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Mid-Winter Breakout of Landfast Sea Ice and Major Storm Leads to Significant Ice Push Event Along Chukchi Sea Coastline
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During the winter of 2016, anomalous sea ice conditions and a powerful storm culminated in a destructive erosion event along the Chukchi Sea coastline of Cape Espenberg, Alaska. This event is commonly referred to as an “ice push” or “ivu,” the Inupiat word for an ice ridging event. In this article, we report the process and impact of this event by combining traditional ecological knowledge, news accounts, meteorological data, remote sensing, and ground surveys. The midwinter detachment of shorefast ice was caused by a low-pressure system and wind-driven swell that destabilized shorefast ice, while northerly winds developed an open-water lead offshore to the eventual impact area. These conditions preceded the impact of an extratropical cyclone on December 31, 2016, when powerful southerly winds and the second largest storm surge in Kotzebue Sound since at least 2003 led to the compressional failure of the ice cover under uniaxial loading perpendicular to the southern coastline of the Cape, resulting in the ice push event. Ice-pushed debris was shoved up to 6.2 m above mean high water, with ∼3.5 km of coastline experiencing net erosion. The largest accumulation of ice-pushed debris had a volume of 1,000 m3, and rose 3 + m above the surrounding ground surface even after roughly 6 months of melting. On low-lying areas, driftwood and other debris were deposited 130 m landward by the surge 5.0 m above mean high water, indicating the potential threat of such events to property, infrastructure, and, in this case, archeological sites and associated cultural resources. The anomalous environmental and sea ice conditions that preceded the ivu seem to suggest that such events may occur more frequently in a warmer Arctic.

Keywords: Cape Espenberg, sea ice, Kotzebue Sound, Arctic, storm surge, erosion, climate change, ivu


INTRODUCTION

Contemporary warming in the Chukchi and Beaufort Seas is contributing toward coastal change in Alaska, especially related to the decline in pack and landfast ice (Mahoney, 2018; Vermaire et al., 2013). Synthetic aperture radar (SAR) indicates that landfast ice is forming later and disappearing earlier by approximately 1 week per decade along the Chukchi and Beaufort Sea coasts (Mahoney et al., 2014). The implications of which are important to consider, given that the increase in open water days leads to a greater likelihood of destructive coastal hazards, including ice push events (Mahoney et al., 2004).

These movements of sea ice onshore are termed “ice push,” “ice shove,” or “ice ride-up” events (Kovacs, 1984; Shapiro et al., 1984; Kovacs and Sodhi, 1988; Mahoney et al., 2004) and are referred to in this article generally as either “ivu” or “ice push” (Mason et al., 1997b). Documented impacts of these events include destruction of property and cultural resources (Kinsman and DeRaps, 2012) and impeding safe travel (Sodhi et al., 1983). There is also archeological evidence suggesting an ivu may have caused loss of life (Zimmerman and Aufderheide, 1984). An extensive survey of ice push events by Kovacs and Sodhi (1980) indicates they span a scale between what are called ice ride-ups and ice pile-ups. Ice ride-up events are characterized by largely intact sheets of ice advancing up the shoreface, sometimes hundreds of meters inland (Brower, 1960). However, ice pile-up events involve the build-up of fragmented blocks of sea ice incorporated with nearshore sediments and debris into elevated piles. Compared to ride-up events, they have a limited landward extent and are typically greater in elevation (Sodhi et al., 1983). Both processes often occur in combination, depending on the friction of the littoral zone, beach slope, and topography, as well as the integrity, or thickness, of the ice (Sodhi et al., 1983; Barker and Timco, 2016). Ice ride-up and pile-up events can occur throughout the year but are more common in the fall (October–November) or spring (May–June) when there are less stable ice conditions (Leffingwell, 1919; Kovacs and Sodhi, 1980). On local scales, the seasonal evolution of landfast ice formation, stabilization, and break-up is heavily influenced by both geographic setting and pronounced interannual variability (Mahoney et al., 2014).

The destabilization of shorefast ice is a complex interaction of many dynamic processes, including wind forces, currents, local sea-level change, and pack ice interaction (e.g., Gilbert and Glew, 1986; Gilbert, 1991; George et al., 2004; Mahoney et al., 2007; Jones et al., 2016). Once the landfast ice is destabilized along a given stretch of coastline, a number of physical processes must take place in order for an ice push to occur. Most importantly, landward momentum must be transferred to the ice at the shoreline such that resistive forces in the nearshore (e.g., gravity, friction) are overcome (Sodhi et al., 1983; Mahoney et al., 2004). This can be caused by stresses due to wind and/or current or a drifting ice floe with substantial kinetic energy (Christensen, 1994; Barker and Timco, 2017). The morphology of the coast may also concentrate momentum transfer at particular stretches of shoreline (Kovacs and Sodhi, 1980).

Because of the episodic occurrence of ivu and the remoteness of Arctic coastlines, they are selectively surveyed when they occur near natural resource and/or residential infrastructure in the region (Leffingwell, 1919; Barker and Timco, 2017). Accordingly, this article documents a significant ivu event (Figure 1) that occurred on a remote stretch of shoreline along the Chukchi Sea at Cape Espenberg, which advances the understanding of the occurrence and implications of these coastal hazards. Specific research objectives were as follows: (1) to map the spatial extent of the affected coastline and document its geomorphic impacts, (2) to determine the environmental conditions and chronology of events that led to the ivu, and (3) to contribute toward a better understanding of ice push events in regard to recent warming trends in the Arctic.
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FIGURE 1. Remnants of the ivu along the eastern portion of coastline as observed on July 22, 2017, 7 months after its occurrence. The ivu eroded nearshore and bluff sediments placing them in large piles along the coastline. A member of the science party is shown for scale.




