity was missed, community profile maps were generated for
both villages in 2005 by Global Positioning Services, Inc., with funding from the Coastal Village
Regions Fund (Appendix IV). The data products include two scanned raw aerial images during
high water: one of the village (bluff not in image frame) at 1:1200 scale, 1-foot (0.3 m) pixel
resolution, and the other with the village and coastline at 1:2400 scale, 2-foot (0.61 m) pixel
resolution (Appendix 1V).

In 2009, the USACE Alaska District published a barge landing report, which assessed the
current conditions of landing barges in several Alaskan cities. Goodnews was recommended for
priority funding; according to the report the bay is shallow (2-21 m), the currents are strong, and
the beach at The Point is growing (USACE, 2009a). The report recommends dredging the bay
for easier barge access, but also notes that an environmental impact assessment must first be
accomplished to allow such activities in the highly productive salmon habitat. The report also
recommends moving the fuel header closer to the landing site. Inquiries into erosion and flood
damage due to storm surge were beyond the scope of the barge landing report, but are
recommended to be included in an environmental impact assessment (DOE, 2010).

Planimetric imagery of sufficient resolution for coastal erosion assessments is limited in

Goodnews. In 2016, the DGGS funded the creation of an orthorectified aerial image and
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corresponding photogrammetrically derived digital surface model of Goodnews with 0.2 m
ground sampling distance. This dataset will also be used by the DGGS to create a color-index
map of quantitative elevations of village features, in order to visualize their relationships to
specific tidal datums and coastal hazards (e.g. Tschetter, Kinsman, and Fish, 2014). However,
tying elevation to tidal data requires both datasets to be in the same vertical datum, which is only

possible with reliable local tidal records. This data gap is addressed in Section 2.6.

1.5. Research Question and Objectives

The main objective of this thesis is to analyze shoreline change in Goodnews Bay based
on the full record of available planimetric orthoimagery, which ranges from 1957 to 2016.
Because direct observations of shoreline movement on the timescales in which it occurs at this
location is neither practical nor feasible, secondary indicators, or proxies, are measured and
analyzed to infer the shoreline activity.

This study uses measurements of long-term bluff movement to identify bluff response to
large storms and project future bluff positions. These projections will aid the residents of
Goodnews in decision-making and future planning to avoid significant damage and loss from
storms. This analysis will also provide insight into the effectiveness of bluff armoring at

preventing erosion.

Overarching Research Question: At what rate is the Goodnews Bay village coastline changing,

and how has this rate changed historically?

Objectives:
(1) Conduct shoreline change analysis to determine contemporary and historical change rates.

(2) Project future shoreline positions.

(3) Identify areas at risk of erosion and flooding.
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CHAPTER 2

METHODS

This study was conducted to analyze the extent and severity of shoreline change in
Goodnews, as well as to build a baseline dataset for future studies. This was accomplished
through a ground-based survey and the processing and analysis of remotely sensed products
within a geographic information system. The image processing software used are ESRI ArcGIS
and Agisoft Photoscan. GPS data was processed in Trimble Business Center, and all other data
were processed in MATLAB R2015b and Microsoft Excel. The following subsections describe
the data acquired and processed, the shoreline indicator identified, and how analyses were

accomplished. Project objectives were achieved using a combination of these methods.

2.1. Ground Survey Data

A real-time kinematic global navigation satellite system (RTK-GNSS) survey was
conducted in August 2016 with a Trimble R8s base receiver and Trimble R8-4 rover receiving
GPS and GLONASS signals. Features were surveyed in the North American Datum of 1983,
Universal Transverse Mercator global coordinate system, with orthometric heights calculated
using Geoid12B. Occupations were typically 3-epochs over 3-seconds. Occupation times and
epochs were increased in areas of poor reception. Due to range limitations, three base station
positions were used throughout the survey: one on a temporary benchmark set up north of the
airport runway; one on a temporary benchmark on the bluff fronting the village; and the third on
a permanent benchmark “DOWL GNB-1 1999 6714-S” on Quirkik Hill. Base station coordinates
were logged at 4- to S-hour intervals, corrected using the Online Positioning User Service tool,
then averaged into one point per base station location using the merge function in the Trimble
Business Center software. All corrected base coordinates were within 0.02 m horizontal and

vertical agreement. Mean precisions for roved coordinates were 0.0149 m horizontal and 0.0195
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vertical (95% confidence). The rover coordinate precisions incorporated root mean square
(RMS) error from the averaged corrected base points (i.e. the rover precision includes the base

precision).

