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Abstract
Arctic barriers islands are highly dynamic features influenced 

by a variety of oceanographic, geologic, and environmental 
factors. Many Alaskan barrier islands and spits serve as habitat 
and protection for native species, as well as shelter the coast from 
waves and storms that cause flooding and degradation of coastal 
villages. This study summarizes changes to barrier morphology in 
time and space along the North Slope coast of Alaska between the 
United States-Canadian border and Cape Beaufort from 1947 to 
2020. Changes considered in this study include number of barriers, 
area and perimeter, shoreline length, barrier sinuosity and width, 
presence and number of relict terminus features, presence and 
coverage of tundra vegetation, barrier orientation, and elevation 
metrics. Wave conditions are also summarized and related to 
changes in barrier morphology. The results in this report help 
to better predict future barrier evolution and prevalence along 
Alaska’s coast by increasing our understanding of Arctic barrier 
development, migration and degradation. 

Introduction 
Arctic barrier islands make up 23 percent of global barriers 

and are geomorphologically distinct from their temperate and 
tropical counterparts owing to complex cryosphere processes 
and formations (Stutz and Pilkey, 2011). Many Alaskan barrier 
islands and spits serve as habitat and provide protection to 
birds, polar bears, walruses, and fish. Furthermore, barriers 
shelter the coast from waves and storms that cause flooding 
and degradation, protect coastal villages from the direct 
onslaught of waves, and protect existing and planned oil and gas 
infrastructure situated on the mainland or in lagoons between 
the barriers and mainland coast. 

The U.S. Geological Survey (USGS) is assessing Alaskan 
barrier islands and spits, collectively referred to as barriers 
throughout this report, in order to improve upon the fundamental 
understanding of barrier formation, evolution, and stability in a 
permafrost setting. The greater purpose of the project is to improve 
upon the understanding of Arctic barrier development, migration 

and degradation, and apply this knowledge to predict future barrier 
evolution and prevalence along Alaska’s coast. This report is the 
first in a series to summarize historical morphological changes 
to barriers along the north coast of Alaska between the United 
States-Canadian border and Cape Beaufort (fig. 1). These results 
may then be used to advance our understanding of barrier island 
dynamics in Arctic environments and modelling decadal- to multi-
decadal-scale barrier evolution.

Previous reports have quantified Arctic Alaska barrier 
island change rates, bluff erosion, and ice extent, and described 
the region’s coastal morphology (Hopkins and Hartz, 1978; 
Gibbs and Richmond, 2015, 2017; Gibbs and others, 2019). 
Alaska barrier coasts have been shown to be predominantly 
erosional, and erosion rates are approximately five times higher 
along the Beaufort Sea coast than along the Chukchi Sea coast. 
Accretion rates are, however, similar along these coastlines 
(Gibbs and Richmond, 2015). Arctic barriers have eroded as 
much as 25 meters per year (m/yr), decreased in net area, and 
shown a tendency to rotate and migrate to the southwest along 
with prevailing winds and nearshore currents (Ravens and Lee, 
2007; Gibbs and Richmond, 2015, 2017).

Arctic Barriers and Sea-Ice Processes

Arctic barriers are highly dynamic and influenced by the 
extent and duration of seasonal sea ice, wave heights and water 
levels, the presence of permafrost and vegetation, temporal 
variations in available sediment, thermomechanical erosion, 
and other oceanographic, geologic, and environmental factors 
(Hopkins and Hartz, 1978; Stutz and Pilkey, 2011). Land-based 
sediment supply along Arctic tundra coasts is often limited 
by the presence of permafrost that consists of bounded fine 
sediment and massive ice segments with low clastic sediments. 
Eroded material is therefore composed largely of ice and 
organic material, and little clastic sediment (Jorgenson and 
Brown, 2005).

Two common Arctic barrier formation processes result in 
either remnant islands or constructed islands and are described 
below. On a geologic timescale, thermokarst processes 
produce remnant islands as inundation and breaching of 
thermokarst lakes leads to separation from the mainland 
(Hopkins and Hartz, 1978; Ruz and others, 1992; Stutz and 
Pilkey, 2011). Such barriers can be later modified by spits 
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that form on remnant barrier terminal ends through longshore 
transport of sediment eroded by storms and waves (Ruz 
and others, 1992). Similar to spit formation along remnant 
barriers, constructed barriers are produced through littoral 
drift, longshore transport, and waves driven by the prevailing 
wind that deposit sediment parallel to the coast when sediment 
supply is sufficient (Hopkins and Hartz, 1978; Short, 1979; 
Morack and Rogers, 1982). Although sea-ice cover inhibits 
wave energy and fetch for all but about three months of the 
year (Barnhart and others, 2014), the open water season may 
be extended as the climate changes (Thomson and Rogers, 
2014). As a result, traditional barrier formation mechanisms 
may become more important with time.

For both remnant and constructed barriers, the short ice-free 
season is already long enough to develop and rework complex spit 
features at the ends of islands. For example, overwash or changing 
wave directions combined with continued longshore transport and 
discontinuous sediment supply can produce new spit features that 
continue to grow past the previously formed terminus of barriers 
(Hopkins and Hartz, 1978; Short, 1979; Petersen and others, 
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Figure 1.  Map of study area extending from the United States-Canadian border in the east to Cape Beaufort in the west. 

2008). Over time, multiple finger-like, relict termini may exist 
along the lagoon shore of the barrier (fig. 2).

Other sea-ice processes can also influence barrier 
morphology. For example, freely drifting ice or pack ice—
expanses of large pieces of floating ice coalescing into a nearly 
continuous mass—that are rafted (pushed) by ocean currents, 
surging water levels, and (or) winds are known to cause ridges of 
sediment on the beach face and steep berms (Barnes and Reimnitz, 
1987). Rafting of sediment also occurs by ice-gouging and 
entrainment of sand-sized particles into anchored (bottom-fast) 
ice that forms during fall storms and is transported the following 
year during spring/summer break up (Kempema and others, 1989; 
Eicken and others, 2005). Anchor ice and sediment entrainment 
occur when turbulent waters are exposed to below freezing 
temperatures (supercooled) forming “sticky” frazil ice crystals that 
freeze in place and adhere to the seabed. The amount of sediment 
entrained in ice varies yearly and depends both on location 
and storm severity post-freeze. Storms can cause additional 
entrainment when frazil ice is formed as turbulent seas are cooled 
(Kempema and others, 1989).
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Figure 2.  Aerial image examples of relict termini on barriers at different locations along the North Alaskan coast from 1980s-era 
Alaska High-altitude Aerial Photography. A, Plover Islands. B, Bernard Spit. C, Pogik Point.
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Further exploration of Arctic barrier formation and their 
development in relation to changing wind and wave conditions 
and other climatic factors, such as cryospheric processes, can 
help models predict the evolution of Arctic barriers and their 
distinct features. 

