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Abstract: Arctic coastal erosion demands more attention as the global climate continues to change.
Unlike those along low-latitude and mid-latitude, sediments along Arctic coastlines are often
frozen, even during summer. Thermal and mechanical factors must be considered together when
analysing Arctic coastal erosion. Two major erosion mechanisms in the Arctic have been identified:
thermodenudation and thermoabrasion. Field observations of Arctic coastal erosion are available
in Baydaratskaya Bay in the Kara Sea. The objective of this study is to develop a probabilistic
model of thermoabrasion to simulate the measured coastal erosion at two sites where observations
suggest thermoabrasion is dominant. The model simulates two time periods: (a) the summer of
2013 (2012-2013) and (b) the summer of 2017 (2016-2017). A probabilistic analysis is performed to
quantify the uncertainties in the model results. The input parameters are assumed to follow normal
and lognormal distributions with a 10% coefficient of variation. Monte Carlo simulation is applied to
determine the erosion rates for the two different cases. The simulation results agree reasonably well
with the field observations. In addition, a sensitivity analysis is performed, revealing a very high
sensitivity of the model to sea-level changes. The model indicates that the relation between sea-level
rise and thermoabrasional erosion is exponential.

Keywords: thermodenudation; thermoabrasion; probabilistic model; permafrost; storm surge;
niche growth; bluff collapse

1. Introduction

Almost one-quarter of the land surface in the Northern Hemisphere is permafrost [1]. The thawing
of permafrost releases carbon dioxide and methane on the order of hundreds of gigatons [2].
The American and Canadian coastlines exhibit the highest erosion rates throughout the Arctic region [3].
These annual rates are also among the greatest in the world. In Arctic Alaska, the coastal erosion
rates reach as high as 15 m/year [4]. However, if annual erosion within the Arctic is considered only
within the open water season window (typically spanning three months), the adjusted erosion rates
can be eight times greater than those in the Gulf of Mexico [5]. The alarmingly high rate of present-day
erosion is expected to increase due to climate warming [6]. The global climate is confronted with
a noticeable shrinkage of the sea-ice cover, and the rate of Arctic land warming is 3.5 times greater
than the average 21st century warming rates predicted in global climate models [7].

Accelerated erosion rates have been reported throughout the coastal regions of the Arctic
corresponding to the broader spatial extent of open water, the longer open water period and the
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increased thawing rate of coastal permafrost [8]. Arctic coastal communities are highly affected
by rapid coastline retreat, and valuable resources are at risk. Erosion causes large-scale land loss
and potential risks to coastal infrastructure, including the oil and gas industry. These conditions
are forcing planners to counter the uncertainties and possibilities that arise from rapid erosion [9].
The coastline of the Kara Sea is the longest among all the water bodies within the Arctic Ocean [10]
and composes more than one-quarter of the total length of Arctic coastline [11]. Isaev et al. [12]
reported erosion rates as high as 29.1 m/year along the coast of the Kara Sea. The mean annual erosion
rate along this coast is estimated to be in the range from 0.2 m to 2.0 m per year [13]. Jones et al. [6]
reported that the mean annual erosion rate in Alaska along the north-facing coastline between Drew
Point and Cape Halkett was 13.6 m/year during 2002 to 2007 and 17.1 m/year during 2007 to 2009.
The mechanisms of Arctic coastal erosion are different from those in warmer regions of
low-latitude and mid-latitude [14]. Unlike the coastal erosion occurring on the beaches of low-latitude
and mid-latitude coasts, the retreat of coastlines at high latitudes comprises both mechanical
and thermal processes. The sediments within bluffs in the Arctic are often permanently frozen.
The thawing of permafrost is typically the critical step in the overall sequence of processes leading
to coastal erosion. Thermodenudation is the continuous degradation of a frozen coast during
the summer by thawing and slump failures. Upon being exposed to warm weather, a portion of
a frozen bluff will start to thaw under the impacts of warm air, energy from solar radiation and the
melting of snow [15]. When a frozen bluff starts to melt, the mechanical strength of the soil is
reduced. At some point, the stability of the slope cannot be maintained, and slope slipping occurs [16].
It was observed that thermodenudation could contribute up to 0.4 m of coastal retreat per year in
the Kara Sea, where bluffs are mostly silt and silty clay [17]. On the other hand, thermoabrasion is
an episodic yet infrequent phenomenon of Arctic coastal erosion. Bluff failure occurs when a niche
destabilises the overhanging portion of the bluff. The mechanical abrasion of the base of the bluffs
by the incoming warmer seawater distinguishes thermoabrasion from thermodenudation as water
can reach the base of the bluff only during the storms. The three most important environmental
parameters responsible for thermoabrasion are the size and position of the ice-wedge polygon and the
niche growth rate [18]. Bluff failure can be explained from both geotechnical and hydrodynamic
perspectives. From a geotechnical point of view, the authors of [19] proposed that the weight of
the overhanging bluff must not exceed the strength of the bluff. Hoque and Pollard [20] proposed
a similar model in which bluff collapse can occur along different planes, determined by the mechanical
properties of the permafrost and the position of the ice wedge. Kobayashi [21] developed an analytical
solution for niche growth during a storm based on the conservation of mass, sediments and salinity.
Vidrine [22] developed an integrated solution to the conservation of thermal energy, which was
subsequently adopted by Nairn et al. [23] in the software COSMOS 2D. Ravens et al. [24] modelled
the erosion occurring at Drew Point, Alaska based on thermoabrasion; they simulated thermoabrasion
as a combination of four consequential processes based on simplified physics, and they adopted
the [21] model for niche growth. Ravens et al. [24] found that the erosion rate was most sensitive
to the elevation of the beach in front of the coastal bluff. Barnhart et al. [4] further improved
the model in [24] by using a smaller time-step, relatively more realistic erosion of collapsed bluffs
and the application of other niche growth models. Barnhart et al. [4] and Hoque et al. [18] regarded
the collapse of the bluff as essentially overturning around the base of the bluff, which was confirmed by
tield observations. Hoque et al. [18] modelled thermoabrasion as a combination of the tensile strength
of frozen soil, the niche depth inside the bluff and the ice-wedge location and depth. However, they
did not consider failure along predetermined planes; rather, they postulated that the combination
of various environmental parameters determines the failure planes inside the bluff. Isaev et al. [12]
estimated the rate of retreat of coastal bluffs based on the relation among the wave energy flux,
ground temperature and resistivity of frozen ice-rich material on the premise that the resistivity of
frozen materials is significantly higher than that of unfrozen materials. They further observed that
wind-driven wave activity during the open water season influences the magnitude of retreat, whereas
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recent temperature increases contributed relatively little to coastal retreat during the period of 2005 to
2016 along the coastline of the Kara Sea.

