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Detecting and Modeling Landfast Ice in the Alaskan Bering Sea
David Jensen

SCIENTIFIC ABSTRACT

Seasonal sea ice — ice which freezes in late fall and melts completely the
following summer — is a central feature in the ecology, geomorphology, and climatology
of the Bering Sea. In this region’s coastal zones, sea ice becomes locked into a stationary
position against the coastlines to become landfast ice, which influences bioegophysical
processes in the region, as well as exchanges of energy and matter among land, ocean,
and atmosphere. It provides a platform for human mobility and subsistence activities,
habitat for certain marine mammals, regulates terregenous nutrient cycling into ocean
environments, and modulates the effect of erosive wind/wave action against coastlines.
However, a thorough understanding of how this stationary ice, known as landfast ice,
affects biogeophysical processes in the Bering Sea is limited by a lack of data on its areal
coverage and seasonal duration.

This dissertation establishes a baseline set of observations of landfast ice
conditions in the Bering Sea through the creation and analysis of continuous spatial
datasets. Chapter 1 focuses on the landfast ice annual cycle in the Eastern Bering Sea,
which spans from the western tip of the Seward Peninsula to the southernmost point on
the Yukon-Kuskokwim River Deltas. Chapter 1 results in the creation of landfast ice
spatial data in these areas ranging from 1996 — 2008. Results show the spatial distribution
and seasonal duration of landfast ice vary regionally within our study area, does not
generally reach water depths associated with stabilization of the landfast ice cover in
other regions of the Arctic, and is shortening in seasonal duration by approximately 9
days. Chapter 2 focuses on the landfast ice annual cycle on St. Lawrence Island, an
Alaska Island located in the northern Bering Sea. Chapter 2 results in the creation of
landfast ice spatial data in these areas ranging from 1996 — 2019. Results show the spatial
distribution of landfast ice to vary regionally on the island, based on the coastlines
orientation towards prevailing winds that transport pack ice through the Bering Strait. We
also observed a sharp decline in landfast ice cover from 2017-2019, which coincides with
record-breaking declines in sea ice coverage for the entire Bearing Sea. We also found
coastal morphology and orientation have limited explanatory power when modeling
landfast ice widths — the distance between the landfast ice edge and coastline —
suggesting the consideration of meteorological variables is needed to improve models.
Chapter 3 uses the landfast ice data from Chapter 2 to create an explanatory logistic
regression model of landfast ice cover on St. Lawrence Island, using a combination of
geographic and meteorological predictor variables. Using these variables, the model was
able to predict the location of landfast ice cover with 80-90% accuracy, depending on the
region of St. Lawrence Island. The model outputs resulted in very low commission error,
with high omission error, which may be improved in future studies with the additional
predictor variables.

Cumulatively, this dissertation is the most comprehensive analysis of landfast ice
cover to date on Alaskan Bering Sea coastlines. Research findings advance scholarly
understandings of coastal ice conditions in the Bering Sea, and the geographic as wellas
meteorological factors that enable their presence.
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GENERAL AUDIENCE ABSTRACT

Landfast sea ice — sea ice that becomes locked into a stationary position against the
coastline — is a central feature in the ecology, geomorphology, and climatology of the
Bering Sea. However, a thorough understanding of how this stationary ice, known as
landfast ice, affects human/environmental processes (e.g. climate regulation, sediment
mixing in marine environments, wildlife habitat/behavior, human transportation) in the
Bering Sea is limited by a lack of data on its areal coverage and seasonal duration. This
dissertation establishes a baseline set of observations of landfast ice conditions in the
Bering Sea through the creation and analysis of continuous spatial datasets.
Cumulatively, this dissertation is the most comprehensive analysis of landfast ice cover
to date on Alaskan Bering Sea coastlines. First, this dissertation creates and analyzes the
landfast ice annual cycle from 1996 — 2008 on the Eastern Bering Sea. Second, this
dissertation creates a similar dataset from 1996 — 2019 on St. Lawrence Island, finding
significant declines in landfast ice coverage that match broader sea ice trends in the
northern Bering Sea. Third, this dissertation uses the landfast ice data on St. Lawerence
Island to create a model explaining outcomes in the location of landfast ice cover under
certain geographic and meteorological conditions.
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Chapter 1. Statement of Purpose, Background
1.1 Statement of Purpose

Arctic and subarctic regions are experiencing major and rapid changes to its
landscapes, oceans, and climate (Hinzman et al. 2005; IPCC 2013). These changes are
strongly driven by the retreat of cryospheric features such as sea ice (Serreze et al. 2007).
In the Arctic Ocean and adjacent subarctic seas, multi-year sea ice concentrations are
declining, and seasonal sea ice features are present for shorter periods of time with
diminished areal extent (Grebmeier et al. 2006; Stroeve et al. 2007; Wadhams and Davis
2000). Such changes carry implications for the net flow of energy into and out of the
earth system by reducing planetary albedo and diminishing the polar heat sink through
which energy is released into space (Qu et al. 2006; Serreze et al. 2000). Consequences of
sea ice change also manifest at more regional scales, affecting regional ecologies,
geomorphology, and human activities (Grebmeier et al. 2006; Oceana and Kawerak
2014; Radosavljevic et al. 2016).

Sea ice presence and influence on interacting processes has been particularly affected
by climatic shifts. Summer minimum sea ice extent in the Arctic Ocean has declined by
an average of 10% per decade since 1979 (Comiso et al. 2008; Goosse et al. 2009). Sea
ice decline has paralleled change in the functions of interacting processes through marine
mammal habitat reduction (Kawerak 2013; Oceana and Kawerak 2014; Ray et al. 2016),
increasing tundra vegetation productivity (Bhatt et al. 2010; Post et al. 2013), and altering
food webs structured by the predictable recurrence of sea ice conditions (Boetius et al.
2013; Grebmeier et al. 2006; Hunt et al. 2002). Changing sea ice conditions can also alter

the geomorphology of coastlines by increasing exposure to erosive ocean and wind action



(USACE 2009). These changes can also occur in subarctic regions bordering the Arctic
Ocean, such as the Bering Sea where food webs have shifted with changing seasonal ice
conditions (Grebmeier et al. 2006).

Increased periods of ice-free conditions as a result of sea ice decline carry important
implications for human activities in Arctic and Subarctic environments. Sea ice plays an
integral role in subsistence activities by providing seasonal travel platforms and habitat
for marine mammals (Kawerak 2013; Ray et al. 2016), and is generally viewed by Arctic
indigenous peoples as an essential environmental feature for the continuity of cultural
identity and practice (Oceana and Kawerak 2014). Diminishing sea ice cover creates
economic incentives for increased human activities and presence in Arctic environments,
which can create new challenges such as food insecurity for subsistence communities
(Beaumier et al. 2010; Ford et al. 2010, 2011), disruptive or fatal interactions between
wildlife and maritime vessels (Burek et al. 2008; Oceana and Kawerak 2014), and the
increased risk of oil spills as maritime activity increases (Whiteman et al. 2013).
Increasingly ice-free conditions also present new opportunities for human activities.
Diminishing pack ice in the Northwest Passage and Northern Sea Route are creating
increasingly reliable summertime shipping routes through the Arctic Ocean (Stephenson
et al. 2013), and facilitating the extraction of hydrocarbons that were once inaccessible
(Gautier et al. 2009).

The consequences associated with sea ice decline have incentivized increased
attention in recent years to landfast ice (Howell et al. 2016; Mahoney et al. 2007, 2014;
Yu 2014). Landfast ice forms in coastal zones and inner-shelf waters, where sea ice can

freeze into a stationary position against the coastline. The annual cycle — the seasonal



process by which landfast ice forms in the winter, interacts with the surrounding
environment, and melts in the spring — influences interactions between terrestrial, marine,
and atmospheric processes (Eicken et al. 2005; Heil et al. 1996; Mahoney et al. 2007).
Landfast ice mediates energy fluxes by suppressing erosive energy from wind and wave
action (Goldenberg 2014; Konig and Holland 2010; Rawlings 2015), and reflecting
incident solar radiation (Allison et al. 1993; Langelben 1971). Landfast ice also mediates
the exchanges of matter between marine and terrestrial environments. For example,
landfast ice freezes against river mouths and generally melts later than inland river ice
and snow. River discharge floods the surface of landfast ice (an occurrence referred to as
an overflow event) and is confined below the surface. These ice barriers regulate the
mixing of sediments, including organic matter for marine food webs, into ocean
environments (Dunton et al. 2006; McClelland et al. 2012). Overflow processes also
introduce heat into these environments by lowering the surface albedo of landfast ice and
sensible heat flux from the water flooding the ice (Dean et al. 1994; Weingartner et al.
2017).

Due to its mediating effect on coastal conditions, changes in the seasonal extent and
duration of landfast ice have consequences for many critical processes on which
terrestrial and marine environments depend. On Bering Sea coastlines in Western Alaska,
landfast ice has been observed to change by forming later, melting earlier, and becoming
increasingly unstable and harder to predict (Huntington et al. 2013; Kawerak 2013).
These changes have influenced associated challenges in the Bering Sea; subsistence
activity and seasonal travel are becoming more arduous (Huntington et al. 2013; Oceana

and Kawerak 2014), viable habitat for migratory marine mammals is diminishing



(USFWS 2008), and accelerated coastal erosion threaten community infrastructure and
livelihoods (Goldenberg 2014; Mahoney et al. 2007a; Rawlings 2015).

Research on the extent to which landfast ice change is altering interacting terrestrial
and marine environments, and presents new challenges in coastal zones, is constrained by
limited data and research. This is particularly true for our understanding of Bering Sea
landfast ice, where the landfast ice annual cycle — and how it is influenced by the
physical geography and climatology of the region — is generally understudied compared
to the more comprehensively examined Chukchi and Beaufort Seas (Mahoney et al.
2014). This dissertation research provides a baseline set of Bering Sea landfast ice
observations, and explores relationships between the landfast ice annual cycle and the
physical geography and climatology of the region, by addressing three comprehensive
research objectives.

* Research Objective 1: Establish a baseline set of observations of spatial and
temporal landfast ice patterns on the Eastern Bering Sea and St. Lawrence
Island coastlines using remote sensing and GIS modeling with a time series of
Radarsat-1, ENVISAT, and Sentinel-1 imagery

* Research Objective 2: Identify relationships between landfast ice spatial
distribution and the physical geography of the Bering Sea region

* Research Objective 3: Advance created datasets towards the creation of a
spatial model exploring how geographic and meteorlogical conditions

influence the spatial distribution of landfast ice cover.



Fulfillment of these three research objectives will contribute to a broader and more
thorough understanding of the role of landfast ice in the earth system, and its
relationships with the physical geography and climatology of the Bering Sea region,

through the generation of new knowledge and datasets

1.2 Structure of Dissertation

This dissertation is organized into five chapters. The broad aim and objectives of this
research are introduced in Chapter 1, as well as a review of literature pertinent to landfast
sea ice, methods of remote sensing, and the physical geography of the Bering Sea.
Chapter 2 provides a baseline set of observations on landfast ice cover in the Eastern
Bering Sea from 1996-2008by using a time series of Radarsat-1 imagery to characterize
the annual cycle and infer relationships with the region’s physical geography. Chapter 3
provides a longer baseline set of observations of landfast ice cover on St. Lawrence
Island from 19962019 by using a combination of SAR sensors to characterize the
landfast ice annual cycle and infer relationships with the region’s physical geography
using a simple multivariate modeling approach. Chapter 4 uses the data created in
Chapter 3 to develop a logistic regression model that further explores the relationships
between landfast ice and geographic and meteorological conditions in the northern
Bering Sea. Chapter 5 provides the final conclusions reached, and future avenues for

research.



1.3 Background

1.3.1 Sea Ice and its relevance to global systems

Sea ice refers to ice that forms in seawater with the onset of freezing temperatures,
where it maintains a strong presence in Arctic and Subarctic environments. The study of
sea ice features and their spatial and temporal change is important for assessing how sea
ice interacts with other processes and earth system components, especially in the context
of ongoing environmental change. At a global scale, the effects are numerous. The
continued presence of Arctic and Subarctic sea ice is integral to earth system processes at
both local and global scales. For example, sea ice regulates heat exchanges and therefore
has profound consequences for the global energy budget. Open ocean generally reflects
7% of incident solar radiation (Curry et al 1995; Perovich et al. 2002). By comparison,
sea ice is highly reflective; bare sea ice reflects 65%, whereas snow-covered sea ice
reflects 85% of incident radiation (Stroeve et al. 2012). Moreover, sea ice acts as a
physical barrier limiting turbulent heat exchange between atmosphere and oceans (Barry
and Preller 1993) meaning that the persistence of sea ice in Arctic and Subarctic
environments enables these regions to reflect more heat into space than absorbed (the ice-
albedo feedback). The Arctic, therefore, acts as a global “heat sink”, where heat
transported by ocean and atmospheric circulations from lower latitudes is released into
space when reaching higher latitudes.

Sea ice is further integrated into /ocal processes within Arctic and Subarctic
environments, for example, by influencing Arctic tundra vegetation productivity (Bhatt et

al. 2010; Post et al. 2013), marine food webs (Oceana and Kawerak 2014; Grebmeier et



al. 2006), and human behavior (Huntington et al. 2013; Kawerak 2013). This integration
is true particularly in coastal zones, where landfast sea ice maintains a stationary position

to mediate land, ocean, and atmospheric interactions.

1.3.2 Landfast Ice

The term /andfast ice refers specifically to sea ice that is frozen into a stationary
position against a coastline. This definition is based on numerous interpretations of sea
ice morphology in the existing literature. John Weaver (1951, p. 780) describes landfast
ice as “the young coastal ice which, in stationary sheets, builds seaward from the shore of
landmasses, and goes through a yearly cycle of appearance, extension, disintegration, and
disappearance in successive seasons. By being more or less attached to the shore... it
does not move or drift.” Similarly, the World Meteorological Organization (1970)
describes landfast ice as “[remaining] fast along the coast, where it is attached to the
shore, to an ice wall, to an ice front, over shoals, or between grounded icebergs”.
Mahoney et al. (2006) narrows this definition based on landfast ice properties observable
through remote sensing methods by using two criteria: (1) The sea ice is contiguous with
the coastline; (2) the sea ice exhibits no detectable motion for approximately 20 days.
Because the chapters contained in this dissertation rely heavily on remote sensing
methods, we follow the criteria and terminology in Mahoney et al. (2006)

Landfast ice is generally a seasonal coastal feature, with the exception of multiyear
landfast ice observed in the Canadian Archipelago and the Russian Tymyr Peninsula
(Reimnitz et al. 1995). The phenological events that comprise the seasonal duration of

landfast ice is referred to as the annual cycle. Landfast ice annual cycles typically span



from early winter to late spring, and are characterized by the spatial and temporal
variability in growth and retreat relative to a coastline (Mahoney et al. 2014).

The formation and growth of landfast ice at the onset of an annual cycle occurs when
in-situ freezing of open water in sheltered regions assimilates with incoming pack ice to
form grounding (anchored) pressure ridges (Mahoney et al. 2007). Anchored pressure
ridges allow the sea ice to freeze into a stationary position against the coastline to become
landfast ice. This stationary position is reinforced by bottomfast ice — the portion of
landfast ice entirely frozen against the seabed (Figure 1.1). Landfast ice continues to
grow until late spring, when rising air temperatures and downwelling radiative fluxes
begin melting the ice cover (Persson et al. 2002), thereby weakening ice to the point that

it breaks from the coastline to become drift ice, or melts entirely, ending the annual cycle.

Landfast Ice

I Pack Ice

Coast Water Level
<— Anchored Pressure Ridge

Seabed

Figure 1.1: Landfast Ice Conceptual Model
Landfast ice annual cycles are important for its influence on other biogeophysical
processes; this relevance is evident in the diversity of topics addressed by studies where
landfast ice is a necessary consideration. For example, landfast ice features in literature
pertaining to the migration and habitat of marine mammals such as walrus and seal
(Kawerak 2013; Oceana and Kawerak 2014; Ray et al. 2016), where the timing and
distribution of landfast ice influences the timing and location of migrations. Studies on

coastal Alaskan subsistence activities have noted that landfast ice serves an important



role as a travel/hunting platform (Huntington et al. 2013; Ray et al. 2016; Robards et al.
2013). Landfast ice is also relevant to gas development by providing a stabilizing
platform (Anders 1973; Eicken et al. 2009; Mahoney et al. 2006).

Landfast ice has further relevance to Arctic and Subarctic coastal processes. Coastal
morphology and erosion, for example, are processes directly impacted by the capacity of
landfast ice to absorb eroding wind and ocean energy (Lantuit and Pollard 2008).
Landfast ice has also been shown to regulate freshwater dispersal in winter and spring
months (Eicken et al. 2005; Nalimov 1995; Reimnitz 2000) as well as the transport of
dissolved and particulate matter into oceans (Gordeev et al. 1996; Rachold et al 1996;
Lobbes et al. 2000).

Changes in the landfast ice annual cycle have the potential to alter the dynamics of
these interacting processes, noted above. For example, reduced seasonal durations can
increase coastal exposure to storms and other erosive energy; reduced seasonal extent can
interfere with wildlife migratory/foraging behavior and impede subsistence activities.
Thus, studies that characterize the landfast ice annual cycle are widely cited by studies
addressing land, ocean, and atmospheric processes in Arctic and Subarctic coastal zones.
For example, Radosavljevic et al. (2016) considers landfast ice decline to influence
coastal vulnerability when in assessing potential erosion and flood hazards in the
Beaufort Sea. Pickart et al. (2011) investigates an autumn upwelling event on the
Beaufort slope using oceanic and atmospheric data, of which landfast ice is a relevant
feature. Williams and Carmack (2015) consider landfast ice phenology and morphology
in their review of how sea ice retreat affects nutrient and water cycling between inner and

outer shelves in the Arctic Ocean.



1.3.3 Remote Sensing in Landfast Ice Research

Remote sensing methods are necessary in the study of landfast ice processes that
occur over broad spatial and temporal scales. Studies applying remote sensing methods
generally rely on satellite imagery to account for large landfast ice spatial extents, as well
as rapid changes in surface properties and position. In such studies, areas of landfast ice

are commonly identified using methods that differentiate stationary and moving sea ice.

Fraser et al. (2009) detects landfast ice using cloud-free composites of MODIS visible
and thermal-infrared imagery over East Antarctica. MODIS images acquired over ten
consecutive days comprise the cloud-free composite images. Using this method, landfast
ice is distinguishable by the absence of leads — linear cracks caused by divergent motion
of ice bodies. The landfast ice adjacent to the East Antarctic coastline in these composites
are manually digitized, using sea ice extent data from the Special Sensor Microwave
Imager (SSM/I) as a reference. Fraser et al. (2012) applies this method to create the first
continuous time series of landfast ice extent along the East Antarctic coast from March
2000 to December 2008. The use of visible and thermal infrared sensors to detect landfast
ice in this study is complicated by cloud cover, polar nights, and difficulty distinguishing

the thermal signatures of sea ice and ocean water with the onset of melt conditions.

Synthetic Aperture Radar (SAR) can overcome some of the limitations inherent in
optical imagery. Mahoney et al. (2004) uses RADARSAT-1 imagery to advance a
method for landfast ice detection in the Alaskan Arctic. This method entails using three
consecutive RADARSAT-1 ScanSAR wide beam images obtained within a 20 day period
to distinguish stationary and moving sea ice. To identify areas of landfast ice, the

horizontal and vertical gradient fields are calculated for each image, which are then used
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to calculate the net gradient difference among the three images. The calculation of
gradient fields is necessary to account for differing incidence angles between sensor
orbits that may result in different back scatter values unrelated to sea ice motion.
Landfast ice is evident when the final output reveals linear regions of high net gradient
difference that are contiguous with the coastline. These regions represent the landfast ice
edge. Mahoney et al. (2007) applies this method to characterize monthly minimum,
mean, and maximum landfast ice extents and their linkages to atmospheric circulation
and bathymetry in the Beaufort Sea. Mahoney et al. (2014) extends the method from
Mahoney et al. (2004), to characterize the annual cycle of landfast ice in the Beaufort and

Chukchi Seas from 1996 to 2008.