Impact of Temperature Changes in the Arctic

Local and global oceanographic properties are changing 
owing to warming temperatures, and the Arctic is especially 
vulnerable because of positive feedbacks between snow loss and 
ice cover (Douglas, 2010). Intensified solar heating, thinning of 
sea ice, and sediment entrainment all contribute to the decline 
of snow and ice cover, which decreases the surface albedo 
(proportion of reflected heat). A lower surface albedo further 
increases heating and ice thinning, reducing sea ice extents 
and durations (Shapiro Ledley and Pfirman, 1997; Pithan and 
Mauritsen, 2014; Kashiwase and others, 2017; Stuecker and 
others, 2018). Understanding these changes is necessary for 
ensuring the viability of existing and future infrastructure by 
reducing the risk potential for erosion and flooding and improving 
the general safety of communities and habitats.

In both the Beaufort and Chukchi Seas, sea ice extent and 
duration have been decreasing since the 1950s (Onarheim and 
others, 2018). A decrease in sea ice extent coupled with warming 
temperatures has caused a delay in the freezing of Arctic seas 
leading to an approximately 3 week longer ice-free period in 
the autumn since the 1980s (Johnson and Eicken, 2016). This 
delay in freezing prevents nearshore pack ice from forming, 
which otherwise protects the coast from flooding and erosion 
by acting as a barrier to storm surge and high waves. The tundra 
landscape is also affected by temperature increases that thaw 
the underlying permafrost, which plays a key role in preventing 
erosion of the landscape and keeping the land habitable along 
the northwestern Alaskan coast. Upper layers of permafrost have 
increased in temperature by as much as 3 degrees Celsius since the 
1980s. Depending on the distribution of thawing, this can cause 
substantial change to the landscape by decreasing soil strength 
and increasing permeability (Lachenbruch, 1994). Such changes 
encourage increased water flow, which allows for increased 
advective heat transfer and accelerated melting that can progress to 
ice collapse and other disruptions in the landscape (Lachenbruch 
and Marshall, 1986; Osterkamp and Romanovsky, 1999).

Atmospheric Oscillations and their Influence in 
the Arctic

Large-scale, atmospheric oscillations including the El 
Niño Southern Oscillation (ENSO), North Atlantic Oscillation 
(NAO), and the Arctic Oscillation (AO) have a considerable 
influence on global climatic patterns and are a good indication of 
natural climate variability. Shifts in these indices influence Arctic 
atmospheric and oceanographic patterns (Rigor and others, 2002; 
Liu and others, 2004; Delworth and others, 2016) and may invoke 
corresponding changes in barrier morphology.

On a decadal scale, ENSO and NAO influence sea ice 
thickness. Spring Arctic sea ice thins faster after a winter El 
Niño event. As this ice thins, the more resilient multiyear sea 
ice becomes less prominent (Maslanik and others, 2007). In the 
Beaufort Sea, this phenomenon has been observed to affect the 
sea ice thickness by as much as 50 percent (Liu and others, 2004). 
The NAO has a strong influence on North America, Greenland, 
and Europe, and positive NAO leads to a stronger than normal 
subpolar low- and subtropical high-pressure belts. This increased 
pressure difference leads to a northward shift in storm tracks. 
Positive NAO can also decrease Arctic sea ice cover, especially 
in winter, because of the poleward transport of warmer air 
temperatures. Variations in the NAO can induce multidecadal 
climate variability in the Northern Hemisphere that leads to sea ice 
loss in the Arctic (Delworth and others, 2016).

Arctic atmospheric circulation patterns are directly affected 
by the AO, and a positive phase causes the jet stream to be farther 
north than average, shifting storms toward the Arctic (fig. 3). 
Changes to Arctic winds can also cause changes to drifting sea ice 
as seen during a positive AO phase, where old sea ice is pushed 
out of the Arctic Ocean. A negative phase causes a southward 
shift of the jet stream and fewer Arctic storms in addition to 
encouraging more of the older, thicker ice to stay in the middle of 
the Arctic Ocean (Liu and others, 2004).

The relations between the climate indices described above 
and barrier morphology in the Arctic has not been investigated. 
However, it is worth considering these indices in relation to barrier 
change as there are possible connections between the Arctic 
climate and these indices.

Changing Wave Conditions

The Arctic Ocean can be described by its low tide range, 
seasonally changing ice cover, and, relative to some lower latitude 
oceans, slow-moving currents, and low-energy waves (Walker, 
1984). Despite being influenced by ice most of the year, waves 
are a dominant physical process driving the morphodynamics of 
barriers in the Arctic Ocean. Waves in the Beaufort and Chukchi 
Seas are controlled by wind and the duration and amount of 
ice-free water available to generate surface waves (Thomson 
and others 2016). Coincident with the delay in the timing of the 
autumn ice advance, there is a trend toward stronger autumn 
storms (Serreze and others, 1993, 2001; Zhang and others, 2004). 
Clear trends in the annual duration of the open water season and 
in the extent of the seasonal sea ice minimum suggest that the sea 
state—the general condition of the free surface of a large body of 
water with respect to wind waves and swell at a certain location 
and moment—should be increasing, independent of changes in the 
wind forcing. This is supported by evidence of increasing wave 
energy along the coast of northern Alaska, which is corroborated 
by satellite altimeter estimates of wave energy (Thomson and 
others, 2016).

Changes to Arctic barriers are mostly attributed to these 
changing wave climates, similar to many lower latitude 
barriers, as well as ice processes unique to the Arctic. However, 
the exact causes for the overall degradation of barriers are 
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Figure 3.  Plot of normalized daily indices of Arctic Oscillation (AO) from 1950 to 2020 and 90-day running average (data 
from National Oceanic and Atmospheric Administration, 2020).
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not fully understood (Stutz and Pilkey, 2011). Factors such 
as sediment supply, sea-level rise, wave energy, changes to 
storm strength or frequency, and sediment entrainment in sea 
ice are all relevant factors that may contribute to the observed 
morphological variations. Understanding how these parameters 
shape Arctic barriers is crucial to projections of future stability 
and patterns of migration. This report will explore morphologic 
change in the context of the aforementioned environmental and 
climatic factors.