2.2. Beach Profiles

A cross-shore beach profile survey was conducted from August 25 to 27, 2016, in order
to create a baseline dataset for the village. Beach profiles were placed every 100 m running
parallel to the shore from southeast of the airport runway to the northwest end of Quirkik Hill
(Figure 6). Recorded features included the current water line, vegetation line, high water line
(wet/dry or rack line), beach berms, bluff toe and top, and infrastructure features such as road

edges, fences, and buildings. See Appendix V for data table.
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Figure 6. Cross-shore beach profiles sampled at 100 meters. Sub-sampled profiles occur in areas
of higher variability.

2.3. Aerial and Satellite Image Correction

From repeat imagery, it is possible to extract clear, unambiguous evidence of change (e.g.
Anders and Byrnes, 1991, Ford, 2013). However, the utility of making measurements in imagery
is limited by a number of factors that are described here. For topographic measurements,
uncertainties commonly arise from orthographic distortion (i.e. projecting three-dimensional
topography on a two-dimensional plane) due to camera properties, position, and perspective
(Moore, 2000; Thieler and Danforth, 1994). Comparing orthometrically-corrected
(orthorectified) imagery requires that the images are co-registered on a relative horizontal metric,
most commonly a projected coordinate system (e.g. Gibbs and Richmond, 2015; Hapke and
Reid, 2007; Ruggiero et al., 2013). In order to identify change in image comparisons, these initial

corrections are critical for reducing uncertainty.
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This study used aerial photos originally collected for photogrammetric applications in
1957 by the United States Air Force, and in 1983 by NASA’s Alaska High Altitude Aerial
Photography Program (Table 2; Figure 7). These images were processed in Agisoft Photoscan to
correct for lens distortion, resolve camera positions in a geographic coordinate system, generate
a dense point cloud, and ultimately create an orthomosaic. Ground control was not placed during
this step, but reported camera position and height estimates were used with a 1000 m error. The
orthomosaics were imported into ESRI ArcMap and georectified using permanent features
within the most recent 2016 orthoimage. Given the age and resolution of imagery, it was not
always possible to find an adequate number of ground control features, resulting in a qualitative
best-fit model with a georectification residual error. However, geometric distortions were

minimal because the images are orthometrically corrected.

Table 2. Summary of images used for shoreline delineation.

Date Type Source Scale / Post-processing
resolution pixel size (m)
1957/06/04 Aerial  US Air Force 1:42,800 1.10
1983/08/19 Aerial  NASA AHAP 1:65,500 1.26
2005/06/06 Aerial Global Positioning Services, Inc. 1:2,400 0.61
2012/06/28  Satellite  Worldview-2, Digital Globe 0.61 m 0.61
2016/05/05 Aerial  Fairbanks Fodar 1:1,200 0.20

The 2005 aerial image was intended to be orthometrically corrected using 2004 RTK -
GNSS survey data from Global Positional Services Incorporated. Contour lines were calculated
for the village using photogrammetric and ground-based techniques, but no orthorectified image
was created (Appendix IV). Of the two images produced, only the 1:2400 scale image displayed
pertinent information for this study. This image was georeferenced using 35 ground control
points and a first order polynomial solution on mostly near-bluff features that represented the
bluff top plane. The image could not be orthorectified, so the uncertainty of obliquity to the bluff
top plane is estimated. Using oft-nadir roof displacement, upper-limit horizontal offsets were
estimated to be 5.15 m at the farthest section of the studied bluffs. Because this estimate was