STUDY SITE

The Cape Espenberg dune and beach ridge plain is a mainland-attached spit in a microtidal setting dominated by longshore currents that transport sediments along the Cape toward the northern tip of the Seward Peninsula (Figure 2). The site is part of the Bering Land Bridge National Preserve, managed by the National Park Service, and has a history of multidisciplinary research (National Park Service [NPS], 2020). Multiple stratigraphic and sedimentological investigations have been carried out at the site spanning over 25 years (Mason and Jordan, 1993; Mason et al., 1997a; Alix et al., 2017; Maio et al., 2017, 2018). The Cape has a mean annual temperature of about −5°C (23°F) (Stewart et al., 2013), favoring the development of permafrost 20–90 cm below the ground surface (Mason et al., 1997a; Hoffecker and Mason, 2010; Jones et al., 2012). There is persistent sea ice cover offshore between roughly November and May, which has been stable until recent decades (Mahoney et al., 2014). Annually, the shallow Espenberg Lagoon is among the first stretches of water to freeze within Kotzebue Sound (Mason et al., 1997a). The routes of cyclones that impact the area typically follow two tracks: (1) north/north–northeastward following the coast of Siberia; (2) northeastward, across the Aleutian Islands, into the Bering Sea and continuing northward through the central Bering Sea (Mesquita et al., 2010). These storms can produce winds up to 35 m s–1 (78 mph) with hurricane force gusts up to 45 m s–1 (100 mph), wind waves exceeding 10 m, and local surge plus wave water levels upward of 7 m (Sallenger, 1983; Kowalik, 1984; Johnson and Kowalik, 1986; Mason et al., 1996; Blier et al., 1997).
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FIGURE 2. Map showing the Cape Espenberg barrier spit. The Cape is located along the Arctic Circle (dashed line) on the northern tip of the Seward Peninsula, Alaska (red box), within Kotzebue Sound.


Generally speaking, the Cape Espenberg barrier is composed of fine to medium sand with the fines being easily mobilized from the beach landward by northwesterly winds during the fall storm season (Mason and Jordan, 1993; Mason et al., 1997a). The study site area is divided into three sections including eastern, central, and western areas (Figure 3). The three sections were categorized based on clear differences in their morphology and the nature of geomorphic impacts imposed by the ice push event (Figure 3). The eastern section is marked by bluffs 3–5 m in height, alternating between cross-shore dune ridges and lower elevation swales that primarily consist of unconsolidated wind-blown sand, fronted by a very shallow offshore tidal flat (<1 m water depth for at least 2 km seaward) (Mason et al., 1997a). The central area is also fronted by shallow water (<1 m) and lacks the higher elevation beach ridges of the eastern and western sections. This lower elevation trough has only a few low relief dune ridges, with most of the area covered by a marsh and series of small ponds (Mason et al., 1997a). The sediment stratigraphy in the central area generally includes marine sand capped by 10–70 cm of marsh peat (Alix et al., 2017). Along the western section, there are greater offshore water depths (≤3 m) and a considerably steeper bluff face, which runs alongshore the Cape’s dune ridges in places truncating these high relief features. There are much older and more developed soil horizons in the western section, with the upper 50–90 cm being primarily composed of organic rich peat with an underlying matrix of wind-blown sand and silt (Mason et al., 1997a; Alix et al., 2017). The active layer at this location loosely corresponds to this organic (peat) to inorganic (sand and silt) stratigraphic horizon (Mason et al., 1997a).
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FIGURE 3. Map showing the area impacted by the 2017 Cape Espenberg ivu. The map on the left uses elevation data from the ArcticDEM, created by the Polar Geospatial Center from DigitalGlobe, Inc., imagery (Porter et al., 2018). The insert map on the right shows the surveyed, spatial extent of the impacted coastline (dashed line) and denotes the Eastern, Central, and Western sections discussed in the text with vertical black lines. The 1,000 m3 ice-push debris pile that impacted cultural resources and the maximum inland extent of the storm surge is marked with the red arrows.




MATERIALS AND METHODS

To identify the specific timing of the ivu event and place it in the context of locally observed coastal processes, we utilized a combination of ground surveys; traditional ecological knowledge; news reports; and meteorological, water level, and SAR data. Field work and mapping were conducted in July 2017. This involved photographing and surveying the linear and vertical extent of the ivu deposits. The research team also interviewed a local environmental knowledge holder from the Alaska Native community of Shishmaref, to provide a longer-term context for sea ice–related disturbances in the area. Following the field work, we obtained remotely sensed sea ice data, local news accounts, and meteorological data and held discussions with National Weather Service (NWS) meteorologists to elucidate when and how this event occurred.


Ground Survey and Tidal Datum

The inland extent of the storm surge and volume of the main ice push feature was quantified using a Real-Time Kinematic Global Navigation Satellite System (RTK-GNSS) (Figure 3). To determine the maximum inland extent and area of the ice push, continuous rover data (1-s intervals) were collected along the well-defined wrack line and/or sediment deposits overlaying terrestrial vegetation. A gridded survey was carried out to calculate the volume of the largest ice-shoved debris pile, located within the eastern section. Empirical Bayesian kriging was used to interpolate the 4,234 postprocessed elevation points over the 3,429 m2 area, equating to an average sampling density of 1.2 points per m2. The interpolated elevation surface was then compared to a 20 cm2 resolution 2016 Digital Surface Model provided by Fairbanks FODAR (Fairbanks FODAR, 2020). To relate survey elevations to local mean high water (MHW), a tidal datum was produced by JOA Surveys, LLC (Joa Surveys LLC, 2020) based on 3 weeks of HOBO water-level data collected during the 2017 field work season. The National Oceanic and Atmospheric Administration (NOAA) tide station at the Red Dog Dock (9491094) was used as the control (National Oceanic and Atmospheric Administration [NOAA], 2020). In addition to the elevation data, more than 300 photographs were taken to document the physical remnants and impacts of the ivu, and a thaw depth probe was used along the stretch of impacted coastline to verify active layer thickness. Sediment type and relative grain size were noted as was the presence of marine debris such as shells, driftwood, and eelgrass. Additional photographs were taken to capture morphological changes that had occurred since the event, including drainage patterns and thermokarst features.



