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Abstract

Permafrost coastlines are experiencing significant erosion as polar amplification has enhanced the effects of climate change in

the Arctic. Warmer temperatures are increasing thermo-denudation and more energetic oceans are increasing thermo-abrasion

in unlithified, ice-bonded permafrost coastlines. However, models capable of simultaneously capturing these erosional processes

whilst being sensitive to terrestrial variability and responsive to transient environmental drivers did not previously exist. Here

we present the Arctic Coastal Erosion (ACE) model developed to couple evolving oceanographic and atmospheric conditions

at storm-resolving time steps with a finite element multi-physics terrestrial permafrost model. This permafrost model unites

thermal and mechanical governing equations by allowing 3D heat conduction with solid-liquid phase change to drive the ice

saturation, which governs how the 3D mechanical stress-strain fields develop. The ACE terrestrial model removes failed

elements to simulate both slowly advancing thermo-denudation with permafrost sloughing from the face, and highly episodic

thermo-abrasion, with niche formation and rapidly advancing block failure. A 2018 summer field campaign at Drew Point,

Alaska with sub-daily observations of thermo-denudation and thermo-abrasion, including knowledge of niche geometry before

block failure, enable calibration of the terrestrial model. Detailed compositional and geomechanical characterization of the

ice-bonded sediments underlay advances in the material model representation and calibrated erosion criteria. We demonstrate

a daily RMSE of 0.16 m for thermo-denudation over the summer and achieve block failure within 2.5 days of the observed. The

calibrated ACE model can be used to inform: adaptive actions at the community scale and, through parameterization, inform

circum-Arctic geochemical flux volumes.

1



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

The Arctic Coastal Erosion Model: Overview,1

Developments, and Calibration at Drew Point, Alaska2

Elyce Bayat1, Diana L. Bull1, Jennifer M. Frederick1, Alejandro Mota2,3

Benjamin M. Jones3, Irina Tezaur2, Christopher Flanary5, Emily M. Bristol4,4

Melissa Ward Jones3, Robert C. Choens1, , Craig A. Jones55

1Sandia National Laboratories, Albuquerque, NM, USA6
2Sandia National Laboratories, Livermore, CA, USA7

3University of Alaska, Fairbanks, AK, USA8
4University of Texas at Austin, Port Aransas, TX, USA9

5Integral Consulting Inc., Santa Cruz, CA, USA10

Key Points:11

• The ACE model simulates thermo-mechanical permafrost erosion in a finite-element12

form responsive to dynamic atmospheric and oceanic drivers.13

• 2018 field observations of slow slough and rapid block failure enable unequaled cal-14

ibration of erosion progression, degree, and mechanisms.15

• Calibration of this novel multi-physics approach enables future predictions sensi-16

tive to terrestrial and environmental variability.17
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Abstract18

Permafrost coastlines are experiencing significant erosion as polar amplification has en-19

hanced the effects of climate change in the Arctic. Warmer temperatures are increasing20

thermo-denudation and more energetic oceans are increasing thermo-abrasion in unlithi-21

fied, ice-bonded permafrost coastlines. However, models capable of simultaneously cap-22

turing these erosional processes whilst being sensitive to terrestrial variability and respon-23

sive to transient environmental drivers did not previously exist. Here we present the Arc-24

tic Coastal Erosion (ACE) model developed to couple evolving oceanographic and atmo-25

spheric conditions at storm-resolving time steps with a finite element multi-physics ter-26

restrial permafrost model. This permafrost model unites thermal and mechanical gov-27

erning equations by allowing 3D heat conduction with solid-liquid phase change to drive28

the ice saturation, which governs how the 3D mechanical stress-strain fields develop. The29

ACE terrestrial model removes failed elements to simulate both slowly advancing thermo-30

denudation with permafrost sloughing from the face, and highly episodic thermo-abrasion,31

with niche formation and rapidly advancing block failure. A 2018 summer field campaign32

at Drew Point, Alaska with sub-daily observations of thermo-denudation and thermo-33

abrasion, including knowledge of niche geometry before block failure, enable calibration34

of the terrestrial model. Detailed compositional and geomechanical characterization of35

the ice-bonded sediments underlay advances in the material model representation and36

calibrated erosion criteria. We demonstrate a daily RMSE of 0.16 m for thermo-denudation37

over the summer and achieve block failure within 2.5 days of the observed. The calibrated38

ACE model can be used to inform: adaptive actions at the community scale and, through39

parameterization, inform circum-Arctic geochemical flux volumes.40

Plain Language Summary41

Enhanced Arctic warming is causing permafrost coastlines to recede at increasing42

rates. The ice in sediment-rich permafrost bonds the material together. Erosion is achieved43

by increased temperatures thawing the permafrost and by the ocean producing a niche44

with resultant overhanging frozen permafrost that eventual fails, in block failure, due to45

gravitational forces. The Arctic Coastal Erosion (ACE) model accounts for atmospheric,46

oceanographic, and permafrost dynamics to predict these erosional processes. It is the47

only model, to date, in which sub-daily environmental conditions produce differential ero-48

sional amounts according to the two mechanisms in a way that is sensitive to permafrost49

composition and coastline geometry. Model calibration from a summer-long 2018 field50

campaign at Drew Point, Alaska demonstrates accurate daily simulation of the thawing51

and slow-sloughing of permafrost off of the face of the coastline. It also captures rapidly52

advancing block failure, within 2.5 days of the observed, due to an observationally ac-53

curate niche-depth inducing failure forces near the back of the simulated coastline. The54

newly calibrated ACE model could be used to inform adaptations for coastal communi-55

ties in the Arctic as well as inform impact analyses from large-scale fluxes of geochem-56

ical permafrost materials.57

1 Introduction58

Arctic coastlines are unique in that they are composed of permafrost, ground with59

below freezing temperatures for two or more years. Although these coastlines have al-60

ways been subject to erosion, historically it has been minimal due to the stabilizing pres-61

ence of land and sea ice, which created calm nearshore ocean environments, and cooler62

atmospheric temperatures that limited the interaction between the ocean and the base63

of coastal bluffs. Thus, even though Arctic coastlines constitute over one third of global64

coastlines (Lantuit et al., 2012), erosion models have typically been developed for lower65

latitudes, as they historically possessed larger erosion rates (Mentaschi et al., 2018). These66

lower-latitude models are not well-suited for Arctic permafrost undergoing erosion as it67
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is the melting of ground-ice and thawing of permafrost that results in an erodible uncon-68

solidated material, which must be captured by combined thermal-chemical-mechanical69

processes.70

Climate change has disproportionately influenced the Arctic (Rantanen et al., 2022):71

sea ice has declined and increased the duration of the open water season (Thomson &72

Rogers, 2014; Barnhart, Overeem, & Anderson, 2014) resulting in more energetic wave73

environments (Thomson & Rogers, 2014; Wang & Overland, 2015; Liu et al., 2016; Casas-74

Prat & Wang, 2020; Nederhoff et al., 2022) in concert with warming air (Rantanen et75

al., 2022), ocean (Moon et al., 2023), and permafrost (Smith et al., 2022) temperatures.76

With these changes, rates of erosion have been increasing across circum-Arctic permafrost77

coastlines throughout the 21st century (B. M. Jones et al., 2018; Irrgang et al., 2022).78

The variability in both the magnitude and the trend in rates of erosion is quite astound-79

ing; some sections of the Alaska Beaufort Sea coast have retreated more than 34 m in80

a single year, making them some of the fastest eroding coasts in the world, whilst oth-81

ers experience only meters of erosion (A. Gibbs et al., 2015; B. M. Jones et al., 2009, 2018;82

Ward Jones et al., To be Submitted). Variability in constituent properties of the terres-83

trial material (e.g., sediment and pore ice composition in ice-bonded sediments, ice wedge84

morphology of the permafrost, and seasonally frozen peat layer characteristics) as well85

as coastal orientation, near-shore oceanographic conditions responding to local bathymetry,86

and the presence of barrier islands all contribute to high variability in erosion rates (Jorgenson87

& Brown, 2005; Kanevskiy et al., 2013). As shown in Figure 1(a), the permafrost stratig-88

raphy at a single location can be quite complex and the ability to account for variations89

in terrestrial material in addition to variable atmospheric and near-shore oceanographic90

conditions are all needed to capture circum-Arctic erosional variability.91

Thermo-denudation and thermo-abrasion processes dominate Arctic coastal ero-92

sion (Aré, 1988a, 1988b; Walker, 1988; Günther et al., 2013; Irrgang et al., 2022). In thermo-93

denudation, permafrost warms in response to atmospheric drivers resulting in the melt-94

ing of ice and the resulting loss of structural cohesion in the permafrost, causing a sink-95

ing movement, i.e. subsidence or slumping, under gravitational forces. Along a coastline,96

this denuded material can separate, or slough, from surrounding material by dripping97

or oozing as a material slurry into the nearshore environment as shown in Figure 1(c).98

With a thermo-abrasive process, ocean water warms the permafrost into a similar ma-99

terial slurry and then removes the unconsolidated material, resulting in a recess or niche100

like the one shown in Figure 1(b). The resulting over-hanging bluff creates tensile stress101

behind the niche in frozen permafrost which eventually causes failure of a large block of102

material (e.g., a “block failure” event) shown in Figure 1(d). The role of undercutting103

and the presence of ice wedges are cited as factors affecting block failure (Walker, 1988;104

Hoque & Pollard, 2009; Thomas et al., 2020).105

Research has attempted to correlate erosion rates with environmental drivers like106

temperature, open water days, wind speeds, and even wave power (Overeem et al., 2011;107

Lantuit et al., 2011; Günther et al., 2015; B. M. Jones et al., 2018; A. E. Gibbs et al.,108

2021; Ward Jones et al., To be Submitted). Most of these studies found a lack of signif-109

icant correlation for mean erosion as analysis often spans decadal scales without suffi-110

cient sub-decadal observations (Overeem et al., 2011; Lantuit et al., 2011; Günther et111

al., 2015). Studies with annual, or higher, frequency observations (B. M. Jones et al., 2018),112

have also struggled to find correlation with environmental drivers. However, recent work113

to explore new measures of storm intensity through wave energy (A. E. Gibbs et al., 2021)114

or integrated wind speeds (Ward Jones et al., To be Submitted) have found better cor-115

relations. In particular, (A. E. Gibbs et al., 2021) found normalized anomalies of cumu-116

lative wave energy to correlate significantly with erosion at Barter Island. These two sig-117

nificant correlations reinforce the need for model development in which the environmen-118

tal drivers are of a fidelity sufficiently resolved to drive mechanistic failure.119
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Figure 1. Field photographs documenting aspects of the permafrost bluff and erosion mech-

anisms at Drew Point, AK. Photos from the coast show: aspects of the permafrost bluff stratig-

raphy in panel (a), a well-developed niche geometry with measured dimensions overlaid in panel

(b), and the lower two photos document thermo-denudation (panel (c)) and block failure (panel

(d)).