In this paper, we develop a numerical model to simulate coastal erosion due to thermoabrasion.
The model is based on recent observations and adopts some of the existing modules cited in
the literature. Using the Monte Carlo simulation technique, we run the model thousands of times to
perform a probabilistic analysis of coastal erosion at two sites of Baydaratskaya Bay in the Kara Sea.
The statistical distributions of the inputs for the model are assumed to be normal and lognormal with
a 10% coefficient of variation. The parameters of these distributions are estimated from measurements
and data available in the literature. The statistical parameters of the distributions of the output
(mean and standard deviation) are presented in this paper and compared with available full-scale
measurements. We not only validate the model against in situ data, but also investigate the sensitivity
of the model to its input parameters. In the following sections, we introduce the study site and the
field data. Thereafter, we describe the governing equations of the numerical model, the numerical
scheme and the input parameters for the Monte Carlo simulation. Subsequently, we present the model
results and discuss the validity of the model against available data and the sensitivity of the model to
changes in the input parameters, and we suggest improvements for further work. Finally, we draw
the most important conclusions of this study.

2. Field Measurements of Arctic Coastal Erosion in the Kara Sea, Russia

Field measurements of Arctic coastal erosion are available for the coast of Baydaratskaya
Bay situated in the Kara Sea (68.853096° N; 66.891730° E), as shown in Figure 1. The field
campaign was started in 2012 with support from the Centre for Research-based Innovation (CRI):
Sustainable Arctic Marine and Coastal Technology (SAMCoT). The area has been investigated by
Lomonosov Moscow State University (MSU) every year since 2012. The measurements are taken
at the end of each summer to record the final shoreline position of the year. Soil temperatures are
measured throughout the year using thermistor strings (GeoPrecision, Ettlingen, Germany) placed
within boreholes drilled in 2012 and 2013. Once summer ends, the shore is covered with snow,
and the sea freezes, where sea-ice will also be covered with snow. The sea along the shoreline has
a depth of around 10 m which enables large storm surges in the summer (one of the prerequisites for
the thermoabrasion process). The region is sporadically populated with very limited infrastructure.
The study site is located at a distance of 3.6 km in the northwest (NW) direction from the cofferdam of
the Bovanenkobo-Uhta gas pipeline [25].

2.1. Geomorphology and Cryology of the Study Area

The Baydaratskaya Bay, situated between the Yugra Peninsula and the Yamal Peninsula,
is approximately 350 km long and 250 km wide at its mouth. The study area lies in the northern
geocryological zone and features practically continuous permafrost. Three major geomorphological
features are distinguishable within the study area: beaches, laida and bluffs. The beaches are sandy
and not wider than 50 m. Bluffs with elevations in the range of 4 to 6 m (sandy clay deposits) are
termed zone S1, and those with elevations of 12-17 m are termed zone S2 (see Figure 2). The native
term “laida” describes a treeless part of the tundra terrain with peat substratum, permafrost close
to the surface and covered with low shrubs, mosses and liverworts. The spatial extent of the laida
zone is around 500 m along the coast and has been stable in recent years, and is thus excluded from
this study. Field measurements have been conducted each year beginning in 2012 with Trimble
differential global positioning system (DGPS) equipment in two places: (a) low bluff zones (S1)
and (b) high bluff zones (S2) (see Figure 2a). The elevation measurements extend typically a distance
of 2 m to 3 m into the open water and the shoreline is noted in the measurements. The exact position
of the shoreline at mean sea level is determined via the standard procedure of linear regression of
the Lidar data. In total 11 cross-sections were profiled each year. In some of these cross-sections,
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thermoabrasion was the dominant erosion mechanism. The bluff retreated over a range of 10 to 60 m
(average value of 30 m) during the 7 years of observations [25].
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Figure 1. The study location is situated along the coast of the Kara Sea and in between the Yugra
Peninsula and the Yamal Peninsula. The sea is shallow and funnel-shaped, which makes it susceptible
to large storm surges (image source: a and b: Google Earth and c: navionics.com). (a) The study
location is along the Kara sea (68.853096° N, 66.891730° E). (b) The beach is located near the 69° N
latitude; straight but the orientation is around 45° with horizontalline. (c) Bathymetry of the study area.
Near the shore, the depth is 10 m.
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Figure 2. (a) Beach profile lines in zone S1 and zone S2 (thick red lines) from the surface
of the bluff to the swash zone of the beach. (b) Bluff in zone S1 and (c¢) bluff in zone S2.
Zone S1 has an uneven bluff surface, a relatively gentle bluff slope and a wide and smooth beach
(subfigure (b)), whereas zone S2 comprises a steeper bluff slope and a narrower beach (subfigure (c)).
(d) Remnant of an earlier collapsed bluff. Sizes of the collapsed bluff are not big enough to
disrupt storm surge and to prohibit the growth of niche at the base of bluffs. However, the active
layer with dead vegetation still resists degradation, whereas the rest of the collapsed bluff eroded.
(e) Niches in the bluff face. The uneven shape of the niche indicates various levels of storm surges.
(image source: (panel (a): [25] and panels (b—e): authors, summer, 2019)

Zone S2 is composed of dusty marine sands with a 5 mm thick peat layer and a 10 cm thick ice
layer. The land surface in zone S1 is rough and complicated by extensive lake basins in different stages
of development. In contrast, the land surface of zone 52 has fewer thermokarst lakes and is covered by
a network of ice-wedge polygons [25]. The changes in a typical beach profile in recent years are shown
in Figure 3.