Landfast ice has been identified using Interferometric Synthetic Aperture Radar
(InSAR). Meyer et al. (2011) advances an InSAR approach with imagery from the
Advanced Land Observing Satellite (ALOS). This was accomplished by pairing SAR
images over the study area in order to generate interferograms where surface
deformations between the acquisition of the two images can be determined. Generally,
the time between the two images is informed by the repeat interval of the orbiting
satellite. Therefore, this study defined landfast ice as sea ice that has remained stationary
for 46 days—the repeat interval of the ALOS satellite. High coherence regions (areas of
low surface deformation)that are contiguous to the coastline are classified as landfast ice;
low coherence regions are classified as open water or moving pack ice. The accuracy of
these results were determined using Mahoney et al.’s (2004) net gradient difference

method over the same area.
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1.3.4 Study Area: The Bering Sea

The geographic region of study in this dissertation is the Bering Sea, a marginal
subarctic sea in the northern Pacific Ocean (Figure 1.2). The Bering Sea extends from the
Alaska Peninsula and Aleutian Island chain in the south to the Bering Strait in the north,
and is flanked by Siberia to the west, and Alaska to the east (IHO 1953). The seafloor
consists of a shallow continental shelf that rapidly descends into the North Aleutians
Basin in the southern Bristol Bay Region. The subduction of the Kula Plate under Alaska
has resulted in the formation of numerous volcanic islands in the region (Delong et al.
1978). More recently, the subduction of the Pacific tectonic plate against the North
American plate has resulted in a chain of 40 active volcanoes that comprise the Aleutian
Islands (Harbert et al. 1986). The Bering Sea region is also notable for having one of the
largest river deltas in the world: The Yukon-Kuskokwim (YK) Delta, which is the largest
source of terrigenous sediment transport into the Bering Sea (Drake et al. 1980).

Sea ice is a seasonal feature in the Bering Sea, and occurs with the onset of freezing
temperatures and the wind-driven transport of sea ice through the Bering Strait (Robards
et al. 2013; Stabeno et al. 2007). Some of this sea ice is transported into coastal zones to
become landfast ice. Seasonal ice cover is integral to human activities, wildlife behavior,
and the marine ecology of the Bering Sea. Sea ice is an essential feature for the Inupiat,
Yupik, and St. Lawrence Island Yupik communities on Alaskan coastline, as it provides a
surface for travel (Robards et al. 2013), facilitates subsistence activities and resources
(Kawerak 2013; Oceana and Kawerak 2014), and protects coastal infrastructure from

storm surges (Lantuit & Pollard 2008; Vermaire et al. 2013). Sea ice also provides habitat
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for migratory marine mammals. Landfast ice provides platforms for ringed seals to rest,
give birth, and nurse young; walrus congregate on mobile pack ice and forage on benthic
communities. The seasonal presence and absence of ice cover influences photosynthetic
activity of phytoplankton, which form the foundation of benthic and pelagic communities
that sustain migratory marine mammals and subsistence communities (Oceana and
Kawerak 2014). As multiyear and first year sea ice retreats northward (Serreze and
Strove 2015), sea ice cover in the Bering Sea has experienced the greatest reductions in
sea ice extent since satellite observations began in 1972 (Eisner 2018; Stabeno et al.
2018). Declines in sea ice cover — including landfast ice cover — carry consequences for
human activities (Oceana and Kawerak 2014; Robards et al. 2013), ecosystem function
(Grebmeier et al. 2006; Mueter and Litzow 2008), and coastline protection (Lantuit &
Pollard 2008; Vermaire et al. 2013) in the Bering Sea.

This dissertation focuses on landfast ice in the northern and eastern regions of the
Bering Sea. St. Lawrence Island is the focus of the northern Bering Sea research; the
sections of Alaskan coastline extending from the western tip of the Seward Peninsula to
the Kuskokwim river delta is the focus of the eastern Bering Sea research (Figure 1.2).
St. Lawrence Island is a volcanic island to the west of mainland Alaska, approximately
60 60° North. Two communities are located on the northern and northwest coasts of the
Island: Savoogna (population: 705) and Gambell (population: 700), respectively (U.S.
Census Bureau 2018). The communities are culturally St. Lawrence Island Yupik and
host subsistence economies based on the migratory patterns of marine mammals. From
late spring to early summer, St. Lawrence Island is encircled by a combination of landfast

ice and high concentrations of pack ice. During winter, the northern coast is typically
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bordered by several kilometers of
landfast ice with little or no open
water at its edge where it meets the
drifting pack ice, which frequently
attaches and separates from the coast
(Oceana and Kawerak 2014). By
contrast, landfast ice on the southern
coast is much narrower and is
typically bordered by polynyas —
persistent areas of open water in sea

ice conditions — and low-

St. Lawrence
Island

0 100 200
I
Kilometers

~
v
Y

Bering Sea

Figure 1.2: Study Area

concentration drift ice (Kapsch et al. 2010; Kawerak 2013). The eastern Bering Sea

contains the Norton Sound and YK Delta. Bathymetry is relatively shallow, and contains

a broad shelf less than 50 meters deep that can be attributed to large sediment deposits

from the YK Delta (Drake et al. 1980). High concentrations of pack ice generally occur

in the Norton Sound, and landfast ice typically borders the YK Delta (Barry et al. 1979;

Kawerak 2013).
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Chapter 2. The Annual Cycle of Landfast Ice in the Eastern Bering Sea
2.1 Introduction

This chapter analyzes spatial and temporal patterns of landfast ice distribution in
the Eastern Bering Sea using a time series of Radarsat-1 Synthetic Aperture Radar (SAR)
imagery. The objectives of this study are to 1) collect landfast ice data to identify patterns
in its spatial distribution along Eastern Bering Sea coastlines; 2) Identify the relationship
between landfast ice spatial distribution and the physical geography of the Eastern Bering
Sea region; 3) measure interannual variability of the landfast ice annual cycle. To achieve
these objectives, we used net-gradient difference algorithms on the Radarsat-1 SAR

imagery to identify regions of landfast ice, and quantified its spatial and temporal patterns

in a GIS.

2.2 Publication

The manuscript related to this chapter was published in Cold Regions Science and

Technology, and can be found in Appendix A.

Jensen, D., Mahoney, A., & Resler, L. (2020). The annual cycle of landfast ice in the
eastern Bering Sea. Cold Regions Science and Technology, 103059.
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Chapter 3. Interannual Declines of St. Lawrence Island Landfast Ice Cover
3.1 Introduction

This Chapter analyzes spatial and temporal patterns of landfast ice distribution on St.
Lawrence Island using a time series of Radarsat-1, ENVISAT, and Sentinel-1 Synthetic
Aperture Radar (SAR) imagery. The objectives of this study are to 1) Identify patterns in
the spatial distribution and seasonal duration of St. Lawrence Island’s landfast ice cover;
2) Observe how St. Lawrence Island and the northern Bering Sea’s physical geography
influence Objective 1 findings; and 3) characterize interannual change of Objective 1
findings from 1996 — 2019.

3.2 Manuscript

Appendix B contains the draft of the original manuscript to be submitted to Physical
Geography.

Jensen, David A., Andy Mahoney, Lynn M. Resler. In Preparation. “Significant
Interannual Declines of St. Lawrence Island Landfast Ice Cover.” Physical Geography.
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Chapter 4. Modeling Landfast Ice Cover on St. Lawrence Island, AK, USA

4.1 Introduction

This chapter advances a spatial logistic regression modeling approach toward the study of
landfast ice cover on St. Lawrence Island. The objectives of this study are to determine
geographic and meteorological correlates of landfast ice cover distribution using freely
accessible data and methods that expedite the estimation of landfast ice cover.

4.2 Publication

The draft of this manuscript is in Appendix C. It is currently being revised for submission
into Geocarto International

Jensen, David A., Lynn M. Resler, Yang Shao. In Preparation. “Modeling
Landfast Ice Cover on St. Lawrence Island, AK, USA.”
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Chapter 5. Conclusions

The global retreat of cryospheric features provides impetus for observing and
monitoring landfast ice conditions in Arctic and Subarctic environments. Such
information will enable scientists and communities to anticipate and understand how
change in landsfast ice cover may influence human and environmental processes. The
research presented in this dissertation aimed to: 1) Establish a baseline analysis of spatial
and temporal landfast ice patterns on Eastern Bering Sea coastlines and its relationship
with the region’s physical geography; 2) Use multiple SAR sensors to broaden the
temporal scale of landfast ice observation over regions of interest in the Bering Sea; and
3) Use datasets from landfast ice observations toward the creation of a spatial model that
explores the relationship between landfast ice cover and the Bering Sea’s physical
geography.

This dissertation research resulted in several findings that are useful to the
observation and synthesis of landfast ice conditions in the Bering Sea. First, I established
a baseline set of observations in the Eastern Bering Sea and St. Lawrence Island. The first
set of observations focused on the Eastern Bering Sea from 1996-2008 using a time
series of Radarsat-1 imagery. The second set of observations focused on St. Lawrence
Island from 199 —2008 using a time series of Radarsat-1, ENVISAT, and Sentinel-1
imagery. The data created from these observations are the most comprehensive landfast
ice spatial datasets to date in the Bering Sea region. Together these observations revealed
a unique landfast ice regime distinct from the Beaufort and Chukchi Seas. The
information from these observations can be used to examine relationships between
landfast ice and the Bering Sea physical geography.

Second, this dissertation used the baseline set of observations to examine
relationships between landfast ice cover and the Bering Sea’s physical geography, such
as bathymetry and coastal morphology. This research also assessed interannual variations
in landfast ice spatial and temporal patterns. This research revealed landfast ice cover in
the Bering Sea to exhibit changes consistent with broader variability in the region’s sea
ice cover, especially on St. Lawrence Island. Outcomes in landfast ice variability were

influenced by the physical geography of the region. Findings from this research can be

24



used to anticipate future landfast ice changes elsewhere as the Arctic Isothermal
Boundary retreats northward.

Third, this research advances a spatial modeling method to estimate the location
of landfast ice cover under varying conditions in the physical environment and regional
climate. Using landfast ice data we created over St. Lawrence Island, we determined
geographic and meteorological correlates of landfast ice cover distribution. The method
provides an alternative approach to generating landfast ice spatial data, which has been
generally created using remote sensing methods that are labor-intensive and difficult to
automate. By measuring the influence of physical and meteorological conditions, this
modeling approach can expedite the estimation of landfast ice cover in a given area.
Further, this modeling approach was accomplished with freely-accessible data, increasing
its utility in other study regions.

Lastly, this study provides a basis for future Bering Sea research where landfast
ice is a relevant consideration. This dissertation can inform research spanning across
numerous disciplines. Landfast ice in the Bering Sea is a feature relevant to community
livelihoods, ecosystem functions, coastal geomorphology, and the regulation of regional
as well as global climate systems. The data and findings of this research will facilitate
future research and discussion of challenges and opportunities facing the Bering Sea

region.
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ARTICLE INFO ABSTRACT

Keywords: Seasonal sea ice — ice which freezes in late fall and melts completely the following summer - is a central feature
Landfast in the ecology, geomorphology, and climatology of the eastern Bering Sea. In this region's coastal zones, sea ice
Sea ice_ becomes locked in a stationary position against coastlines and influences interactions among land, ocean, and
z‘:;:‘g“:ea atmospheric processes. A thorough understanding of how this stationary ice, known as landfast ice, affects

unique biogeophysical processes in the eastern Bering Sea region is limited by a lack of data on its areal coverage
and seasonal duration. Here, we present the most comprehensive landfast ice dataset created to date for the
Alaska Bering Sea region, derived using satellite imagery dated 1996-2008. This study provides a baseline set of
observations regarding the landfast ice regime by identifying patterns in spatial distribution and interannual
change. Our results show that spatial distribution and interannual change vary by regional geography in the
eastern Bering Sea. Landfast ice widths averaged approximately 4.2 km on Northern Section, 18.8 km on the
Central Section coastlines, and 8.9 km on the Yukon-Kuskokwim Delta. Modal water depths at the landfast ice
edge varied by the Northern Northern, Central, and Southern Section coastlines as well, with respective modal
values of —13 m, —7 m, and — 8.5 m. We attribute these regional variations in width and water depth to
differing conditions in near-shore bathymetry and coastal morphology. On an interannual basis, landfast ice
formed 5 days later in the year, and broke up 4 days earlier on average in the eastern Bering Sea region from
1996 to 2008. Notably, ice-free conditions occurred 15 days later on the Central Section coastlines. The spatial
distribution and interannual change of landfast ice is of importance to associated environmental changes in the
eastern Bering Sea region, including accelerated coastal erosion, difficulties surrounding subsistence activities,
diminishing wildlife habitat, and seasonal shifts in sediment transport into marine food webs from rivers.

1. Introduction

Seasonal and multiyear sea ice is declining in Arctic and Subarctic
seas (Stroeve et al., 2007, 2008). These declines are geographically
heterogeneous. For example, sea ice in the Beaufort and Chukchi seas
have declined on an interannual basis, whereas sea ice coverage in the
Bering Sea has exhibited increasing interannual variability that could
not similarly be characterized as a decline (Frey et al., 2015). This
declining trend is of particular importance for coastal zones and inner-
shelf waters, where sea ice assumes a stationary position against
coastlines and shallow seabeds, becoming landfast ice. Landfast ice,
also termed fast or shorefast ice, refers to stationary sea ice that is frozen
in place against a coastline (World Meteorological Organization, 1970).
Landfast ice plays an important role in mediating exchanges and in-
teractions among land, ocean, and the atmosphere (Lantuit and Pollard,
2008; Mahoney et al., 2014). Changes in the landfast ice annual cycle —
the seasonal process by which landfast ice forms in the winter, interacts

with the surrounding environment, and melts in the spring - carry
wide-ranging implications for interacting human (Druckenmiller et al.
2009; Kawerak 2013; Oceana and Kawerak, 2014), ecological (Attard
et al. 2018; Hamilton et al. 2017; Oceana and Kawerak, 2014), and
geophysical processes (Antonova, 2011; Barnhart et al., 2014; Lantuit
and Pollard, 2008). However, incomplete spatial datasets of landfast ice
in recent decades limit how ongoing changes are understood and
modeled in the Bering Sea region.

In Western Alaska, direct observations have been used to char-
acterize change in landfast ice in areas for which there are limited
comprehensive datasets (Kawerak 2013; Oceana and Kawerak, 2014).
Observations from Western Alaskan communities in the Bering Sea
describe landfast ice as forming later and becoming increasingly harder
to predict with regards to spatial extent and seasonal onset (Huntington
et al., 2013; Kawerak 2013). Such changes are accompanied by human
and ecological challenges, such as the maintenance of subsistence ac-
tivities and transportation (Huntington et al., 2013; Oceana and
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sheltered embayment. The Kokechik Bay on the Southern Section is an example of a coastal area behind barrier islands.

Kawerak, 2014), habitat reduction for migratory marine mammals (U.S.
Fish and Wildlife Service, 2008), and accelerated coastal erosion
(Lantuit and Pollard, 2008).

The accuracy of research on the Bering Sea's changing landfast ice
annual cycle and understanding of problems associated with this
change would be improved by comprehensive datasets with a spatial
and temporal resolution that is capable of resolving the annual cycle on
an interannual basis. Generally, comprehensive datasets are created by
tracking the position of the seaward landfast ice edge (SLIE), the area
where landfast ice transitions to open water or floating drift ice, using
satellite imagery (Fraser et al. 2009, 2010, 2012; Mahoney et al. 2004,
Mahoney et al., 2007a; Mahoney et al., 2014; Meyer et al. 2011). Al-
though landfast ice in the Chukchi and Beaufort Sea has been studied in
some detail (Mahoney et al., 2007a, 2014), no comparable datasets
created by tracking the SLIE to characterize interannual change existed
for the Bering Sea prior to this study. However, it should be noted that
Bering Sea landfast ice is considered in Yu et al.” (2014) pan-Arctic
analysis of interannual landfast ice variability using ice charts from the
National Ice Center. Further, Stringer's (1978) assessment of nearshore
ice conditions using satellite and aerial imagery included Bering Sea
landfast ice from 1973 to 76.

The objectives of this study are to: 1) collect landfast ice data to
identify patterns in its spatial distribution along the Alaskan Bering Sea
coastlines; 2) identify the relationship between landfast ice spatial
distribution and the physical geography of the Bering Sea region; and 3)
measure interannual variability of the landfast ice annual cycle. To
address these objectives, we use Radarsat-1 satellite imagery to identify
landfast ice, and geospatial methods to assess spatial distribution and
interannual variability.

30

2. Background

The Bering Sea (Fig. 1) is a marginal subarctic sea of the Pacific
Ocean bordered on the north by the Bering Strait and the south by the
Aleutian Island Chain. Sea ice is a seasonal phenomena in the northern
Bering Sea, and typically appears during the fall and winter months
when a combination of diminishing solar radiation and wind-driven
transport of northern-latitude ice initiates the onset of freezing condi-
tions (Robards et al., 2013; Stabeno et al., 2007). From mid-winter to
mid-spring much of the Bering Sea region is ice covered. During this
time period, landfast ice is episodically changing by gradually advan-
cing from the coast in the late fall/early winter, and retreating in the
late spring/early summer, as it does in the Chukchi and Beaufort Seas
(Barry et al., 1979; Mahoney et al., 2014).

The seasonal properties of landfast and drift ice in the Bering Sea are
changing on an interannual basis. In the Bering Sea, the areal extent
and seasonal duration of sea ice conditions have exhibited a more
complex interannual variability compared to the steady declines ob-
served in the Chukchi and Beaufort Seas (Frey et al., 2015). However, it
is notable that sea ice conditions in the Bering Sea have reached historic
lows in recent years. From 2017 to 2018, sea ice extent declined to the
lowest levels since satellite observations began in 1972 (Eisner 2018;
Stabeno and Bell, 2019). Record lows in sea ice extent continued from
2018 to 2019 as well (Duffy-Anderson et al., 2019). Low sea ice cov-
erage during recent years was strongly influenced by warmer southerly
air circulations raising surface temperatures and inhibiting the trans-
port of sea ice into the Eastern Bering Sea (Perovich et al., 2019). Some
studies suggest that landfast ice has similarly changed with un-
predictable seasonal durations and spatial extents (ACIA 2005; Oceana
and Kawerak, 2014), furthering the need for comparably comprehen-
sive landfast ice spatial datasets and studies in the Bering sea region.

Bathymetric and coastal features (e.g., lagoons, inlets, shoals)
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Fig. 5. All digitized SLIEs on Eastern Bering Sea coastlines from 1996 to 2008. The yellow region depicts areas where the water depth is less than or equal to 15 m.
Note that a gap in Radarsat-1 coverage prevented the identification of SLIE occurrence in the southeast corner of the Norton Sound. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

generally govern landfast ice properties in a given region. Bathymetry
in the northern Bering Sea is relatively shallow (as can be seen in
Fig. 1), and contains of a broad shallow shelf to the north less than 50 m
deep. This shelf transitions to the North Aleutians Basin, a submarine
depression, in the Bristol Bay region to the south. Bathymetry generally
governs the maximum seaward extent of landfast ice in a given season
by influencing how far from the coastline grounded pressure ridges may
occur. Thus, regions with extensive shallow bathymetry enable greater
maximum seaward extents compared to regions with steep bathymetric
gradients (Mahoney et al., 2007). Furthermore, the relationship be-
tween landfast ice, bathymetry, and coastal morphology generally
varies by geographic region, complicating attempts to broadly char-
acterize landfast ice across regions (Mahoney et al., 2014). For this
reason, studies characterizing the landfast ice annual cycle are typically
applicable to a particular region of study, rather than polar regions as a
whole (Barry et al., 1979; Divine et al., 2004; Mahoney et al., 2007a,
2014).