However, a literature review reveals that no existing state-of-the-art Arctic coastal120

erosion model is able to quantify permafrost erosion from both thermo-denudation and121

thermo-abrasion simultaneously, capture episodic storm-driven events, and account for122

the variability in the terrestrial environment. These models generally have at least one123

of the following limitations: (1) they do not account for dynamic atmospheric and oceanic124

drivers and/or only include simplified dynamic boundary conditions (Barnhart, Ander-125

son, et al., 2014; Ravens et al., 2012; Wobus et al., 2011; Nielsen et al., 2022); (2) they126

employ empirical formulations often developed from limited observations (Barnhart, An-127

derson, et al., 2014; Hoque & Pollard, 2009; Aré, 1988a; Wobus et al., 2011); (3) they128

assume a particular type of erosion (Hoque & Pollard, 2009, 2016; Ravens et al., 2012;129

Guégan & Christiansen, 2017); (4) they are thermal models calibrated for niche forma-130

tion which neglect the development of mechanical strains and stresses (Kobayashi, 1985;131

Kobayashi et al., 1999; Wobus et al., 2011; Ravens et al., 2012); and/or (5) they do not132

account for compositional or morpholoigcal variations of the permafrost (Barnhart, An-133

derson, et al., 2014; Ravens et al., 2012; Nielsen et al., 2022; Kobayashi, 1985; Kobayashi134

et al., 1999; Wobus et al., 2011). In (Islam & Lubbad, 2022), the authors worked to over-135

come many of the limitations above by treating dynamic boundary conditions and in-136

cluding multiple erosion types in a modeling framework that couples morphological change137

into the oceanic component. However, they still fundamentally rely on analytic simpli-138

fications of niche formation, block collapse, and denudation without directly addressing139

the governing differential equations.140

This work presents calibration of the Arctic Coastal Erosion (ACE) model, a first-141

of-its-kind multi-physics numerical tool developed under a large-scale, multi-institutional142

effort and described in the earlier works (Frederick et al., 2021; D. L. Bull et al., 2020;143

Thomas et al., 2020). As shown in Figure 2, the ACE model couples dynamic oceano-144

graphic and atmospheric conditions with a terrestrial permafrost domain to capture the145

thermal-chemical-mechanical dynamics of erosion along permafrost coastlines. This ef-146

fort has allowed the opportunity for additional, extensive experimental work that has147

underpinned the ACE model development, including specifically-designed field campaigns148
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to measure in situ ocean and erosion processes, mechanical material properties derived149

from thermally driven geomechanical experiments, as well as extensive physical compo-150

sition and geochemical analyses (D. L. Bull et al., 2020; Bristol et al., 2021).151

Figure 2. Schematic outlining the inputs and outputs to each component of the Arctic

Coastal Erosion (ACE) Model as implemented in this calibration study. The section is identified

in which each component is described. Dashed and ghosted connections are not yet implemented

in the model whilst ghosted yet solid connections indicate alternate input options. Inputs and

outputs that are location and time dependent are identified by (x, t).

The ACE model houses a finite element, terrestrial permafrost model (Frederick152

et al., 2021) representing the coastline combined with dynamically evolving oceanographic153

and atmospheric boundary conditions. An oceanographic modeling suite (consisting of154

WAVEWATCH III ((WW3DG), 2019), Delft3D-FLOW (Deltares, 2018a), and Delft3D-155

WAVE (Deltares, 2018b)) produces time-dependent water level based temperature and156

pressure boundary conditions, while atmospheric data can be provided from an Earth157

System Model, reanalysis, or local measurements. In the terrestrial model a coupling frame-158

work unites the mechanical and thermal aspects of erosion across a range of geomorpholo-159

gies and geophysics. Three-dimensional (3-D) stress/strain fields develop in response to160

a plasticity model of the permafrost that is controlled by the frozen water content de-161

termined by modeling 3-D heat conduction and solid-liquid phase change. This model-162

ing approach enables failure from any allowable deformation (niche development, block163

failure, and denudation) and thus can be configured to be applied at any coastline. Al-164

though possible, the ACE model does not currently two-way couple the terrestrial mor-165

phological changes into the oceanographic estimates (as represented by dashed lines in166

Figure 2). Further details of the model are offered in the following sections.167

The main objectives of this paper are to discuss the results from a rigorous cali-168

bration of the ACE model using observational data collected at Drew Point, Alaska, and169

to present several key improvements to the terrestrial component of ACE. We have cho-170

sen Drew Point as our model calibration site because of the wealth of available data at171

this location. The calibration study focuses on the erosional evolution of a single permafrost172

polygon that is a part of a larger 1.5 km stretch monitored with high spatiotemporal res-173
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olution over the 2018 and 2019 open water seasons (D. L. Bull et al., 2020; Ward Jones174

et al., To be Submitted). This data set consists of daily thermo-denudation and hourly175

niche development measurements while also capturing a block failure event in response176

to the observed niche geometry. Our goal herein is to pair this carefully-designed field177

study with our multi-physics (i.e., oceanographic, atmospheric, thermal, and mechani-178

cal) model development, to yield a predictive permafrost erosion model that can capture179

complex interactions between components at high fidelity. This is one of the first demon-180

strations of erosion calibration at such high temporal fidelity (the other is a week long181

study in (Barnhart, Anderson, et al., 2014)) to achieve accurate open-water season ero-182

sion in one permafrost polygon.183

Toward this effect, the remainder of this paper is organized as follows. Section 2184

provides some background on the Drew Point, Alaska site targeted in the present study,185

and overviews the location specific data used as inputs for and drivers of other compo-186

nents in the model (see connecting arrows with orange text in Figure 2). In Section 3,187

we describe the oceanographic modeling suite and the boundary conditions used to sim-188

ulate the nearshore conditions which produce hindcasts of water contact, temperature,189

salinity and wave pressure boundary conditions for the terrestrial model (see purple text190

in Figure 2). Section 4 details the terrestrial model with Section 4.1 first outlining the191

simulation domain. In Sections 4.2 and 4.3, we detail the thermal and mechanical com-192

ponents of the terrestrial model while Section 4.4 overviews the thermo-mechanical cou-193

pling that occurs between the components. We highlight in these sections several recent194

improvements to the ACE terrestrial model relative to (Frederick et al., 2021), which in-195

clude: changes to the erosion criteria used within the model, the addition of time-varying196

wave pressure boundary condition, and improvements to the material model represen-197

tations. Details of the components’ implementation are introduced generally followed by198

the specific Drew Point application. We outline the calibration observations and provide199

results of our Drew Point calibration study in Section 5. This is followed by a discussion200

of these results with conclusions regarding the contributions in Section 6.201

Combined, this work offers the most mechanistically grounded treatment of Arc-202

tic coastal erosion available in the literature at this time. As such, the ACE model can203

be used to simulate erosion for a variety of applications. For example, erosion is threat-204

ening 29 native coastal villages in Alaska, at huge economic and cultural expense (University205

of Alaska Fairbanks Institute of Northern Engineering & Laboratory, 2019), and this model206

is uniquely positioned to enable communities to plan adaptive actions, like seawalls, or207

to assess relocation. At the same time, parameterizing regional results and scaling them208

to large coastline extents expands applicability to Earth System Models and facilitates209

estimates of geochemical and sediment land-to-ocean fluxes at circum-Arctic scales. The210

ACE model and experimental results can thus be used to inform scientific understand-211

ing of thermo-mechanical coastal erosion while also providing sound simulations to ad-212

dress an array of purposes.213

2 Calibration Study Area and Observations214

The ACE model is calibrated using observational data from Drew Point, Alaska.215

Drew Point is located along the western Alaskan Beaufort Sea coast approximately 100216

km east of Utqiagvik (formerly known as Barrow) and 200 km west of Prudhoe Bay. The217

9 km stretch of coastline at Drew Point has among the highest coastal erosion rates across218

the circum-Arctic, and erosion rates appear to be increasing non-linearly since the mid-219

20th century (B. M. Jones et al., 2018). Modern (2002-2019) annual rates average 18.7220

m yr-1 (Figure 3), and can reach 34.5 m yr-1 (Ward Jones et al., To be Submitted). This221

dramatic coastal retreat occurs over the ∼90 day open water season (Overeem et al., 2011).222

The dominant erosional process at Drew Point is thermo-abrasion that leads to block fail-223

ure, which is common for ice-rich, unlithified permafrost bluffs (B. Jones et al., 2009; Ir-224

rgang et al., 2022) (Figure 1).225
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Figure 3. The Drew Point study area along the Alaskan Beaufort Sea. (a) The footprint of

the 1.5 km stretch of repeated Aerial Unpersoned Vehicle (AUV) surveys is highlighted with a

dashed yellow line and the 9 km stretch of repeated satellite retrievals is highlighted with a blue

line. The locations of the calibration site (red triangle), meteorological station (yellow triangle),

and modeled ocean environment (cyan triangle) are identified graphically, coordinates are given

in the inset table. (b) Mean annual erosion rates along the 9 km (blue) stretch of Drew Point be-

tween 2007 and 2019 provided by (B. M. Jones et al., 2018; Ward Jones et al., To be Submitted).

Drew Point is located along the low-lying tundra landscape of the Alaska Coastal226

Plain and the coastline consists of relatively tall (∼2-7 m) permafrost bluffs and narrow227

beach. Permafrost here consists of both ice-bonded sediments and ice wedges (Figure228

1(a)). Ice-bonded sediments are sections of permafrost in which there is a mixture of pore229

ice and sediments/soils whereas ice wedges are vertical veins of mostly ice. Ice wedge poly-230

gons are geometries in which ice wedges define polygonal shapes composed of ice-bonded231

sediments. Ground-ice content at Drew Point is very high, with segregated and pore ice232

volumes of 50-80% and ice wedge volumes of up to 30% (Kanevskiy et al., 2013; Wobus233

et al., 2011). We collected permafrost cores from three surface geomorphic classifications234

that are characteristic of the region: primary material that has not been reworked by235

thermokarst lake formation and drainage (“PM”), an ancient drained thermokarst lake236

basin (DTLB) which drained ∼5 kyr BP (“DP1”) (Hinkel et al., 2003; M. Jones et al.,237

2012), and a young DTLB where most recent drainage occurred ∼0.5 kyr BP (DP2) (M. Jones238

et al., 2012). Below tundra vegetation and peat, near-surface sediments consist of Holocene-239

age soils and/or lacustrine silts. Deeper sediments (< ∼3 m elevation) consist of marine240

silts and clays deposited during a late Pleistocene marine transgression (Bristol et al.,241

2021).242

The ACE model primarily has input properties and calibration data defined within243

the ancient DTLB (DP1) site identified with a red triangle in Figure 3. This site is both244

part of the traditionally monitored 9 km stretch, as well as repeated Aerial Unpersoned245

Vehicle (AUV) surveys along a smaller 1.5 km stretch in 2018 and 2019 (Ward Jones et246

al., To be Submitted) included in the ACE model observational campaign.247

2.1 Study Area Properties248

Site specific data needed to define ACE model input properties were collected at249

the polygon with a red triangle in Figure 3. These data define the geometry of the sim-250

ulation, as well as the mechanical and thermal model properties. These are time-invariant251

quantities expected to be broadly applicable to other ancient DTLBs along Drew Point,252

which possess large, well-developed ice wedges that form hexagonal high-centered poly-253

gons.254
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As established through field observations, the polygon of interest is approximately255

10.8 m wide by 6 m into the land (between 5.95 and 6.22 m), and is 5.2 m high on July256

1, 2018. There is little to no beach before the toe of the bluff. A thick ice wedge of up257

to 4 m thickness surrounds the polygon but does not extend all the way to the toe of the258

bluff, likely only to 4.9 m.259

The natural and heterogeneously shaped polygons shown in Figure 1 and in Fig-260

ure 4(a) must be translated into finite element representations to model erosion within261

ACE. An archetypal representation of this polygon in the ACE model is shown in Fig-262

ure 4(b). Although not required, repeating patterns of homogeneous shapes are most eas-263

ily fabricated and meshed, and hence are the default archetypal representation. The cal-264

ibration study presented in this work is conducted on a one-element thick slice from the265

center of the archetypal representation as shown in Figure 4(c). This quasi-2D geome-266

try is discussed more fully in Section 4.1, but it is noted here that a current lack of par-267

allelization has required domains of this scale. The material blocks in Figure 4(c) are nec-268

essary for the mechanical component (Section 4.3), however peat and ice-bonded sedi-269

ments are treated continuously in the thermal component (Section 4.2).270

Figure 4. The terrestrial computational domain is designed to mimic the natural polygons

measured and observed in the field as shown in panel (a). The location is regularized into an

archetypal bluff geometry as shown in panel (b) with multiple repeating polygons. Identified here

are the four relevant boundaries on which appropriate boundary conditions are prescribed: the

bluff face boundary (Γbf), the bottom boundary (Γbot), the top boundary (Γtop) and the lateral

boundary (Γlat,x∪Γlat,y). Calibration is performed on a one-element thick slice from this archetypal

representation, shown in panel (c). Colors identify the four separate material blocks (with ρ1,2

identifying distinct densities of ice-bonded sediments) and initial dimensions are identified on the

slice. These material blocks are used within the mechanical component (Section 4.3), however the

thermal component (Section 4.2) treats the peat and ice-bonded sediments continuously.

