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Abstract: Arctic storm surge events have a distinct character, and their impact on the
coast is unique compared to a non-Arctic event. On the one hand, Arctic peak wind
speeds rarely reach hurricane strength (74 mph, 64 knots or greater). And pressure
drops associated with Arctic storms are small compared to ones in the tropics. More
importantly, the impact of an atmospheric storm on the ocean and on the coast is
entirely dependent on the season. If a large storm strikes during the winter or when the
ocean is ice-covered, the storm will generate negligible waves and surge, and it will
not generate erosion or coastal flooding. On the other hand, if a large storm strikes
when the ocean is partially ice-covered (e.g., 50% covered), surge may be enhanced
relative to an ice-free ocean, potentially leading to greater coastal flooding.

Introduction

With a partially ice-covered ocean, wave action would be significantly reduced
and so would wave setup, wave runup, and coastal erosion. With essentially no
ice (or with the ice pack far offshore), then the role of sea ice becomes minimal.
However, the impact of the storm on geomorphology will be very different in the
Arctic compared to its impact in a non-Arctic setting because of the presence of
coastal permafrost. Coastal processes (including erosion) include important
thermal components as well as mechanical ones. Sediment along the coast needs
to be thawed before it is available for transport by mechanical forces. If a given
storm strikes early in the open water season, the potential geomorphic change will
be significantly reduced because much of the coast will be frozen. As a final note,
it is important to note that climate warming is having long-term impacts on the
thermal environment of the Arctic coast and its permafrost. Thawing of the coastal
permafrost is expected to lead to subsidence of the coast by as much as 1 ft by
2100. Hence, a given Arctic storm will over time cause more flooding due to this
Arctic enhancement in relative sea level rise. In this paper, we introduce the 5
interdependent coastal hazards caused by Arctic storms and discuss how the
hazards are enhanced by climate change. Second, we discuss how storm surge and
storm waves are affected by the presence of sea ice, we show how climate change
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has made coastal waves significantly larger. Third, we introduce the two main
Arctic coastal erosion mechanisms active on the Alaska Beaufort coast and show
how erosion is enhanced by climate change.

1. Interdependent coastal hazards caused by Arctic storms and climate
change

Arctic coastal storms generate 5 interdependent coastal hazards including waves,
coastal erosion, permafrost thaw and subsidence, storm surge and flooding, and
salinity intrusion (Figure 1, blue boxes). Permafrost thaw and the resulting
subsidence are unique to the Arctic, and we will focus on this hazard here. Coastal
sediments are typically locked in place by permafrost and thawing of the
permafrost is a prerequisite for later removal by mechanical processes. Thus,
coastal permafrost thaw enhances coastal erosion. Coastal permafrost thaw and
the subsequent subsidence also effectively enhances coastal water levels and
coastal flooding. Further, flooding in the Arctic enhances permafrost thaw and
subsidence in a positive feedback loop.
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Figure 1. Flow chart depicting the interdependence of the 5 Arctic coastal hazards and the impact of
climate change on those hazards.
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Each of the hazards are enhanced by climate change (Figure 2, red boxes). For
example, the warming air and water is increasing the permafrost thaw rate
contributing to accelerating coastal erosion. Warming air and water are also
causing sea ice loss which increases fetch leading to larger waves (Overeem et al.,
2011) and enhanced erosion (Kobayashi et al., 1999).

2. The effect of reduced sea ice on storm waves

Kasper et al. (2023) recently developed a high-resolution (nested) hydrodynamic
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and wave model for Foggy Island Bay on the north coast of Alaska, for the period
1979-2019 (Figure 2). The model documented the dramatic increase in coastal
wave height on the Alaska Beaufort coast due to sea ice reduction between 1979
and 2019. Boundary data for the nested wave model came from the 30-km
resolution ERAS Reanalysis product, developed by the European Centre for
Medium-Range Weather Forecasts (ECMWF),
(https://cds.climate.copernicus.eu/cdsapp#!/home).
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Figure 2. Map of the Alaska Beaufort Sea coast, including the Foggy Island Bay study site. Reprinted
from Kasper et al., 2023.

An unstructured mesh hydrodynamic model (Delft3D4-FM) with a coastal
resolution on the order of 2 km encompassing the entire state of Alaska was used
to estimate storm surge and tidal water level variations. The Delft3D FM
hydrodynamic model encompassed the entire State of Alaska and covered an area
of 7,506 km by 3,586 km, including 29,656 nodes. Water level at the boundary
was based on FES2014 tidal constituents (Lyard et al., 2021). Atmospheric
forcing was based on ERAS data. The effect of sea ice concentration on wind drag
was based on the work of Garratt (1977), Liipkes et al. (2012) and Joyce et al.,
(2019). Figure 3 documents the use of measured wave data for model calibration
and assessment.

