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ABSTRACT

This project quantifies localized potential for shoreline change and flooding at Nelson Lagoon, a
small fishing community located on the Bering Sea coast of the Alaska Peninsula. The overall
goal of this project is to generate societally relevant and locally applicable map and data products
through synergistic relationships with federal, state, private, tribal, and public partners. This
project intends to substantiate anecdotal observations by local residents, with the ultimate goal of

informing erosion and flooding mitigation efforts moving forward.

Long-term trends of shoreline change were measured using multi-temporal orthorectified aerial
imagery between 1983 and 2019, while annual changes in shoreline morphology were measured
via cross-shore elevation profiles using a survey grade Real-time-Kinematic Global Navigational
Satellite System (RTK-GNSS). Shoreline positions were extrapolated using linear regression
techniques. A digital surface model (DSM) of the community was derived using Structure-from-
Motion (SfM) with >2,400 aerial images collected with an Unmanned Aerial Vehicle (UAV) and
used to assess flooding vulnerability after being geodetically referenced and related to a local
tidal datum computed by this project. New and existing topographic and bathymetric datasets
were compiled and refined into a 6,000 km? topobathymetric “seamless elevation” model of the
Nelson Lagoon area, over which storm-tide induced currents were simulated using Delft3D FM

Suite HMWQ.

Remote sensing records indicate that the Nelson Lagoon spit elongated by more than 800 m and
narrowed with an average Net Shoreline Movement (NSM) of -16.9 m between 1983 and 2019
(distal end not included). Though, NSM values show high variability (¢ =21.9 m) and the
lagoon and seaward sides of the spit are exhibiting very different erosional regimes. On both
sides of the spit, episodes of rapid erosion mainly occurred during high storm-tide events that
coincided with significant wave action. For this reason, the long-term erosion rates ultimately
reflect the combined erosional impact of just a few storm events. Sand dunes in the supratidal
zone on both sides of the spit are eroding at the vegetation line while the dune face retreats
landward. By assessing erosion and flooding vulnerabilities for the Nelson Lagoon community,
this study adds to an ever-growing database of such assessments statewide; which, ultimately,

advance our understanding of regional coastal change in a shifting environment.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Alaska has undergone substantial changes over the last few decades in various atmospheric and
cryospheric systems and processes (Bader et al., 2011). Typical annual average statewide
temperatures are now 3 to 4°F (~2 to 3°C) warmer than during the early and mid-20th century
(Thoman and Walsh, 2019). This regional warming has been linked to increased storm frequency
and intensity in the Bering Sea due, in part, to enhanced land-sea thermal contrast along the
Arctic Frontal Zone (AFZ) (Zhang et al, 2004; Day and Hodges, 2018). This rapid Arctic
warming relative to northern hemisphere mid-latitudes — referred to as Arctic Amplification
(AA) — has been attributed to more frequent high-amplitude (wavy) jet-stream configurations,
which also increases the frequency of extreme weather events (warm/cold snaps, storms, etc.)
(Wallace and Hobbs, 1979; Francis and Vavrus, 2015). When combined with increased open
water days due to the decline in sea-ice, this regime change has increased the occurrence of
synchronous changes to shoreline morphology (Jones et al., 2009; Vermaire et al. 2013), rapid
habitat degradation through salinization of freshwater and terrestrial ecosystems (Vermaire et al.
2013), and the destruction of infrastructure in coastal communities throughout the region
(Graham and Diaz, 2001; Jones et al, 2009; Mesquita et al., 2010; Kinsman and DeRaps, 2012;
Farquharson et al, 2018). These effects are especially relevant to Alaskan communities, since, as
early as 2003, the United States General Accounting Office (GAO) reported that 184 out of 213
(86%) of Alaska Native villages are affected by flooding and erosion related hazards (GAO,
2003). Understanding the trends and dynamics of these changes along the Bering Sea coast is
predicated on grasping both the spatial and temporal variability of storm climatologies in the

North Pacific and Bering Sea (Atkinson, 2005; Rachold et al., 2005).