Shoreline Change Analysis

To quantify shoreline change caused by the ivu, the vegetation line (vegline) was selected as the shoreline indicator as it is easily discernable on the ground and in aerial imagery, and there is no inherent error due to tidal fluctuations and/or swash action as is the case with other indicators such as the high water line (Pajak and Leatherman, 2002; Boak and Turner, 2005; Buzard et al., submitted). Along the south-facing tip of Cape Espenberg, the vegline closely corresponds to the bluff edge, and a loss of vegetation often correlates to erosion, especially when it is related to individual storm events (e.g., Boak and Turner, 2005; Maio et al., 2012). A drawback in using the vegline for remote-sensing analyses is that there is a lag time between beach accretion and the seaward expansion of insipient vegetation (e.g., Boak and Turner, 2005; Keijsers et al., 2015; Buzard et al., submitted), although this phenomenon is accounted for in our case, given that the 2017 vegline was derived from the ground surveys and is supplemented with field observations and photographs.

To create a 2017 vegline, the feature was surveyed with the RTK-GNSS during the summer 2017 field work (e.g., Zarillo et al., 2008). The 2016 vegline was manually delineated within a geographic information system over a 10 cm2 orthorectified aerial mosaic collected in August 2016 (Fairbanks FODAR, 2020). Net shoreline movement (NSM) (total distance of shoreline movement) was calculated using the USGS Digital Shoreline Analysis System (DSAS) by casting cross-shore virtual transects at 5 m intervals between the 2016 and 2017 veglines (Himmelstoss et al., 2018). Error estimates in NSM values were calculated using the “square root of the sum of squares” method considering the digitizing uncertainty with regard to the 2016 orthomosaic (10 cm), as well as horizontal movements of the GNSS receiver antenna during the 2017 survey (up to 25 cm) (Ruggiero et al., 2013; Weaver et al., 2015). The same uncertainty range (± 0.27) is used for each transect, given that our analysis used veglines from only two dates and that the sources of uncertainty listed above were not spatially variable. DSAS analysis was only carried for the central and eastern sections, as the western stretch was not included in the extent of the 2016 aerial imagery. Observations along the western stretch are based off field surveys and photography, as described below. Because of the lack of any significant (>1 m) surge events between when the Cape Espenberg coast became ice-free and when the RTK survey was carried out (National Oceanic and Atmospheric Administration [NOAA], 2016), it is assumed that the calculated shoreline change is primarily attributable to the 2016 ice push event.



SAR Analysis

Satellite-derived copolarized vertical transmission and reception (VV) and horizontal transmission and reception (HH) SAR data (Table 1) from the Alaska Satellite Facility’s data portal1 (Alaska Satellite Facility [ASF], 2019) was used to analyze sea ice conditions in Kotzebue Sound from the time of first ice formation until after the ice push event at Cape Espenberg (Figure 4). We distinguished ice from open water based on backscatter signatures in the C-band (5.6 cm wavelength), using the principles described and illustrated by Jackson and Apel (2004). Because ice and ocean surfaces can exhibit similar backscatter magnitudes depending on wind conditions and ice type, we based our analysis on the geometry and textures of features in the imagery and their relationship to the coastline, rather than the values of individual pixels. Landfast ice was distinguished by its adjacency to the shoreline and lack of discernible motion between consecutive SAR scenes, which ranged between 2 and 15 days (e.g., Mahoney et al., 2014). Ridges and rubble piles were recognized as curvilinear features with high backscatter in both HH and VV caused by multiple surfaces oriented toward the SAR sensor (Onstott and Carsey, 1992; Jackson and Apel, 2004). Cracks in the ice were identified as high backscatter features when the exposed ice faces on the far side of the cracks were oriented perpendicular to the sensor relative to the orbit or view direction of the SAR satellite (Jackson and Apel, 2004; Dammann et al., 2018).


TABLE 1. Selected synthetic aperture radar datasets used to identify changes to sea ice conditions around the time of the ivu.
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FIGURE 4. Wide swath VV-polarized C-band synthetic aperture radar (SAR) data of the Cape Espenberg area. Backscatter intensity (unitless) is stretched over a continuous 16-bit black (low) to white (high) color gradient. A standard deviation (n = 2) and gamma stretch (0.832) has also been applied to highlight relative differences in backscatter intensity. (A) On November 8, open water is observed along the outer coastline, while within the Espenberg Lagoon the first sea ice of the season begins to form. (B) On 24 December, an open-water lead is visible along the affected coastline on the southern tip of Cape Espenberg, as well as bright linear features in the sea ice within the lagoon. (C) On 31 December, wind striations indicate a northward wind direction, whereas ice push debris is clearly visible (white areas) in the area landward of the open-water lead shown in (B). Large ice fractures are also visible indicating the direction of ice movement. (D) On March 13, ice push debris is still visible approximately 6 weeks after deposition.




Water-Level Data

Water-level data for NOAA tide station 9491094 at the Red Dog Dock, 115 km to the north of Cape Espenberg (Figure 2), were compiled from NOAA’s Tides and Currents web viewer2. The Red Dog Dock station is the closest to Cape Espenberg and has been the only continuously operating, vertically referenced water-level sensor in Kotzebue Sound since it was installed in August 2003 (National Oceanic and Atmospheric Administration [NOAA], 2020). The station also provided further control for the tidal datum computed from the 3 week HOBO water level survey collected for this study. Water-level elevations at 6 min intervals were plotted relative to MHW between 1 October 2016 and 31 January 2017 in order to show the extent of surge during the 31 December storm relative to the rest of the 2016 storm season (Figure 5). To provide context to this event, the 31 December water-level extent was also compared with the entire operating history of the station over the last 17 years.
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FIGURE 5. Water-level data for NOAA tide station 9491094 at the Red Dog Dock, located 115 km to the north of Cape Espenberg, between 1 October 2016 and 31 January 2017. Water levels are shown in meters relative to mean high water (MHW), the average of all the high water heights at the station observed over the current national tidal datum epoch (NTDE) (1983–2001). The 31st December surge is the second largest recorded since the station began operation in August 2003 (National Oceanic and Atmospheric Administration [NOAA], 2020).