Figure 4 provides the daily median wave height and sea ice concentration across
Foggy Island Bay for 1979-2019. The increase in wave height, the reduction in
sea ice, and the lengthening of the open water period between 1979 and 2019 are
readily apparent. Nederhoff et al. 2022, reporting from the same study, found a
small increase in wave period of up to 0.03 s/yr in the deeper Bay between 1979—
2019. While surge events were observed to increase with the increase in open
water period at a rate of 0.13 events per day of increase in the open water season,
Kasper et al. (2023) reported a small but statistically significant negative trend
(-0.2 cm/year) of the 3-year moving mean annual maximum storm surge.
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Figure 3. Calibration and sensitivity testing of bottom friction settings for the nested wave model. The
location of model assessment was “Spotter 0156 (70.31882, -147.76044) in a mean water depth of

3.2 m. Reprinted from Nederhoff et al., 2022.
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Figure 4. Median wave height (a) and sea ice (b) concentration in Foggy Island Bay between 1979-

2019. Reprinted from Nederhoff et al., 2022.

3.  Arctic storm-induced coastal geomorphic change

In order to explore the impact of Arctic storms on coastal change, we will consider
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two different perspectives. In the first perspective, we will consider a generic
coastal configuration consisting of a frozen coastal bluff (e.g., Kobayashi et al.,
1999). In the second perspective, we will consider the actual coastal erosion
mechanisms that are predominant on the Alaska Beaufort Sea coast.

3a. The impact of Arctic storms considering a generic coastal
configuration

In their pioneering Arctic coastal erosion work, Kobayashi et al. (1999)
considered an idealized beach and bluff (cliff) profile that was largely frozen
(Figure 5), and they determined the retreat rate of the bluff based on the heat
transfer rate to the bluff and based on the heat of fusion of bluff materials.
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Figure 5. Idealized beach and bluff (cliff) considered by Kobayashi et al. 1999 (Reprinted from
Kobayashi et al., 1999).

Building on this work, Ravens et al. (2017) developed an Arctic-capable coastal
geomorphic change model, assuming a coastal configuration similar to that
assumed by Kobayashi (1999, Figure 5). The model (referred to as “Arctic
Xbeach”) was a coupling of an existing open source non-Arctic coastal
geomorphic change model (Xbeach, Roelvink et al., 2010) with a thermal model.
The thermal model determined the temperature and phase of the soils and
sediments, and Xbeach determined the potential geomorphic change considering
the offshore wave and water level climate. However, that potential was only
actualized if the soil and sediment was determined to be unfrozen by the thermal
model.

One relevant insight from the development and application of Arctic Xbeach was
that the geomorphic change determined by a given storm is dependent on the
timing of the storm. If a storm strikes early in the open water period when the soil
and sediment is still frozen, the geomorphic change caused by the storm will be
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small compared to the change caused if the storm struck later in the season after
the surface soil and sediment had thawed. To illustrate this point, a 2-day synthetic
storm with a 2-m wave height and a 0.5 m surge height (Figure 6a) was
considered. In the first simulation, we assumed air, water, and initial soil/sediment
temperature was 5C, 2C, and -2C, respectively, and we computed the change in
the bluff/beach profile (Figure 6b). Figure 6b also includes the post-storm profile
if we that there was no permafrost in the soil/sediment. The results show that if
the soil and sediment are initially frozen (and with a temperature of -2C), there is
relatively little geomorphic change. On the other hand, if we model this coastal
configuration ignoring the presence of permafrost, we see that there would be a
significant amount of unrealistic geomorphic change. In a second simulation, we
assumed the same storm and compared the calculated geomorphic change
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Figure 6. (a) Assumed offshore wave height and water level and (b) initial and post-storm beach and
bluff profile. Reprinted from Ravens et al., 2017.
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Figure 7. Initial bed elevation, post-storm elevation, and change in bed elevation assuming (a) initially
frozen soil and sediment and (b) an initial thaw depth of 30 cm in soil and sediment. Reprinted from
Ravens et al., 2017.
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assuming (a) permafrost in soil and sediment initially at a temperature of -2C (as
in Figure 6), and (b) the soil and sediment had thawed to a depth of 30 cm at the
start of the storm (Figure 7). The Figure shows that the storm-induced geomorphic
change is significantly greater if the soil/sediment had thawed to a depth of 30 cm
prior to the storm. Thus, in an Arctic setting, the amount of geomorphic change
due to a given storm is dependent on the timing of the storm.