2.2. Physical Parameters and Environmental Forcing

The beaches in the study area are 15 m to 50 m wide and are smooth with slightly sloped
(0.0015 to 0.0025) sand surfaces lacking vegetation. The bases of the bluffs on the beaches are
1.8 m to 2.3 m above mean sea level. The tidal range of the study area is 0.7 m [26]. Waves reach
the base of the bluffs when the storm surges levels are in the range of 1.5 to 2 m. The entire research
area is covered by moss and moss-lichen tundra in combination with other types of Arctic tundra [25].

The bay is typically ice-free until the end of September due to thermohaline stratification from
warmer and saltier water coming through the Kara Strait [26]. The bay has a salinity range of
20-25 ppt [27]. The tidal currents do not exceed 0.3 m/s [26]. The bay has a depth of less than 10 m
near the shore. The currents near the area of interest lie in the range of 0.18 to 0.25 m/s with marginally



J. Mar. Sci. Eng. 2020, 8, 169 6 of 20

higher velocities during flooding events [28]. Storm surges in the region can reach 2 m [29], and the
root-mean-square wave height (Hgyys) is found to range from 1.3 m to 1.8 m with a peak period of
approximately 6 s. The historical rate of recession of the site varies from 0.5 to 1.5 m/year.
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Figure 3. Typical cross section at zone S1 depicting the positions of the boreholes. The boreholes are
equipped with thermistor strings to measure the temperature every ten minutes at various levels [25].

3. Conceptual Model of Thermoabrasion

A typical coast with simplified features is considered for the development of the conceptual
model (shown in Figure 4). The coast consists of a high, frozen bluff with a narrow beach in front
of it. In the calm conditions, the wave run-up does not touch the base of the bluffs. Therefore,
only thermodenudation of the bluff is possible: thermoabrasion is possible only when there is water
at the base of the bluff. As the base of the bluff is one to few metres above the mean sea level,
only during the storm when the surge is significant (1.5-2 m) water reaches the base of the bluffs.
Thus, thermoabrasion is episodic and only occurs at the extreme events.
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Figure 4. Schematic of a typical Arctic coast. A frozen bluff stands at the end of the beach. Storm surges
can flood the beach and reach the base of the bluffs where a niche forms.

In calm conditions, waves are assumed to break on the beach in front of the frozen bluff
and wave hydrodynamics triggers the morphological changes of the beach, which are unrelated
to thermoabrasion. During the storm, the beach is submerged and waves with higher energy breaks on
the beach due to depth limitation before reaching the base of the bluff. The effect of the waves, return
current and erodibility of the soil allows a niche growth at the base of the bluff. As long as there is
water at the base of the bluffs, the niche grows inwards. At a critical niche depth, the hanging bluff
loses its stability and collapses.

The depth and shape of the niche and growth rate of the niche are influenced by the wave during
the storm. The information of the wave is estimated from the water depth since the waves are depth
limited on the beach in a similar way the waves are depth limited at surf zone. The depth of the water
indirectly determines the wave condition at the base of the bluffs, and thus the extent of a niche inside
the bluff can be directly related to the storm surge level (empirical and analytical solution of niche
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growth is discussed in Section 3.2). The fine sediments cannot sustain the wave actions, and therefore
they are transported offshore by return currents. Only relatively coarse sand remains on the beach.
The beach is above mean sea level, so water cannot reach the base of the bluff except during the storm.
Thawed sediments on the lower part of the beach are removed during high tides.

3.1. Storm Surge Module

A one-dimensional simplified storm surge model is adopted to calculate the increase in the water
level (1) (see Figure 5) from the mean seawater level (M.S.L). The water level rises during a storm
due to barometric pressure gradients in the low-pressure storm, the stress coming from wind flows,
the Coriolis force induced by earth rotation, and the shape of the bay and the wave set-up. The 1D
model described here can not capture the shape of the bay. We also exclude the effect of pressure
gradient as the surge level due to the pressure drop is small (less than 10 cm). The generation
and propagation of waves during the storm and their effect on the beach profile are omitted from
the model since we only focus on the niche at the base of the bluff. The waves are depth-limited on
the beach during storms [21], and they break on the narrow beach before reaching the base of the bluff.
It is computationally less demanding to estimate only the surge and the inundation depth (;;) at
the base of the bluff and assume the wave conditions rather than to simulate the evolution of waves
from offshore.