Landfast ice is important for its influence on many coastal processes.
For example, it provides habitat for migratory marine mammals
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(Kawerak 2013; Oceana and Kawerak, 2014; Ray et al., 2016), protects
coastlines by absorbing energy from ocean and wind action (Dumas
et al., 2005; Forbes and Taylor, 1994), and provides seasonal platforms
for communities to access subsistence resources (Oceana and Kawerak,
2014; Ray et al., 2016; Robards et al., 2013). Sea ice changes in the
Bering Sea have paralleled changes in associated human and biogeo-
physical processes in recent decades. Subsistence hunters have ob-
served increasingly unpredictable landfast ice conditions that reduce
the seasonal window for safe and reliable access to subsistence re-
sources (Kawerak 2013; Huntington et al., 2013; Robards et al. 2013).
These challenges to subsistence activities have been compounded by an
accompanying shift in wildlife behavior as a result of changing coastal
ice conditions (Oceana and Kawerak, 2014; U.S. Fish and Wildlife
Service, 2008). Furthermore, landfast ice protects coastal community
infrastructure from storm surges (Vermaire et al., 2013). Changes in
landfast ice cover can increase the vulnerability of coastlines to erosion
(Lantuit and Pollard, 2008), and reductions of near-coastal ice have
been observed to influence terrestrial ecology in Arctic and Subarctic
environments (Bhatt et al., 2010; Post et al., 2013). A dataset
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Fig. 6. Histograms of landfast ice width in the three geographic regions of the
Eastern Bering Sea. Note that the Northern Section's width values are clustered
between 0 and 30 km, while Central Section and Southern Section's width va-
lues extend to 60 km.

Table 1
Width Parameters in the Eastern Bering Sea.

Northern section  Central section (S)  Southern section

Width mean 4 km 18.5 km 8.6 km
Width mode 2 km 14 km 3 km
Standard deviation 4.8 km 10.6 6.3
Upper decile 8.8 km 33.6 17.5
Skewness 2.17 0.49 1.03

characterizing the annual cycle of landfast ice and its interannual
variability benefits the broader study of associated changes in human,
ecological, and geophysical processes in the Bering Sea region.

3. Data and methods for landfast ice identification and analysis
3.1. Study area

We divided our study area into three areas of interest: the Northern,
Central, and Southern Sections (as can be seen in Fig. 1). Geo-
graphically, these sections include the western tip of the Seward Pe-
ninsula, the Norton Sound, and the Yukon-Kuskokwim river deltas. The
Norton Sound is a Bering Sea inlet to the south of the Seward Peninsula.
Bathymetry in the Norton Sound is generally no deeper than 25 m. The
YK Delta (located in the Central and Southern Sections) refers to the
coastlines where the Yukon and Kuskokwim rivers drain into the Bering
Sea to form one of the largest river deltas in the world. The YK delta is
further notable as being the largest single source of sediment transport
into the Bering Sea (Drake et al. 1980). Based on a previous study in the
Chukchi and Beaufort Seas (e.g., Mahoney et al., 2014), we hypothesize
that bathymetry and coastal morphology will influence the spatial and
temporal properties of landfast ice in the Bering Sea.
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3.2. Measuring landfast ice extent using synthetic aperture radar imagery

Following Mahoney et al. (2006), we used two criteria to define
landfast ice in satellite imagery: 1) the sea ice is contiguous with the
coastline, and 2) the sea ice exhibits no detectible motion for ap-
proximately 20 days. This definition relies on a means to identify
whether sea ice has moved or remained stationary. The 20 day period
allows us to exclude sea ice that is motionless, yet not held fast in a
stationary position against the coastline. The criteria have been used
successfully in characterizing the interannual variation of landfast ice
properties (Lovvorn et al., 2018; Mahoney et al., 2007a, 2014).

A time series of synthetic aperture radar (SAR) satellite images
comprises the primary dataset for this study. We used moderate re-
solution (100 m) Radarsat-1 ScanSAR wide beam data obtained from
the Alaska Satellite Facility Vertex data gateway. Imagery selection was
based on obtaining sufficient coverage to identify landfast ice within
20 day windows for our study area from 1996 to 2008. Our study period
coincides with that of Mahoney et al. (2014) for the Chukchi and
Beaufort Seas, and contributes to the characterization of the landfast ice
annual cycle for all of Alaska from 1996 to 2008. Because Radarsat-1
stopped collecting imagery in the spring of 2008, we used ENVISAT
ASAR WSM imagery from the European Space Agency's EO Data
Gateway to supplement data gaps in the 2007-2008 annual cycle year.
SAR is advantageous for observing sea ice in satellite imagery because
sea ice can generally be identified by its higher backscatter coefficient
compared to open water (Kwok et al., 1992). Furthermore, SAR image
quality is not affected by weather events and prolonged polar nights,
permitting year-round sea ice observation in polar environments. For
these reasons, SAR is commonly used to observe landfast ice and
characterize its annual cycle (Dammann et al., 2018; Mahoney et al.
2004, Mahoney et al., 2007a, Mahoney et al., 2014; Meyer et al. 2011).

We used SAR imagery to identify landfast ice areas based on the
two-criteria definition described above. The stationary nature of land-
fast ice does not bestow it with any unique SAR backscatter char-
acteristics that distinguish it from drifting pack ice. Therefore, landfast
ice cannot generally be identified using a single satellite image. We
overcame this limitation by applying a method advanced by Mahoney
et al. (2004; 2006; 2007a 2014) to differentiate between stationary
landfast ice and moving drift ice by visually examining the changing
gradient fields of three consecutive SAR images acquired within a ~20-
day period and a composite, “gradient difference” image created to
highlight linear features that have remained unchanged. The technique
is described in detail by Mahoney et al. (2004; 2006). Areas of low net-
gradient difference in the output image represent regions that have
minimally changed during the ~20-day period; areas of high net-gra-
dient difference represent regions that have changed. The SLIE appears
as a bright linear region of high net-gradient difference that is con-
tiguous with the coastline (Fig. 2). We used the gradient difference
image and consecutive SAR images to guide our identification of the
SLIE. Identified SLIEs were then digitized into polyline shapefiles using
ArcMap 10.6.1. This approach was advantageous over more common
change-detection methods because it accounts for the fact that the
backscatter values of landfast ice can change under circumstances un-
related to sea ice motion, such as when ice freezes or breaks up
(Mahoney et al., 2014). Further, the calculation of gradient fields was
necessary to account for differing incidence angles between sensor or-
bits resulting in different backscatter values of sea ice features that have
not moved.

Polylines delineating the SLIE allowed us to examine the changing
spatiotemporal variability of landfast ice positions over time. This is
accomplished using techniques advanced by Mahoney et al. (2007a) by
referencing digitized SLIEs with coastal vectors positioned at 200 m
intervals along the coastline. In this study, we created 3204 vectors.
Vectors are defined by creating a polyline parallel to the coast in a GIS,
and finding the closest point on the coastline at 200-m intervals along
this polyline. This process was repeated from the coastline to the
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polyline for gaps on the coast where points are more than 200 m apart,
such as in concave sections. We simplified coastal topology by omitting
small islands (e.g. barrier islands) from the coastal vector creation
process. Identifying the points where SLIE polylines and coastal vectors
intersect enabled us to measure landfast ice width (Fig. 3).

3.3. Ancillary datasets

For landfast ice anchored by grounded pressure ridges (i.e. not
landlocked or anchored by icebergs), bathymetry influences the
average location of the SLIE by governing where grounded pressure
ridges may form. Pressure ridges form when the drifting ice floes con-
verge, break and pile up vertically, resulting in ridges with “sails” above
the waterline and keels below. These ridges may become grounded
when the keel connects with the seabed in shallow water (Reimnitz
et al. 1978; Kovacs, 1976; Mahoney et al. 2007b). The average location
of the SLIE can be used as a proxy for understanding when landfast ice
is stabilized by grounded pressure ridges. However, the relationship
between bathymetry and the SLIE generally varies by region (e.g.,
Mahoney et al., 2014 and references therein). To observe the
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Fig. 7. Line density maps of all SLIEs in our study
area. Density values are based on the occurrence of
an SLIE within a 1 km buffer. Blue regions indicate
low-density areas; red regions indicate high-density
areas. High density areas suggest the existence of
grounding features that enable the frequent recur-
rence of SLIEs. Note in regions A, B, and C, these
grounding features are islands proximate to the
coastline, that either provide shallow water depths
for grounding pressure ridges, or protection from
shearing forces (ie. wind/wave energy, collisions
with drift ice). (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)

relationship between bathymetry and the SLIE in the Bering Sea, we
used the Alaska region bathymetric digital elevation model (ARBDEM,
Danielson et al. 2008) to record the water depth values at the SLIE. This
dataset covers the Arctic and Pacific Oceans between 130 E to 120 W
and 45 N to 75 N at 1-degree resolution. We reprojected the ARBDEM to
NAD 1983 Alaska Albers, and resampled it to match the 100-m spatial
resolution of the Radarsat-1 ScanSAR wide-beam imagery. To further
explore how landfast ice position is influenced by coastal morphology,
we obtained a shapefile of the State of Alaska from the Alaska State
Geospatial Clearinghouse to visually identify sheltered embayments
and lagoons. We consider embayments to be concave sections of the
coast, whereas lagoons are sections of the coast behind barrier islands
(Fig. 4).

3.4. Key events within the landfast ice annual cycle

We used the created data in combination with the ancillary data to
identify four key landfast ice annual cycle events based on the ob-
servations of similar studies (Barry et al., 1979; Mahoney et al., 2007a,
2014). These included First Ice, Stable Ice, Break Up and Ice Free
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First Ice is identifiable at the beginning of the landfast ice season
when the SLIE is greater than 500 m from the coast. In this study, we
based this distance on Mahoney et al.'s (2007a) determination of the
geolocation accuracy of Radarsat-1 imagery to be 500 m. This distance
prevented misidentifying landfast ice caused by geolocation inaccuracy.

Stable Ice occurs when grounded pressure ridges anchor the landfast
ice to the seabed. Grounding pressure ridges occur beneath the landfast
ice surface and therefore cannot be directly detected with SAR imagery,
although interferometric SAR (InSAR) has shown promise for identi-
fying the stabilized landfast ice that forms behind grounded ridges
(Dammann et al., 2018). Since InSAR data are not available for our
study region and period, we instead rely on water depth as a proxy for
stability. Barry et al. (1979) and Mahoney et al. (2007a 2014) used a
water depth of 15 m for this purpose, noting that once the SLIE this
water depth, it rarely retreated shoreward until the end of winter. In
our study area, we use the modal water depth at the SLIE to account for
comparatively shorter widths over shallower water depths. The modal
water depth varies by study region. Thus, in this study, Stable Ice con-
ditions occur when the SLIE reaches the 13 m isobath in Northern
Section, the 7 m isobath in Central Section, and the 8.5 m isobath in the
Southern Section. Break Up events occur when landfast ice rapidly re-
treats toward the coastline, and is identified as the most temporal ne-
gative gradient in measured landfast ice width when the gradient re-
mains less than or equal to zero. Ice Free coastlines occur when the SLIE
retreats to less than 500 m from the coast, a distance again based on the
geolocation accuracy of Radarsat-1.

We identified these four key events on a year-by-year basis then
used linear regression methods to identify interannual trends. These
annual cycle events generally occur successively in a landfast ice annual
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cycle, however it should be noted that landfast ice on Western Alaskan
coastlines do not always fit this pattern (Mahoney et al., 2014).

4. Results

We created 274 digitized SLIEs over our study area, covering the
Northern, Central, and Southern Sections of the Eastern Bering Sea.
Intersecting the digitized SLIEs with the coastal vectors resulted in
877,836 SLIE data points.

4.1. Landfast ice spatial distribution on Alaskan Bering Sea coastlines

The spatial distribution of SLIEs in the Eastern Bering Sea is visually
identifiable in Fig. 5, which depicts all SLIEs created from 1996 to
2008. In this figure landfast ice extends north beyond our study area
into the Chukchi Sea, and south to the mouth of the Kuskokwim River
on the YK Delta. Note that a gap in Radarsat-1 coverage prevented the
identification of SLIEs in the southeast portion of the Norton Sound.

Spatial distributions of the SLIE are distinct by geographic region
within our study area. Generally, the SLIE extends further from the
coastline in Central Section and along the Southern Section than it does
on the Northern Section. The differences in SLIE width by geographic
region pertain to the relationship between landfast ice and bathymetry
that is addressed in section 2. The differences in SLIE spatial distribu-
tion by geographic region are additionally evident in histograms of
landfast ice widths, as shown in Fig. 6. These histograms indicate that
each region has distinct distributions of landfast ice width. Notably, not
only is the average landfast ice width different in each region, but the
average width in the Central Section approximately corresponds to the
90th percentile width in the Southern Section and, similarly, the
average width in the Southern Section approximately corresponds to
the 90th percentile in Norton (Table 1). This separation of distributions
supports the basis on which were selected these sub regions for our
study. Further inspection of SLIEs on the Northern Section show in-
creased SLIE widths in the Koyuk Inlet and Norton Bay that account for
the right tails that extend to 30 km. Additional quantitative parameters
distinguishing the three study regions are further explored in Table 1.

4.2. Landfast ice spatial distribution and Bering Sea physical geography

Landfast ice widths relate to physical geographic features in the
study area. Previous studies have shown the location of the SLIE — and
thus the landfast ice width - is influenced by stabilizing physical fea-
tures such as shoals and barrier islands that promote the formation of
grounded pressure ridges (Granskog et al., 2003, 2004, 2006; Mahoney
et al., 2007, 2014). Fig. 7 shows line density maps of the SLIE in our
study area, depicting the probability of a SLIE occurring within 1 km of
a given point. Closer inspection of high-density areas of SLIE presence
sometimes reveals proximate coastal islands acting as stabilizing fea-
tures (Fig. 6a, b, ), either by providing grounding features for pressure
ridges, or by sheltering landfast ice from shearing forces (e.g. wind/
wave action, collisions with drift ice). Landfast ice widths averaged
approximately 4.2 km on the Northern Section, 18.8 km on the Central
Section, and 8.9 km on the KY Delta.

Water depths at the SLIE were found to vary by geographic region in
our study area (Fig. 8). Water depths at the SLIE exhibited modal values
of -13 m on the Northern Section, —7 m in the Central Section,
and — 8.5 m in the Southern Section. Visual comparison of the SLIEs
and the 15 m isobath contour (as can be seen in Fig. 5) suggests that
bathymetry influences landfast ice width in the Bering Sea. This contour
extends further from the coastlines of the Central Section and Southern
Section than it does from the Northern Section. Correspondingly, the
widths of SLIEs extend further from the Central Section and Southern
Section than from the Northern Section. The relationship between
landfast ice width and bathymetry is further explored with monthly
plots in Fig. 9. When plotting the water depth at the SLIE in all three
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Fig. 9. Monthly plots depicting the relationship between SLIE width and water depth. Each region has distinguishable width/water depth values. Note that how
water depth extends up to 40 m at the SLIE, despite its relatively short width. This suggests a steep bathymetric gradient beyond the coastline, beyond where

grounding pressure ridges may form.

geographic regions, it becomes evident that shallower water depths
enable greater landfast ice widths throughout the annual cycle. SLIEs
on the Northern Section can extend to water depths of up to 40 m with
relatively short widths, suggesting the existence of a steep seafloor
gradient beyond the formation of grounded pressure ridges. Unlike
landfast ice in Northern Section and further north in the Chukchi and
Beaufort Seas, the water depths at the SLIEs on the Central Section and
Southern Section coastlines rarely reach the 15 m isobath.

4.3. Spatial and interannual variability of landfast ice annual cycle

Over our 1996-2008 study period, we derived 12 annual cycles of
landfast ice width at 3204 locations along the Alaskan coasts of the
Bering Sea. These results allow us to characterize spatial and temporal
variability of landfast ice extent, formation, and duration throughout
the study area. Additionally, the SLIE widths are averaged by year
within each geographic region to identify the mean occurrence of an-
nual cycle events in our study area.

Generally for the entirety of our study area, First Ice occurs between
December and January; Stable Ice occurs between mid-February and
late Marcy; Break Up occurs between March and May; Ice Free occurs
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between April and early June (Fig. 10). Despite its more southerly
setting, landfast ice forms earlier around the shores of the Southern
Section than in the Northern and Central Sections, but it also breaks-up
earlier so that the total length of the landfast ice season is very similar
to that on the Northern Section. On average, landfast ice lasts longest on
the Central Section and thereby has the longest landfast ice season of
our three subregions. Landfast ice in the Central Section is also the first
to become stable in our study area as well. In addition to regional
variability, there is also interannual variability in the timing of landfast
ice events in the Bering Sea (Table 2). Over the course of the study
period 1996 to 2008, there are positive trends in the occurrence of First
Ice in our study area, meaning that landfast ice is forming later in the
year. These trends are consistent with those reported elsewhere in the
Arctic (Galley et al., 2012; Mahoney et al., 2014; Selyuzhenok et al.,
2015; Stringer et al., 1978). Stable Ice and Break Up events exhibit
modest negative trends (Slopes <0.58 days / year), meaning they are
occurring earlier in the year. The coasts of the Northern Section and the
Southern Section are becoming Ice Free earlier in the year. However,
our results show a significant positive trend along the coast of the
Central Section, such that Ice Free conditions are occurring 15 days later
from 1996 to 2008. On average, landfast ice formed 5 days later in the
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Fig. 10. Timeseries of mean occurrence date for three key events in the landfast ice annual cycle (First Ice, Stable Ice, Ice Free) from 1996 to 2008. Black lines
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Table 2
Statistical parameters of annual cycle events in the Eastern Bering Sea from
1996 to 2008.

Parameter Northern Central Section  Southern
Section ) Section

First Ice Minimum October 16 November 01 November 16
Maximum February 19 February 25 February 21
Mean January 12 January 04 January 06
Standard 32 days 35 days 31 days
deviation

Stable Ice  Minimum January 13 January 29 January 12
Maximum April 20 April 25 April 08
Mean March 06 March 01 February 26
Standard 39 days 40 days 34 days
deviation

Break Up  Minimum February 11 February 03 January 26
Maximum May 05 May 09 May 04
Mean March 20 April 08 March 22
Standard 26 days 31 days 36 days
deviation

Ice Free  Minimum March 07 February 25 February 19
Maximum June 12 May 17 May 08
Mean April 13 April 17 March 27
Standard 39 days 20 days 27 days
deviation

year, and broke up 4 days earlier on average in the eastern Bering Sea
region

It is important to note that Fig. 10's mean occurrence dates
throughout our study area can mask other annual cycle trends. The
monthly density maps of all SLIEs in Figs. 11 and 11b demonstrate that
although First Ice generally takes place in December throughout our
study area, this event is preceded by the formation of landfast ice in
sheltered embayments and lagoons. We consider embayments to be
concave sections of the coast, whereas lagoons are sections of coast
behind barrier islands. For example, on the Northern Section, landfast
ice first occurs in Golovnin Lagoon and Koyuk Inlet as early as October.
Generally, First Ice events in sheltered embayments/lagoons preceded
the geographic region's First Ice events by an average of 18.2 days on the
Northern Section, 12.95 days in the Central Section, and 6.09 days on
the Southern Section. Ice Free events in sheltered embayments/lagoons
followed the geographic region's Ice Free events by an average of
13.96 days on the Northern Section, 4.97 days on the Central Section,
and 8.34 days in the Southern Section.