Given the distance between Cape Espenberg and the Red Dog Dock, it is difficult to verify the timing and magnitude of the storm surge at Cape Espenberg. However, it has been well documented that debris line elevations provide an accurate estimate for total water levels, which include all individual components that contribute to water level: wave setup, wave run-up, barometric bulge, and astronomical tide (Sallenger, 1983; Blier et al., 1997). At Cape Espenberg, the surveyed debris line served as a proxy for the total water levels from the storm event (Blier et al., 1997).



Meteorological Data

To contextualize the oceanographic and meteorological conditions that forced the onshore movement of sea ice at Cape Espenberg, mean sea-level pressure (MSLP) and wind direction and speed (Figures 6, 7) were obtained from the ERA-5 atmospheric reanalysis provided by the European Centre for Medium-Range Weather Forecasts3 (Copernicus Climate Change Service (C3S), 2017). MSLP plots were derived by contouring sea-level atmospheric pressure at 2 hPa intervals over an area bounded between 68.7077° to 63.3131° N and −177.5301° to −161.5125°W. To represent atmospheric structure and dynamics between 18 December 2016 and 1 January 2017, a single time each day (23:00 Zulu time) was selected for visualization. Wind rose diagrams were derived by making daily histograms from the combined hourly zonal and meridional wind vector components at 10 m altitude of one ERA-5 cell at the Cape (66.5500°N, −163.6400°W) over the same timeframe. Daily temperature observations recorded by the NWS meteorological station at Ralph Wien Memorial Airport (PAOT) in Kotzebue, AK (66.9°N, 162.59°W), between 1 December 2016 and 31 January 2017 were compiled using Weather Underground’s web viewer4.
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FIGURE 6. Mean sea-level pressure (MSLP) contour maps derived from the ERA-5 atmospheric reanalysis provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). MSLP is shown in hectopascals (hPa) at 2 hPa intervals between 18 December 2016 and 1 January 2017 (23:00 Zulu time each day). Lower pressure values are shown in cooler (blue) colors, whereas higher pressures are shown in hotter (red) colors. The location of Cape Espenberg is identified with the black circle. Notice the low pressures observed on both 19 December and 29 December that were major factors in the destabilization of shorefast ice and passage of the severe winter storm on 31 December.
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FIGURE 7. Wind rose diagrams derived from the ERA-5 atmospheric reanalysis provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) between 18 December 2016, and 1 January 2017. Wind at 10 m altitude from one ERA-5 cell at the Cape (66.5500°N, –163.6400°W) is shown. The circular format of the wind rose shows the direction the winds blew from and the length of each “spoke” around the circle shows how often the wind blew from that direction (here we use a fixed scale up to 90%). The different colors of each spoke provide details on the speed, in m s– 1, of the wind toward each direction. Notice the northwesterly winds on 19 and 20 December, which accompanied the low-pressure system and developed the open-water lead south of the Cape. Easterly and/or northeasterly winds between 24 and 29 December kept the ice pack within Kotzebue Sound pushed up against the western shore, south of the Cape. Southerly winds between 30 December and 1 January, combined with significant surge, resulted in the ice push event at Cape Espenberg.




Traditional Ecological Knowledge

Traditional ecological knowledge was provided by Mr. Fred Goodhope, an Inupiat elder from Shishmaref, a community 70 km south of the impacted area (Figure 2). Mr. Goodhope, whose family has herded reindeer and gathered subsistence resources in the area for a generation, is an ongoing collaborator with scientists working at the Cape Espenberg archeological site. He has visited the Cape regularly over the last 50 years, as it is considered a sacred burial ground for his ancestors. For this study, we visited the disturbed coastline with Mr. Goodhope and held an unstructured oral discussion to determine any precedence on the timing and magnitude of the event.




RESULTS


Chronology of the Ice Push Event

Continuous sea ice first appeared along the shallow shores of Kotzebue Sound by 8 November (Table 2 and Figure 4A). Over the next several weeks, the ice south of Cape Espenberg became landfast, whereas highly mobile pack ice developed in the central Sound by 28 November. The newly formed landfast ice was grounded based on its continuous position as observed over multiple SAR scenes. The shallow waters (<3 m water depth) immediately south of Cape Espenberg were among the first of the offshore areas to freeze up (Figure 4A).


TABLE 2. Chronology of events and supporting datasets.
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A low-pressure system (980 hPa) moved into the eastern Chukchi coastline between 18 and 20 December (Figure 6). SAR imagery before and after these dates show that the low-pressure system, coupled with the northerly wind regime (Figure 7), floated (Figure 5) and transported nearshore ice away from the southern coastline at Cape Espenberg, forming an open-water lead along its southern tip (Figure 4B). This mote-like feature is still apparent in the SAR scenes up to 29 December, just prior to the ice push event (Figure 4B). In the same SAR scene, there is also open water with highly mobile sea ice within Kotzebue Sound. Predominant easterly winds between 24 and 29 December kept the fragmented ice floe within the Sound packed against the landfast ice that had formed along the western mainland shoreline (Figure 7).

During the 31 December storm event, NWS and public accounts from local media reported major storm surges and hurricane force wind gusts throughout northwestern Alaska (i.e., Alaska Dispatch News, 2017; Arctic Sounder, 2019). At Kotzebue, the NWS meteorological station (PAOT) recorded high winds of up to 20 m s–1 (45 mph), with maximum wind gusts of up to 27 m s–1 (60 mph) (National Oceanic and Atmospheric Administration [NOAA], 2016). The worst damage was reported in Savoonga (Figure 2), an Alaska Native Village on St. Lawrence Island, where several roofs were ripped off, windows were blown out, and rain flooded into homes through openings around foundations attributed to recent permafrost collapse (Alaska Dispatch News, 2017). A Savoonga resident noted the absence of sea ice in the northern Bering Sea around St. Lawrence Island and reported that the storm had the biggest impacts on the local coastline and infrastructure that he could remember in the past 57 years (Alaska Dispatch News, 2017).