The cross-shore steady-state solution of the equation of motion of Dean and Dalrymple [30] (given
in Equation (1)) for a straight and long coast is used as the basis of the storm-surge module:

dh+n) dh  f-v] T

g'(h+’7)'{7—a—? = e @
where h = beach water depth, 77 = increased water level due to storm, ¢ = gravitational acceleration,
x = offshore-directed position coordinate, f= Coriolis parameter equal to 2Q)sin¢ (( = angular rate
of rotation of the Earth = 7.272 x (10)~° rad/s), ¢ = latitude of the considered site, v = magnitude of
the depth-averaged currents parallel to the shore, dh/dx = slope of the seabed, p,, = water density
(variation due to temperature ignored) and T;, = shore-normal shear stress on the surface of the water
from the wind, calculated as sy = pwCp U%O, where Cp ~ 2 x 10 %isa drag coefficient and U is
the shore normal wind speed at 10 m elevation. Wave-induced set-up and pressure induced surges are
not included in this equation.

bluff

Storm surge level

Bhig A

Figure 5. Definition of geometrical parameters to estimate the growth of the niche (as per the work in
[21]). Point C in the figure is the origin of coordinates (0,0), x;; = the depth of niche, h;; = the inundation
depth at the base (assumed constant during the time-step of the global model and calculated as
hig = (7 — hpase), M is the niche melting front advancing inward, and Bh;; is the opening of the niche.

3.2. Niche Growth Module

When the water level reaches the base of the bluff during a storm surge, a niche forms. The niche
grows into the bluff; ice present within the bluff starts to melt and some sediments may be extruded.
A strong return current generated by the storm washes away these sediments. The analytical solution
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of niche growth at the base of the bluffs during a storm surge is developed in [21] (given in Equation (2)).
Three conservation equations of mass, salinity, and sediments are used to establish the rate of niche
growth. To reach the solution, few assumptions are made: (i) waves are depth-limited close to the base
of the bluff that means waves break before reaching the base of the bluffs; (ii) the water depth is
constant during the growth of the niche; and (iii) the diffusivity constants for the moment, salinity,
and sediment concentration are the same as those in the surf zone given by Longuet-Higgins [31]
as € = Ah(gh)?? (where the empirical parameter A = 0.4 and & is the water depth at surf-zone).

The opening of the niche is assumed to be Bh;; (see Figure 5); Kobayashi [21] suggests the typical
value of § to be 2. In the model of Kobayashi, the wave conditions near the base of the bluff is
estimated from the water depth (h;;). Although the assumption of constant water depth at the base of
the bluff is required to derive Equation (2), our thermoabrasion module is capable of handling variable
water depth by treating it as constant only within each time-step of 600 s. This makes Equation (2)
to be applicable within the time step and allows the calculation of the niche depth and height relative
to the current water depth.

The major input parameters of niche growth modules are given in Table 1.

Table 1. Input parameters for the niche growth model.

Parameter Symbol Estimated Value Remarks
Physical properties

Inundation depth hig - to be calculated
Salinity of the seawater inside the niche S 0.03 ppt no salt in the ice inside the bluff
Salinity of the ice inside the bluff S; 0 assumption
Suspended sediment (initial) C 0 assumption
Porosity of the frozen sediments n 0.4 assumption
Density of ice oi 916 kg/m3

Density of sediments s 2650 kg/m? measurement
Density of water Ow 1010 kg/m3

Specific heat of suspended sediment Cs 0.8374 kJ /kg-K [4]

Specific heat of seawater Cw 4.187 kJ /kg-K

Specific heat of ice C; 2.108 kJ /kg-K

Latent heat of ice L; 334 K] /kg

Initial conditions

Sediment concentration Cy 0kg/ m3 [21]

Salinity concentration Sq 30 ppt measurements
Temperature T, 3°C measurements (averaged)
Empirical constant of Josberger m 0.06 °C per ppt [21]

Salinity of the melting point Sm - to be calculated
Momentum diffusivity at the melting point 7, - to be calculated
Opening of niche (empirical) B 2 [21]

Empirical parameter of the diffusivity index A 0.4 [31]

Kobayashi et al. [21] reached an analytical solution with these above mentioned input parameters,
expressed as follows,

X = 2% Cy * (et)0'5 (2)

where x;,, = the niche depth (see Figure 5), t = duration of contact of the water at the base of bluff,
¢m = an empirical parameter related to temperature and € is the diffusivity index, which is determined
by the empirical formula of Longuet-Higgins [31] as € = Ah(gh)%°. Kobayashi [21] determines if
the suspended sediment concentration before the storm is zero and salinity of the seawater is 30 ppt,
the value of §;; can be approximated to ¢,;, = 0.0094T,;, where T; is the difference in temperature
between the incoming water temperature and ice melting temperature inside niche (0 °C). Equation (2)
represents two driving forces of the thermoabrasion. The parameter ¢, represents the thermal
component and € represents the inundation depth and mechanical abrasion by the storm surge.
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3.3. Bluff Collapse Module

The bluff collapse module is adopted from Barnhart et al. [4] to simulate bluff failure. The model
considers the relatively low tensile strength at the ice-wedge boundary. This bluff collapse module is
sensitive to the position of the ice-wedge boundary. Therefore, the distribution of ice-wedge polygons
at the site is an important parameter for the module. The niche depth at which the bluff collapses is
termed the critical niche depth (x,). As shown in Figure 6, bluff collapse is determined by the balance
of moments around the base of the bluff(point M):

o the resisting moments, i.e., the self-weight , T, = p,g |3 Yeop [ g (xp — x)dxdy

e the moment from the force acting at the vertical failure line , Ty = f Jbase . (xedge xp)dy
*  the moment from the force acting at the horizontal failure line , T;, = f P Tb (xp — x)dx

e the moment from the weight of the overhanging bluff , T; = p,g yyh op fo ( — x)dxdy

where x;, = niche depth at which the stability is lost, x,4q, = position of the ice-wedge polygon from
the base of the bluff, y;,,, = y coordinate of the top of the niche growth melting point, y;,, =y
coordinate of the top of the bluff, p, = density of the bluff, g = gravitational acceleration, 7, = the tensile
strength of the frozen bluff and 7; = tensile strength of ice.