Methods

Shoreline Datasets

Barrier shoreline data were compiled from multiple sources 
including Gibbs and others (2017), Snyder and Gibbs (2019), and 
the National Oceanic and Atmospheric Administration (NOAA) 
Continually Updated Shoreline Product (CUSP; NOAA, 2019). 
This combined dataset is intended to be expanded upon and 
updated as more data become available in the coming years. The 
datasets map different shoreline proxies, including approximate 
mean high water (aMHW), instantaneous land-water interface 
(LWI), and mean high water (MHW) (Gibbs and Richmond 
2015; Gibbs and others, 2019; NOAA, 2019). The source, time 
period, spatial coverage, and shoreline proxy used for each dataset 
are listed in table 1. The vertical datum for the light detection 
and ranging (lidar) and structure-from-motion (SfM) elevation 

data is the experimental GEOID model xGEOID17b, which 
approximates the mean sea level in the region. The barriers in 
the study area were subdivided into 42 barrier chains based on 
location and continuity (appendix 1). Shoreline data were used 
to create the polygons that the morphometric changes are based 
upon. The locations of major island chains and gaps in data 
coverage are shown in figure 4. 

To assess change to barrier morphology over time, the 
shoreline data were divided into five analysis time periods, 
or eras: circa-1950s, 1980s, 2000s, 2010s, and 2020s These 
divisions are based on regional-scale mapping and image 
acquisition campaigns and thus, individual years may cross 
decadal boundaries (table 1). The 2020s-era data include only 
the most recent shorelines, since 2016, and are therefore not 
as spatially comprehensive as data from the other eras (fig. 4). 
The 2010s-era data are more spatially accurate and complete, 
compared to the 2020s data, but are not necessarily the most 
recent data available. Shorelines in the 2010s era were derived 
from high-resolution (< 1 meter) lidar and SfM data and are 
more accurate (2 to 15 meter [m] positional uncertainty) 
compared to the most recent 2020s-era shorelines derived from 
satellite imagery (4 to 23 m positional uncertainty). In addition, 
the NOAA CUSP dataset uses a MHW shoreline proxy, whereas 
the 1980s, 2000s, and 2010s data use a LWI shoreline proxy.

Among the morphometric parameters calculated was 
barrier sinuosity, which was measured by dividing the open-coast 
shoreline length by the along-coast straight line distance between 
barrier end points. By this calculation, a larger value indicates 
greater sinuosity. Note that in regions where shoreline data are 
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Table 1.  Data sources, spatial coverage, and shoreline proxies for each of the five analysis eras used in this study.

[T-sheet, topographic sheet; lidar, light detection and ranging; DEM, digital elevation model; SfM, structure from motion; aMHW, approximate mean high water; 
LWI, instantaneous land-water interface; MHW, mean high water]

Eras Organization Original data source (years) Spatial coverage
Shoreline 

proxy
1950s1 National Oceanic and 

Atmospheric Administration
T-sheets (1947, 1949)2 All regions aMHW

1980s1 U.S. Fish and Wildlife Service Orthorectified 1:64,000-scale color-infrared 
Alaska High-Altitude Aerial Photography 
(1978, 1979, 1980, 1982, 1985, 1986, 1987)3

All regions LWI

1980s1 National Oceanic and 
Atmospheric Administration

T-sheets (1986)2 Tapkaluk Islands; Cross Island aMHW

2000s1 U.S. Fish and Wildlife Service Pan-sharpened multispectral QuickBird 
satellite imagery (2003)

Staines River to the United States-
Canadian border

LWI

2000s1 U.S. Geological Survey Color-infrared digital orthophotographs 
quarter quadrangles (2002, 2005)

Utqiaġvik to Colville River delta LWI

2000s1 ConocoPhillips Color-infrared digital orthophotographs (2004, 
2006)

Thetis, Spy, Leavitt, and Cross 
Islands

LWI

2000s1 BP Exploration (Alaska), Inc. Digitized vector shorelines from planimetric 
maps (1997, 2001)

Offshore barrier islands from 
Reindeer Island to Brownlow Point

LWI

2000s1 BP Exploration (Alaska), Inc. Color-infrared digital orthophotographs (2006, 
2007)

Offshore barrier islands between 
Pingok and Stump Islands

LWI

2010s1 Geographic Information 
Network of Alaska

Alaska Statewide Orthoimagery Mosaic, 
SPOT5 satellite imagery (2010, 2011)

Portions of Peard Bay, Brownlow 
Point, Demarcation Bay

LWI

2010s1 U.S. Geological Survey Airborne lidar DEM (2009, 2010, 2011, 2012) United States-Canadian border to 
Icy Cape

LWI

2010s1 U.S. Geological Survey Orthorectified natural-color aerial photography 
and SfM-derived DEM (2016)4

Icy Cape to Cape Beaufort LWI

2020s5 National Oceanic and 
Atmospheric Administration

Continually Updated Shoreline Product (2016, 
2017, 2018, 2019)

United States-Canadian border to 
Icy Cape

MWH

1Gibbs and others, 2017; Snyder and Gibbs, 2019.
2NOAA shoreline survey scans (T-sheets and TP-sheets); available at https://nosimagery.noaa.gov/images/shoreline_surveys/survey_scans/NOAA_Shoreline_Survey_

Scans.html, accessed April 20, 2019. 
3Orthorectified by S. Arko, University of Alaska Fairbanks, in 2014 under contract with the U.S. Fish and Wildlife Service.
4Fairbanks Fodar, dba for Jago River Air, LLC.
5NOAA, 2019. 

Table 2.  Missing barrier chains in each of the five analysis eras.

Era Missing barrier chains

1950s None
1980s 16–18, 20, 25
2000s 32–42
2010s None
2020s 5, 11, 25–27, 29–31, 35, 39–42

missing (fig. 4), for example along the eastern Chukchi Sea coast 
for the 2000s-era, changes to morphology are considered to have 
no data. Eras for which specific barrier chains have no data are 
removed from comparative analyses.