As the storm continued moving northeast and approached Kotzebue Sound on 31 December 2016, weather station PAOT recorded temperatures exceeding 2°C (36°F), which tied previous records from 1982, 2013, 2015, and 2017 for the warmest temperature recorded in December for Kotzebue (National Oceanic and Atmospheric Administration [NOAA], 2016). The SAR image from that day shows a region of open water on the ocean-side northern coastline of the Cape with strong southerly winds apparent (Figure 4C) and several new cracks in the continuous sea ice south of the Cape (Figure 4C) that did not appear in the earlier scenes (i.e., Onstott and Carsey, 1992; Jackson and Apel, 2004). The cracks were caused by compressional failure of the ice cover under uniaxial force perpendicular to the southern coastline of the Cape and are aligned approximately north–south up to 6 km long and 1 km apart (Figure 4C). The onshore winds (Figure 7) and storm surge (Figure 5) on 31 December 2016 pushed the unfastened ice sheet north along these slip planes into the tip of Cape Espenberg where the open-water lead present in the 24 December SAR scene occurred. This open-water lead provided accommodation space, which lessened resistive forces and predisposed stress release along this stretch of coastline (e.g., Gilbert and Glew, 1986; Mahoney et al., 2004). A bright radar signature confirmed the presence of ice on top of the beach ridges at the tip of Cape Espenberg directly landward of the previously open stretch of water. This new relief feature matched the surveyed extent of the impacted coastline and is clearly visible on the landscape in SAR scenes through the winter and spring (Figure 4D).



Geomorphic Impacts

The geomorphic impacts of the ivu were first reported after an archeological crew that had been working on the spit in summer 2016 returned in late spring of 2017. They observed extensive erosional scarps with substantial piles of sand, ice, and other marine debris perched atop their field sites. Earlier in the spring, a local air taxi pilot had also observed anomalous “house-sized” piles of sand and ice while passing the site, noting clear disturbances along the 3.5 km tip of Cape Espenberg. Mr. Goodhope reported seeing similar features during his time in Shishmaref, Kotzebue, and Nome, but had never observed an ivu of this magnitude at this location. Mr. Goodhope’s account did not provide the specific date of the event, but instead placed it within a range between mid-November 2016 (when sea ice first formed off of Shishmaref) and March 2017 when he passed by on a snow machine. These local testimonies helped to constrain the date of the event and its geomorphic impacts along an otherwise remote stretch of coastline.

The results of the field surveys and observations document the impacts of block erosion, surge-driven marine flooding, impounding of storm surge and sea ice melt waters, and the landward deposition of eroded material (Figures 8–11). Clear differences in geomorphic impacts, related to variability in coastline topography and stratigraphic characteristics, were apparent between the eastern, central, and western portions of the Cape’s shore (Figure 3) (e.g., Sodhi et al., 1983; Barker and Timco, 2016). Geomorphic impacts, by section, are discussed below using field observations as well as the results from the shoreline change analysis.
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FIGURE 8. Conceptual diagram showing the before (A), during (B), and after (C) cross-sections of the Eastern portion of the coastline (Figure 3). Key features are annotated with the arrows. (A) Undisturbed coastline prior to the ivu depicting bluff consisting primarily of unconsolidated wind-blown sand. (B) During the event, ice, sediments, and other marine debris were piled on top of the bluff. (C) Ivu debris pile as it was surveyed and documented 5 months after the ice push. MHW, mean high water.
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FIGURE 9. Conceptual diagram showing the before (A), during (B), and after (C) cross-sections of the Central portion of coastline (Figure 3). Key features are annotated with the arrows. (A) Undisturbed coastline prior to the ivu depicting lower elevation trough and marsh. (B) Given the lower elevation of the central area, there was an ice ride-up where ice was floated or pushed inland by the storm surge waters but did not leave the distinct debris piles as observed along the Eastern and Western sections. (C) After the event, a clear wrack line marking the maximum inland extent of the event (130 m). MHW, mean high water.
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FIGURE 10. Conceptual diagram showing the before (A), during (B), and after (C) cross-sections of the Western portion of coastline (Figure 3). Key features are annotated with arrows. (A) Prior to the event, there were shore parallel thermokarst cracks approximately 10 m inland from the bluff edge. Note the steeper bluff face and deeper offshore water when compared to the Eastern section (Figure 8). (B) During the event, ice was shoved into the steep bluff face gouging the bluff toe and sheering off large blocks of sediment along the bottom of the active layer. Notice how the lateral abrasion from the ice push leads to the exposure of permafrost at the bluff, compounding further erosion. (C) After the ice push, it was evident that the bluff face had slumped onto the beach with the large sediment blocks and thermokarst features remaining along the top of the bluff (Figures 11E,F). MHW, mean high water.
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FIGURE 11. Photographs of ivu impacts along the eastern, central, and western portions of Cape Espenberg (Figure 3). (A) Photo taken from the foreshore looking east with small erosional scarp and large ice pile-up debris. (B) Looking west toward the tip of the cape with ice blocks and eroded sediments shown. (C) Storm surge debris line in central low-lying area adjacent to archeological site. (D) Photo looking east across central low-lying swale with large piles of sediment blocks along western coastline. (E) Along this western portion of the coastline, large blocks of bluff material were cast landwards. (F) Parallel to the impacted western coastline, 20–50 m longshore parallel thermoerosional cracks were observed filled with water and ivu debris.



Geomorphic Impacts: Eastern

The greatest amount of ice pile up material was along the southeastern tip of the Cape (Figures 1, 11A,B). The main ice push feature along this stretch was made up of ice blocks as large as ∼50 cm3 mixed with sand, shells, driftwood, and other marine debris with melt water pools and channels present (Figures 11A,B). It was concentrated over a 30 × 200 m area in close proximity to the active archeological site. Based on the survey data, this deposit had a volume of 1,000 m3 (Figure 3). The elevation of the pile was 6.2 m (MHW) and rose 3 m above the surrounding land surface at the time of the survey (>6 months after its formation). This unconsolidated relief feature had a greater number of ice blocks, but lacked the well-defined organic-rich stratigraphic structure observed in the more western deposits (Figure 8). The primarily sand and silt sediment matrix of the debris pile originated from both the wind-blown sands of the eroded bluff face and nearshore tidal flats made evident by the presence of marine shells.

