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Abstract:

Thermokarst lakes are a dominant factor of landscape scale processes and permafrost dynamics in
the otherwise continuous permafrost region of the Arctic Coastal Plain (ACP) of northern Alaska.
Lakes cover greater than 20% of the landscape on the ACP and drained lake basins cover an
additional 50 to 60% of the landscape. The formation, expansion, drainage, and reformation of
thermokarst lakes has been described by some researchers as part of a natural cycle, the thaw lake
cycle, that has reworked the ACP landscape during the course of the Holocene. Yet the factors
and processes controlling contemporary thermokarst lake expansion remain poorly described. This
thesis focuses on the factors controlling variation in extant thermokarst lake expansion rates in
three ACP regions that vary with respect to landscape history, ground-ice content, and lake
characteristics (i.e. size and depth). Through the use of historical aerial imagery, satellite imagery,
and field-based data collection, this study identifies the controlling factors at multiple spatial and
temporal scales to better understand the processes relating to thermokarst lake expansion.
Comparison of 35 lakes across the ACP shows regional differences in expansion rate related to
permafrost ice content ranging from an average expansion rate of 0.62 m/yr on the Younger Outer
Coastal Plain where ice content is highest to 0.16 m/yr on the Inner Coastal Plain where ice content
is lowest. Within each region, lakes vary in their expansion rates due to factors such as lake size,
lake depth, and winter ice regime. On an individual level, lakes vary due to shoreline
characteristics such as local bathymetry and bluff height. Predicting how thermokarst lakes will
behave locally and on a landscape scale is increasingly important for managing habitat and water

resources and informing models of land-climate interactions in the Arctic.
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1. Introduction

Thermokarst lakes are abundant landforms of permafrost regions, particularly in lowland areas
with high ground ice content. Initiating as depressions by some surface disturbance formed by
thawing of ice rich permafrost (van Everdingen, 1998), thermokarst depressions fill with water
causing ponds to gradually expand and coalesce to often form large lakes. The abundance and
dynamic nature of thermokarst lakes makes these landforms play a dominant role in landscape
processes, such as surface energy balance, permafrost dynamics, hydrologic storage and export,
carbon cycling, and provision of habitat for fish and water birds. Perhaps foremost, lakes set in
permafrost create as a major thermal departure in the ground thermal regime (Brewer, 1958;
Lachenbruch et al., 1962; Ling and Zhang, 2003). The warm mean annual temperature of the lakes
compared to their surroundings contributes to permafrost thaw, which though localized to the lake,
becomes regionally important with the cumulative density of lakes (Grosse et al., 2013). This
thaw also contributes to the release of stored permafrost carbon in the form of carbon dioxide and
methane (Zimov et al., 1997), contributing a source of atmospheric carbon to the global carbon
budget (Walter et al., 2006). As the dominant landscape feature in arctic lowlands, they also play
a controlling role in regional hydrology. In this low gradient landscape, lakes act as the primary
form of surface storage, where summer evapotranspiration (ET) exceeds summer precipitation.
They act in routing and intercepting spring snowmelt runoff, maintaining the water balance lost to
ET the prior summer (Rovansek, 1996; Bowling et al., 2003) and relating to snowmelt and
baseflow recession hydrologic regimes (Arp et al., 2012b). Their role in hydrologic storage also
serves as a residential water source for many communities across northern Alaska, Canada, and
Russia (Boyd, 1959; Dmitriev and Tolstikhin, 1971; Heinke and Deans, 1973; Martin et al., 2007,
Alessa et al., 2008), as well as a water source for infrastructure tied to resource development,
including ice roads (Sibley et al., 2008; Jones et al., 2009). Thermokarst lakes provide important
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habitat for fish and migratory birds making lake-rich regions of Arctic lowlands highly productive
landscapes (Alerstam et al., 2001), which in turn support local fisheries and subsistence hunting
and migratory waterbird harvest throughout the lower latitudes (Vincent and Hobbie, 2000; Berkes
and Jolly, 2001).

Lakes are spatially distributed across much of the northern high latitudes, with the highest
concentration of lakes on Earth occurring between 50° - 70° N (Lehner and Doll, 2004), largely
due to the presence of permafrost or to a history of glaciation. Thermokarst lakes, specifically,
then are found in any lowland permafrost region with high ground ice content and a thick sediment
package, a terrain susceptible to their formation. This includes broad swaths of land across Siberian
Russia, Northwest Canada, and Interior and Northern Alaska (Grosse et al., 2013). As a region
with high ground ice contents that was not glaciated during the last glacial maximum, thermokarst
lakes dominate the Arctic Coastal Plain of Alaska, covering greater than 20% of land area

(Sellmann et al., 1975; Hinkel et al., 2005, Arp & Jones, 2009).

