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Abstract 

Erosion rates along Alaska's Beaufort Sea coast, among the highest in the world, are negatively 

impacting communities, industrial and military infrastructure, and wildlife habitat. Decreasing 

maximal winter ice extent and increasing summer open water duration and extent in the Beaufort 

Sea may be making the coast more vulnerable to destructive storm waves than during recent, 

colder, icier decades. Previous studies of Beaufort Sea coastal change have been limited to 

subaerial analyses of the shoreline. Here we describe nearshore seafloor change by comparing 

post-World War II (WWII) (1945-53) bathymetry data to recently acquired (1985-2018) 

bathymetry data and relate the observed seafloor change to adjacent shoreline change near 

Utqiagvik, within Stefansson Sound, and immediately west of Barter Island and Kaktovik. 

Within the Utqiagvik region, seabed erosion was generally highest (> 1.0 m of loss) offshore of 

Point Barrow and along the eastern end of the Tapkaluk Islands, while there were lesser amounts 

of deposition (< 0.5 m of gain) within the protected waters of Elson Lagoon. Sedimentation was 

generally highest offshore of Point Barrow, in a region of converging currents, and on the 

landward side of the barrier islands and spits fronting Elson Lagoon, which is likely related to a 

regional trend of westerly sediment transport and landward migration of the barrier islands. 

Within Stefansson Sound, perhaps the most notable changes from post-WWII bathymetry data 

compared to recent data are a switch from mixed, low erosion and deposition in 1997 to low 

deposition (< 0.5 m) in 2018 east of the Boulder Patch, a switch from low erosion in 1997 to 

neutral depth change in 2018 in the channel between the north and south Boulder Patch areas, 

and higher deposition from 1997 to 2018 landward of the rapidly retreating barrier islands along 

the Sound’s northern border. At Barter Island, high erosion near north-facing shorelines and high 

deposition near west-facing shorelines generally matched shoreline changes. One of our goals is 
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to identify possible processes responsible for the depth changes we quantified. Using simple 

metrics that relate sediment characteristics with modeled waves and non-wave induced currents, 

we show that sediment resuspension and transport by both wave and non-wave driven currents 

likely contribute to the overall patterns of change within the ~13 m isobath along the open coast , 

and that the influence of wave action affecting sediment transport is expanding seaward.  

1. Introduction 
The Beaufort Sea coast of Alaska is experiencing rapid change as Arctic summer sea ice is 

receding faster than previously projected (Overland et al., 2019; Kumar et al., 2020; Richter-

Menge and Druckenmiller, 2020), and air and ocean temperatures, permafrost thaw, and ocean 

wave energy are increasing (Overeem et al., 2011; Thomson et al., 2016; Biskaborn et al., 2019; 

Timmermans and Ladd, 2019; Lim et al., 2020; Nederhoff et al., 2021). These changes lead to 

increased vessel traffic, opportunities for coastal and offshore development, and increased 

vulnerability of communities and built coastal environments to erosion. Impacts to marine 

ecosystems (e.g., Logerwell et al., 2015) are also highly likely but climate change aspects are 

only just beginning to be incorporated in biological studies (e.g., Laurel et al., 2017; Vestfals et 

al., 2021). Based on a spatially comprehensive shoreline change analysis extending from the 

Canadian border to Point Barrow (Figure 1A), some of the highest shoreline change rates in the 

world, over 20 m/yr, have been measured at distinct locations on Alaska’s Beaufort Sea coast 

(e.g., Mars and Houseknecht, 2007; Gibbs and Richmond, 2015; 2017) a phenomena first 

reported over a century ago (Leffingwell, 1908). A corresponding change analysis of the 

nearshore subaqueous environment, which is critical for habitat assessments (e.g., fisheries 

surveys) and understanding physical processes associated with erosion and flooding, has not yet 

been done. Such an analysis would be limited due to the sparse geographic coverage and low 
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quality of available nearshore bathymetry data, but with well-tested methods of correcting older 

hydrographic data sets (Zimmermann and Benson, 2013), it is now possible, within small 

regions, to ascertain nearshore bathymetric changes compared to historic soundings in Alaska 

dating back to the post-World War II (WWII) (1945-53) era. The goal of this work is to quantify 

inner shelf bathymetric change at locations where recent (since 1985) and historic overlapping 

data exist (Utqiagvik region Figure 1B; Stefansson Sound region Figure 1C; and Barter Island 

region Figure 1D), and to identify possible processes responsible for the changes. Analysis of 

bathymetric change, in combination with documented shoreline change rates, waves, currents, 

sediment types (Buczkowski et al., 2020a; 2020b), fluvial sediment loads, and sea ice can 

provide a first order assessment of source inputs and physical drivers such as critical shear stress 

and the depth-of-closure or DOC that contribute to sediment transport pathways and 

redistribution patterns. This information can be an important component in evaluating 

morphological and physical processes associated with coastal change and understanding future 

vulnerabilities. As additional nearshore bathymetric, sedimentological, and process datasets are 

acquired, this methodology can be expanded to improve the understanding of the linkage 

between offshore and onshore processes and sediment transport pathways. 

1.1 Study area and history 
The Beaufort Sea coast of Alaska extends about 630 km in length from Point Barrow, on 

the edge of the Chukchi Sea in the west, to the U.S.-Canadian border near Demarcation Bay in 

the east (Figure 1A). Numerous bays incise the coast and numerous barrier islands parallel the 

coast at a distance of about 1 to 17 km from the mainland shore, providing some protection from 

wave-driven coastal change processes. Several major rivers drain the coastal plain between the 
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Beaufort Sea coast and the Brooks Range, delivering freshwater and sediment to the bays 

through large river deltas (Figure 1A). 

Although sea ice offers coastal protection from storm waves for about nine months of the 

year, the Beaufort seabed is also commonly gouged by sea ice, with some areas of the shelf 

completely covered by ice gouges (Barnes et al., 1984; Barnes and Rearic, 1985; Wolf et al., 

1985; Rearic, 1986; Rearic and Ticken, 1988; Horowitz, 2002), requiring many years for full 

benthos recolonization (Conlan and Kvitek, 2005). Ice gouges are more prevalent offshore of 

barrier islands where ice-mass pressure ridges develop deep keels capable of dredging > 5 m 

deep incisions into the seabed (Reimnitz and Barnes, 1974). Within protected areas between 

barrier islands and the mainland coast, ice gouges are significantly shallower (< 0.5 m) and less 

prevalent (Reimnitz and Barnes, 1974; Coastal Frontiers, 1997 cited in Hearon et al., 2009). Ice 

gouges are most frequent between the 15 and 25 m isobaths in the “stamukhi zone” where the 

landfast ice terminates and the mobile pack ice impinges on the immobile landfast ice, creating 

deep pressure ridges that help to anchor the landfast ice in place (Barnes et al., 1984; Mahoney et 

al., 2007). 

During spring/early summer ice break-up, coastal rivers discharge warmer, fresh, 

sediment-laden water at the coast, hastening nearshore melting. Freshwater from rivers flows 

both underneath the sea ice (Alkire and Trefry, 2006) and penetrates the ice cover from above 

through stress or thermal cracks and seal breathing holes, forming “strudel” vortices which can 

scour bottom sediments. This process also freshens the surface waters and disperses large 

amounts of sediment and organic matter into the water column (Reimnitz and Kempema, 1983).  

Coastal Frontiers Corporation identified and measured numerous strudel scours, <1 m in 

depth and mostly circular in shape, within Foggy Island Bay (FIB) in Stefansson Sound (Hearon 
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et al., 2009). Linear scours, ranging up to 2.4 m deep and 39.6 m long, and formed by drainage 

through elongated “tidal” cracks at the offshore limit of the bottom fast ice, were observed but 

less common. Using measurements within FIB and other regions of the North Slope, Hearon et 

al. (2009) concluded that strudel scouring is most widespread and frequent within the seaward 

edge of the bottom fast ice edge (~1.5 m isobath) out to the 6 m isobath. 

The Beaufort Sea coast and nearshore seafloor has been comprehensively mapped only 

once, by the U.S. Coast and Geodetic Survey, a precursor agency of the NOS (National Ocean 

Service), just after WWII (1945 to 1953). Initially, topographic or T-sheets were prepared, 

showing the shoreline and positions of newly established triangulation stations. Afterwards, the 

hydrographic or H-sheets, also known as smooth sheets, were prepared by conducting 

bathymetric surveys that utilized the T-sheet shorelines and triangulation stations for navigation. 

The H-sheets are more detailed (typically 1:20,000) records of hydrographic surveys than the 

relatively low-resolution NOS navigational charts that were derived from them (Zimmermann 

and Benson, 2013).  

T-sheet shorelines and H-sheet bathymetry data are used frequently for both navigation 

and change detection studies (for example, Gibbs and Richmond, 2015; Gibbs et al., 2019b; 

Zimmermann et al., 2018; Zimmermann et al., 2019a), and smooth sheet data are also used for 

modeling fish and invertebrate habitats (Rooper et al., 2014; Rooper et al., 2016; Zimmermann et 

al., 2016; Laman et al., 2017; Turner et al., 2017; Rooney et al., 2018; Baker et al., 2019), 

hydrographic modeling (Martin et al., 2015; Wang and Yang, 2020), and geomorphological 

analyses (Zimmermann and Prescott, 2018; Zimmermann et al., 2019b; Jakobsson et al., 2020; 

Zimmermann and Prescott, 2021a; 2021b). Unfortunately, some of the historical data archived 

digitally at NOAA’s (National Oceanic and Atmospheric Administration) National Centers for 
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Environmental Information portal (NCEI, http://www.ngdc.noaa.gov/) have been found to be 

incomplete, incorrect, and/or not accurately georeferenced (Zimmermann and Benson, 2013).  