5. Discussion

This study contributes to the broader synthesis of landfast ice con-
ditions on Alaskan coastlines in the Chukchi and Beaufort seas
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Fig. 11. Line density maps by month over the Northern/Central Sections (11a) and Southern Section (11b), respectively. Note how the onset of landfast ice
conditions generally occur along a north-to-south latitudinal gradient. Also note how landfast ice width reaches its maximum extent for all study area regions during

the month of March.

completed by Mahoney et al. (2014), and further investigates the re-
lationship between landfast ice and local physical geography explored
by Mahoney et al. (2007). Consistent with these studies, we find that
the spatial and temporal characteristics of the landfast ice annual cycle
to be influenced by the physical geography of our study area. Coastal
features such as lagoons and sheltered embayments provide of shallow
bathymetry and protection from shearing forces, influencing the loca-
tion of landfast ice annual cycle onset and conclusions. For example,
along the Northern Section landfast ice generally appears in the Koyuk
Inlet and Golovnin Lagoon in late October, and persists in these areas
until June. However, elsewhere on the Northern Section, landfast ice
generally appears in early to mid December, and persists until the
middle or end of May. The SLIE also consistently occurs close to islands
proximate to the coastline.

Landfast ice widths were was also influenced by the general
bathymetry of the Bering Sea. Landfast ice attached to coastlines con-
tiguous with steep bathymetric gradients had correspondingly narrower
widths, whereas moderate bathymetric gradients enabled greater
landfast ice widths. Furthermore, previous studies have observed that,
as a rule of thumb, the 15 -m isobath is a measure for where grounding
pressure ridges are likely to occur (Mahoney et al., 2007a, 2014). All
SLIEs fall within the 15-m isobath in Fig. 5. Although the failure of the
SLIE to reach the 15 m isobath distinguishes landfast ice the Bering Sea
from that in the Chukchi and Beaufort Seas (Mahoney et al., 2014), it is
similar to observations the Baltic Sea (Granskog et al., 2003, 2006) and
western Kara Sea (Divine et al., 2004).

10

Together, the Bering, Baltic, and western Kara Seas are notable for
being shallow water bodies and possess similar climatology conditions
that may account for their relatively shallower water depths at the SLIE.
The Baltic region experiences strong winds and low-pressure storms in
the winter (Hallegatte et al., 2011) that may contribute to confining
landfast ice in sheltered locations with shallower water depths
(Granskog et al., 2003, 2004, 2006). The western Kara Sea likewise
experiences frequent winter storms and strong winds that confine
landfast ice widths to shallower water depths (Divine et al., 2004;
Pavlov and Pfirman, 1995). The Bering Sea experiences frequent winter
storms as well, with high-speed winds characterizing the northern
Bering Sea (Overland, 1981). The occurrence of strong winds resulting
from wintertime storms in these three regions may place stress on
portions of landfast ice that would otherwise extend to greater water
depths in calmer conditions, and increase shearing activity from cir-
culating drift ice. The shallower water depths at the SLIE in these re-
gions suggests that the application of the 15 m rule-of-thumb for Stable
Ice conditions first requires a consideration of regional climatology.

Comparing our results to Mahoney et al.” (2014) work reveals dif-
ferent landfast ice annual cycles between the Alaskan Bering Sea and
Alaskan Chukchi and Beaufort Seas. The mean occurrence dates of First
Ice and Ice Free events in the Alaskan Bering Sea are notable as being
respectively later and earlier than the mean occurrence dates in the
Chukchi and Beaufort Seas. Although Mahoney et al. (2014) did not
find any statistically significant interannual trends of annual cycle
events at the 5% level, trends in Ice Free events were statistically
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significant at the same level on the Central Section coastlines. The
distinction between sea ice regimes is similar to observations made Frey
et al.'s (2015) study of general sea ice conditions, where Bering Sea ice
was found to exhibit a more complex interannual variability in areal
extent and seasonal onset/duration than conditions in Chukchi and
Beaufort Seas. It is also important to note that pack ice that accretes to
the coast in the Northern Chukchi and Beaufort Seas is significantly
thicker than in the Bering Sea (Amundrud et al., 2004), which would
influence different outcomes in landfast ice areal extent and seasonal
duration.

The trend toward later Ice Free conditions by 15 days from 1996 to
2008 in the Central Section region is notable. To our knowledge, this
runs counter to every other coastline for which the annual cycle of
landfast ice has been studied. The landfast ice in this region is wider
than in the adjacent Northern Section and Southern Section regions.
Additionally, the coastline is oriented differently with respect to pre-
vailing winds and ocean currents, which may results in the landfast ice
in Central Section responding differently to ongoing atmospheric and
oceanic changes than neighboring coastlines. It is also worth noting that
landfast ice in the Central Section lies immediately downstream of the
outflow from the Yukon River Delta, which can flood the landfast ice
surface during peak discharge and initiate or accelerate melt (Dean
et al., 1994; Weingartner et al., 2017). However, observations at Pilot
Station, approximately 200 km up the Yukon River from the coast,
indicate trends toward increased and earlier occurrence of peak dis-
charge (Ge et al., 2013), which would seem to promote earlier break-up
of landfast ice in Central Section. Hence, the underlying cause of the
positive trend we observe in last ice occurrence in this region remains a
topic for future research.

The variability surrounding the seasonal duration of the landfast ice
annual cycle from 1996 to 2008 is consistent with other observations of
sea ice conditions in the Bering Sea (Kawerak 2013; Oceana and
Kawerak, 2014), as well as findings on biogeophysical processes where
sea ice in coastal zones is a necessary consideration (Grebmeier et al.,
2006; Mueter and Litzow, 2008). However, warmer southerly air cir-
culations increasing surface temperatures and preventing the transport
of sea ice into the Bering Sea region have contributed to low sea ice
coverage from 2017 to 2019 (Perovich et al., 2019). Our study does not
account for trends in landfast ice cover during recent periods of sea ice
decline in the Bering Sea, but serves as a reference point for future
studies, being particularly relevant to the ongoing challenges of sub-
sistence communities in the Bering Sea region, where landfast ice
provides a means to access and harvest resources (Kawerak 2013; Ray
et al., 2016; Robards et al., 2013). Further, the datasets created in our
study are at a spatial scale relevant to human activities where landfast
ice is an important consideration. Ongoing changes in Bering Sea ice
cover necessitates further investigations of the annual cycle, causes of
its change, and implications for human and biogeophysical processes in
the region.

6. Conclusion

Using data derived from Radarsat-1 imagery, we have characterized
the spatial and temporal patterns of the landfast ice annual cycle in the
eastern Bering Sea, as well as its interannual change. This study is the
most comprehensive analysis to date of landfast ice on Bering Sea
Alaskan coastlines, and expands upon Mahoney et al. 's (2014) similar
study in the Chukchi and Beaufort Seas to complete the analysis of
landfast ice conditions on Alaskan coastlines from 1996 to 2008.

We found that the physical geography of the Bering Sea region in-
fluenced the spatial distribution and seasonal duration of landfast ice in
our study area. Consistent with other landfast ice studies (Dammann
et al., 2018; Mahoney et al., 2007a, 2014), we found coastal mor-
phology features to influence the seasonal duration and physical
properties of landfast ice; areas with sheltered embayments and lagoons
extended the seasonal duration of the annual cycle. Further, the
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occurrence of the SLIE at shallow water depths is consistent with other
studies that note a bathymetric constraint on landfast ice width (Divine
et al., 2004; Granskog et al., 2003, 2006; Mahoney et al., 2007, 2014;
Zubov, 1945). We also found that the 15 m rule-of-thumb isobath used
by previous studies (Mahoney et al., 2007, 2014) to identify the onset of
Stable Ice conditions was not applicable to stable landfast ice in the
Bering Sea. This finding suggests that the utility of the 15 m isobath
metric for identifying Stable Ice events varies by study region; SLIEs in
regions that experience frequent winter storms and strong winds (i.e.
Kara Sea, Baltic Sea, Bering Sea) generally do not reach the 15 m iso-
bath. Thus, prior consideration of regional climatology is necessary
before using the 15 m isobath metric.

On an interannual basis, the Northern Section, Central Section, and
Southern Section coastlines to have distinct spatial distributions and
seasonal durations. The annual cycle on the Northern Section and
Southern Section are interannually decreasing in seasonal duration: the
First Ice events occur later and the Ice Free events occur earlier. This
trend is consistent with those found in landfast ice studies the Beaufort
and Chukchi Seas (Mahoney et al., 2014). However, the annual cycle is
shifting on the Central Section, with statistically significant positive
interannual trends in both First Ice and Ice Free events. There is no
parallel for that trend in the existing literature.

This study broadly contributes to future research where landfast ice
is a relevant consideration. Changes in the landfast ice annual cycle can
contribute to changes in broader biogeophysical processes in the Bering
Sea region that merit further study. For example, changing landfast ice
conditions in the Bering Sea have been cited as influencing changes in
wildlife habitat and behavior (Laidre et al., 2008; Kawerak 2013) and
coastal geomorphology (USACE, 2009; Oceana and Kawerak, 2014).
Characterization of landfast ice annual cycle changes can inform how
these aforementioned changes are characterized as well. Further,
landfast ice research is especially relevant to the challenges faced by
Bering Sea coastal communities, including changing subsistence prac-
tices (ACIA-Arctic Climate Impact Assessment et al., 2005; Kawerak
2013; Oceana and Kawerak, 2014), shifting marine food webs (Brown
et al.,, 2011; Grebmeier et al., 2006; Mueter and Litzow, 2008), and
accelerated coastal erosion that are underway in this region (Mesquita
et al., 2010; Pingree-Shippee et al., 2016; Terenzi et al., 2014). Char-
acterizing the landfast ice annual cycle in the Bering Sea region can
enable future research avenues that integrate social metrics relevant to
community challenges.
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Abstract

Seasonal sea ice in the Bering Sea, AK has undergone declines in areal extent and
seasonal duration. On St. Lawrence Island, seasonal ice becomes locked into a stationary
position against the coastline to provide a protective buffer against coastal erosion,
habitat for migratory marine mammals, and a substrate for travel and subsistence
activities. A thorough understanding of how stationary coastal ice on St. Lawrence
Island, termed landfast ice, is affected by broader sea ice trends is limited by a lack of
data on landfast ice areal coverage, seasonal duration, and interannual variability. Here,
we created a comprehensive spatial dataset to provide an observational baseline for
landfast ice conditions on St. Lawrence Island from 1996-2019. Our results show
statistically significant interannual declines in landfast ice spatial extent. The strongest
trends occur in the years of 2016-2019, corresponding more broadly to recent sea ice
declines in the Bering Sea. No similarly significant interannual shifts in the seasonal
timing of landfast ice formation and break up occurred within our study period. The
dataset created for this study provides a baseline understanding of landfast ice that can
contributes to future research on associated biogeophysical processes on St. Lawrence
Island, where changing landfast ice conditions are a relevant consideration.
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1. Introduction

The areal extent of sea ice is declining with climatic shifts in Arctic and Subarctic
environments. Specifically, the extent of perennial ice and the seasonal duration of first
year ice is diminishing (Serreze and Stroeve 2015). The loss of sea ice cover is
significant for myriad global processes, including climate regulation (Liu et al. 2012;
Screen & Simmonds 2010; Vihma 2014), shifting ecotones (Bhatt et al. 2010; Oceana
and Kawerak 2014; Post et al. 2013) and wildfire regimes (Knapp and Soulé 2017).
Additionally, human access to global transportation routes (Stephenson et al. 2011, 2013)
and natural resource exploration (Whiteman et al. 2013) are fostered by sea ice loss. In
these cases, global processes are influenced by shifts in the spatial extent and seasonal
duration of ice cover. Understanding the global consequences of sea ice loss necessitates
the scientific study of its spatial and temporal trends.

The degree of reduction in sea ice extent has been found to vary geographically,
with consequences for localized biogeophysical processes. For example, changing sea ice
conditions in the Beaufort, Chukchi, and Bering seas have exhibited differing changes in
areal extent and seasonal duration (Frey et al. 2015). In the Bering Sea, seasonal ice cover
has exhibited greater interannual variability than adjacent seas in the Arctic Circle,
characterized by unpredictable seasonal duration, areal extent, and multiyear ice transport
through the Bering Strait (ANC et al. 2012; Frey et al. 2015; Stabeno et al. 2007).
Between 2018 and 2019, the Bering Sea has experienced record-setting lows in sea ice
areal extent and seasonal duration (Cornwall 2019; Eisner 2018; Stabeno et al. 2018). Sea
ice loss in the northern Bering Sea has influenced broader ecological shifts. Until
recently, northern Bering Sea ecosystems were structured by the seasonal presence of
continuous ice cover to support diverse benthic communities and bottom-feeding
megafauna such as migratory marine mammals (Grebmeier et al. 2006, Kovacs et al.
2011, Oceana and Kawerak 2014). The northward retreat of the Arctic isothermal
boundary has altered these ecosystems, primarily by affecting the consistency of seasonal
ice cover presence. These broad ecological shifts carry associated consequences for
subsistence hunting and commercial fishing (Grebmeier et al. 2006; Haynie and

Huntington 2016; Sigler et al. 2010). Changes in Bering Sea ice cover also carry
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consequences for ice conditions that serve specific biogeophysical functions, such as in
coastal zones where sea ice becomes locked into a stationary position.

Stationary coastal sea ice, termed /zzdfast ice, is important for its seasonal
influence on broader biogeophysical processes in the Bering Sea. It can provide habitat
for marine mammals (Kawerak 2013; Oceana and Kawerak 2014), act as a substrate for
human mobility and subsistence practices (Ray et al. 2016; Robards et al. 2013), and
protect coastlines from erosive wind and wave action (Lantuit & Pollard 2008). Some
studies suggest that Bering Sea landfast ice changed along with broader sea ice shifts in
the region (ACIA 2005; Oceana and Kawerak 2014). Changing landfast ice regimes carry
consequences for the broader biogeophysical processes they influence. On St. Lawrence
Island in the northern Bering Sea, landfast ice is an integral component of the northern
Bering Sea ecosystem, and is important for the subsistence livelihoods of the island’s two
Yupik communities: Gambell and Savoonga (Oceana and Kawerak 2014). In recent
decades, the location and timing of coastal ice surrounding the island have been observed
to be increasingly variable, affecting wildlife habitat and behavior as well as subsistence
activities (Benson and Trites 2002; Noongwook et al. 2007). Further, Savoonga residents
have observed accelerated coastal erosion that has been partially attributed to changing
coastal ice conditions (USACE 2007). These observations coincide with rising air
temperatures over the island and earlier onsets of ice melt conditions (Grebmeier et al.
2006). Understanding interannual landfast ice change on St. Lawrence Island is important
for ongoing and future research that characterizes broader biogeophysical shifts in the
northern Bering Sea region.

Here, we present the most comprehensive analysis of interannual landfast ice
change on St. Lawrence Island to date. Specifically, our research objectives are to: 1)
identify patterns in the spatial distribution and seasonal duration of St. Lawrence Island’s
landfast ice cover; 2) observe how St. Lawrence Island and the northern Bering Sea’s
physical features such as nearshore bathymetry and coastal morphometry/orientation
influence patterns observed from Objective 1; and 3) characterize interannual change in
the spatial distribution and seasonal duration of St. Lawrence Island’s landfast ice cover

from 1996-2019.
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2. Study Area

St. Lawrence Island (Figure 1) is a volcanic island situated in the northern Bering
Sea at approximately~ 60° N latitude, ~200 kilometers to the west of mainland Alaska.
At its widest points, St. Lawrence Island spans 160 km east to west, and 55 km north to
south (Patton et al. 2011). The dominant vegetation cover is Arctic tundra (approximately
70% cover). Topography is characterized by low mountains, reaching a maximum
elevation of 673 m a.s.l. (Nakeo et al. 1986). The nearshore bathymetry, an essential
physical feature for understanding landfast ice, varies on the island by geographic region
(Danielson et al. 2008; Figure 1). Water depths range from 0-25 meters in the Northwest
region, 0-35 meters in the Northeast Region, 0-60m in the Southwest region, and 0-50m
in the Southeast region. Two small communities are located on the northern and
northwest coasts: Savoonga (population: 705) and Gambell (population: 700),
respectively (U.S. Census Bureau 2018). The communities are culturally St. Lawrence
Island Yupik and host subsistence economies based the migratory patterns of marine
mammals (Kawerak 2013; Oceana and Kawerak 2014).

Sea ice is a seasonal feature in the Bering Sea region that is introduced when the
combination of reduced solar intensity and the wind-driven transport of sea ice induce
freezing ocean temperatures. From winter to late spring/early summer, St. Lawrence
island is encircled by a combination of landfast ice and high concentrations of mobile,
drifting ice (known as pack ice). Landfast ice forms on St. Lawrence Island through the
process of in-situ freezing of open-water in sheltered areas, such as bays and lagoons, and
the accretion of incoming pack ice against the seaward edge of the landfast ice, a process
analogous to those discussed by Mahoney et al. (2007a) in the Chukchi and Beauforts
Seas. Coastal sea ice conditions on the island vary by location. During winter, the
northern coast is typically bordered by several kilometers of landfast ice with little or no
open water at its edge where it meets the drifting pack ice, which frequently separates
from the coast in large sheets throughout the winter and spring (Oceana and Kawerak
2014). By contrast, landfast ice on the southern coast is much narrower and is typically
bordered by polynyas (persistent areas of open water in sea ice conditions) and low-

concentration drift ice define conditions on the southern coast (Kapsch et al. 2010;
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Kawerak 2013).

The spatial and seasonal patterns of St. Lawrence Island’s landfast ice cover
influence many of the islands biogeophysical processes. For example, the seasonal onset
and retreat of sea ice generally coincide with migratory patterns of marine mammals near
St. Lawrence Island, such as walrus, seal, bowhead whale, and occasionally polar bear
(Kawerak 2013; Noongwook et al. 2007; Oceana and Kawerak 2014). Bottom-feeding
pinnipeds have been known to interact with sea ice proximate to the island as part of their
seasonal foraging and haul-out behavior (Kawerak 2013; Oceana and Kawerak 2014).
Access to the sea floor under the ice by way of polynyas and leads (linear cracks formed
in the ice by the separation or shearing of ice floes), provide rich foraging opportunities
for bottom-feeding mammals. Further, landfast ice provides platforms for ringed seals to
rest, give birth, and nurse young (Oceana and Kawerak 2014). The seasonal presence of
marine mammals proximate to landfast ice enables subsistence opportunities for Gambell
and Savoonga hunters. Subsistence hunters generally use snow machines to travel over
and hunt on landfast ice, as well as haul boats over the island to access the polynyas on
the southern coast (Kapsch et al. 2010). Walrus is a predominant component of
subsistence diet for residents of Gambell and Savoonga. A 2009 subsistence harvest
survey in Savoonga found walrus to comprise 66% of all locally-harvested food, and 75%
of harvested marine mammals (Fall et al. 2013; Huntington et al. 2013). Community
elders and hunters have cited ice conditions as a major influence of the undertaking and
success of walrus harvesting (Huntington et al. 2013).

Sea ice decline in the Bering Sea manifests as diminished areal cover, shortening
seasonal durations, and reduced multiyear ice transports through the Bering Strait (ANC
et al. 2012; Stabeno et al. 2007; Robards et al. 2013). Some studies suggest that landfast
ice has similarly changed with unpredictable seasonal durations and spatial extents
(ACIA 2005; Oceana and Kawerak 2014). Changing landfast ice conditions has
consequences for wildlife migratory behavior and subsistence activities similar to those

found on St. Lawrence Island (Robards et al. 2013; USFWS 2008).

