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Abstract Arctic continental shelves, including the Alaskan Beaufort Shelf (ABS), are experiencing
declines in sea ice coverage leading to increasingly energetic sea states and coastal erosion. In this study we
investigated the morphologic response of the ABS to increasing wave energy, and how shelf profile adjustments
modify wave energy propagating toward the coast. We developed a 2D cross-shelf morphodynamic model using
Delft3D and tested shelf response to a present-day wave climate and a future Arctic wave climate projected
under the RCP8.5 climate-change scenario. Simulations lasting 1000 years were conducted for relatively steep
(Flaxman Island, AK, slope 0.0008) and flat (Harrison Bay, AK, slope 0.0003) cross-shelf profiles. We found
that morphologic evolution and regulation of future waves depends primarily on existing shelf morphology. On
the steeper profile, RCP 8.5 waves drove sediment erosion at 0—15 m water depth and redeposition at 15-30 m
water depth. Over 1000 years, this redistribution of sediment from the inner to middle shelf resulted in a 7.6%
reduction in wave heights at the 2 m isobath. This morphologic adjustment represented a regulatory feedback
in which shallowing of the middle shelf led to attenuation of waves reaching the inner shelf. In contrast,
effective wave attenuation across the flatter and wider Harrison Bay section limited cross-shelf transport and
morphologic change under both wave climates. Together our results suggest that coastal changes in response to
the growing Arctic wave climate may be dependent on shelf morphology, and even mitigated in some regions
by morphologic adjustment.

Plain Language Summary In recent decades, declining Arctic sea ice has led to increasingly
energetic waves that persist for longer periods throughout the year, thereby accelerating coastal erosion and
posing a threat to coastal communities and ecosystems. However, waves are modified as they travel across the
continental shelf, making the shelf a key factor in how shorelines are impacted by wave energy. A sediment
transport model was developed to test how present-day and projected future waves can impact shelf evolution,
and how shelf geometry can influence the character of waves reaching the coast. Our results showed that a
relatively steep Arctic shelf section was more sensitive to the growing wave climate. Enhanced waves drove
greater erosion on the inner shelf and deposition of these sediments on middle shelf. The redistribution of
sediments from the inner shelf to the middle shelf led to attenuation of projected waves as the shelf evolved
over time, reducing the relative impact of greater future waves. In contrast, a relatively flat shelf section damped
wave energy, and reduced the potential for changes in the continent shelf shape. These results suggest that the
shape of a continental shelf can impact how increasingly large waves are felt at the coastline.

1. Introduction

Arctic air temperatures are increasing at rates over twice that of the Northern Hemisphere average (Box
et al., 2019). Because of climate-driven environmental changes, the Arctic is experiencing rapid declines in sea
ice extent (Barnhart et al., 2016), widespread permafrost melt (Obu et al., 2017), accelerated coastal erosion
(Gibbs & Richmond, 2017), and coastal flooding (Arp et al., 2010). Furthermore, sea states in the Arctic
have been increasing as a function of sea ice decline (Casas-Prat & Wang, 2020; Thomson et al., 2016; Wang
etal., 2015). Though it is somewhat unclear whether Arctic storms have been increasing in duration and intensity
(Day et al., 2018; Kistler et al., 2001; Sepp & Jaagus, 2011), delayed freeze-up has caused the open-water season
to coincide more with the already stormy months of October and November (Thomson et al., 2016). As a result,
Arctic coastal communities, infrastructure, and ecosystems are increasingly vulnerable to environmental hazards
(Manrique et al., 2018). Effects of climate change on Arctic coastal dynamics remain poorly understood, particu-
larly the feedbacks between continental shelf sediment dynamics and sea states that impact Arctic coastal systems
on centennial to millennial time scales.
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The impact of storm events on Arctic coastal erosion has been well documented (Arp et al., 2010; Barnhart
et al., 2014; Sturtevant et al., 2004), but the coupling between long-term Arctic shelf evolution and storm trans-
formation beyond the shoreline is seldom addressed. Waves are transformed as they propagate across a shelf,
undergoing refraction, shoaling, diffraction, and dissipation before reaching the coast (Ardhuin et al., 2003;
Blanco-Chao et al., 2019; Lacy & MacVean, 2016). Wave energy is presently a key erosive mechanism during
the open-water season along Arctic coastlines. Similarly, storm surge at the coast can lead to thermal erosion of
ice-rich coastal bluffs (Héquette & Hill, 1993; Hill et al., 1991). The geometry of the cross-shelf profile exerts a
strong control on both wave transformation and storm surge through bottom friction (Dean & Dalrymple, 2004).
In turn, shelf morphology is dictated largely by cross-shelf gradients in wave-induced bed stresses leading to sedi-
ment transport and adjustment of the shelf profile shape (C. K. Harris & Wiberg, 2002). Morphologic change on
wave-dominated shelves is determined by the cumulative sum of sediment transport by storm waves balanced by
partial recovery during fair-weather periods (Anderson et al., 2010; Ogston & Sternberg, 1999), and wave events
are important drivers of sediment transport (Hill et al., 1991; Sturtevant et al., 2004). The result is a feedback
between hydrodynamic forcings and sediment transport that determines the shape and stability of the shelf profile
over long timescales (Fagherazzi & Overeem, 2007; Friedrichs & Wright, 2004).

In this study, we evaluated the potential morphologic response of two sections of the Alaskan Beaufort Shelf
(ABS) to an increased wave climate, and how wave attenuation impacts sediment transport across shelf profiles
of different geometries. Because waves impact the potential for coastal erosion, we also explored the character of
waves delivered to the inner shelf after transformation across the middle and outer shelf. We chose to study two
sections of the Alaskan Beaufort Shelf, which can serve as an analog for numerous Arctic marine environments
undergoing these climate-driven changes.

We developed a cross-shelf morphologic model using Delft3D-FLOW to explore the long-term evolution of the
ABS under present and project wave climates, with emphasis on the coupling between hydrodynamic forcings,
cross-shelf sediment transport, and morphologic adjustment of the shelf profile. We analyzed two cross-shelf
transacts of the ABS, one presently steep shelf (“Flaxman Island” transect) and one that is relatively shal-
low (“Harrison Bay” transect). For these two transects, we compared 1000-year cross-shelf evolution under
present-day wave climate versus a projected wave climate modeled under the Representative Concentration Path-
way 8.5 forcing scenario for climate change in 2100 (hereafter referred to as RCP8.5 waves). The millennial
time-scale simulations allowed for morphodynamic processes to stabilize after the application of waves and led to
the time-steady changes. Given the importance of storm waves on the evolution of Arctic shelves, a representative
storm was also applied to the modeled shelf profiles to investigate the coupling between shelf geometry and the
potential for storm-driven sediment transport.

2. Background
2.1. Alaskan Beaufort Shelf

The Alaskan Beaufort Shelf (ABS) spans 600 km of the northern Alaskan coast, between Point Barrow and the
Canadian border (Figure 1). With shelf widths ranging from 50 to 100 km, the ABS is narrow relative to the
average Arctic shelf width of 104 km (P. T. Harris & Macmillan-Lawler, 2016; Norton & Weller, 1984). Typical
slopes of the ABS fall at or below the global average of 1.8 x 1073, Therefore, the ABS can be considered an
“intermediate shelf” based on global average slopes and widths (P. T. Harris et al., 2014). Breaks in shelf slope
can occur at various isobaths as a function of sea ice zonation (Reimnitz et al., 1978). A shallow bathymetric
platform, or “bench,” is common inshore of the 2 m isobath and is likely related to deposition promoted by shore-
fast ice (Reimnitz et al., 1985) or submerged coastal lagoons (Gibbs & Richmond, 2017). The present shoreline
position and shelf morphology are the products of 140 m of sea level rise during the Holocene (Héquette, Ruz, &
Hill, 1995; Hill et al., 1985). The rate of relative sea level rise at Prudhoe Bay, AK between 1988 and 2020 was
3.23 + 1.51 mm/yr (NOAA, 2022).