3b. The impact of Arctic storms considering the predominant coastal
erosion mechanisms

The two main erosion mechanisms on the Alaska Beaufort Sea coast include niche
erosion/block collapse (or thermal abrasion) and bluff face thaw/slump (or
thermal denudation). The impact of an Arctic storm on the coast depends on the
particular coastal location and the erosion mechanism that is active there. Niche
erosion/block collapse (Kobayashi, 1985; Ravens et al., 2012; Barnhardt et al.,
2014) causes the highest annual rates of coastal erosion and is predominant at
coastal bluffs in locations like Drew Point, Cape Halkett, and Elson Lagoon which
lack coarse sediments (sand and gravel) and which lack a significant beach
(Figures 8-9). As a consequence of the low elevation beach, even a relatively
small storm surge leads to coastal bluff and niche erosion. A conceptual model of
niche erosion/block collapse is presented in Figure 10. Typically, there is a small
beach before the coastal bluff. During a storm surge event, water levels rise
allowing the ocean water to directly contact the bluff. The waves and currents
thermally and mechanically cut a niche into the bluff. The niche grows until the
over burden exceeds the strength of the bluff leading to block collapse. Failure of
the coastal bluffs often occurs along ice wedges (evident in Figure 9b) which are
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2015.
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linear ice features in the near-surface geology with, typically, a wedge-shaped
cross-section (Harry and Gozdzik, 1988). Once a block has collapsed, waves and
currents thermally and mechanically erode the fallen block. The solid materials in
the block are mainly fine sediments that are readily dispersed by the waves and
currents.

Figure 9. Photos of (a) an erosional niche from Elson Lagoon Alaska and (b) a fallen block by Drew
Point, Alaska (image courtesy of Christopher Arp of the Alaska Science Center, U.S. Geological
Survey). Reprinted from Ravens and Peterson, 2021.
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Figure 10. Conceptual model of the niche erosion/block collapse erosion mechanism. Reprinted from
Ravens et al., 2012.
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The niche erosion/block collapse mechanism is dominant where the coastal bluffs
are ice rich (~70% by volume, Ping et al., 2011) and lacking coarse sediments.
Under such a situation, the beach before the bluff has a low elevation and contact
between the Sea and bluff is frequent. In other settings, the coastal bluffs have
significant quantities of coarse sediments (sand and gravel, Figure 11). As a
consequence, the beach before the bluff has a relatively high elevation (1 to 2 m
above mean sea level) and contact between the Sea and the bluff toe — and niche
erosion - is infrequent (Ravens et al., 2011). Coastal erosion in this setting is

Figure 11. Photo showing material that has slumped onto the beach face following bluff face thaw at
Barter Island, north coast Alaska. Reprinted from Ravens and Peterson, 2021.
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Figure 12. Sketch depicting the bluff face thaw/slump mechanism including the thawing and slumping
of the bluff face (step 1) and the offshore transport of sediment deposited on the beach (step 2). The
dashed blue line indicates the thaw line.
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driven by the thawing and slumping of the bluff face, the deposition of the
material on the beach face, and the transport of material offshore due to storm-
induced cross-shore transport — shown conceptually in Figure 12. Here, we refer
to this erosion mechanism as bluff face/thaw slump, but it is also referred to as
translational-shear ice-thaw (Gibbs et al., 2013) and thermal denudation.

Ravens and Peterson (2021) identified a single parameter — coarse sediment aerial
density — that controls which of these two erosion mechanisms are dominant in
Arctic Alaska. The coarse sediment aerial density is the dry mass of coarse
sediment (sand and gravel) contained in a column of bluff sediment/soil per unit
horizontal area (g cm2). Ravens and Peterson (2021) examined 22 coastal sites in
Arctic Alaska. They inferred coastal erosion mechanism based on aerial photos
(Gibbs and Richmond, 2009) and gathered data on sediment aerial density based
on available soil core data (Ping et al., 2011). The sites were distributed across the
north coast of Alaska between Barrow and the Canadian border (Figure 13). The
erosion mechanism was found to be tied to the coarse sediment aerial density.
With sediment aerial density greater than 120 g cm? the dominant erosion
mechanism was bluff face thaw/slumping. With sediment aerial density less than
80 g cm?, the dominant erosion mechanism was niche erosion/block collapse
(Figure 14).
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Figure 13. Map of the north coast of Alaska showing the locations of the coastal sites studied as well
as the erosion mechanism attributed to those sites. Base map imagery courtesy of Esri. Reprinted from
Ravens and Peterson, 2021.
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Figure 14. A histogram showing the frequency of occurrence of the niche erosion/block collapse
erosion mechanism and bluff face thaw/slump mechanism as a function of coarse sediment areal
density. Reprinted from Ravens and Peterson, 2021.