3. Methods
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3.1 Designating Study Regions on St. Lawrence Island

In order to assess geographic differences in landfast ice distributional patterns,
we divided the study area of St. Lawrence Island into four regions for analysis:
Northwest, Northeast, Southwest, and Southeast (Figure 1). Delineations of these regions
were based upon the island’s distinctive coastal features and near shore ice conditions.
Each region represents a concave section of coastline, separated physically by capes, or
convex areas that transition into other concave coastlines, whereby the process of landfast
ice formation and accumulation is largely independent from other regions. The Northwest
region spans the coast from the community of Savoogna on the northern coast to the
community of Gambell on the Northwest Cape. The coastline between these communities
takes the form of a single large embayment, where drift ice transported from northern
latitudes accumulates during the winter months (Oceana and Kawerak 2014). The
Northeast region extends eastward from Savoonga to the eastern tip of the island and
comprises multiple headlands, bays and lagoons. The Southeast region extends between
the eastern tip of the island and the Southeastern Cape (the southernmost tip of the island)
and is again dominated by a single large embayment. The Southwest region includes the
most coastline of the four sub regions and extends from the Southeastern Cape to the
Northwestern Cape. Coastal polynyas occur along the southern coast of the island

(Kawerak 2013; Oceana and Kawerak 2014).

3.2 Defining and Locating Landfast Ice

We used primary and secondary datasets to track the location of landfast ice from
1996 to 2019. A time series of synthetic aperture radar (SAR) satellite imagery served as
the primary dataset. SAR imagery is not compromised by adverse weather and prolonged
polar nights, enabling year-round observation of polar environments. Further, sea ice
generally has a higher backscatter coefficient compared to open water (Kwok et al.
1992), making it useful in identifying landfast ice. SAR imagery has been used
successfully for identifying landfast ice using the aforementioned two-criteria definition
(Mahoney et al. 2004, 2007a, 2014). We selected three SAR imagery datasets to cover
the majority of our 1996 — 2019 study period: 1) moderate resolution Radarsat-1
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ScanSAR wide beam imagery (1996 — 2008); 2) ENVISAT ASAR Wide-Swath Mode
imagery (2008 —2012); 3) Sentinel-1 Interferometric Wide Swath imagery (2016 —
2019). We are able to combine these sensors for continuous observations throughout our
study period because all three sensors use C-band radar with comparable repeat intervals.
Note that the sensor selection for this study results a data gap from 2013-2015. No freely-
accessible SAR imagery over our study area is available for this time period. All images
were resampled to 100 m to match the coarsest spatial resolution of Radarsat-1.

Seafloor bathymetry obtained from the Alaska Region Bathymetric Digital
Elevation Model (ARBDEM, Danielson et al. 2008) served as a secondary dataset.
Landfast ice can be anchored by pressure ridges that occur when the ice floes converge
and pile together to form grounded pressure ridges in shallow water (Mahoney et al.
2007b). Thus, water depth can be used as a proxy for understanding when and where
landfast ice is stabilized by grounded pressure ridges. Because average water depth at the
landfast ice edge varies with geographic region (Divine et al. 2004; Granskog et al. 2003,
2006; Zubov 1945); the relationship between stable landfast ice and bathymetry
proximate to St. Lawrence Island were explored. We use the ARBDEM (Danielson et al.
2008) to record water depth values. The ARBDEM covers the Arctic and Pacific Oceans
between 130° E to 12° W and 45° N to 75° N. We reprojected this dataset to NAD 1983
Alaska Albers, and resampled it to match the 100m spatial resolution of the SAR imagery
in our primary dataset. To further explore how landfast ice position is influenced by coast
line shape morphometry (a component of Objective 1) we obtained a shapefile of the
State of Alaska from the Alaska State Geospatial Clearinghouse to aid visual
identification of sheltered coastal regions, such as lagoons.

We used a two-criteria definition advanced by Mahoney et al. (2006) to identify
landfast ice in satellite imagery: 1) the sea ice is contiguous with the coastline, and 2) the
sea ice exhibits no detectible motion for approximately 20 days. The criteria allowed us
to distinguish between areas of moving and stationary sea ice; areas of coast-contiguous
sea ice that has remained stationary for 20 days was classified as landfast ice. The 20-day
threshold for stationary sea ice excludes drift ice that is motionless, but not held fast
against the coastline or seabed. This criteria has been used successfully in identifying

areas of landfast ice, as well as observing interannual variation of its physical properties
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and annual cycle (Lovorn et al. 2018; Mahoney et al. 2007a, 2014).

Landfast ice is not distinguishable from drift ice using a single satellite image
since its stationary nature over time is a defining feature. Generally, multiple consecutive
images over a predetermined time and place is necessary to identify motionless, coast-
contiguous sea ice as landfast (Fraser et al. 2012; Mahoney et al. 2004, 2006, 2007a,
2014; Meyer et al. 2011). We apply a method described in detail by Mahoney et al.
(2004, 2006) to identify sea ice properties that are consistent with our previously-
referenced two-criteria definition of landfast ice. Our selected method entails using three
consecutive SAR images acquired within a ~20-day period to distinguish moving and
stationary sea ice. Landfast ice is highlighted by calculating the horizontal and vertical
gradient fields of each image, and determining the “net gradient difference” between the
three images. The gradient fields are necessary to account for differences in consecutive
backscatter values that are unrelated to motion, such as differing incidence angles
between the sensors and illuminated areas. Homogenous coast-contiguous regions of low
net gradient difference represent regions that have minimally changed in the ~20-day
period, and indicate the presence of landfast ice (Figure 2). Landfast ice regions pass on
to linear regions of high net-gradient difference that represent the seaward landfast ice
edge (SLIE) — the area where landfast ice transitions to drift ice or open-ocean. We use
the regions highlighted by the gradient difference image as well as the consecutive SAR
images to visually identify landfast ice, and digitize these regions into shapefiles using
ArcMap 10.6.1. We complete our data collection by repeating this process over 20-day
intervals for the entirety of the 1996 — 2019 study period.

3.3 Analysis of Landfast Ice Spatial Distribution, Interannual Change, and Physical
Geography

Our analysis of landfast ice spatial distribution and interannual change was based
on techniques advanced by Mahoney et al. (2007a). We first intersect SLIE polylines
with coast-normal vectors positioned at 200 m intervals along the island (Figure 3). We
created these vectors by finding the closest point at 200 m intervals between a created

coast-parallel polyline and the islands coastline. We repeated this process from the island
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coastline to the coast-parallel polyline for concave sections of the coast where points are
more than 200 m apart. We simplify coastal morphometry by excluding barrier islands
and land spits that shelter lagoons; coastal vectors intersect these land features as they
span from the main island to the coast-parallel polyline.

Because the shapefile represents the minimum landfast ice edge within a 20-day
period, we assigned the date of the first input image to the SLIE when it is advancing
from the coastline, and the date of the last input image when it is retreating, following the
approach described by Mahoney et al. (2007a, 2014). Intersecting the SLIE with the
coastal vectors and ARBDEM result in data points containing information of landfast ice
width, water depth, and date of occurrence. We used linear regression methods to assess
interannual change in the width of landfast ice and water depth at the SLIE. Statistical
analysis in this study is accomplished using built-in functions in RStudio 3.5.3, an open-
access IDE for the R programming language.

We also considered how sinuosity, fetch distance, and nearshore bathymetry of
the coastline influenced outcomes in landfast ice width on St. Lawrence Island Coastlines
(Table 1) using simple linear regression models. Nearshore bathymetry was incorporated
into the model using the ARBDEM discussed in the previous section. Sinuosity refers to
a scalar number between 0 and 1 that describes how sinuous a path is compared to a
straight line distance. A sinuosity value of 1 corresponds to a straight line, and a value of
0 corresponds to an infinitely convoluted path. Sinuosity is calculated using ArcGIS’s
Calculate Sinuosity tool on manually designated sections of concave coast no greater than
5 kilometers in length. Fetch distance measures the unobstructed distance from a given
point at the SLIE. The maximum fetch distance measured is 80km. Fetch vectors
extending to their maximum length signify that the coastline is exposed to open ocean.
Fetch distances less than the maximum values represent areas adjacent to coastlines.
Fetch distances are calculated for each coastal vector using RStudios FetchR package,
and sampled at 5 kilometer intervals to avoid multicollinearity. Independent variable data
was stored in the coastal vectors intersecting with SLIEs. We sampled the coastal vectors
at 5 km intervals to alleviate problems with multicollinearity. No correlations between

independent variables exceeded 0.8.
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3.4 Analysis of Landfast Ice Seasonal Duration and Interannual

Change

To measure the seasonal duration of landfast ice, we use an approach described by
Mabhoney et al. (2007a, 2014) to analyze the landfast ice annual cycle on St. Lawrence
Island from 1996 — 2019. Annual Cycle refers to the seasonal process by which landfast
ice forms in the winter, interacts with the surrounding environment, and melts in the
spring/summer. Following the work of Mahoney et al. (2007a, 2014), we identify four
key events within the annual cycle that can be quantified from our primary and secondary
datasets: Z7rst lce, Stable Ice, Break Up, and lce Free. By determining the timing of
these events throughout our study period, we can assess interannual changes in landfast
ice the seasonal duration of landfast ice presence and stable conditions.

First ice events occur when the SLIE extends further than 500 m from the
coastline, and signifies the onset of landfast ice conditions. We selected this distance
based on Mahoney et al.’s (2007a) determination of the geolocation accuracy of
Radarsat-1 imagery, and thus prevents the misidentification of landfast ice condition
caused by geolocation error. Szable /ce events occur when grounded pressure ridges
anchor the landfast ice to the seabed. Water depths at the SLIE serve as a proxy for Szzb/e
/ce conditions because grounded pressure ridges cannot be detected with SAR imagery.
We identify the onset of stable conditions when the SLIE reaches the 15 m isobath, as
this measurement has been used as the rule of thumb for Szzb/e /ce events in previous
studies (Barry et al. 1979; Mahoney et al. 2014). Break {jp events occurs when landfast
ice rapidly retreats toward the coastline, and is identified as the most negative gradient in
measured landfast ice width in a given season. /ce F7ee events occur in the late spring or
early summer when the SLIE recedes to less than 500 m from the coastline, and signifies
the end of the annual cycle. The geolocation accuracy of our primary dataset informed
the selection of this distance as well.

The timing of these events was calculated for each coastal vector, and then the
date of event-occurrence was converted to Unix time (the number of seconds between the
recorded date and January 1% 1970), averaged by study region to identify when mean

occurrence dates for annual cycle events occur. We used the same linear regression

52



methods described in Section 3.3 to identify interannual trends in mean occurrence dates

of annual cycle events from 1996 — 2019.

4. Results
4.1: Spatial distribution of SLIEs

Stacked SLIEs in our study area (Figure 5) reveal distinct spatial patterns of
landfast ice among the four study regions. SLIES generally exhibit greater widths in the
Northwest (Mean = 6.5km; Upper Decile = 16.6km) and Northeast (Mean = 5.1km;
Upper Decile = 11.3km) regions compared to the Southwest (Mean = 3.6km; Upper
Decile = 7.6km) and Southeast (Mean = 5km; Upper Decile = 10.1km). Of the four study
regions, SLIEs in the Northwest region exhibit the widest mean SLIE width with the
greatest variation (+/- 5.6 km); SLIEs in the Southwest region exhibit the smallest SLIE
width (3.6 km) with the least variation (+/-3 km). The highest densities of SLIEs occur
proximate to the coastline (Figure 6), with the notable exception of the Southeast region,
where landfast ice extends to the Punuk islands to form a “hook™ shape in the stacked
SLIEs.

The distinct regional landfast ice regimes on St. Lawrence Island, as defined by
width, are associated with distributions of water-depth values at the SLIE (Figure 7).
These distributions are further explored in Table 2. Of the four study regions, SLIEs in
the Northeast region occupy the deepest water depths with the greatest variation; SLIEs
in the shallowest water depths occur in the Southeast region, and the least amount of
variation in water depth at the SLIE occur in the Northwest region. The interrelation
between landfast ice width and water depth varies by geographic region. Generally,
greater SLIE widths and water depths occur in the Northwest and Northeast regions,
whereas SLIEs in the Southwest and Southeast regions exhibit modest widths at
comparable water depths (Figures 8a-d). SLIE widths in the Southeastern region are
generally wider at shallower water depths than in the Southwest region.

Linear regression was used to assess how the physical geographic factors of St.
Lawrence Island and the northern Bering Sea influenced landfast ice spatial distributions.
The regression models used four independent variables (water depth (m), concave

sinuosity, convex sinuosity, fetch distance (km)) to predict the outcome of landfast ice
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widths (Tables 3a-d). Mean water depth values at the SLIE were generally found to have
a negative influence on mean landfast ice width. Concave sinuosity had a positive
influence on mean landfast ice width in the Northwest and Southwest regions, and a
negative influence in the Northeast and Southeast regions. Fetch distances by coastline
orientation had varying degrees of positive and negative influence with landfast ice.
Generally, fetch distances had a negative influence on mean landfast ice width where the
coastline was oriented in the same direction as the overall region (e.g. Northeast fetch
vectors in the Northeast region). Our regression models explain differing amounts of
variation in mean landfast ice width by region. Adjusted R? values ranged from 0.04 -
0.24. The models explained 9% of mean landfast ice width variability in the Northwest
region, 17% in the Northeast region, 4% in the Southwest region, and 24% in the

Southeast region.

4.2: Interannual Change

Analysis of interannual trends reveal declines in width (Figure 9). All of these
trends are statistically significant (o = 0.05) (Table 4). The sharpest declines in width and
water depth at the SLIE occur from 2016 — 2019. Further, interannual declines in landfast
ice width are evident for the entire island as well. For the entirety of St. Lawrence Island
from 1996 — 2012, mean landfast ice width was 5.2 km; from 2016 — 2019, mean landfast
ice width was 2.8 km.

We also analyzed interannual trends of four annual cycle events, First Ice, Stable
Ice, Break Up, Ice Free, from 1996 — 2019 (Table 5). We found these events to occur
chronologically in our study area, with the exception of Break Up events (Figure 10). In
all four study regions, mean Break Up dates sometimes precede Stable Ice and First Ice
dates, and occur after Ice Free dates. The relatively low R? indicate a high level of
variability around mean occurrence dates. First Ice events have been occurring later in
the year in the Northeast, Southwest, and Southeast regions. Stable Ice and Break Up
events have been occurring earlier in all four study regions. Ice Free events have been
generally occurring earlier, in the Northwest, Northeast, and Southeast regions. The

earlier occurrence of Ice Free events in the Northeast region is the only statistically
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significant interannual trend in our analysis of the annual cycle. The mean occurrence of
annual cycle events varies by coastal morphometry (Table 6). Generally, First Ice events
occur earlier in sheltered coastlines, with the exception of the Southwest region. Ice Free
events occur earlier in sheltered areas in the Northwest and Northeast regions, but later in

the Southwest and Southeast regions.

5. Discussion

5.1. Spatial Distribution of St. Lawrence Island Landfast Ice

We characterized physical and seasonal landfast ice conditions by its spatial
distribution as it relates to width, and water depth at the SLIE. Consistent with landfast
ice research in other study areas (Divine et al. 2004; Granskog et al. 2003, 2006;
Mahoney et al. 2007a, 2014; Zubov 1945) we found the width of landfast ice to vary by
geographic region on St. Lawrence Island. We found landfast ice on northern coastlines
of St. Lawrence Island to be comparatively wider than the southern coastlines. The
observed differences in landfast ice width on northern and southern coastlines are likely
to be attributable to St. Lawrence Island’s geography’s influence on landfast ice
formation. In particular, it is likely that the north-facing coasts receive the wind-driven
transport of pack ice from northern latitudes in the winter, which accrete into larger
sheets of landfast ice, contributing to the relatively longer widths observed in this study.
The southern coastlines do not receive similar quantities of pack ice, and landfast ice
widths are further constrained by the presence of polynyas (Cooper et al. 2002; Kawerak
2013).

Despite relatively large maximum landfast ice widths, the mean widths fall within
a comparatively narrower range of 3.6-6.5 km (Table 2). Along with the high variability
of Break Up events throughout our study period (Figure 10), these findings suggest that
the upper decile widths (11.3-16.6 km) in the Northwest and Northeast regions are not
sustained throughout a given season. Instead, large ice sheets can break off from the
landfast ice shortly after forming. This is consistent with previous observations
characterizing the northern coast as becoming locked in by large ice sheets that

frequently attach and separate from the coast throughout a given season (Oceana and
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Kawerak 2014). However, the high variability of widths and &reak {p events on St.
Lawrence Island (Figure 10) does not indicate unstable landfast ice conditions. Visual
inspection of SAR imagery of early Sreat {p events reveal an initial rapid advance of
the SLIE, followed by the detachment of large ice sheets and comparatively shorter
widths for the remainder of the season. The SLIEs after such Zreat {p events generally
remain positioned over water depths greater than 15 m, signifying the continuation of
Stable /ce conditions. These occurrences support Mahoney et al.’s (2014) observation
that Break Ujp events do not necessarily coincide with the conclusion of Szzb/e /ce
conditions. Despite variable Areak {p events, Figure 10 shows mean water depths at the
SLIE to generally exceed the 15m isobath used as a proxy for identifying stable
conditions for all four study regions. Further, the highly variable occurrence of Break Up
events suggests the St. Lawrence Island landfast ice annual cycle does not conform to
typical patterns of gradual advance and rapid retreat. Previous studies in the Chukchi and
Beaufort seas considered non-consecutive occurrences of annual cycle events to be failed
identifications (Mahoney et al. 2007, 2014). The term Breakout has been used to describe
the occurrence of rapid mid-season SLIE retreats (Jones et al. 2016), and is a more

applicable term for SLIE retreats on St. Lawrence Island.

5.2. The Influence of Island Physical Features on Landfast Ice Spatial Distribution

Comparing the shape of the coastline to the shape and position of the SLIE, we
found the landfast ice regime on St. Lawrence Island to exhibit a number of similarities to
those in the Chukchi and Beaufort Seas. One example is the tendency of landfast ice to
appear first in sheltered coastal zones. Mahoney et al. (2014) found landfast ice to form
first in sheltered coastal zones along the Chukchi and Beaufort Sea coastlines. Similarly,
we found landfast ice on St. Lawrence island to first appear in sheltered areas within the
Northwest, Northeast, and Southeast regions. Further, we found SLIEs to cluster around
land spits and barrier islands enclosing sheltered regions in our study area, as well as the
Punuk Islands off the coast of the Southeast region. These areas experienced the most
consistent clustering of SLIEs on an interannual basis, with the exception of the last two

years of our study (2018 and 2019) when SLIEs failed to reach the Punuk Islands.
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Water depth values also influenced patterns in landfast ice cover by limiting the
advance of the SLIE over progressively greater water depths (Figures 8a-d). Mean water
depths and widths varied by region on the island, with the lowest mean depth occurring in
the Southeast region (13.1m), and the largest occurring in the Northeast (26.9m) (Table
2). Regional variation in mean water depth at the SLIE is in keeping with previous
observations that the relationship between landfast ice and water depth can vary by
geographic region. For example, SLIEs on the Siberian coast occupy mean depths of 20-
25m (Zubov 1945); 5-15m in the Baltic Sea (Granskog et al. 2003, 2006); and 10m in the
western Kara Sea, 20-30m in the east (Divine et al. 2004).

The results from our linear regression demonstrate how the physical geography,
specifically coastal orientation, morphometry, and nearshore bathymetry of St. Lawrence
Island and the northern Bering Sea influence landfast ice width. Independent variables
had varying degrees of positive influence by study region. Water depth was found to
positively influence landfast ice width, which is consistent with our expectation that the
landfast ice edge occupies greater water depths as width increases.