Researchers at NOAA’s Alaska Fisheries Science Center (AFSC) identified numerous 

errors in the digital smooth sheet sounding data at locations throughout Alaska and developed a 

methodology of recreating the georegistration process so that the digitized sounding data from 

NCEI could be corrected (Zimmermann and Benson, 2013). These corrections were applied to 

the smooth sheet data used in this study along the Alaskan Beaufort Sea coast and are discussed 

further in the data and methods section.  

Researchers at the United States Geological Survey (USGS) used the post-WWII T-

sheets, along with aerial and satellite imagery, and LiDAR (Light Detection and Ranging) 

elevation data from 4 time periods (circa 1940s, 1980s, 2000s, and 2010s) to calculate shoreline 

change rates along the Alaska Beaufort Sea coast every 50 m alongshore over two time periods: 

long-term (LT; 1940s to 2010s), and short-term (ST; 1980s-2010s) (Gibbs and Richmond, 2015; 

2017). Shoreline change rates were not calculated near river deltas. Results show that the coast 

was dominantly erosional over the LT with 88 percent of transects exhibiting shoreline retreat. 

Mean LT shoreline change rates of -1.8 ± 0.1 m/yr over the entire study area were not 

significantly different than the ST -1.9 ± 0.1 m/yr. Rates were highly variable, however, ranging 

from -25 to +20 m/yr, with extreme rates associated with migration of barrier islands and limited 

sections of the mainland coast. Shorelines were generally more erosional during the ST 

compared to the LT, particularly west of the Colville River. Increases in mean erosion and 

accretion, along with an increase in the percent of the coast accreting, indicate that the coast is 

changing more rapidly through time. This is particularly important on the exposed mainland 

coast where loss of the permafrost bluff and tundra landscape is permanent, and the eroded 

http://www.ngdc.noaa.gov/
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material is entrained into the littoral system, redistributed, and deposited as more ephemeral and 

dynamic beach, spit, mud flat, and barrier island landforms. 

2. Data and methods 
The NOS created 40 hydrographic smooth sheets of the Beaufort Sea between 1945 and 

1953 (Table 1), providing a record of about 0.25 million fathometer (early singlebeam) 

soundings within a very narrow (~< 20 km), shallow (~< 20 m) band along the coast (Figure 

1A). Notes on the smooth sheets and comments in the associated Descriptive Reports indicate 

that offshore survey efforts were limited in places by the presence of the permanent Arctic ice 

pack (e.g., H07760) and, in some cases, by grounded ice floes, features described as “icebergs” 

by the hydrographers (e.g., H07856, H07857). Extensive nearshore areas, occurring between the 

shallowest soundings and the shoreline, were too shallow for safe navigation of the hydrographic 

survey vessels and not surveyed. These unmapped, nearshore areas were often left blank on 

charts and consequently referred to as "white zones" or “holidays” by cartographers. 

2.1 Historical hydrographic data 
Most of the materials for this project come from the NCEI, which hosts hydrographic 

data and imagery from the NOS. Zimmermann and Benson (2013) describe the detailed methods 

for proofing, editing, digitizing, and plotting historical smooth sheet soundings from NCEI, and 

here we report these methods in brief for the 40 smooth sheet surveys used in this project; 38 of 

which were digitized for NCEI, and two (F00109 and H07761) with no digital soundings data 

available from NCEI. Through a georegistration and digitization process, digital data files of the 

smooth sheet soundings were created and archived at NCEI, but unfortunately without any 

proofing (Wong et al., 2007) and without details on exact methodologies. These digitized 

hydrographic soundings, digital images of the smooth sheets, and scans of the associated 
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Descriptive Reports were downloaded from NCEI. Smooth sheet images were georegistered to a 

common horizontal datum (the North American Datum of 1983 or NAD83) in ArcMap (v.10.2.2, 

ESRI: Environmental Systems Research Institute, Redlands, CA), using locations of common 

triangulation stations from NOAA, National Geodetic Survey (http://www.ngs.noaa.gov/cgi-

bin/sf_archive.prl). The digitized sounding data accessed from NCEI were compared to sounding 

locations plotted on the smooth sheets (the hand-inked numerals representing sounding depths) 

that we correctly georegistered. We determined that all 38 of the smooth sheets had been 

incorrectly georegistered prior to the digitizing of the locations of the bathymetric soundings 

done for NCEI, likely due to misunderstandings about the smooth sheet horizontal datums 

(Zimmermann and Benson, 2013). To correct this, all soundings on a smooth sheet were shifted 

horizontally (from a minimum of 100 m to a maximum of 9300 m) using ArcMap’s Editor to 

align with the correctly georegistered smooth sheets (Table 1). By comparing the 38 digital files 

of soundings from NCEI to the 38 properly georegistered smooth sheets, missing soundings were 

digitized, erroneously digitized soundings were corrected, and duplicate soundings were deleted. 

Soundings from the remaining two smooth sheets (F00109 and H07761) were digitized as part of 

this study.  

Hydrographers collected the depth soundings in units of 1 ft (0.305 m) and corrected 

them to a vertical datum of Mean Lower Low Water (MLLW) by utilizing temporary tide 

stations installed at each survey site for the duration (~weeks) of each hydrographic survey, since 

a permanent tide station was not available. Mean High Water (MHW), defined as the shoreline, 

was determined to be less than 1 ft (0.305 m) above MLLW for each smooth sheet survey using 

the same tide measurements. Because of the low tidal range in the region (21 cm [0.7 ft] diurnal 

range at the permanently recording tide station at Prudhoe Bay [NOAA, 2021]), potential tidal 

http://www.ngs.noaa.gov/cgi-bin/sf_archive.prl
http://www.ngs.noaa.gov/cgi-bin/sf_archive.prl
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measurement errors were not considered to be a significant factor in the hydrographic 

measurements.  

The post-WWII bathymetric soundings provide the only moderately complete set of 

depth measurements in this area. To facilitate a better understanding of depth change over time, 

we created a TIN (Triangulated Irregular Network) from these early, correctly georeferenced 

depth soundings, converted the TIN into a 100-m horizontal resolution raster surface, and 

utilized this raster for creating 2-m interval depth contours and also for comparing the 

interpolated raster cell values to the recent bathymetric sounding data (points) – all in ArcMap.  

2.2 Recent hydrographic data 
The nearshore Alaska Beaufort Sea coast has not been comprehensively resurveyed since 

this initial post-WWII mapping effort, however, there have been limited regional and localized 

bathymetric survey efforts including two shallow water multibeam surveys and several 

singlebeam surveys that partially overlap with the historical smooth sheets (Table 2; Figure 1). 

Hydrographers conducted a multibeam cruise on the Fairweather in 2015 (NCEI), producing a 

32 m horizontal resolution grid (D00168) along the full length of the Alaskan Beaufort Sea coast, 

with zigzagging onshore/offshore transects and numerous closely spaced transects near Point 

Barrow (Figure 1A). Hydrographers also conducted a multibeam survey with two Fairweather 

launches in 2012 (NCEI), producing a 50 m horizontal resolution grid (F00666), in a small area 

off Elson Lagoon, for comparison to satellite-derived bathymetry (Figure 1A). Singlebeam 

bathymetry was collected in Elson Lagoon in 2015 (C. Tweedie, personal communication; 

Figure 1B), in Foggy Island Bay / Stefansson Sound in 1985, 1997 and 2018 (Hachmeister et al., 

1985; Danek and Tourtellotte, 1987; Short et al., 1991; Coastal Frontiers, 2014; Kasper et al., 

2019; Figure 1C), and near Barter Island in 2011 (Erikson et al., 2020; Figure 1D). Unfortunately 
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we found that some of the 1985 singlebeam soundings from Stefansson Sound, which we refer to 

as the Endicott 1985 data set, plotted on top of the permanent Endicott Causeway, rather than 

around it, as shown in Danek and Tourtellotte (see Figure 1: 1987), indicating a navigational 

problem with the data. This Causeway connects the Endicott Main Production Island and the 

Endicott Satellite Drilling Island, all constructed in the mid-1980s to facilitate petroleum 

production and delivery, to the mainland. We attempted to fix this navigational problem but 

ultimately decided that it was too complex for this project and therefore we did not utilize 

Endicott 1985 further in this project. Technically, the 2018 Stefansson Sound data were 

multibeam (Kasper et al., 2019) but for the large surveyed area, we determined that using the 

original multibeam survey provided a marginal advantage over using the same data converted to 

a narrow path of soundings, with a considerable reduction of data size. Elson Lagoon data were 

reported relative to NAD83 (2011) ellipsoidal elevations and converted to MLLW depths by 

shallowing depths by 2.099 m, using conversion information from the Alaska Tidal Datum Portal 

for the Barrow Offshore tide station (https://dggs.alaska.gov/hazards/coastal/ak-tidal-datum-

portal.html). Stefansson Sound data were converted from MSL to MLLW by shallowing depths 

by 0.106 m as determined from the published offsets at Prudhoe Bay 

(https://tidesandcurrents.noaa.gov/datums.html?id=9497645). Arey/Barter Island bathymetry 

data were published relative to a MSL datum and converted to MLLW datum by shallowing 

depths by 0.085 m, as determined from the published offsets at Barter Island 

(https://tidesandcurrents.noaa.gov/datums.html?id=9499176).  