The ABS is sheltered by sea ice between October and June, leaving a brief window of time in which open-water
sediment-transport processes can occur. Increasing wave energy throughout the summer and storm waves in the
fall can generate high bed stresses, storm surge, and changes in near-bed currents (Barnhart et al., 2014; Pickart
et al., 2013). Arctic-born storms approaching the ABS from the northwest are the principal drivers of sediment
transport during open-water season, generating coastal setup and exposing the coastline to intense wave action
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Figure 1. (a) An overview of the focus area of this study, the Alaskan Beaufort Shelf, featuring the two cross-shelf transects with contrasting profile slopes, near
(b) Harrison Bay and (c) the Flaxman Islands. Average transect slope is calculated between the two white circles. Bathymetric data were gathered from the publicly
available International Bathymetric Chart of the Arctic Ocean repository (Jakobsson et al., 2020), and vessel-based surveys (see Data Accessibility note).

(Héquette & Hill., 1993; Manson & Solomon, 2007). In fair weather conditions, winds blow predominantly
from the east with speeds <6 m/s and do not develop significant coastal setdown or wave action (Héquette &
Hill, 1993). Though climate-driven changes to storm dynamics remain uncertain (Day et al., 2018), the expanding
duration of the open-water season can expose the shoreline to more storms per year. Since storms play a large role
in coastal erosion, increased exposure to storm energy could lead to greater retreat rates (Barnhart et al., 2014;
Gibbs et al., 2015; Lynch et al., 2004; Obu et al., 2017).

Much of the ABS coastline consists of ice-rich bluffs or barrier island systems characterized by loose, unconsol-
idated, and easily erodible sediments (Gibbs & Richmond, 2017; Hequette & Barnes, 1990). Approximately 80%
of the coastline is thought to be erosional (Harper, 1990). Erosion rates on the ABS average between 1 and 2 m/
yr (Gibbs et al., 2011; Harper, 1990; Reimnitz et al., 1985) but are locally variable, with maxima of >20 m/yr
(Obu et al., 2017). During the open-water season, permafrost-rich coastlines are exposed to both mechanical and
thermal erosive energy by means of wave action and direct exposure to warm seawater, respectively (Barnhart
et al., 2014). Coastal erosion is thought to contribute 7 to 10 times more sediment than the Colville River, the
other principal source of sediment to the ABS (Rachold et al., 2000; Reimnitz et al., 1988). Observed accelera-
tions to Arctic coastal retreat have implications for both sediment supply to the shelf and the adjustment of the
nearshore profile, especially given that coastal erosion can occur in the absence of wave erosion (i.e., by thermal
processes).

Currents on the shelf are principally shore-parallel and closely coupled to an evenly distributed bimodal wind
climate during the open-water season (Barnes & Reimnitz, 1982; Forest et al., 2016; Weingartner et al., 2009).
Along-shelf currents on the ABS can exceed 20 cm/s during the open-water season and 10 cm/s during peri-
ods of ice cover, but long-term averages are typically near zero due to the bimodal wind climate (Weingartner
et al., 2009). Cross-shelf currents are typically <3 cm/s (Weingartner et al., 2017), but are capable of exporting
sediments suspended by wave action from the coast via advection during storm events (Héquette et al., 2001;
Héquette & Hill, 1993). Furthermore, downslope diffusion of sediments transported by shore-parallel currents may
contribute to cross-shelf sediment transport (Hill et al., 1991). The coastal ocean is microtidal (Okkonen, 2016),
and tides do not play a significant role in sediment transport on the shelf (Weingartner et al., 2009).

Ice processes are an additional mechanism of sediment transport, especially inshore of the 45 m isobath where ice
keels can scour and rework seabed sediments (Barnes et al., 1987; Harper, 1990). Keel scour occurs within the
“Stamukhi zone,” where landfast ice and pack ice collide and the resulting ice ridges scour the seabed (Héquette,
Desrosiers, & Barnes, 1995; Reimnitz & Maurer, 1978). Bulldozing and scouring of sediments can also occur
in the nearshore zone and beach (Barnes & Reimnitz, 1982). However, the majority of keel-driven sediment
transport occurs over short distances, and in the along-shore direction, acting more as an agent of seabed mixing
than significant transport (Héquette, Desrosiers, & Barnes, 1995; Hill et al., 1991). In winter months, wave
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Figure 2. Pan-Arctic maps displaying hindcasted present-day (1979-2005) and projected future (2080-2100 under RCP8.5 forcing scenario) wave parameters. (a and
b) Significant wave height (m) for present and future wave climates, respectively. (c) Difference in wave heights between (a and b). (d and e) Peak wave period (s). (f)
Difference in peak wave period. These values are averaged over the month of September of each year, the month with the lowest sea ice cover. The Alaskan Beaufort
Shelf is denoted by the black rectangle. Data from Casas-Prat et al. (2018).

and surge development are suppressed, and shorefast and ground ice limit movement of sediments (Manson &
Solomon, 2007). Extended periods of stability are sometimes interrupted by events where ice coverage shifts and
reworks seabed sediments (Reimnitz et al., 1985). Sediments on the ABS are dominated by fine-grained sand and
mud, but size distributions are highly variable (Fischbein, 1987; Harper, 1990). Distributions of gravels, sands,
silts, and clays are patchy (Barnes et al., 1980) due to ice processes which stir and expose sediments that were
deposited under a different hydrodynamic regime (Barnes & Rearic, 1985; Barnes et al., 1980).

2.2. Arctic Wave Climate

The primary control on Arctic sea states is the presence of sea ice (Casas-Prat & Wang, 2020; Hill et al., 1991;
Thomson et al., 2016; Wang et al., 2015). Sea ice impacts the sea state through three linked variables: (a) fetch
over which waves can develop (e.g., Smith & Thomson, 2016); (b) duration of open-water throughout the year
(e.g., Barnhart et al., 2014; Overeem et al., 2011); and (c) attenuation of waves in the presence of sea ice (e.g.,
Hosekova et al., 2020; Thomson & Rogers, 2014). The net effect observed over the last several decades has been
an increase in wave height, period, and duration of wave exposure due to climate-driven reductions to sea ice
(Thomson et al., 2016).

Between 1970 and 1999, Arctic Ocean wave periods have increase at a rate of 3%—4% per year, and significant
wave heights have increased at a rate of 0.3%—0.8% per year (Wang et al., 2015). These trends are expected to
continue into the future (Figure 2; Casas-Prat & Wang, 2020). The annual duration of open-water season is
presently expanding at a rate of + 0.5 days per year (Thomson et al., 2016), and by 2050, the entire Arctic coast-
line is expected to experience between 60 and 100 additional days of open-water per year as compared to 2016
(Barnhart et al., 2016). Increases in wave energy and a longer open-water season are expected to impact coastal
erosion (Barnhart et al., 2014; Stroeve et al., 2007), and also allow for greater sediment-transport capacity on the
continental shelf.
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2.3. Shelf Morphodynamics

Continental shelves are a zone of transition between the deep ocean and the shoreline where wave height attenu-
ation occurs as waves propagate toward the coast.

The principal mechanism for sediment transport and morphologic change on a wave-dominated shelf such as
the ABS is wave-induced sediment resuspension and subsequent advection by currents. Although currents flow
predominantly in the along-shelf direction (Dufois et al., 2008; Hill et al., 1991; Wright, 2012), cross-shelf sedi-
ment fluxes typically have higher gradients and thus exert a stronger control on the geometry of the shelf profile
(C. K. Harris & Wiberg, 2002). A source of cross-shelf gradients in sediment fluxes is from the depth-dependence
of wave-induced bed shear stresses, because wave orbital velocities increase with decreasing water depth.

The resulting morphologic evolution of the shelf can vary from the shortest timescale, the wave orbital motion,
to the most extreme and infrequent storms (Nittrouer & Wright, 1994). The long-term evolution of a shelf profile
is determined by the sum of short-term adjustment to storm events balanced by recovery during calmer weather
(Anderson et al., 2010; Héquette & Hill, 1993; Ogston et al., 2000).

On long timescales, the wave-induced cross-shelf bedload transport is directed onshore and can be balanced by
offshore-directed downslope transport (Ortiz & Ashton, 2016). This balance leads to a concave-up shelf profile.

Alternatively, regions dominated by the supply of fine-grained sediments can develop a convex-up shelf profile
(C. K. Harris & Wiberg, 2002; Friedrichs & Wright, 2004). Fine-grained sediment mobilized by waves in shallow
water can be advected to greater depths (sometimes by wave-supported gravity flows) where shear stresses are
relaxed. The resultant profile can be maintained in equilibrium at long-timescales by a balance between wave
energy dissipation in shallow water and gravity-driven transport to deeper water (Friedrichs & Wright, 2004).