The relationship between sinuosity and landfast ice width varied depending on
whether the dependent variable was on concave or convex coastlines. The occurrence of
positive relationships between sinuosity and landfast ice width was greater in concave
sections than convex sections, and is consistent with previous studies observing concave
regions such as sheltered embayments and lagoons to enable earlier formations and
greater landfast ice widths by providing shelter from wind and wave action (Mahoney et
al. 2007a). However, in the Southeast region, sinuosity had a stronger negative
relationship with width in concave regions than convex regions. The negative relationship
between width and sinuosity in concave regions may be influenced by the grounding of
landfast ice from a convex portion of coastline on the Punuk Islands (Figure 6). The
landfast ice extending between the convex coastline and the Punuk Islands may be
positioned to prevent incoming pack ice from accumulating in the concave coastlines
further south, resulting in shorter landfast ice widths and a negative relationship.

Fetch lengths were added as independent variables to determine if unobstructed
coastlines oriented towards to prevailing Northeasterly winds would result in greater

accumulations of pack ice and thus positively influence mean landfast ice width. We
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generally did not find coastlines oriented toward prevailing winds to have a greater
positive relationship with landfast ice widths compared to coastlines oriented elsewhere.
Instead, we found that fetch distances had a negative relationship with mean landfast ice
width where the coastline was oriented in the same direction as the overall region (e.g.
Northeast fetch vectors in the Northeast region), as well as oriented towards prevailing
winds. Fetch distances below the 80km maximum value most frequently occurred on
concave coastlines, suggesting the coastline is somewhat sheltered, and generally had a
positive relationship with mean landfast ice width. The positive relationship between
mean landfast ice width and fetch distances below the 80km maximum value suggests
that the orientation of a coastline to prevailing winds — although relevant to the transport
of drift ice that is necessary for landfast ice formation and growth — may restrict landfast
ice widths if the morphometry of the coastline does not shelter the accumulated ice from
wind/ocean energy. The frequency of winter storms in the Bering Sea (Overland 1981),
and linkages between weather and coastal ice conditions on St. Lawrence Island
(Huntington et al. 2013), may increase the negative influence of coastal exposure on
mean landfast ice width. It is also notable that Northeastern orientations of the coastline
did not strongly influence landfast ice width compared to orientations in other directions,
suggesting that orientation toward prevailing wind conditions alone do not influence
greater landfast ice widths.

Our models explained 24% of the variability in mean landfast ice width. The
models include independent variables related to the physical geography of St. Lawrence
Island and the northern Bering Sea, but not of meteorological events matching the
occurrence dates of our dependent variables. Sea surface temperature and overall sea ice
concentration also affect the formation and growth of landfast ice (Mahoney et al. 2014),
and their inclusion as independent variables could improve the explanatory power of

future regression models.

5.3. Seasonal Duration of St. Lawrence Island Landfast Ice

Based on the mean-occurrence of /Z77s7 /ce and /ce Free dates the seasonal

duration of landfast ice generally spans from mid-January to late-April / early-May. This
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timeframe is notably shorter than the seasonal durations of landfast ice regimes in higher
latitudes. In comparison to Mahoney et al.’s (2014) time series analysis, the seasonal
duration of landfast ice in the Chukchi and Beaufort Seas which has been characterized as
forming in the months of October — November, and retreating in the months of May —
June. The mean occurrence dates of annual cycle events in the Chukchi and Beaufort
season generally occur in chronological order: Z77:s /ce, Stable Ice, Break Up, and /lce
Free. These mean occurrence dates are distinct and well separated. On St. Lawrence
Island, Z7rsz lce, Stable /ce, and /ce Free events generally occur in chronological order.
However, Break {p events are highly variable in all four regions, qualifying these
occurrences as breakouts — the mid-season retreat of SLIEs. Highly variable mean
occurrence dates suggest the St. Lawrence Island annual cycle is more complex than the
annual cycle criteria created by Mahoney et al. (2007, 2014) to study landfast ice
conditions in the Chukchi and Beaufort Seas. This comparatively higher variability is
consistent with broader comparisons of sea ice coverage in the Bering Sea versus the

Chukchi and Beaufort Seas (Frey et al. 2015).

5.4 Interannual Variability from 1996 — 2019

The spatial distribution of St. Lawrence Island landfast ice shows strong
interannual variability by every metric used in this study: width, SLIE water depth, and
proximity to coastal features. The strongest interannual variability occurs in the final
years of 2016 — 2019. During this period, mean landfast ice widths (Figure 9) sharply
decrease. The prevalence of statistically significant interannual trends of landfast ice
width and water depth at the SLIE contrasts with the absence of statistically significant
trends in annual cycle events, with the exception of Ice Free events in the Northeast
region (Tables 2 & 3). However, the standard deviation regions of all annual cycle events
cluster from 2016 — 2019 (Figure 10), similar to the clustering of standard deviation
regions of physical landfast ice conditions (Figures 8, 9, & 10). This clustering suggests
that although the mean occurrence dates of annual cycle events exhibit no statistically
significant trends overall, the annual cycle is shortening.

The relatively recent decline of St. Lawrence Island landfast ice from 2016 — 2019
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matches recent observations of broader sea ice variability in the Bering Sea. Sea ice
extent during the winter and spring of 2018 was at the lowest observed in the Bering Sea
since satellite observations began in 1972 (Eisner 2018; Stabeno et al. 2018). In the
winter of 2019, sea ice areal coverage diminished to the lowest levels seen in 40 years
(Cornwall 2019). Whether this trend represents an unusual anomaly or a sustained
climatic regime shift continues to be debated. Previous sea ice minimums in the Bering
Sea have been attributed to shifts in atmospheric circulation patterns that strongly
influence sea sea surface temperature and atmospheric pressure, such as the Pacific
Decadal Oscillation (Walsh et al. 2017) and Arctic Oscillation (Kapsch et al. 2010).
However, researchers have not ruled out the possibility of recent unprecedented sea ice
minimums to be the result of sustained climatic shifts in the Bering Sea region (Cornwall
2019). Regardless, the broader implications of recent sea ice conditions in the Bering Sea
are represented in landfast ice conditions on St. Lawrence Island. Continued monitoring
of landfast ice is necessary to determine if the trends observed in this study represent an

anomaly in landfast ice conditions or a sustained regime shift.

6. Conclusion

This study is the most comprehensive analysis to date of landfast ice on St.
Lawrence Island, and contributes to the broader study of landfast ice conditions in the
northern Bering Sea. In doing so we have expanded on past work characterizing landfast
ice conditions on Alaskan coastlines in the Chukchi and Beaufort Seas (Mahoney et al.
2014). We have also characterized the seasonal duration of landfast ice on St. Lawrence
Island by tracking the mean occurrence of annual cycle events, measured by the timing
and spatial distribution of SLIEs. We found that the seasonal duration of landfast ice
varies by study region, yet generally spans from mid-January to late-April / early-May,
which is notably shorter than landfast ice seasonal durations in the Chukchi and Beaufort
Seas (Mahoney et al. 2014). The shorter seasonal duration of St. Lawrence Island’s
annual cycle involves a relatively rapid succession of annual cycle events, and is notable
for Breat Up events to occur throughout this cycle rather than near the conclusion.

Despite the frequent occurrence of Zreatour events, the remaining landfast ice still
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occupies water depths used as a proxy for stable ice conditions. The variability of annual
cycle events on St. Lawrence Island suggests that annual cycle models applied to the
Chukchi and Beaufort Seas (Mahoney et al. 2014) may not be applicable in the Bering
Sea. The high variability and short seasonal duration that characterizes St. Lawrence
Island’s annual cycle is consistent with broader characterizations of sea ice conditions in
the northern Bering Sea overall (Frey et al. 2015). This observation matches a similar
conclusion made by Mahoney et al. (2014) where landfast ice variability responds to
regional processes that influence similar variability in drift ice conditions. Recent
declines of drift ice extent in the Bering Sea (Cornwall 2019; Eisner 2019; Stabeno et al.
2018) may have influenced similar declines in overall landfast ice cover for the region.

Our analysis of interannual variability in landfast ice width, water depth at the
SLIE, and annual cycle events reveal statistically significant trends. The strongest
interannual changes occurred from 2016 — 2019 in our study period, and were not
gradual. During these years, all four study regions experienced sharp declines in width
and water depth at the SLIE. Interannual declines in water depth at the SLIE generally
did not fall below 15m, with the exception of the Southeast region, where the mean SLIE
values fell below 10m in the 2018-2019 annual cycle year. Interannual trends were
evident in the mean occurrence dates of annual cycle events as well. Generally, /7757 /ce
dates are occurring later and /ce Free dates are occurring earlier, suggesting an
interannual reduction in landfast ice seasonal duration. Both Szzb/e /ce and Break Up
events were found to be occurring earlier as well. However, none of these trends were
found to be statistically significant, except in the case of increasingly early occurrence of
/ce Free events on the Southeastern region.

Previous periods of comparably diminished sea ice over in the Bering Sea have
been attributed to shifts in the Pacific Decadal Oscillation (PDO) and the Arctic
Oscillation (AO) (Kapsch et al. 2010; Walsh et al. 2017). It is presently unclear if recent
declines in sea ice cover, including landfast ice in our study area, are attributable to
decadal oscillations in atmospheric circulation, or are the result of a sustained climatic
regime shift (Cornwall 2019). Continued monitoring of landfast ice on St. Lawrence
Island would distinguish between whether interannual trends observed in this study

represent a sustained decline of landfast sea ice, or are part of the complex multiyear
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variation that characterizes seasonal ice cover in the Bering Sea.
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Tables

Table 1: Details of predictor variables used in models.

Parameter Definition Data Source Resolution | Units Justification
Landfast ice is generally
confined to shallower water
depths that enable the

Alaska Regional formation of stabilizing

Nearshore | Measured distance Be'ltl'lyrnetrlc . features (§.g. grounded

Digital Elevation pressure ridges) (Mahoney
Bathymetr | between the ocean 100m raster Meters
floor and the surface Model. Created et al. 2007b). We expect
y by Danielson et greater extents of shallow
al. (2008). bathymetry from the
coastline to positively
influence landfast ice
widths.
A scalar number The concavity/convexity of
between 0 and 1 that . a given section of coastline
. Geospatial . .
describes how ocessine on may influence landfast ice
sinuous a path is p £ width by affecting the
Alaska Coast .
. . compared to the NA - vector 0-1 amount of landfast ice
Sinuosity . . . Shapefile - .
straight line distance. data range accumulation (concave) or
Alaska State Geo- .
A value of 1 spatial exposure to shearing forces
corresponds to a Clearinghouse (convex). Concave regions

straight line, and a
value of 0

are often sheltered regions
that protect landfast ice
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corresponds to an
infinitely convoluted
path.

from shearing forces
(Mahoney et al. 2007a,
2007b). We expect

sinuosity values to have a
positive relationship with
landfast ice width on
concave coastlines, and a
negative relationship on
convex coastlines.

Measurements of
unobstructed distance
in a given direction
from a coast vector
(See Figure 4). Eight

Fetch distances determine
orientation of a coastline
relative to prevailing winds
transporting pack ice into
coastal zones. Pack ice is

Geospatial
processing on

Fetch fetch distances were coastal vectors - NA - vector Kilomet enerally circulated into the
Distance measured for each using fetchR data ers general’y

) . Bering Sea through

coastal vector: North, | package in R .
. Northeasterly winds
Northeast, East, Studio 3.5.3
Southeast. South (Coachman & Aagaard
Southwes; West’ and 1988; Macklin 1983; Salo
’ ’ et al. 1983).

Northwest.

Table 2: Quantitative parameters of landfast ice width and water depth by region on St.
Lawrence Island.

Region g:;nr::;atz:": Width (km) Water Depth (m)
Mean 6.5 23.8
NW Standard Deviation 5.6 4.4
Upper Decile 16.6 19.3
Skewness 0.98 -0.71
Mean 5.1 26.9
NE Standard Deviation 4 8.8
Upper Decile 11.3 15.8
Skewness 1.59 -0.03
Mean 3.6 24.3
SW Standard Deviation 3 4.7
Upper Decile 7.6 18.9
Skewness 1.78 0.07
SE Mean 5 19.6
Standard Deviation 3.6 5.2
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Upper Decile 10.1 13.1
Skewness 1.43 0.33
Table 3a: Regression outputs for Northwest region
Northwest Coefficient Std. Error T-Value P-Value
Intercept 13.2 0.21 62.85 <0.05"
Water Depth -0.43 0.01 -43 <0.05"
Concave 4.21 0.32 13.15 <0.05"
Sinuosity
Convex -1.01 0.29 -3.48 0.12
Sinuosity
North Fetch -0.02 0.01 2 <0.05*
Northeast Fetch -0.05 0.01 5 <0.05"
East Fetch 0.01 0.01 1 <0.05"
Southeast Fetch 0.01 0.01 1 <0.05"
South Fetch NA NA NA NA
Southwest 0.01 0.17 0.06 0.11
Fetch
West Fetch -0.01 0.01 -1 0.09
Northwest 0.01 0.01 3 <0.05"
Fetch
F-stat =612.8 df = 405278
Table 3b: Regression outputs for Northeast region
Northeast Coefficient Std. Error T-Value P-Value
Intercept -4.6 0.05 -92 <0.05"
Water Depth -0.46 0.01 -46 <0.05"
Concave -2.33 0.04 -58.25 0.07
Sinuosity
Convex -0.87 0.09 -9.66 0.16
Sinuosity
North Fetch -0.03 0.01 -3 <0.05*
Northeast Fetch -0.04 0.01 -4 <0.05"
East Fetch 0.03 0.01 3 <0.05"
Southeast Fetch -0.01 0.01 -1 0.13
South Fetch NA NA NA
Southwest NA NA NA
Fetch
West Fetch NA NA NA <0.05*
Northwest 0.01 0.01 1
Fetch
F-stat = 1017 df = 963806
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Table 3c: Regression outputs for Southwest region

Southwest Coefficient Std. Error T-Value P-Value
Intercept 7.43 0.1 74.3 <0.05"
Water Depth -0.31 0.01 -31 <0.05"
Concave 3.31 0.13 25.46 <0.05"
Sinuosity
Convex -2.28 0.11 20.71 <0.05*
Sinuosity
North Fetch NA NA NA NA
Northeast Fetch NA NA NA NA
East Fetch NA NA NA NA
Southeast Fetch 0.01 0.01 1 <0.05"
South Fetch 0.01 0.01 1 <0.05"
Southwest -0.02 0.01 -2 <0.05"
Fetch
West Fetch -0.01 0.01 -1 0.08
Northwest -0.02 0.01 -2 0.14
Fetch

F-stat = 530.5 df = 296558
Table 3d: Regression outputs for Southeast region
Southeast Coefficient Std. Error T-Value P-Value
Intercept 6.76 0.08 84.5 <0.05"
Water Depth -0.49 0.01 -49 <0.05"
Concave -1.47 0.13 -11.31 <0.05"
Sinuosity
Convex 0.43 0.08 5.37 <0.05"
Sinuosity
North Fetch -0.01 0.01 -1 0.16
Northeast Fetch 0.08 0.01 8 <0.05"
East Fetch 0.06 0.01 6 <0.05"
Southeast Fetch 0.12 0.01 12 <0.05"
South Fetch 0.09 0.04 2.25 <0.05"
Southwest -0.01 0.01 -1 0.12
Fetch
West Fetch NA NA NA NA
Northwest NA NA NA NA
Fetch

F-stat = 7024 df = 396542
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Table 4: Statistical parameters for interannual trends in landfast ice width and water
depth at the SLIE from 1996 — 2019

Region Statistical parameters Width Water
(km) Depth (m)
Adj. R? 0.03 0.009
NW Slope 0.001 0.105
Significance [p-value] <.05* <.05*
Adj. R? 0.014 0.005
NE Slope -0.002 0.04
Significance [p-value] <.05" <.05*
Adj. R? 0.03 0.003
SW Slope 0.002 0.05
Significance [p-value] <.05* <.05*
Adj. R? 0.001 0.002
SE Slope 1.59 0.04
Significance [p-value] <.05* <.05

Table 5: Statistical parameters for interannual trends in annual cycle events from 1996 —

2019

Region Statistical First-lce | Stable Ice | Bre2K |ce-
Parameters Up Free
Adj. R -0.05 -0.05 -0.02 0.04
NW Slope -2.3 -2.93 -5.45 -1.05
Statistical Significance 0.76 0.78 0.49 018
[p-value]
Adj. R -0.05 0.01 -0.03 0.16
Slope 2.75 -1.3 -1.3 -1.66
NE Statistical Sian
atistical significance 0.75 0.28 0.55 <.05*
[p-value]
Adj. R -0.02 -0.01 -0.03 -0.05
Slope 5.7 -8.7 -6.68 2.3
SwW Statistical Sianif
atistical significance 0.47 0.42 0.51 0.98
[p-value]
Adj. R -0.05 0.001 -0.05 0.07
SE Slope 2.21 -1.22 -2.3 -1.3
Statistical Significance 08 0.32 073 014
[p-value]

71



Table 6: Comparison of mean occurrence dates for First-Ice and Ice-Free events on

Sheltered and Not Sheltered coastlines.

Study Area Coast Type | Mean First-lce Onset | Mean Ice-Free Onset
Sheltered February 27 March 9
NW Not Sheltered March 11 March 13
A Days -12 days -4 days
Sheltered March 3 March 18
NE Not Sheltered March 6 March 26
A Days -3 days -8 days
Sheltered March 25 April 11
SwW Not Sheltered March 16 April 6
A Days +9 days +5 days
Sheltered March 4 April 17
SE Not Sheltered March 5 Apr 8
A Days -1 day +9 days
Figures
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Figure Captions

Figure 1: St. Lawrence Island in the northern Bering Sea. Each region is a distinctly
concave section of coastline, where landfast ice independently forms. The study regions
are assigned designated colors (e.g. Northwest Region is Blue). For clarity, these color
designations are used throughout the figures in this study. Yellow diamonds represent
areas we designated as sheltered regions, and are typically characterized by....

Figure 2: Method for identifying landfast ice using SAR imagery. The top three images
represent the input SAR imagery, obtained within a ~20 day window. Vertical and
horizontal gradient fields are calculated for each image and subtracted, resulting in a “Net
Gradient Difference” image visible on the bottom left. Darker homogenous regions of
low net gradient difference in the image represent areas of landfast ice. Landfast ice are
accentuated by applying a threshold to net gradient difference values, as exemplified by
the image on the bottom right.

Figure 3: Coastal vectors for measuring SLIE width. Vectors are separated by 200 meter
intervals and connect between the island’s coastline and a coast-parallel polyline. Vectors
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extend from the island’s coastline to the coast-parallel polyline, and vice versa to account
for concave sections of coast where coastal vectors are greater than 200 meters apart at
the point of origin.

Figure 4: An example of fetch distances on a single grid point. The fetch distances radiate
outward in red. Note the North to East fetch distances extend to the maximum distance,
while the Southeast to Northwest fetch distances extend until reaching another section of
coastline, and are thus below the maximum distance.

Figure 5: All created SLIEs on St. Lawrence Island from 1996 —2019.

Figure 6: Line-density plot depicting the likelihood of an SLIE to occur within 500m of a
given point. Red regions represent high-density SLIE areas. SLIE density has been used
as a proxy for identifying the location of grounding features such as grounded pressure
ridges (Mahoney et al. 2014), as well as islands. An example of the latter is evident in the
southeast region, where SLIEs cluster around the Punuk Islands to form a “hook” shape.

Figure 7: Histograms representing water depth at the SLIE by region. Regional
differences in landfast ice width and near-shore bathymetry result in unique distributions
of water depth values.

Figures 8a-d: The relationship between width and water depth at the SLIE by region
throughout the annual cycle. Note that greater water depths can constrain widths, whereas
shallower water depths can enable greater widths. For example, in the Northeast region,
water depths exceeding 40m generally do not surpass 15km in width; in the Northwest
region, widths surpassing 20km generally do not exceed 20m in water depth at the SLIE.