Failure line 2

ice-wedge
\ E Ytop
oImes
T
ko ——— . Ybase
A
X
M © \
Failure line 1 - e |
Xedge

Figure 6. Stability of an overhanging bluff over a niche. Two failure lines are marked
1 (horizontal) and 2 (vertical). The forces acting along the horizontal failure line creates moment T at
the base of the bluff and forces acting along the vertical failure line creates moment Ty. The moment
from the overhanging portion (T,) is the counterbalancing moment for destabilisation and the rest of
the block volume is providing the resisting moment T;. The balance is lost when T; > T, 4 T, + Ty,

The governing equation for the stability is given in Equation (3):

"Ytop Ytop
Pg |, / — x)dxdy = ppg / /X — x)dxdy
" Ybase edge
Xp ! Ybase (3)
+ Ty (xp — x)dx + / Ti(Xedge — Xp)dy
Xedge 0

After the failure of the bluff, the collapsed block is disregarded from the model and the bluff is
exposed immediately to the water.

3.4. Numerical Scheme

For the numerical parameterization of the governing equations, an explicit Euler scheme is used.
The numerical model has a time step of 10 min (600 s) for the three modules. The grid size is 1 m for
the storm surge module and bluff collapse module, but a higher spatial resolution (10 cm) is used
for the niche growth module since this module is more sensitive. The algorithm for the interaction
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between the three modules is explained in Figure 7. The major input parameters for the storm surge
module other than the global physical parameters are the bathymetry and shore normal wind speed
measured at 10 m elevation. The storm surge module calculates the surge level (7) for the particular
time step using Equation (1). Then, inundation depth (%;;) is calculated, and if only the value of h;;
is greater than zero (the condition: water reached the base of the bluff is satisfied), it is passed on to
the niche growth module as an input parameter. The niche growth module calculates the depth of
the niche (x,;) and passes it to the bluff collapse module. The bluff collapse module checks the stability
of the bluff for that time step. If the bluff is stable, no erosion is recorded and the global model moves
to the next time step. Table 2 summarises the major input and output parameters of the three modules.

hig =10
Inundation :
Sti:;r:j?ilerge —— storm surge () # depth (hig) at —b NI_:.Isz?:l‘th
7| the base of bluff
» y
~
hig =0 niche depth (x,;)
¥ : v v
Wind data Stability=
Dt=600s . yes Bluff collapse
2 No erosion +
interval rom module
(interpolated)
A [
Stability=no
Beach profiles
from Erosion

measurements

Figure 7. Algorithm of the model with three numerical modules and Monte Carlo simulation.

Table 2. Major input and output parameters of the three modules.

Module Input Output Remarks

Storm surge Bathymetry, wind speed For every timestep 1D line model, quasi-static

module and sea-water density equation

Niche growth ~ Storm surge level (y), inundation For every timestep 1D, not an empirical

module depth  (hj;) as defined in formula, based on
Figure 5, temperature of seawater, conservation of mass,
and diffusivity index Equation (2) energy and salinity

Bluff collapse ~ Tensile strength of bluff and ice, Stability 2D model, highly

module bluff height and ice content in bluff dependent on the geometry

of frozen bluffs

The wind data are obtained from the hindcast model of the NCEP Climate Forecast System
Reanalysis (CFSR) provided by the National Oceanic and Atmospheric Administration (NOAA)
and downloaded though the Danish Hydraulic Institute (DHI) website.

3.5. Probabilistic Model of Arctic Coastal Erosion

To account for the uncertainties in the input parameters, a probabilistic analysis based on Monte
Carlo simulation is carried out. The algorithm of the probabilistic approach is shown in Figure 7.
Two assumptions are made: (1) the environmental parameters are independent, i.e., the correlation is
set to null, and (2) the coefficient of variation (CoV) is set to be 10%, whereas most of the distributions
of the input parameters are considered to follow a normal distribution (details of the distributions
and related statistical parameters are shown in Table 3). One-thousand runs are performed for
the Monte Carlo simulation using the algorithm depicted in Figure 8.

The parameters of the probabilistic distributions used for the major parameters are given in Table 3.
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Table 3. Distributions of the input parameters for the numerical model. Here, N[x,y] = normal
distribution with a mean of x and a standard deviation of y, D[z] = deterministic value of z and Log
N[x,y] = lognormal distribution with a mean of x and a variance of y.

Parameter Symbol  Distribution

. NI[5.2,0.52] for case #1
Bluff height Yiop — Y0 N[14,1.4] for case #2
Inundation depth hig deterministic [calculated]
Ice-wedge size Xedge NJ[14,1.4]
Salinity of seawater Sa NI[30,3]
Porosity of frozen sediments n D[0.4]
Density of ice 0; 916 kg/m?
Density of sediments 0s D[2650 kg/m3]
Seawater temperature T, N[monthly mean, 10% cov]
Friction factor cr D[1 x 1079]
Longshore current v N[1,0.1]
Beta (Kobayashi formula) B NI[2,0.2]
Tensile strength (ice) T; Log N[1 x 10* Pa, V = 100]

Tensile strength (bluff) Ty Log N[2 x 10* Pa, V = 200]

0
15 9960 9960 10000 10020 1004
ice bluff strength (Pa)

rom PD - Three numerical
(n=1000) cases modules

Figure 8. Generation of cases for the Monte Carlo simulation.

ice wedge size (m)

4. Results and Discussion

Field measurements are available for eleven profiles at the Baydaratskaya Bay. Isaev et al. [25]

reported that both the thermodenudation and thermoabrasion mechanisms are active in the study area.
The model can not be applied to all the profiles because some profiles were measured while covered
with snow ( mostly in the year 2014 and 2013). The profiles are analysed based on the three geometric
criteria:

horizontal crest retreat (cr),
average slope of bluff face (s) and
height of the bluff (bh)

In Figure 9, these parameters are defined as

the average slope of the bluff face (s) after the retreat, s = (y1 — y2)/(x1 — x2)

the average slope of the bluff face (s) before the retreat, s = (y1 — yor)/ (x1 — xo1)
the bluff heights (bh) are defined as, bh = y; — y, and bh' =y — yor

the horizontal crest retreat (cr) is defined as, cr = x3/ — x1
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crest retreat(cr)

-—

A(x1,y1)

@ A'xanyr)

average slope of bluff-face (s)

bluff height (bh)

B(x2,¥2)

Figure 9. Definition of the horizontal crest retreat (cr), the average slope of the bluff-face (s) and the
height of the bluff (bh). The bluff retreated from A’B’ line to now AB line. The crest retreated from
point A’(xy/, 1) to A(x1,y1) whereas the base retreated from B’(xy/, y») to B(xy, y1).