Natural shelf systems experience a mixture of processes that form concave-upward profiles (in regions where
wave energy is high and sediments are coarse enough for bedload transport to be important) and convex-upward
profiles (in regions where sediment supply is high and sediments are fine grained). In addition, there exist multi-
ple factors that might cause continental shelves to be out of equilibrium, especially in northern Alaska. The
ongoing adjustments to sea-level rise following the Last Glacial Maximum have been more rapid compared to
many temperate coastlines (Overeem et al., 2022). There have also been variations in wave climate and sediment
supply. In addition, the present-day morphology varies along the ABS, despite broadly similar wave forcing and
sea level history, which can also influence future change.

The growing Arctic wave climate can be expected to create a state of further disequilibrium in which enhanced
wave energy alters the shelf morphodynamics. The ABS presently has a concave-upward profile with relatively
steep inner shelf slopes (1 X 1073) transitioning to gentler slopes on the middle shelf (1 x 10~#). This profile shape
is typical of shelves where wave energy is the principal driver of sediment transport supply is limited (Friedrichs
& Wright, 2004; Ortiz & Ashton, 2016).

An increase in wave height and deepening of the wave base can mobilize sediments at greater depths across the
shelf. As a result of an increased wave climate, the profile may be adjusted by sediment diffusion from areas
of higher wave energy dissipation to those with lower wave energy dissipation (Friedrichs & Wright, 2004), a
process which will steepen the shelf profile (Ortiz & Ashton, 2016).

Although we have a good understanding of the principal processes behind shelf morphodynamics, the potential
impacts of an enhanced wave climate on the Arctic shelf, with its complex present-day morphology and large
anticipated changes, remain poorly known.

3. Methods
3.1. Model Setup

A 2D cross-shelf morphodynamic model was developed using Delft3D (Lesser et al., 2004; Roelvink &
Walstra, 2004) to evaluate the morphological response of the ABS to a representative present-day and RCP8.5
wave climate. Delft3D is a commonly used hydro + morphodynamic model for a wide range of coastal engi-
neering and science applications, computing hydrodynamic and sediment transport processes simultaneously
as described by Lesser et al. (2004). Sediment transport formulations outlined by van Rijn (2007) were used
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Table 1
Initial Delft3D Model Parameters

to calculate bedload and suspended load transport influenced by waves and
currents. Phase-averaged wave propagation from offshore toward the coast

Location

are computed within Delft3D-FLOW using its roller model (Deltares, 2014).
Model parameters

Flaxman
Harrison Bay, AK Island, AK 3.2. Model Domain

Morphology
Average slope (m/m)
Non-cohesive ds, (pm)
Cobhesive settling velocity (mm/s)
Volumetric sand fraction
Volumetric mud fraction
Sand porosity
Mud porosity
Sand critical shear stress 7, (N/m?)
Mud critical shear stress 7, (N/m?)
Representative Tides
Diurnal amplitude (cm)

Semidiurnal amplitude (cm)

Interactions between shelf geometry and wave propagation were analyzed by

3.0x 107 8.0x 107 using two separate bathymetric cross-shore transects from the ABS. The ABS
110 81 at Harrison Bay (Figure 1b) represents a broad and flat shelf section with a
1.0 1.0 slope of 3.0 x 10~* m/m. In contrast, the shelf section at Flaxman Island
29 12 (Figure 1c) represents a relatively steep section of the ABS, with a slope of

8.0 X 10~* m/m. A single regional high-resolution bathymetric product is not

7! 8 presently available. Therefore, bathymetric transects from multiple sources
el Ll were merged and smoothed from 0 to 80 m depth to create a single represent-
0.60 0.60 ative transect for each profile location. High resolution (25 m) bathymetric
0.23 0.23 data (see Data Availability) were used for the inner shelf, ship-based 5-cm
0.50 0.50 resolution bathymetric data were used for the middle shelf (see Data Avail-

ability), and International Bathymetric Chart of the Arctic Ocean (IBCAO)

5 6.5 (Jakobsson et al., 2020) 200 m resolution bathymetric data were used for the
7 - outer shelf. Landward of the shoreline, a 2-m high bluff/coastal plain was

extended 8 km inland to allow for coastal erosion and shelf profile transla-

Note. Tidal components do not represent total observed tidal amplitudes on  tion. This bluff comprised the same sediment as the seabed (see below), and

the ABS, but instead are isolated diurnal and semidiurnal components used

to stabilize the flow field.

eroded or prograded based on whether offshore or onshore fluxes (respec-
tively) dominated in the nearshore. Ice content was deemed to be beyond the
scope of this study and was not modeled.

A sigma (o) coordinate system was implemented in the Delft3D-FLOW domain. For the o grid, 12 layers of a
fixed percentage of the water column are used to represent the vertical dimension. Layer thicknesses were set
to be smaller adjacent to the surface and the seabed boundary to improve model stability (Lesser et al., 2004).
The cross-shelf horizontal grid resolution increased progressively with depth to adhere to the recommended
Courant-Friedrichs-Lewey number for model stability (CFL) limit for waves of less than 10 (Deltares, 2014;
Lesser et al., 2004)

CFL =

Arygd ()
X

A

where At is the timestep duration (s), g is the gravitational constant, d is water depth, and Ax is the grid cell spac-
ing in the cross-shelf dimension. Thus, cross-shelf grid cell lengths were set to 90 m at the coastline, increasing
sequentially to 1,000 m at the seaward boundary (80 m depth). Thin dams with free-slip walls were added to the
sides of the model domain to isolate the cross-shelf components of flow and sediment transport. The offshore
boundary condition was an open astronomic boundary and the side boundaries were Neumann time-series
boundaries.

Representative seabed textures were implemented for each transect using average fractions and diameters of surfi-
cial seabed samples collected in situ from cross-shelf transects near Harrison Bay, AK and Flaxman Island, AK.
Sediment samples were collected aboard the R/V Sikuliag in fall 2019 and fall 2020 and analyzed for grain-size
distributions using a Bettersizer S3Plus laser diffraction sensor. Seabed textures on the ABS are typically patchy
and spatially diverse (Barnes et al., 1980). Samples collected in this present study followed this trend, where
bimodal matrices of fine sands and fine silts were present with no clear dependence on depth or location.

To construct initial bed compositions in Delft3D-FLOW, sediment populations for both transects were split into
their sand (>63) and mud (<63) populations and the overall transect-averaged grain d;, values and fractions were
computed for each. Seabed textures implemented in the model are presented in Table 1. At Harrison Bay, the
representative non-cohesive sand had a d,, of 109.7, with a volumetric fraction of 29%, accompanied by 71% mud.
Flaxman Island was principally composed of a sandy-mud matrix, with an average d, of 80.7 and volumetric
sand and mud percentages of 12% and 88%, respectively. For cohesive sediments, Delft3D does not require grain
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6 i i i w w diameter in the sediment transport formulations but rather requires settling
A Present-Day 1979-2005 velocity (Deltares, 2014). Thus, settling velocity for the cohesive mud was
al RN 0 Ee 00 | set to 1 mm/s to represent flocculation of muds in saline environment (C. K.
£ Harris & Wiberg, 2002; Sternberg et al., 1999). Additional model parameters
@ can be found in Appendix A3.
I
2 o
3.3. Hydrodynamics

Jun Jul Aug Sep Oct Nov Dec Two simplified wave climates were applied to the model to evaluate the

influence of an increased wave climate on the ABS. The publicly availa-
ble wave data set Coupled Model Intercomparison Project Phase 5 (CMIP5)

included monthly averaged wave parameters for the entire Arctic over a hind-
cast period from 1979 to 2005 and RCP8.5 projected period between 2081
and 2100 (Casas-Prat et al., 2018). The 1979-2005 wave hindcast is hereaf-
ter referred to as present-day waves, and the projected 2081-2100 data set
is referred to as RCP8.5 waves. Annual time series for both wave climates
were constructed using a weighted monthly averaged wave height and wave
period (Figure 3) for the ABS, and repeated at the seaward boundary of the

3an Féb Mlar Alpr May JLm Jlu| Alllg Sép O‘ct N;)v Dec model for the 1000-year duration of the simulations. The weighted monthly

average was calculated using a scaling term, g, to more adequately capture

Figure 3. Time series of monthly wave parameters (a) H, and (b) T, scaled the enhanced influence of larger waves in determining the equilibrium shelf
using Equation 2 implemented in the model. Hindcast shown in blue and profile (Ortiz & Ashton, 2016):
projected RCP8.5 waves under climate forcing scenario RCP8.5 shown in red.

gs &« H}T,; sinh™ (kz) )

where H is significant wave height, T, is peak wave period, k is wave
number, and z is a representative shelf depth at which waves are analyzed.
After computing the scaling factor, ¢, the monthly weighted average H, and
T, can be calculated as

_ Z (H;, Tp) g5
245

where H, and T, are the scaled monthly wave parameters implemented in the model (Figure 3). Furthermore,

(A,.T,) 3)

though ice cover was not included explicitly in the Delft3D-FLOW model, the impacts of reduced ice in the future
were represented by stronger waves and a longer open-water season in the RCP8.5 wave climate (Casas-Prat
et al., 2018).