2.3 Bathymetry comparison 
ESRI ArcMap's "Extract Values to Points" tool in Spatial Analyst was used to compare 

point and raster data sets from different eras. In this method, a single point from one data set 

https://dggs.alaska.gov/hazards/coastal/ak-tidal-datum-portal.html
https://dggs.alaska.gov/hazards/coastal/ak-tidal-datum-portal.html
https://tidesandcurrents.noaa.gov/datums.html?id=9497645
https://tidesandcurrents.noaa.gov/datums.html?id=9499176
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falling inside of a raster cell from another data set constitutes a comparison, but raster cells may 

be compared to multiple points. Since the recent multibeam data sets (F00666 in 2012 and 

D00168 in 2015) were already available as rasters, we extracted those raster cell values to the 

NOS smooth sheet soundings as one means of comparison. The recent singlebeam data sets were 

not available as rasters, and generally not suitable for generating rasters due to linear, widely 

spaced transects, so we used the extraction method in the opposite direction, comparing cell 

values from the 100-m NOS smooth sheet raster to individual recent singlebeam points, for 

identifying possible depth change over time. We report summarized depth change comparisons 

with the sample size (n), mean (�̅�𝑥), and ± standard deviation (SD).  

Even with our focus on using well-established methods to correct the older smooth sheet 

data, it was not known if potential digitization errors could be identified and corrected 

sufficiently enough in these Beaufort Sea data sets to provide meaningful overlaps with newer 

bathymetry data sets in this area of ongoing coastal change research. It was also not known if 

seafloor ice gouging, and strudel or linear scours, would result in a noisy depth change 

comparison, or if the data preparation methods would produce results showing clear, spatially 

coherent sediment erosion and deposition signals from wind- and wave-driven currents, similar 

to the strongly autocorrelated patterns of erosion and progradation in the shoreline (Gibbs and 

Richmond, 2015; 2017). 

2.4 Currents as physical drivers 
The potential for currents to entrain and transport seabed sediment was assessed by 

computing maximum bed shear stresses exerted by oceanic flows and comparing these to critical 

shear stresses necessary to initiate motion and transport sediment with characteristics derived 
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from the usSEABED database (Buczkowski et al., 2020a; 2020b). Site-specific bed shear 

stresses were estimated with,  

𝜏𝜏𝑜𝑜 = 𝜌𝜌𝐶𝐶100𝑈𝑈1002  , (1) 

where 𝜌𝜌 is the water density (=1028 kg/m3), 𝐶𝐶100is the drag coefficient, here set at 0.0024 for 

mixed sand/gravel seabeds (Soulsby, 1983), and 𝑈𝑈100 is the current speed at ~1m above the 

seabed. In this study, 𝑈𝑈100 was taken as the maximum near-bed velocities obtained with the 

high-resolution regional ROMS circulation model of Beaufort Sea nearshore areas (Curchitser et 

al., 2017) for the 2015 ice-free season (July 01- September 14). The nearshore Beaufort Sea 

ROMS model is a 3-grid nested state-of-the-science coupled circulation and sea ice numerical 

ocean model used to simulate horizontal and vertical ocean currents and ice for the years 1999 

through 2015. Results from the finest 0.5 km resolution grid were used to describe maximum 

bottom currents at Stefansson Sound and Barter Island. The finest grid did not encompass the 

Utqiagvik study area and thus results from a 3-km resolution grid were used for analyses 

surrounding Point Barrow and within Elson Lagoon.  

The critical shear stress, or threshold of motion under the influence of currents, was 

calculated with the empirical formula (Soulsby and Whitehouse, 1997; Soulsby, 1997), 

𝜃𝜃𝑐𝑐𝑐𝑐 = 0.30
1+1.2𝐷𝐷∗

+ 0.055[1 − 𝑒𝑒𝑥𝑥𝑒𝑒(−0.020𝐷𝐷∗)]  (2) 

and 𝐷𝐷∗ = �𝑔𝑔(𝜌𝜌𝜌𝜌/𝜌𝜌−1)
𝛾𝛾2

�
1/3

𝑑𝑑50 , 

where 𝜌𝜌𝜌𝜌 is the grain density (2650 kg/m3), g is the acceleration of gravity (9.83 m/s2 at 

N72°), 𝛾𝛾 is the kinematic viscosity of water, and 𝑑𝑑50  the median grain size diameter. 𝛾𝛾 is 

dependent on water salinity and temperature, here taken to range from 25 to 35psu and 2 to 

10°C, respectively. 
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2.5 Waves as physical drivers 
The potential for waves being a cause for the observed nearshore sediment-erosion 

patterns was evaluated by estimating the depth at which the historical wave climate was 

sufficiently energetic to move seabed sediment. The depth-of-closure for a given or characteristic 

time interval is the most landward depth seaward of which there is no significant change in 

bottom elevation and no significant net sediment transport between the nearshore and offshore 

region (Kraus et al., 1998).  

Describing the threshold of seabed agitation by wave action, Hallermeier (1981; 1983) 

derived equations for the inner and outer closure depth; 

ℎ𝑖𝑖𝑖𝑖 = 2.28𝐻𝐻𝜌𝜌12ℎ/𝑦𝑦𝑐𝑐 − 68.5 �
𝐻𝐻𝑠𝑠12ℎ/𝑦𝑦𝑦𝑦
2

𝑔𝑔𝑇𝑇2
� ,       (3a) 

ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = 0.013𝐻𝐻𝜌𝜌𝑇𝑇𝜌𝜌�𝑔𝑔 (1.65𝑑𝑑50⁄ )        (3b) 

where 𝐻𝐻𝜌𝜌12ℎ/𝑦𝑦𝑐𝑐 is the effective wave height (m) just seaward of the breaker zone that is exceeded 

more than 12 hours per year (i.e., the significant wave height with a probability of yearly 

exceedance of 0.137%), 𝑇𝑇 the wave period (s) associated with 𝐻𝐻𝜌𝜌12ℎ/𝑦𝑦𝑐𝑐, and 𝐻𝐻𝜌𝜌 and 𝑇𝑇𝜌𝜌 the 

annual mean significant wave height and mean period.The variable ℎ𝑖𝑖𝑖𝑖 marks the transition from 

the upper to lower shoreface where nearshore waves and wave induced currents are the dominant 

sediment-transport mechanisms. The variable ℎ𝑜𝑜𝑜𝑜𝑜𝑜 marks the transition where the influence of 

wave action on cross-shore sediment transport is likely to be insignificant. 

Closure depths were calculated using the ERA5 wave reanalysis (C3S, 2017). ERA5 

reanalysis wave products are generated globally on a 0.5° (~30 km at N70°) grid from a 

numerical wave model forced by altimeter-derived winds and further adjusted by assimilating 

altimeter-derived wave observations. ERA5 is comprised of hourly outputs across the entire 

globe from 1979 to present. Outputs from the closest grid points to Barrow (N71.5°, W156.5°), 
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Foggy Island Bay (N70.5°, W147.5°), and Barter Island (N70.5°, W144°), in ~20 m water depth, 

were used to estimate ℎ𝑜𝑜𝑜𝑜𝑜𝑜, and additionally ℎ𝑖𝑖𝑖𝑖 after shoaling the wave time-series to a 10 m 

water depth (estimated to be outside the breaking zone) using linear wave theory. Annual ℎ𝑖𝑖𝑖𝑖 and 

ℎ𝑜𝑜𝑜𝑜𝑜𝑜 were calculated from 1979 through 2019 using Eq. (3a and 3b). 

3. Results 
Bathymetric change comparisons near Utqiagvik are concentrated north of Point Barrow, 

seaward of the Tapkaluk Islands, and within Elson Lagoon (Figure 2). Within Stefansson Sound, 

bathymetric change comparisons are concentrated near Foggy Island Bay, around the Boulder 

Patch and its rich and diverse kelp bed community (Dunton et al., 1982; Martin and Gallaway, 

1994), and the offshore barrier islands (Figure 3A&B). Lastly, we assess overlapping singlebeam 

data with NOS soundings along the nearshore exposed coast of western Barter Island, Arey 

Island, and within Arey Lagoon (Figure 4). 

Resolution of the older smooth sheet bathymetry data is rather coarse (0.305 m vertical 

resolution and with unknown horizontal resolution) and uncertainties are not quantified in the 

accompanying documentation. After considering uncertainties in modern hydrographic data, we 

assign low confidence in any depth changes smaller than 0.50 m or where the variability is 

greater than one SD. While some researchers have created observation error estimates for depth 

soundings using institutional performance measures, rather than from individual surveys or 

soundings (e.g., Buster and Morton, 2011; Latapy et al., 2019), we have avoided this due to 

uncertainty about what those errors might be. 

There are always questions about the quality of these older smooth sheet bathymetry data 

sets and the appropriateness of their use for analyses, as many researchers simply download and 

plot the raw data from NCEI without any proofing and editing. Skipping these important data 
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processing steps results in chaotic and nonsensical seafloor maps (e.g., soundings plotting on 

land) that make it seem as if these older data are fundamentally flawed, and therefore unusable 

(Calder, 2006). Throughout this study we have taken great care in considering horizontal 

positioning errors and, for example, identified and addressed such errors in Stefansson Sound 

that subsequently allowed for depth change analyses that could not have been done with the 

uncorrected data (further described in Section 3.2). 