Thermokarst lakes are highly dynamic landscape features, continuously evolving and
interacting with the surrounding landscape. The classic thermokarst or “thaw” lake cycle begins
with a surface disturbance initiating permafrost degradation and thaw subsidence which initiates a
water-filled depression (Cabot, 1947; Britton, 1957; Carson, 1968; Everett, 1980;). Small ponds
that form through this process continue to expand and coalesce, eventually forming larger lakes
with progressively deepening basins (Britton, 1957; Carson, 1968) and thawed sub-lake permafrost
or a talik if/when the mean annual lake bottom temperature exceeds 0°C (Brewer, 1958;
Lachenbruch, 1962; West and Plug, 2008; Arp et al., 2016). Eventually thermokarst lakes can
drain catastrophically through a variety of internal (e.g., lake expansion across lower margins or

overtopping and downcutting through ice wedge networks) and external (e.g., erosional capture



by a lower elevation stream, lake, or coastline) mechanisms, leaving a partly or completely drained
thermokarst lake basin (DTLB) (Hopkins, 1949; Carson & Hussey, 1962; Mackay, 1988; Brewer
et al., 1993; Hinkel et al., 2007; Marsh et al., 2009; Jones and Arp, 2015). Newly formed DTLBs
are then susceptible to permafrost aggradation and ice-wedge formation, at which point the cycle
may start again if ice-rich permafrost degrades and small ponds develop that coalesce and expand
over time (Carson, 1968; Everett, 1980; Billing and Peterson, 1980). Jorgenson and Shur (2007)
expand on this model to include an alternative lake evolution trajectory on the ACP because of the
short timelines implied by prior literature and the lack of sufficient ground ice to allow thaw lake
redevelopment. In all concepts of thermokarst lake evolution, shoreline erosion and lateral
expansion are seen as key processes determining local and regional variation in the thaw lake cycle

and how thermokarst lakes will respond to changes in climate.

The processes by which thermokarst lakes expand, vary depending upon the dominant
climate driven forces and environmental controls at play. These forces express themselves across
various spatial and temporal scales, and it is this network of interactions that contribute to the
heterogeneity of shoreline expansion in thermokarst lakes. At the regional scale, the local geology
and climate conditions likely serve as the strongest controls on shoreline expansion rates. Warm
ground temperatures or high ice contents would be considered driving forces behind thermokarst
lake expansion at the landscape scale. For a particular lake, the lake size, lake depth, wave energy,
bluff height, lake-marginal permafrost temperature, and terrain units are likely factors that control
lake expansion. Additional factors that likely promote erosional susceptibility include ice content,

organic matter content and soil cohesion, and soil temperatures. Factors that limit erosional



susceptibility would include basin morphologies that limit wind and wave fetch, length of open

water season, and location on the lake respective to prevailing wind direction.

Several key processes likely dictate variability in thermokarst lake expansion rates at local
and regional scales. In areas with steep banks and high massive ice content, this can include the
formation of thermo-erosional niches and subsequent block collapse (Fig. 1a). Areas with gentler
slopes but high ice contents are susceptible to thaw slumping and other thermally associated mass
wasting action including thermal denudation (Fig. 1b) and active layer detachments. Low lying
bluffs can be subject to mechanical erosion by wave action, ice wedge degradation along polygon
troughs (Fig. 1d), and ice shove processes during spring break up (Fig. 1c) (Mackay, 1970,
Kobayashi, 1985; Kokelj, 2009; Kovacs, 1983). Lake characteristics can vary at different points
along their perimeter due to differential lake bathymetry, different local terrain units, and different
bluff heights, therefore all of these processes can potentially occur on the same lake, at the same
time, depending on conditions like wind direction, water and permafrost temperature, and
variations within bluff morphology and content. This variation in conditions and erosional process

likely leads to varying expansion rates in thermokarst lakes.



(A) (8)

Figure 1: Examples of shoreline erosional features: (a) thermo-erosional niche formation and
block collapse (b) thermal denudation (c) ice wedge degradation (d) ice shove

Models of shoreline expansion on the ACP have previously focused on the salient
orientation of lakes aligned 10° - 15° west of true north. The currently accepted hypothesis behind
this orientation, after having gone through several iterations, is that prevailing winds cause
circulation patterns within the lake, influencing wave action nearly normal to the axis of
orientation, accumulate insulating sublittoral shelves on the east and west shores while
preferentially eroding the more exposed north and south shores (Black and Barksdale, 1949;
Livingstone, 1954; Carson and Hussey, 1962). The aggraded sand and organic material of these
sublittoral shelves serves to both insulate the underlying permafrost and to physically armor it
against wave erosion. In this way they serve as a strong resisting force to lakeshore expansion.

The circulation patterns that cause this deposition, direct wave energy towards the northern and



southern ends of the lake and act as a driving force for this same expansion, without the benefit of

the more resistive shores with peat deposits.

This wind-driven lake orientation hypothesis largely neglects wintertime processes,
however, and the effect they may have on lake shore expansion. Sturm and Liston (2003)
hypothesize that these winds also play a role in these wintertime processes. By scouring snow on
the eastern shores of these lakes, the prevailing winter winds serve to armor the shorelines by more
solidly freezing the banks and bed in these locations, resisting thermal and mechanical erosion
later into the summer. If the Arctic experiences potentially snowier conditions in the future
(Serreze et al., 2000, Wendler et al., 2014), this effect could become more pronounced in a
changing climate. Wintertime processes extend beyond snow distribution, however. The depth of
a lake, whether it freezes to the bottom or not, and its mean annual bed temperature are important
aspects to consider. On the ACP where lakes are experiencing thinner ice growth and lakes
transition from bedfast to floating ice regimes (Arp et al., 2012a; Surdu et al., 2014; Alexeev et al.
2016), the role of wintertime processes thus may become increasingly important for understanding

lake change processes and how some ACP thermokarst lakes become reshaped over time.