Tidal ranges on the ABS are typically less than 20 cm in amplitude and generally produce weak currents less than
3 cm/s near the seabed (Okkonen, 2016; Weingartner et al., 2017). Therefore, simple tides were implemented in
the model to stabilize the flow field by extracting the principal diurnal component (M2) amplitude and semidiur-
nal component (O1) amplitudes and implementing them at the seaward boundary of the model domain (Table 1).

3.4. Long-Term Simulations

Model experiments were conducted to investigate the long-term effects of the present-day versus RCP8.5 wave
climate on the Harrison Bay and Flaxman Island bathymetric transects. First, a bed-composition generation
(BCQG) trial was implemented for 2 months to allow for sediment fractionation without vertical bed-level change
(van der Wegen et al., 2011). Then, the BCG output seabed textures were used as the initial conditions of a
500-year morphodynamic trial under the present-day wave condition. The outputs of this 500 year trial were
used as initial conditions for subsequent analyses in order to reduce bias introduced by morphodynamic spin-up
and smoothing of bathymetry. Next, sediment transport and shelf morphology were evaluated under two wave
climates by conducting 1000-year trials with present-day and RCP8.5 wave conditions on both the Harrison Bay
and Flaxman Island shelf transects (Figure 1).
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A morphological scaling factor (MF) was tested and implemented to reduce
computational expense for these long-term simulations. Based on the
assumption that hydrodynamic and morphodynamic processes are linearly
related, bed erosion and deposition are multiplied by MF (Lesser et al., 2004;
Roelvink & Walstra, 2004). For example, if MF = 24, 1 hr of flow compu-
tation yields one day of morphologic change (Lesser et al., 2004). After
conducting a Brier Skill Score (BSS) sensitivity test using the methods
outlined by Ranasinghe et al. (2011), it was determined that an MF of 100
could be used to reliably evaluate morphologic change (Appendix Al).

. . . . . . . Dl g
08/24 08/25 08/26 08/27 08/28 08/29 08/30 08/31

Figure 4. ERA5 wave hindcast wave parameters (Hersbach et al., 2018), 3.5. Storm Timescale Simulations
significant wave height (H,) and peak wave period (7)), for a storm occurring
near the Flaxman Island, AK shelf section between 23 and 31 August 2020. To investigate the influence of shelf profile geometry on the delivery of

This represents a typical ABS storm and was implemented on modeled output  waves to the inner shelf (and resultant potential for sediment transport), a

shelf profiles.

representative 7-day Arctic storm was applied to the 1000-year modeled shelf

sections generated by present-day and RCP8.5 wave climates (Figure 4).

Significant wave height and peak wave period time series were implemented
at the seaward boundary for each model trial. The storm event lasted approximately 7 days between 24 and 31
August 2020. Significant wave heights reached a maximum of 2.5 m with heights above 2 m sustained over
2 days. Wave parameters H;, and T, from the ERAS wave hindcast model (Hersbach et al., 2018) were retrieved
for the duration of the storm on the ABS near the Flaxman Island shelf section.

4. Results

Results are presented following the sequence of morphodynamic evolution in the Arctic: (a) a climate-driven
growth in wave climate, (b) resultant changes to sediment transport dynamics, (c) morphologic adjustment of
the cross-shelf profile, (d) and the feedback between the evolving shelf profile and wave propagation toward the
coast. Videos of shelf evolution modeled in this study can be found in Supporting Information S1.

4.1. Long-Term Evolution of Arctic Shelves
4.1.1. Waves and Wave-Induced Bed Stresses

A climate-driven growth in wave heights was simulated by imposing representative present-day and RCPS8.5
wave climates at the seaward boundary of the model in two separate trials (Table 2). A change in the duration of
the open-water season was also represented by imposing present-day waves for 6 months and RCP8.5 waves for
12 months (Figure 3).

Wave attenuation was calculated as the percent decrease in wave heights between the offshore boundary and
the 10 m isobath. At Flaxman Island, wave heights attenuated 15% and 23% for present-day and RCP8.5 wave
climates, respectively. On the shallower, lower-gradient Harrison Bay shelf, wave heights attenuated 38% and
55% for present-day and RCP8.5 wave climates, respectively (Table 2).

The increase in significant wave heights across the shelf (as a consequence of imposing RCP8.5 waves) was
also different for each shelf. For Flaxman Island, average cross-shelf wave heights increased 136% between
present-day and RCP8.5 scenarios, versus only 115% on the gently sloping Harrison Bay transect (Table 2). In
other words, the same climate-driven increase in wave heights led to a larger increase in wave heights across
Flaxman Island than Harrison Bay, due to differences in wave attenuation.

On both transects, wave-induced shear stresses were greater in the RCP8.5 scenario (Figures Se and 5f) because
wave orbital velocities scale with the different wave heights imposed. Between 25 and 5 m depth, average bed shear
stresses were greater in the RCP8.5 scenario than in the present-day scenario: 0.56 + 0.15 N/m? (present-day)
versus 1.66 + 0.07 N/m? (RCP8.5) at Harrison Bay and 0.97 + 0.42 N/m? (present-day) versus 2.90 + 0.66 N/m?
(RCP8.5) at Flaxman Island (Table 2). Wave-induced bed shear stresses tripled between present-day and RCP8.5
wave climates across both shelves. Bed stresses at Flaxman Island were typically double that of Harrison Bay
because less wave attenuation occurred across the steeper transect.
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Table 2
Wave Height and Bed Shear Stress Parameters Compared Between Present-Day and RCP8.5 Wave Climates for Two Shelf
Sections, Without Morphologic Change

Harrison Bay Flaxman Island

Present- Present-
Wave Climate Day RCP8.5 day RCP8.5

Avg H_imposed at offshore boundary (m) 0.91 2.26 0.91 2.26
Avg T, imposed at offshore boundary (p) 5.05 9.09 5.05 9.09

% Difference in H, between present-day and RCP8.5 waves, from 80 to 0 m N/A 114 N/A 134
depth

% H_ attenuation between 80 and 10 m depth 37.5 53.7 14.5 23.2
between 25 and 5 m depth (N/m?) 0.56 1.66 0.97 2.90
Avg. depth of critical shear stress exceedance (m) 31.6 76.0 31.0 73.6
Avg. X-shelf distance of critical shear stress exceedance (km) 89.5 104 23.2 67.0

Avg. inner shelf shear stresses, 7

max

% Time critical shear stress exceedance for fine sand, 10 m isobath 52 100 50 100
% Time critical shear stress exceedance for fine sand, 40 m isobath 25 67 23 67

Maximum current speed at 25 m depth at 50 cm above bed (cm/s) 3.0 3.1 2.0 2.0

The critical shear stress for mobilization (z,) of the fine sands modeled in the seabed was approximately 0.23 N/m?
for both shelf sections (Table 1). As a result of increased wave heights, the average water depth of 7, exceedance
on both shelves was approximately 31 m under present-day waves and 73-76 m under future RCP8.5 waves
(Table 2). At Harrison Bay, the shelf break is located at approximately 25 m depth (88 km offshore), and thus
fine sands were mobile across the entire shelf for both present and RCP8.5 waves (Table 2; Figure Se). On the
Flaxman Island section, fine sands were only mobile on the inner shelf (within 23.3 km of shore) for the pres-
ent scenario, but this envelope expanded to encompass much of the shelf (66.9 km from shore) in the RCP8.5
scenario.