3.1 Utqiagvik region 
Bathymetric comparisons offshore of Point Barrow are generally close to shore (< 10 

km), in shallow water (mostly < 12 m in depth) and occur in distinctive regions with relatively 

uniform amounts of erosion and deposition (Figure 2). There are three nearly continuous bands 

of consistent depth change parallel and seaward of the Barrow Spit shore from Point Barrow to 

Eluitkak Pass, alternating between erosion, deposition, and erosion. These bands may be 

alongshore bars (as observed by Short, 1973; 1975, for example); such bars are typically 

dynamic, migrating on a seasonal scale, and as such could represent only a snap-shot in time 

rather than a long-term change. However, closest to shore (< 600 m) of the moderate to rapidly 

eroding (up to 3 m/yr) spit east of Point Barrow is a discontinuous band of large seabed erosion 

(mostly < 3.4 m), demonstrating the linked behavior between nearshore and beach erosion and 

perhaps indicating that profile steepening or related processes are driving both seafloor and 

beach erosion in this area (Gibbs and Richmond, 2015; 2017) (n=14, mean or �̅�𝑥 = 1.51 m, ± 0.59 

SD; Figure 2(a)). Offshore of that band of erosion, at a distance of about 800 to 1000 m from 

shore, is a discontinuous band of high deposition ranging up to almost 3 m of accumulated 

sediment (n=10, �̅�𝑥 =-1.81 m, ± 0.61; Figure 2(b)). At a distance of about 800 to 1,300 m offshore 

is a third discontinuous band of relatively consistent depth change, showing erosion of up to 3.2 
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m (n=9, �̅�𝑥 =1.65 m, ± 0.71; Figure 2(c)). The western tip of Point Barrow shows high rates of 

shoreline progradation, and about 2.5 km directly north of this area is a continuous seafloor 

region of relatively large deposition (< 2.3 m) occurring between 8 and 10 m water depth (n=52, 

�̅�𝑥 =-0.85 m, ± 0.46; Figure 2(d)). Only about 3 km to the east of this area of deposition is a 

mixed region with mostly moderate (< 2.5 m) erosion values (n=103, �̅�𝑥 =0.66 m, ± 0.39; Figure 

2(e)), while about another 3 km to the east is an area mostly of lower values of deposition (< 0.7 

m; n=42, �̅�𝑥 =-0.20 m, ± 0.20; Figure 2(f)). 

There are fewer depth comparisons available offshore of the Tapkaluk Islands, but they 

are similarly close to shore (< 5 km) and shallow in depth (< 12 m) as at Point Barrow (Figure 

2). At the eastern end of the Tapkaluk Islands, in an area of moderate to very high shoreline 

erosion (up to 11 m/yr), there is a group of bathymetric comparisons distributed in a narrow band 

paralleling the shore in shallow water (n=9, < 5 m depth), all showing high erosion values (1.2 to 

2.2 m; n=9, �̅�𝑥 =1.71 m, ± 0.38; Figure 2(g)). Just offshore of this nearshore band of erosion is a 

group of bathymetric comparisons with moderate (< 1.0 m; Figure 2(h)) erosion in slightly 

deeper water (5-7 m depth; n=6, �̅�𝑥 =0.66 m, ± 0.07). Still farther offshore, between about 10-12 

m water depth, is a group of mixed erosional and depositional bathymetric comparisons, but with 

most (25 of 29) observations showing erosion values of less than about 0.7 m (�̅�𝑥 =0. 26 m, ± 

0.24; Figure 2(i)). Farther to the west along the Tapkaluk Islands, nearer to an area of minimal 

shore erosion and accretion, a group of 15 bathymetric comparisons shows consistent but low 

amounts of deposition (< 0.4 m; �̅�𝑥 = -0.18 m, ± 0.10; Figure 2(j)). The offshore area of low 

erosion (Figure 2(i)) and the western area of low deposition (Figure 2(j)) may potentially define 

the boundaries of this large area of high (Figure 2(g)) and moderate (Figure 2(h)) nearshore 

erosion. 
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Depth changes in Elson Lagoon are more moderate than in the offshore region, perhaps 

because the lagoon is relatively shallow (mostly < 4 m) and protected by islands and spits 

(Figure 2). The largest depth changes occur in areas adjacent to eroding barrier islands and spits 

around the perimeter of the lagoon and a scatterplot of all the data within the lagoon summarizes 

the predominantly (93,369 out of 136,583, or 68%) depositional pattern (Figures 2 and 5A). The 

highest deposition values (mostly > 1.0 m and ranging up to 9.0 m) occur mostly on the western 

and eastern sides of Eluitkak Pass, in the pass between Deadmans Island and the Tapkaluk 

Islands, near the southern half of Barrow Spit, and at the eastern entrance to the lagoon (n= 

4,937, �̅�𝑥 = -1.44 m, ± 0.93; Figure 2(k)). Deposition values of < 1 m in the north and center of 

the lagoon, near inlets between the barrier islands (n= 3,594, �̅�𝑥 = -0.58 m, ± 0.14; Figure 2(l)), 

decrease to < 0.5 m in much of the western and eastern areas of the lagoon (n= 64,302, �̅�𝑥 = -0.21 

m, ± 0.14; Figure 2(m)), illustrating a distinct trend of decreasing deposition farther away from 

the barrier island passes. This deposition within the lagoon, covering an area of about 125 km2 

with about 0.026 km3 of sediment, is quite a noteworthy reduction of water volume since the 

lagoon was already shallow prior to the deposition. Less than a third of the lagoon comparison 

sites indicate erosion, and less than one percent indicate erosion > 1 m, with the highest erosion 

values (4.0 to 4.8 m) occurring within Eluitkak Pass (n=165, �̅�𝑥 = 2.66 m, ± 1.14; Figure 2(n)). 

Low amounts of erosion, almost all < 1 m, were measured in the southwestern, shallow corner of 

the lagoon, in Iko Bay, and near Point Ross at the eastern boundary of the lagoon (n= 3,065, �̅�𝑥 = 

0.63, ± 0.14; Figure 2(o)). 

3.2 Stefansson Sound 
According to the Bathymetric Data Viewer at NCEI 

(https://www.ncei.noaa.gov/maps/bathymetry/) there are no post-WWII NOS smooth sheet 

https://www.ncei.noaa.gov/maps/bathymetry/
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surveys covering Stefansson Sound, creating a large gap in survey coverage along the Beaufort 

Sea coast and potentially eliminating this important study site from our project. However, by 

shifting the soundings from H07760 about 9,300 m to the southwest to align with the correctly 

georegistered smooth sheet, and by completely digitizing the soundings from H07761 (Table 1), 

we determined that this area had been thoroughly surveyed (Figure 1A). Therefore we were able 

to make depth change comparisons to multiple recently collected bathymetry data sets. 

Overall, the Coastal Frontiers 1997 data are weighted toward being more erosional than 

depositional (Figure 5B). An exception exists in the vicinity of the post-WWII 5m isobath where 

deposition dominates (as shown with the vertical scatter of data points against the vertical axis 

representing modern bathymetry). The UAF 2018 data show similar results but with greater 

erosion between the modern 6 m and 10 m isobath. Seaward of the modern day 10 m isobath, the 

slight erosion dominates and with little variance.  

Looking closer at the spatial patterns, the Coastal Frontiers 1997 data generally show low 

amounts (< 0.5 m) of erosion within the Boulder Patch (as digitized from Bonsell and Dunton, 

2018) since the post-WWII NOS data were collected, but higher variability around its edges. 

Low amounts (< 0.5 m) of both erosion and accretion were measured east of the Boulder Patch 

(n= 1,824, �̅�𝑥 = 0.07 m, ± 0.16; Figure 3A(a)) indicating a lack of depth change. The largest 

amounts of erosion (< 2.3 m) were measured on the southwest flank of the Boulder Patch area, 

west of Foggy Island Bay, but this area mostly had moderate and low erosion (n= 1,526, �̅�𝑥 = 0.40 

m, ± 0.40; Figure 3A(b)), and there was little noteworthy offshore erosion. The highest amounts 

of deposition (>1.5 m) were measured just landward of the Narwhal/ Jeanette/ McClure barrier 

island chain located northeast of the survey tracklines but most of these depth change 
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comparisons (321 out of 521, or 62%) only showed moderate to low, and highly variable, 

deposition (n= 521, �̅�𝑥 = -0.25 m, ± 0.65; Figure 3A(c)).  

The UAF 2018 survey of Stefansson Sound’s Boulder Patch is not as spatially dense as 

the 1997 survey but extends farther west to Cross Island and east to the Newport Entrance. 

Similar to the 1997 results, a spatial trend in bathymetric change is apparent. The UAF 2018 data 

show consistent (2,883 out of 3,567 or 81%) but low deposition of less than one SD, and 

therefore within the bounds of uncertainty, east of the Boulder Patch (n= 3,567, �̅�𝑥 = -0.14 m, ± 

0.18; Figure 3B(a)), where the 1997 data showed no depth change. The single transect from 2018 

that bifurcates the larger boulder patch (n= 1,201, �̅�𝑥 = 0.14 m, ± 0.27; Figure 3B(b)) indicates a 

change from slight erosion in 1997 to neutral depth change across the lower density ‘light’ 

boulder patch area (n= 692, �̅�𝑥 = 0.05 m, ± 0.21), whereas no change in the erosion from 1997 

appears to have occurred across the small region of ‘heavy’ high-density boulders (n= 509, �̅�𝑥 = 

0.26 m, ± 0.30; Figure 3B(b)). The channel between the two larger boulder patches also appears 

to have switched from low erosion in 1997 to neutral depth change in 2018 (n= 1,379, �̅�𝑥 = 0.03 

m, ± 0.22; Figure 3B(c)). A larger area of high deposition (908 of 1,527 observations or 59% > 1 

m) than observed in 1997 was measured landward of the Narwhal/ Jeanette/ McClure barrier 

islands (n= 1,527, �̅�𝑥 = -1.26 m, ± 0.88; Figure 3B(d)), and the expanded footprint of the 2018 

data showed this high deposition extended west to Dinkum Sands, and Cross and Bartlett islands. 