Barrier Morphometrics and Change

Vector shapefiles of barrier shorelines were converted 
to polygons, and previously unmapped barriers and missing 
segments were digitized. Polygons for spits and barrier beaches 
were closed at the transition point to the mainland. Barrier 
polygons and polyline shorelines were used to calculate the 
following morphometrics of each barrier in each study era: 
number of islands (in each barrier chain), type (constructed 
or remnant), area (in square meters [m2]), perimeter length 
(in meters), exposed-shoreline length (length in meters of the 
shoreline on the exposed coast), straight-line length (length 
in meters between the western- and eastern-most points of 
the exposed shoreline), sinuosity (the ratio between exposed-
shoreline length and straight-line length), width (mean, maximum, 
minimum, and 25th and 75th percentiles), presence or absence of 
recurved features on either end of the island, presence and number 
of relict terminus features on either end of the island, presence of 

https://nosimagery.noaa.gov/images/shoreline_surveys/survey_scans/NOAA_Shoreline_Survey_Scans.html
https://nosimagery.noaa.gov/images/shoreline_surveys/survey_scans/NOAA_Shoreline_Survey_Scans.html
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Figure 4.  Map of study area on the North Slope of Alaska depicting specific eras and barrier chains with no data coverage. Barrier 
chains numbered east to west, from the United States-Canadian border to Cape Beaufort. Map base from Alaska Department of 
Natural Resources, 1:63,360-scale digital coastline data, 1998.
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tundra vegetation and approximate vegetation cover (for 1980s-era 
only), as well as barrier chain orientation (maximum, minimum, 
mean, median, and 25th and 75th percentiles). Elevation metrics, 
including mean, maximum, minimum, and median elevation, were 
extracted for all 2010s-era barrier polygons based on the 1-meter 
resolution digital surface models derived from 2010s-era lidar and 
SfM elevation datasets using the “Zonal Statistics as Table” tool 
in ArcMap, which summarizes statistics for a zone defined by the 
polygon(s) provided. 

The number of barriers in each island chain, barrier area, 
and perimeter length were similarly calculated from the polygon 
shapefiles in ArcMap. Exposed-shoreline and straight-line 
lengths were then calculated from vector shapefiles. Widths were 
calculated using transects created with the Digital Shoreline 
Analysis System (DSAS) v. 5 tool (Himmelstoss and others, 
2018). Transects were cast with 50-m spacing using existing 
offshore baselines from Gibbs and others (2017) and Snyder and 
Gibbs (2019) and then clipped to the barrier perimeter boundary. 

Width statistics were calculated for each barrier chain and each 
individual barrier using MATLAB. Barrier chain orientation 
statistics were also calculated in MATLAB using the X and 
Y points of transect intersections along the exposed shoreline. 
Presence of recurved features at the barrier terminus, as well as the 
number of relict termini, was visually identified.

The presence or absence of tundra vegetation and the 
approximate percentage covered on individual barriers was 
determined visually from the 1980s-era, color-infrared Alaska 
High-Altitude Aerial Photography (AHAP) photomosaics, 
because it was the only dataset with nearly complete and 
temporally consistent image coverage for the study area. 
Tundra vegetation coverage was interpreted as quartile 
percentages (0 percent, less than 25 percent, 25 to 50 
percent, 50 to 75 percent, and greater than 75 percent; fig.  5). 
Barriers with tundra presence are classified as remnant 
barriers, which have been isolated from the tundra mainland 
through thermal erosional and thermokarst processes 
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whereas barriers without tundra vegetation are classified as 
constructed barriers, which are accumulations of sand and 
gravel (Hopkins and Hartz, 1978). Barriers may exhibit signs 
of both remnant and constructed formation processes, and 
additional field data, such as core sampling, are needed to 
affirm barrier construction mechanisms. Still, the presence 
or absence of tundra vegetation is an important piece of data 
for understanding and distinguishing between these two 
types of formation processes. Owing to gaps in the image 
data, and the presence of cloud and ice cover, there is likely 
an underestimation of the tundra presence and coverage 
estimates. Additionally, because of seasonal fluctuations 
and long-term changes, the data likely do not reflect current 
ground conditions.

A distinction has been made between the active 
terminus, which refers to the current terminus of the barrier, 
and relict terminus, which is a previously formed terminus 
that has since been overtaken by a new, active terminus. 
At some locations, there can be multiple active and relict 
termini where bifurcations develop in association with the 
start of recurvature in the terminal shoreline (fig. 5C). When 
identifying relict termini, this study considers whether 

Figure 5.  Aerial images showing example estimates of visually determined tundra vegetation coverage. A, Less than 25 percent at barrier 
chain 39; B, 25 to 50 percent at barrier chain 34; C, 50 to 75 percent at barrier chain 40; D, Greater than 75 percent at barrier chain 13.
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individual termini remain exposed to the coast and considers 
termini as relict only when direct exposure to ocean waves is 
fully lost. Recurvature refers to the active terminus at either 
end of a barrier and is considered present when the barrier 
makes a distinct curve, often forming arcuate or crescentic 
islands (as seen in fig. 5B and 5D).

To facilitate the identification of differences in 
oceanographic influences, as well as compare regional 
trends in morphometric data, the results from this study are 
presented in the context of their respective coastal regions 
along the Beaufort and Chukchi Seas. Additionally, short-term 
temporal comparisons are made from era to era and long-term 
comparisons are made between both the 1950s and 2010s as 
well as between the 1950s and 2020s eras.

Wave Climate

Change in the wave climate over time was evaluated 
with the fifth generation European Centre for Medium-range 
Weather Forecasts (ECMWF ERA5; Hersbach and others, 
2019) atmospheric and ocean reanalysis of the global climate. 
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Reanalysis combines model data with observations from 
across the world into a globally complete and consistent 
dataset. Hourly wave data (significant wave height [the mean 
of the highest 1/3 of waves], mean direction, and mean wave 
period) for the ice-free season between June to November 
were extracted for the years between 1979 to 2019. Nearshore 
grid points were downloaded from the ECMWF website1 
and used to compute changes in the wave climate. The effect 
of changing wave direction over time is also considered in 
relation to barrier orientation.

Results 
Results from this study, including vector shorelines with data 

sources and polygons with morphometric data, are available in the 
associated data release (Hamilton and others, 2021).