Arctic coastal erosion modeling efforts — Niche erosion/block collapse

One of the most dramatic forms of coastal erosion and the “poster child” of Arctic
coastal erosion is the niche erosion/block collapse erosion mechanism (Figures 9-
10). Niche erosion/block collapse is responsible for some of the highest rates of
coastal erosion in the Arctic with rates as a high as 15 m/yr in Arctic Alaska
(Barnhart et al., 2014b).

The critical, rate-determining step is the niche erosion process (Ravens et al.,
2012). Kobayashi (1985) developed a niche erosion model founded on three
partial differential equations based on mass balances of salt and suspended
sediment, and a heat balance of a sediment/water mixture. The analysis assumed
a storm surge event that instantanecously raised water levels to a depth of / at the
coast (Figure 15). It also assumed surf zone conditions and vertically well-mixed
water properties near the coast.

Assuming that the surf zone diffusivities for mass and heat transfer can be
estimated based on a surf zone eddy diffusivity and assuming the physical and
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thermal properties of seawater and frozen sediment are constant, the differential
equations are amenable to an analytical solution:

Xy = 2 ey VEE (1)

Y
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Figure 15. Schematic of conditions assumed in the Kobayashi niche erosion model (Reprinted from
Ravens et al., 2012).

where

X, 1s the position of the melting front, assumed equal to zero at start of
niche erosion,

&m 1s a temperature dependent parameter which is approximately 0.0094
Tu, assuming negligible suspended sediment before the storm and 30 ppt
salinity,

T; = Tw-Tw is the difference between the temperature of the nearshore
water (Tw) and the melting point of the interstitial water holding the bluff
material together (0C).

¢ is the momentum diffusivity of the longshore current due to breaking
waves assumed to be Ah(gh)? (Longuet Higgins, 1970),

A is an empirical constant assumed to be 0.4, and

h is the water depth in the niche and adjacent nearshore waters which is
assumed to be constant.

Examination of Eq. (1) indicates that the rate of niche erosion (dxm/dt) is
proportional to the temperature difference between the nearshore water and the
melting point of the ice in the bluff, and proportional to water depth to the
% power. Given that the ratio of the wave height to water depth in the surf zone
is constant, Eq. (1) also indicates that the niche erosion rate is proposition to wave
height to the % power. The temperature difference can be considered the thermal
driver of niche erosion; wave height (to the % power) can be considered the



2446

mechanical driver. During a large Arctic storm with winds from the west or
northwest, both a high surge and large waves can be expected (if sea ice is absent)
and the rate of niche erosion can be expected to be quite high, especially if the
storm strikes late in the open water period when water temperatures are elevated.

Ravens et al. (2012) built an integrated system of models based on the conceptual
model above, producing a predictive, process-based coastal erosion (shoreline
change) model for Drew Point on the north coast of Alaska (Figures 8-9). The
system of models included a storm surge model, a niche erosion model, a wave
model, and a block erosion model. The storm surge model was developed based
on the cross-shore equation of motion (Dean and Dalrymple, 2004) assuming a
long and straight coastline (Eq. (2)):

9t + M= (i + FV + 75 @

where g is the gravitational acceleration,
hn is the mean water depth,
x is onshore directed position coordinate,
v is the coordinate indicating alongshore position,
fis the Coriolis frequency (= 2Qsing),
Q is the angular frequency of the earth (7.272 x 107 rad/s),
¢ is the latitude of the study site,
p is sea water density (~1020 kg m™),
V' is the (depth-averaged) alongshore water velocity (defined below), and
Tsx 18 the wind stress on the water surface in the onshore direction.

A niche erosion model was developed based on the work of Kobayashi (1985)
described above. Block collapse was not explicitly modeled. Instead, block
collapse was assumed to occur when the position of the melting front (x,,) reached
a preset distance (nominally 10 m based on observations of the dimensions of
fallen blocks, but 5 m was also considered). Finally, an empirical block erosion
model was developed assuming that the erosion amount in a 12 hour period
(ER, kg/m alongshore) was dependent on temperature difference (Tq4) between the
nearshore water and the melting point of soil interstitial ice and on the wave height
(H, at 3 m depth) according to:

ER = aH™T, 3)
where a and 7 are empirical constants.