The highest deposition (n= 654, �̅�𝑥 = -2.29 m, ± 1.18) in the Dinkum Sands region amounts occur 

immediately to the west of the area of the high erosion (n= 391, �̅�𝑥 = 1.90 m, ± 0.76; Figure 

3B(e)). These seafloor changes associated with the barrier islands and Dinkum Sands are similar 

to the shoreline change observations of Gibbs and Richmond (2015; 2017), who determined that 

the narrow Stefansson Sound area barrier islands, often < 100 m wide, eroded and migrated 
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landward on average 420 m between 1947 and 2010. The Narwhal/ Jeanette/ McClure island 

chain experienced the greatest erosion and land loss during that time, with only a small island 

area emergent in 2010, apparently supplying the sediment we observed settling along the 

northeast edge of the Boulder Patch by 2018. While no shoreline change calculations were 

conducted along much of the Stefansson Sound mainland coast due to the presence of extensive 

river deltas, there were relatively low amounts of shoreline erosion measured near the 

Kadleroshilik River, where retreat distances averaged 42 m, a tenth of the barrier island erosion, 

for the time period between 1947 and 2010 (Gibbs and Richmond 2015; 2017).  

3.3 Barter Island region  
There are several regions of uniform seafloor erosion and deposition along the Arey and 

Barter island coasts, with erosion along more north-facing shorelines and deposition along more 

west-facing shorelines, generally matching the prograding and retreating patterns observed in the 

shorelines (Figure 4). Along the northeast-facing shore of Arey Island, which shows extreme 

retreat up to nearly 15 m/yr (Gibbs and Richmond 2017), sounding comparisons are all highly 

erosional in a contiguous area, shown roughly by the oval, ranging up to a 3.9 m increase in 

depth (n=1,177, �̅�𝑥 = 1.93 m, ± 0.77; Figure 4(a)). Immediately to the west of the region of 

seafloor erosion, west of the apex of Arey Island, where the shoreline faces northwest and 

shoreline change becomes accretional, is a seafloor area showing uniformly high deposition in a 

contiguous area roughly shown with the oval, as high as 3.2 m (n=2,111, �̅�𝑥 = -1.62 m, ± 0.44) 

(Figure 4(b)). This pattern of adjacent seafloor erosion and deposition is repeated along the 

western end of Barter Island, with the small number of the shallowest (< 4 m), inshore depth 

comparisons all showing erosion of up to 2.3 m along a low to moderately retreating shoreline 

(n=74, �̅�𝑥 =1.09 m, ±0.56; Figure 4(c)), right next to a west-facing prograding shore, and adjacent 
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foreshore exhibiting mostly low to moderate (< 1.6 m) deposition (n= 503, �̅�𝑥 =-0.99 m, ±0.25; 

Figure 4(d)). Inside Arey Lagoon, in the vicinity of the narrow inlet between the eastern flank of 

Arey Island and the west spit attached to Barter Island, mostly low to moderate erosion (< 1.0 m) 

was observed (n= 6,274, �̅�𝑥 = 0.31 m, ±0.17; Figure 4(e)). Offshore and to the northwest of Arey 

Island is a region of mostly low deposition (< 0.8 m) from multibeam survey D00168, in depths 

ranging from about 11 to 13 m (n=24, �̅�𝑥 =-0.19 m, ±0.24; Figure 4(f)).  

3.4 Currents 
Maximum bottom currents exceed 200 cm/s (Figure 6A) along the west-facing coast of 

Point Barrow on the Chukchi side. These strong currents are associated with bathymetric steering 

of Pacific waters flowing northward through the Bering Strait across the Chukchi Sea and along 

the Barrow Canyon (Gong and Pickart, 2015; Pickart et al., 2016; Weingartner et al., 2017). 

Previous studies (e.g., Weingartner et al., 1998; Pickart et al., 2005; Itoh et al., 2013; Fang et al., 

2017) have shown that variations in water transport and currents are primarily wind-forced and 

vary seasonally and in-phase with the annual cycle of Bering Strait transport with minima and 

maxima occurring in winter and summer, respectively. Extraneous to this region of deep but 

near-coast strong currents, maximum bottom currents are substantially slower. Maximum bottom 

currents on the northeast-facing side of Point Barrow and within Elson Lagoon are on the order 

of 30 cm/s and 15 cm/s, respectively. Within Stefansson Sound and Foggy Island Bay, maximum 

currents are <50 cm/s, while at Barter Island and within Arey Lagoon maximum currents are on 

the order of 30 cm/s and 10 cm/s, respectively. Because we are not privy to model results and 

observations that are coincident in time, a robust model validation for the specific regions of 

interest to this study is not possible, but comparison between modeled maximum bottom currents 

in 2015 tend to be biased low by ~-25% compared to observations obtained in 1999-2000 near 



23 
 

Foggy Island Bay (maximum measured currents of 65 cm/s at McClure by Weingartner et al. 

2009), and ~-50% compared to observations collected in 2011 near Barter Island and Arey 

Lagoon (Erikson et al., 2020). 

Comparing computed bed shear stresses using U100 values at the closest model grid 

point to usSEABED (Buczkowski et al., 2020a; 2020b; Figure 6B-D) sediment sample locations 

(Eq. 1) and comparing these to the critical shear stress (Eq. 2), the solid line in Figure 6E shows 

that the majority of the sediment samples analyzed can be mobilized and transported by tidal, 

geostrophic, and atmospheric driven currents (72% of the Utqiagvik samples, and 92% of the 

Stefansson Sound samples). The single sediment sample within the Barter Island study area falls 

below the critical threshold for incipient motion but as noted above, the model appears to be 

biased low and with only a single seabed sediment sample, it is not possible to infer if oceanic 

currents impart changes of the seabed.  

3.5 Waves 
The annual mean inner depths-of-closure (Eq. 3a; ℎ𝑖𝑖𝑖𝑖) are similar at all sites, ranging 

between 2.90 and 3.20 m (Table 3). Only at Utqiagvik was a statistically significant (p-

value<0.05) trend of increasing ℎ𝑖𝑖𝑖𝑖 found (0.03m/yr). In contrast, outer depths-of-closure (Eq. 

3b; ℎ𝑜𝑜𝑜𝑜𝑜𝑜) were found to be statistically significant at all three sites during the reanalysis period of 

1979 to 2019, indicating an increasing capacity for seafloor impacts (Table 3). Deepest ℎ𝑜𝑜𝑜𝑜𝑜𝑜  (9.3 

± 2.9 m) were found to occur at Utqiagvik, followed by Barter Island (7.0 ± 1.7 m), and slightly 

shallower Stefansson Sound (6.2 ± 1.9 m) (Figure 7; Table 3). The ℎ𝑜𝑜𝑜𝑜𝑜𝑜 values in the vicinity of 

Utqiagvik indicate that cross-shore wave processes are likely responsible for observed changes 

along the northeast-facing spit immediately east of Point Barrow. Furthermore the observed 

erosion-deposition-erosion pattern may be a reflection of cross-shore bar movement that is 

typical of many beaches (Short, 1973; 1975). Within Elson Lagoon, in the vicinity of Utqiagvik, 
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which is protected from direct open coast wave energy, much of the change cannot be attributed 

to cross-shore processes by open ocean developed wind-waves (locally generated waves may 

still impact the seabed). In Stefansson Sound much of the observed erosion and deposition is 

within the bounds of the DOC (Figure 5B and landward bound of gray shading in Figure3A&B). 

Deposition within the DOC region is primarily concentrated along the east margins of Foggy 

Island Bay and may reflect dampening of wave energy that would allow for sediment to settle 

and deposit in the shadows of the Boulder Patch and barrier islands. Along the open coast of 

Barter Island, much of the observed seabed change is within  ℎ𝑖𝑖𝑖𝑖 (points in water depths < 3.2 ± 

0.7 m, Figure 4 and 5C), suggesting that waves are a dominant mechanism for entrainment and 

transport of sediment along this section of coast. Similar to Elson Lagoon, no conclusions can be 

made of wave-induced transport within Arey Lagoon since local wave growth within the lagoons 

is not evaluated here.  

