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Drew Point, an unlithified ice-rich permafrost coastline along the Alaskan Beaufort Sea, is among the 
most rapidly eroding Arctic coastlines, with an average erosion rate of 19 m/yr from 2007 to 2019. 
We use 16 high-resolution remote sensing datasets (satellite, airborne, and UAV imagery) to analyze 
erosion mechanisms (thermal abrasion and denudation) in relation to environmental forcings along a 
1.5 km stretch of coastline during the 2018 and 2019 open water seasons. In a striking contrast, 2019 
exhibited the highest mean erosion rate (34.5 m) within the 2007–2019 record, while 2018 had the 
second lowest (11.2 m). Block failure contributed to sub-seasonal erosion rates 6 to 21 times higher 
than thermal denudation, with staggered block fall timing, lag responses post-storm, and non-
storm block collapse influencing overall erosion magnitude and timing. To quantify wind effects, we 
developed wind sums, a metric combining cumulative wind speed and directional data that can be used 
as a proxy for integrated storm intensity capable of incorporating lagged responses that correlated 
strongly with erosion at sub-seasonal and annual scales. Our findings emphasize the dominant role of 
wind during periods of open water and air temperature during the thaw season in driving permafrost 
coastline erosion dynamics, while highlighting the importance of spatiotemporally high-resolution 
datasets for understanding Arctic coastal change dynamics.
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Arctic coastlines represent the intersection between ocean and terrestrial permafrost systems. Approximately 
34% of global coastlines are impacted by permafrost1. Of the coastlines impacted by permafrost, 35% are 
classified as lithified coasts that typically include rocky shorelines and fjords where erosion is primarily driven 
by freeze-thaw processes; the other 65% of coastlines are classified as unlithified deposits where erosion is 
driven by permafrost degradation2. Unlithified Arctic coasts are generally characterized by permafrost deposits 
that are actively eroding at variable rates1 due to the temporal and spatial variability in terrestrial permafrost 
conditions, ground-ice content, sediment composition, ocean forcing, and hydrometeorological conditions1–3. 
Contemporary mean annual erosion rates at monitored locations that include both lithified and unlithified 
coats vary between 0.1 m/year (Calypsostranda, Greenland Sea) to 17.2 m/year (Drew Point, Alaskan Beaufort 
Sea)4with average pan-arctic erosion rates projected to increase this century5. Coastal erosion processes are 
primarily restricted to the summer and fall seasons as sea ice presence and frozen conditions in winter causes 
these processes to become mostly dormant for eight to nine months of the year6. Changes to coastal systems 
and erosion rates affects the amounts of carbon and material exported to oceans5,7–10near-shore and terrestrial 
ecosystems11coastal morphologies2,6human subsistence lifestyles12and coastal infrastructure11,13.

The most rapidly eroding coasts in the Arctic are unlithified coastlines found in the Laptev, East Siberian 
and Beaufort Seas1,2,5. These coastlines are bonded by ice-rich permafrost, containing ~ 17–30% volumetric 
ground ice content or even more locally1. The dominant erosional processes of ice-rich permafrost coastlines 
are thermal denudation and thermal abrasion14–17 resulting from their unique coastal cliff morphology16. 

1Institute of Northern Engineering, University of Alaska Fairbanks, Fairbanks, USA. 2Alfred Wegener Institute 
Helmholtz Centre for Polar and Marine Research, Potsdam, Germany. 3Deutsches Zentrum für Luft- und Raumfahrt 
e.V. (DLR), Berlin, Germany. 4b.geos GmbH, Korneuburg, Austria. 5Sandia National Laboratories, Albuquerque, 
USA. email: mkwardjones@alaska.edu

OPEN

Scientific Reports |        (2025) 15:19798 1| https://doi.org/10.1038/s41598-025-04753-3

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-04753-3&domain=pdf&date_stamp=2025-6-5


Thermal denudation refers to the slumping or subsidence of materials at the top of the bluff from ground ice 
melt under the influence of solar radiation, heat advection, and gravity16,17. Thermal abrasion (also referred to 
as thermo-mechanical erosion) occurs from the combined mechanical erosion from wave action (mechanical 
erosion) and thermal erosion from sea water that can also generate block failure14,15. Thermal abrasion generates 
the development of thermoerosional niches at the base of the coastal bluffs that recedes landward and causes 
toppling block failure and overhanging material to fall translationally17,18. To continue thermoerosional niche 
formation, any material in front of the bluff face, such as already fallen blocks that provide temporary protection 
from erosion, must be completely removed19.

Erosion of ice-rich permafrost bluffs occurs from a multitude of interconnected environmental parameters, 
including open water season (OWS) lengths, wave heights, ocean temperatures, meteorological conditions, 
permafrost temperatures, bluff height and bluff composition (sediments and ground ice content)2. Field 
observations, including the use of time lapse cameras, has shown that erosion is highly episodic with individual 
storm events able to contribute most of an annual total erosion amount in a given year19–21. Studies have shown 
that certain parameter changes, such as increased numbers of storms and longer OWSs, are coinciding with 
measured increased rates of erosion, and only a few studies have found significant correlations for mean erosion 
(particularly for abrasion processes) for ice-rich permafrost bluffs22–24. Challenges in studying Arctic coastal 
erosion processes include the remoteness of study locations and thus a lack of continuous observations and 
the focus of many studies on decadal observations12,25–31 with few studies composed of annual21,24,32 to sub-
decadal observations22,23,33. Jones et al.21 attributes the observed lack of correlations at Drew Point to (1) either 
insufficient resolutions or accuracies of parameters, (2) that erosion cannot be explained by annual dynamics 
but rather extreme weather events or long-term transient effects, or (3) that some parameters controlling erosion 
have not yet been considered in studies. Furthermore, remote sensing studies typically capture blufftop erosion 
as a response to erosional-niche development but do not directly measure the intricate processes driving niche 
formation.