2.1.1 Constituent Material Characterization of Ice-bonded Sediments271

The thermal model input properties were assigned from permafrost characteriza-272

tion enabled through permafrost core retrieval field work in April 2018. Ancient DTLB273

sections along a retrieved 7.5 m core length were used to establish: salinity, organic car-274

bon content, water mass for effective porosity, and soil/sediment masses, grain sizes, and275

bulk densities in ice-bonded sediments as detailed in (D. L. Bull et al., 2020; Bristol et276

al., 2021, 2020). PM and young DTLB cores were also used in aiding salinity character-277

ization. Best high-order polynomial and logistic regression of these data were then used278

as the components in the thermal mixture models first detailed in (Frederick et al., 2021)279

and described more fully in Section 4.2.3.280
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Organic carbon content was measured using an elemental analyzer (Bristol et al.,281

2021), and peat content was estimated by assuming that organic carbon composes 50%282

of peat biomass (Pribyl, 2010). Following the the work of (Pribyl, 2010), peat mass per-283

cent is recovered from measured carbon content through multiplication by 2. Since sand,284

silt, and clay fractions were obtained in the absence of peat, these values had to be scaled285

post-fractional assignment to accommodate the volume that peat occupies. Figure 5 panel286

(a) shows the mass fractional assignments of the constituent materials (sand, silt, clay287

with scaled measured fractions and peat) as a function of elevation. As shown, peat is288

dominant near the surface, due to the organic layer, but decreases rapidly with depth.289

The majority of the ice-bonded sediment consists of unconsolidated clay and silt.290

Figure 5 also shows the ice-bonded sediment effective porosity in panel (b), and panel291

(c) shows salinity. Effective porosity is equal to the percentage of volumetric ice content292

from the total volume and is calculated using water mass and core section volume mea-293

surements, assuming all pore space was filled with ice. The measured effective porosity294

generally decreases with depth. High porewater salinity at elevations near sea level (saline295

permafrost in Figure 1(a)) lead to the formation of a “cryopeg”, which is permafrost that296

is unfrozen at temperatures < 273.15 K due to dissolved solids that reduce the freezing297

point (Bristol et al., 2021; Iwahana et al., 2021).298

In all cases, measured core values (symbols) are fit (solid line) with a third order299

polynomial or logistic curve detailed in Table 1. The current study focuses on the retrieved300

ancient DTLB core in which a thermistor probe was placed, however the observational301

campaign was larger (D. L. Bull et al., 2020; Thomas et al., 2020; Bristol et al., 2020,302

2021; Ward Jones et al., To be Submitted) In Figure 5, data that was measured but not303

used in developing the fits is shown with a muted color; reported R2 values in Table 1304

are evaluated on solid-colored data points. Additionally, if the core represents a distinct305

geomorphic classification (i.e., drained thermokarst lake basin or primary material that306

has not been reworked by thaw lake processes), a distinct symbol is employed.307

Figure 5. In all cases, measured core values (markers) are fit (solid line) with a third order

polynomial or logistic curve detailed in Table 1. (a) Ice-bonded sediment fractions for each com-

ponent as a function of elevation for an ancient DTLB geomorphology. (b) Ice-bonded sediment

porosity as a function of elevation for an ancient DTLB geomorphology. (c) Porewater salinity as

a function of elevation.
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Table 1. Summary of parameter values for the fits to the experimentally derived ice-

bonded sediment constituents. For the first four variables, the best fit is of the form of

v(z) = a + bz + cz2 + dz3 where z is the elevation (m) and v(z) is variable being mod-

eled. Peat fraction and porewater salinity were represented by a logistic curve of the form

P (z, zc) = a+ b−a

(c+d expf(z−zc))
1
ν
.

Variable, units a b c d f zc ν R2

Porosity, % 32.91 5.25 1.23 −0.08 − − − 0.86
Sand fraction, Fsand 14.41e−2 −6.37e−2 1.87e−2 9.00e−4 − − − 0.62
Silt fraction, Fsilt 50.95e−2 −1.23e−2 −1.96e−2 3.50e−3 − − − 0.79
Clay fraction, Fclay 34.65e−2 7.59e−2 9.00e−4 −4.40e−3 − − − 0.82
Peat fraction, Fpeat 38.00e−2 2.30e−2 1.00e−2 1.00e−2 9.0 3.5 4 1.0

Salinity, psu 0.058 36.91 1.0 1.0 1.11 0.657 1 0.96

2.1.2 Mechanical Characterization of Ice-bonded Sediments308

Experimentation on retrieved permafrost was also used to establish three mechan-309

ical material properties utilized by the terrestrial model: elastic modulus, compressive310

yield strength, and tensile yield strength. Mechanical stress strain properties as a func-311

tion of ice saturation (f) and porosity (θ) were obtained through direct tensile, Brazil-312

ian tensile strength, and unconfined compressive strength testing as detailed in (D. L. Bull313

et al., 2020). Distinct compositions of ice saturation and porosity were achieved by con-314

trolling the testing chamber temperature and selecting distinct sections of the core re-315

spectively. These experimental values are denoted with the black diamond (PM mate-316

rial) and circle (ancient DTLB material) markers in Figure 6(a)-(c). These experiments317

were unique in that they used natural cores, not remodeled cores, affecting experimen-318

tal reliability as sample preparation and testing were subject to many uncontrollable de-319

grees of freedom.320

For the elastic modulus and compressive yield strength, bilinear fits were employed321

to develop continuous expressions for the variation of these properties with ice satura-322

tion and porosity. The main challenge with limited data is to produce physically real-323

istic behavior (i.e. positive and nonzero elastic modulus) across the entire space of ice324

saturation and porosity regimes considered (in this study, f ∈ [0, 1] X θ ∈ [0, 1]). To325

address this, two strategies were employed: bounding “theoretical” values to guide the326

fits, and minimum allowable values for each property.327

First, bounding values (shown with triangular data markers in Figure 6(a)–(b)) were328

used in developing the fits for material property values at the points (f , θ) = (0, 0), (0, 1)329

(a material approaching pure water), (1, 0), and (1, 1) (a material approaching pure ice).330

For the first three points, a bounding value of 0 MPa was used for both elastic modu-331

lus and compressive yield strength. For the last bound point, a material approaching pure332

ice, values of 5 MPa for compressive yield stress (Petrovic, 2003) and 1000 MPa for elas-333

tic modulus were employed; the elastic modulus bound was selected by extending the334

elastic modulus linear fit presented in (Li et al., 2022) to 100% ice content. Table 2 de-335

tails the bi-linear regressions employing the experimentally derived mechanical proper-336

ties. Similar frozen rock ballast studies varying porosity and temperature show equiv-337

alent trends with slightly larger yield and elastic modulus values (Li et al., 2022).338

Despite employing these bounding values, the best fit curves exhibit nonphysical339

behaviors in areas where f , θ → 0. These are regions for which material definition is340

difficult, and thus a constant but higher than 0 MPa minimum value is applied. These341

minimum allowable values for elastic modulus and compressive yield strength are referred342
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to as Em and Ym respectively, and are indicated by the lilac-shaded planes in Figure 6.343

A predominant focus of the ACE model calibration is in determining appropriate values344

for these two parameters, with an emphasis on the minimum allowable elastic modulus,345

as this largely controls the rate of denudation (described more fully in Sections 4.3.3 and346

5.2).347

Table 2. Summary of parameter values for the best bi-linear regressions shown in Figure 6 for

the experimentally derived elastic modulus and compressive yield stress with bounding theoreti-

cal points. A bi-linear fit of the form M(f, θ) = a+ bf + cθ + dfθ was used to establish variation

of ice-bonded sediment material elastic modulus and compressive yield stress as a function of

ice saturation f and porosity θ. It is of note that the R2 values reported are evaluated based

on experimental data and theoretical bounds utilized in generating the surface fits. Section 5

details the selection of the minimum allowable values which will truncate these regressions and

are shown as lilac planes in Figure 6.

Variable a b c d R2

Elastic modulus [MPa] −24.69 −167.7 −25.95 819.1 0.587
Compressive Yield stress [MPa] −0.042 −0.297 −0.042 4.701 0.918
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Figure 6. Measured core values for elastic modulus (a), compressive yield strength (b), and

tensile yield strength (c) are shown with symbols. Black diamonds indicate experimental data

obtained from Primary Surface cores, circles from Ancient Drained Lake Basin cores, and red

triangles indicate theoretical values used to guide and bound the surface fit. For panels (a)–(b),

the displayed bi-linear surface is detailed in Table 2. The lilac planes represent parameters which

are calibrated in the model; in panels a-b the minimum allowable values will be imposed on each

of the curves, and on panel (c) in addition to the minimum allowable value, a constant tensile

yield will be calibrated.

Establishing the continuous representation of tensile yield strength with ice satu-348

ration and porosity followed a different approach. For pure ice, tensile and compressive349

yield behaviors are known to be sufficiently distinct with tensile yield strengths exhibit-350

ing little dependence on temperature (albeit in a much colder 253.15 K to 263.15 K range)351
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(Petrovic, 2003). Figure 6(c) displays experimentally derived tensile yield strengths from352

direct tensile and Brazilian tensile tests (described in more detail in (D. L. Bull et al.,353

2020)) over a range of f and a smaller range of θ. These magnitudes vary between −0.11354

MPa and −1.00 MPa and do not seem to exhibit a strong relationship with f and θ. These355

are lower than those found by (Petrovic, 2003) for tensile strength of pure ice at much356

higher f (between −0.7 and −3.1 MPa). Given the spread of tensile yield behavior, we357

opted to use a single value independent of f and θ for tensile yield strength. Appropri-358

ate selection of this value is another significant component of the calibration study. As359

shown in Figure 6(c), the bilinear fit developed for compressive yield strength will still360

be used for material in tension (along with the corresponding minimum allowable com-361

pressive yield strength), but this surface will be upper-bounded by the single calibrated362

tensile yield value. The effect of this is that material in regimes of low ice saturation/porosity363

will still exhibit tensile yield stress behavior governed by the bilinear fit developed for364

compressive strength, but elsewhere its tensile yield behavior will be dictated by the sin-365

gle calibrated value for tensile yield strength.366

2.2 Environmental Drivers and Observations367

Time evolving data that define the environmental drivers and capture the specific368

response of the polygon identified with a red triangle in Figure 3 were also observed. Most369

of these observations are described in detail in Section 5.1 as they are the basis of the370

erosion calibration. Erosion measurements were collected through four repeat AUV sur-371

veys as well as from daily-resolved time-lapse calibrated images. Niche measurements372

are inferred from vertically resolved temperature changes, as measured hourly by a ther-373

mistor string placed within the void left by the 7.5 m long core. This is the first dataset,374

to our knowledge, that captures hourly-resolved niche formation and ensuing block col-375

lapse offering an unparalleled calibration opportunity for the ACE Model. These cali-376

bration observations will be referred to throughout the paper before they are formally377

introduced in Section 5.378

In addition to the calibration observations, environmental conditions were measured379

by a permanent USGS weather station (see yellow triangle in Figure 3) (Urban & Clow,380