The DSAS analysis for the eastern section revealed variable patterns of shoreline change predominately controlled by the alternating dune ridges and troughs alongshore. The eastern stretch had an average NSM of −1.6 ± 0.27 m, with highly variable values ranging between 1.4 and −18 ± 0.27 m. The larger piles of eroded material corresponded to sections of the shoreline with a steeper bluff face (cross-shore dune ridges), which were subject to significant abrasion by rafted sea ice during the 31 December storm (Figures 11A,B). The greatest amount of erosion (18 m) was observed seaward of the 1,000 m3 ice shove feature mentioned previously. Although this analysis identified that there were three locations with positive NSM, field observations and photographs from this area document a clear erosional scarp along the entire coastline with marine debris and overwash deposits across the bluff edge. Two of the locations that observed positive NSM fell within the uncertainty range of the analysis (± 0.27 m) and were therefore considered negligible (0 m). The third location that observed positive NSM (1.4 m) had still been reworked by the ice push event, but deposits of unconsolidated material intermixed with vegetation made identification of the vegline uncertain at this location. This positive NSM of the vegline could also be attributed to the growth of new vegetation seaward of the erosional scarp.



Geomorphic Impacts: Central

The low-lying central section had an average NSM of −0.9 ± 0.27 m, with values ranging between −0.1 and −2.5 ± 0.27 m. It is inferred that the upper range of NSM in the central section (−0.1 m) is negligible (0 m), as it falls within the uncertainty range of the shoreline change analysis. Analogous to the eastern section, the entire central coastline also appeared disturbed and truncated. Overwash sand and marine debris were deposited up to 130 m inland (Figures 9, 11C). This maximum inland extent of the surge in the central low-lying swale was delineated by the well-defined rack line (Figure 11C). In this area, the storm surge covered an area of 37,000 m2 and extended 130 m inland (Figure 3), terminating just 60 m from the archeological site. The maximum elevation of the storm debris line was surveyed at 5.0 m above MHW providing an accurate estimate for the maximum elevation reached by storm water.



Geomorphic Impacts: Western

Along the older and more ice rich (Mason et al., 1997a) beach ridge complex to the west, the ivu impacts were considerably different (Figures 10, 11E). The ice push appears to have detached and transported fragmented sections of the active layer upwards and inland. These roughly 2 × 4 × 1 m sediment blocks were deposited on top of the dune ridge as high as 5.0 m above MHW, with some blocks being completely flipped on end (Figures 11D,E). When surveyed, these blocks were intact with well-defined soil horizons unlike the unconsolidated debris piles observed along the eastern section. While the bluff showed disturbance up to 10–15 m inland over the 1 km stretch, it was evident, from the lack of a defined marine debris line as observed along the eastern and central stretches of coastline, that the storm surge did not reach as far inland along the western ridge.

As previously stated, DSAS analysis was not carried out along the western stretch because of it falling outside the extent of the 2016 orthomosaic, but based on field photographs and observations, it is estimated that this section experienced approximately 2–4 m of erosion with more uniform patterns of disturbance compared to the other two sections. During the field campaign, cross-shore melt run-off channels and shore-parallel thermokarst crevices were also observed and photographed (Figure 11F). The presence of marine debris (e.g., shells, drift wood, marine algae) within these channels and crevices at the time of the ground survey indicates an input of marine water at these locations. Field observations also revealed slumping of the disturbed bluff face and exposure of ice-rich permafrost.





DISCUSSION

Ivu of varying degrees are fairly common along Arctic coastlines during seasonally driven periods of destabilized landfast sea ice conditions (Kovacs and Sodhi, 1980, 1988; Kovacs, 1984; Mahoney et al., 2004). However, local observers have never seen an ivu occur at Cape Espenberg, and there are few recent scientific accounts of their occurrence in the region, especially in late December. To address this gap in knowledge, this article documents a significant ivu event (Figure 1) that occurred on a remote stretch of shoreline along the Chukchi Sea at Cape Espenberg to advance the understanding of the occurrence and implications of these coastal hazards. These novel results serve to highlight the environmental conditions that lead to destructive ivu, its geomorphic impacts, and potential linkages between this event and regional trends in sea ice decline.


Spatial Extent and Geomorphic Impacts

Upon mapping and noting the characteristics of disturbance along the 3.5 km stretch, it became evident that the variability in foreshore and backshore morphology between the three sections (e.g., beach slope, insipient dune crest elevation, etc.) played a major role in controlling the degree of disturbance. Specifically, the orientation of dune ridges along the Cape relative to the affected coastline resulted in the differing geomorphic impacts between the eastern and central sections compared to the western section. The western section’s coastline runs parallel to the dune ridges and is likely why the nature of disturbance and erosion was uniform along this stretch. Conversely, the eastern and central sections run perpendicular to the dune ridges and explain the highly variable nature of geomorphic impacts and erosion along these two sections. This agrees with previous studies that identify coastal morphology as a first-order controller on the nature and extent of coastal change (e.g., Manson et al., 2005; Overduin et al., 2014; Farquharson et al., 2018). Similarly, the shoreline configuration seems to have played a role in controlling where the ice push occurred (e.g., Wagner, 1970; Zagórski et al., 2015). In other words, the sea ice within the lagoon was constrained by the mainland to the west and offshore bars to the east, which concentrated stress release to the north when forced with southerly winds. These constraining features are made evident in SAR scenes preceding the ice push event, as they delineate the shallow waters south of the spit where sea ice began forming in early November (Figure 4A). These two factors, combined with the differing substrates along the three sections (see Study Site), likely explain the spatial patterns of erosion quantified by the shoreline change analysis (i.e., Barnhart et al., 2014).