Most thermokarst lakes on the ACP are shallow due to their formation in permafrost with
high ice content only near the surface, particularly on the outer coastal plain (Jorgenson and Shur,
2007). Because lake depths are often close to the maximum thickness of seasonal ice, many freeze
solid with bedfast ice and other slightly deeper lakes retain liquid water below floating ice (Brewer,
1958; Lachenbruch et al., 1962, Mackay, 1992; West and Plug, 2008, Arp et al., 2011). The lake
depth separating these ice regimes generally exists somewhere between 1.5 m and 2 m, where
maximum winter ice growth is reached by the end of winter (Brewer, 1958; Sellmann et. al. 1975),

though evidence suggest a trend toward thinner maximum ice thickness and a shift toward more



floating ice conditions (Arp et al. 2012a; Surdu et al. 2014).. The most critical effect created by
floating ice conditions is the distinctly warmer thermal regime of a lake bed that leads to
development of a thaw-bulb (talik) (Lachenbruch, 1962; West & Plug, 2008). The thermal impact
generated by floating ice conditions may also occur laterally into surrounding lake shorelines and
bluffs (Arp et al. 2011; Langer et al. 2016). In lakes with bedfast ice regimes, warming of the
permafrost can still occur and may be becoming more rapid as trends in thinning lake ice increases
floating lake ice conditions (Arp et al. 2016). The extent to which warmer sublake permafrost is
also apparent along shorelines is uncertain, but evidence from other continuous permafrost regions
suggest a similar response (Roy-Léveillée and Burn, 2017) to lake centers, where perennially
thawed ground will not exist due to the presence of liquid water year round and mean annual
temperatures greater than 0°C (Brewer, 1958; Lachenbruch, 1962; West & Plug, 2008). Since
permafrost temperatures are colder beneath and adjacent to bedfast ice lakes relative to floating
ice lakes, they may be less susceptible to thermal erosion, which would be manifest in lower overall
thermokarst lake expansion rates. This pattern was observed by Arp et al. (2011), with bedfast ice
lakes within the YOCP showing lower expansion rates than floating ice lakes over the time period
1979-2002. Another difference between bedfast and floating ice regimes was noted in Arp et al.
(2011) that showed that bedfast ice lakes are preferentially eroding at their northern and southern
ends compared to floating ice lakes, which had more even patterns of erosion in all directions.
This observed oriented expansion in bedfast lakes likely contributes to the orientation of lakes on

the outer ACP.

The lack of consensus over lakeshore expansion processes, controls, and decadal-scale
rates underscores the need to further understand the forces controlling where, when, and to what

extent thermokarst lake expansion occurs. This thesis addresses the potential impact of regional



geology, including ground ice content and soil characteristics, through the analysis of 35 lakes in
three distinct regions on the ACP. The impacts of localized factors, including lake ice regime,
snow accumulation, and bluff height and slope on the processes that contribute to thermokarst lake
expansion rates are addressed through comparisons within an individual region and within an
individual lake. I hypothesize that lakes will predominantly be controlled by their regional setting
and ice conditions, with wintertime processes playing a larger role than previously considered.
Through a multi-scale approach using remote sensing techniques in addition to field based data
collection, this analysis aims to better inform those involved in land and water resource

management on the ACP as to the dynamics of lake expansion processes.

2. Study Area and Design

The main study area for this research (Figure 2) is the Arctic Coastal Plain of northern
Alaska. This region of Alaska includes numerous lakes in various stages of development, from
small thaw ponds initiated in drained thermokarst lake basins (DTLB) to large, mature lakes
expanding into their surroundings through shoreline erosion. These lakes cover >20% of the land
area on the outer ACP. Those areas which are not present day lakes often show characteristics and
morphology of drained thermokarst lake basins or remnant uplands (Jorgenson and Brown, 2005;
Jones and Arp, 2015), providing evidence that lake shoreline expansion processes have been
occurring for long periods of time (Hinkel et al., 2003). The tundra (DTLBs and remnant uplands)
is characterized by the presence of high and low centered ice wedge polygons. The surficial
geology consists of continuous permafrost composed of glacio-marine sandy/silty sediments with
high ice contents ranging from 70% to 86% in the upper 1-2 m and 20% in the upper 20m (Brown,