2018; Urban, 2021). Observational measurements of air and subsurface temperatures from381

5 cm to 120 cm depth at 5 cm increments were collected hourly. The 5 cm temperature382

was used as the atmospheric boundary condition in the thermal component of the ter-383

restrial model, see Section 4.2. The subsurface temperature profiles were used in defin-384

ing the initial temperature boundary condition and are used to increase confidence in385

the thermistor string measurements (see overlapping regions in Figure 14) as well as in-386

crease knowledge of near surface behavior.387

3 Ocean Model388

3.1 Model Description389

Capturing storm-resolved interactions of the ocean with a spatially resolved per-390

mafrost coastline requires a high resolution oceanographic modeling suite. In this case,391

we utilize the natively coupled nearshore circulation and wave models provided by the392

Delft3D suite (Delft3D-FLOW (Deltares, 2018a) and Delft3D-WAVE (Deltares, 2018b;393

Holthuijsen et al., 1993), respectively) forced by a larger Arctic Ocean scale wave model394

(WAVEWATCH III® (WW3) ((WW3DG), 2019)) to resolve the dynamic interaction395

of swell, wind waves, wave induced setup, and water levels. This provides time-varying396

water levels inundating the bluff face, with associated temperatures and salinity’s, as a397

series of boundary conditions for the terrestrial erosion model (see purple text in Figure398

2).399
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The first of the three-model system is the application of a spectral wave model, WW3,400

to provide wave field information at an Arctic Ocean scale. A polar stereographic, curvi-401

linear WW3 grid covering the Arctic Ocean developed in (Rogers & Zieger, 2014) is used;402

it is polar centric and extends south to 65◦N, with horizontal resolution is 18 km at 70◦N.403

Bathymetric data for the model domain was obtained from the ETOPO1 1 arc-minute404

global relief model (Amante & Eakins, 2009).405

To provide higher resolution oceanographic predictions in ice-free conditions around406

Drew Point, Delft3D-FLOW and WAVE models were developed to provide nearshore cir-407

culation and wave predictions, respectively. Delft3D-WAVE uses SWAN, a proven nearshore408

and shallow water spectral wave modeling system, as the wave model and is natively cou-409

pled to Delft3D-FLOW, providing an efficient computational environment. The water410

level set-up due to waves in shallow waters as well as the net momentum flux (radiation411

shear stress) captured by Delft3D-WAVE can be resolved and incorporated directly into412

Delft3D-FLOW simulations through a two-way coupling. Bottom elevations for the Delft3D-413

FLOW and Delft3D-WAVE grid were defined from the Alaska Regional Digital Eleva-414

tion Model (ARDEM) version 2.0 (S. L. Danielson et al., 2015; S. Danielson et al., 2011,415

2008). The ARDEM data were interpolated onto the Delft3D grid so that each cell has416

a single depth value. The Delft3D-FLOW structured curvilinear grid consists of 31,072417

elements in a single vertical layer with 2 km resolution at the northernomost extent. The418

grid becomes more refined closer to the coast and in the region surrounding Drew Point,419

where the resolution increases to 100 m. The Delft3D-WAVE structured curvilinear grid420

has 3 km resolution at the northernmost extent with increased refinement down to 400421

m along the coastline.422

Variables from Delft3D-FLOW (i.e., water level (s(t)), salinity (So(t)), water tem-423

perature (To(t))) were output at 15-minute intervals and variables from Delft3D-WAVE424

(i.e., mean wave parameters, 1D wave spectra) were output at 1 hour increments for the425

entire simulation period. A 2 Hz water surface elevation, η(t), was computed from the426

1D wave spectra variance density according to:427

η (t) =
∑
S

aS cos (2πfSt+ θS), where aS =
√

2Sf∆f and θS = random (0, 2π) . (1)

In Equation (1), η(t) is the time varying water elevation, aS is the amplitude of428

the surface displacement calculated using the variance density at each frequency Sf , ∆f429

is the difference in each frequency, fS is the frequency, t is the time, θS is the wave phase430

represented by a random number between 0 and 2π, computed at each frequency S.431

To compute a water contact history with the bluff face, the water level, s(t), from432

Delft3D-FLOW was linearly interpolated onto a 2 Hz time series and added to the η(t)433

signal, i.e. w(t) = s(t) + η(t). Additionally, the salinity and water temperature from434

Delft3D-FLOW were also linearly interpolated to the same 2 Hz time step. As detailed435

throughout this paper, the water contact history, pressure from wave contact, salinity,436

and temperature are all employed by the terrestrial model as various boundary condi-437

tions specified to evolve the state of the permafrost.438

3.2 Boundary Conditions439

Generating the wave environment from these models requires a series of time de-440

pendent boundary conditions comprised of environmental parameters like wind speeds441

and temperatures. Wind forcing and sea ice boundary conditions are required for the442

circum-Arctic WW3 domain are linearly interpolated from hourly ERA5 reanalysis data443

((C3S), 2017) from July through November 2018. This wind reanalysis was also used to444

provide forcing for the Delft3D-FLOW model.445
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In addition to requiring wind forcing, Delft3D-FLOW requires hydrodynamic bound-446

ary conditions including water levels and scalar quantities such as temperature and salin-447

ity. Water level data, from the NOAA Prudhoe Bay, AK station (Service, 2019), was ap-448

plied uniformly across the Delft3D-FLOW model domain. The GOFS 3.1 (developed by the449

US Naval Research Laboratory, 2017) water temperature and salinity data were linearly450

interpolated to locations corresponding to the outer boundaries of the Delft3D-FLOW451

grid. Data were pulled from the surface layer of the GOFS 3.1 model, representing the452

top 2 m of the water column. It is important to note that although ocean water temper-453

atures below 273.15 K were present in GOFS 3.1, these were are not allowed as the Delft3D454

modeling suite does not allow for temperatures below freezing (Cummings & Smedstad,455

2013; Cummings, 2005). Further, sea ice is not treated within in the Delft3D modeling456

suite (Cummings & Smedstad, 2013; Cummings, 2005).457

Delft3D-WAVE obtained wave boundary conditions from WW3; the wind, water458

level, and current information are passed from the natively coupled FLOW model.459

3.3 Oceanographic Conditions at Calibration Location460

Output from the suite of oceanographic models was obtained ∼300 m from the cal-461

ibration location as identified by a cyan triangle in Figure 3. The raw 2 Hz time history462

of water contact (w(t)) is shown in light blue in Figure 7 (note, all modeling completed463

using GMT). This time history has been shifted by 0.24 m to establish the same zero-464

elevation between the oceanographic and terrestrial models as detailed in (D. L. Bull et465

al., 2020). For the purposes of this analysis, we consider an oceanographic storm to be466

periods of 12 or more consecutive hours consisting of 2 Hz water contact levels, w(t), at467

or above 0.4 m; in Figure 7, such storms are identified with grey shading, with the ac-468

tual duration of the storm given above the grey area. The block breakage event is iden-469

tified with a dashed black line.470

Up to the time of failure, the calibration location experienced 10 storms intermixed471

with quiescent periods. Table 3.3 below identifies oceanographic characteristics between472

the beginning of simulation in 2018 through the time of block failure; time periods are473

sectioned by field observations. The percentage of time water is in contact with identi-474

fied elevations are normalized by the duration of time between sections. Average water475

contact levels do not indicate dramatically different regimes, however it is clear from the476

elevation data that the six storms between Aug. 4 and Sept. 9 were the most powerful477

with greater percentages of time in contact with higher bluff elevations. From Table 3.3478

and visually from Figure 7 it is clear that a few large storms dominated the exposure479

of the bluff to oceanic water, especially the two storms between Sept. 1 and Sept. 9.480
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Date % time

w(t) ≤
0

% time

w(t) >

0.2 m

% time

w(t) >

0.4 m

% time

w(t) >

0.8 m

Average

w(t) (m)

Number

of

storms

Average

Water

Temper-

ature

(K)

Average

Salinity

(psu)

Jul. 1 – Jul. 25 14.7 31.6 5.49 0.02 0.16 4 273.15 30.05

Jul. 25 – Jul.

30

12.8 46.6 6.94 0.00 0.19 2 273.15 29.96

Jul. 30 – Aug.

4

36.4 19.4 0.95 0.00 0.10 0 273.15 29.88

Aug. 4 – Sept.

1

39.6 24.3 8.52 0.57 0.13 4 273.61 28.74

Sept. 1 - Sept.

9

21.7 44.4 15.0 2.52 0.21 2 274.25 27.53

Table 3. Oceanographic characteristics between field observations over the 2018 summer in

Drew Point Alaska. Water contact statistics (average contact levels and % of time in contact

with identified elevations), temperature, salinity, and number of storms identified.

3.3.1 Generating Water Exposure Boundary Conditions481

Although the variation of water on the bluff face occurs over fractions of a second,482

the thermal evolution of the permafrost, governed by conduction, is a much slower pro-483

cess (tens of minutes), and consequently the terrestrial model generally uses much larger484

timesteps than those used in the oceanographic modeling component. Additionally, the485

usage of water level data by the terrestrial model requires water level to be sampled on486

its own (vertical) spatial discretization. Hence the water level, salinity, and temperature487

were further processed to ensure the total mechanical and thermal energy delivered to488

the terrestrial model from the ocean is harmonized with the terrestrial model setup (both489

the simulation time step and vertical discretization).490

To achieve this, an “exposure” time history, wterr(t), is constructed by sampling491

at the same spatial and temporal discretization as used by the terrestrial model. This492

processing seeks to evaluate the cumulative duration of water contact with the bluff per493

elevation of the original w(t) over each hourly update to the wave spectrum (see Section494

3.1) and ensure cumulative duration’s are integer numbers of the terrestrial time-step.495

This construction ensures that each level of the bluff face is exposed to ocean water for496

the entirety of the simulation time step. If a level on the bluff face is cumulatively ex-497

posed for a period shorter than the simulation time step, this will not be included in the498

“exposure” time history. For a more detailed overview of the process for generating these499

wave exposure histories, the interested reader is referred to Supporting Information Text500

S1.501

In the limit of small simulation time steps (0.5 seconds) and fine mesh discretiza-502

tion (0.01 m) the original water contact history, w(t), would be recovered as the expo-503

sure time history boundary condition, but would have significant computational impacts.504

Sensitivity studies were completed in (D. L. Bull et al., 2020) that shows that the mesh505

discretization and coupling time step have a large control over the water exposure bound-506

ary conditions (Figures 5.1-4 and 5.1-5 within (D. L. Bull et al., 2020)); the coupling time507
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Figure 7. The ocean contact history is shown in light blue and the exposure history used

to generate the Dirichlet temperature boundary conditions and Neumann pressure boundary

conditions is shown in dark blue. An elevation of 0 m identifies the location of the toe of the bluff

and thus values below this line indicate periods when no ocean water was in contact with the

bluff face. The AUV surveys are identified with grey vertical dotted lines and the block breakage

event is identified with the vertical black dashed line. Grey shading indicates periods of ocean

storms, identified from the water contact history (light blue), and the duration’s of the storms are

identified at the top of the figure.