One such community located along the southern Bering Sea coastline is Nelson Lagoon (Figure
1), a native community of 50 people located on a narrow sand spit with no road connection to

any other community. Essential infrastructure, such as freshwater resources and the airstrip, have



recently experienced substantial storm-driven erosion. The community lies at the historical
southern limit of the open ocean sea-ice maximum and, starting over the last few decades, no
longer experiences sea-ice each year (AOOS, 2014). This leaves the coastline without a natural
barrier to blunt the impact of waves and surge for longer periods of time throughout the year
(Vermaire et al. 2013). It also means surface winds have more contact with ocean water over
larger areas for longer periods of time throughout the year, producing larger waves and surge
(Erikson et al., 2015). This phenomenon has been quantified at St. Lawrence Island in the Bering
Sea by Erikson et al. (2015), who found that the magnitude of surge events has increased over
the last 30 years. Barrier beach systems are among the most dynamic of depositional coastal
landforms and respond rapidly to changes in littoral sediment supply and sea level, as well as to
the dynamic processes associated with severe storms including surge events (Mason and Jordan,
1993; Houser et al., 2008; Davidson-Arnott et al., 2019). This makes Nelson Lagoon and similar
barrier beach systems that have likewise experienced modern declines in sea-ice extent and
duration particularly useful as case studies to determine ramifications of the ongoing regime shift

in the oceanographic and climatic conditions in the southern Bering Sea region.
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Figure 1. Study site map of the Native Village of Nelson Lagoon. (A) UAV imagery over the
residential portion of the community. The right side of the image is the Bering Sea, left side is
the back-barrier lagoon. (B) Cross-shore image showing set-net cabin whose foundation has been
undercut by storm-driven surge and wave action on the lagoon-side of the spit. (C) Regional map
showing Nelson Lagoon's location on the North side of the Alaska Peninsula in Bristol Bay.
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This project applies contemporary scientific tools combined with field investigations to
determine Nelson Lagoon’s vulnerability to flooding and erosion from future storm surge, as

well as develop tools for mitigation applications (i.e. Smith, 2014).

1.2 Research Question and Objectives
This goal of this project is to identify spatial patterns of vulnerability to storm driven erosion and
inundation at Nelson Lagoon through topographic analyses and by constructing a local
hydrodynamic model set up for inclusion in a regional scale storm surge model. This goal was
accomplished through the following objectives:
1) Conduct field investigations that include topographic, bathymetric, tide, and sediment
surveys; compile climatic and oceanographic datasets.
2) Carry-out change analyses using remote sensing and surveyed datasets to quantify the
extent and magnitude of shoreline change and flooding.
3) Construct a “seamless” topobathymetric elevation model and computational grid from
existing and new survey data for inclusion in a regional storm surge model using Delft
3D FM.

4) Produce data products that inform community decision making and mitigation strategies.

1.3 Background

1.3.1 Regional Storm Regime

The center of a closed surface cyclonic circulation outside of the tropics is normally referred to
as an extratropical cyclone (Jones et al., 2003; Bader et al., 2011). According to the Beaufort
Wind Scale, an extratropical cyclone is categorized as a storm when the wind speed attains
values greater than 24.5 m/s (55 mph) (WMO, 1970). Storms can last anywhere from 12 and 200
hours (up to >8 days), depending on the season and local geography and can vary in size from
the mesoscale (<1000 km) to synoptic scale (>1000 km). Storms are often associated with
damaging winds (Mesquita et al., 2009) and/or strong precipitation in the form of rain and snow
and are an integral part of the atmospheric transport of heat, moisture (Sorteberg and Walsh,

2008), and momentum polewards (Yin, 2005; Bader et al., 2011).



While various analyses of storm activity have appeared in the literature, most have focused on
the northern hemisphere as a whole, with the Arctic being treated separately in some instances
(Keegan, 1958; Whittaker and Horn, 1984; Serreze, 1995; McCabe et al., 2001; Hoskins and
Hodges, 2002; Zhang et al., 2004; Sorteberg and Walsh, 2008). Relatively few studies have
focused on the North Pacific or Bering Sea region (Mason et al., 1996; Mesquita et al., 2009).
This is a serious research gap because recent studies indicate that a warmer Arctic is
accompanied by a northward shift in extratropical cyclone tracks (Geng and Sugi, 2003; Fischer-
Bruns et al., 2005; Yin, 2005; Bengtsson et al., 2006; Rinke and Dethloff, 2008; Schuenemann
and Cassano, 2010; Bader et al., 2011). The Northern Pacific/Bering Sea is one of the two main
storm corridors in the Northern Hemisphere (Figure 2) (Hoskins and Hodges, 2002; Bernstein et
al., 2008; Overland and Wang, 2019), mainly because of the geographical distribution of ocean
and land in the Northern Hemisphere, which control the structure and magnitude of meridional