A stronger wave climate and lengthened open-water season increased the annual duration of shear stress exceed-
ance for shelf sediments. This duration more than doubled across the entirety of the shelf for the more ener-
getic RCP8.5 wave climate (Figures 5g and Sh). Portions of the inner shelf on each section became exposed to
above-critical shear stresses for 100% of the year. Overall, the mobility of seabed sediment increased as both a
function of greater wave height and period as well as a longer duration of exposure to wave orbital motion in the
RCP8.5 wave climate.

Tidal forcings were minimal and remained constant in all model trials, and wind forcing was not included. There-
fore, the only mechanisms for current-speed evolution through time were changes to water column depth through
morphologic adjustment or barotropic flows driven by wave-setup. At Harrison Bay, maximum bottom current
speeds measured at the 25 m isobath (50 cm above the seabed) were approximately 3 cm/s for both wave climates.
At Flaxman Island, maxima were 2 cm/s at the 25 m isobath.

4.1.2. Sediment Transport Response

Wave-induced bed stresses led to greater sediment transport on the narrow and steep Flaxman Island transect than
on the broad and flat Harrison Bay transect. Gradients in shear stresses across the shelf were controlled by the
decay of wave heights and water depth (Figures 6a and 6b). As a result, cross-shelf gradients in suspended and
bedload transport were dampened across Harrison Bay, but were substantial on the steep Flaxman Island section
(Figures 6¢ and 6d). Transport direction also differed: net offshore transport occurred at Flaxman Island, while
net onshore transport occurred at Harrison Bay.

Overall magnitudes of sediment transport (expressed as cumulative transport summed across the shelf for each
1000-year simulation) were greater for (a) the RCP8.5 wave climate and (b) Flaxman Island. Positive values indi-
cate net onshore-directed transport driven by wave-orbital asymmetry, and negative values indicate downslope
transport directed offshore. At Flaxman Island the principle mode of sediment transport was suspended load,
which was two orders of magnitude greater than that of bedload. Suspended load increased ten-fold from
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Figure 5. Wave heights and wave-induced shear stresses. (a and b) Initial cross-shelf sections are shown for Harrison
Bay and Flaxman Island, respectively. (c and d) Average cross-shelf wave heights for the present-day and RCP8.5 wave
climates. (e and f) Resultant temporally averaged wave-induced maximum bed shear stresses (z,,,.) and critical shear stress
for mobilization of fine sands (z,). (g and h) Percent duration of each 1000 year model run in which 7, is exceeded. Vertical
dashed lines show the outer depth of average sand mobilization in each wave climate.
—10.0 X 103 m3/m in the present-day wave climate to —109 x 10° m*m in the RCP8.5 wave climate (Table 3).
Suspended sediment transport was prevalent in a distinct morphodynamic envelope, whose seaward bound-
ary increased from ~38 m depth under present-day waves to ~71 m depth under RCP8.5 waves (Figure 6d).
Bedload transport increased from 0.311 X 103 m?*m in the present-day wave climate to 0.651 X 10° m*/m in the
RCP8.5 wave climate, similarly expanding the seaward limit of transport from approximately 17 m depth under
present-day waves to 27 m depth under RCP8.5 waves.
MALITO ET AL. 10 of 22
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Figure 6. Contrasting gradients in sediment transport forcings, (a) average H, and (b) bed shear stress resulting in contrasting
suspended load and (c and d) bedload transport responses. Harrison Bay and Flaxman Island are shown as black and gray
lines, respectively, and present-day and RCP8.5 waves are solid and dotted lines, respectively.
Transport at Harrison Bay increased an order of magnitude between the wave climates, from 0.761 x 103 m*/m
bedload and 1.99 x 103 m*m suspended load under the present-day wave climate to 4.16 X 103> m*m bedload
and 30.2 x 10° m3/m suspended load under the RCP8.5 wave climate (Table 3). The seaward boundary of
onshore-directed bedload transport expanded from approximately 11 m in present-day waves to 40 m in RCP8.5
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Table 3
Total Cumulative Sediment Transport and Final Mud Fractions Between the Inner and Middle Shelves of the Four Modeled
Shelf Profiles

Harrison Bay Flaxman Island
Wave Climate Present-Day RCP8.5 Present-Day RCP8.5
Total volume of sediment transport
Bedload (m?/m) 0.761 x 10° 4.16 x 10° 0.311 x 103 6.51 x 10°
Suspended load (m*/m) 1.99 x 103 30.2 x 103 —10.0 x 10° —109 x 103
Mud fractions
Initial fraction 0.71 0.71 0.88 0.88
Final avg. fraction 0-30 m depth 0.67 0.59 0.71 0.61
Final avg. fraction 30-60 m depth 0.49 0.22 0.94 0.94

Note. Negative transport totals indicate seaward sediment transport.

waves, and suspended load transport occurred in spatially varying zones across the shelf but was greater under
RCP8.5 waves (Figures 6¢ and 6d).

Opposing directions of suspended load and bedload transport led to a cross-shelf gradient in grain size on
the seabed which can provide insight to the fate of eroded sands and muds. On both shelf sections, RCP8.5
waves drove substantial textural changes, though with opposite patterns on the two transects. Initial sand/mud
percentages were 29%/71% at Harrison Bay and 12%/88% at Flaxman Island. After 1000 years of RCP8.5 waves,
the mud fraction in Harrison Bay between 30 and 60 m depth decreased from 71% to 22% (Table 3). Between 0
and 30 m depth winnowing was limited, and mud fractions decreased to from 71% to 59%.

In contrast, Flaxman Island experienced winnowing at shallower depths (0-30 m depth) and mud accumulation
at greater depths (30—60 m depths), consistent with the seaward advection and diffusion of suspended load and
re-deposition on the middle shelf (Table 3). This effect occurred under both present-day and RCP8.5 waves, but
was amplified on the inner shelf in the RCP8.5 case, where mud fractions decreased from 88% initially to 71%
and 61% under present-day and RCP8.5 waves, respectively. At greater depths, mud fractions increased 88%—94%
in both wave climates due to deposition of eroded inner shelf muds (Table 3).

4.1.3. Morphologic Evolution

The majority of morphologic change occurred at depths shallower than 40 m. The general patterns of change
after 1000 years were similar for both present-day and RCP8.5 simulations, but the RCP8.5 wave climate drove
greater magnitudes of bed elevation changes and slope adjustment. On both shelves, an inflection point in bed
elevation change represented a transition between zones of cross-shelf erosion and deposition. At Harrison Bay,
this depth remained static at approximately 17 m for both wave climates, separating an area of slight erosion on
the middle shelf from deposition on the inner shelf (Figures 7a and 7¢). This indicated that the shelf profile is
stable in time and space regardless of wave climate, because landward translation and changes to profile shape
were minimal. However, at Flaxman Island the inflection point between inner shelf erosion and middle shelf
deposition was 13.6 m in the present-day wave climate and 15.6 m in the RCP8.5 wave climate (Figures 7b
and 7d), indicating that morphologic adjustment occurred to greater depths after exposure to a stronger wave
climate.

Harrison Bay experienced relatively subtle morphologic changes overall. Erosion occurred near the shelf break,
transitioning to deposition on the inner shelf (Figures 7a and 7c). For the present-day wave climate, an average of
11 cm of erosion occurred around the shelf break (between 40 and 17 m), in contrast to 3 cm of deposition over a
broad distance from 17 m to the shoreline. For the RCP8.5 wave climate, an average of 42 cm of erosion occurred
near the shelf break, and 47 cm of deposition between 17 m to the shoreline. Landward transport of sediments
resulted in the emergence of an aggradational bar on the 2 m isobath. In addition to relatively minor adjustments
to the profile shape, the profile did not undergo landward retreat.