Ravens et al. (2012) modeled shoreline change over relatively long time periods
(e.g., 1979-2002). The multi-year time period was divided into 12 (or 6) hour time
blocks and the relevant environmental data (nearshore water surface elevation,
nearshore water temperature, and nearshore wave height) was computed for each
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time block. Nearshore water surface elevation was computed with the storm surge
model using measured meteorological data from Utqiagvik (formerly Barrow)
Alaska for model forcing. Nearshore water temperature was calculated with an
ocean/sea ice model (Zhang et al., 2010), and nearshore wave height (computed
at a location offshore of the study site in 3 m of water) was computed with a quasi-
steady SWAN wave model. For simplicity, an average nearshore water
temperature was determined for each month of the open water period (July,
August, September, and October) for the time period of interest. Similarly, an
average ice edge position was computed for each of the four months for the time
period of interest in order to define the open water extent and compute the
nearshore wave condition.

Ravens et al. (2012) used the 1979-2002 time period for model calibration
determining the optimal empirical constants (@ and n) to be 800 kg (m°C)"!' and
1.47, respectively. A third model parameter, the elevation of the beach before the
bluff, was set to 0.58 m to optimize the calculations. A second time period 2002-
2007 was used for model validation. Table 1 (below) from Ravens et al. (2012)
depicts the agreement between model and measurements for the calibration and
validation time periods. The relatively simple model provided accurate
calculations with predicted shoreline change in agreement with measurements
within measurement uncertainty. A sensitivity analysis indicated that the observed
increase in erosion rate in the later period (2002-2007) was largely due to warmer
nearshore waters with the changed meteorological conditions actually
contributing to a reduction in shoreline change rate. The shoreline change rate was
found to be sensitive to the beach elevation used, with a lower beach elevation
translating to more frequent contact between the relatively warm sea-water and
the coastal bluff — translating to increased erosion rate. Surprisingly, the increase
in open water extent in the later period was found to be a relatively small
contributor to the erosion rate increase. Reducing the critical depth of niche
erosion before block collapse (from 10 m to 5 m) was calculated to reduce erosion
rates by about 20%.

Table 1. Measured and modeled shoreline change rates at Drew Points for two time periods.

Time period Measured erosion rate (m/yr) Modeled erosion rate (m/yr)
August 1979-July 2002 8.0+0.9 8.0+0.8
August 2002—July 2007 141+1.7 149+1.4

Above, we discussed how climate change was reducing sea ice and increasing
wave height, wave period and open water period. The increase in open water
period was tied to an increase in storm surge events that are at the heart of this
erosion mechanism. These considerations indicate that Arctic storms will erode
the coast at locations where niche erosion/block erosion is dominant even more
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rapidly as climate change continues. Indeed, the increase in erosion rate in the
latter period is a direct effect of climate change.

Arctic coastal erosion modeling efforts — Bluff face thaw/slump

The bluff face thaw/slump erosion mechanism described above is responsible for
erosion at the majority of the Alaska Beaufort Sea shoreline though the erosion
rates with this mechanism are generally smaller than erosion under niche
erosion/block collapse mechanism. Below, a two-step bluff face thaw/slump
erosion model for the Foggy Island Bay (the focus of the storm simulations
described in section 2 of this paper) is described. The specific location of the
model was a single USGS transect (#2112), with offshore and onshore end points
of 481849.7 E, 7788118.9 N and 481607.2 E, 7787625.2 N, UTM Zone 6,
respectively (Figure 16). Analysis of shoreline position data by USGS transect
#2112 from 2007 to 2018 (Figure 17) indicates that the average bluff and shoreline

retreat rate is about 1.5 m/year.

USGS transg
#2112

3

BRI
Figure 16. Aerial photo of Foggy Island Bay coastal zone and the location of USGS transect #2112.
Reprinted from Kasper et al., 2023.

Figure 18 provides an aerial photo of the bluff and beach face proximal to USGS
transect #2112, and it enables insight into the erosion mechanism. A close look at
Figure 18 shows tundra vegetation sliding down the bluff face, indicating thawing
of the bluff face and slumping of bluff face materials to the beach face. Coastal
erosion at this location (and at most locations on the Alaska Beaufort coast)
proceeds via a two-step process (Ravens and Peterson, 2021). In the first step,
which occurs mainly during inter-storm periods, the bluff face thaws and thawed
material slumps and deposits on the beach face (Figure 19). Solar radiation,
longwave radiation (emitted from earth surface and downward from atmosphere),
sensible heat, and latent heat fluxes combine to thaw the bluff face. In the second
step, which occurs during storm periods, storm surges and waves transport
slumped materials offshore.
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Figure 17. Depiction of Foggy Island Bay shorelines between 2007 and 2018, proximal to USGS
transect #2112. Reprinted from Kasper et al., 2023.