1968; Sellmann et al 1975, Kanevskiy et al., 2013). Permafrost temperatures in this area are



approximately -7 °C (Urban & Clow, 2015). Elevations range from sea level to 13 m asl, with
little topography except lake bluffs. Prevailing winds are from the ENE. The region has an Arctic
climate with mean annual air temperatures around -10 °C. The region typically experiences 15-
20 cm centimeters of precipitation per year (Shulski and Wendler, 2007). Landscape drainage
networks are complex due to the low relief, high lake cover, and impermeability of permafrost
soils (Roulet and Woo, 1988; Bowling et al., 2003; Arp et al., 2012b). Most lakes are connected
to this network and act in routing snowmelt and rainfall. Ice cover persists on lakes from
September to July (Arp et al., 2011) and historically experience maximum ice thicknesses of about
2 m. This creates a functional difference between lakes that experience bedfast ice conditions and
floating ice conditions. This difference represents a first order control on the thermal state of the
permafrost beneath lakes (Brewer, 1958; Lachenbruch, 1962; Sellmann et al., 1975; Ling and

Zhang, 2003; Arp et al., 2011; Arp et al., 2012a).

Three study areas were chosen according to the differences in surficial geology and lake
characteristics on the ACP (Table 1). The OCP study area located on the Barrow Peninsula (Figure
2)is among the most well studied in the Alaskan Arctic, and consists of a surficial package referred
to as the Outer Coastal Plain (OCP) deposit (Williams et al., 1978; Hinkel et al., 2005). The OCP
terrain is a marine sand deposited in multiple Pleistocene and Pliocene marine transgressions
(Dinter et al., 1990) with surfaces 7-23 m asl. Volumetric ice contents (VIC) for this deposit
averages 80% (Kanevskiy et al., 2013) and mean annual soil temperature (MAST) at 1.2 m depth
was -7.3 °C over the period of 1999-2010 (Urban & Clow, 2015; Farquharson et al. 2016).
Vegetation consists of mixed sedges and mosses typical of moist acidic tussock tundra, with some

dwarf shrubs (Raynolds et al., 2006). Lakes on the Barrow Peninsula have a strong and



predominant orientation 7° NNW and have an average size of 45 ha, with length to width ratios

greater than 2 (Hinkel et al. 2005).

The YOCP study area (Figure 2) is located in the northern portion of the Teshekpuk Lake
Special Area (TLSA) and the northeastern portion of the Barrow Peninsula and consists of a
younger deposit referred to as the Younger Outer Coastal Plain (YOCP) which was left behind by
the Simpsonian transgression approximately 78-58 kya with surfaces 0-7 m asl (Carter et al. 1988,
Dinter et al. 1990). Glacio-marine silty sediments susceptible to the aggradation of high volumes
of ground ice were deposited here. Thus, ice contents of the upper three meters of permafrost here
are higher than the OCP region and average 86% VIC (Kanevskiy et al., 2013; Farquharson et al.
2016). Vegetation is similar to the OCP, but with the absence of dwarf shrubs (Raynolds et al.
2006). At the Drew Point climate station within the YOCP, permafrost temperatures here are
slightly colder than the OCP, with a MAST at 1.2 m depth of -8.0 °C between 1999 and 2010
(Urban & Clow, 2015; Farquarson et al. 2016). Mean lake size within this deposit is 143 ha, and
lakes cover 18% of the land surface, if Teshekpuk Lake itself is excluded. Lakes here also show
strong orientation of their long axis at 9° NNW, and have a strongly elliptical fit, though slightly

less so than the OCP Region (Hinkel et al. 2005).

The ICP study area (Figure 2) is located in the lower Fish Creek Watershed (FCW) and
differs from the other two study regions in that it is underlain predominantly by a marine sand
deposit to the east of the study area and by an aeolian sand deposit to the west, collectively referred
to as the Inner Coastal Plain (ICP) unit (O’Sullivan, 1961; Williams et al., 1978; Carter, 1981,
Williams, 1983). These coarser grained materials do not allow for the same aggradation of ground
ice, and VIC ground ice contents range between 45% to 71% for this region (Jorgenson and Shur,

2007; Kanevskiy et al., 2013; Farquharson et al. 2016). Lakes cover 18% of land surface area for
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this unit with a mean size of 40 ha. Though these lakes do show orientation of their long axis in

the same directions as the other two units, at approximately 10° NNW, they are not as strongly

elliptical as those lakes within each of the other units (Hinkel et al. 2005).

Figure 2: This map shows the different regions in this study, split by quaternary geology. To the
north is the Younger Quter Coastal Plain (YOCP) Unit, in the center] is the Outer Coastal Plain
(YOCP) Unit, and to the south is the Inner Coastal Plain (ICP) Unit. The inset shows the location
of the study area in the state of Alaska.
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Table 1: Summary of characteristics for each study region within the broader Arctic Coastal
Plain.