In contrast, Flaxman Island experienced higher morphologic adjustment after exposure to both wave climates
where erosion of the shoreline and inner shelf supplied deposition on the middle shelf (Figures 7b and 7d). After
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Figure 7. Changes in bed elevation through time. Panels (a and ¢) show morphologic response of Harrison Bay to
present-day and RCP8.5 waves, respectively. Panels (b and d) show morphologic response of Flaxman Island to present-day
and RCP8.5 waves, respectively. Contour lines are shown in black, and initial shoreline positions are shown by the white
dashed line. Red triangles are the inflection points between erosion and deposition after 1000 years. Initial and final shelf
cross sections are shown for (e) Harrison Bay and (f) Flaxman Island.

1000 years of exposure to present-day waves, an average of 1.47 m of erosion occurred between 13.7 m depth
and the shoreline. Coastal sediments supplied from the inner shelf were deposited between 13.65 and 40 m depth,
averaging 0.59 m of deposition. The RCP8.5 wave climate yielded bed level changes of the same character as
the present-day wave climate, but of a greater magnitude. An average of 3.28 m of erosion occurred on the inner
shelf between the shoreline and 15.88 m depth. Deposition on the middle shelf between 15.88 m depth and 40 m
depth averaged 0.81 m.

4.1.4. Morphodynamic Feedbacks

Notable adjustments to the shelf profile at Flaxman Island enhanced the attenuation of waves propagating to the
inner shelf, reducing wave heights at the coast. Decay in wave heights of 5.10% and 7.61% occurred at the 2 m
isobaths after 1000 years of exposure to present-day and RCP8.5 waves, respectively (Figures 8b and 8d). Thus,
eroded sediments conveyed to the middle shelf reduced wave heights reaching the inner shelf.

In contrast, wave heights generally remained constant through time at Harrison Bay in the present-day wave
climate, with growth in height of up to 1.68% (at the 13 m isobath) and a decay up to 0.71% (at the 7 m isobath)
(Figure 8a). In the RCP8.5 wave climate, wave heights grew up to 4.68% at the 13 m isobath where erosion
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Figure 8. Changes in H through time driven by morphologic change expressed as a percent change from the initial yearly
average. Panels (a and c) show H changes of Harrison Bay to present-day and RCP8.5 waves, respectively. Panels (b and d)
show morphologic response of Flaxman Island to present-day and RCP8.5 waves, respectively.

occurred and waves decayed to 3.5% at the 4 m isobath where sediments were deposited on the inner shelf
(Figure 8c). As a result of minimal morphologic change, Harrison Bay was relatively insulated from changes to
wave heights which limited the potential for a morphodynamic feedback.

4.2. Storm Dynamics

Modeled wave heights and resultant shear stresses induced by storm waves were evaluated at the 10 m isobath to
explore attenuation of storm waves prior to reaching the inner shelf. Since the same storm was applied to shelf
profiles of different shapes, differences in modeled results are attributed to differences in wave attenuation across
the shelf.

The delivery of waves to the inner shelf and resultant potential for sediment transport was once again controlled
by the existing shelf morphology. Effective attenuation of waves on the flatter Harrison Bay sections led to
significant wave heights of 0.60 and 0.61 m at the 10 m isobath on the present-day and RCP8.5 equilibrium shelf
profiles, respectively. At Flaxman Island, the same storm generated wave heights of 0.74 m for both present-day
and RCP8.5 cases (Table 4). As a result, the potential for sediment transport on the inner shelf was greater for
Flaxman Island. Average bed shear stresses on the 10 m isobath at Flaxman Island were 1.19 and 1.16 N/m? on
the present-day and RCP8.5-wave equilibrium profiles (Table 4). Thus, attenuation of waves passing over the

Modeled Hydrodynamic and Sediment Transport Results From a Representative Arctic Storm Applied to the Four Output Shelf Profiles Generated in the Long-Term

Evolution Simulations

Harrison Bay Flaxman Island
Equilibrium profile Present-day RCP8.5 Present-day RCP8.5
Avg. H_ (m) at 10 m depth 0.60 0.61 0.74 0.74
Cum. wave power at 10 m depth (kW/m) 8.43 x 10° 8.70 x 10° 13.9 x 10° 13.5 x 10°
Avg 7 (N/m?) 0.85 0.89 1.18 1.16

max
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pension and transport on the inner shelf.

Wave power on the inner portion of an Arctic shelf has been shown to scale
with coastal erosion during storm events (Hequette & Barnes, 1990). Cumu-
lative wave power at the 10 m isobath was calculated in this study using

the shallow-water wave power equations outlined by Defne et al. (2009) and
Fenton (1988). We find that the broad, gently sloping section at Harrison Bay
mitigated the delivery of storm waves to the inner shelf more effectively than
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Figure 9. Cumulative wave power through the duration of the Arctic storm Table 4).

applied to the Harrison Bay (HB) and Flaxman Island (FI) equilibrium shelf
profiles for current (solid) and future (dotted), computed at the 10 m isobath.

As shown in Figure 9, wave power at Harrison Bay was consistently subdued
relative to the Flaxman Island section as a result of the attenuation of peak
storm waves prior to reaching the inner shelf. Furthermore, the Flaxman
Island section evolved under RCP8.5 waves was shown to be slightly more insulated from storm waves than the
present-day Flaxman Island section (Table 4) because the middle shelf had shallower depths and thus attenuated
waves more effectively.

5. Discussion

As the influence of sea ice on Arctic shelf processes decreases under a warming climate, sediment transport will
become increasingly dominated by open-water processes typical of shelves in temperate climates. A projected
expansion in fetch due to reduced sea ice is expected to generate a more intense wave climate, and thus greater
shear stresses on the seabed. These changes likely drive morphologic adjustment of Arctic continental shelves,
beyond the existing adjustment expected in response to sea-level trends following the Last Glacial Maximum.
This modeling study has demonstrated that relative magnitudes of morphologic adjustment are greater for (a)
shelves of steeper slopes and (b) a projected future wave climate. A broad, gently sloping shelf (Harrison Bay)
was relatively insulated from morphologic adjustment in both present-day and RCP8.5 wave climates due to
effective cross-shelf attenuation of waves. In contrast, a narrower and steeper shelf (Flaxman Island) was more
sensitive to enhanced wave heights and resultant bed shear stresses, which led to greater magnitudes of morpho-
logic change. Furthermore, re-distribution of sediments from the inner shelf to the middle shelf created a feed-
back between morphologic change and wave attenuation, regulating climate-driven increases to wave heights on
a relatively steep shelf.

5.1. Wave Attenuation in a Growing Wave Climate

Sea states in the Arctic are presently fetch-limited, both by ocean basin shape and the presence of pack ice
(Casas-Prat & Wang, 2020). The resultant sea state during the open-water season is comparable in magnitude
to the Gulf of Mexico (Stopa et al., 2016), but is expected to intensify (Casas-Prat & Wang, 2020; Thomson
et al., 2016). Larger waves will interact with the seabed to greater depths, increasing the zone of potential sedi-
ment transport and the cross-shelf distance at which bottom friction can act to dissipate waves (e.g., Pruszak
et al., 2008). As a result, climate-driven increases to the Arctic wave climate can manifest differently on shelves
of different geometries.

Our modeled wave attenuation at Harrison Bay demonstrated that wave base encompassed a broad portion of the
shelf, leading to substantial decay of waves propagating toward the coast. Figures 5S¢ and 5d illustrates the gradual
attenuation of both present-day and RCP8.5 waves across long distances at Harrison Bay, in contrast to minimal
attenuation of waves across the shelf at Flaxman Island. This is consistent with observations of wave energy dissi-
pation across shelves where bottom friction induced the seabed reduced the energy of waves passing over the shelf
(Ardhuin et al., 2003; Gon et al., 2020; Palanques et al., 2002). In the Arctic, shelf sections along the Beaufort,
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Chukchi, Laptev,and East Siberian seas tend to have broad widths and low relief (P. T. Harris et al., 2014),
suggesting that effective damping of waves can insulate the inner shelf from both climate-driven wave growth and
resultant morphologic change. Both modeled shelf sections were prescribed the same present-day and RCP8.5
wave climates, but experienced different magnitudes of wave-induced bed shear stresses on the inner shelf due
to contrasting wave attenuation across the shelf. For example, between depths of 25 and 5 m, maximum bed
shear stresses averaged over 1000 years of exposure to RCP8.5 waves were 1.66 (N/m?) at Harrison Bay and
2.90 (N/m?) at Flaxman Island (Table 2). Thus, the flatter shelf profile was more effective at reducing the impact
of the intensified RCP8.5 wave climate on the seabed by attenuating waves across the shelf before they reached
shallower depths. Because of this, the potential for wave-driven sediment transport and morphologic response at
Harrison Bay was less than for Flaxman Island.