based on loosely verifiable measurements, a conservative rounding to 8 m was used.
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The 2012 Worldview-2 satellite multispectral (2.09 m) and panchromatic (0.61 m)
images were received as a level one product with rational polynomial coefficient metadata, thus
needing orthorectification. The ArcticDEM initiative used stereo auto-correlation techniques to
produce digital surface models (DSM), which can be used to orthorectify Worldview imagery
(Noh and Howat, 2015; DEM(s) were created from DigitalGlobe, Inc., imagery and funded
under National Science Foundation awards 1043681, 1559691, and 1542736). The two strip files
considered were computed from Worldview-2 image pairs, one set acquired on 10/10/2012, and
the other on 11/22/2014. Mosaic files were not used because they contained significant artifacts
disrupting the coastal areas of interest. The 2014 DSM (2.78 m) was used for orthorectification
because it had sufficient overlap with the 2012 image. To address concern over landscape
changes occurring between the image and DSM acquisitions, the 2012 DSM was subtracted from
the 2014 DSM to determine differences in elevation. Within the study area, the largest variations
occur because slight building offsets existed, significantly changing pixel values. Frequent
variation also existed in water, mud flats, and the airport runway due to the inherent noisiness of
these regions during auto-correlation (Noh and Howat, 2015). Differences in the DSMs were
typically much lower along the beaches and bluff tops that this study focuses on. Thus, the 95%
confidence interval (CI) provided a conservative estimate for DSM accuracy. This translated to
an orthorectification error of 1.32 m for the 2012 images. The resulting raster datasets required
minimal georeferencing to the 2016 dataset (RMS error = 0.00).

The 2016 imagery and DSM were produced through GNSS-tied structure-from-motion
techniques by Fairbanks Fodar Incorporated, funded by the DGGS. No ground control were
placed or surveyed for the acquisition, but the onboard dual- or multi-frequency GPS or GNSS
was used to georeferenced the DSM (e.g. Nolan, Larsen, and Sturm, 2015). The DSM was
compared to the 2016 RTK-GNSS survey for accuracy, controlling for bare-earth positions
(NDEP, 2004). The mean difference in the DSM and the survey elevations found was -0.11 m +
0.22 m (95% CI; n = 64). Incorporating GPS precision in horizontal (0.0156 m) and vertical
(0.0196 m) for this set of points, the total error of the 2016 SFM image in the study area was
0.22 m.
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Figure 7. Available imagery of Goodnews Bay with the spatial resolution necessary for shoreline
delineation.
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2.4.  Shoreline Change Analysis
2.4.1. Shoreline Proxy

Choosing a proxy indicator for shoreline change is an integral decision that influences
every aspect of the study (Boak and Turner, 2005). Traditional shoreline erosion studies often
compare the position of high water, or indicators of high water, over time to determine how
quickly and in what direction the shoreline or beach is changing (e.g. Anders and Byrnes, 1991;
Crowell, Leatherman, and Buckley, 1991; Ruggiero et al., 2013; Vieira da Silva et al., 2016).
However, the relationship between the high water position and erosion is not always linear,
especially when considering erosion of bluffs that are not submerged or contacted by waves at
high tide (Boak and Turner, 2005). Goodnews erosion reports indicate that the bluff is eroded by
large storms and flooding, but do not indicate beach erosion or sea level change is occurring at a
significant rate (Table 1). Changes in beach morphology and extent cannot be detected if they are
smaller in horizontal extent than the uncertainty of the images used for comparison. Beach-based
shoreline proxies, such as the wrack line or high/instantaneous water line, were not observed in
most images, do not directly relate to the problems the village is reporting, and induce
heightened uncertainty because they cannot be tied to a tidal datum with reasonable accuracy
without a long-term tide gauge (e.g. Gibbs and Richmond, 2015). For these report-based and data
limitation-based reasons, the bluff top was the most suitable proxy indicator for erosion in the
village (e.g. Gibbs and Richmond, 2015; Hapke and Reid, 2007). Of the entire coastline, two
segments are backed by a bluff: the armored bluff fronting the village, and the unarmored bluff
north of the sewage lagoon (Figure 1; Figure 8). The unarmored bluft has not been modified
after erosion, so it served as a control variable for the area, representing natural (unmitigated)

erosion rates. The efficacy of this control variable is discussed in Section 4.1.