Tundra Presence and Percentage Covered

Tundra vegetation was identified on 21 (approximately 17 
percent) of the 1980s barriers in the study area, most of which (16, 
or 13 percent) were along the Chukchi Sea coast, with far fewer 
(5, or 4 percent) along the Beaufort Sea coast (fig. 6). On barriers 
where tundra vegetation was present, the percentage covered was 
relatively low on Chukchi Sea coast barriers (7 of 16 barriers, 
or 44 percent, had less than 25 percent coverage) compared to 
Beaufort Sea coast barriers (4 of 5, or 80 percent, had greater than 
25 percent vegetation coverage).

Number of Barriers

The change in the number of barriers, and whether that 
change is caused by barrier formation or degradation, is an 
important indication of the stability of the barrier system. Factors 
that can contribute to uncertainties in the number of barriers 
mapped, and therefore counted in each island chain, include the 
shoreline datum or proxy being mapped, the water level at the time 
the image was taken, and (or) the ability to distinguish exposed, 
low-lying land from the water surface in the lidar digital elevation 
model (DEM) dataset. 

Overall, the number of barriers along the entire study area 
decreased over time, with 173 barriers accounted for in the 
1950s, 123 in the 1980s, and 120 in the 2010s (these are the 
most complete datasets). Table 3 presents the change in number 
of barriers between each study era and highlights where chains 
are primarily gaining, losing, or unchanging. Despite the general 
decrease in number of barriers, barrier chains are relatively 
stable in the Chukchi Sea (table 3 and fig.  7). However, lack of 
imagery of the Chukchi Sea coast in the 2000s requires caution in 
interpreting this result.

1Available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-
era5-single-levels?tab=form.

Figure 6.  Pie diagrams showing tundra vegetation coverage 
(in percent [%]) on barrier islands in North Alaska. A, Presence 
and absence of tundra vegetation on all barriers within the study 
area, as interpreted from 1980s-era Alaska High-Altitude Aerial 
Photography imagery. B, Approximate percentage covered 
by tundra vegetation on islands where tundra vegetation was 
identified on the Chukchi Sea coast. C, Approximate percentage 
covered by tundra vegetation on islands where tundra vegetation 
was identified on the Beaufort Sea coast.
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Table 3.  Change in total number of barriers in barrier chains between analysis eras for the study area in North Alaska. 

[Values are percentages]

Change observed 1950s to 1980s 1980s to 2000s 2000s to 2010s 2010s to 2020s 1950s to 2010s 1950s to 2020s
Whole study area

Gain 30 58† 58† 17 31 48†

Loss 41† 15 16 55† 40† 24
Unchanged 30 27 23 24 29 28

Beaufort Sea
Gain 27 58† 16 61† 23 52†

Loss 46† 15 61† 26 48† 22
Unchanged 27 27 23 13 26 26

Chukchi Sea
Gain 36 NA NA 33 45† 33
Loss 27 NA NA 0 18 33
Unchanged 36 NA NA 67† 27 33

† and bold numbers indicates the highest percentage.

Figure 7.  Plot showing the number of individual barriers per barrier chain for each analysis era from Cape Beaufort (west) to the United 
States-Canadian border (east). Barrier chain number reflects the number assigned based on location from the east to west edges of the 
study area.
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Conversely, barrier chains in the Beaufort Sea fluctuate 
between increasing and decreasing numbers of barriers in 
barrier chains over time. The greatest short-term changes in 
the Beaufort Sea occur where the majority of barrier chains 
(61 percent) experienced both a loss (2000s to 2010s, 116 
chains) and a gain (2010s to 2020s, 73 chains) in number of 
barriers. Despite an overall loss of individual barriers between 
the 1950s and 2010s, barrier chains in the Chukchi Sea have 
still gained chains, indicating that the losses in the Beaufort 
Sea outweigh the gain in barriers along the Chukchi Sea. 
Notably, the relatively high image resolution of the 2010s 
data may allow for more detailed identification of individual 
barriers, partly accounting for the large difference in number 

of barriers identified using the 2010s data versus the lower 
resolution 2020s data.

Barrier Area

Barrier area fluctuated between eras, generally increasing 
between the 1950s and 1980s, decreasing into the 2000s, 
increasing into the 2010s, and finally decreasing into the 2020s 
(table 4). Individual chains were found to be relatively stable 
over time; however, some notable changes can be seen in, for 
example, chains 1, 5, 13, and 22 (fig. 8). Again, it should be 
noted that changes involving the 2020s data are largely affected 
by differences in data coverage and quality. Specifically, the 
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Figure 8.  Plot showing the barrier chain area per length (in square meters per meter [m2/m]) of individual barrier chains for each 
analysis era from Cape Beaufort (west) to the United States-Canadian border (east). Barrier chain number reflects the number assigned 
based on location from the east to west edges of the study area. Barriers are separated by location in the Chukchi and Beaufort Seas.

Table 4.  Change in barrier chain area per length of barrier, over time, for the study area in North Alaska.

[m2/m, square meter per meter; m2/m/yr, square meter per meter per year]

Observation 1950s to 1980s 1980s to 2000s 2000s to 2010s 2010s to 2020s 1950s to 2010s 1950s to 2020s
Entire study area

Area (m2/m) 337 −52 220 −191 581 236
Rate of change (m2/m/yr)1 9 −2 12 −19 8 3

Beaufort Sea
Area (m2/m) 189 −52 220 −190 428 155
Rate of change (m2/m/yr)1 5 −2 12 −19 6 2

Chukchi Sea
Area (m2/m) 148 NA2 NA2 −1 153 81
Rate of change (m2/m/yr)1 4 NA2 NA2 0 2 1

1Data are based on maximum number of years between eras. For 1950s to 1980s = 40 years, 1980s to 2000s = 29 years.
2Only island chains with data in both eras being compared are used to avoid over or underestimations of area change.

use of CUSP shorelines in the 2020s (table  1) may lead to a 
relative underestimation of total barrier area reported for that 
era. Over the long term (1950s to 2010s), total barrier area 
increased by nearly 20 million m2 (9 square meters (area) per 
length of the barriers (meter) per year [m2/m/yr]) across the 
entire North Slope (appendix 2). Most of this increase in area 
occurred in the larger region of the Beaufort Sea. Short-term 
losses were also found to be prevalent in the Beaufort Sea. 
In the Chukchi Sea, barrier chains generally had a larger area 
and temporal fluctuations were less severe. Larger, long-term 
increases in the area of barrier chain 34 is mostly attributed 
to a short-term increase in area between the 1950s and 1980s 
eras. Short-term changes and lack of data for the Chukchi Sea 

in the 2000s make it difficult to assume any longer term trends 
along that coast; however, the overall rate of area change is 
approximately one-third that of the change seen in the Beaufort 
Sea (table 4).