One of the challenges of better understanding remote Arctic coastlines dynamics with environmental forcing 
factors is the lack of both high spatial and temporal resolution datasets. Our detailed study focuses on a subset 
of 1.5 km of coastline at Drew Point, located on the Alaskan Beaufort Sea Coast between Utqiaġvik and Prudhoe 
Bay (Fig. 1). The studied coastline subset lies within the 9 km coastal segment initially investigated in Jones 
et al.21,27and we also provide an update to the 9 km erosion time series in Jones et al.21 through to 2019. In 
addition, we provide a 16-image time series of the entire 2018 (5 timesteps) and 2019 (10 timesteps) OWSs using 
a combination of high-resolution remote sensing imagery from UAV surveys, airborne multispectral sensors 
(DLR MACS), and commercial satellites (Worldview, ©Maxar). The purpose of this study is to evaluate thermal 
abrasion and denudation erosion dynamics at annual and sub-seasonal scales in relation to environmental 
factors, including wind speed and direction, storms, air temperature, thawing degree day (TDD) sums, sea 
surface temperatures (SST), ground temperatures down to 1.2 m depth that includes the active layer and upper 
part of permafrost, and precipitation. We further identify statistically significant relationships between erosion 
and these environmental parameters across both sub-seasonal and annual timescales. By providing detailed 
insights into the drivers of erosion at high spatial and temporal resolution, this study improves our understanding 
of Arctic coastal dynamics of ice-rich unlithified coastlines and helps to inform predictions of future erosion of 
these coastlines in a rapidly changing climate.

Study area
Drew Point lies in the zone of continuous permafrost within the Alaskan Coastal Plain along the Beaufort Sea 
Coast. It is located approximately halfway between Utqiaġvik (formerly Barrow) and Prudhoe Bay (Fig. 1). Mean 
annual ground temperature is approximately − 9 °C, measured at a depth of 20 m34. Permafrost in this region 
is ice-rich with pore and segregated ice accounting for 50 to 80% of the soil matrix and ice wedges contributing 
approximately 30% of the 80–90% total estimated volumetric ground ice content35. Ice wedges are typically 1 
to 4 m wide and penetrate 3 to 5 m into the surface dissecting ice-rich Holocene-aged lacustrine silts with local 
peat accumulations. On average bluff heights are 4.4 m above mean water levels and eroded fine-grain sediment 
is typically transported away rather than accumulating at the base of the bluffs21. Erosional estimates of released 
total organic carbon into the Alaskan Beaufort Sea averaged 1,369 kg C m − 1 year − 1 between 2002 and 2018, 
doubling since the last half century36.

The orientation of the coastline section under study runs approximately east-west20. The most common 
wind direction at Drew Point, measured by a USGS automatic weather station (located at 70°51.872’N; 
153°54.405’W)37come from the east and northeast with a secondary maximum from the west. Surface winds 
coming from the west raise water levels and cause mixing of the stratified water column of varying temperatures20. 
Surface winds coming from the east drive down water levels away from the bluff face and lead to water cooling20.

Past studies at Drew Point have focused on coastal erosion and sea ice dynamics. Jones et al.27 found decadal 
trends in increased rates of coastal erosion with mean annual rates increasing from 6.8 m/year to 8.7 m/yr to 13.6 
m/yr for the time periods of 1955 to 1979, 1979 to 2002 and 2002 to 2007, respectively. Jones et al.21 provided 
a decade of annual erosion amounts between 2007 and 2016 with a mean erosion rate of 17.2 m/yr for the 
whole period but found no significant correlation between erosion amounts and potential environmental divers. 
Barnhart et al.20 used timelapse photography of erosion to calibrate a coastal erosion model to model erosion 
between 1979 and 2011 and found that the length of the OWS along with water temperature and exposure 
had the greatest control within the model for long-term coastal erosion rates. Both Overeem et al.38 and Jones 
et al.21 showed that the open water days have increased in length, up to a 1.54 days/yr. Barnhart et al.39 found 
that the direction that has gained the greatest distance between the coast and ice edge in the summer is from 
the west (320 azimuth), therefore generating longer fetches and leading to increasing surge and waves height. 
Furthermore, the rapidity of erosion experienced at Drew Point makes it an ideal location to develop coastal 
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Fig. 1.  Study area (A) shows the location of Drew Point along the Beaufort Sea Coast in Alaska, USA using 
ESRI basemap imagery; (B) a field image of the Drew Point Coastline from August 2021 showing collapsed 
blocks of ice-rich permafrost; (C) a field image of fallen blocks in various stages of dissolution; (D) material 
eroded by thermal denudation covering the bluff face and (E) the section of the Drew Point coastline under 
study. The orange line is the coastline from 14 April 2018 depicting the 9 km coastline for annual erosion 
measurements studied in Jones et al.21. The purple line represents the 1.5 km coastline under study for the sub-
seasonal erosion dynamics presented here. ESRI basemap image from June and September 2023. Esri basemap 
imagery for (A) and (E) were accessed using ArcGIS Pro v. 2.7 (©ESRI); world imagery basemap sources: Esri, 
DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the 
GIS User Community. Photo in (B) was taken by M. Ward Jones. Photos in (C) and (D) were taken by B. Jones.
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erosion models (e.g20,40,41). and test new methods for measuring erosion such as the ICESat 2 satellite42 and with 
Synthetic Aperture Radar (SAR) imaging43.