2.4.2. Digital Shoreline Setup and Uncertainty

Acknowledging, addressing, and reducing uncertainty is crucial for making precise,
reliable measurements (Moore, 2000; Thieler and Danforth, 1994). Several variables are
introduced between acquiring two raw images and making measurements between them, and
each variable has the potential to offset the dataset or mislead the interpreter. For these reasons,

uncertainty is conservatively accounted for.
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Shoreline change was quantified by examining various statistics on the distance and time
between shoreline positions. Bluff tops were delineated manually in ArcMap and statistics were
calculated using DSAS: a baseline was drawn to run approximately parallel to the shoreline, and
transects were cast perpendicular at S-meter spacing with 100-meter smoothing (Figure 8).

Along each transect, the horizontal distance between each shoreline was calculated.

Bt
i | S8 L

Figure 8. DSAS transects cast for change analysis of the unarmored bluff (left) and armored bluff
(right).

Total horizontal position uncertainty (U;) for each shoreline was calculated by the root
sum of squares (RSS) of the digitizing uncertainty (Uy), orthorectification uncertainty ({,),
georectification error (Uy), and base image ground control uncertainty (U.) (Eq. 1; Table 3). This
is the most common method for summarizing uncertainty in shoreline delineation (e.g. Gibbs and
Richmond, 2015; Kinsman and Gould, 2014; Ruggiero et al., 2013). Using the bluff top, instead
of a highly variable or seasonally influenced feature such as the high water line, eliminated other
commonly factored uncertainties related to changes in the tidal regime (Boak and Turner, 2005).

U; — position unc.
Ua — digitizing unc.
U, — orthorectification unc. U, = \/Udz + U2+ ng + U2 [1]
U, — georectification err.

U. — ground control unc.

No standard is set to fully quantify digitizing uncertainty, but shoreline studies generally
assume the ability of the user to interpret features accurately is directly related to pixel size or
image scale (e.g. Crowell, Leatherman, and Buckley, 1993; Gibbs and Richmond, 2015;

Ruggiero et al., 2013). When interpreting features in imagery, user bias is an important
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consideration. This is commonly quantified as a horizontal uncertainty value calculated by
comparing the results of different operators digitizing the imagery (e.g. Kinsman and Gould,
2014; Romine et al., 2009). However, user bias describes the level of consistency between
operators and the sole digitizer, which may vary considerably with each individual’s familiarity
of the area of interest and the information contained in different types of imagery. On the other
hand, user precision describes the consistency of the sole digitizer (e.g. Ford, 2013). Working
under the assumption that the user is adequately familiar with the image information and
contents, it is inferred in this study that the user precision statistic would prove more suitable
than user bias as a digitizing uncertainty value, thus precision was used.

Factors not often accounted for in manual digitization uncertainty are parameters and
techniques that enhance features of interest, such as spectral resolution, wavelengths used, and
image augmentation. These can be as simple as contrast stretching and histogram thresholding,
to more sophisticated methods using near infrared bands to distinguish vegetation types and bare
earth. The availability and practicality of these parameters is highly variable from 1950s imagery
to modern satellites and aerial surveys, but overall their application can increase qualitative
certainty in accurate feature interpretation. With the help of these remote sensing parameters and
techniques, the bluff top was manually delineated three times in each image of Goodnews.
Digitizing precision (U,) was calculated for each image by taking the mean of the maximum
distance between the three lines (L;, L, Ls) on each transect, i.e. the average difference between
digitizing attempts (Eq. 2). The total digitizing uncertainty (Uz) was then considered to be the
sum of the digitizing ability (pixel size = U,) and digitizing precision for each image (Eq. 3). For
actual analysis, either the shoreline was digitized again, or a qualitative best-fit shoreline was
chosen from the three lines.

L, —distance to baseline
Ua —pixel size Up = Xizymax(|Ly; — Lo, [Ly; — Lagl 1L — L)) [2]

Us - digitizing unc.

U, - digitizing precision Ua =Us + Up [3]
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Table 3. Bluff top edge position uncertainty values with year and total uncertainty (Us) bolded.