However, the character of morphologic response also depends on whether the changing wave climate is mani-
fest more during extreme storm events or distributed evenly throughout the open-water season (see Ruggiero
et al., 2010). In the Arctic, expected wave growth is a result of elongated fetch throughout the year, a dynamic
long-term change (Smith & Thomson, 2016), but the expansion of open-water season into the stormy fall season
increases exposure to episodic storm waves (Barnhart et al., 2014). This may impact the balance between morpho-
logic disturbances by extreme storm events and fair-weather recovery of the shelf profile (Anderson et al., 2010;
Farquharson et al., 2018; Ruggiero et al., 2016), with wave impacts dependent on initial shelf geometry. Thus,
long-term predictions for morphologic responses may require a model with a temporal resolution that allows for
both the influence of gradual fetch-driven increases to wave heights and increased storm exposure to be consid-
ered when projecting changes to the Arctic wave climate.

5.2. Morphologic Evolution and Feedbacks

An enhanced wave climate expanded the depth to which sediments were mobilized by waves, broadening the
cross-shelf envelope of potential sediment disturbance and morphologic change on both shelves. Notably,
morphologic adjustments were minimal at Harrison Bay as the shelf profile remained mostly stable and did not
undergo landward retreat, while the Flaxman Island shelf section experienced alterations to the profile shape and
retreat. Larger magnitudes and a more pronounced cross-shelf gradient of excess shear stresses on the steeper
shelf section (Flaxman Island) led to greater morphologic change to greater depths on the shelf (Figure 5). After
1000 years of exposure to both present-day and RCP8.5 wave climates, Flaxman Island experienced an average
of 1.47 m of vertical erosion on the inner shelf for present-day waves and 3.68 m of vertical erosion for RCP8.5
waves (Figure 7). Sediments eroded by waves from the inner shelf were conveyed downslope to a zone of reduced
shear stresses at greater depths, leading to deposition on the middle shelf between 15 and 30 m depth. This
redistribution of sediments accentuated the concave-upward shape of the inner shelf profile. The inflection point
between inner shelf erosion and middle shelf deposition also deepened from 13.6 m depth in present-day waves
to 15.6 m in the RCP8.5 wave climate, indicating that inner shelf erosion occurred to greater depths and that
there was a greater change in shape of the shelf profile through time. On other shelves, stronger waves have been
observed to drive sediment transport at greater depths, distributing sediments from zones of erosion on the inner
shelf to the middle and outer shelf (Diesing et al., 2006; Forest et al., 2016; Guillén et al., 2006), consistent with
the deepened zones of morphologic change modeled at Flaxman Island under RCP8.5 waves.

Rates of landward translation of the shelf profile also scaled with the input wave climate (Figures 7b and 7d).
This morphologic adjustment to intensified waves was rapid initially but slowed through time, indicating the
establishment of a morphodynamic equilibrium shelf profile set by the balance between wave climate, shoreface
slope, and sediment textures (Friedrichs & Wright, 2004; Ortiz & Ashton, 2016). Thus, the steeper shelf section
was more sensitive to the climate-driven growth in wave climate in terms of wave-induced erosion and landward
profile translation, but sensitivity decreased as the shelf profile evolved and stabilized.

In contrast, weak gradients in bed stresses and sediment fluxes on the flat shelf section (Harrison Bay) limited
cross-shelf exchange of sediment and resultant morphologic change (Figures 6, 7a, and 7c). Bed level changes
across all areas of the shelf were <1 m in both wave climates (Figures 7a and 7c). Since the shape and position of
the Harrison Bay profile remained relatively static in time and space under both wave climates, the gently sloping
profile was thus closer to a state of morphodynamic equilibrium.
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Redistribution of sediments on the steeper Flaxman Island section led to a regulatory morphodynamic feedback
loop. Eroded coastal and inner shelf sediments were deposited in a stress-refuge on the middle shelf, leading
to shallowing of the shelf profile and enhanced attenuation of waves propagating to the inner shelf and coast.
Wave heights decayed 5.10% and 7.61% at the 2 m isobath as a result of 1000 years of morphologic evolu-
tion in the present-day and RCP8.5 wave climates, respectively (Figures 8b and 8d). This attenuation of waves
slowed inner shelf erosion and mitigated the climate-driven increase to waves as the shelf profile evolved. Adjust-
ments to Arctic shelf profiles have the potential to alter the character of waves that propagate to the inner shelf,
promoting equilibration of the shelf profile. Furthermore, winnowing of fine-grained sediments in zones of high
wave-induced bed stresses on the inner shelf left a surficial layer of coarser sediments that sheltered layers below
from the wave boundary layer, armoring the seabed (Wiberg et al., 1994). Since the seabed of the ABS presently
has patchy and diverse seabed textures as a result of ice gouging processes (Barnes et al., 1980), reduced sea ice
and increased wave energy in the future may result in bed armoring that increases resistance of the inner shelf
seabed to erosion (C. K. Harris & Wiberg, 2002; Thieler et al., 1995). This represents another potential mecha-
nism for regulating erosion of inner shelf profiles, because Arctic coasts with coarser sediments have been found
to be more resistant to erosion than other coastal morphotypes (Farquharson et al., 2018).

5.3. Implications

Arctic continental shelves are a key transition zone in which deep water waves are attenuated as they propagate
to the coast. The geometry of the shelf, which can vary in time and space, impacts how a change in wave climate
(i.e., due to a warming Arctic) manifests at the adjacent coastline. For example, the propagation of wave energy
was modest across a lower-gradient shelf (Harrison Bay) relative to a higher-gradient shelf (Flaxman Island tran-
sect). This means lower-gradient shelf systems may experience reduced impacts on cross-shelf sediment transfer
under a growing wave climate, and in turn experience smaller impacts on coastal erosion - at least in terms of
mechanical erosion accomplished by breaking waves. Because thermal erosion is also important to the retreat of
permafrost-rich bluffs (e.g., Obu et al., 2017), the retreat rate of shorelines like those backing Harrison Bay may
see greater impacts from warming water temperatures than from an intensification of wave energy.

In contrast, the steeper section modeled at Flaxman Island exemplifies a steeper shelf which is more effective
at conveying wave energy to the coast (resulting in greater coastal retreat). However, this section experiences a
feedback cycle of sediment re-deposition on the middle shelf which actually buffers the sensitivity of the coast to
these larger waves - and which can result in reduced nearshore wave energy for the same-sized storm imposed on
the RCP8.5 versus present-day shelf profile (Figure 9). When predicting changes in coastal retreat as a function
of changes in wave energy over centennial to millennial timescales, it is thus important to consider the geometry
of the continental shelf and feedbacks between coastal erosion and re-deposition of coastal-sourced sediments on
the shelf.

In this two-dimensional model, cross-shelf sediment conveyance was emphasized. In real shelf systems,
along-shelf fluxes are typically an order of magnitude higher than cross-shelf fluxes, but have weaker gradients
that reduce their relative impact on morphologic evolution (C. K. Harris & Wiberg, 2002; Palanques et al., 2002).
Thus, the results here emphasize the trends in morphologic evolution that may occur on shelves of different
geometries—but it is worth noting that an increase in height and/or period of the shore-oblique waves character-
istic in this region (e.g., Weingartner et al., 2009) may drive a larger component of along-shelf sediment transfer
in the future, especially on low-gradient shelves like Harrison Bay (where cross-shelf sediment transfer is already
limited). In the model realm, this effect would amplify the results seen here, namely that morphologic feedbacks
(in a cross-shelf view) are weak in the relatively low-gradient Harrison Bay.