Crest retreat (cr), bluff height (bh) and slope of the bluff-face (s) of the 11 profiles are
summarised in Table 4. As the profiles are not continuously measured during the open water

season, it is not possible to accurately attribute the annual erosion rate to thermodenudation
and thermoabrasion. Field observations suggest thermoabrasion is the dominating erosion mechanism
where the slope of the bluff-face is steep (enables bluff collapse) and the crest retreat is high
(episodic, infrequent and high erosion). Out of all the profiles, the following 16 cases shown in
Figure 10 are retained when we apply the filter: s > 0.1 and ¢r > 0.1 m. The top right corner of the figure
indicates a high annual crest retreat and steep bluff-face slope: two indicators of thermoabrasion.

10

horizontal crest retreat (m)

O profile in zone S2
@ profile in zone S1

(o]
Case #2

[ ]
fo) Case #1

® o

0.1 0.2

1
0.4 0.5 0.6 0.7 0.8 0.9 1
average slope of bluff face

0.3

Figure 10. Thermoabrasion is the dominating erosion mechanism for the cases in the top-right

zone (steeper slope and higher erosion rate). Two cases are chosen from zone S1 and zone S2

such that the crest retreat is very high compared to the other profiles and the average slope of
the bluff-face is steeper.
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Table 4. Crest retreat (cr), bluff height (bh) and slope of the bluff-face (s) of the 11 profiles during 2012
to the 2017. “n.a” in the table indicates data not available.

Profile Number Parameter 2017 2016 2015 2014 2013 2012

s 0.38 0.34 0.28 n.a n.a 0.77
1 cr n.a 4.28 1.09 2.05 1.01 6.90
bh 5.63 6.21 6.78 -0.12 -0.12 5.47

s 0.41 0.25 n.a 0.04 0.03 —0.02
2 cr n.a —5.49 n.a n.a 8.39 5.89
bh 4.04 4.97 n.a —-1.28 —1.12 1.09
S 0.23 0.34 0.26 0.11 0.09 n.a
3 cr n.a 2.74 —2.06 1.68 —0.16 n.a
bh 4.37 3.74 3.86 3.35 —1.41 0.10

s 0.19 n.a 0.72 0.12 0.12 —0.09
4 cr n.a n.a n.a —153 —5.82 7.74
bh 3.11 n.a 3.43 —-237 —1.67 1.82
S 0.84 0.92 1.13 n.a n.a n.a
5 cr n.a —0.69 n.a 0.23 n.a n.a
bh 13.73 1394 1289 15.25 n.a n.a
S 0.56 0.65 0.60 n.a n.a n.a
6 cr n.a 9.10 1.65 2.02 —0.54 n.a
bh 14.84 13.77 13.92 8.82 9.32 n.a
S 0.31 0.57 0.99 n.a n.a n.a
7 cr n.a 5.62 3.09 —0.33 0.98 n.a
bh 13.47 1292 11.27 5.61 5.76 n.a
s 0.89 0.96 0.92 n.a n.a n.a
8 cr n.a —0.54 1.48 —1.75 0.27 n.a
bh 9.86 9.61 9.43 4.81 4.90 n.a
S 0.88 0.87 0.02 n.a n.a n.a
9 cr n.a 3.55 1.21 —1.88 n.a n.a
bh 10.77 1091 0.19 6.04 n.a n.a
s 0.36 0.31 0.37 n.a 0.51 n.a
10 cr n.a —0.36 1.06 0.17 5.28 n.a
bh 13.68 1349 1252 6.76 12.37 n.a
S 0.48 n.a 0.68 0.82 0.40 n.a
11 cr n.a 2.35 6.44 4.70 2.08 n.a
bh 14.80 7.96 1425 1247 1288 n.a

Two profiles are selected for numerical modelling, namely, Case #1 (zone S1) and Case #2
(zone S2) (shown in Figures 11 and 12, respectively), where observation suggest that thermoabrasion is
the dominating erosion mechanism and thus suitable for our current model.

Cases #1 and #2 originate from different time periods and exhibit different geological
characteristics (average bluff heights of 5.2 m vs. 14 m, respectively), making the assumption of
mutual exclusivity reasonably valid. Case #1 is chosen from the low-lying bluffs with an average
height of 5 m. The profile was measured at the ends of the summer seasons of 2012 and 2013. As
the sea and the coasts are covered during the rest of the year, bluff erosion can be possible only during
the summer. Therefore, for Case #1, the erosion measured along the profile occurred in the summer of
2013. Similarly, for Case #2, the measurements were completed at the ends of the summer seasons of
2016 and 2017, indicating that the erosion measured in Case #2 occurred during the summer of 2017.
The niche is more prominent at the location of Case #2 than at that of Case #1 [25]. The wind roses
of the two time periods indicate the storm’s directions are almost perpendicular to the coast which
satisfies the limitation of the 1D model condition.
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Crest retreat in 2012-2013

Shore Normal

— -

-6 — = = —profile at end of summer 2012
profile at end of summer 2013

[ . (onshore)
8 | | | | | | Shore Normal

30 40 50 60 70 80  wind Rose ( summer 2013)

Figure 11. Case #1: The profile is situated in zone S1. Crest retreat of 6.9 m is recorded at the end of
the summer of 2013. The wind rose diagram derived from the wind speed data of summer 2013 is
shown at the right panel. The diagram is adjusted 49.28° so that shore-normal (offshore) direction is
in the top. The wind rose diagram indicates that the dominating wind direction is inclined about 30°
towards the shoreline.