Digitizing Errors
Year Up Ua Ua Uo Ug Ue Ut
1957 1.41 1.10 251 0.16 0.04 0.22 2.53
1983 1.44 1.26 2.70 0.12 0.05 0.22 2.71
2005 1.27 0.61 1.88 8.00 0.01 0.22 8.22
2012 1.39 0.61 2.00 1.32 0.00 0.22 241
2016 0.49 0.20 0.61 0.00 0.00 0.22 0.72

2.4.3. Digital Shoreline Measurements and Assessment

Analyzing changes in the position of the bluff top edge requires predetermining the
parameters and statistics used for comparison. Positions were compared sequentially, and were
divided into the armored and unarmored zones. Comparisons were always made on the same set
of virtual transects (Figure 8). Erosion rates were normalized into meters per year (m/y) in order
to make consistent comparisons, as temporal resolution was too low to perform an event-to-event
or pre- and post-event analysis. However, the use of this metric did not intend to assert that
erosion happens at an annual rate, as it has been reported that erosion occurs in individual,
stochastic events rather than gradually (Table 1). The following statistics, summarized in Table
4, were calculated using DSAS and described in more detail in the DSAS user guide
(Himmelstoss, 2009).

To evaluate at what rate the Goodnews coastline is changing over time, multiple change
statistics were taken into account. Average change of the area over the entire study period was
quantified using the weighted linear regression rate-of-change statistic (WLR) computed on each
transect using all available shorelines. Unlike the linear regression approach, this method uses U,
to give more control to shoreline positions with higher certainty (Genz, 2007). The WLR is
supported with a 90% confidence interval (WCI) and R-squared value (WR2). Total change of
the area was calculated using the net shoreline movement (NSM), which describes the distance
between the oldest and most recent shoreline along each transect. The NSM is reported as a
negative distance in meters for landward movement (erosion), and positive for seaward
movement (progradation). The WLR and NSM for all shorelines were used to describe the

magnitude and linearity of erosion over the entire study period.
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Table 4. List of DSAS statistics (from Himmelstoss, 2009).

EPR  End point rate (m/y) Distance between oldest and youngest shorelines
divided by the time elapsed between them

ECI EPR confidence interval (m/y) Root mean sum of squares of the EPR shorelines’
total uncertainties divided by the time elapsed
between them

NSM  Net shoreline movement (m) Distance between oldest and youngest shorelines

WLR  Weighted linear regression Linear regression rate of change weighted by the
rate-of-change (m/y) inverse of the squared variance in the uncertainty

WCI  WLR 90% confidence interval  90% confidence interval for the standard error of
(m/y) the WLR slope

WR2  WLR R?value (unitless) Percentage (0.0 — 1.0) of variance in the data that is

explained by a regression

Calculating the NSM of each sequential image pair (e.g. from 1953 to 1983, then 1983 to
2005, etc.) describes the horizontal position change on the smallest temporal scale achievable by
this dataset, but is less useful when comparing time periods of different lengths (e.g. 1953 to
1983 vs. 2012 to 2016). Thus, movement per period was standardized by the end point rate
(EPR) statistic. The EPR is calculated by dividing the NSM by the number of decimal years
between the two images, resulting in the m/y rate of change. This value is supplemented by the
end point rate confidence interval (ECI), which is the RSS of the total uncertainty of each image

(4u, By) divided by the years (4,, By) between them (Eq. 4).

Ay —image A unc.

Ay, —image A year Ay®+ By?
By —image B unc. ECT= Ay— B, 4]
B, —image B year

Variability between the armored and unarmored bluff was addressed in order to
determine the effect of mitigation. This assessment was made by testing the significance of the
mean WLR, EPR, and NSM of each site to the 95% CI, per time period and over the entire study

as appropriate.
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2.5. Projecting Future Shorelines

This study projected future positions using the dataset and corresponding statistics
described in Section 2.4. For each transect, the WLR (7wzr) in m/y was multiplied by the number
of years between the last recorded shoreline (C) and the future projection (/). The resulting
number (7) represented the along-transect distance that the new shoreline is positioned, relative
to the most recent shoreline. This distance was converted into a coordinate, and each coordinate
was linked sequentially into a line to define a future shoreline in a geospatial context. The WCI
of each transect (7wcy) in m/y was incorporated exactly as WLR was used in Eq. 5, and
converted into a line of linked coordinates in order to determine a spatial footprint of confidence
in the estimate (7v) (Eq. 6). This calculation was accomplished using a custom ArcGIS tool

described by Gould, Kinsman, and Hendricks (2015).