While the continental shelf geometry has a demonstrable effect on variability in coastal processes, other factors
are also expected to cause variability in shelf and shoreline dynamics. For example, variable ice content and sedi-
ment types in the bluffs can contribute to varying retreat rates (Farquharson et al., 2018; Harper, 1990; Hequette
& Barnes, 1990), with implications for how much sediment is supplied to the inner shelf—and thus how much
morphodynamic adjustment may occur (which in turn regulates wave energy). The emergence of an increased
Arctic wave climate may vary in space and time, impacting coastal evolution unevenly. Seasonal shorefast ice
also varies in space and time (HoSekova et al., 2020; Overeem et al., 2011), and barrier islands occur along some
sections of the coast (Gibbs & Richmond, 2017), with implications for how much wave energy reaches the coast
and what type of coastal deposit is being eroded. Predicted increases in riverine sediment supply (Overeem &
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Syvitski, 2010) will make more sediment available to nearshore environments, which may also impact shelf
evolution in locations near rivers (see Fagherazzi & Overeem, 2007; Friedrichs & Wright, 2004). Future sea-level
rise may also impact shelf and shoreline dynamics, though the present regional rate is 3.5 + 1 mm/yr (Couture
et al., 2018; Erikson et al., 2020), whereas changes to significant wave height in the Arctic are on the order of cm/
yr (Casas-Prat & Wang, 2020; Wang et al., 2015). Changes in wave height thus may have a more substantial effect
on coastal evolution (e.g., Ruggiero, 2013), amplifying the need for a thorough understanding of morphodynamic
feedbacks on the cross-shelf transfer of wave energy to the coast.

6. Conclusion

This study presents modeled impacts of climate-driven wave growth on the morphology of the Alaskan Beaufort
Shelf (at centennial to millennial timescales), as well as morphodynamic feedbacks which may regulate wave
energy reaching the coast. These findings are relevant for understanding the long-term vulnerability of Arctic
coastal communities and infrastructure due to marine forcings and resultant coastal erosion.

We found that the morphologic response of the continental shelf to a growing wave climate was controlled by
initial shelf slope geometry. On a steeper shelf section (Flaxman Island, AK), project future waves (based on
emissions scenario RCP8.5) led to enhanced cross-shelf gradients in wave-induced bed stresses and sediment
fluxes. Morphologic change was characterized by distinct zones of erosion on the inner shelf (between 0 and 16 m
depth) and deposition on the middle shelf (between 16 and 30 m depth), as sediments supplied by the eroding
inner shelf profile were transported downslope to a zone of relaxed bed shear stresses. Deposition on the middle
shelf led to effective dissipation of waves through time, ultimately reducing the height of waves reaching the
2 m isobath by 7.61% over 1000 years of morphologic adjustment. This represents a regulatory morphodynamic
feedback in which climate-driven wave growth was mitigated by alterations to the shelf profile, particularly by
wave attenuation over the shallower middle shelf. In contrast, a wide, lower-gradient shelf section (Harrison
Bay, AK) was more effective at attenuating waves propagating across the shelf, thus insulating the inner shelf
from both present-day and RCP8.5 waves and limiting morphologic adjustment and landward shoreline retreat.
Since waves were attenuated over a broader cross-shelf distance on the flatter shelf section, cross-shelf gradients
in bed stresses were small, resulting in limited cross-shelf transport and morphologic change. Furthermore, we
found that storm waves (as in the case of fairweather waves) were more effectively attenuated across the shallow,
low-gradient Harrison Bay shelf. However, morphologic adjustment of the steeper, more wave-sensitive Flaxman
Island section under RCP8.5 fairweather waves resulted in better attenuation of storm waves than in the present
case.

The findings of this study illustrate the importance of considering shelf profile geometry and sediment transport
processes when evaluating morphologic changes to Arctic shelves and shorelines in a warming climate. This
framework can provide insight to shelf environments beyond the Arctic, in which a shift in wave climate can drive
differing sediment transport and morphologic responses depending on the initial cross-shelf geometry.

Appendix A
Al. Sensitivity Test for Morphologic Scaling Factor

A Brier Skill Score (BSS) was used to determine the highest MF value in which morphologic change could be
computed over 1000 years with the minimum computation time, following the methods outlined by Ranasinghe
et al. (2011).

2
(zp — Zb,mfl)

BSS=1- (Al)

2
(21 = Zpms1)

where z, is the initial bed slope, z, is the final bed slope with MF > 1, and z,, ,, is the final bed slope for a base-
line trial in which MF = 10. Present-day waves were applied to the shelf profiles under combinations of flow
simulation time and MF values (ranging from the baseline value of 10 incrementally up to 500) which represented
1000 years of morphologic change. The results of the sensitivity test showed that an MF of 100 could be used to
reliably evaluate morphologic change.
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A2. Active Sediment Layer Thickness

The thickness of the top seabed layer, or active layer, was set to 20 cm based on the formulation proposed by
Warner et al. (2008):

2 = max [ki (zo7 — Teepo, 0] + kadso (A2)

where 7, is the maximum skin friction stress from combined waves and currents, ,, is the critical shear stress for
erosion, p, is the surface seawater density, ds, is the median seabed grain diameter, and k, and k, are constants
0.007 and 6.0, respectively. Below the top layer, the seabed was split into four layers with thicknesses increasing

with depth so that the total seabed thickness was 10 m.

A3. Additional Model Parameters

Table Al provides a supplemental overview of sediment transport and hydrodynamic model parameters imple-
mented in Delft3D-FLOW.

A4. Model Limitations

It is worth noting several processes not incorporated in this model, in order to provide insight for future efforts.
First, the model does not include along-shore components of forcing mechanisms, predicated on the idea that
cross-shore gradients in bed stresses and sediment transport are stronger than along-shelf gradients and thus
contribute more to cross-shelf morphology. That being said, a depth-averaged two-dimensional planview model
or full three-dimensional model would be instructive for assessing impacts of shore-oblique waves, shore-oblique
winds, and shelf steering of currents. Second, the model does not address sea ice, but rather focuses on the
open-water season which is expected to encompass 365 days per year by the next century (see references in
main text). But presently, sea ice bulldozes sediments locally and may entrain and raft sediments, representing
mixing and advection terms, respectively. These terms have been historically unconstrained quantitatively but
are interesting to consider. Third, the model does not incorporate spatially varying bed erodibility, which should
be important because of ice keel scouring. A revised version of the model is in production which addresses
ice-impacted bed erodibility. Fourth, the model does not address changing sediment supplies from accelerated
coastal erosion or changes in river dynamics. Nor does it address variably grain size and ice content in the bluffs.
A new version of the model is being tested using variable river supply. Bluff dynamics offer an important target

Table A1
Supplemental Overview of Sediment Transport and Hydrodynamic Model Parameters Implemented in Delft3D-FLOW

Parameter Description Value

Sediment Transport
Morfac Morphologic scaling factor 100
Ks Bed roughness height influenced by skin friction and form drag 0.02
AlfaBs Streamwise bed-gradient factor for bedload transport 1
AlfaBn Transverse bed-gradient factor for bedload transport 1.5
SUSc Current-related suspended sediment transport parameter 0.8
SUSw Wave-related suspended sediment transport parameter 0.2
BEDc Current-related bedload sediment transport parameter 1
BEDw Wave-related bedload sediment transport parameter 0.2
BEDw Wave-related bedload sediment transport parameter 0.2

Hydrodynamics
Flam Wave breaker delay parameter 2
Gamdis Wave height to water depth ratio imposes wave breaking 0.5
FwFac Streaming effect in wave boundary layer, typically set to zero 0

Betarol Slope of wavefront 0.03
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for future work. Fifth, it is unknown if the present shelves are in equilibrium with waves, or if they are approach-
ing an equilibrium following rapid and then slow sea-level rise after the Last Glacial Maximum. It is likely that
the shelves are in disequilibrium. A Holocene-timescale model of shelf evolution would be of interest.

Data Availability Statement

ERAS wave hindcast data are available at the Copernicus Data Hub (https://scihub.copernicus.eu/), supported
by the European Space Agency. Wave mooring data from the Alaskan Beaufort Shelf are available from the data
repository for the Coastal Ocean Dynamics in the Arctic (CODA) 2019 cruise (https://digital.lib.washington.
edu/researchworks/handle/1773/47139). Bathymetric data were also collected aboard the CODA cruises in 2019
(https://doi.org/10.7284/908599) and 2020 (https://doi.Org/10.7284/908921). Model setup and output data files
can be found in the Arctic Data Center at https://arcticdata.io/catalog/view/doi:10.18739/A2H70820F.
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