Barrier Elevation 

Elevation data were extracted for the 2010s polygon 
boundaries from two sources: a 1 meter DEM derived from 
airborne lidar acquired between 2009 and 2012 between the 
United States-Canadian border to Icy Cape and a 1 meter DEM 
derived from SfM data acquired in 2016 from Icy Cape to Cape 
Beaufort (table 1).
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Figure 9.  Map showing the mean elevation of barriers and the mean elevation distribution for Chukchi and Beaufort Sea coast barriers 
based on available light detection and ranging (lidar) and structure-from-motion (SfM) from the 2010s-era data. %, percent; m, meter.

Figure 10.  Plot of kernel probability density estimates of barrier elevations (in 
meters) with and without tundra vegetation present (based on 2010s data) for the 
study area in North Alaska.

Barrier islands along the North Slope coast are generally 
low lying, with 75 percent of them having a maximum elevation 
of less than 3 m. The highest barriers measured are located 
along the Chukchi Sea coast offshore of Point Lay (8.1 m) 
and near Icy Cape (7.3 m). Along the Beaufort Sea coast, the 
highest barriers include Flaxman Island, Eskimo Islands, and 
Cross Island, all of which reach more than 6 m high. The mean 
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elevation of individual barriers is shown in figure 9 along with 
the distribution of mean barrier elevations along the Chukchi 
and Beaufort Sea coasts. Mean barrier elevation varied across 
the North Slope, with mean elevations predominantly less 
than 1 meter above sea level along the Beaufort Sea coast and 
elevations generally higher, between 1 and 2 m above sea level, 
along the Chukchi Sea coast.

Probability density estimates, using a 
kernel smoothing function,2 shows that the 
probability of higher elevations is greater in 
barrier chains with tundra present (fig. 10), 
and that the most likely elevation of barriers 
with tundra vegetation is approximately 
0.8 meter higher than those without tundra 
vegetation (0.3 meter versus 1.1 meters 
above sea level).

Barrier Width

Boxplots showing the spatial and 
temporal distribution of barrier chain widths 
are presented in figure 11. Minimum, 
maximum, mean, and 25th and 75th 
percentile widths were also calculated but are 

2A kernel distribution is a nonparametric 
representation of the probability density function (pdf) 
of a random variable. This distribution is defined by a 
smoothing function and a bandwidth value that controls 
the smoothness of the resulting density curve. Similar 
to a histogram, the kernel distribution builds a function 
to represent the probability distribution using the 
sample data. But unlike a histogram, which places the 
values into discrete bins, a kernel distribution sums the 
component smoothing functions for each data value to 
produce a smooth, continuous probability curve. Kernel 
distributions were calculated using MATLAB.  
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Figure 11.  A, Map of barrier chains in the study area in North Alaska. Numbers show the barrier chains; numbers are assigned based on 
location from the east to west edges of the study area. Boxplots of barrier chain widths (in meters [m]) colored by era are shown for the 
Beaufort Sea (B) and Chukchi Sea (C) coasts. 
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not shown. Average barrier widths over time range between 83 and 
132 m (table 5). Additionally, the average widths of barriers in the 
study area have increased over time, which corresponds with the 
increase in area presented above. Average barrier width is generally 
greater in the Chukchi Sea, and while barrier widths do vary over 
time, they remain relatively stable over the long term (fig. 11). 
Barrier chains 7 and 13, for example, experienced notable decreases 
in mean width between the 1950s and 1980s eras. A kernel 
distribution (fig. 12) also shows that width is related to the presence 
of tundra, and barriers with tundra vegetation tend to be wider.

Figure 12.  Plot of kernel probability density estimate of barrier chain width 
(in meters [m]) for barriers with and without tundra vegetation present.

Table 5.  Mean widths (in meters) of barriers in the study area 
over time.

Region 1950s 1980s 2000s 2010s 2020s

Entire study area 83.3 103.8 NA 132.1 116.8

Beaufort Sea 73.7 86.0 90.6 116.7 114.3

Chukchi Sea 126.8 181.3 NA 187.9 137.5
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Barrier Sinuosity

The sinuosity of barriers is shown to be stable in the long 
term yet fluctuate in the short-term (between eras). A boxplot of 
barrier chain sinuosity for the different analysis areas shows this 
trend, and additionally highlights the difference in sinuosity of 
barriers along the Beaufort and Chukchi Sea coastlines (fig. 13). 
Barriers are slightly less sinuous on the Chukchi Sea coast and 
show less variation through time than those along the Beaufort Sea 

coast. Sinuosity is highest between barrier chains 13 and 25 along 
the central Beaufort Sea coast where barriers are more arcuate. 
The kernel probability density estimate indicates that sinuosity 
values close to 1.0 are probable for both barriers with and without 
tundra present (fig. 14). Therefore, tundra presence is not a good 
indicator of sinuosity. However, no barriers in the study area with 
tundra vegetation had sinuosity levels greater than approximately 
1.6. This correlation did not apply to barriers without tundra, some 
of which had sinuosity levels greater than 2.
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Figure 13.  A, Map of barrier chains in the study area in North Alaska. Numbers show the barrier chains; numbers are assigned based on location 
from the east to west edges of the study area. Boxplots of barrier chain sinuosity over time along the Beaufort Sea (B) and Chukchi Sea (C) coast. 
Chains with less than three islands are presented as single data points. Chains with fewer than three barriers are presented as a single data point.
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Recurved Features and Relict Termini 

It is of interest to test the relation between recurved features 
and the presence of relict termini because of the apparent overlap 
in their formation. Both features are products of changing wind 
and wave conditions, as well as sediment availability. The 
presence of recurved barriers and number of relict termini on 
barriers varied widely over the study period, highlighting the 
dynamic nature of these features (figs. 15 and 16, respectively). 
Most barriers along the North Slope do not have recurved features 
on either terminus, but when present, it is generally most common 
that they exist on both ends. When only present on one end, relict 
termini were more common on the eastern terminus of barriers, 
though some exceptions do exist, for instance in the 1950s along 
the Chukchi Sea coast and in the 1980s along the Beaufort Sea 
coast (fig 15). Between the 1950s and 2010s eras, the number 
of recurved barriers increased. Most of this increase occurred 
on barriers in the Chukchi Sea, although there are relatively few 
recurved barriers along the Chukchi Sea coast compared to the 
Beaufort Sea coast. Relict termini were more common features on 
the eastern terminus of barriers on the Beaufort Sea coast whereas 
fluctuations between eras show no clear trend for barriers in the 
Chukchi Sea (fig. 16).