step, in particular, has a strong control over the representation of the highest water con-508

tact levels.509

Figure 7 illustrates the impact of achieving the water exposure boundary conditions,510

wterr(t), with the dark blue data using a time step of 900 sec and grid resolution of 0.1511

m. The effect of the exposure metric is clear: the peak levels decrease because these peak512

levels are in contact with the bluff face for less than 900 sec. This water exposure bound-513

ary condition is used to determine which cells are submerged by the ocean, which in turn514

will alter boundary conditions in the thermal problem (the temperature and salinity bound-515

ary conditions detailed in Section 4.2.2) and the mechanical problem (the pressure bound-516

ary condition as well as the minimum elastic modulus value applied (Em,o) detailed in517

Section 4.3.2).518

4 Terrestrial Model519

The terrestrial component of the ACE model is based on a 3D thermo-mechanical520

finite element formulation within the open-source parallel HPC code known as Albany-LCM.521

Albany-LCM can be downloaded from https://github.com/sandialabs/LCM, and was522

created as a fork from the Albany code, located at https://github.com/sandialabs/523

Albany; for more detail on Albany, the interested reader is referred to (Salinger et al.,524

2016)) (Frederick et al., 2021). A thermal problem (Section 4.2), using the material model525

described in Section 4.2.3, solves the governing equations for 3D heat conduction in a526

porous media with solid-liquid phase change including the effects of salinity on pore fluid527

melting temperature. A mechanical problem (Section 4.3), using the material model out-528

lined in Section 4.3.3, solves the governing equations for a 3D standard J2 plasticity model529

extended to the large-deformation regime. Each subsection (4.2 and 4.3) first discusses530
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more generalized descriptions of the model components, and then provides additional531

details related to the specific implementation of the model at Drew Point, AK utilized532

for the presented calibration study. Novel to the ACE model is the interaction between533

the thermal and mechanical components of the terrestrial model, as detailed more fully534

in Section 4.4. Frozen water content in the ice-bonded sediment material, as calculated535

by the thermal material model, is used by the mechanical material model to define the536

local mechanical material properties, specifically the elastic modulus and yield strength.537

In this way, deformation and failure are coupled to the thermal state of the material, as538

calculated, rather than prescribed a priori. The reader is referred back to Figure 2 for539

an overview of the terrestrial component and interactions within as a guide for this sec-540

tion.541

4.1 Calibration Study Simulation Domain542

Although the finite element model is designed for full 3D geometry, as depicted in543

Figure 4(b), certain advanced features of the ACE terrestrial model—such as the mov-544

ing pressure boundary condition—are not yet fully parallelized (see Section 4.3.4). This545

limitation constrains the mesh sizes that can be processed within a reasonable timeframe.546

To address this, we employ a one-element-thick slice of the original geometry for com-547

putational analysis in this calibration study. The dimensions of this slice match the rel-548

evant observed dimensions above and are detailed in Figure 4. We model only 0.9 m of549

the 4 m thick ice wedge, as it is exposed to boundary conditions solely along the top and550

undergoes minimal evolution during the simulated time frame.551

While the thermal model accounts for continuously varying material properties through-552

out the domain, the mechanical model relies on material property definition per distinct553

element block. As a result, the mesh incorporates four separate material blocks: ice, a554

peat layer, and two ice-bonded sediment layers, each with distinct densities, material prop-555

erties, and failure (erosion) criteria. Notably, the two ice-bonded sediment layers were556

chosen to capture a significant shift in bulk density due to the presence of peat (see Fig-557

ures 5 and 9). As illustrated in Figure 4(c), the bottom ice-bonded sediment block spans558

0 to 3.3 m in the z-direction (height), while the second ice-bonded sediment block ex-559

tends from 3.3 to 4.7 m. The peat layer occupies 4.7 to 5.2 m, covering the ice wedge,560

which begins 0.3 m above the domain’s base. As described in Sections 4.2 and 4.3, each561

material block is assigned unique definitions for mechanical and thermal properties.562

The simplified geometry enables the use of 8-node hexahedral elements along with563

a structured mesh for discretization. This approach not only streamlines mesh genera-564

tion but also minimizes potential numerical artifacts associated with more complex el-565

ements. The computational domain is discretized into 3,640 elements with a uniform mesh566

size of h = 0.1m, and the geometry remains one-element thick. Each element contains567

8 nodes and 8 integration points. Primary variables, such as displacements and temper-568

ature, are stored at nodes, while state variables, including stress and ice saturation, are569

stored at integration points. Calibration simulations utilize a baseline time step of 900570

seconds over a period of 2.5 months, typically requiring approximately 10 days of com-571

putational time.572

Site-specific boundary conditions, described in subsequent sections, are applied to573

this geometry. The boundary ∂Ω is divided into four sub-boundaries: ∂Ω := Γbf ∪574

Γtop ∪ Γbot ∪ Γlat, where Γlat := Γlat,x ∪ Γlat,y. Here, Γbf represents the bluff face,575

Γtop the bluff top, Γbot the bluff bottom, and Γlat,x ∪ Γlat,y the remaining three lateral576

boundaries of the bluff, as shown in Figure 4.577
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4.2 Thermal Component578

4.2.1 Governing Equations579

The thermal model follows the governing equation for heat transfer by conduction580

in a saturated porous media including water-ice phase change, described by581

ρcp
∂T

∂t
= ∇ · (K · ∇T ) + Θ, in Ω, (2)

where Ω ⊂ R3 is a smooth bounded domain, ρ is the density, cp is the specific heat,582

T is the temperature, K is the thermal conductivity tensor, and Θ is the heat source583

term due to phase change (latent heat). The bar over the term ρcp indicates a mixture584

model for the density and specific heat of each material component. Considering poros-585

ity as the ratio of the void volume to the total volume (θ = Vvoid/Vtotal), the possible586

material components include water and ice in the pore space (or void space), θ, and con-587

stituent sediments (e.g. sand, silt, clay, peat) in the solid, 1− θ. The water saturation,588

w, and ice saturation, f , are defined as the fraction of water or ice occupying the effec-589

tive pore space, respectively, and can vary from 0 to 1. The volume fraction of each ma-590

terial component occupying the effective pore space is Sf = θf for ice, and Sw = θw591

for water. The mixture models for each thermal parameter are further described in Sec-592

tion 4.2.3.593

The source term Θ in Equation (2) is defined according to594

Θ := ρfLf
∂f

∂t
= ρfLf

∂f

∂T

∂T

∂t
, (3)

where ρf is ice density and Lf is the latent heat of water-ice phase change. The func-595

tion ∂f
∂T represents the soil freezing curve and describes how ice saturation changes with596

temperature. Equation (3) is non-zero only during phase change, and is further described597

in Section 4.2.3.598

Consistent with the apparent heat capacity method, the heat source term is refor-599

mulated as a correction to the heat storage term,600

ρcp
′ := ρcp − ρfLf

∂f

∂T
. (4)

Boundary conditions must be specified to complete the definition of the thermal prob-601

lem and are described separately in Section 4.2.2.602

It is straightforward to obtain the weak variational form of Equation (2):603

∫
Ω

(
ρcp − ρfLf

df

dT

)
∂T

∂t
ξ dV +

∫
Ω

(K · ∇T )∇ξ dV −
∫
Γ

ξq · ndS = 0, (5)

where ξ ∈ V is a square-integrable test function having a square-integrable first deriva-604

tive, q represents a heat flux boundary condition on a given domain boundary Γ in the605

case that one is applied, and n denotes the normal vector to Γ. As in Section 4.3, the606

variational statement Equation (5) is satisfied by using a standard finite element discretiza-607

tion in space, by means of isoparametric elements. For the presented work, Equation (5)608

is advanced in time using a Forward Euler time-stepping scheme.609
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4.2.2 Initial and Boundary Conditions610

4.2.2.1 General For the thermal PDEs (Section 4.2.1), a geothermal heat flux611

boundary condition of the form612

K
∂T (t)

∂z
= −q(t) on Γbot, (6)

is prescribed on the bottom boundary, where q(t) denotes heat flux, K is the thermal613

conductivity of the material at the bottom boundary, and ∂T
∂z is the temperature gradi-614

ent with depth. This boundary condition is supplemented with a homogeneous Neumann615

boundary condition on the lateral boundary616

K
∂T (t)

∂x
= K

∂T (t)

∂y
= 0 on Γlat, (7)

and the following Dirichlet boundary conditions on the top and bluff face boundaries617

T (t) = Tatm(t) on Γtop, T (t) =

{
Tatm(t), on Γbf if exposed to atmosphere

Tocean(t), on Γbf if submerged under water
(8)

where Tatm(t) and Tocean(t) are the atmospheric and ocean temperatures at the bluff face.618

The values of these field are obtained from observational (e.g., weather station) data, or619

by running models (e.g., the oceanic model (Section 3) or Earth System Models). Note620

that it is not strictly necessary to use an air temperature as the atmospheric tempera-621

ture, a skin temperature or 5 cm depth temperature could be used.622

4.2.2.2 Drew Point Application The initial condition for the temperature is ap-623

plied using a best fit curve to the vertical thermistor (see Section 5.1) and subsurface624

weather station data (see Section 2.2) recorded at July 01, 2018, 3:07:00 UTC, shown625

with a dashed black line in Figure 14 and given by the expression626

T (z) = 265.02 + 0.2z − 4.9e−2z2 + 6.3e−2z3, R2 = 0.9925, (9)

where z is elevation. The initial ice saturation field is calculated according to the initial627

temperature field and the freezing curve determined by the material model.628

Dirichlet boundary condition temperature values, from Equation (8), are shown in629

Figure 8; the wave exposure data described in Section 3.3.1 is used to determine whether630

or not an element along Γbf is submerged under water or exposed to the atmosphere. The631

atmospheric temperature Tatm, dark blue in Figure 8, is provided by subsurface weather632

station data at 5 cm depth, interpolated using a piecewise cubic to match the simula-633

tion time step. The oceanic temperature Tocean, cyan in Figure 8, is provided by the oceano-634

graphic modeling suite. Ocean temperatures were cool over the 2018 calibration period;635

these cool values were confirmed with an independent dataset in (Ward Jones et al., To636

be Submitted). Given that ocean temperatures rarely went above 273.15 K, the major-637

ity of the season possesses the Delft3D-FLOW default value of freezing, only surpassing638

the warmer surrounding air temperature at the end of the season in September. As in-639

ferred in (Ward Jones et al., To be Submitted) it is likely that this low temperature had640

an effect on the efficacy of niche formation.641

The Neumann boundary condition on Γbot is given as a constant geothermal heat642

flux derived from conditions on July 1st at 0 hrs. The temperature gradient at the bot-643

tom of the long vertical thermistor observing niche development (see Figure 14) was eval-644

uated to yield a temperature gradient of ∂T/∂z = −0.23 K/m . Combined with a ther-645

mal conductivity of 3.25 W K-1 m-1 derived from Figure 9, this yields a q = −0.76646

W/m2.647

A summary of the applied initial and boundary conditions are given in Table 5.648
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Figure 8. Temperature boundary condition magnitudes and salinity parameterization

magnitudes applied to the bluff top and face (Γtop and Γbf). The two blue curves identify the

magnitude of the Dirlichet boundary condition temperature values on the bluff top and face.

Instances in time for which the ocean water temperature was used at some level (as identified

by the dark blue line in Figure 7) are identified with larger symbols. Note, the limitation of

DelftFLOW to not accept temperatures below freezing (273.15 K) manifest in a straight freezing

value through mid-August. The ocean salinity magnitude is shown in red on the right-hand axis.