Crest retreat in 2016-2017 Shore Normal
15 T T T
offshore)
9.1m
1 1 8%
10 - 2 7 W i6-18
W14-16
F W12-1a
_or S T
E = = = profile at end of summer 2016 S Right -5
ok profile at end of summer 2017 =‘;:§
Mo-2
[ e e e e k (onshore)
Shore Normal
10 1 | I I I | I
0 10 20 30 40 50 60 70 Wind Rose ( summer 2017)

Figure 12. Case #2: The profile is situated in zone S2. Crest retreat of 9.1 m is recorded from the end of
the summer of 2017. The wind rose diagram of summer 2017 (adjusted to the shore-normal(offshore)
position) indicates, dominating wind direction is the same as that of summer 2013. However, the wind

speed is considerably higher for Case #2.
4.1. Determination of Crest Retreat in the Two Cases

The three numerical modules mentioned in Sections 3.1-3.3 are coupled together to simulate
crest retreat due to thermoabrasion. Degradation of the collapsed bluff is not explicitly modelled as
mentioned earlier is Section 3.3, as the field observations suggest the size of the collapsed blocks on
the beach are not significantly large enough to halt the incoming seawater during the storm and to
prohibit the development of niche at the base behind it [25]. The probabilistic model calculates
erosion due to storm surges for one thousand cases; each iteration is different from the others.
The output of the numerical model is composed of one-thousand erosion rates per year, which
are normally distributed.

Case #1: Crest Retreat during Summer of 2013

Crest retreat of 6.9 m was measured during the period of 2012-2013 at the mouth of
the Sabryavpenzya River, which is termed Case #1, as shown in Figure 11. The model calculates
the crest retreat one-thousand times for the Monte Carlo simulation. The value of the crest retreat is
considered a random variable following a normal distribution. The mean crest retreat with a 95%
confidence limit is calculated to be 6.67 m with a standard deviation of 0.39 m whereas 6.9 m was
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recorded in the field measurements. Figure 11 shows the measured bed profile for Case #1, whereas
subfigure d in Figure 13 shows the cumulative mean erosion during the summer of 2013.

[a]
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Figure 13. Cumulative erosion over the summer of 2013 in Case #1. Subfigure (a) displays the wind
speed during the summer of 2013. The wind speed data are the major input for the storm surge
module which calculates the storm surge level shown in subfigure (b), which in turn is used to find
the inundation depth h;; in subfigure (c). Finally, the coastal erosion overtime is calculated for each
case of n = 1000 in the Monte Carlo simulation. The distribution of the calculated erosion rate follows
a normal distribution. Shown in the subfigure (d) are the mean erosion (thick black line) with +1.96 o
drawn as dotted lines (0 = standard deviation).

Case #2: Crest Retreat during the Summer of 2017

The crest retreat to the left of the mouth of the Sabryavpenzya River was measured to be 9.1 m
during the period of 2016-2017 [12]. This part of the coast has higher frozen bluffs (14 m) than the bluffs
in Case #1, and the slope of the bluff face is almost vertical. Similar to Case #1, one-thousand samples
of input parameters are generated for the Monte Carlo simulation, and the erosion is calculated as
a random variable which follows a normal distribution. A mean erosion of 8.31 m is calculated with
a standard deviation of 0.49 m. Figure 14 shows the mean cumulative erosion time series.

The numerical model determined the erosion rates for the two different cases
(as detailed in Table 5). The assumption of mutual exclusivity is validated from the erosion
patterns of the two cases. Case #1 shows many small storms in 2013 that almost continuously caused
erosion throughout the summer season, whereas the profile of Case #2 shows only a few early storms in
2017 that caused abrupt but short-term erosion; few events occurred throughout the rest of the summer
season. It is also observed that the numerical model underestimates the erosion by 3.4% for Case #1
and 8.8% for Case #2. The numerical model considers only thermoabrasion, which is a simplification
of reality since other erosion mechanisms certainly exist. This may be the reason why the numerical
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model underestimates the erosion relative to the field measurements. However, the model performance
serves as proof of concept, and the behaviour is found to agree with the expected real-world physics.
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Figure 14. Cumulative erosion over the summer of 2017 in Case #2. The wind speed data are
shown in subfigure (a). Using the storm surge module, the surge levels are calculated (subfigure
(b)). With the inundation depth, h;; calculated in subfigure (c), the erosion is calculated accordingly
(shown in subfigure (d)). The crest retreat is calculated for n = 1000 cases in the Monte Carlo simulation.
The outcome of the global model is one thousand calculated crest retreat values which follow a normal
distribution. The mean erosion is drawn as a thick black line with +1.96 o drawn as dotted lines to
show how the uncertainty of the prediction increases over time.

Table 5. Summary of erosion in the two cases.

Measured Results . L. o
Case Mean Standard Dev. Field Measurements Deviation (%)
Case#1 6.6694m 0.3903 6.9 m 3.4%

Case#2 83050m 0.4868 9.1m 8.8%
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4.2. Sensitivity Analysis

The numerical model developed in this study considers only thermoabrasional erosion,
and thus cannot be applied universally. As this model works in a data-poor environment, a proper
understanding of the responses of the numerical model must be achieved. A sensitivity analysis was
performed on the probability of bluff failure (shown in Figure 15). It is found that the probability
of bluff failure ranges from null to negligible during the first three hours of the storm. Afterwards,
the probability of failure exhibits a linear relation with the duration of the storm and niche growth.