Region YOCP ocCp ICP
Elevation (m asl) 0-5 1-9 4-25
Dominant Surface Glacio-Marine Silt Glacio-Marine Marine Sand and
Geology [Hinkel et al., Sand/Silt Silt
2005]
Ground Ice Content 86% 80% 71%
(Volumetric)
[Kanevskiy, 2013]
Lake Area % 22.6 18.0 17.8
[Hinkel et al., 2005]
Dominant Lake 11° 7° 10°
Orientation (°CNNW)
[Hinkel et al., 2005]
MAGT at 1.2 m depth -8 -1.3 -6.9
(°C) [Urban & Clow,
2015]

These regions were also chosen in part because of the length of the scientific record in each
area. These areas have a history of scientific research beginning in 1948 with the establishment
of the Naval Arctic Research Laboratory (NARL) in Barrow, AK with the task of conducting
research throughout what was then known as the Naval Petroleum Reserve No. 4, now known as
the National Petroleum Reserve-Alaska (NPR-A) (Shelesnyak, 1948). NARL laid the foundation
for research on the ACP, studying the lakes and permafrost across many miles of remote tundra,
but was also key in establishing logistical bases of operation that are crucial to this day, in the form
of research laboratories in Barrow and the remote research cabin situated within the TLSA. Aerial
photography exists from the efforts of NARL and the USGS from the 1940s and 1950s along the
ACP, allowing for examination of erosion rates over a several decade time period when compared

to more recent image acquisitions. The climate data record is also strong for each of these
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locations. Barrow’s climate record extends uninterrupted to 1921 and is the longest continuous
temperature record in the Alaskan Arctic (Hamilton, 1965). Weather stations have been
continuously monitoring conditions both in the TLSA and FCW since 1998, giving additional
spatial distribution of climate conditions with a solid record (Urban & Clow, 2015). Finally, lakes
in each of these areas have been the objects of intensive monitoring for the past four years or more
as parts of various long term observation studies including the Circum-Arctic Lake Observation
Network (CALON), providing information on lake morphology, ice thickness records, water
levels, and lake bed temperature (Hinkel et al. 2012; Arp et al. 2015). The availability of data for
each of these locations, as well as their positioning on the ACP, makes them ideal for this study.

This study was designed to examine lakes expansion at multiple spatial and temporal scales
to better understand lakeshore expansion. By looking at differences in expansion rates between
lake regions, differences between lakes within a region, and differences within a single lake, my
goal was to establish the dominant driving and resisting factors behind lakeshore erosion on the
ACP. After choosing the study regions and selecting lakes, the first step of analysis was to
establish lakeshore expansion rates among lakes within the three different regions, YOCP, OCP,
and ICP. These regions were chosen to cover a variety of landscape types and conditions on the
ACP, while maintaining the similar features of high lake density of approximately 20% (Hinkel et

al., 2005) and climate conditions.

Lakes were chosen within each study region for a variety of reasons. First, lakes that had
ongoing measurements were chosen from each study area. Other lakes within each study area
were chosen based on the availability of historical imagery and other characteristics that would
make them favorable for this study, including size distribution and ice regime. These chosen lakes

were compared initially strictly by region, to see what region scale factors effect these processes.
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To better understand the differences between lakes within a region, these lakes were examined by
their size and other lake specific factors. One of the main differences, and one readily observable
through remote sensing, was that of ice regime. By looking at a lakes ice regime with Synthetic
Aperture Radar (SAR) imagery, I compared whether lake ice had frozen to the bed of a lake by
the end of winter or if there was still liquid water beneath the ice. Whole lakes were classified as
either bedfast or floating ice, and for a subset of 6 lakes, floating ice lakes were classified as having

either bedfast or floating ice conditions within 100 m of shore.

To better understand the heterogeneity of expansion rates around the perimeter of a single
lake, the landscape around each of 6 lakes within the YOCP was broken out into three distinct
terrain units to determine the relative expansion rates for each. The original terrain unit map (Lara,
unpublished) was simplified into 3 distinct terrain units for the region by combining with a Sm
IFSAR digital elevation model to weight lake bluff height. This produced a map showing three
distinct terrain units classified as the primary surface (PS) unit, the flat centered polygon (FC) unit,

and the low centered polygon (LC) unit.
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Table 2: Pertinent characteristics of each lake examined in this study, including region, ice
regime, lake area, lake elevation, lake orientation, and dominant terrain unit.

Region/Lake  Regime Size (ha) Eienf::;;’“ O(r;;';%vt‘;’“
YOCP
Tes001 Floating 1025 3.6 20
TesB Bedfast 148 3.7 9.6
TesF Floating 23.5 25 107.4
Specklebelly Floating 284 0.6 14.6
Tes2 Bedfast 284 25 94
Peatball Floating 117 38 17.2
Wadepiper Bedfast 36.6 39 8.1
TesH Bedfast 451 1.4 16.1
Tesl Bedfast 372 0.6 32
TesJ Floating 418 25 15.1
TesK Floating 251 2.8 9.8
TesL Bedfast 381 0.7 10.4
TesM Floating 296 1.5 12.5
TesN Bedfast 149 3.8 6.4
TesO Bedfast 112 3.7 13.1
Wtwin Floating 123 2.0 52
Etwin Bedfast 128 1.6 9.5
ocp
B100 Floating 184 7.9 6.4
BRWA Floating 94 9.0 12.8
BRWC Floating 115 1.0 6.2
BRWB Bedfast 71 3.6 6
BRWE Floating 437 5.2 14.1
BRWF Floating 246 22 12.7
Pingoakeok Floating 304 83 18.2
ICP
FCWC Bedfast 50.4 4.6 26.5
FCWD Floating 135 15.4 24.2
FCWE Floating 227 20.3 21.7
ITIL22 Floating 300 26.3 23.5
ITIL27 Floating 154 24.6 15.8
ITIL50 Floating 12.0 8.9 11.1
L919 Floating 107 6.8 20.9
R0O066 Floating 101 22.0 11.2
L9811 Floating 419 18.9 3.9
M9925 Bedfast 87.3 13.0 382
MC7916 Floating 168 0.5 115.1
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3. Methods