Instances in time for which the ocean salinity was used at some level (as identified by the dark

blue line in Figure 7) are identified with larger symbols. The UAV surveys are identified with

light grey vertical lines and the block breakage event is identified with the vertical black dashed

line.
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4.2.3 Material Model649

4.2.3.1 General The thermal material model defines the bulk values of density,650

specific heat, and thermal conductivity, as well as the soil freezing curve (describing how651

ice saturation changes with temperature, ∂f
∂T ), based on the material constituents (ice,652

water, and sediment component fractions). A mixture model for the bulk-averaged den-653

sity and specific heat (denoted by an over-bar) is then defined as654

ρ = Sfρf + Swρw + (1− θ) ρs, (10)

where ρw and ρs are the densities of water and sediment, respectively, and655

cp = Sfcpf + Swcpw + (1− θ) cps, (11)

where cpf , cpw, and cps are the specific heats of ice, water and sediment, respectively.656

The thermal conductivity tensor K can account for anisotropic materials; however,657

here we assume isotropic behavior, so that K := κI, where I is an identity matrix,658

and κ > 0 is the isotropic value of the thermal conductivity. A volume-averaged mix-659

ture model for the bulk-averaged thermal conductivity κ is used, and is defined as660

κ = θ (Sfκf + Swκw) + (1− θ)κs (12)

where κf , κw and κs are the thermal conductivities of ice, water and sediment respec-661

tively.662

The values for ρs, cps, and κs can be calculated with knowledge of the sediment663

composition and is based on a simple mass-averaged mixing model,664

ζs = Fpeatζpeat + Fsandζsand + Fsiltζsilt + Fclayζclay, (13)

where ζ represents either ρ, cp, or κ, and Fi denotes the peat, sand, silt, or clay mass665

fraction in the sediment mixture, depending on i ∈ {peat, sand, silt, clay}.666

The freezing of saturated soils is a very complex process and depends on a num-667

ber of factors, including but not limited to pore fluid salinity, sediment type, and pore668

size. In general, pore water freezing is mainly determined by the solution properties for669

pores larger than 0.2 µm, but for pores smaller than 0.2 µm, the effect of pore size on670

water freezing becomes important (Wan & Yang, 2020). Experimental studies by (M. Dar-671

row et al., 2009), (M. Darrow, 2011), and (Kruse & Darrow, 2017) are used as the ba-672

sis for soil freezing curves for clay and silt. A generalized logistic curve is used to describe673

the soil freezing curve, which gives the ice saturation, f , as a function of current tem-674

perature, T , and freezing temperature, Tf :675

f(T, Tf ) = A+
D −A(

C +Qe−G[T−(Tf−Tshift)]
)1/vbulk

. (14)

Equation (14) is a key component to correctly capturing the heat source due to phase676

change in the governing equation for heat transfer (see Equations (2) and (3)). The pa-677

rameters (e.g., A, D, etc.) in Equation (14) dictate the general shape of the freezing curve678

and its width, with vbulk in particular controlling the tail drop-off of the logistic curve.679
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The parameter vbulk in Equation (14) is material-dependent and calculated accord-680

ing to681

vbulk = Fpeatvpeat + Fsandvsand + Fsiltvsilt + Fclayvclay. (15)

The values of vi for i ∈ {peat, sand, silt, clay} are selected to be sediment-dependent,682

as (M. Darrow et al., 2009) shows that composition affects the freezing behavior of soils.683

The freezing/melting temperature, Tf , is a function of the pressure and salinity of684

the pore water. The volume change that occurs during ice-water phase change is ignored.685

The freezing/melting temperature is calculated according to (UNESCO, 1983) using the686

formula687

Tf =
(
−5.75× 10−2

)
S +

(
1.71× 10−3

)
S1.5+(

−2.15× 10−4
)
S2 +

(
−7.53× 10−8

)
P + 273.15,

(16)

where S is the pore water salinity in psu, and P is the local hydrostatic pressure in Pas-688

cals (Pa). Since we model phase change at surface conditions, we ignore the pressure-dependency689

of this formula by setting P = 0. The salinity of the pore space is assigned, meaning690

there is no governing equation solved for the salinity in space and time. Salinity remains691

static, except for modification at the integration points exposed to ocean water (further692

details given below).693

The quantity Tshift is calculated and applied to ensure that the freezing curve ap-694

proaches the same, near-zero ice saturation f = fmelt as T → Tf , regardless of sediment-695

specific contributions. This is done to provide the freezing curve with a more physically696

realistic, material-independent “line-up” point at which the ice-bonded sediment is con-697

sidered fully thawed. This can be approximated by solving (14) for T = Tf , i.e.698

Tshift = − 1

G
log

(
1

Q

[
D −A

fmelt −A

]vbulk
)
. (17)

Lastly, a modification to the way salinity is represented from (Frederick et al., 2021)699

is the adjustment of salinity values to capture the effects of saline ocean water interact-700

ing with the permafrost bluff face. This is applied by assigning the permafrost pore wa-701

ter salinity (S) equal to the ocean salinity for elements exposed to the ocean, namely702

S = Socean, on Γbf if submerged under water. (18)

This changing salinity in the pore water in turn modifies the freezing temperature ac-703

cording to Equation (16), resulting in an enhanced melting when in contact with ocean704

water.705

4.2.3.2 Drew Point Application With material constituents defined as a contin-706

uous function of elevation (see Figure 5), the resulting thermal model properties are also707

continuously varying. Hence, the distinction between the ice-bonded sediment layers and708

peat layer identified in Figure 4 are collapsed; however distinct properties are associated709

with the ice wedge. The standard latent heat of water, 334×103 J
kg , is the only material710

block-agnostic constant employed, as all material blocks in the model domain may con-711

tain water.712

Ice Wedge: Standard thermal properties of ice are employed (see Table 5). A small, but713

present, constant salinity of 1 ppt was also applied in this material block.714

Ice-bonded Sediment and Peat: To develop continuously varying thermal model prop-715

erties constituent values of ρ, cp, and κ used in Equations (10, 11, 12, 13) are given in716

Table 4. Values of vi used to evaluate the freezing curve in Equation (14), are selected717

to match the curve shapes in (M. Darrow, 2011) and additionally provided in Table 4.718

–23–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Table 4. Thermal properties of ice-bonded sediment constituents. Values for ρi, cpi, and κi

are guided by (Robertson, 1988),(O’Conner et al., 2020),(Gnatowski, 2016), (Boelter, 1968),

(Rezanezhad et al., 2016). Values for vi are chosen to match the curves provided in (M. M. Dar-

row, 2011).

constituent i ρi cpi κi vi
[kg/m3] [J/kg/K] [W/K/m] −

Peat 250 1.9× 103 0.08 0.1
Sand 2600 0.7× 103 8.0 0.3
Silt 2500 0.7× 103 4.9 0.3
Clay 2350 0.6× 103 0.4 1.0
Ice 920 2.09× 103 2.3 −

Water 1000 4.0× 103 0.60 −

Combining the constituent thermal properties in Table 4 with the site specific data719

presented in Figure 5 results in the bulk thermal properties. Figure 9(a) shows ρ from720

Equation (10), Figure 9(b) shows cp from Equation (11), and Figure 9(c) shows κ from721

Equation (12) for fully frozen ice-bonded sediment as a function of depth. The bulk den-722

sity is calculated from the soil mass fractions in Equation (13) and compares well to mea-723

sured core values as in Figure 9(a). Note that around 3.3 m elevation there is shift in724

the density as the peat content has fully disappeared and mineral constituents dominate;725

hence, two ice-bonded sediment material blocks are employed in the mechanical mate-726

rial model as shown in Figure 4 even though in the thermal material model the density727

is treated continuously. The specific heat capacity generally decreases as a function of728

depth, mostly due to decreasing contribution of ice or water to the bulk value. On the729

other hand, thermal conductivity generally increases with depth resulting from increas-730

ing contributions of the mineral sediments to the bulk value.731

Figure 9. Fully frozen (f = 1.0) ice-bonded sediment bulk thermal properties as a function

of elevation for an ancient drained lake basin geomorphology. The modeled bulk density, ρ, is

compared to measured core values (symbols) in panel (a), panel (b) shows the modeled bulk heat

capacity, cp, and panel (c) shows the modeled bulk thermal conductivity, κ.

The salinity profile shown in Figure 5(c) is applied in the calculation of the freez-732

ing/melting temperature in Equation (16). Material specific determination of ice satu-733
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ration (Equation (14)) is dependent upon νi identified in Table 4 and the freezing tem-734

perature with its ensuing dependence upon salinity. Due to the large pore size for sand735

and peat, we assume a narrow freezing curve width of approximately 4◦C resulting in736

parameter values in Equation (14) being chosen to match the shapes in (M. Darrow, 2011):737

A = 0.0. D = 1.0, C = 1.0, Q = 0.001, G = 10.0. For the calculation of Tshift we738

select fmelt = 0.01 as the ice saturation “line-up point” to avoid divisions by zero in739

(17). The fraction of ice saturation as a function of temperature is shown for elevations740

0.5 m, 2.5 m, 3.5 m, 4.0 m, and 5.0 m in this material in Figure 10. Here, the importance741

of the saline permafrost is clear with ∼45% of this high salinity horizon at 0.5 m eleva-742

tion unfrozen even at 270 K (-3.0◦C). The larger pore size horizons dominated by sand743

and peat (4.0 and 5.0 m) show much narrower freezing width curves.744

Ocean water salinity provided by the oceanographic modeling suite is used to ad-745

just the salinity of integration points on the bluff face Γbf. Figure 8 shows the magni-746

tude of ocean salinity over the calibration time period; larger red symbols indicates in-747

stances in time (but not the level) when the salinity was applied on the bluff face. The748

water exposure history, the dark blue line in Figure 7, in conjunction with the salinity749

magnitude are used to apply the enhanced melting parameterization below the water ex-750

posure height according to Equation (18).751

Figure 10. Example soil freezing curves used for Drew Point application, i.e. ice saturation

volume fraction Sf , as a function of temperature for modeled soils in Figure 9 at different eleva-

tions (0.5 m, 2.5 m, 3.5 m, 4.0 m, and 5.0 m).

A summary of the thermal material properties implemented to represent our cal-752

ibration location are given in Table 5.753
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Thermal problem quantities

Property Value Unit

General Properties

Latent heat of water 334× 103 J kg−1

Ice Wedge Properties

Density (ρice) and 920 kg m−3

Thermal conductivity (κice) 2.3 W K−1 m−1

Heat capacity (cp,ice) 2.0× 103 J kg−1 K−1

Salinity (S) 1 psu

Ice-bonded Sediment and Peat Layer Proper-

ties

Bulk density (ρ) Fig. 9(a), Eq.(10) kg m−3

Bulk Thermal conductivity (κ) Fig. 9(b), Eq.(12) W K−1 m−1

Bulk Heat capacity (cp) Fig. 9(c), Eq.(11) J kg−1 K−1

Porosity (θ) Fig. 5(b) −
Salinity (S) Fig. 5(c) ppt/psu

Initial condition

Bluff temperature Fig. 14 K

Boundary conditions

Bluff back (Γlat,x) No heat flux W m−2

Bluff laterals (Γlat,y) No heat flux W m−2

Bluff bottom (Γbot) −0.76 W m−2

Bluff face & top (Γbf, Γtop) Temperatures in Fig. 8 K

Bluff face (Γbf) Salinity Fig. 8, Eq. (18) psu

Table 5. Properties and boundary conditions for the thermal problem.