Figure 9: Interannual change of landfast ice width by region from 1996 — 2019. Note that
despite the distinct variation around the mean, all four regions experience the greatest
interannual declines from 2016 — 2019. The clustering of standard deviations
accompanies this trend. Statistical parameters of this trend is available in Table 2.

Figure 10: Mean occurrence dates for annual cycle events in all four study regions from
1996 — 2019. Mean occurrence dates are depicted by solid color lines, with transparent
regions representing one standard deviation above and below the mean. Note the
clustering of standard deviation regions in all four plots from 2016 — 2019.
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Abstract

The spatial distribution of landfast ice — sea ice locked into a stationary position
against a coastline — is an important component for many human and biogeophysical
processes on Arctic and Subarctic coastlines. Landfast ice regimes are generally governed
by underlying geographic and climatic factors that promote its formation and growth. As
these underlying factors continue to shift with climate change, understanding their
influence on the location of landfast ice cover is an increasingly important endeavor. The
purpose of this study is to understand how climate and the physical environment affects
landfast ice cover location using a logistic regression modeling approach. We selected
four regions on St. Lawrence Island, AK in the northern Bering Sea as our study location
due to the existence of continuous (1996 — 2019) landfast ice spatial data, as well as
readily available geographic and meteorological data. Our models were able to predict
the location of landfast ice cover with 70% - 93.1% accuracy. Sea surface temperature,
nearshore bathymetry, and the concavity of coastlines were the most important variables
for model accuracy. High omission errors in the models suggest the future inclusion of
additional geographic/meteorological variables is necessary to improve model
performance and provide a reliable tool for expediting the estimation of landfast ice cover
location.

86



1. Introduction

The spatial distribution of landfast ice — sea ice locked into a stationary position
against a coastline — is important for human activities and biogeophysical processes in
Arctic and Subarctic environments. Landfast ice provides a platform for human mobility
and subsistence activities (Ray et al. 2016; Robards et al. 2013), and habitat and hunting
grounds for marine mammals (Kawerak 2013; Oceana and Kawerak 2014). Landfast ice
also influences nutrient dispersal from freshwater inputs into ocean environments (Eicken
et al. 2005; Nalimov 1995; Reimnitz 2000), and protects coastal infrastructure and
coastlines from erosive energy (e.g. wind/wave action) and storm surges (Lantuit and
Pollard 2008; Vermaire et al. 2013). The provision of these benefits to ecosystems and
human communities are enabled by underlying geographic and climatic factors that
promote the formation and growth landfast ice. As these underlying factors continue to
shift with climate change, understanding their influence on the location of landfast ice
cover is an increasingly important endeavor.

Broadly characterizing the spatial distribution of landfast ice cover is complicated
by its unique relationships with geographic (e.g. coastal morphology, nearshore
bathymetry) and meteorological (e.g. temperature, sea ice concentration) conditions that
vary by region. Efforts to characterize landfast ice spatial distribution in a given region
generally rely on remote sensing methods, where algorithms designed to locate regions of
landfast ice are applied to satellite imagery. Remote sensing methodologies have been
used to generate continuous landfast ice spatial datasets, and infer relationships between
landfast ice spatial distribution and geographic/meteorological conditions (Dammann et
al. 2019; Fraser 2012, 2019; Giles 2008; Mahoney et al. 2007a, 2014; Meyer et al. 2011).
Results from these studies show the spatial distribution of landfast ice cover to be
governed by geographic conditions of the coastline as well as meteorological conditions
relevant to ice formation and duration. However, the process to acquire landfast ice data
using remote sensing methods in order to make such inferences is generally labor-
intensive and difficult to automate. As a result, landfast ice datasets are generally

confined to a particular region of study (Barry et al. 1979; Divine et al. 2004; Mahoney et
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al. 2007a, 2014), and can result in the absence of landfast ice data for a region of interest.
Modeling the influence of geographic and meteorological conditions on landfast ice
spatial distribution using easily-accessible metrics could expedite the estimation of
landfast ice location for future research in a given area.

The purpose of this study is to understand how climate and the physical
environment affects landfast ice cover location. We use logistic regression modeling
approaches to estimate landfast ice location using readily available data. Specifically, our
study objective is to determine geographic and meteorological correlates of landfast ice
cover distribution on St. Lawrence Island, AK, USA. We select St. Lawrence Island in
the northern Bering Sea as our study area due to the existence of continuous (1996 —
2019) landfast ice spatial data (Jensen, in progress). We use this dataset along with
geographic and meteorological variables to train and test a logistic GLM model. The
influence of regional geographic and meteorological variables on seasonal sea ice cover
in the Bering Sea is generally well understood (Brown et al. 2011; Douglas 2010; Frey et
al. 2015; Stabeno et al. 2007). However, due to limited fine-resolution landfast ice spatial
datasets in this region, quantifying the influence of meteorological and geographic

variables on Bering Sea landfast ice cover, in particular, is understudied.

2. Background

2.1. Conditions Enabling Landfast Ice Cover

Landfast ice refers to sea ice that is locked into a stationary position against a
coastline (WMO 1970), and generally occurs in Arctic and Subarctic coastal areas. The
difference between landfast and drifting sea ice is important because stationary sea ice
conditions in coastal zones uniquely influence human activities and biogeophysical
processes. Landfast ice can provide habitat and hunting grounds for marine mammals
such as certain pinniped species and polar bears (Kawerak 2013; Oceana and Kawerak
2014), acts as a substrate for human mobility and subsistence practices (Ray et al. 2016;
Robards et al. 2013), and protects coastlines and infrastructure from erosive winds/wave

action as well as storm surges (Lantuit and Pollard 2008; Vermaire et al. 2013). Changes
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in landfast ice conditions (i.e. seasonal duration, spatial distribution of areal coverage)
potentially alter these processes as a consequence of shifts of broader environmental
conditions.

The spatial distribution of landfast ice cover is generally influenced by a
combination of geographic and meteorological conditions that vary spatially and
temporally. Geographic conditions refer to unchanging (over decadal time scales)
features proximate to land, such as coastal morphology and nearshore bathymetry.
Meteorological conditions refer to average weather events that coincide with, and
influence the presence of, landfast ice cover on a given day. Landfast ice forms through a
combination of in-situ freezing of open-water in sheltered areas, such as bays and
lagoons, and the accretion of incoming pack ice against the seaward edge of landfast ice,
a process analogous to those discussed by Mahoney et al. (2007a) in the Chukchi and
Beaufort Seas. While the continued growth of landfast ice is facilitated by the continued
accretion of pack ice and sustained freezing temperatures, its growth is generally
constrained by the distribution of nearshore bathymetry. Shallower water depths enable
the formation of grounded pressure ridges (i.e. vertical piles of ice that connect with the
seabed) that contribute to stabilizing landfast ice against shearing forces (e.g. wind/wave
action, collisions with drift ice) (Mahoney et al. 2007b). Therefore, coastlines with a
steeper seafloor slope can be expected to experience lesser quantities of landfast ice cover
with shorter widths than areas with shallower seafloor conditions. Average water depths
at the landfast ice edge are generally used as a proxy for stable landfast ice conditions —
conditions where the ice is anchored to the seabed by grounded pressure ridges (Mahoney
et al. 2007a, 2014), although the average water depth serving as a proxy for stable
conditions vary by region (Divine et al. 2004; Granskog et al. 2003, 2006; Zubov 1945).
Finally, average temperature and pack ice conditions enabling landfast ice cover vary by
study region as well. Geographic location is thus important in considering site-specific
relationships between landfast ice cover and geographic and meteorological conditions.

based.

89



2.2 Study Area

The study area, St. Lawrence Island, AK is situated in the northern Bering Sea
(Figure 1). The northern Bering Sea is characterized by alternating seasonal periods of
sea ice cover in the winter and a highly productive benthic/pelagic ecosystem in the
summer (Grebmeier et al. 2006; Oceana and Kawerak 2014). Sea ice conditions occur in
this region with the onset of freezing temperatures resulting from seasonally diminished
solar intensity and the wind-driven introduction of drift ice through the Bering Strait
(Robards et al. 2013; Stabeno et al. 2007). Changing conditions in Bering Sea
temperatures (Grebmeier et al. 2006) and atmospheric circulation patterns (Perovich et al.
2018) have influenced changes in the areal extent and seasonal duration of sea ice cover,
as well as changes in biological communities that characterize the Bering Sea ecosystem
(Oceana and Kawerak 2014).

For the purpose of assessing geographic differences in the relationship between
landfast ice distribution and geographic and meteorological variables, we divided the St.
Lawrence Island into four regions (Northwest, Northeast, Southwest, and Southeast
regions, Figure I). Each region represents a unique concave section of coastline where
landfast ice formation and growth are independent from other regions. Capes, defined as
a headland extending into a body of water, or convex coastlines physically separate the
study regions. From winter to late spring / early summer, St. Lawrence Island is generally
encircled by a combination of landfast ice and high concentrations of mobile, drifting ice
(known as pack ice). Pack ice is introduced and circulated into the northern Bering Sea
by a persistent Northeasterly wind throughout the winter and spring months (Coachman
& Aagaard 1988; Macklin 1983; Salo et al. 1983). As a result, the distribution of ice in
the island’s coastal zones varies by location. During winter, the northern coast
(Northwest and Northeast regions) is typically bordered by several kilometers of landfast
ice that transitions directly to drifting pack ice, and frequently attaches and separates
from the coast in large sheets (Oceana and Kawerak 2014). Landfast ice on the southern
coast (Southwest and Southeast regions) is typically much narrower by contrast, and
bordered by polynyas — persistent areas of open water in sea ice conditions — and low-

concentration drift ice (Kapsch et al. 2010; Kawerak 2013).
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The surface air temperature generally ranges between -20° and 8° Celsius at
Savoogna, one of the island’s two coastal communities situated on the northern
coastlines, though these temperatures have been steadily increasing (Grebmeier et al.
2006). The presence of coastal ice is important for the subsistence livelihoods of the St.
Lawrence Island’s two Yupik communities: Gambell and Savoonga (Oceana and
Kawerak 2014), as well as the habitat and behavior of wildlife (Benson and Trites 2002;
Noongwook et al. 2007). Savoonga residents have linked coastal ice conditions on the

island to accelerated coastal erosion conditions on the island (USACE 2007).

3. Methods

3.1 Data creation

This study combines existing datasets to determine spatially coinciding landfast
ice and geographic/meteorological conditions. The landfast ice data used in this study
was previously created byJensen et al. ( in progress) using a two-criteria definition
advanced by Mahoney et al. (2006) to identify landfast ice in satellite imagery: 1) the sea
ice is contiguous with the coastline, and 2) the sea ice exhibits no detectible motion for
approximately 20 days. Based on a method advanced by Mahoney et al. (2004), we
identified regions of landfast ice cover on St. Lawrence Island using three Synthetic
Aperture Radar (SAR) images taken within a ~20 day period to generate maps
distinguishing landfast ice from moving drift ice. Landfast ice regions are digitized into
polygons in ArcMap 10.6 (ESRI 2011). This process was repeated every ~20 days from
1996 — 2019 using imagery obtained by a combination of C-band SAR sensors: Radarsat-
1 (1996 —2008), ENVISAT ASAR (2008 —2012), and Sentinel-1 (2015 —2019).

Modeling how the location of landfast ice cover is influenced by independent
variables required the creation of a spatial dataset where the overlapping areas of landfast
ice cover and geographic/meteorological conditions can be stored. We created a grid of
points at 1-kilometer intervals around St. Lawrence Island to record the location of
landfast ice cover and relevant variables using ArcMap 10.6 (Figure I). Using ArcMap’s

Create Fishnet tool, we generated a grid of rectangular cells, then used the Find
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Centroids tool to produce a grid of point features representing the center of each cell. We
applied a 40 kilometer buffer around a shapefile of the island obtained from the Alaska
State Geospatial Clearinghouse, and clipped the point grid within this boundary for
analysis. Our decision to clip within a 40-kilometer buffer was informed by the
distribution of landfast ice cover in our study area. A 40 kilometer buffer allows us to
track landfast ice cover ranging from heavy coverage to consistently non-landfast ice
conditions. Divided among our four study regions, there are 4,459 grid points in the
Northwest Region, 4,469 grid points in the Northeast Region, 9,052 grid points in the
Southwest Region, and 5,215 grid points in the Southeast Region. Differences in point
distributions is proportional to the size of the study region area.

We extracted the location and time of occurrence of relevant variables for each
data point and exported the point grid to a table. Each table row represents a point on the
grid containing information on landfast ice coverage (1 = landfast ice cover; 0 = landfast
ice absence), and relevant geographic and meteorological conditions. We repeated this
process for each landfast ice spatial dataset. There are 127 landfast ice spatial datasets
covering the years 1996 — 2019 and a total of 2,945,765 data points, indicating the
presence/absence of landfast ice (N = 566,293 in the Northwest region, N= 567563 points
in the Northeast region, N= 1,149,604 points in the Southwest region, N= 662,305 in the
Southeast region). These datasets were aggregated into a single table for regression
analysis. We gave special consideration to minimize risk of temporal and spatial
autocorrelation. To address temporal autocorrelation, we selected a single landfast ice
dataset from the month of March for each annual cycle to ensure no two datasets were
temporally autocorrelated. The month of March was selected because large landfast ice
sheets are a common occurrence during this month. To address spatial autocorrelation,
we randomly sampled grid points. Because ice-free grid points (0) greatly outnumbered
landfast ice grid points (1), we conducted a stratified random spatial sample of 25% of

points from each group.
3.2 Logistic Regression Analysis

We used a logistic regression approach to determine the probability of landfast ice

presence at each grid point as a function of geographic and meteorological parameters.
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Parameters for this study were selected based on their hypothesized influence on landfast
ice cover, and generally fall under two broad categories: geographic and meteorological .
Geographic variables are measurements of geographic features that are generally
unchanging throughout our 1996 — 2019 study period. Meteorological variables are
measurements of natural features and weather events that change on a continual basis
throughout our 1996 — 2019 study period. Variable parameters and collection are
summarized in Table 1. Geographic variables include: Water Depth, Concave Sinuosity,
Fetch Distances (Figure 2), and Hydrological Input Proximity. Meteorological variables
include: Landfast Ice Cover (dependent variable), sea surface temperature, and Sea Ice
Concentration (SIC). Parameter descriptions and sources for Water Depth, Sinuosity, and
Fetch Distances have been described in Chapter 3 of this dissertation. Hydrological Input
Proximity refers to the distance from a given grid point to the nearest freshwater input on
St. Lawrence Island’s coastline. Freshwater input locations were calculated using a flow
accumulation analysis performed on Alaska 2 Arc-second DEM from the USGS National
Map 3DEP. Sea ice concentration refers to the amount of sea ice areal coverage per
defined space for the ~20 day period of landfast ice coverage. This information was
extracted from 25 kilometer rasters provided by the National Snow and Ice Data Center.
Sea surface temperature refers to the average temperature per defined space for the ~20
day period of landfast ice coverage. This information was extracted from 0.25-degree
rasters provided by the National Centers for Environmental Prediction.

We created one model for each of four study regions: Northwest, Northeast,
Southwest, and Southeast (7ables 2.1 - 2.4). We performed all modeling in R 3.5.3 (R
Core Team 2019) using built-in functions. Parameter inclusion varied by model due to
differing outcomes in multicollinearity (exclusion of correlations > 0.8) and statistical
significance (p <.05) tests. All models retained sea surface temperature metrics,
sinuosity, water depth, and some fetch distance parameters. Statistically insignificant
fetch distance parameters were removed. Hydrological input proximity parameters were
included in the Southwest and Southeast models, but not in the Northwest and Northeast
models because they were not statistically significant. To account for multicollinearity,
we removed predictors with correlations greater than 0.8. As a result, all models had

some SIC parameters removed for having a high correlation with sea surface temperature.
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The relationship between the probability (p) of binary outcomes in our dependent
variable (landfast ice cover / no landfast ice cover) and predictor independent variables

(x7) 1s expressed as:

p=eNb, + by + by + ..., D)
/[ (1+eMNb, + by + b+ ..., bo)

Where b0 is the intercept, bi (i=1, 2, ..., n) are regression coefficients, and xi (i =
1, 2, ..., n) are the independent variables. To build and validate our models, we divided
the landfast ice presence and absence grid points into training (70%) and testing (30%)
data. Variable inclusion in the final model was based on statistical significance in
regression output summaries and increased values in McFadden R? values. We evaluated
model performance based on McFadden’s pseudo R?, classification accuracy, and

commission as well as omission errors.

4. Results

4.1 Model Parameters

In all four models (7ables 2.1-2.4) sea surface temperature metrics, water depth,
and concave sinuosity were the most important for explaining landfast ice cover. Fitting
the models with these metrics alone resulted in McFadden’s Pseudo R? values

ranging from (0.45-0.64). Water depth coefficients were all negative; sea surface
temperature coefficients varied from positive to negative depending on the metric (e.g.
maximum, standard deviation) used. The addition of Concave Sinuosity to the model
only increased the McFadden’s Pseudo R range by 0.01. Concave Sinuosity coefficients
were generally high, and were positive in the Northwest, Northeast, and Southeast
models, and negative in the Southwest model. Hydrological input distances resulted in
modest increases to McFadden’s Pseudo R range. All hydrological input distance
coefficients were negative, with the exception of the Southwest model. SIC parameters
that were not removed from the final models only increased the McFadden’s Pseudo R?

range by 0.01.
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SIC coefficients exhibited positive and negative values that varied by model.
Fetch parameters that were not removed from the final models only modestly increased
the McFadden’s Pseudo R?. Fetch direction coefficients were generally negative in all
four models. All parameters result in a McFadden’s Pseudo R? range of 0.68 -0.81,
indicating a good overall fit. With all parameters included, McFadden’s Pseudo R? values
were highest for the Northeast model (0.81), followed by the Northwest (0.8), Southeast
(0.78) and Southwest (0.68) (Tables 2.1 — 2.4).

4.2 Model Performance

Classification accuracy of landfast ice cover on St. Lawrence Island ranged from
70.1% (Southwest) —=93.1% (Northeast) (Table 3). Commission errors (i.e., errors that
reflect an overestimation of landfast ice presence) were generally low with the exception
of the Southwest model resulting in an error value of 0.3. Omission errors (i.e., errors that
reflect an underestimation of landfast ice presence were generally high, ranging from
0.53 -0.86 in the Southeast, Northwest, and Northeast models. The Southwest model had
a comparatively lower omission error of 0.25. We applied a Point Density tool in
ArcMap to compare the spatial distribution of our landfast ice predicted outcomes
(Figure 3), commission error (Figure 4), and omission error (Figure 5). Each region had
some grid points removed due to NoData values, resulting from the coarse spatial
resolution of sea surface temperature or SIC rasters. NoData regions appear as gaps in
predicted regions of landfast ice cover and commission/omission error. The Southwest
region had the largest number of grid points removed due to NoData values, with the
majority of grid points confined to the eastern portion near the Southeast cape (Figures 3-
5).

For St. Lawrence Island’s northern coastlines, the northwest and northeast models
produced large regions of high landfast ice probability (Figure 3). The Northwest model
portrayed the highest probabilities of landfast ice in the concave section between the
northwest cape and northern central region of the island, with the probability of landfast
ice increasing as proximity to the coastline decreases. Regions of high omission error

were proximate to the coastline, with the highest density occurring in the southernmost

95



concave section. There were no comparably high densities of commission error in this
region. The Northeast model portrayed the highest probabilities of landfast ice in the
concave section between the northern central region to the easternmost sheltered
embayment. There is a high probability of landfast ice where the northeastern corner of
the region transitions into the Southeast region, though these regions are somewhat
reduced when setting higher probability thresholds (i.e. the threshold value by which
probabilities are sorted into landfast ice cover (1), or absence (0). A threshold of 0.7
assigns higher probability values a 1, and lower probability values a 0). High densities of
omission error coincide with high densities of landfast ice probability, and these density
regions are also reduced by increases in probability thresholds. High densities of
commission error occur north of the easternmost sheltered embayment.