3.1 Image Acquisition and Processing

Aerial photography scenes acquired at 1:20000 scale from the summers of 1948 and 1949
from the Barrow Arctic Research (BAR) Lab were georeferenced to a 2.5 m color infrared
orthophoto mosaic acquired in 2002 (Table 3). For a subset of lakes within the YOCP, additional
CIR aerial scenes were acquired from the summer of 1979. These images were acquired through
USGS Earth Explorer, part of the Earth Resources Observation Science (EROS) Center. Imagery
was georeferenced with ground control points (GCP) to distinct features that remained stable over
the study period and to a spatial resolution of 0.5 m. Typically, GCPs were ice wedge polygon
intersections and small islands in inundated lowland areas. Each scene required an average of 15
GCPs to accurately georeference using a 3™ order polynomial transformation to achieve mean
RMS error of under Im per scene. Average RMSE across all lakes was 0.45 m (sub-pixel). Lake
shorelines for the 1948 BAR imagery, 1979 CIR photos, and 2002 CIR orthomosaic were manually

delineated (Figure 3a).
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Table 3: Summary of imagery used for delineation of lake shorelines (1948, 1979, 2002) and
lake ice regime characteristics (2016). Aerial photography was acquired through USGS Earth
Observation Science Center’s Farthlxplorer page, and the SAR imagery was collected by the
FEuropean Space Agency and acquired through the Alaska Satellite Facility.

Time of Type Source Scale Pixel

Acquisition Size (m)

July/August Black and White Aerial USGS EROS 1:20000 0.5

1948/1949 Photography

1979 Color Infrared Aerial USGS EROS 1:63000 2.5
Photography

July/August Color Infrared Aerial USGS EROS 1:40000 2.5

2002 Photography

April 2016 Sentinel-1 C band SAR European Space - 10

Agency

Dilution of Accuracy (DOA) calculations were made following Jones, 2009 and modified

from Hapke (2005) and Lantuit and Pollard (2008) using Equation 1:

)2+(Ep1)2+(Ep2)?+(RMS1)%+(RMS2)?
AT @

DOA = fe

Where Ej is the positional accuracy of the 2002 CIR orthomosaic (determined to be +5 m), Epn 1s
the pixel resolution for the imagery from each year, RMS, are the root mean square errors of the
georegistration process, and AT is the time interval between the given data sets. Using this
formula, the 1948 images were georeferenced to the 2002 orthomosaic with an average DOA of

0.10 m/yr. The average DOA for the 1948 to 1979 datasets was 0.27 m/yr and the DOA for the
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1979 to 2002 datasets was 0.19 m/yr. These values represent the minimum detectable erosion rate

between each time period.

3.2 Shoreline Change Detection

To calculate expansion rates around the lake perimeter, I used the Digital Shoreline
Analysis System (DSAS) tool (Thieler ez al., 2005). Transects were cast every 25-50 m, depending
on lake size, orthogonal to the modern shoreline of the lake and the average rate was calculated
between the two shoreline intersections (Figure 3b). The per-transect rates were used to average
whole lake expansion rates for each lake in the study. For a subset of 6 lakes within the YOCP,
an additional dataset of 1979 acquired CIR aerial scenes (Table 3) was also georeferenced and

shorelines manually digitized. For this subset of lakes, average expansion rates from 1948 to 1979

and average rates from 1979 to 2002 were calculated.
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Figure 3: Example of shoreline delineation (a) and DSAS transect casts (b). Base imagery is 2002
CIR, with 1948, 1979, and 2002 shorelines traced in green. Transects in (b) are clipped to
shoreline change envelope and colored according to average erosion rate over the period 1948-
2002.
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3.3 Ice Regime Analysis

To determine the ice regime of a lake, I relied on both field measurements and analysis of
synthetic aperture radar imagery. Specifically, I used a 10 m Sentinel 1A C-band ESA satellite
image acquired on April 20, 2016 VV polarization. Using knowledge of radar return differences
between bedfast ice and floating ice lakes, lakes that were greater than 75% bedfast were given the
bedfast designation, and lakes greater than 25% floating were given the floating ice designation.
Typically, a bedfast ice lake will be all bedfast with no remaining pockets of liquid water, but a
floating ice lake may have significant portions of their area with bedfast ice. Where floating ice
lakes will appear as bright areas in the radar image, bedfast ice lakes will have a lower backscatter
return and will therefore appear dark. For a subset of 6 floating ice lakes within the YOCP,
nearshore ice conditions were also determined to analyze the relative expansion rates of lake in an

area with nearshore bedfast ice conditions compared to nearshore floating ice conditions.