Ty - distance of change

Twir — WLR of the transect Tr = Twir x (F, — Cy) [5]
(), — most recent shoreline year _ _
F,  — future projection year Ty = Twer x (B = Gy) [6]

2.6. Estimating Goodnews Tidal Datum

As mentioned previously, no tidal datum has been established for the city of Goodnews
Bay, but a datum does exist for Platinum, 16 km west at the head of the bay. In order to estimate
the tidal datum at Goodnews, a HOBO pressure gauge was deployed from August 25-29™ 2015
in the Goodnews River terminus approximately 100 m southwest of The Point. This gauge
measured water level above the sensor in meters at 30-second intervals. Unfortunately, GPS
equipment failure prevented the data series from being tied to an absolute vertical datum.
Instead, the NAVDS88 elevation of the gauge was estimated using the approximate (+ 3 m)
horizontal position and a quadratic fit of the slope of the mud flats, based on the 2016 DSM
elevation values. This 5-day water level series was used in conjunction with the Platinum
station’s NOAA Center for Operational Oceanographic Products and Services (CO-OPS) tide
prediction and tidal datums to calculate the tidal datums at Goodnews. A tide-by-tide analysis

was performed using the modified range ratio method for semidiurnal tides (USDC, 2003).

25



2.7.  Estimating Total Water Level of Large Storms

Nearly every storm damage report from Goodnews involved flooding, but corresponding
total water level estimates have yet to be referenced to a common vertical datum. This included
the most recent storm in 2011. Available data on storm surge elevations was compiled in this
thesis to fill this data gap. Primary indicators of storm surge and wave run-up were scarcely
documented, so state reports and local anecdotal accounts were used to best estimate water level
during large storms. The estimates were made in the North American Vertical Datum of 1988
(NAVDSS), and later referenced to the approximate local tidal datum, as established in this
study. Storm surge and tidal datum estimates will be included in the color-index elevation map
described in Section 1.4, which is meant to serve as a tool to visualize where previous storm

surge has reached (Tschetter, Kinsman, and Fish, 2014).

2.7.1. 1979 Storm TWL Estimate

Accounts about the destructive 1979 storm and subsequent flooding in Goodnews come
from community interviews and reports directed by the Alaska District Corps of Engineers Flood
Plain Management (Appendix II). In 1994, a survey was conducted in order to estimate the 1979
flood elevation relative to a temporary benchmark (Table 5; Appendix II). They found that water
went under resident James Bright’s house, but did not flood the first floor. The house still stands
to this date, but is unoccupied.

Two of the 1994 survey targets were re-measured during this study’s 2016 survey,
manhole #4 and the seaward-most ground point of James Bright’s house. Using these as
reference points, the 1979 water level was estimated to have reached 4.80 m NAVD88. The

elevations between the two surveys varied by 0.20 m.
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Table 5. Survey information to estimate 1979 flood elevation. Survey information was recorded
verbatim from the survey conducted by the Alaska District Corps of Engineers Flood Plain
Management (Appendix II).

Survey Information Elevation Elevation Elevation (m
(ft) (m) NAVDS8)

TBM [temporary benchmark], door sill of city hall

. 100.00 30.48 -
main entrance

Rim of manhole cover #1, the first manhole north of

city hall 98.16 29.92 --
Rim of manhole cover #2, the second manhole north 91.11 27.77 -

Rim of manhole cover #3, the third manhole north of

city hall, and the first south of the creek 87.36 26.63 h

Rim of manhole cover #4, first manhole north of the
creek
Ground level at James Bright’s House 83.11 2533 4.66

Tide level of Goodnews bay at 9:45 am, 9/15/94 tide
estimated to be about mid-range