Results and discussion
Annual dynamics: erosion and environmental drivers
We updated annual erosion rates for the 9 km coastal segment of Drew Point, previously observed between 2007 
and 201621, through and including 2019. Between 2007 and 2019, annual erosion rates ranged from 6.7 m (2010) 
to 34.5 m (2019), with a total mean erosion of 18.7 m (Fig. 2). The 2019 erosion season recorded the highest 
erosion rate in the dataset (34.5 m), while the 2018 season (11.2 m) had the second lowest. Annual erosion rates 
were similar between the 9 km and 1.5 km sub-section of coastline in 2018 and 2019 (Figs. 1 and 2), indicating 

Fig. 2.  Above, annual-scale erosion rates from 2007–2019 along a 9 km stretch of Drew Point (data from 
2007–2016 is from Jones et al.21), AK. Below, sub-seasonal erosion rates for the 2018 and 2019 open water 
season for a 1.5 km subset of coast within the 9 km study area, see Fig. 1.
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that the sub-section is representative of erosional patterns along the longer stretch of the Drew Point coastline. 
The annual erosion amount for the 1.5 km coastline was 10.5 m (2018) and 28.7 m (2019).

 Comparing the annual data for environmental drivers of erosion (Table 1), 2019 had 39 more open water 
days compared to 2018 and mean OWS air temperature was 1.48 °C warmer, TDD sums was much higher (619 
in 2019 vs. 273 in 2018), which led to warmer active layer and upper permafrost temperatures. The 2019 OWS 
also had more rain and warmer SST (4.3 °C in 2019 compared to 0.70 °C in 2018). One difference between both 
seasons is that when using the storm definition by Jones et al.21the 2018 OWS had one more storm event than 
2019. Another notable feature of the 2018 season, which cannot be detected using coarser resolution satellite 
remote sensing products commonly used in annual erosion studies, is the persistent presence of permafrost 
blocks along the shore throughout the open water season. Higher-resolution airborne and UAV surveys allowed 
us to identify these blocks, and the dense temporal coverage provided valuable insights into their role in coastal 
erosion processes, as further discussed in the following section.

Sub-seasonal processes during 2018 and 2019 open water seasons
Erosion dynamics
Daily mean erosion rates (Fig.  3) varied between 0.04 m/day (30 Sept. – 19 Oct.) to 0.35 m/day (18 July to 
24 July) during the 2018 OWS and varied between 0.02 m/day (1 July – 13 July) and 1.21 m/day (30 July – 2 
Aug.) during the 2019 OWS. Assessing the magnitude of erosion at each timestep based on different processes, 
block failure contributed to 6 to 21 times higher erosion rates than thermal denudation during the entire study 
period. In the 2018 OWS, overall mean total block failure erosion varied up to 7.5 m during the 3 Aug. – 30 Sept 
timestep, and the only timestep with no block failure over the whole study period occurred during 29 July – 3 
Aug. In 2019, the overall block failure rate was greater with mean total block failure erosion ranging between 4.0 
m (12 Aug. to 15 Aug.) and 10.6 m (15 Aug. − 26 Sept.; Fig. 3).

The high spatial and temporal resolution of our approach allowed a classification of erosion for each transect 
in DSAS (see methods) based on erosion mechanism, either denudation or block failure (Fig. 3). Denudation 
was the dominant mechanism of erosion along 70% of transects but it contributes little to the overall total erosion 
amount (~ 0.2 m total). In contrast, thermal abrasion (block failure), representing episodic events at small 
sections of coastline, contributed significantly more erosion (rates up to 6 to 21 higher) compared to denudation. 
Our data shows that groups of blocks fall at different times but all within the same section of coastline (Fig. 4). 
Furthermore, block failure occurred along new sections of coastline until the majority of the coast was impacted 
by block failure to maintain coastline uniformity27. When timesteps consisted of a month or longer, we classified 
block failure for the majority of transects (over 90%) because while denudation would also be occurring, its 
contribution to total erosion is far less (3–16%) compared to the contribution from block failure.

We also assessed the number and total area of fallen blocks at the base of the bluff. The number of fallen blocks 
was greater during the 2018 OWS (98 to 122 counted blocks) than in the 2019 OWS (25 to 70 counted blocks). 
Total fallen block area varied between 1145 m2 and 2954 m2 in 2018 and 497 m2 and 3413 m2 in 2019. Within 
certain timesteps in 2018, such as 29 July – 3 Aug., and 3 Aug. – 30 Sept., there were similar block counts (98 and 
104) but variable fallen block areas (1649 m2 and 1145 m2), indicating that blocks broke down into smaller pieces 
as they dissolved without disappearing completely during the observed timeframe. Barnhart et al.20 reported 
blocks needing 10 days to completely degrade. Jones et al.21 showed timelapse imagery with blocks degrading in 
about two weeks. Previously fallen blocks have been considered negligible in overall erosion dynamics at Drew 
Point20,40but the 2018 OWS shows that their presence can have an overall impact on erosion rates. Fallen blocks 
serve as temporary bluff protection and must be completely removed for further bluff abrasion to occur19. The 
2018 season had the lowest SST of any season between 2007 and 2019 (this study and Jones et al.21), which likely 
contributed to decreased rates of block dissolution.