5. Discussion 
5.1 Indicators of physical drivers – resuspension and transport  

This is one of the first studies to quantify patterns of nearshore erosion and deposition 

using in situ measurements along Alaska’s Beaufort Sea coast, an area well known for recent, 

significant shoreline change (Brown et al., 2003; Mars and Houseknecht, 2007; Jones et al., 

2009; Tweedie et al., 2012; Gibbs and Richmond, 2015; 2017; Jones et al., 2018). By carefully 

correcting the post-WWII smooth sheet soundings, an often misunderstood resource of historical 

seafloor observations, we showed that there was a spatial link between the previously 

documented shoreline erosion/progradation of Gibbs and Richmond (2015; 2017) and nearby 

seafloor erosion/deposition. We also showed that relatively uniform regions of seafloor depth 

change may alternate between erosion and deposition off of the same section of shoreline, and 
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that these regions of relatively uniform seafloor depth change may occur up to about 5 km from 

the shoreline. In general, the observed bathymetric change can be attributed to coastal currents 

driven by wind-stress, atmospheric pressure gradients, large-scale quasi-steady water surface 

slopes and horizontal density gradients associated with oceanic circulations and waves as 

indicated by comparing measured sediment characteristics with current velocity outputs from a 

3D numerical model and wave conditions from an earth-systems reanalysis product. Our analysis 

shows that these well-known forces of coastal change demonstrate greater complexity offshore, 

as revealed in the two-dimensional patterns of change in the offshore environment. While not 

evaluated here, it is also well known that sea-ice related processes (such as ice-gouging) can 

significantly alter the seabed (Barnes et al., 1984) but also that tidal currents are small in this 

region and provide insignificant modes of transport except in the case of very fine cohesive 

sediment (Baumann et al., 2020). 

Using simple metrics, we have shown that sediment resuspension and transport by both 

wave and non-wave driven currents landward of the ~13 m isobath and outside of Elson and 

Arey Lagoons likely contribute to the overall patterns of observed change at all three studied 

sites (within the 9.3 ± 2.9 m, 7.0 ± 1.7 m, and  6.2 ± 1.9 m isobaths at Utqiagvik, Barter Island, 

and Stefansson Sound, respectively).  These findings are supported by previous observation and 

modeling studies (Aumack et al., 2007; Coastal Frontiers Corporation, 2014; Bonsell and 

Dunton, 2018; Erikson et al., 2020). 

Within Elson Lagoon, Stierle and Eicken (2002) showed that bottom sediment 

resuspension varies temporally and spatially and is controlled by local bathymetry and 

interannually by wind velocity and fetch. Along the open coast and east of Point Barrow, where 

our results showed deposition on the Chukchi side (west) of Point Barrow and more complicated 
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patterns of erosion and deposition east of Point Barrow, the results are generally consistent with 

survey results reported by Hume and Schalk (1967). Based on repeat surveys begun in 1958, 

Hume and Schalk documented southeastward transport of sediment and a 20-fold increase in 

transport associated with the extreme storm of 1963. A complex pattern of bathymetrically 

steered geostrophic strong currents combined with intermittent storm waves and wind-driven 

currents appear responsible for the overall observed change (Gong and Pickart, 2015; Pickart et 

al., 2016; Fang et al., 2017; Weingartner et al., 2017).  

Driven by the need to document changes potentially associated with the construction of 

oil and gas exploration infrastructure, extensive measurements of total suspended sediment 

concentrations throughout Stefansson Sound date back to the early 1980s (USACE, 1984). 

Measurements show strong correlations between increasing wind speed and increasing 

suspended sediment concentrations during the ice-free season, presumably from resuspension of 

bottom sediments (Trefry et al., 2009). Detailed sediment transport modeling substantiates 

measured deposition patterns around the Endicott Causeway between 1989 and 2009/10 (Yager, 

2011). The deposition patterns surrounding the causeway were variable with depth changes up to 

~1 m over the ~20-year period, save one small patch with exceptionally high deposition near the 

terminus of the causeway.  

As part of a study to evaluate future flood patterns and stability of Arey Island, with 

respect to sea-level rise and changing storm conditions, Erikson et al. (2020) derived hindcast 

(1981 to 2010) and future (2011 to 2100) conditions of open-water season wave conditions, 

currents, and morphologic change using a suite of numerical models. Model simulations of 

sediment transport and morphologic change, driven by waves, tides, and storm surge, were found 

to be sufficiently strong to transport sediment presently available within the nearshore and on the 
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barrier islands. Model results of past conditions corroborate the findings of this study in that the 

western portion of Arey Island has been relatively stable while the eastern portion was highly 

dynamic. The pattern of a highly dynamic eastern portion and relatively stable western portion of 

the island was found to continue into the future, assuming unchanging sediment supply.  

5.2 Sediment sources  
Whereas large amounts of resuspended sediment, driven by waves and currents, are 

transported across and along the inner nearshore zone and likely responsible for much of the 

observed change, sediment flux from streams and eroding bluffs are major contributors to the 

overall sediment budgets and bathymetric change. The Sagavanirktok River, one of the three 

largest rivers that drain Alaska's North Slope, terminates in Stefansson Sound with an 

approximate annual water discharge of 1.6 km3/yr (McClelland, 2014). Adjacent to Arey Lagoon 

are the Hulahula River (0.5 km3/yr) (Stuefer et al., 2017) and the much smaller Okpilak River. 

The Sagavanirktok, Hulahula and Okpilak rivers originate in the Brooks Range where they drain 

snowfields and glaciers and subsequently journey across the tundra, eventually reaching the 

coast to release organic and non-organic silts and fine to medium sands (Lock et al., 1989). 

While these sediment loads are reasonably large, major, distant rivers such as the Colville and 

Mackenzie also provide sediment that transport alongshore contributing to the overall sediment 

budget and bathymetric change, far beyond the locations where they enter the Beaufort Sea (e.g., 

Dunton et al., 1982). 

Similar to influx of riverine sediment loads, material flux from eroding bluffs contribute 

to shoreline and bathymetric changes both locally and distally from the originating source. Along 

the open coast of Barter Island, Gibbs et al. (2019a) observed deposition of eroded bluff material 

at the base of the bluff and subsequent removal of the debris apron. During a single year 
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(2014/2015), the bluffs experienced a net volume loss of 38,100 ± 300 m3 (1.3 m3 per meter of 

shoreline) and, although very episodic, the volumetric loss was found to be similar to the long-

term annual average computed over 1955-2015 (Gibbs et al., 2019a). Erosion rates and 

volumetric material flux are variable across the Alaska Beaufort Sea coast. Along the mainland 

of Stefansson Sound, insignificant bluff recession and material flux have occurred, possibly due 

in part to the protection of shore-aligned barrier islands that mitigate wave impacts on the 

mainland shore. At the west end of our study area at Elson Lagoon, where fetch is sufficiently 

large to generate waves and the bluffs are primarily made up of fine sediment, volumetric losses 

averaged 0.8-3.5 m3/m/yr from 2003 to 2015 (Tweedie et al., 2016).  

Inferences between eroded bluff material and changes in nearshore bathymetry can, to 

some degree, be made at the three study sites investigated here. For example, the east-west 

trending spit at Barter Island and infilling of the inlet between Arey Island and the spit are likely 

the result of both eroded bluff material and resuspended sediment transported alongshore. Bluff 

material at Barter Island is comprised of fine to medium sand and gravel (Erikson et al., 2020), 

making it both suitable for transport and deposition nearby and further from the originating 

source. In contrast, eroded bluff material from Elson Lagoon bluffs is likely to remain within the 

lagoon due to the semi-enclosed geography, and is reflected in the eroding shoreline and 

depositional environment of the lagoon (Figure 2).  

5.3 Implications for the future  
The magnitude to which the nearshore bathymetry will continue to change 

(increase/decrease in depth) depends on future ocean conditions (storms, sea ice), delivery of 

volumes of sediment, and their characteristics. The frequency and magnitude of wave energy and 

storm surges appear to be increasing (Atkinson, 2005; Casas-Prat and Wang, 2020; Erikson et 
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al., 2020), as are sediment influxes from rivers (Hobson, 2006) and eroding bluffs (Jones et al., 

2008; Gibbs et al., 2021). Field studies  on shallow, depth-dependent species along the Beaufort 

Sea coast would benefit from  the incorporation of trends in bathymetric change identified in this 

study when considering climate change impacts. Exposure or burying of sessile infauna may be 

significant in some areas, more mobile epifauna may avoid or colonize newly surfaced seafloor 

areas, and fish may shift their ontogenetic and seasonal migrations. For example, the shallowing 

of central and northern Elson Lagoon, along with the deepening in its western area and eastern 

entrance, may change the distribution of abundant fish species such as least cisco (Coregonus 

sardinella), fourhorn sculpin (Myoxocephalus quadricornis), and juvenile pink (Oncorhynchus 

gorbuscha) and chum (O. keta) salmon (Logerwell et al., 2015). Outside of the lagoon but also in 

the Utqiagvik region, the nearshore and abundant species of capelin (Mallotus villosus) and 

Arctic cod (Boreogadus saida) (Logerwell et al., 2015) may follow retrograding barrier islands. 

In this study we show that the depth-of-closure, that is, the depth seaward of which there is no 

significant cross-shore sediment transport, has expanded and that with continued increases in 

wave heights and periods, bathymetric change will likely extend farther offshore with time. 

Because wave transformation to the nearshore is critically dependent on nearshore bathymetry, 

and bluff erosion is critically dependent on nearshore wave conditions (Lantuit et al., 2012; 

Ravens et al., 2012; Barnhart et al., 2014; Fritz et al., 2017; Vincent et al., 2017; Bull et al., 2020; 

Frederick et al., 2021) there is a feedback cycle with respect to information needs required to 

predict shoreline change and consequent adverse impacts on coastal infrastructure, habitats, and 

communities. Increasing loads of sediment from rivers and bluffs to the nearshore coastal system 

could offset the expanding depth-of-closure and moreover are likely to change the dynamic 

evolution (including beaches, spits, barrier islands) of the coastline. However, projections of 
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these processes are still poorly quantified and thus warrant more in-depth further studies. 