Figure 18. Clip of a USGS aerial photo image of shoreline by USGS transect #2112. Reprinted from
Kasper et al., 2023.

- erosion area

Figure 19. Schematic of the two-step erosion mechanism featuring (a) bluff face thaw/slump, followed
by (b) offshore transport during storm surge events. Reprinted from Kasper et al., 2023.

To represent the first step of the two-step sequence, a 1D thermal model — oriented
perpendicular to the bluff face — was developed to predict ground temperature and
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phase, and it has been validated using available ground temperature data. For the
second step, we have coupled the heat transfer model with an open source coastal
geomorphic change model, Xbeach. The Xbeach user provides the bluff and beach
topography and bathymetry, sediment grain size, and the offshore wave and water
level boundary condition — and Xbeach provides the change in the beach profile.
Recall, with Arctic Xbeach, material is allowed to move only if it has been
thawed. However, in this particular application, we expected limited benefits from
using Arctic Xbeach and ran the simpler Xbeach model to represent storm-driven
offshore transport in step 2.

The concept of the inter-storm/storm sequence is illustrated in Figure 20. The
figure depicts nearshore water level (including tides and storm surge at 5 m depth
offshore) as well as wave height for the month of June and July, 2017. The data
shows some storm surge events in the month of June. However, due to the
presence of sea ice, there is little wave action until the month of July 2017. For
effectual offshore transport of sediments, it is necessary to have both significant
surge ( > 0.4 m) and significant wave height (H > 0.4 m). Since, coincident
significant surge and wave height do not occur until July 20, the period between
June 1 and July 19 can be considered an inter-storm period.
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Figure 20. Plots of water level and wave height in June and July 2017. Black and red double arrows
at the top of the figure depict the inter-storm and storm periods. Reprinted from Kasper et al., 2023.

The 1D numerical thermal model to determine the bluff face thaw during the inter-
storm periods was developed based on the 1D time-dependent heat balance
equation in terms of enthalpy, H (Hu and Argyropoulos, 1996):

pi—f= V- (KVT) 4)
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Where H=cg T for T < T,
H=¢T+ (¢ —¢)Tp+1L for T =2 T,
¢ = specific heat of the solid phase
c; = specific heat of the liquid phase
T,, = temperature of melting
L = latent heat.

Validation of the two-step erosion model

The 1D numerical model was validated by simulating the “Stephan problem” and
comparing the numerical solution to the published analytical solution (Hu and
Argyropoulos, 1996). In the Stephan problem considered here, there is a 1D bar
with the properties of water, extending from y =0 to y = co. The initial temperature
is -5C (Figure 21). At t = 0, the surface (y = 0) is set to 2 C, and heat flows from
the surface into the bar (in the positive y direction). The numeral solution and the
analytic solution (Hu and Argyropoulos, 1996) at 103 seconds are shown to be in
reasonable agreement (Figure 21).
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Figure 21. Depiction of the initial temperature and the analytical and numerical solution to the Stephan
problem at 10° seconds. Reprinted from Kasper et al., 2023,

The 1D thermal model was also validated using ground temperature data from West
Dock, which is proximal to Foggy Island Bay, Alaska. In this situation, we defined
an initial, June 1, 2017 temperature distribution from the surface to a depth of 10 m,
based on West Dock ground temperature data (https:/permafrost.gi.alaska.edu).
The model was “forced” using measured surface temperature data. Comparison of
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the modelled and measured ground temperature data on Aug. 24, 2017, with the
thermal properties shown in Figure 22, demonstrated a second validation of the 1D
thermal model.