To estimate bedfast and floating ice conditions within 100 m of modern shorelines, I used
the same Sentinel 1A SAR imagery in conjunction with the product of the DSAS protocol in
section 4.1. Training polygons were established within regions known to experience either bedfast
or floating ice conditions, and a maximum likelihood classification was performed using these
training polygons. In this way, the entire acquisition area was classified according to bedfast or
floating ice conditions. This output data was smoothed with an 8 neighbor majority filter. Using
shorelines digitized from 2002 CIR imagery, a buffer was created stretching 100 m offshore of
modern shorelines and the classified raster was clipped to the extent of these buffers for 6 floating
ice lakes; 3 in the YOCP and 3 on the OCP Peninsula. Within these buffers, statistics were

calculated for each transect. I calculated the percentage of the intersecting shoreline that was
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classified as bedfast or floating, classifying areas with 50% or greater bedfast pixels as a bedfast

shoreline, and areas with fewer than 50% bedfast pixels as a floating ice shoreline.

3.4 Terrain Unit Analysis

To analyze the control that the terrain unit of the corresponding shore exerts on expansion
rates, | analyzed the terrain units within the YOCP region using a combination of techniques. The
ACP terrain unit map from (Lara, In Press) was combined with the 5 m IFSAR DEM, and then
classified according to terrain unit and elevation. The resulting classification yielded three classes
apart from open water (Figure 4). The first, called the primary surface (PS) unit (O’Sullivan, 1961;
Brown, 1965), is the highest elevation surfaces within the YOCP. Composed primarily of late
stage high center polygons, these areas are considered to be the oldest surfaces within the study
area and have not been previously reworked by lakes. Ice wedge networks within the PS are
mature, with wide and deep ice wedges and strong segmentation of ice wedge polygons
(Leffingwell, 1915) (Figure 5). Each of the other terrain units is the remnant of a lake basin that
has drained in the past and begun to recover through time. The first is composed of flat centered
polygons and dry low centered polygons, and for simplicity is referred to as flat centered (FC).
This unit displays segmentation of polygons and is typically situated slightly above lake level
(Figure 5), though without the tall bluffs one might see for the PS unit. The final unit is
characterized by inundated low center polygons and is referred to as LC. Segmentation in this unit
is weak, meaning relatively small ice wedges compared to the other units, and these areas are
typically very near to lake surface elevation (Figure 5). This is likely the youngest surface between

these three.
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Figure 4: Showing the results of terrain unit classification on Peatball Lake. Primary surface
units are delineated in red, flat centered polygons are delineated in yellow, and low centered and
inundated polygons are delineated in blue.
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Figure 5: Examples of terrain units extracted from terrain unit analysis. All units are shown first
in oblique view from helicopter, and second in orthorectified aerial photos acquired in August of
2015.
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3.5 Field Verification and Shoreline Characterization

Field work was conducted throughout the YOCP and to a lesser extent in the ICP and OCP
to directly observe the characteristics of lakeshore expansion and how they relate to winter time
processes, summer thaw, and terrain unit properties. In late summer of 2015, I measured active
layer depths at a number of transects within the YOCP orthogonal to shorelines, starting in
undisturbed tundra and continuing into the shallow littoral area of the lake. Care was taken to
include a variety of shoreline types, from low flat shorelines to tall lake bluffs, around the entire
perimeter of the lake as time allowed. Iused 16 mm steel rods with a tile probe tip with total
length of up to 3.2 m. Shallow active layer depths were driven by hand, but deeper thaw depths
required the use of a slide hammer until the probe met refusal. In situations where thaw depth was
greater than length of probe, the thaw depth was recorded as greater than 320 cm. Active layer
depths were evaluated as a proxy for ground thermal state and for their relationship to shoreline

type, lake ice regime, and relative lakeshore expansion rates.

During this same field season, I installed thermistors along a number of these transects.
HOBO U23-003 Pro v2 temperature loggers were installed at 0.5 m and 1.0 m depth below ground
surface in 4 locations per transect; upland tundra, upper shoreline, lower shoreline, and shallow
littoral. Loggers recorded temperatures at 1 hour intervals for one full year, and were retrieved the
following summer in 2016. Partly due to the extreme climate conditions of the North Slope of
Alaska and their location on an actively eroding lake shoreline, many thermistors did not survive

through until the next field season.

To determine representative characteristics of terrain units identified in remote sensing
analysis, I took a series of 3 cores in 3 different DTLBS in the YOCP. T used a 5 cm diameter

SIPRE barrel to core sites near shorelines, taking care to avoid ice wedges. Cores reached an

23



average depth of 2.5 m. Because the relative elevations of the primary surfaces often precludes
coring to depths equal to the lake surface elevation, details on this unit were established during
summer months at exposures at lake shores. I sampled them by scraping away the thawed material
to expose frozen surfaces. Itook samples with battery powered hand drills equipped with a hole
saw from each horizon for testing. Rough vegetation information was also recorded, along with
photographs, for further identification of units. Core samples and samples taken from lake bluff
exposures were transported and stored frozen until such time they could be subsampled. Cores
were sampled with 10cm long core sections taken at every 25¢m interval. These subsamples along
with all samples taken from lake bluff exposures were weighed in their frozen state, dried at 90 °C
for 72 hours, and weighed again to calculate gravimetric moisture contents for each site (Equation

2).