4.3 Mechanical Component754

4.3.1 Governing Equations755

The mechanical model defines the stresses and displacements of the modeled ma-756

terials. We begin by presenting the standard finite deformation variational formulation757

for the solid mechanics problem, which governs the mechanical behavior of permafrost758

Consider a given body represented as the regular open set Ω ⊂ R3, undergoing759

motion described by the mapping x = φ(X, t) : Ω× I → R3, where I := {t ∈ [t0, t1]}760

is a closed time interval with 0 ≤ t0 < t1, and t0, t1 ∈ R. Here, X ∈ Ω represents the761

material coordinates, and t ∈ I is time. The initial displacement and velocity of the762

body at time t0 are denoted as x0 ≡ X : Ω → R3 and v0 : Ω → R3, respectively.763

General boundary conditions are specified for either displacement (Dirichlet) or trac-764

tion (Neumann). These are represented as χ : ∂φΩ× I → R3 and T : ∂TΩ× I → R3,765

where ∂φΩ and ∂TΩ are the portions of the boundary where displacement and traction766

are prescribed, respectively. It is important to note that these boundaries do not over-767

lap, i.e., ∂φΩ ∩ ∂TΩ = ∅.768
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Letting F := ∇φ be the deformation gradient, we can introduce the kinetic en-769

ergy of the body as770

T (φ̇) :=
1

2

∫
Ω

ρφ̇ · φ̇ dV, (19)

and its potential energy as771

V (φ) :=

∫
Ω

A(F ,Z) dV −
∫
Ω

ρB ·φ dV −
∫
∂T Ω

T ·φ dS, (20)

where A(F ,Z) is the Helmholtz free-energy density, Z is a collection of internal variables,772

ρ is the mass density in the reference configuration, and ρB : Ω → R3 represents the773

body force.774

The Lagrangian function of the body is then defined as L(φ, φ̇) := T (φ̇)− V (φ),775

which gives rise to the action functional S[φ] :=
∫
I
L(φ, φ̇) dt. According to the Vari-776

ational Principle of Hamilton, the equation of motion is obtained by finding the critical777

point of the action functional S[φ] over the Sobolev space W 1
2 (Ω× I), which consists778

of all functions that are square-integrable and have square-integrable first derivatives,779

with fixed endpoints of the deformation mapping at t0 and t1 (Marsden & Ratiu, 1999).780

We define781

S :=
{
φ ∈ W 1

2 (Ω× I) : φ = χ on ∂φΩ× I;φ = x0 on Ω× t0;φ = x1 on Ω× t1
}

(21)

and782

V :=
{
ξ ∈ W 1

2 (Ω× I) : ξ = 0 on ∂φΩ× I ∪ Ω× t0 ∪ Ω× t1
}
, (22)

where ξ is a test function. This leads to783

δS := DS[φ](ξ) =

∫
I

[∫
Ω

(∇ · P + ρB − ρφ̈) · ξ dV +

∫
∂T Ω

T · ξ dS

]
dt = 0, (23)

where P = ∂A/∂F denotes the first Piola-Kirchhoff stress. The Euler-Lagrange equa-784

tion corresponding to (23) is785

∇ · P + ρB = ρφ̈ in Ω× I. (24)

The variational statement in Equation (23) is implemented using a standard finite786

element discretization in space (Hughes, 1987), with isoparametric elements, and an im-787

plicit Newmark integrator for time integration (Newmark, 1959).788

4.3.2 Initial and Boundary Conditions789

4.3.2.1 General Initial conditions for the displacement and velocity in the Euler-790

Lagrange equation (24) are given by791

φ(X, t0) = x0, φ̇(X, t0) = v0 in Ω, (25)

while the displacement (Dirichlet) and traction (Neumann) boundary conditions are re-792

spectively given by793

φ(X, t) = χ on ∂φΩ× I, PN = T on ∂TΩ× I. (26)

Here, ∂φΩ×I and ∂TΩ×I represent the domain boundaries along which displacement794

(former) or traction (latter) are prescribed.795

A key advancement in our model compared to the original ACE model (Frederick796

et al., 2021) is the inclusion of a time-varying wave pressure boundary condition in the797
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mechanics formulation, Equation (24). To our knowledge, this is the first instance of ac-798

counting for the mechanical action of wave forces on Arctic coastal erosion. This addi-799

tional Neumann boundary condition is applied on the bluff face boundary Γbf and cap-800

tures the pressure exerted by the ocean in contact with the bluff face. This pressure is801

dictated by the water exposure history which is most appropriately represented by a time-802

varying hydrostatic pressure due to the large simulation time step. Specifically, we set803

the pressure at the bluff face to804

p(t) = ρogwterr(t). (27)

Here, g, ρo, and wterr(t) denote the acceleration due to gravity, the ocean water density805

(ρo = 1022 kg/m3), and the water exposure history, respectively, as defined in Section806

3.1.807

We note that more advanced wave pressure formulations accounting for wave-induced808

pressures from orbital velocities within the waves (see Chapter 5 of (Holthuijsen, 2007)809

for linear wave theory, though nonlinear wave theory is more applicable in these shallow810

depths) or breaking waves (see (Partenscky, 1988)) could be considered. However, such811

formulations would require fine temporal resolutions to remain physically meaningful.812

4.3.2.2 Drew Point Application Initially, there is no displacement or movement813

in any of the modeled materials, i.e., x0 = 0 and v0 = 0. Symmetry boundary condi-814

tions are applied on the lateral and bottom boundaries: Γlat,x, Γlat,y, and Γbot. Specif-815

ically, zero displacement in the x-direction is prescribed on Γlat,x, zero displacement in816

the y-direction is prescribed on Γlat,y, and zero displacement in the z-direction is prescribed817

on Γbot. On the top boundary of the bluff, Γtop, a simple zero traction boundary con-818

dition is applied.819

In Equation (27), wterr(t) is shown in Figure 7. For all grid cells exposed to the ocean820

at a given time, the elevation of each grid cell is multiplied by gρo to calculate the time-821

varying hydrostatic pressure applied by the ocean for the simulation time step. Conse-822

quently, the hydrostatic pressure is vertically resolved for each time step.823

A summary of the initial and boundary conditions implemented in this study is pro-824

vided in Table 6.825

4.3.3 Material Model826

4.3.3.1 General As detailed in (Frederick et al., 2021), we employ a standard J2827

plasticity model extended to account for large deformations to simulate the mechanical828

behavior of permafrost. While this model is fully capable of capturing plastic deforma-829

tion, in this work, we limit its description to the elastic regime. This assumption aligns830

with the erosion framework, which removes elements upon reaching the yield stress, by-831

passing the plastic deformation regime (further discussed in Section 4.3.4).832

We choose this modeling approach for several reasons. Firstly, the scale of our ap-833

plication is sufficiently large to justify the use of an isotropic material model, which ad-834

equately represents the microstructural characteristics of ice, and by extension for ice-835

bonded sediments in permafrost. Secondly, the model requires minimal calibration and836

integrates seamlessly with the Albany LCM codebase, which houses our erosion frame-837

work (Frederick et al., 2021).838

For details on the full material modeling framework, including the formulation for839

plastic deformation regimes, the reader is referred to Appendix A of (Frederick et al., 2021).840

In this study, we adapt the mechanical material model for the purely elastic regime by841

incorporating dependence on porosity.842
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The thermo-mechanical response of the solids considered here is characterized by843

a free-energy density per unit undeformed volume of the form844

A = A(F , f, θ),

where F is the deformation gradient, f is the ice saturation, and θ is the porosity (Lee,845

1969). The mechanical response’s dependence on the thermal state is assumed to be cap-846

tured through variations in ice saturation.847

We assume that the free-energy density A has the form848

A(F , f, θ) = W e(F e, f, θ) (28)

where W e(F e, f, θ) is the elastic energy density per unit undeformed volume.849

A simple form of the resulting elastic energy is850

W e(ϵe, f, θ) = W e,vol(ϑe, f, θ) +W e,dev(ϵe, f, θ),

W e,vol(ϑe, f, θ) =
k(f, θ)

2
(ϑe)2,

W e,dev(ϵe, f, θ) = µ(f, θ)||dev(ϵe)||2,

(29)

where ϵe := 1
2 log(F

eTF e), ϑe = log Je, and Je := det(F e). In this framework, the851

yield stress Y (f, θ), bulk modulus k(f, θ) and the shear modulus µ(f, θ) are assumed to852

depend on the ice saturation and the porosity. For the bulk and shear moduli, this de-853

pendence is introduced to the elastic modulus E(f, θ), but not to the Poisson’s ratio ν,854

as855

k(f, θ) =
E(f, θ)

3(1− 2ν)
, µ(f, θ) =

E(f, θ)

2(1 + ν)
. (30)

From these expressions the Cauchy stress can be computed as856

σ := σvol + σdev, (31)

in which the volumetric component of the Cauchy stress is857

σvol := k(f, θ)vol(ϵe), (32)

and the corresponding deviatoric component of the Cauchy stress as858

σdev :=
2µ(f, θ)

Je
F e,−Tdev(ϵe)F e,T, (33)

and where vol(•) := 1
3 tr(•)I and dev(•) := (•)− vol(•).859

A measure of the shear stress in the material can be expressed as860

s(f, θ) := 2µ(f, θ)||dev(ϵe)||, (34)

and a simple yield stress function for perfect elasto-plastic material can be formulated861

simply as862

Yeff(f, θ) :=

√
2

3
Y (f, θ). (35)

A key development in the material model, with significant implications for the novel863

erosion criterion introduced in Section 4.3.4, involves considering the extent of shear de-864

formation that the material can undergo before being classified as eroded. This devel-865

opment also addresses how shear deformation interacts with variations in the elastic mod-866

ulus.867
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As ground-ice melts within ice-bonded sediments, it generates a slurry composed868

of low ice saturation, water, and sediment. This slurry undergoes denudation through869

a sloughing process, characterized by material stretching in both tension and shear. While870

the previous version of the ACE model (Frederick et al., 2021) captured thermo-denudation871

through tensile and compressive yield criteria, it did not account for shear deformation872

in the assessment of material erosion. In this approach, we extend the model to include873

the role of shear deformation in material failure.874

Shear deformation is quantified using the deviatoric right Cauchy-Green deforma-875

tion tensor, defined as876

γ =
||J− 2

3FTF ||√
3

(36)

where J and F are defined through Equation (29).877

This deviatoric strain, referred to simply as strain, reflects shear deformation when878

its values deviate from one. An erosion criterion is then introduced to impose a thresh-879

old on the amount of strain the material can experience before it is considered eroded.880

This strain limit can be defined as continuously varying throughout the material, which881

presents the opportunity to introduce a functional dependence on desired material prop-882

erties/composition. For example, from field observations, it is clear that intact plant ma-883

terial, such as roots and fibers, within the peat significantly increase the degree of strain884

before failure (see the vegetative mat in Figure 1(a)). These structures allow the mate-885

rial to extend and contract through relative motion between fibers, which holds the nat-886

ural material together and delays failure. Hence, we have chosen to define the strain tol-887

erance (detailed further in Section 4.3.4) to depend on peat mass fraction, which may888

serve as an analog for the presence of vegetation and root structures.889

In conjunction with the consideration of shear deformation, allowing the elastic mod-890

ulus (and, by extension, the bulk and shear moduli) to vary with f and θ enables the891

model to capture the changing mechanical behavior of ice-bonded sediment as it thaws.892

As shown in Figure 6, the elastic modulus decreases significantly in regions of low ice sat-893

uration, eventually reaching the minimum allowable elastic modulus value, Em. This re-894

sults in ice-bonded sediment material becoming increasingly compliant, experiencing larger895

deformations under a given stress, and ultimately leading to greater material failure as896

governed by the strain tolerance when approaching a more thawed state.897

Building on the concept of deformation described above, niche development is mod-898

eled in the context of accelerated deformation. When ocean water interacts with the ter-899

restrial environment, ice-bonded sediment transitions into an unconsolidated slurry, which900

eventually dissolves into the ocean. In the limit, this process can be interpreted as sig-901

nificant deformation of the ice-bonded sediment.902

To represent this transition, the material in contact with ocean water is assigned903

a distinct and lowered minimum allowable elastic modulus, Em,o, reflecting the slurry-904

like state where much larger shear deformations occur under a given applied stress. This905

approach effectively captures the dissolution of thawed ice-bonded sediment into ocean906

water, leading to niche formation. This conditional assignment of material properties is907

applied at each time step based on ocean wave exposure, as discussed in Section 3.2.908