Fallen blocks in front of the bluff face protected between 29 and 51% of the coast in 2018 and 9–48% of the 
coast in 2019. Erosion rates within protected sections of the coast ranged from 0.03 m/day (30 Sept. – 19 Oct.) 
to 0.09 m/day (3 Aug. to 30 Sept.) in 2018 and between 0.03 m/day (6 Aug. – 10 Aug.) and 0.54 m/day (30 July 
– 2 Aug.) in 2019. Erosion in protected areas was primarily by denudation except for a few instances where the 
edge of a newly fallen block landed beside a previously fallen one (see Fig. 4 as example). Exposed sections of 
coastlines had higher overall erosion, mean daily erosion ranged between 0.04 m/day (29 July – 3 Aug.) and 0.13 
m/day (24 July – 29 July and 3 Aug. to 30 Sept.) and in 2019 varied between 0.4 m/day (23 July – 30 July) and 
1.56 m/day (2 Aug. – 6 Aug.).

2018 2019

OWS Total Duration (days) 93 132

OWS Mean Air Temperature (°C) 5.10 6.58

OWS TDD 273 619

OWS Mean/Max Active Layer Temperature (°C) 1.71/4.83 2.71/5.12

OWS Mean/Max Upper Permafrost Temperature (°C) −1.66/−1.12 −1.43/−0.80

OWS Total Precipitation at Utqiagvik (mm) 19.78 60.59

OWS Total Storm Count 9 8

OWS Mean Sea Surface Temperature (°C) 0.70 4.3

Table 1.  Comparing environmental factors for the duration of the 2018 and 2019 open water season (OWS).
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Fig. 3.  Sub-seasonal erosion dynamics during the 2018 and 2019 open water seasons. From top to bottom the 
graphs show the following: mean retreat rate in m/day, mean denudation or block erosion, percent transects 
that recorded either denudation or block erosion, block count, block area, retreat rate (m/day) of both exposed 
and protected segments of coastline and the total percentage or exposed or protected coastline.
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Sub-seasonal environmental drivers and erosion responses
We assessed potential environmental drivers (mean air temperature, TDD sums, mean active layer temperature, 
mean permafrost temperature, hourly precipitation at Utqiaġvik, number of storms, wind dynamics, and mean 
SST) of erosion for each timestep at Drew Point (Fig. 6). Mean air temperature varied between − 2.8 °C and 
10.8 °C throughout the study period. TDD sums also varied and because TDD sums are calculated based on 
the number of days of the timestep, timesteps with longer duration generally had higher TDD sums, but not 
because those time periods were necessarily warmer (as denoted by mean air temperature). Mean active layer 
temperature (between 5 cm and 30 cm depth) dynamics mirrored mean air temperature except when the ground 
was thawing in the earliest timesteps for each OWS. Mean permafrost temperatures (between 45 cm and 120 
cm depths) gradually warmed during each OWS. In 2018, mean SST only went above 0 °C during one timestep 
(3 August to 30 September), whereas in 2019, mean SST was only below 0 °C during one timestep (1 July to 13 
July) and then ranged between 5.7 °C and 8.1 °C for subsequent timesteps. Precipitation measured at Utqiaġvik 
was highly variable throughout the study period ranging between 9 mm and 422 mm. Storms occurred mostly 
in the late summer and fall periods. Storms were classified as westerly (240 ° to 360 °) and easterly (0 ° to 90 °) to 
provide additional insight into analysis.

We conducted linear regression analysis between environmental parameters and our sub-seasonal erosion 
rates (including only sub-seasonal block failure and denudation erosion, Fig. 7). We found that TDD sums and 
the number of storms yielded the highest R2 values at sub-seasonal timescales. TDD sums had R2 values of 0.476, 
0.715 and 0.963 for sub-seasonal total, block failure, and denudation erosion, respectively. Denudation erosion is 
primarily driven by thawing processes, therefore its high correlation with TDD sums is not surprising. The high 
correlation with block failure erosion may be due to the influence of air temperature and accompanied radiative 
heating on ocean water at the bluff edge, a parameter that has been shown to be potentially a primary driver 

Fig. 4.  Three consecutive timesteps of UAV imagery (10, 12 and 15 August) showing the same sub-section 
of coastline during the 2019 open water season. The timesteps show a section of coast were block failures 
occurred in three successive timesteps. The failures occurred from an east to west direction. These failures 
likely represent post storm lag of block failure from a storm that occurred within the 30 July to 2 August 
timestep.
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of erosion through modelling20. The number of storms correlated highest for total sub-seasonal erosion (R2 = 
0.539), followed by denudation (R2 = 0.457) and then block failure erosion (R2 = 0.161). The impact of storms is 
primarily driven by wind strength and direction, however using storm counts is a limiting parameter because a 
storms’ impact on erosion can continue after the event is over (lag responses of erosion26), which was observed in 
August 2019 (Fig. 4). To gain a deeper insight into the potential role of wind as a driver of erosion, each timestep 
and OWS was divided into a wind rose diagram (Fig. 5).