temperature gradients (Rodionov et al., 2007).
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Figure 2. Storm track density climatology in the North Pacific from 1948/49 to 2008. (A) winter
(DJF), (B) spring (MAM), (C) summer (JJA), and (D) autumn (SON) seasons. Units: Storms
(10° km? season)!. Location of Nelson Lagoon is noted by the white circles. Notice that Nelson
Lagoon observes greater than 20 storms per season on average (after Mesquita et al., 2009).
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The Bering Sea is characterized as an area of high lysis density (number of storms that dissipate
within a defined region), especially during autumn and winter months (October — February); with
winter storms being more intense (Cacchione and Drake, 1979; Overland and Pease, 1982;
Sallenger et al., 1983; Mesquita et al., 2009). The principal influence on the Bering Sea surface
is the Aleutian Low pressure cell (Mason et al., 1996; Rodionov et al., 2005). The Aleutian Low
describes a statistical tendency toward low pressure associated with the passage of storms. One
of the most widely used indices for the overall strength of the Aleutian Low is the North Pacific
(NP) index (Figure 3A), which is related to the Pacific Decadal Oscillation (PDO) (Figure 3B)
(Trenberth and Hurrell, 1994). When the NP index is positive it means that the Aleutian Low is
relatively weak, and when it is negative the Aleutian Low is relatively strong. Rodionov et al.
(2007) analyzed the NP index through time and found a correlation between negative NP index
values and anomalously warm winters in the Bering region (Figure 3C). This occurs because the
frequency of storms along the Alaskan track increases dramatically during the climate regimes of
a strong Aleutian Low, increasing the overall probability of anomalously warm winters in the
Bering Sea. As seen in Fig. 3A over the past 100+ years there were two multidecadal regimes of
a strong Aleutian Low (1924-1946 and 1977-2005+) and two regimes of a weak Aleutian Low
(1901-1923 and 1947-1976). The overall downward trend (increased storminess) in the NP

index is noteworthy.

A study by Sepp and Jaagus (2011) found that the trend in the annual total number of cyclones in
the Arctic increased by 55.8 cyclones over the period 1948-2002 and that the greatest increase in
the frequency of cyclones was during the winter. There was a significant increase in the
frequency of cyclones that specifically moved into the Arctic basin through the Bering Strait
(Sepp and Jaagus, 2011). Moreover, the same study identified that the sea level pressure of
Arctic cyclones showed a significant decreasing trend of 2.5 hPa (stronger storms) over the same

study period.
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Figure 3. Plot showing the last hundred years of the mean winter (DJFM) North Pacific index,
Pacific Decadal Oscillation Index, and surface air temperature in the Bering Sea. (A) North
Pacific index, 1901-2005, unitless (B) Pacific Decadal Oscillation index, 1901-2005, unitless,
and (C) surface air temperature in Celsius at St. Paul, 1916-2005. Bold gray lines characterize
regime shifts calculated using the sequential method (from Rodionov et al., 2007).

1.3.2 Regional Sea Ice Regime

Sea-ice extent and duration strongly influence Arctic and Subarctic coastal dynamics, and
changing climate is now altering the sea-ice regime of the Bering Sea (Farquharson et al., 2018).
Open ocean sea-ice is an important moderator of wave fetch and water temperature, and
shorefast sea-ice shields coastlines from wave action. Specifically, the extent of sea-ice has an
inverse relationship with wave fetch, height, and swell size in Arctic seas (Stabeno et al., 2007;
Francis et al., 2011; Overeem et al., 2011; Thomson and Rogers, 2014; Thomson et al., 2016),
with the open-water season having the most wave energy available for coastal erosion and
sediment transport (Overeem et al., 2011; Farquharson et al., 2018). Storms during the ice-free
season generate the most geomorphologically significant wave events along Arctic coastlines
and, hence, strongly influence coastal processes (Reimnitz et al., 1994; Mason et al., 1996;

Forbes, 2011; Barnhart et al., 2014; Farquharson et al., 2018).