GMC(%) — Myater — Myet soil — Mdry soil x100 (2)

MAry soil MAry soil

where GMC is the gravimetric moisture content, mwet soil 1S the mass of soil and ice together, and

Mary soil 1S the mass of soil only after drying,

In April of 2016, a series of snow survey transects were also conducted around the
perimeter of 8 lakes. Two side-by-side transects were performed at each of the cardinal directions
around the lake. Snow depths and positions were measured with a GPS Snow Depth Probe
(Magnaprobe, Snow-Hydro, Fairbanks, AK, USA) and with a graduated avalanche probe. These
transects were performed orthogonal to shoreline, starting in an upland tundra location where snow
drifting appeared to be unaffected by the bluff height and stretching to approximately 50-100 m
onto the lake (ice) surface where snow drifting appeared unaffected by the bluff height. Snow

depths were examined for trends related to shoreline type, distance from shore, and relationship to
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lakeshore expansion rates in order to better understand the role that drifting snow plays in the

shoreline erosion processes that control lakeshore expansion.

During July of 2016, I visited 6 lakes within the YOCP region and 2 within the ICP region
for the purpose of shoreline characterization. Through on the ground investigation and by circling
the shoreline from helicopter, I was able to qualitatively characterize some representative shoreline
types for the mechanism of shoreline erosion relative to factors such as bluff height and terrain
unit, lake ice regime, and local geology and document these processes through field photographs.
This data was used to establish which, if any, processes of shoreline erosion were responsible for

increased expansion rates relative to others.
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4. Results

4.1 Regional Scale Thermokarst Lake Expansion Rates

Average expansion rates varied considerably between the three study areas between 1948
and 2002 (Figure 6 and 7). For the period of 1948 to 2002, the highest overall expansion rates
were observed in the YOCP, with a mean of 0.62 m/yr (n=17). The OCP had the second highest
expansion rates with a mean of 0.57 m/yr (n=7) and the ICP had the lowest average expansion
rates of 0.16 m/yr (n=11). Despite having the highest average expansion rates overall, the YOCP
had the greatest variability in expansion rates as well, with a standard deviation of 0.51 m/yr. In
fact, two lakes within the YOCP (Wadepiper, rate = 0.06 m/yr and TesN, rate = 0.17 m/yr) had
lower expansion rates than the lowest rate found in OCP (BRWB, rate = 0.22 m/yr) and the average
expansion rate for ICP (0.16 m/yr). Overall, the OCP was much more consistent in its expansion
rates with a standard deviation of 0.28 m/yr. The ICP had the lowest standard deviation of all
regions studied, of 0.14 m/yr, but still had lakes that ranged from an average rates as high as
0.5m/yr to as low as 0.05 m/yr or below the detection limit of the dataset. The YOCP is the most
dynamic region studied, having both the highest and very close to the lowest rates of erosion
observed in this study, with rates distributed fairly evenly between these two extremes. The lakes
in this region also tend to be more variable in size and landscape setting than in either of the other

two regions.
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Figure 6: All lakes within the study are plotted on 2002 CIR imagery, divided by region. Point
size correlates to average yearly expansion rate for the time period 1948-2002.
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Table 4: All lakes analyzed in this study, divided by region and ice regime. Average expansion
rates 1948-2002 and size increase, both in hectares and percentage, are presented.

Region/ Lake  Regime Rate (m/yr) % size
increase
YOCP
Tes001 Floating 1.29 8.8
TesB Bedfast 0.29 49
TesF  Floating 027 10.7
Specklebelly  Floating 1.29 18
Tes?2 Bedfast 0.26 33
Peatball Floating 0.48 9
Wadepiper Bedfast 0.06 2
TesH Bedfast 0.82 10.6
Tesl Bedfast 0.2 1.7
Tes] Floating 1.36 14.8
TesK = Floating 2.11 39.1
TesL. Bedfast 0.6 6.7
TesM = Floating 0.37 4.5
TesN Bedfast 0.17 3.7
Etwin Bedfast 027 59
Witwin Floating 0.38 7.5
TesQ Bedfast 04 7.9
ocp
B100 Floating 0.88 15.8
BRWA  Floating 0.65 13.6
BRWC Floating 0.44 8.9
BRWB Bedfast 022 5.9
BRWE  Floating 0.64 7.2
BRWF Floating 0.39 49
Pingoakeok Floating 0.79 10.3
ICP
ICPC Bedfast 0.13 38
ICPD Floating 0.09 1.5
ICPE Floating 0.19 2.6
ITIL22 Floating 0 0
ITIL27 Floating 0.09 1.5
ITIL50 Floating 0.03 1.3
L919 Floating 0.25 59
R0O066 Floating 0.5 10.6
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