The largest NSM (18 m of erosion) identified by the shoreline change analysis occurred along the eastern section, coming within meters of an active archeological site containing the remains of 1,000-year-old driftwood houses and irreplaceable artifactual records (Alix et al., 2017). Although it is important to reiterate that the elevations, erosion rates, and volumetric change statistics reported in the sections above were measured 6 months after the ice push occurred, with this in mind, the volume and height of the debris pile are surely underestimated, as roughly 2.5 months of melting had occurred preceding the field campaign (National Oceanic and Atmospheric Administration [NOAA], 2016). This melting was made evident by the presence of melt water pools and channels along the affected coastline, predominately in the western and eastern sections. The western section had large blocks ripped from the bluff face and cast upward and landward onto the ridge crest, exposing subsurface permafrost along the bluff (Figure 11). Marine debris along the western ridge crest flooded existing thermokarst features and indicates that storm water, likely from wave run-up, reached this elevation (5 m MHW). These impacts have likely led to a further destabilization of bluff structure and the acceleration of erosion rates at this location (e.g., Jones et al., 2009; Jorgenson and Ely, 2001; Fritz et al., 2017). A repeat survey is needed to quantify the extent to which exposed permafrost has exacerbated secondary erosion.

The substantial forces behind these geomorphic impacts demonstrate the potential threat of such events to property, infrastructure, archeological sites, and cultural resources. Regionally speaking, the widespread damage to infrastructure from the 31 December storm was mainly caused by storm surge and/or hurricane-force winds, rather than ice push, as was predominantly the case at Cape Espenberg (Alaska Dispatch News, 2017; Arctic Sounder, 2019), although the major drivers of infrastructural damage from the 31 December storm differed with geographic setting. In Kotzebue, substantial winds caused power outages and damaged multiple buildings, whereas further south in Norton Sound, storm surge led to some of the highest sea levels observed in living memory for the month of December (Arctic Sounder, 2019). St. Lawrence Island took a direct hit from the storm. Damage from storm surge flooding and wind was reported to have occurred at 25 homes on the island, with one house being completely ripped in half and another being blown off its foundation (Arctic Sounder, 2019). Gambell, located on the northwest side of the island, saw its runway flooded and had more infrastructural damage than any other location (Arctic Sounder, 2019). The wind-turbine power plant in Gambell also had to be shut down, due to wind gusts reportedly exceeding 55 m s–1 (125 mph) (Alaska Dispatch News, 2017). Unfortunately, few empirical data regarding coastal change and other damage were collected. This point exemplifies the contribution of this study and the need of increased meteorological and water-level instrumentation in the region.



Chronology and Environmental Conditions

The SAR and meteorological data were especially helpful in interpreting the quasi-daily changes in sea ice and weather conditions that culminated in the ivu. This portion of the analysis made it apparent that the ivu at Cape Espenberg was made possible through a “perfect alignment” of sea ice dynamics, atmospheric forcing, and geomorphic setting. Identifying these preceding conditions to an ice push event at a given location is particularly useful to inform sea ice modeling and forecasting, given that ice push events are so episodic in nature (Mahoney et al., 2004). Additionally, although ivu events have been recorded at all times during the ice season, additional mechanisms must be active to incur an ice push event during the colder months (Mahoney et al., 2004), as was the case at Cape Espenberg. Thus, lead-up conditions are discussed in further detail below.

In the days preceding the arrival of the first low-pressure system on 18 December, temperatures rose from −23 to −3°C between 09 and 17 December as recorded at NWS meteorological station PAOT at Kotzebue airport (National Oceanic and Atmospheric Administration [NOAA], 2016). It is likely that this increase in temperature resulted in thermal cracking and weakening of the landfast sea ice due to differential thermal expansion (e.g., Cox, 1983; Johnson and Metzner, 1990). After this rise in temperature, a low-pressure system moved over the Cape between 18 and 20 December, contributing to the 0.6 m (MHW) water level observed at the Red Dog Dock on 19 December due to the inverse barometer effect (Ponte, 2006; National Oceanic and Atmospheric Administration [NOAA], 2020). In fact, the water level observed on 19 December was the highest that had occurred since 17 November (0.6 m MHW) and before the 31 December storm surge (1.9 m MHW) (National Oceanic and Atmospheric Administration [NOAA], 2020). These factors, combined with the northerly winds observed between 19 and 20 December, likely destabilized the landfast ice directly south of the Cape, resulting in the open-water lead and, possibly, the bright curvilinear features evident in the 24 December SAR scene (Figure 4B).

Another precursor to the ice push event was the expanse of open water in the Bering and Chukchi Seas as the 31 December storm moved to the northeast along its track. This factor likely contributed to the extreme nature of the storm in terms of wind, surge, and resultant infrastructural damage (Wicks, 2015; Alaska Dispatch News, 2017; Arctic Sounder, 2019). Storms of this or greater magnitude are projected to become more common in the region (Sepp and Jaagus, 2011). Recent atmospheric studies in the Arctic report an increase in the frequency and intensity of storm activity, generally attributed to regional warming and enhanced thermal contrast between the land and sea along the Arctic Frontal Zone (Zhang et al., 2004; Sepp and Jaagus, 2011; Day and Hodges, 2018). Specifically, a study by Sepp and Jaagus (2011) found that the trend in the annual total number of cyclones in the Arctic shows an increase of 55.8 cyclones over the period 1948–2002 and that the greatest increase in the frequency of cyclones was during the winter. There was a significant increase in the frequency of cyclones that specifically moved into the Arctic basin through the Bering Strait, as was the case for the 31 December storm (Sepp and Jaagus, 2011). Moreover, the same study identified that the sea-level pressure of Arctic cyclones showed a significant decreasing trend of 2.5 hPa (stronger storms) over the same study period. These findings align with other atmospheric studies on cyclone intensity and frequency in the region (McCabe et al., 2001; Atkinson, 2005; Vermaire et al., 2013). A lack of continuous, long−term data extending beyond a few decades has made it difficult to adequately assess these trends and project any future impacts (Manson and Solomon, 2007; Vermaire et al., 2013).