Winter ice formation in the Bering Sea has been described using the “conveyor belt” analogy
(e.g., Muench and Ahlnas, 1976; Pease, 1980; Burns et al., 1981) in that sea-ice forms along the
south facing coasts where polynyas (an open stretch of water) develop as the predominantly
northerly winds carry sea-ice southward away from the coasts. Major polynyas occur south or
down-wind of the Chukchi Peninsula, St. Lawrence and St. Matthew islands, and the Seward
Peninsula. Sea-ice is then blown southward until it reaches warmer water where it melts, cooling
the SST and allowing the ice edge to move southward (Stabeno et al., 1999; Stabeno et al., 2007;
Danielson et al., 2011). In recent history, the southward edge seldom extended farther south than
the deep water of the Aleutian basin south of the Bering Sea continental shelf (Figure 1).

The rate and dynamics of the sea-ice conveyor belt is strongly influenced by regional winds on a
year-to-year basis (Zhang et al., 2010). Ice drift rates vary from 17 to 22 km/day to as fast as 28-
32 km/day (Shapiro and Burns, 1975; Muench and Ahlnas, 1976; Weeks and Weller, 1984). In
the Bering Strait, speeds as fast as 50 km/day have been observed, although there are reversals
driven by wind events (Pease, 1980; Stabeno et al., 1999). Thus, the amount of ice moving south
fluctuates considerably from year to year because of the substantial interannual variability of the
winter northeasterly winds, which are linked to the location and intensity of the Siberian High
and the Aleutian Low (Overland et al., 1999; Stabeno et al., 2001; Stabeno et al., 2007). The
position of the mean ice edge during winter and early spring (January to April) is farthest south
and relatively stable until April, after which the ice edge begins to retreat northward (Jones et al.,
2020). By June, the ice edge has typically retreated northward through the Bering Strait, and by
September, reaches its northernmost position off the continental shelf in the Chukchi and

Beaufort Seas (Frey et al., 2015).

Over the past three decades, there have been significant changes in the timing and extent of sea-
ice cover across the Bering, Chukchi, and Beaufort Seas (Jones et al., 2020). Satellite data reveal
that patterns in sea-ice cover have been spatially heterogeneous through time, with significant
declines of sea-ice extent in the Chukchi and Beaufort Seas, and complex multi-year variability
in the Bering Sea south of St. Lawrence Island (Figure 4) (Frey et al., 2015). Stabeno et al.
(2012) describe this multi-year variability in sea-ice cover over the southeastern Bering Sea shelf

as involving oscillations between warm years (e.g., 2001-2005) with less extensive ice (driven



by weak, easterly winds) and cold years (e.g., 2007-2012) with more extensive ice (driven by
cold, northerly winds). For example, the period 1979 to 2000 was characterized by high
interannual variability in sea-ice, 2001 to 2005 was characterized by relatively low sea-ice cover,
and 2006 to 2012 was characterized by relatively high sea-ice cover (AOQOS, 2014; Frey et al.,
2015). A weakened/wavy jet stream due to AA is associated with this increased variability in
sea-ice cover across the Bering Sea (e.g., Wendler et al., 2014), a connection made evident by a
shift from dominantly positive PDO values to more negative values over the last decade (Frey et

al., 2015).
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Figure 4. Megatransect of sea-ice concentrations for the month of March between 1850 and
2018 compiled from the Alaska Ocean Observatory Network (AOOS) Sea Ice Atlas. (0-30%)
Open Water to very open drift, (30-90%) open drift to close pack, (90-100%) very close pack to
compact. The black, red, and blue points in the upper right inset map correspond to the black,
red, and blue sea-ice time series in the main graph. Notice how sea-ice in the Bering Sea (black)
no longer consistently observe sea-ice each year (2000 onward).

The impacts of record low sea-ice extents in the Bering Sea since 2012 have been widespread
and profound (Overland et al., 2011), including unprecedented weather events (Thoman et al.,
2020), marine wildlife die-offs (Thoman et al., 2020), and sightings of animals outside of their

normal range (Herring et al., 2018). Most pertinent to this project’s analysis of storm-driven
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