Probability of collapse; P, (%)

] ; 8 L] 10

o 1 2 3 4

|irn|:{hr}
Figure 15. Probability of bluff collapse during a storm.

The sensitivity analysis results of the other variable environmental conditions are shown in Table 6.

The model is sensitive to the critical niche depth (x,); a shorter critical niche depth increases
the rate of erosion. The critical niche depth is dependent on the ice-wedge polygon size (xcjg)-
A sensitivity analysis of the Barnhart [4] model indicates that the relation between x, and x4, is
linear; a larger polygon size increases the critical niche depth and thus decreases the probability
of bluff failure.

Table 6. Sensitivity of the erosion rate to variations in model parameters compared to the base case of 2012-2013.

Change in Parameter Erosion Rate (m/year) Change Compared to Measured Values (%)
Reduction of 5 m in the critical niche depth  14.24 113.5 %

Decrease of 0.1 m in sea level 0.647 —90.3 %

Increase of 0.1 m in sea level 49.11 636 %

Increase of 10% in wind speed 20.42 0.206 %

Increase of 10% in seawater temperature 7.09 6.3 %

5. Conclusions

A theoretical model is developed based on field observations of the physical processes involved
in coastal erosion due to thermoabrasion. The governing equations of the theoretical model are
based on fundamental physics, e.g., the conservation of mass, energy, salinity and sediments.
The governing equations are discretised in time and space. A probabilistic analysis is performed
to counter the uncertainties resulting from the data-poor environment. The model is a simplification of
real-world physics. It can be only be applied for a short duration since most of the wave hydrodynamics
is not included in the model. Out of all the morphological changes due to thermoabrasion, only the crest
retreat is simulated. The resulting numerical model can calculate short-term shoreline erosion due to
thermoabrasion during storms.

The numerical model is applied to two cases involving different geological features in two
different years. The salient outcomes of the numerical model are as follows.

¢ Thermoabrasion is episodic and discontinuous, not continuous like other Arctic erosion processes.
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®  There is a small time-lag between the inundation depth h;; and niche growth rate. This time lag

can be attributed to the initial resistance of the bluff face to the growth of a niche.
e  Coastal erosion is dependent on the intensity of extreme events. Even though Case #1 faced more

storms during 2013, the erosion in Case #2 during 2017 is higher than that in Case #1 in 2013 as
the intensity and duration of extreme events were significantly higher in 2017.

A sensitivity analysis is carried out to determine the impacts of changes in the environmental
parameters. The key findings of the analysis are as follows.

¢  The growth of the niche mainly depends on the inundation depth at the base of the bluff,
the temperature of incoming waves and the wave height (which is depth-limited).

®  The thermoabrasion process is highly sensitive to changes in sea level; therefore, the coasts where
thermoabrasion is the dominant erosion process are at higher risk under sea-level rise.

®  The sediment concentration and salinity of seawater have very little effect on thermoabrasion

when compared to the other input parameters.
¢ The sensitivity analysis also reveals that the height of the bluff is a secondary factor for

thermoabrasion. Field observations also validated this.

The model developed in this study assumes simplified physics, and thus has a very
low computational demand at the price of sacrificing information about wave hydrodynamics
and morphological changes. This low demand for computational resources allows the model to
run one thousand times for the Monte Carlo simulations. A high number of cases is important for
a probabilistic model, such as a Monte Carlo simulation. Even though the model is preliminary
and simplified, only a 10-min time-step is used, which is a rather dense resolution when compared
with similar kinds of models. For example, the authors of [24] used a time-step of 12 h for their model
and the comprehensive model in [4] uses time step of 60 min.

The model described herein is a 1D model that considers sediment transport only in the cross-shore
direction, similar to many Arctic erosion models. Moreover, we only considered the longshore current;
the model does not calculate the longshore sediment transport or nearshore hydrodynamics, such as
wave breaking, shoal formation and current-wave interactions. From the field observations, it is clear
that similar to the low-latitude and mid-latitude coasts, longshore sediment transport in the Arctic
coast is responsible for long-term changes in the shoreline even though the open water season is only
three months. The current model considers only the effects of storms, so longshore sediment transport
is excluded since the morphological footprint of longshore sediment transport takes a considerable
amount of time to be visible. For a long-term prediction of shoreline changes, various additional
parameters, including longshore sediment transport, wave evolution, and changes in bathymetry,
must be incorporated into the model.

The current model focuses on the two driving forces of thermoabrasional erosion during a storm:
(a) the thermal driving force originating from warm sea water and (b) the mechanical driving force
of storm surge. Field observations indicate that thermoabrasional erosion is prominent in ice-rich
bluffs consist of clay sediments. Clay sediments extruded from the degraded collapsed block are not
deposited near swash zones; rather, they are most likely carried off to the deep sea by the strong return
currents generated by storm surges. As such, clay sediments do not contribute to beach development.
Based on this observation, cross-shore fine sediment transport is excluded from the current model.
However, both the cross-shore transport of clay sediments and the longshore transport of sandy
sediments are important for long-term predictions of shoreline positions. The global model can be
applied to other coasts where thermoabrasion is the dominating erosional mechanisms. The model
can be used for other coasts in the Arctic region without modification as no empirical formula is used.
Even though in theory the model can be used for long-term prediction of the coastal erosion, we can
not suggest it as other environmental parameters which are omitted in the model become important in
longer duration model run.

The success of the proposed model, which predicts erosion with probabilistic statistics, serves as
a proof of concept. For low-quality metocean information available on the Arctic coasts, the potential
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to predict shoreline changes and the probability of bluff failure may be valuable for planning
and protection endeavours.
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