A recurved barrier was shown to be a poor predictor of 
the presence of relict termini on both the western (R2=0.54) and 
eastern (R2=0.55) terminus of barriers along the Beaufort Sea. 

Figure 14.  Plot of kernel probability density estimate of sinuosity for 
barriers with and without tundra vegetation present.
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In the Chukchi Sea, a recurved barrier terminus was not a good 
predictor of relict termini on the eastern end (R2=0.12), but a good 
predictor (R2>0.6) variable for relict termini on the western end 
of barriers (R2=0.65). Still, a recurved barrier does not necessarily 
indicate the presence of relict termini as the results pose a notable 
level of uncertainty.

Barrier Orientation

Barrier orientation data are presented as a cardinal angle (in 
degrees) for which the median barrier chain shoreline orientation 
is represented by the angle vector. Barrier chains with a median 
orientation of 90 or 270 degrees would therefore have a shoreline 
running straight from east to west (further clarified in fig. 17). 
The average orientation of barriers is between 145 and 162 
degrees across the study area, and most barriers trend parallel to 
the mainland coast. Chains along the Beaufort Sea coast have 
smaller orientation values, below 160 degrees (from northwest 
to southeast) whereas barriers in the Chukchi Sea have greater 
orientation values (above 180 degrees, or southwest to northeast; 
table 6). Over time, mean barrier orientation values along the 
entire North Slope have become larger, indicating a clockwise 
shift in barrier orientation. This shift occurred primarily along the 
Beaufort Sea coast where barriers are increasingly oriented to the 
southwest (fig. 17).
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Figure 15.  Maps of the North Alaska study area showing the presence of recurved features on barriers 
along both the Chukchi and Beaufort Sea coasts for the five analysis eras. %, percent.
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Wave Climate and Barrier Orientation

Wave heights, incident directions, and their probability of 
occurrence across the study area are summarized in decadal wave 
rose diagrams in figure 18, and further detailed in appendix 3. 
Wave data are only available from 1979, so earlier data are not 
presented. Figure 18 also shows the median value of barrier island 
outer coast azimuths (orientations) within each barrier chain.

Most waves approach from the east to northeast. Results 
show the direction of incoming waves has changed over time, 
and waves reaching significant wave height approach from 
a wider range of directions (fig. 18). Mean significant wave 
heights are slightly smaller in the central Beaufort Sea, and 
both wave height and mean wave period (not shown) have 
increased since the 1980s era. In the Beaufort Sea, an easterly 
shift in wave direction coincides with a similar shift in barrier 
orientation. This is not as clear along the Chukchi Sea coast 
where fewer data are available and fewer changes are seen in 
barrier orientation.

Summary
This report summarizes changes to barrier morphology 

in time and space along the North Slope of Alaska between 
the United States-Canadian border and Cape Beaufort from 
1947 to 2020. Overall, there has been a decrease in the total 
number of barriers—although some barrier chains have also 
experienced increases in number of barriers—and an increase 

in barrier chain area since 1947. Barriers in the Chukchi Sea 
were found to have a greater area, width, and elevation than 
those in the Beaufort Sea, and these morphometrics were more 
stable over time in the Chukchi Sea. Tundra presence was 
found to be a good indicator for greater mean barrier chain 
widths (greater than 200 m) and higher mean barrier chain 
elevations (greater than 1 meter). Though tundra vegetation 
certainly helps stabilize these barriers, whether it is the relative 
geologic stability allowing for greater vegetation density 
or the presence of tundra vegetation that is stabilizing the 
barriers is still unclear. The mean sinuosity of barrier chains 
in the Beaufort Sea is higher, reflecting more mobile features 
associated with constructed barriers, and though tundra 
vegetation does not necessarily determine lower sinuosity 
values, absence of tundra is associated with barriers of greater 
sinuosity (greater than 1.6).

Barriers are simultaneously becoming wider and 
shifting clockwise in the Beaufort Sea. Changing wave 
climate along the Beaufort and Chukchi Sea coasts may help 
explain changes to barrier orientation and may also have a 
considerable effect on the number of barrier islands, number 
and presence of relict termini, and barrier recurvature. Further 
analysis of climate indices and local wave conditions are 
still needed to assess these effects. Variations in total number 
of barriers may be caused by changing levels of sediment 
supply, and (or) perhaps caused by changing wave climate that 
can cause local instances of island division owing to storm 
breaching and flooding.

Barriers are more often recurved on both ends rather than 
on just one. Fewer barriers are recurved now compared to 
the 1950s era, which may be because of the addition of new 
barriers that have not yet been recurved by wind and waves. 
Relict termini that have been overtaken by a new terminus 
are more numerous on the western ends of barriers. Changing 
wave climate in both the Beaufort and Chukchi Seas may also 
help explain the recurvature of barriers and the presence of 
relict termini. As waves become more easterly in the Beaufort 
Sea, the diffraction of waves on the eastern end of barriers 
could help recurve the barriers and form new termini over 
time. Recurvature of barriers was shown to be a poor predictor 
for the presence of relict termini. As wave heights increase 
over time, and wave directions become increasingly easterly, 
barrier orientations are shifting clockwise along the Beaufort 
Sea coast whereas this is less clear in the Chukchi Sea where 
barrier orientation and number of barriers have been more 
stable over time.

Table 6.  Mean and range of orientation (in degrees) of barriers 
in the North Alaska study area for the five analysis eras.