Additionally, the majority of the nearshore Alaskan Beaufort Sea coast was last surveyed more 

than 70 years ago, as exemplified in the limited geographic scope of the study presented herein; 

thus, there is a need to not only update nearshore bathymetric measurements from the legacy 

post-WWII soundings, but also to perform repeat surveys in the coming decades, particularly in 

areas of rapid change and of greatest concern. 

6. Conclusions 
Seasonal variations in hydrodynamics and sediment supply control sediment transport 

and bathymetric change. In this study, we evaluated bathymetric change where single- or 

multibeam bathymetry have been collected within recent decades and overlap with the otherwise 

most comprehensive nearshore bottom surveys across the Alaska Beaufort Sea from the post-

WWII era. Existing data coverage limited this study to three regions at the west, central, and east 

ends of the Alaska Beaufort coast: Point Barrow and Elson Lagoon, Stefansson Sound, and the 

vicinity of Barter Island. Our limited depth comparisons show the value of this approach for 

better understanding coastal change processes and supports expanding this type of analysis as 

more nearshore bathymetry data are collected. 

Relevant to the observed bathymetric changes are sea-ice related processes such as ice 

scour, resuspension and transport of seabed and shoreline sediment, and additionally the 

availability and influx of sediment to the nearshore coastal system from sediment-laden river 

flows and eroding bluffs. Whereas ice scour can substantially rework the seabed along individual 

track lines like those analyzed here, these actions produce highly variable seafloor depth change 

rather than the fairly uniform depth changes that we observed. Instead, sediment resuspension 

and transport likely contribute to the overall patterns of change. Identifying littoral cells and 
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estimating sediment budgets for the investigation into all processes that contribute to the 

observed depth changes are beyond the scope of this study and not feasible due to the lack of 

data. However, indications are that sediment loads from rivers and eroding bluffs have increased 

over the past decades and likely have contributed to the change (such as deposition within Elson 

Lagoon). Wave energy along the exposed coast has also increased, resulting in an expanding 

depth-of-closure that is deepening by 0.06 to 0.15 m/yr at the three study sites between 1979 and 

2019 (Table 3). The balance between continued increases in wave energy and transport and 

deposition of sediment from both along and cross-shore processes will determine if the nearshore 

bathymetry changes will expand further offshore. 

Ideally, a project such as ours would be conducted under carefully controlled and 

monitored conditions, but as ours is a retrospective analysis, we are utilizing available data sets, 

interpreted for our purposes, over uncontrolled periods. While we agree that it is unwise to place 

much weight on the exact quantitative depth changes of grouped observations reported here that 

are roughly equal to, or smaller than, the original units of depth measurement (1 ft or 0.305 m) 

and with large standard deviations, we also think that it is a mistake to disregard them 

completely. For example, the large (125 km2) area of low (<0.5 m) deposition within Elson 

Lagoon, occurring between areas of higher deposition and areas of low to moderate erosion, is 

the result of thousands of depth change comparisons. We argue that its geographical placement 

and small depth change values makes more sense than assuming that some sort of depth 

sounding bias occurred only and consistently at this location.  

The lack of permanent surface moorings collecting wind, wave, and current data in this 

area also hampered a direct analysis. While we are not directly measuring or modeling the 

movement of individual sediment particles, we are able to provide supporting information on 
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fluvial sediment loads, sediment types, seasonal sea ice extents, waves, and currents to illuminate 

possible drivers of sediment transport pathways and redistribution patterns for a better 

understanding the mechanisms through which the observed coastal changes may have occurred. 

But a clear need for new and continued monitoring and modeling are needed to fully understand 

the observed seabed changes. 
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Table 1. Details about historical (1945-53) smooth sheets created from hydrographic surveys. 
Soundings were collected by fathometers and navigation was conducted by hydrographic sextant 
(visual triangulation) or Shoran (radio). Horizontal reference systems are discontinued, local 
datums specific to the Beaufort Sea shore: Barter Island (1948), Flaxman Island (1912), and 
Barrow (1945). Vertical datum is MLLW (Mean Lower Low Water), which is defined as zero 
depth. Mean High Water (MHW) shorelines were originally reported in tenths of feet and the 
unweighted average of all smooth sheets was 0.6 ft (0.17 m). Average MHW values are reported 
when multiple values were utilized within the area of a smooth sheet. Major corrections to the 
smooth sheet soundings, such as horizontally shifting them distances in a compass direction due 
to improper georegistration, or digitizing them, are indicated. 

Smooth sheet Year Horizontal Datum Scale MHW ft/m Correction 

F00109 1952 Barter Island (1948) 1:10,000 0.6/0.18 digitized 

H07070 1945 Barter Island (1948) 1:20,000 0.4/0.12 150 m NE 

H07071 1945 Barter Island (1948) 1:20,000 0.4/0.12 330 m NE 

H07072 1945 Barter Island (1948) 1:20,000 0.4/0.12 330 m NE 

H07073 1945 Barter Island (1948) 1:20,000 0.4/0.12 150 m NE 

H07074 1945 Barter Island (1948) 1:20,000 0.4/0.12 150 m ENE 

H07656 1948 Barter Island (1948) 1:10,000 0.5/0.15 420 m E 

H07657 1948, '52 Barter Island (1948) 1:20,000 0.5/0.15 420 m E  

H07658 1948, '52 Barter Island (1948) 1:20,000 0.5/0.15 440 m E 

H07659 1948 Barter Island (1948) 1:20,000 0.5/0.15 230 m SE 

H07756 1949-50 Flaxman Island (1912) 1:20,000 0.7/0.21 325 m SW 

H07757 1949-50 Flaxman Island (1912) 1:20,000 0.7/0.21 320 m SW 

H07758 1949 Flaxman Island (1912) 1:20,000 0.7/0.21 330 m SW 

H07760 1949-50 Flaxman Island (1912) 1:20,000 0.5/0.15 9300 m SW 

H07761 1949-50 Flaxman Island (1912) 1:40,000 0.6/0.18 digitized 

H07851 1949-50 Flaxman Island (1912) 1:20,000 0.7/0.21 170 m SW 
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H07852 1950 Flaxman Island (1912) 1:20,000 0.7/0.21 360 m SW 

H07853 1950 Flaxman Island (1912) 1:20,000 0.7/0.21 200 m SW 

H07854 1950-51 Flaxman Island (1912) 1:20,000 0.5/0.15 1000 m S 

H07855 1950 Flaxman Island (1912) 1:40,000 0.7/0.21 200 m SW 

H07856 1950-51 Flaxman Island (1912) 1:40,000 0.5/0.15 110 m SW 

H07857 1950 Flaxman Island (1912) 1:20,000 0.5/0.15 290 m SW 

H07859 1950-51 Barrow (1945) 1:40,000 0.5/0.15 150 m NE 

H07915 1951 Flaxman Island (1912) 1:40,000 0.7/0.21 120 m SW 

H07916 1951 Flaxman Island (1912) 1:20,000 0.7/0.21 120 m SW  

H07917 1951 Flaxman Island (1912) 1:20,000 0.7/0.21 100 m SW 

H07918 1951 Flaxman Island (1912) 1:20,000 0.55/0.17 230 m SW 

H07919 1951 Barrow (1945) 1:20,000 0.5/0.15 330 m ENE 

H07920 1951-52 Barrow (1945) 1:40,000 0.5/0.15 150 m ENE 

H07921 1951-52 Barrow (1945) 1:40,000 0.4/0.12 300 m ENE 

H07922 1951-53 Barrow (1945) 1:40,000 0.4/0.12 200 m NE 

H07979 1952 Barter Island (1948) 1:20,000 0.6/0.18 430 m E 

H07980 1952 Barter Island (1948) 1:20,000 0.6/0.18 430 m E  

H07981 1952 Barter Island (1948) 1:20,000 0.6/0.18 200 m E 

H07982 1952 Barter Island (1948) 1:20,000 0.7/0.21 200 m E  

H07983 1952 Barter Island (1948) 1:40,000 0.6/0.18 450 m ESE 

H07984 1952 Barter Island (1948) 1:40,000 0.65/0.20 190 m E 

H07991 1952 Barrow (1945) 1:40,000 0.55/0.17 180 m E 

H08058 1953 Barrow (1945) 1:40,000 0.55/0.17 350 m ENE 
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H08059 1953 Barrow (1945) 1:80,000 0.7/0.21 200 m NE 
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Table 2. Details about recent hydrographic surveys. 

Survey Year Horizontal Datum Vertical 

Datum 

Scale Method 

D00168 2012 NAD83 MLLW 1:40,000 Multibeam 

F00666 2015 NAD83 MLLW 1:20,000 Multibeam 

Endicott 1985 Not specified; 

assumed NAD83 

Not 

specified; 

assumed 

MSL 

-- Singlebeam 

Coastal  

Frontiers 

1997 Alaska State Plane 

Zone 3, NAD83  

MLLW -- Singlebeam 

Arey Lagoon 2011 WGS84 MSL -- Singlebeam 

Elson Lagoon 2015 NAD83(2011) 

Ellipsoid 

GRS80 

Ellipsoid 

-- Singlebeam 

UAF 2018 WGS84(G1762) MSL -- Multibeam Thinned to 

50 ft× 50 ft Grid 

Singlebeam 

Coastal Frontiers 

Corporation/BPXA 

2013 Alaska State Plane, 

Zone 3, NAD 83,  

MLLW  Singlebeam 
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Table 3. Summary statistics of depth of closure estimates using ERA5 reanalysis data between 
1979 and 2019. 