Wind direction fluctuates highly during each timestep. Overall, the 2018 OWS experienced primarily easterly 
winds and the 2019 OWS experienced more easterly winds, followed by westerly winds, but westerly winds 
were also accompanied by greater more frequent wind speeds, particularly for speeds above 10 m/s. Comparing 
wind speed and direction with sub-seasonal erosion dynamics, overall westerly winds correspond with periods 
of increased mean daily erosion. The three timesteps with the highest mean daily erosion and corresponding 
dominant wind directions are 30 July to 2 August 2019 (1.2 m/day, westerly winds), 13 July to 23 July 2019 
(0.4 m/day, westerly with northwest to easterly variability) and 18 July to 24 July 2018 (0.4 m/day, westerly). 
The 2018 OWS generally experienced more frequent easterly winds with some short time intervals of westerly 
winds with high (> 10 m/s) wind speeds. The timing of these westerly wind events corresponds to higher rates of 
erosion, such as the 3 August to 30 September timestep (7.0 m of mean total erosion). The only timestep with no 
block erosion (29 July to 3 August 2019) experienced only easterly winds. Furthermore, easterly winds generally 
correspond with timesteps with decreasing block area, however the 2018 OWS consistently had a high presence 
of blocks and primarily easterly winds, therefore other factors such as SST which was low (average 0.7 °C for the 
whole OWS) likely also contribute to processes that slow down the rate of blocks dissolving. These observations 
suggest that it is important to parse out erosional processes relative to environmental forcing factors to improve 
predictions.

Wind controls many processes that can drive erosion: water levels (at Drew Point, westerly winds increase 
water levels and easterly winds decrease water levels), wave dynamics including wave height and fetch, as well 
as transporting weather fronts affecting air temperatures. Assessing wind-driven environmental parameters and 
erosion dynamics during our study period at Drew Point, we contribute the following observations:

	(1)	 Our findings show that westerly and northwesterly wind events are more effective earlier in the erosion sea-
son when air, ocean, and permafrost temperatures are warmer, making them primary drivers of erosional 
niche development.

	(2)	 Northeasterly to easterly winds play a critical role in dissolving permafrost blocks, removing the temporary 
bluff protection and setting the stage for niche development when water levels are sufficient. This process in-
creases the impact of subsequent westerly storms, which drive further erosion through niche development.

	(3)	 Lower-intensity winds can still drive erosion outside of storm events. In 2019, while storms-initiated niche 
development and widespread block failure, final block collapse occurred post-storm, with neighboring 
blocks falling at different times (Fig. 4). These dynamics create lag responses in the timing of erosion, com-
plicating correlations between erosional drivers and erosion rates.

To improve our understanding and to find correlations between environmental drivers of erosion we developed 
a new environmental metric called wind sums. Wind sums are calculated the same way as TDD sums, so that 
hourly mean windspeeds are summed together for the period of interest. These periods can be sub-seasonal 
or for an entire open water season. We also classify wind sums as either total wind sums (all directions are 
included in the calculation) or directional wind sums (only windspeeds from directions of interest are included 
in the calculation, other directions are excluded). We believe wind sums are effective for correlating with erosion 
because they can account for periods of storms, as elevated winds in storms generate higher wind sums as well as 
accounting for lag effects of block failure since winds after storms can finalize the wave action needed for block 
failure to occur. Our linear regression R2 for total wind sums was 0.533 (total sub-seasonal), 0.285 (block), and 
0.693 (denudation). For directional wind sums, westerly to north westerly wind sums (240 ° to 90 °) yielded R2 
values of 0.692 and 0.534 for total sub-seasonal and block erosion. Directional wind sums under Jones et al.21’s 
storm definition (240 ° to 90 °) yielded R2 values of 0.591 and 0.261 for total sub-seasonal and block erosion. 
Denudation erosion regressions using directional wind sums (which uses a subset of the wind data based on 
direction) did not satisfy normality or constant variances tests and were therefore excluded.

We also conducted multiple linear regression to further assess how environmental parameters may work 
together to contribute to total sub-seasonal erosion amounts. We found that the combination with the highest 
R2 (0.870) was TDD sums, SST, and 240 ° to 360 ° directional wind sums. R2 values decreased to 0.829 and 0.801, 
respectively, when 240 ° to 90 ° directional wind sums or total wind sums (log) were used instead. This variable 
combination represents multiple processes: TDD sums and wind sums primarily controlling coastal erosion 
mechanisms and SST contributing to block dissolution.