Region 1950s 1980s 2000s 2010s 2020s

Mean orientation

Entire study area 156.6 161.7 145.2 159.5 158.9

Beaufort Sea 144.0 149.4 145.2 148.0 153.2

Chukchi Sea 191.8 190.8 NA 192.0 180.6

Orientation range

Entire study area 145.0 143.2 NA 143.4 144.4

Beaufort Sea 143.2 129.6 133.0 135.8 126.8

Chukchi Sea 142.6 143.2 NA 143.4 144.4

Figure 18.  Maps of the North Alaska study area showing wave conditions at points along the Chukchi and Beaufort Sea coasts 
as well as mean barrier chain orientation for the 2020s, 2010s, 2000s, and 1980s eras. Numbers represent ERA5 wave grid points 
and are numbered from west to east. Rose diagrams show cardinal directions in degrees. m, meter; ERA5, fifth generation of the 
European Centre for Medium-range Weather Forecasts.
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Appendix 1 

Barrier chain 
number

Type Name or geographic area

1 Spit Spit on the east side of Demarcation Bay
2 Island(s) West Demarcation Bay to Beaufort Lagoon (including Icy Reef)
3 Spit Beaufort Lagoon to Pokok Bay
4 Mixed Pokok Lagoon to Jago Spit
5 Island(s) Jago Spit
6 Island(s) Bernard Spit
7 Spit Spit on the east side of Barter Island
8 Spit Spit on the west side of Barter Island
9 Island(s) Arey Island to Hulahula River delta

10 Island(s) Hulahula River delta to Sadlerochit River (delta fronting barriers)
11 Island(s) Canning River delta
12 Mixed Canning River to Brownlow Point
13 Island(s) Flaxman Island
14 Island(s) Duchess Island
15 Island(s) Alaska and Challenge Islands
16 Island(s) Belvedere and Pole Islands
17 Island(s) Jeanette, Karluk, and McClure Islands
18 Island(s) Narwhal Island
19 Island(s) Cross and Bartlett Islands
20 Island(s) Argo, Reindeer, and Midway Islands
21 Island(s) Stump and Egg Islands
22 Island(s) Return, Long, Cottle, Bodfish, Bertoncini, Jones, Pingok, and Leavitt Islands 
23 Island(s) Spy Islands
24 Island(s) Thetis Island
25 Island(s) Eskimo Islands
26 Island(s) Pogik Point
27 Mixed Sinclair River to Sanigaruak Pass and Tulimanik, Kulgurak, and Igalik Islands
28 Island(s) Sanigaruak Pass to Ekilukruak Entrance and Martin, Cooper, and Plover Islands
29 Island(s) Tapkaluk Islands
30 Island(s) Deadmans, Crescent, and Doctor Islands
31 Spit Point Barrow area
32 Island(s) Spit on the east side of Peard Bay
33 Island(s) Seahorse Islands
34 Spit Point Franklin
35 Spit Kuk River (Point Marsh) 
36 Island(s) Kilmantavi to Pingorarok Pass
37 Island(s) Pingorarok Pass to Akoliakatat Pass
38 Island(s) Akoliakatat Pass to Icy Cape Pass
39 Island(s) Icy Cape Pass to Utukok Pass, Solivik Island
40 Island(s) Utukok Pass to Kukpowruk Pass
41 Island(s) Kukpowruk Pass to pass south of Naokok Pass
42 Spit Spit on the southwest side of Kasegaluk Lagoon 

. Feature Type and Name or Geographic Area of Barrier Island Chains
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Appendix 2. Total Barrier Chain Area

[Values are in square meters. Dashes indicate chains where data are missing]

Chain 1950s 1980s 2000s 2010s 2020s
1 614,004 606,323 521,221 590,714 599,426
2 3,972,480 4,089,166 4,061,283 4,582,898 4,190,377
3 627,358 690,045 918,235 1,196,195 979,316
4 1,798,156 1,640,374 2,292,587 2,597,980 2,528,217
5 618,629 1,360,947 1,224,733 1,253,803  -
6 1,093,969 1,197,922 1,164,428 1,147,098 1,006,747
7 532,149 489,053 521,115 503,376 506,128
8 248,666 337,831 383,335 413,069 466,423
9 1,261,700 1,201,066 1,266,256 1,356,999 1,470,100

10 226,384 182,740 1,095,951 1,152,865 850,162
11 389,180 346,283 1,061,098 972,116  -
12 411,015 586,756 791,668 1,152,396 1,141,283
13 3,289,936 3,157,330 2,911,683 2,513,460 2,416,967
14 329,195 581,607 661,325 784,425 924,209
15 302,342 422,979 543,244 538,861 550,718
16 780,297  - 1,015,810 933,536 920,941
17 268,460  - 189,940 85,391 393,921
18 350,520  - 380,067 396,778 393,921
19 540,533 650,777 634,995 637,643 492,472
20 189,453  - 353,270 712,250 500,631
21 407,004 553,615 629,052 777,336 935,356
22 7,162,169 6,286,686 6,461,097 7,329,176 6,472,919
23 479,581 491,063 664,925 731,575 655,643
24 523,843 594,635 531,329 626,671 597,791
25 1,280,930  - 1,178,729 1,204,985  -
26 365,968 262,001 274,921 269,681  -
27 959,064 1,440,875 1,756,611 1,487,602  -
28 1,778,170 2,123,277 2,154,346 2,385,195 2,263,963
29 997,421 1,369,716 1,769,365 1,674,406  -
30 188,148 276,916 335,024 300,835  -
31 2,435,377 2,387,394 2,357,701 2,354,406  -
32 740,002 749,123  - 1,097,260 1,051,616
33 248,920 98,151  - 395,642 240,407
34 8,485,879 9,422,723  - 9,803,130 9,818,191
35 2,479,637 2,156,909  - 2,762,673  -
36 2,243,965 1,989,521  - 1,738,638 1,963,976
37 3,214,741 3,077,727  - 3,137,307 3,830,872
38 4,590,600 4,952,838  - 4,634,142 3,671,638
39 7,584,862 7,601,290  - 8,073,099 -
40 11,044,963 11,876,888  - 11,888,089 -
41 5,509,368 5,991,113  - 13,645,177 -
42 5,043,792 5,504,049  - 5,558,807 -

Total 85,608,831 86,747,708 40,105,340 105,397,684 51,834,329
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Appendix 3 

ERA5 1980s 2000s 2010s 2020s 
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Figure 3.1.  Rose diagrams of wave direction through time, shown in cardinal directions (in 
degrees). Waves are colored by height, in meters (m). ERA5, fifth generation of the European Centre 
for Medium-range Weather Forecasts.

. Wave Rose Diagrams for Each Era at Different Locations along 
Alaska’s North Slope
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Figure 3.1.—Continued
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