Models for the southern coastlines on St. Lawrence Island produced smaller
regions of probable landfast ice cover compared to northern coastlines. The Southeast
model was able to reproduce the grounding of landfast ice on the Punuk Islands to the
south, where the highest probabilities of landfast ice presence form a “hook” shape off
the northeastern portion of the island. Regions with a high probability of landfast ice
presence are consistently centered around the Punuk Islands (Figure 3). No high densities
of omission error occur in this region, though omission errors occurred more frequently
around the Punuk Islands. The highest concentrations of commission errors occur around
the Punuk Islands as well, and reduce with increased probability thresholds. The
Southwest model had significant gaps in landfast ice probability regions due to large
areas of NoData values in sea surface temperature, SIC, and water depth values. No
comparable areas of high landfast ice probability occurred in the Southwest model.
Predicted areas of landfast ice cover were generally located in the southern portion of the
Southwest region when the probability threshold is set from 0.5 to 0.7. There are no
predicted areas of landfast ice when the threshold is set beyond 0.8 (Figure 3). Low-
density regions of omission error occur in the same areas as predicted landfast ice cover

when set at the same probability thresholds (Figure 5).

5. Discussion
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This results of this study contribute an understanding of geographic and
meteorological parameters associated with landfast ice location through the use of
explanatory and predictive modeling approaches. This study advances a modeling
method that will expedite the estimation of landfast ice location using freely accessible
data in future studies. This method has future potential in discerning relationships
between the location of landfast ice cover and unique geographic/meteorological
conditions of a given region. We found that sea surface temperature, water depth, and
coastal sinuosity were the three most important parameters for modeling landfast ice
cover on St. Lawrence Island. These findings align with previous research that has
associated landfast ice cover to freezing air temperatures combined with shallow
nearshore bathymetry that enables the formation of stabilizing grounded pressure ridges
(Mahoney et al. 2007a, Selyuzhenok et al. 2017). Mahoney et al. (2014) also found that
concave sheltered areas such as embayments and lagoons enable landfast ice formation
and growth in the Beaufort and Chukchi Seas. Nearshore conditions in sea surface
temperature and water depth values at the landfast ice edge have been used successfully
to explain some variability in landfast ice cover in the Beaufort and Chukchi Seas
(Mahoney et al. 2007). In such cases landfast ice formation and break up were found to
coincide with the onset of freezing and thawing temperatures. The incursion of pack ice
into coastal zones was also found to coincide with the onset of landfast ice cover
(Mahoney et al. 2014). The introduction of pack ice contributes to reductions in sea
surface temperature (Robards et al. 2013; Stabeno et al. 2007), and may account for the
multicollinearity between SIC and Sea surface temperature parameters.

Fetch distances generally had a negative influence on he probability of landfast
ice cover (Tables 2.1-2.4). Open water increases the exposure of landfast ice to shearing
forces, in contrast to embayments and lagoons that provide shelter (Mahoney et al.
2007a). In our models, maximum fetch distance values of 40 kilometers indicate
exposure to open water. Fetch distance values less than 40 kilometers indicate proximity
to the coast. Negative fetch distance coefficients suggest coastal proximity increases the
probability of landfast ice cover. Coastlines can be oriented to protect landfast ice from
offshore or alongshore forcing of wind and wave energy, or facilitate the accumulation of

pack ice into coastal zones. For example, the sample grid point in Figure 2 has maximum
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fetch distance values ranging from northwest to east, but shorter fetch distance values
ranging from southeast to west. As indicated in Figure 3 the high-density values in the
Northwest region coincide with areas where fetch directions oriented towards other
coastlines are shorter. Thus, shorter fetch distances indicate proximity to sections of coast
where wind-driven transport of pack ice accumulates to promote landfast ice growth,
thereby increasing the probability of landfast ice cover.

Grid point proximity to coastal features was relevant to probability outcomes in
landfast ice cover. For example, proximity to hydrological inputs such as rivers increased
the probability of landfast ice cover in every model with the exception of Southwest.
Generally, proximity to hydrological inputs has been shown to initiate melting conditions
by flooding the landfast ice surface with warmer water that reduces surface albedo (Dean
et al. 1994; Weingartner et al. 2017). However, many of St. Lawrence Island’s
hydrological inputs were in concave regions of coastline sheltered by barrier islands and
land spits, which promote landfast ice growth (Mahoney et al. 2007a, 2014). The
sheltering effect associated with these features may offset the negative influence of
surface flooding on St. Lawrence Island. Further, the amount of freshwater discharge into
St. Lawrence Island coastal zones is smaller in comparison to Bering Sea coastlines on
mainland Alaska with large freshwater inputs from the Yukon-Kuskokwim Rivers.

The influence of concave sinuosity varied by model. Greater sinuosity values (i.e.
greater concavity) was positively associated with landfast ice probability in the
Northwest and Southeast models, and negatively in the Northeast and Southwest models.
This finding may be explained by the differences in broader coastal geographies of the
study regions, as well the ‘shelteredness’ of concave regions. For example, barrier islands
and land spits generally sheltered concave sections of coast in the Northwest region from
shearing forces, while multiple sections of concave coastline in the Northeast region were
exposed to wind and wave energy from the open ocean. Concavity of a coastline may
only positively influence landfast ice cover if there is some associated mechanism to
provide shelter from shearing forces.

Our evaluation of model performance found similarities between high probability
regions of landfast ice cover (Figure 3) and the stacked landfast ice polygons used as

model inputs (Figure 6). With the exception of NoData gaps, high-density regions of
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landfast ice probability spatially coincide with high-density regions of stacked landfast
ice polygons, and are consistent with previous observations (Kawerak 2013; Oceana and
Kawerak 2014) of landfast ice cover on St. Lawrence Island. Model outputs for the
Northwest and Northeast regions reveal larger high-density regions of landfast ice
probability than the Southwest and Southeast regions. The distribution of landfast ice
probability regions is consistent with observations of St. Lawrence Island landfast ice
cover. The northern coast of St. Lawrence Island is typically bordered by several
kilometers of landfast ice that frequently attaches and separates from the coast (Oceana
and Kawerak 2014). By contrast, landfast ice cover on the southern coast is much smaller
and is typically bordered by polynyas — persistent areas of open water in sea ice
conditions — and low concentration drift ice (Kapsch et al. 2010; Kawerak 2013).

High density regions of commission (Figure 4) and omission errors (Figure 5)
spatially coincided with high density regions of landfast ice probability. It is important to
note that high occurrences of commission and omission errors are not equal. The highest
occurrence of commission error for a given grid point was 4; the highest occurrence of
omission error was 20. The lack of commission and omission error in Southwest and
Southeast sheltered regions was not indicative of model inaccuracy, but instead are due to
the persistence of NoData regions in these areas. The regions of commission error with
the highest densities occurred in the Northwest and Northeast regions. High densities of
commission error in the Northeast region were proximate to two large sheltered regions
with high sinuosity values. The sinuosity coefficient is positive in the Northeast model,
and may contribute to an incorrect prediction of landfast ice cover. High densities of
commission error in the Southeast region were proximate to the Punuk Islands. This area
occupies relatively shallow water depths and is proximate to high-sinuosity concave
regions to the west, which may have contributed to frequent incorrect predictions of
landfast ice occurrence.. High density regions of omission errors spatially overlap with
high density regions of landfast ice probability. Omission errors generally do not occur
outside areas predicted by the model, but are centralized over regions where landfast ice
is accurately predicted. The model failing to predict landfast ice cover in high density
regions of probability suggests the influence of additional geographic or meteorological

variables not being considered.
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Additional steps can improve future model performance, such as the inclusion of
additional parameters and use of alternative datasets. Wind speed and direction is a key
parameter not included in our model that can facilitate and inhibit landfast ice formation
and duration. Winds transport pack ice into coastal areas to promote landfast ice growth
(Mahoney et al. 2007a). Further, the northern Bering Sea experiences frequent winter
storms (Overland 1981). Strong winds from storms have been shown to limit the extent
of landfast ice cover (Divine et al. 2004; Pavlov and Pfirman 1995). Wind speed and
direction have also been important parameters in modeling stages of landfast ice
development (Selyuzhenok et al. 2017). Future models accounting for wind direction and
speed relative to St. Lawrence Island could improve model accuracy and reduce
commission and omission error. Coarse spatial resolution of sea surface temperature and
SIC rasters limited model performance by introducing NoData values. As a consequence,
regions where raster cells did not adhere to the coast were excluded. The inclusion of
finer resolution sea surface temperature and SIC rasters would result in fewer spatial gaps
in model outputs.

Resolving multicollinearity issues between initial parameters would improve
model performance, as well. SIC and sea surface temperature parameters were measured
at the location of a given grid point and were highly correlated, resulting in the removal
of several SIC parameters in all four models. Multicollinearity issues may be reduced by
measuring the distance of a given grid point to broader SIC trends. For example,
Mahoney et al. (2014) used the same SIC data to correlate the onset of landfast ice cover
with the incursion of pack ice 200 kilometers from the coastline. The position or distance
of a grid point relative to broader SIC trends could provide additional relevant parameters

while avoiding multcollinearity problems with sea surface temperatures.
6. Conclusion

In this study we used spatially overlapping landfast ice data and
geographic/meteorological measurements to develop an explanatory spatial logistic

regression model on the location of St. Lawrence Island’s landfast ice cover. Our models

used measurements of four geographic conditions and two meteorological conditions as
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input parameters to explain 64 — 75% of the variability of landfast ice cover location.
Classification accuracy was generally high in the Northwest, Northeast, and Southeast
models (89.54% — 90.39%), and lower in the Southwest model (83.33%). In all four
models, commission error was generally low (0.08 — 0.17) and omission error generally
high (0.77 — 0.83). The high omission error was likely due to a missing key geographic or
meteorological parameter enabling the existence of landfast ice cover. Commission and
omission errors would likely be reduced by wind speed and direction parameters, as the
direction and intensity of wind has been shown to both enable (Mahoney et al. 2007a,
Selyuzhenok et al. 2017) and limit (Divine et al 2004; Pavlolv and Pfirman 1995)
landfast ice cover formation and duration. The coarse spatial resolution of meteorological
data resulted in large NoData regions. Finer resolution meteorological data would better
adhere to the contours of St. Lawrence Island’s coastline to reduce gaps in model outputs.

Model outputs are consistent with observations on St. Lawrence Island, and
broader observations of relationships between landfast ice and geographic/meteorological
conditions. Regions of landfast ice probability are largest on the northern coastlines,
which are known to be bordered by several kilometers of fast ice (Oceana and Kawerak
2014). Southern coastlines are characterized by polynyas and low concentrations of drift
ice reducing landfast ice cover (Kapsch et al. 2010; Kawerak 2013). Consequentially,
southern coastlines exhibit smaller regions of landfast ice probability. Water depth and
sea surface temperature were the most influential model parameters, and have
demonstrable importance in previous studies on landfast ice formation and seasonal
duration (Eicken et al. 2006; Mahoney et al. 2007a, 2014).

Sea ice change is linked to changes in climatology and geographic environment.
This study contributes to a growing body of research exploring the changing relationships
between landfast ice cover and environmental conditions. We demonstrate the benefits
and caveats of using freely accessible data to enable a more expedited and comprehensive
approach in assessing landfast ice cover under the influence of geographic and

environmental conditions.
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Figure I: St. Lawrence Island in the northern Bering Sea. The 40km buffer in red

contains grid points at 1-km intervals used to extract spatial data of landfast ice cover and
physical/meteorological variables.
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Figure 2: An example of fetch distances on a single grid point. The fetch distances
radiate outward in red. Note the Northwest to East fetch distances extend to the
maximum distance, while the Southeast to West fetch distances extend until reaching
another section of coastline, and are thus below the maximum distance.
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Figure 3: Regions of landfast ice probability depicted using a Point Density tool in
ArcMap 10.6. Darker red regions signify grid points with a higher occurrence of
predicted landfast ice cover. Note rectangular gaps between high density regions signify

grid points removed due to NoData values.
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Figure 4: Regions of commission error depicted using a Point Density tool in ArcMap
10.6. Darker orange regions signify grid points with a higher occurrence of commission
error (i.e. areas where landfast ice cover was overestimated). Note rectangular gaps
between high density regions signify grid points removed due to NoData values.
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Figure 5: Regions of omission error depicted using a Point Density tool in ArcMap 10.6.
Darker blue regions signify grid points with a higher occurrence of omission error (i.e.
areas where landfast ice cover was underestimated). Note rectangular gaps between high
density regions signify grid points removed due to NoData values.
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Figure 6: All landfast ice polygons used as inputs for modeling. The shade of blue
represents the fraction a given area is occupied by landfast ice polygons. The darkest
shade of blue represents areas that are always covered by landfast ice polygons.

111



Table 1: Model parameters

Parameter
Landfast Ice

Bathymetry

Hydrological Input
Distance

Sinuosity

Fetch Distance

Sea Ice Concentration

Sea surface
temperature

Definition
Coast-contiguous sea
ice that remains
stationary for ~20
days.

Measured distance
between the ocean
floor and surface.

Distance from a given
grid point to the
nearest freshwater
input on the coastline

A quantification of the
concavity of nearest
section of coastline.
Divides shortest
possible path between
the enpoints of a
concave section of
coastline by the total
length of the coastline
measured.
Measurements of
unobstructed distance
in a given direction
from a given gridpoint

Amount of sea ice
areal coverage per
defined space for the
~20 day period of
landfast ice coverage

Average temperature
per defined space for
the ~20 day period of
landfast ice coverage

Data Source

Created by authors
using Synthetic
Aperture Radar
satellite imagery.
Methodology detailed
in Mahoney et al.
(2004).

Alaska Regional
Bathymetry Digital
Elevation Model.
Created by Danielson
et al. (2008).

Flow accumulation
analysis performed on
Alaska 2 Arc-second
DEM - USGS
National Map 3DEP

Geospatial processing
on Alaska Coast
Shapefile — Alaska
State Geo-spatial
Clearinghouse

Geospatial processing
on grid point data —
using fetchR package
in R Studio 3.5.3

Summary statistics
extracted from rasters
to grid points —

National Snow and Ice

Data Center

Summary statistics
extracted from daily
mean sea surface
temperature rasters to
grid points — National
Centers for
Environmental
Prediction
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Resolution
1km grid points

100m

2 arc-second
(approximately 60m)

NA — vector data

NA — vector data

25km

0.25-degree

Justification

Dependent Variable. This data
shows where landfast ice is
and is not located.

Landfast ice is generally
confined to shallower water
depths that enable the
formation of stabilizing
features (e.g. grounded
pressure ridges) (Mahoney et
al. 2007b).

Proximity to hydrological
inputs can facilitate the break
up and melt of landfast ice by
lowering albedo via surface
flooding (Dean et al. 1994;
Weingartner et al. 2017).

Landfast ice forms in
sheltered concave regions
such as embayments and
lagoons (Mahoney et al.
2007a, 2014). Grids
proximate to concave
coastlines are expected to
have a higher occurrence of
landfast ice cover.

Fetch distances determine
orientation of a grid point
relative to prevailing winds
transporting pack ice into
coastal zones. Pack ice is
generally circulated into the
Bering Sea through
Northeasterly winds
(Coachman & Aagaard 1988;
Macklin 1983; Salo et al.
1983).

Landfast ice forms with the
accretion of pack ice against
its seaward edge (Mahoney et
al. 2007a).

Freezing air temperatures
facilitate landfast ice
formation and continued
presence (Barry et al. 1979;
Mabhoney et al. 2007a).



Table 2.1: Regression Summary for Northwest Region

Model McFadden’s Parameter Coefficient | Std. Error Z Value
Pseudo R2

Intercept -16.27 26.51 -0.61
Water Depth -4.04 0.41 -9.85
Concave 10.81 1.88 5.75
Sinuosity
Hydrological -0.01 0.01 -1.00
Input
SIC (Max) 0.01 0.01 1.00
SIC (Std. Dev.) -0.01 0.01 -1.00
Surface Temp -0.21 0.73 -0.29
(Max)

N W O 8 Surface Temp 3.55 2.08 1.71

" (Std. Dev.)

Surface Temp -2.45 0.72 -3.40
(Mean)
Surface Temp 4.46 0.96 4.65
(Min)
North Fetch -0.16 1.7 -0.09
East Fetch -0.01 0.01 -1.00
West Fetch -0.05 0.01 -5.00
Northwest -0.01 0.01 -1.00
Fetch
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Table 2.2: Regression Summary for Northeast Region

Model McFadden’s Parameter Coefficient | Std. Error Z Value
Pseudo R2

Intercept 26.01 2.05 12.69
Water Depth | -1.26 0.29 -4.34
Concave 1.21 0.5 2.42
Sinuosity
Hydrological | -0.01 0.01 -1.00
Input
SIC (Max) 0.04 0.01 4.00
SIC (Std. -0.01 0.01 -1.00
Dev.)

N E O 8 1 Surface -2.37 0.24 -9.88

. Temp. (Max)

Surface 1.9 0.33 5.76
Temp.
(Mean)
Southeast 0.05 0.01 5.00
Fetch
Southwest -0.02 0.01 -2.00
Fetch
West Fetch -0.08 0.02 -4.00

114




Table 2.3: Regression Summary for Southwest Region

Model McFadden’s Parameter Coefficient | Std. Error Z Value
Pseudo R2
Intercept 11.6 3.19 3.64
Water Depth -1.92 0.6 -3.2
Concave -6.62 1.15 -5.76
Sinuosity
Hydrological 0.01 0.01 1.00
Input
SIC (Std. Dev.) | -0.02 0.01 -2.00
SIC (Min) 0.01 0.01 1.00
Surface Temp. | 0.94 1.12 0.84
(Max)
Surface Temp 6.64 2.56 2.59
SW |0.68 [siw;
Surface Temp -3.59 0.88 -4.08
(Mean)
Surface Temp 1.64 0.96 1.71
(Min)
Northeast -0.06 0.01 -6.00
Fetch
East Fetch -0.26 0.02 -13.00
South Fetch -0.01 0.01 -1.00
Northwest -0.02 1 -0.02
Fetch
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Table 2.4: Regression Summary for SoutheastRegion

Model McFadden’s Parameter Coefficient | Std. Error Z Value
Pseudo R2

Intercept -16.8 2.65 -6.34
Water Depth | -5.16 0.28 -18.43
Concave 11.66 1.09 10.70
Sinuosity
Hydrological | -0.01 0.01 -1.00
Input
SIC (Max) -0.01 0.01 -1.00
SIC (Std. 0.04 0.01 4.00
Dev.)
SIC (Min) 0.01 0.02 0.50
Surface -3.97 0.77 -5.16
Temp. (Max)
Surface 10.89 2.17 5.02
Temp (Std.

SE |0.78 =

" Surface -0.16 0.59 -0.27

Temp
(Mean)
Surface 5.88 0.85 6.92
Temp (Min)
North Fetch | -0.01 0.01 -1.00
Northeast 0.01 0.01 1.00
Fetch
East Fetch -0.03 0.01 -3.00
Southwest -0.01 0.04 -0.25
Fetch
West Fetch -0.01 0.01 -1.00
Northwest -0.01 0.02 -0.50
Fetch
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Table 3: Classification accuracy at optimal probability thresholds

Zone Threshold Accuracy Omission Error | Commission
Error

NW 0.69 82.7% 0.61 0.17

NE 0.68 93.1% 0.86 0.07

SW 0.73 70.1% 0.25 0.3

SE 0.71 88.7% 0.53 0.11
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