In addition, the 1D thermal model was validated for the case where a flux-type
boundary condition was used at the tundra surface. The net heat flux was the sum
of the solar (short wave) radiation, the longwave radiation emitted from the earth’s
surface, the downward longwave radiation from the atmosphere, the latent heat
flux, and the sensible heat flux (Figure 23). Note, over the time period used in the
figure (between July 14 and Aug. 13, 2017), solar shortwave radiation (in red)
diminishes significantly and so does the net heat flux (in blue). As shown in
Figure 24, the modelled and measured Aug. 24 2017 ground temperature were in
reasonable agreement when the flux-type boundary condition was used. In
addition, the modelled and measure thaw depth were also in agreement when the
flux-type boundary was employed (Figure 25).
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Figure 22. Depiction of the initial temperature distribution on June 21, 2017 along with the modelled
and measured temperature distribution on Aug. 24, 2017. Reprinted from Kasper et al., 2023.
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Figure 23. Plot of the 4 of the 5 heat fluxes as well as the net heat flux between July 14 and Aug. 13,
2017 at West Dock, Alaska. Reprinted from Kasper et al., 2023.
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Figure 24. Initial (June 1, 2017) and measured and modelled Aug. 24, 2017 ground temperature, with
a flux-type boundary at the tundra surface. Reprinted from Kasper et al., 2023.
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Figure 25. Plot of the measured and modelled thaw depth during the summer of 2017. Reprinted from
Kasper et al., 2023.

The validation effort described above concerned a vertically oriented temperature
profile from the bluff top to a depth of 10 m (Figure 26(a)). We chose the vertical
orientation because the available validation data (at West Dock) is along a vertical
profile. The application of the 1D thermal model in the two-step erosion model,
however, requires that the axis of the 1D thermal model be perpendicular to the
bluff face as illustrated in the schematic in Figure 26(b). In addition, the 1D
thermal model in the two-step model removes any thawed material on the bluff
face and daily deposits that material on an equivalent width of beach face, adjacent
to the bluff toe.

Bluff top Bluff top
Bluff face N Bluff face N
_
_
~ Axis of
1D model,
for model validation
Axis of
1D model,

for 2-step erosion modeling

Figure 26. Schematics showing (a) the vertical axis of the 1D thermal model used for model validation
and (b) the bluff face-perpendicular axis of the 1D thermal model used for the 2-step erosion modeling.
Reprinted from Kasper et al., 2023.
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The solar flux calculator

In order to model heat flow along an axis perpendicular to the bluff face, it was
necessary to develop a “solar flux calculator” that provided the solar (shortwave)
radiation on the typical north-facing coastal bluff, which had a face angle of
45 degrees relative to the horizontal. Although both modelled and measured data
on solar radiation on a horizontal surface was available for our study site on the
Foggy Island Bay coast, data on north-facing, and angled coastal bluff face was
not.

Solar intensity [W/m?], 1, on a flat surface is given by the equation (Buffo, 1972):
I =Iop"s"™ gin(0) 5)

where: Iy = solar constant: radiation at the top of the atmosphere normal to the
sun,
p = atmospheric transmission coefficient (based on altitude, weather),
A = altitude angle off of the horizontal that the sun’s rays strike a
horizontal surface,
sin (A) = sin (¢) sin (8) +cos(d)cos(d)cos(h),
¢ = latitude,
8 = declination (time of year),
h = hour angle,
0 = angle between the surface and the radiation,
Sin (0)= sin (A)cos(aa)-cos(A)sin(aa)sin(Z-L ),
aa = surface slope from horizontal,
Z = azimuth (AZ) CCW from south + 90 degrees,
sin AZ = -cos(8)sin(h)/cos(A), and
BB = slope aspect from north (0 is north-facing).

Results — application of the step 1 and step 2 models

The results of the application of the 2-step erosion model for the summer of 2017
are provided in Figure 27. The first inter-storm period extended from June 1,2017
to July 19 2017. During this time, there were no consequential storm as there were
no instances where the water level and wave height simultaneously exceeded
0.4 m. As shown in Figure 23, the solar radiation and the net heat flux are
relatively high, so there would have been significant thawing and slumping of the
bluff face. Calculations of thaw depth, using the 1D thermal model (step 1 model),
find a total thaw depth of 0.51 m during this time period. It is noteworthy that this
is significantly above the thaw depth computed and observed with the vertically
oriented axis (Figure 25). Since thawed material is removed from the bluff face
and placed on the beach face on a daily basis, there is less material on the bluff
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face to insulate the deeper layers of the bluff from heat transfer from the
atmosphere. The thaw area corresponding to the 0.51 m thaw depth is the product
of the depth and the length of the bluff face in the cross-shore direction (about
9.4 m). The deposition of the slumped material is depicted in the beach and bluff
profile shown in the upper right of Figure 27.