Reassessing annual dynamics with sub-seasonal insights
In addition to conducting linear regression analysis for 2018 and 2019 sub-seasonal erosion rates, we also 
considered regression for annual rates, adding three additional OWSs and building on the initial analysis 
conducted by Jones et al.21. Like Jones et al.21we find correlations for annual retreat to be negligible for all 
environmental parameters (e.g. Figure 7 shows R2 values of 0.00659 and 0.0160 for TDD sums and number of 
storms, respectively) except for wind sums. Total wind sums had an R2 of 0.588 and directional wind sums were 
0.308 for westerly to north westerly winds (240 ° to 90 °) and 0.0686 for wind directions within Jones et al.21 
storm definition (240 ° to 90 °).
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Fig. 5.  Above: sub-seasonal wind rose diagrams for each 2018 and 2019 timesteps as well as for the whole open 
water season (OWS) for the 1.5 km section of coastline under study. Below: annual wind rose diagrams for the 
9 km stretch of coastline in Jones et al.21. Note that 2009 is not included due to lack of data from a faulty sensor. 
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Fig. 6.  Environmental parameters during the 2018 and 2019 open water seasons, all measured at Drew Point 
except for precipitation which was measured in Utqiaġvik. Top to bottom graphs show the following: mean air 
temperature, thawing degree day (TDD) sums, mean active layer temperature (measured at 5 cm, 10 cm, 15 
cm, 20 cm and 30 cm depths), mean permafrost temperature (measured at 45 cm, 70 cm 95 cm and 120 cm 
depths), mean sea surface temperature, storm number (storms defined by21) and wind sums.
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Whereas our sub-seasonal analysis of the 2018 and 2019 OWS found the likely environmental parameters 
responsible for erosion rates for those seasons, these specific parameters may not be universal for each season. 
We found that the 2018 season had limited erosion due to the constant presence of blocks in front of the bluff 
face. Block dissolution was likely limited by the colder air and ocean temperatures and persistent easterly to 
northeasterly winds (Table 1). The 2019 OWS showed how effective westerly winds are in eroding the coast and 
that block fall events can lag in time after the storm.

Fig. 7.  Linear regression outputs between sub-seasonal total, block, denudation as well as annual erosion and 
thawing degree day sums, number of storms, total wind sums and direction wind sums (240 ° to 90°, and 240 ° 
to 360 °).
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Reviewing annual wind rose diagrams and erosion rates (Fig. 5) shows that the 2019 OWS had the most 
frequent and strongest westerly wind events and is accompanied by the highest erosion rate (34.5 m) in our 
record. The 2018 OWS had less erosion (11.2 m) compared to other years also dominated by easterly winds: 
2007 (22.2 m) and 2011 (17 m). A timestep in 2018 (3 Aug. to 30 Sept.) with less frequent westerly events but 
accompanied by higher wind speeds and a higher rate of daily erosion supports the idea that easterly winds 
can make subsequent westerly wind events more effective for erosion27. Our sub-seasonal observations show 
this is likely due to easterly winds facilitating faster dissolving of blocks and thus enhancing exposing the coast 
for westerly winds to be more effective. 2007 and 2011 were also accompanied by higher SSTs (3.5 ° and 2.3 
°), compared to 2018 (0.70 °C), demonstrating that certain environmental parameters must be coupled to be 
effective in driving increased rates of erosion. This could be why total wind sums are the only environmental 
parameter to our knowledge that provides the highest R2 values for annual erosion rates using linear regression 
at Drew Point, as this parameter is representative of integrating multiple environmental factors: water levels, 
wave heights, changing weather fronts and storm events. When combining multiple parameters using multiple 
linear regression, we find that using the same combination of variables (SST, TDD sums, and winds sums) for 
sub-seasonal erosion can be successfully applied to annual rates. The highest R2 obtained was 0.702 when total 
wind sums were used. When directional wind sums were used, R2 values decreased to 0.699 (240 ° to 360 °) and 
0.554 (240 ° to 360 °), respectively. Our results align with those found by Gibbs et al.24 who obtained a multiple 
linear regression R2 of 0.92 for wave power (derived by modelling), normalized cumulative positive degree days 
(similar to our TDD sums), and normalized cumulative degree day positive sea surface temperatures for 17 
timesteps of coastal erosion at Barter Island, also on the Beaufort Sea Coast between 1979 and 2019. Our results 
show that wind metrics, specifically wind sums, can be used as an indicator of wave action to achieve high R2 
values in the absence of using data from wave buoys or models.

Other environmental parameters contribute to erosion rates that were not considered in this study. These 
include wave dynamics (such as height and fetch), water level dynamics, and distance to sea ice20,24,38. Another 
parameter is the presence of saline permafrost and cryopegs (stratigraphic layers that are below 0 °C but remain 
unfrozen due to high salt contents)21. The presence of saline permafrost and the effects of its warming have likely 
factored into documented increases in rates of arctic coastal erosion. Porewater salinity measured along bluffs 
at Drew Point with varying heights above mean sea level all show the presence of saline permafrost ~ 2 m above 
and below beach level, which means that saline permafrost occurs in the zone where thermo-mechanical erosion 
niches develop36. We hypothesize that the warming of saline permafrost has likely contributed to an increase in 
landscape change rates with one of the factors being an increase in the rate of niche formation and block failure 
and ultimately in the rate at which unlithified arctic coasts erode.

Overall, our sub-seasonal observation provided the following observations that can aid in the interpretation 
of annual erosion rates:

	(1)	 It is important to parse out erosional processes relative to environmental forcing factors to improve predic-
tions.

	(2)	 Block failure often occurs at different times along the same section of coast, and these block fall dynamics 
contribute to lag responses post-storm and thus what can be measured from remote sensing images de-
pends on imagery resolution and timing.