Parameter Barrow Foggy Island Bay Barter Island 

in
ne

r 
D

O
C

 

mean (m) 3.00 ± 0.70 2.90  ±  0.80 3.20  ±  0.70 

trend* (m/yr) 0.03 0.01 0.02 

ou
te

r 
D

O
C

 

mean (m) 9.25 ± 2.90 6.15 ± 1.85  7.00  ± 1.70 

trend* (m/yr) 0.15 0.06 0.06 

*italicized values denote statistically significant trends (𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝 ≤ 0.05) 
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Figure captions 

Figure 1. A) Beaufort Sea coast study area, with inset overview map, showing locations of 

postWorld War II National Ocean Service (NOS) smooth sheets, recent multibeam surveys, and 

locations of study regions. B) Stefansson Sound region 1985, 1997, and 2018 singlebeam 

tracklines. C) Barter Island region 2011 singlebeam tracklines. D) Utqiagvik region 2015 

singlebeam tracklines. 

Figure 2. Depth differences between post-World War II (1945-53) and recent (2012-15) 

hydrographic surveys in the Utqiagvik region. Warm colors (yellow to red) indicate erosion, 

whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were generated from 

post-World War II era NOS smooth sheet bathymetry raster, shoreline change is from Gibbs and 

Richmond (2017), and the land is from IFSAR (Interferometric Synthetic Aperture Radar: 

https://elevation.alaska.gov/). 

Figure 3A. Depth differences between post-World War II (1945-53) and recent (1997) 

hydrographic surveys in the Stefansson Sound region. Warm colors (yellow to red) indicate 

erosion, whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were 

generated from post-World War II era NOS smooth sheet bathymetry raster, shoreline change is 

from Gibbs and Richmond (2017), and the land is from IFSAR (Interferometric Synthetic 

Aperture Radar: https://elevation.alaska.gov/).  

Figure 3B. Depth differences between post-World War II hydrographic (1945-53) and a recent 

(2018) multibeam survey in the Stefansson Sound region. Warm colors (yellow to red) indicate 

erosion, whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were 

generated from post-World War II era NOS smooth sheet bathymetry raster, shoreline change is 

from Gibbs and Richmond (2017), and the land is from IFSAR (Interferometric Synthetic 

https://elevation.alaska.gov/
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Aperture Radar: https://elevation.alaska.gov/). Boulder patch rock coverage digitized from 

Bonsell and Dunton, 2018.  

Figure 4. Depth differences between post-World War II (1945-53) and a recent (2011) 

hydrographic survey in the Barter Island region. Warm colors (yellow to red) indicate erosion, 

whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were generated from 

post-World War II era NOS smooth sheet bathymetry raster, shoreline change is from Gibbs and 

Richmond (2017), and the land is from IFSAR (Interferometric Synthetic Aperture Radar: 

https://elevation.alaska.gov/). 

Figure 5. Scatter plots showing overall depth change in (A) Elson Lagoon, (B) Stefansson 

Sound, and the (C) Barter Island region. Diagonal lines show the 1:1 fit (dashed) and least-

squares linear fit (solid) between the two datasets (linear fit on the UAF 2018 is shown in (B)). 

The horizontal dashed lines in (B) and (C) show the 41-year (1979 to 2019) upper bounds of the 

inner (ℎ𝑖𝑖𝑖𝑖) and outer (ℎ𝑜𝑜𝑜𝑜𝑜𝑜) depths of closure (Table 3 Section 4.2) as they relate to the modern 

bathymetry. ℎ𝑖𝑖𝑖𝑖 represents the approximate seaward limit where nearshore waves and wave-

induced currents are expected to dominate sediment transport; ℎ𝑜𝑜𝑜𝑜𝑜𝑜 marks the transition where 

the influence of wave action on cross-shore sediment transport is likely to be insignificant. 

Figure 6. Overview of sediment mobility due to currents and bottom shear stresses. A) Maximum 

near-bed currents as computed with a three-dimensional numerical model (Curchitser et al., 

2017; see text for further details) during September 1998. B-D) Seabed sediment grain sizes and 

contours of maximum bottom shear stresses computed with the same model as in A) in the 

vicinity of Utqiagvik, Stefansson Sound, and Barter Island (grain size sources: USGS and 

usSEABED; Buczkowski et al., 2020a; 2020b). Sediment samples symbolized with circles are 

subject to resuspension and transport by the modeled currents in A, when compared to threshold 

https://elevation.alaska.gov/
https://elevation.alaska.gov/
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for sediment motion (E). E) Non-cohesive sediment grain sizes plotted against bottom shear 

stresses modeled with the ROMS model for the three study regions. The black solid lines show 

the upper and lower limit thresholds of motion for all combinations of varying salinities (25psu 

to 35psu) and temperatures (2°C to 10°C). 

Figure 7. Depth-of-closure estimates computed over the time period 1979 to 2019 using hourly 

ERA5 reanalysis wave conditions offshore of Utqiagvik, Stefansson Sound, and Barter Island. 
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Figure 1. A) Beaufort Sea coast study area, with inset overview map, showing locations of post-

World War II National Ocean Service (NOS) smooth sheets, recent multibeam surveys, and 

locations of study regions. B) Utqiagvik region 2015 singlebeam tracklines. C) Stefansson Sound 
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region 1985, 1997, and 2018 singlebeam tracklines. D) Barter Island region 2011 singlebeam 

tracklines.  
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Figure 2. Depth differences between post-World War II (1945-53) and recent (2012-15) 

hydrographic surveys in the Utqiagvik region. Warm colors (yellow to red) indicate erosion, 

whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were generated from 

post-World War II era NOS smooth sheet bathymetry raster, shoreline change is from Gibbs and 

Richmond (2017), and the land is from IFSAR (Interferometric Synthetic Aperture Radar: 

https://elevation.alaska.gov/).  
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Figure 3A. Depth differences between post-World War II (1945-53) and recent (1997) 

hydrographic surveys in the Stefansson Sound region. Warm colors (yellow to red) indicate 

erosion, whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were 

generated from post-World War II era NOS smooth sheet bathymetry raster, shoreline change is 

from Gibbs and Richmond (2017), and the land is from IFSAR (Interferometric Synthetic 

Aperture Radar: https://elevation.alaska.gov/). 
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Figure 3B. Depth differences between post-World War II hydrographic (1945-53) and a recent 

(2018) multibeam survey in the Stefansson Sound region. Warm colors (yellow to red) indicate 

erosion, whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were 

generated from post-World War II era NOS smooth sheet bathymetry raster, shoreline change is 

from Gibbs and Richmond (2017), and the land is from IFSAR (Interferometric Synthetic 

Aperture Radar: https://elevation.alaska.gov/). Boulder patch rock coverage digitized from 

Bonsell and Dunton, 2018.  
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Figure 4. Depth differences between post-World War II (1945-53) and a recent (2011) 

hydrographic survey in the Barter Island region. Warm colors (yellow to red) indicate erosion, 

whereas cool colors (teal to blue) indicate deposition. Bathymetric contours were generated from 

post-World War II era NOS smooth sheet bathymetry raster, shoreline change is from Gibbs and 

Richmond (2017), and the land is from IFSAR (Interferometric Synthetic Aperture Radar: 

https://elevation.alaska.gov/). 
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Figure 5. Scatter plots showing overall depth change in (A) Elson Lagoon, (B) Stefansson 

Sound, and the (C) Barter Island region. Diagonal lines show the 1:1 fit (dashed) and least-

squares linear fit (solid) between the two datasets (linear fit on the UAF 2018 is shown in (B)). 

The horizontal dashed lines in (B) and (C) show the 41-year (1979 to 2019) upper bounds of the 

inner (ℎ𝑖𝑖𝑖𝑖) and outer (ℎ𝑜𝑜𝑜𝑜𝑜𝑜) depths of closure (Table 3 Section 4.2) as they relate to the modern 

bathymetry. ℎ𝑖𝑖𝑖𝑖 represents the approximate seaward limit where nearshore waves and wave-

induced currents are expected to dominate sediment transport; ℎ𝑜𝑜𝑜𝑜𝑜𝑜 marks the transition where 

the influence of wave action on cross-shore sediment transport is likely to be insignificant. 
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Figure 6. Overview of sediment mobility due to currents and bottom shear stresses. A) Maximum 
near-bed currents as computed with a three-dimensional numerical model (Curchitser et al., 
2017; see text for further details) during September 1998. B-D) Seabed sediment grain sizes and 
contours of maximum bottom shear stresses computed with the same model as in A) in the 
vicinity of Utqiagvik, Stefansson Sound, and Barter Island (grain size sources: USGS and 
usSEABED; Buczkowski et al., 2020a; 2020b). Sediment samples symbolized with circles are 
subject to resuspension and transport by the modeled currents in A, when compared to threshold 
for sediment motion (E). E) Non-cohesive sediment grain sizes plotted against bottom shear 
stresses modeled with the ROMS model for the three study regions. The black solid lines show 
the upper and lower limit thresholds of motion for all combinations of varying salinities (25psu 
to 35psu) and temperatures (2°C to 10°C). 
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Figure 7. Depth-of-closure estimates computed over the time period 1979 to 2019 using hourly 

ERA5 reanalysis wave conditions offshore of Utqiagvik, Stefansson Sound, and Barter Island. 
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