Estimated 1979 flood elevation 83.50 25.45 4.80

83.98 25.60 4.97

71.35 21.75 --

Recommended minimum building elevation 85.50 26.06 5.39

2.7.2. 1969 and 1989 Storm TWL. Estimate

The Flood Plain Management report stated that the 1969 storm flooded the airport
runway with 6-12 inches (0.15 — 0.30 m) of water, and the 1989 storm also flooded the airstrip
(to what degree was not stated). Thus, these two storms were treated as having the same surge
elevation. The footprint of the previous runway is still visible in the 2016 dataset, with elevations
ranging between 2.5 - 4.0 m. However, the magnitude of its demolition during the construction
of the new runway is not known. The only surveyed elevation information found for the previous
airstrip came from the 2004 map prepared by Global Positioning Services, Inc. They surveyed
several points in the village in order to tie GCPs for a photogrammetric survey, which produced
contour elevations of the runway. These contours depicted the runway surface between 12 to 14
feet (3.7 to 4.3 m) relative to the published ellipsoid height of the referenced benchmark “BLM
EC 10757 1980”. The benchmark could not be recovered in 2016, so the survey points were
compared to the 2016 DSM for elevation offsets in order to place them in the NAVD88 vertical

datum. Points were first filtered to remove areas with vegetation, high-angle features, and
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significant changes such as road grading. Then their relative elevation in meters was subtracted
by the elevation of the DSM cell they represent. On average, the 2004 points lay 0.80 meters
below the 2016 elevation (SD = 0.20 m; n = 15). This offset estimate placed the previous runway
surface between 4.5 and 5.0 m NAVDSS.

2.7.3. 2011 Storm TWL Estimate Using Proxy Indicators

Data for this storm surge came from images taken the day after the storm, anecdotal
accounts, and physical evidence of water levels (Table 6). Features either were surveyed with
RTK-GNSS (0.02 m accuracy), or estimated using the 2016 DSM (0.22 m accuracy). Several
photographs of wave-carried ice and debris, taken directly following the storm, were compared
to the 2016 DSM to determine their elevation. Estimates of the peak water level ranged from 5.0

to 5.5 m, with one report stating wave-tips reached 5.57 m.

Table 6. Water level proxies used to estimate elevation of 2011 storm surge. Numbers in
parenthesis correspond to the photo number in Appendix L

Water Level Proxy 2016 GNSS Elev. 2016 DSM Elev.
(m NAVDS8) (m NAVDS8)
Evan Evan’s porch step (095) 5.57
E  Debris around pump station (075, 090) 53-5.5
g Current airport runway surface (069, 071, 072, 4.6-5.5
D& 111)
Debris up to road behind Bright house (079, 087) 5
= James Bright Jr.’s former house (086) 4.66
-E Airport fence (downed) (072) 4.6
E Surge-carried muddy debris 4.34
3 Surge-carried muddy debris 4.02

2.7.4. 2011 Storm TWL Estimate Using Ocean and Weather Information

As explained in Section 1.3, no active tide gauge exists in Goodnews Bay or the
surrounding area. In the absence of direct water level measurements, TWL can be estimated
using tide, surge, and wave runup models. A tidal datum was established at Platinum, 16 km

west on the bay side of the inlet between the Bering Sea and Goodnews Bay (station 9465396)
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(Figure 9). Astronomical tide predictions, made by NOAA CO-OPS, are computed relative to
Platinum datums, although the data are not quality controlled by National Ocean Service
procedures. The NWS operationally models storm surge using the Sea Lake and Overland Surge
from Hurricanes model for Alaska. The NWS model incorporates storm pressure, extent, forward
speed, and track in order to estimate surge height from a simulated wind field (Jelesnianski,
Chen, and Shaffer, 1992). Surge heights are reported as a height above predicted astronomical
tide levels (storm tide = tide + surge). In order to estimate marine TWL (TWL = tide + surge +
wave runup), wave runup is calculated using a parametrized model (Stockdon et al., 2006).
Offshore deep-water (20 m) peak wave period and significant wave height measured by the
USACE Wave Information Studies station 82234 are combined with the average beach slope

from 20 beach profiles in Goodnews Bay to estimate maximum setup (Eq. 7) and maximum 2%

runup (Eq. 8).

Ro 2% runup exceedance 1

Br —beach slope <n>= 035B;(HoLo)? [7]
Hoy - significant wave height 1

Lo — peak wave period R, =11 << 1> +0.5[HoLo(0.56387 + 0.004)]2) [8]

<n> — maximum setup height

For this study, CO-OPS water level predictions, NWS storm surge estimates, and wave
runup and setup estimates were combined at 6-minute intervals from November 11 to 14, 2011
AKST (GMT - 09:00). The sum of the datasets were used to estimate marine TWL. Vertical
error in the NWS model is estimated to be 20% of the surge height (Jelesnianski, Chen, and
Shaffer, 1992; Taylor and Glahn, 2008).