	(3)	 The presence of toppled blocks impacts overall erosion rates by providing temporary protection and must 
be considered to accurately interpret erosion dynamics and to make projections.

	(4)	 Block failure can still occur during non-storm events, particularly in driving the final amount of erosion for 
niche dimensions needed for failure to occur.

Methods
Remote sensing data collection and delineation of bluff edge and blocks
Sixteen timesteps spanning the entire 2018 and 2019 open water seasons were used from various imagery 
sources including higher resolution satellite imagery, airborne multispectral imagery and UAV surveys (Table 2). 
Satellite imagery used included Worldview 1 imagery (50 cm pixel resolution, ©Maxar) for 14 April 2018, and 
Worldview 2 panchromatic imagery (46 cm pixel resolution, ©Maxar) for 5 April 2019, 26 September 2019, and 
3 April 2020. The airborne multispectral imagery was collected using a Modular Aerial Camera System (MACS-
Polar) during the Polar-6 airborne operations during the ThawTrend-Air campaign with timesteps collected on 
13, 23 and 30 July 2019. UAV surveys were collected in 2018 on 24 July, 29 July, 3 August and 30 September and 
in 2019 on 2 August, 6 August, 10 August, 12 August and 15 August.

MACS-Polar is an airborne multispectral optical measurement system. It was developed by the DLR Institute 
of Optical Sensor Systems for scientific purposes44. The design allows for flexible adaptation to unusual carriers, 
environment and measurement tasks. Geometric and radiometric constellations as well as functional capabilities 
can be implemented and tested directly on the system. To acquire permafrost images over Alaska, the sensor 
head was placed in the Polar- 6 research aircraft belly payload bay.

The sensor configuration consisted of two slightly left-right tilted RGB cameras with a 90 mm lens (RGB 
wavelength 400–680 nm) and one nadir looking near-infrared camera with a 50 mm lens (wavelength NIR, 700–
950 nm). The nadir camera images cover approximately the same ground swath as both stitched RGB images. 
For the RGB cameras a ground sampling distance of 9  cm from an altitude of 1,000 m above ground level 
was achieved. All sensors and their optics were calibrated geometrically and for radiometric correction. Images 
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were georeferenced based on inertially aided multi-frequency, multi-constellation GNSS before export for post-
processing to final products. The resolution of orthomosaics is 10 cm.

In 2018, a DJI Phantom 4 UAV was used for all surveys. Flight altitude was 70 m and average speed was 5 m/s. 
In 2019, a DJI Phantom 4 RTK (Real-Time Kinematic) UAV was used for all surveys and had a flight altitude 
of 120 m with average speed of 7 m/s. The number of photos taken range between 591 and 726 in 2018 and 
between 870 and 1000 in 2019 that were post-processed in Pix4 d software to create orthomosaics and digital 
surface models (DSMs). Absolute horizontal error was on average 7 cm, relative horizontal error was on average 
2 cm and average height error was 3 cm. Orthomosaics have a 4 cm pixel resolution and DSMs have a 15 cm 
pixel resolution.

Automatic and manual delineation of bluff edge and blocks
Bluff edges were manually digitized for Worldview and airborne MACS-Polar images. Toppled blocks in front of 
the bluff face were manually digitized for airborne MACS-Polar and UAV images, but Worldview imagery was 
too coarse to digitize toppled blocks.

We developed an automatic workflow to delineate the coastal bluff edge using all the UAV derived DSMs that 
was later manually cleaned to fix errors generated by wave-action at the coast. All post-processing and analysis 
using the DSMs was conducted in Arcmap Desktop v.10.8.1 (©ESRI). First, a percent rise slope layer was derived 
from the DSMs. We defined the bluff edge as the point where the break in slope doubles at 100% slope rise. To 
isolate the bluff edge, we then used the raster calculator to identify all areas below 100% rise in slope. This output 
raster layer was then converted to a polygon and because the output also contained polygons associated with 
other features such as blocks, the “Multipart to Singlepart” tool was used to separate all polygons into individual 
features that can be individually selected. The polygon representing the bluff edge was then selected and exported 
to create a new layer. This layer was then converted to a polyline and parts (representing edges of the image) 
were clipped and exported as a new polyline so that only a single line, representing the bluff edge, remained. This 
polyline was then manually cleaned up using the editor toolbar to correct areas where wave action interfered 
with the bluff edge delineation and caused errors in bluff edge location (usually driving the bluff edge offshore).

Determining erosion rates
Overall rates of coastal erosion were determined using the Digital Shoreline Analysis System v.5.0 (DSAS) ArcGIS 
Desktop software extension tool45. Transect lines were generated every 1 m to measure erosion between each 
bluff edge timestep. To estimate errors in erosion rate measurements, we calculated the dilution of accuracy26for 
each DSAS run that ranged between 1 cm and 4.7 m. We estimate the average error of erosion (accounting for 
all DSAS runs) to be ± 13.5 cm. Sources of error include rms error from image registration, image sources and 
resolution, and methods for delineating the bluff edge (manual vs. automated methods described in Sect. 3.2).