The first consequential storm of the summer of 2017 occurred on July 20, and it
had an offshore surge and wave height of 0.47 m and 6.4 m, respectively. The
Xbeach model of this storm computed an erosion area of 1.4 m? The eroded
portion of the beach face during the July 20 storm is depicted in the profile in
lower right of Figure 27. Given that the depth of the active beach was about 7 m,
this erosion area corresponds to a linear erosion distance of 0.2 m. Given that the
net depositional area from the first inter-storm period was 4.8 m?, and given that
the first storm eroded only 1.4 m?, we conclude that there was still 3.4 m? of
material left on the beach face. For simplicity, that material would be assumed to
be distributed over the 9.4 wide section of beach face proximal to the bluff toe.
The second inter-storm period lasted only 1 day, and it yielded a thaw depth of
0.03 m (corresponding to a depositional area of 0.3 m?). Hence, following the
second inter-storm, the net depositional area was 3.7 m?> = 3.4 m?> +.3 m’
(Figure 24). The two-step model was applied for the remainder of the open water
period until freeze-up on Aug. 30, a date determined by temperature observations
from the study site.
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Figure 27. Depiction of details of the two-step erosion model for the summer of 2017. Reprinted from
Kasper et al., 2023.

Figure 28 depicts the modelled shoreline erosion between June 1, 2017 and Aug.
30, 2017, based on the two-step model, along with the annual observed erosion
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(1.48 m), based on high resolution aerial photos from 2012-2018. The two-step
erosion model and erosion measurements are in rough agreement.
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Figure 28. Plot of the modelled and measured shoreline change between June 1, 2017 and Aug. 30,
2017. Reprinted from Kasper et al., 2023.

Discussion of 2-Step Model

In the results section, we reported on the erosion amounts computed by Xbeach.
For simplicity, we had used Xbeach to generate a “look-up” table, which provided
erosion area as a function of surge height, wave height, and the depth of thawed
material on the beach face. Bin sizes for the depth of thawed material were:
0-0.249 m, 0.25-0.499 m, and 0.5-0.749 m. Bin sizes for surge height were:
0.4-0.599 m, 0.6-0.799 m, 0.8-0.999 m, and 1.0-1.199 m. Bin sizes for wave
height were: 0.3-0.599 m, 0.6-0.899 m, and 0.9-1.199 m.

We observed no contribution to inter-storm thaw/slump after Aug. 12, 2017 as
thawing no longer occurred due to the reduced solar radiation. Ground
temperature data indicates that the tundra freezes in late August and we expect no
significant storm-induced erosion after this point. We are actively working to
compute the freeze-up of the beach face with the Arctic Xbeach model, so we can
more definitively address the question of the timing of the freeze-up, and, in
particular, how it will change with climate change.

Total offshore transport of material (from the step 2 model) exceeded the amount
of bluff face thawed (from the step 1 model) by about 12% in 2017. The fact that
these amounts were in rough agreement provided indirect confirmation that the
two-step erosion sequence, and the quantitative modeling of the two steps, were
reasonable.
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The total effective thaw depth into the bluff face in 2017 was computed to be
1.0 m, which greatly exceeded the peak thaw depth on the tundra surface, as
expected (Figure 22).

In section 2 of this paper, we discussed how climate change is generally increasing
wave heights and periods and, by extending the open water period, it is increasing
the number of storm surge events. In section 1, we mentioned that climate change
was increasing the temperature of the air and water and accelerating permafrost
thaw. In the context of the two-step erosion model developed here, one can readily
see that climate change is enhancing both the first and second step — and extending
the time period during which the 2-step erosion mechanism can proceed - so we
can expect that overall erosion rates due to this mechanism to increase.

Conclusions

In this paper, we have explored Arctic storms and their impacts on coastal
geomorphic change. One of the unique aspects of Arctic storms is the importance
of the timing of the storms, and, in particular, the state of the sea ice at the time
of the storm. With high concentration sea ice present, the wave climate near the
coast will be significantly reduced (Rogers, 2019). In this paper, we presented
results showing that wave heights near the coast due to Arctic storms have
increased dramatically as a consequence of the reduction of sea ice, between 1979
and 2019. Although we did not focus on it here, a second impact of sea ice
concentration is storm surge height. The presence of intermediate concentrations
of sea ice (e.g. 50% coverage) can increase the wind friction and the surge height
(Joyce et al., 2019). The impact of Arctic storms on coastal geomorphic change is
also highly dependent on the timing of the storm. A given storm at the beginning
of the open water period (e.g., in June), will have a minimal impact compared to
its impact later in the open water period when significant thawing of soil and
sediment has occurred. Finally, we discussed Arctic storms and their impact on
the coast through consideration of the two predominant erosion mechanisms:
niche erosion/block collapse and bluff face thaw/slump. We showed how
continued climate change and its various impacts is likely to lead to lead to an
enhancement of storm-induced erosion regardless of the mechanism.
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