2.8. Estimating Wave Impact Hours

Wave Impact Hours (WIH) are used to describe erosion susceptibility based on temporal
exposure to wave energy (Hapke and Plant, 2010; Ruggiero et al., 2001). WIH are estimated by
calculating the amount of time TWLs exceed the elevation of specific coastal features. To model
WIH in Goodnews, hourly TWL estimates from 2009 to 2014 are compared to elevations of
MHHW, bluff toe, and bluff top (elevations are extracted from the beach profile survey and
Goodnews tidal datums) (Figure 9).
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Three categories of wave impact are used:
1. Beach erosion MHHW < TWL; < bluff toe
2. Bluff collision bluff toe < TWL; < bluff top
3. Bluff overtopping  blufftop < TWL4
WIH are computed for the 11/11/2011 storm, as well as annual monthly means to

determine if the event was an anomaly.

Bluff Top Bluff Overtopping

Elevation

TWL at time t

Total Water Level Beach Erosion

Runup

Storm Surge

Ast ical Tid .
stronomica 1de Tifne (t)

NOAA CO-OPSN

@
\USACE WIS NWS SLosH §

Figure 9. Datasets used for total water level and wave impact hour analyses. Total water level at
Goodnews is computed as the summation of NOAA tide estimates (red), NWS storm surge
estimates (purple), and USACE offshore data with the Stockdon et al. (2006) runup equation
(periwinkle). In a given time period, the number of hours that total water level exceeds MHHW,
the bluff toe, and the bluff top is calculated and categorized into beach erosion, bluff collision,
and bluff overtopping. In this schematic, the total water level at selected time t exceeds the bluff
toe, but not the bluff top, resulting in bluff collision.
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CHAPTER 3

RESULTS

The following subsections describe and illustrate the results found through the shoreline
change analysis, future shoreline projections, and modeling storm surge extent based on the
estimated TWL. Changes are analyzed across the entire study period and for image-to-image
periods in an effort to identify trends that may relate to specific storms. Some statistics are
reported in meters per year in an effort to compare periods of different lengths of time, but the
use of this unit does not intend to assert that change occurs at a constant rate through time.
Estimated storm surge elevations are mapped in a single-value model, as well as the local
MHHW estimate. A sample of the single beach profile survey is provided, and the dataset can be
found in Appendix V.

3.1.  Shoreline Change Analysis (1957 — 2016)
3.1.1. Detecting Net Change

From 1957 to 2016, significant erosion is detected at both bluffs (Figure 10). The highest
net movement (NSM) of the bluff edge is 13 m, which occurred at both promontories directly
north and south of the creek running through the village. The unarmored bluff north of the
village exhibited between 3.4 to 9.8 m of net erosion, with a general increase toward the
southeast. All NSMs of the unarmored bluff are statistically significant from zero, but the
armored bluff experienced considerable spatial variability. On average, the unarmored bluff edge
eroded 5.9 + 1.1 m, and the armored bluff eroded 3.2 + 2.8 m (95% CI). Measurements could not
be made directly on the creek bridge, but net movement remains statistically significant on either
side of the creek (Figure 10). The majority of the bluff edge south of the headlands exhibits no
significant movement, so this region of the bluff may be considered moderately stable over the

period of analysis.
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Figure 10. Net movement and weighted linear change of bluff top edges between 1957 (blue) and 2016 (black). The footprint of each
line represents total uncertainty. Net movement is shown by the color of the circles following each bluft: red circles are high landward
movement and green circles are seaward movement. White circles are plotted where the bluft is considered stable, based on when the
WLR is less than the 90% CI. The unarmored bluff (A) exhibits fairly consistent erosion, whereas the spatially variable armored bluff
(B) has the highest net movement in both directions, as well as the greatest area of stable shoreline. For averaging change of the
armored bluff, the region is divided by the dotted line into North and South to account for this transition.









































































































































































