Potential Linkages to Arctic Warming

Taken individually, the factors that culminated in the ivu (e.g., midwinter breakout event, low sea ice extent in Bering Sea, storm surge, hurricane force winds, etc.) do not necessarily seem anomalous. However, the culmination of these forces at the end of December suggests a linkage between this event and the decrease in local and regional sea ice extent associated with a warming Arctic. One of the key factors that contributed to the 31 December ice push event was the midwinter breakout of landfast ice around the tip of Cape Espenberg, which has been a rare phenomenon until recent decades (Mahoney et al., 2014). Historically, most ice push events are constrained to the late fall or spring when warmer temperatures result in ice being less stable (Mahoney et al., 2004). During these shoulder seasons, areas of open water directly adjacent to the beach may form a condition that has been shown to increase the likelihood of ice push given the reduction of resistive forces in the nearshore (i.e., Mahoney et al., 2004). For this reason, the formation of the open-water lead along the affected coastline of Cape Espenberg around 24 December (Figure 4) corresponding to both a low-pressure system and close to freezing temperatures increased the likelihood that an ice push could occur at that location. Recently, these midwinter breakout events have been occurring more frequently in northwestern Alaska and are predicted to occur throughout the winter season in the future (Fienup-Riordan and Rearden, 2010; Dammann et al., 2016). This point is made all the more relevant, given the temperature during the 31 December storm tied 1982, 2013, 2015, and 2017 as the warmest temperature recorded in December for Kotzebue (National Oceanic and Atmospheric Administration [NOAA], 2016). If these historically rare breakouts become a normal occurrence, the chance of ivu will likely increase.

Another factor that contributed to the ivu was the lack of continuous sea ice in the Northern Bering Sea prior to the event, which directly contributed to the 1.9 m (MHW) storm surge (observed minus predicted water level) measured on 31 December at the Red Dog Dock, the highest recorded surge in the month of December and second highest overall in the station’s 17-year operating history (Wicks, 2015). As a testament to the extreme nature of the 31 December surge at Red Dog Dock, it exceeded that of the notoriously destructive November 2011 storm (1.46 m MHW), which impacted the entire western Alaska coastline (Herndon, 2011; Wicks, 2015; National Oceanic and Atmospheric Administration [NOAA], 2020) and caused widespread coastal inundation, destroying critical infrastructure such as airports and sewage treatment facilities (Herndon, 2011; Terenzi et al., 2014; Buzard et al., submitted). The surge on 31 December was considerably higher at Cape Espenberg with the combined surge and wave run-up height measured at 5 m MHW. This decline in the duration and extent of sea ice in the Bering and Chukchi Seas has been well-documented in the literature (e.g., Douglas, 2010; Mahoney, 2018; Overland et al., 2018; Petty et al., 2018; Walsh et al., 2018; Thoman et al., 2020). According to the Alaska Ocean Observatory Network (AOOS) Sea Ice Atlas, sea ice concentration at the mouth of Kotzebue Sound (67.00°N 164.50°W) in December 2016 was the 17th lowest over the entire 168-year record for the month of December (Alaska Ocean Observing System [AOOS], 2014; Figure 12). Recent analyses of historical sea ice trends show that sea ice duration has declined, on average, 1 day per year since 1980 and that the seaward edge of the landfast ice around the mouth of Kotzebue Sound now lies over 30 km closer to shore than it did during the late 1970s (Mahoney et al., 2014; Farquharson et al., 2018). The negative trends in sea ice extent and duration are leading to a greater number of days with longer fetch distances (Farquharson et al., 2018). These findings, which equate to 2 additional months of open water in 2018 compared with 1979, are in line with comparable decadal changes in the length of the landfast sea ice season elsewhere on the Chukchi coast (Mahoney et al., 2014) and highlight the potential for increased open-water fetch and significant surge events in the future. Coastal permafrost erosion in the region has also accelerated in response to the increase in open water, which increases wave impact hours and thermoerosional processes (Farquharson et al., 2018; Jones et al., 2018). Thus, the same sea ice conditions that contributed to the ice push event at Cape Espenberg have likely exacerbated thermoerosion along the affected coastline, especially along the western stretch where the ice-rich permafrost along the bluff was exposed (Mason et al., 1997a).


[image: image]

FIGURE 12. Sea ice concentration compiled from the Alaska Ocean Observatory Network (AOOS) Sea Ice Atlas for the month of December between 1850 and 2018 at the mouth of Kotzebue Sound (67.00°N, -164.50°W). (0–30%) Open Water to very open drift, (30–90%) open drift to close pack, (90–100%) very close pack to compact. December 2016 (noted by the red circle) represents the 17th lowest December sea ice concentration over the entire 168-year record (Alaska Ocean Observing System [AOOS], 2014).





CONCLUSION

In winter 2016, anomalous sea ice conditions and an extreme midwinter storm culminated in a powerful ivu along the coastline of Cape Espenberg. The ice push event was reconstructed by using ground surveys; traditional ecological knowledge; news reports; and meteorological, water level, and SAR data. Between 18 and 20 December, a low-pressure system coupled with offshore winds destabilized the shorefast ice, which led to the formation of an open-water lead along the impacted coastline. On 31 December, an extreme storm tracked through the Bering Strait and into Kotzebue Sound leading to a significant storm surge brought about by open water and long fetch distances in the Northern Bering Sea. The strong onshore winds and storm surge pushed the unfastened ice sheet in Kotzebue Sound northward onto the exposed tip of the Cape. The ice push affected ∼3.5 km of coastline and was predominantly an ice pile-up, with some ice ride-up occurring in the low-lying central areas. Additionally, along the western section, the exposure of ice-rich permafrost along the bluff and flooding of existing thermokarst features by storm surge may enhance bluff destabilization at this location. The anomalous local and regional sea ice conditions documented by this study are characteristic of wider trends in the region. If temperatures continue to rise in the Arctic along with the number of open water days, coastal hazards such as ivu may become more common in the future.
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2https://tidesandcurrents.noaa.gov/stationhome.html?id=9491094

3https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form
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