Transects were visually classified for each DSAS run to determine erosion rates based on erosion process 
(thermal abrasion or thermal denudation). To determine rates of erosion based on the presence of toppled 
blocks in front of the bluff edge, toppled blocks were converted to rectangles using the “Minimum Boundary 
Geometry” tool using the “Envelope Option”. These rectangles were then moved and clipped onto the bluff edge 
to classify sections of coast as protected or exposed. These clipped bluff edges were also used to classify DSAS 
transects using the “Select by Location” tool to determine erosion rates along protected or exposed sections of 
the coast. Note that daily mean erosion rates account for noise and errors within the calculation, but the retreat 
rates based on erosion mechanism do not as they were visually classified, and therefore the percent transects do 
not add up to 100.

Sensor and Image Type Date Acquired Pixel Resolution (cm)

Worldview 1 Satellite Panchromatic Image (©Maxar) 14 April 2018 50

UAV Orthomosaic 24 July 2018 4

UAV Orthomosaic 29 July 18 4

UAV Orthomosaic 3 August 2018 4

UAV Orthomosaic 30 September 2018 4

Worldview 2 Satellite Panchromatic Image (©Maxar) 5 April 2019 46

Airborne (MACS-Polar) Orthomosaic 13 July 2019 10

Airborne (MACS-Polar) Orthomosaic 23 July 2019 10

Airborne (MACS-Polar) Orthomosaic 30 July 2019 10

UAV Orthomosaic 2 August 2019 4

UAV Orthomosaic 6 August 2019 4

UAV Orthomosaic 10 August 2019 4

UAV Orthomosaic 12 August 2019 4

UAV Orthomosaic 15 August 2019 4

Worldview 2 Satellite Panchromatic Image (©Maxar) 26 September 2019 46

Worldview 2 Satellite Panchromatic Image (©Maxar) 3 April 2020 46

Table 2.  Summary of remote sensing datasets.(source, date of acquisition and pixel resolution) used in this 
study.
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Environmental data
Open water season length was determined using a combination of daily satellite data from the NASA Moderate 
Resolution Imaging Spectroradiometer (MODIS) and the European Space Agency (ESA) Sentinel), Sentinel 1 
and 2 imagery (all accessed using https://www.sentinel-hub.com/explore/eobrowser/) to determine the ice on 
and off dates. When gaps were present due to cloudiness or lack of image availability, we took the middle date 
of the time periods.

Most environmental data was provided by the USGS automatic weather station37 however precipitation data 
for 2018 and 2019 was not available, due to faulty sensors. Therefore, hourly precipitation was obtained for 
Utqiagvik, located 100 km west from Drew Point from the National Centers for Environmental Information 
(accessed https://www.ncdc.noaa.gov/). Ground temperatures collected at the USGS automatic weather station37 
were available at soil depths of 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, 45 cm, 70 cm, 95 cm, and 120 cm. We 
averaged the temperatures between 5 cm and 30 cm to represent the active layer, and between 45 cm and 120 cm 
to represent the upper permafrost. SST data was obtained from the NOAA OI SST V2 High Resolution Dataset 
(accessed ​h​t​t​p​s​:​​​/​​/​p​s​​l​.​n​o​a​​a​.​g​​o​v​/​d​​a​​t​a​/​g​​r​i​d​​d​e​d​​/​d​​a​t​a​​.​​n​o​a​a​​.​o​​i​s​​s​t​.​v​2​.​h​i​​g​h​r​e​s​.​h​t​m​l).

To determine storms and storm count, we used the definition from Jones et al.21 and therefore considered 
storms to have wind speeds at or exceeding 5 m/s for more than 12 h with less than 6 consecutive hours of lulls 
and with wind directions between 0° and 90°; and between 240° and 360°. Windrose diagrams were created 
using WRPLOT View Freeware v.8.0.2. Total wind sums were determined by adding all hourly mean wind 
speeds for the time period of interest (either sub-seasonal timestep or total annual OWS). Directional wind 
sums are determined using the same method as total wind sums, except wind speeds between specific direction 
of interest are summed.

Linear regression and multiple linear regression analysis between erosion amounts and environmental 
parameters (at both sub-seasonal and annual timescales) was conducted in Sigmaplot v.14 software. Certain 
transformations (log and removal of outliers) were performed to ensure that each regression output satisfied both 
normality and constant variance tests. Transformation of log 10 was done for total wind sums and sub-seasonal 
total, block and denudation erosion as well as for directional wind sum (240 ° and 90 °) and sub-seasonal total 
erosion. One outlier was removed from the TDD sums and sub-seasonal denudation erosion regression analysis. 
Regression analysis between sub-seasonal denudation erosion and directional wind sums was not included due 
to regression outputs not satisfying normality and constant variance tests. For annual regression analysis, 2009 
was excluded in runs with directional wind sums and 2017 was excluded in runs with TDD due to data gaps.

Data availability
How to access external datasets for environmental parameters is described in the methods section. Derived 
products (i.e. digitized shorelines and toppled permafrost blocks) are available at the Arctic Data Center (ADC) 
at https://doi.org/10.18739/A2N873213 (Ward Jones & Jones46), and UAV orthomosaics and digital surface 
models are available at the ADC at https://doi.org/10.18739/A2HM52M8P (Ward Jones & Jones47). ​M​A​C​S​-​P​
o​l​a​r images are available at PANGEA at https://doi.org/10.1594/PANGAEA.962561 (Rettelbach et al.48). Any 
questions regarding the datasets and access can be directed to the corresponding author, Melissa Ward Jones 
(mkwardjones@alaska.edu).
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