A final important modification introduced in this study to the standard J2 plas-909

ticity model is the asymmetric treatment of the yield stress, Y (f, θ), under compression910

and tension. While the conventional J2 plasticity model assumes equal tensile and com-911

pressive yield stresses, more advanced geotechnical models capture the inherent asym-912

metry between these behaviors. Since ice, and by assumption, ice-bonded sediment, ex-913

hibits such asymmetric yield characteristics (see (Petrovic, 2003) or Figure 6(b-c)), we914
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implemented a distinct tensile yield strength to avoid the complexity of more intricate915

material models. As a result, while the material’s stress-strain response remains symmet-916

ric, the yield stresses in compression and tension are distinct. This adjustment enables917

the formation of tensile cracks in frozen permafrost regions, as demonstrated in (Thomas918

et al., 2020).919

In summary, the material model incorporates three essential concepts: (1) the de-920

pendence of the elastic modulus and yield strength on ice saturation and porosity, (2)921

accelerated deformation to capture niche development through a distinctly lowered min-922

imum allowable elastic modulus for ocean-contacted material, and (3) the asymmetry923

in compressive and tensile yield strength. These three aspects of the mechanical model924

are critical for governing the distinct erosion processes that the ACE model captures: thermo-925

denudation and thermo-abrasion, including appropriate niche formation and subsequent926

block collapse. Given the challenges in characterizing the mechanical properties of ice-927

bonded sediment, these components of the material model require careful tuning, with928

parameter selection forming the focus of the calibration study.929

4.3.3.2 Drew Point Application The mechanical model defines some of its ma-930

terial properties (i.e. density) by distinct material blocks, and hence multiple material931

blocks are defined within the computational domain as shown in Figure 4. Each block932

can possess distinct densities, material properties, and failure criteria. Table 6 lists the933

material constants used in the ACE model simulations and summarizes all material prop-934

erties employed in the calibrated results.935

Ice Wedge: The ice wedge is assigned standard values for density (920 kg/m3) and a936

constant elastic modulus (10 GPa), as reported in (Petrovic, 2003). A constant Poisson937

ratio of 0.3 is used, consistent with values found in the literature (Petrovic, 2003).938

Ice-bonded Sediment: Two ice-bonded sediment blocks are defined with distinct av-939

erage densities to better capture the variation observed in Figure 9(a). The top block940

ρ1 (1239 kg m−3) is obtained from the mean value of densities in Figure 9(a) between941

3.3 < z ≤ 4.7. The bottom block ρ2 (1733 kg m−3) is obtained from the mean value942

of densities in Figure 9(a) between 0.0 < z ≤ 3.3. The elastic modulus, E(f, θ), varies943

continuously throughout the domain and is defined according to the surface shown in944

Figure 6(a). For the minimum allowable elastic modulus (lilac plane in Figure 6(a)), two945

calibrated parameters are introduced: one specific to ocean contact and the other gen-946

eral, both of which are explored in Section 5. A constant Poisson ratio of 0.21 is employed,947

supported by prior experimentation (D. L. Bull et al., 2020).948

Peat: The peat block is mechanically distinct from the ice-bonded sediment block to949

account for the effects of root structures, which form a matted matrix in the peat layer.950

Observationally, it is common to see an overhanging vegetative mat of peat, as depicted951

in Figure 1(a). This block is assigned an average density, ρ, of 958 kg/m3, derived from952

the mean value of densities in Figure 9(a) between 4.7 < z ≤ 5.2. The elastic modu-953

lus, E(f, θ), for peat is the same as that of ice-bonded sediment (shown in Figure 6(b)).954

However, to better capture the mat’s ability to droop significantly without breaking, a955

higher minimum elastic modulus, Em, of 1× 105 Pa is assigned. A constant Poisson956

ratio of 0.21 is used, supported by prior experimentation (D. L. Bull et al., 2020).957
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Mechanical problem quantities

Property Value Unit

Ice Wedge Properties

Bulk density (ρice) 920 kg m−3

Elastic modulus (Eice) 10× 109 Pa

Poisson’s ratio (ν) 0.30 −

Ice-bonded Sediment Properties

Top layer bulk density (ρp1) 1239 kg m−3

Bottom layer bulk density (ρp2) 1733 kg m−3

Poisson’s ratio (ν) 0.21 −
Elastic modulus (E(f, θ)) Fig. 6 Pa

Minimum allowable elastic modulus (Em) 1.1×104∗ Pa

Minimum allowable elastic modulus in contact

with ocean (Em,o)

220∗ Pa

Peat Layer Properties

Bulk density (ρv) 958 kg m−3

Poisson’s ratio (ν) 0.21 −
Elastic modulus (E(f, θ)) Fig. 6 Pa

Minimum allowable elastic modulus (Em) 1× 105 Pa

Boundary conditions

Bluff back & bottom (Γlat,x, Γbot) Zero displacement m

Bluff laterals (Γlat,y) Zero displacement m

Bluff top (Γtop) Zero traction Pa

Bluff face (Γbf) Eq. (27) and zero traction Pa

Table 6. Properties and boundary conditions for the mechanical problem. Calibrated parame-

ters are denoted with asterisks∗, as discussed in Section 5.2.

4.3.4 Mesh Erosion958

4.3.4.1 General A unique feature of the terrestrial component of the ACE model959

is its ability to remove mesh elements based on topology manipulation according to a960

series of failure criteria, referred to as “mesh erosion.” During each timestep, failure cri-961

teria are evaluated at all 8 integration points within each element. Integration points that962

meet the failure criteria are marked as failed. Proper topological representation of the963

mesh to enable mesh element removal is essential for this process. As described in (Frederick964

et al., 2021), a graph representation for simplicial elements is adopted, which can be ex-965

tended to non-simplicial topologies (Mota et al., 2008).966

Many of the advances in the representation of material model, discussed in Section967

4.3.3, have been made to better represent erosion, and hence the criteria by which fail-968

ure and element removal are assessed. In the terrestrial ACE model, there are three main969

classes of failure: 1) when the ice saturation is low, 2) when the ice saturation is high,970

and 3) to preserve numerical solver stability. Each class of failure employs distinct cri-971

teria to evaluate element removal (presented respectively to prior list): 1) strain and stress972

criteria, 2) stress criteria, and 3) kinematic criteria. Two new failure criteria—strain and973
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tensile yield stress—are introduced here in addition to those presented in (Frederick et974

al., 2021). All criteria are summarized below.975

Strain criterion. This criterion addresses situations where the material is weak enough976

to deform significantly under low stress. It is defined as γ > γtol, where γ is given by977

(36), and γtol is a strain limit which will be represented as a function of Fpeat. This cri-978

terion specifically targets shear or deviatoric deformation, which is not fully captured979

by the other criteria. For this work, the relationship γtol ∼ 1.0 + Fpeat was chosen as980

the simplest form to reflect this behavior. For example, in the peat layer (where Fpeat ∼981

40%), the material can stretch approximately 10 times more than mineral soil (where982

Fpeat ∼ 3.5%) before failing. The minimum distortion tolerance, γtol = 1.04, corre-983

sponds to a material distortion of 4% of its original length before erosion in soils devoid984

of peat. As this criterion targets material experiencing larger deformations, it is more985

likely to act on material with a low elastic modulus (i.e. more compliant material).986

Compressive yield criterion. This criterion assumes that failure occurs when the shear987

stress in the material, s(f, θ) (given by Equation (34)), reaches the effective yield stress988

Yeff(f, θ) (given by Equation (35)). Thus, integration points in the mesh for which s >989

Yeff are marked for failure. Note here that the effective yield stress is dependent on the990

yield strength function developed in Section 2.1.2 and shown in Figure 6(b), with cor-991

responding minimum allowable value Ym, which is calibrated.992

Tensile yield criterion. Given that most geomaterials, such as ice-bonded sediment993

and ice, are weaker in tension, this criterion accounts for failure under tensile stress. This994

criterion assumes that for material in tension, failure occurs when max ((eigσ)) > σtol,995

where σ is the Cauchy stress given by (31), and σtol is a tensile stress tolerance. In this996

case, σtol is shown by as the upper plane Figure in 6(c). It is worth noting that mate-997

rial in tension may also fail in cases where s > Yeff but max ((eigσ)) < σtol; the pres-998

ence of σtol simply imposes an upper limit on the yield stress that is distinct in tension999

to capture this material weakening in tension. This concept is illustrated in Section 2.1.2,1000

Figure 6(c), where the yield surface derived for compression and minimum compressive1001

allowable yield Ym (lower lilac plane) are shown alongside the the tensile stress tolerance1002

σtol (upper lilac plane).1003

Angle criterion. This criterion removes elements from the mesh when their tilt exceeds1004

a specified angle. It is defined as | cos−1
[
1
2 (trR− 1)

]
| > ϕtol, where R is the rotation1005

tensor obtained from the polar decomposition of the deformation gradient F , and ϕtol1006

is a tilt angle tolerance.1007

Displacement criterion. This criterion removes elements based on excessive displace-1008

ment. It is defined as |u| > utol, where u is the displacement vector at a material point,1009

and utol is a displacement tolerance.1010

4.3.4.2 Drew Point Application For all materials, failure occurs only when all1011

8 integration points of a hexahedral element surpass the specified thresholds summarized1012

in Table 7. Additionally, the following kinematic criteria are applied regardless of ma-1013

terial: a tilt angle tolerance, ϕtol > 1.4 rad, and a displacement tolerance, utol > 0.351014

m, will result in failure. These criteria help maintain numerical solver stability when el-1015

ements tilt or displace excessively, often due to the removal of neighboring elements by1016

the strain and yield criteria. As shown in (D. L. Bull et al., 2020), observations of tilt1017

indicate angles of 0.2 rad can be sustained for long periods. Hence, since the main de-1018

sign of these criteria is numerical solver stability, conservative tolerances are chosen.1019

Ice Wedge: Failure criteria for the ice wedge are based on standard values in the lit-1020

erature. Compressive stresses exceeding Yeff,ice > 5 MPa and tensile stresses exceed-1021

ing σtol,ice > 1.43 MPa will result in failure (Petrovic, 2003). The strain criterion is1022

not applied to the ice wedge due to the high elastic modulus, Eice, assigned to the ma-1023

terial.1024
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Ice-bonded Sediment and Peat: Experimental investigation, described in Section1025

2.1.2, was required to establish the material behavior controlling the failure criteria for1026

ice-bonded sediments. However, these experimental investigations revealed that captur-1027

ing the mechanical behavior, especially at low ice saturation and/or porosity, could be1028

very difficult. Hence, many of the tolerances which dictate failure require calibration as1029

detailed in Section 5.2. To succinctly summarize all criteria, we present calibration val-1030

ues obtained in Section 5.2 here. The yield strength, Ytol(f, θ), is shown in Figure 6(a),1031

while the minimum allowable compressive yield value, Ym, was calibrated to be 5.0×1032

106 Pa. The tensile stress tolerance, σtol, was informed by measured values in Figure 6(c),1033

and was calibrated to be 1.4×105 Pa. The strain limit is defined as γtol = max(1.04, 1.0+1034

Fpeat), where Fpeat represents the fraction of peat in the sediment mixture. For exam-1035

ple, in the peat layer (where Fpeat ∼ 40%), the material can stretch approximately1036

10 times more than mineral soil (where Fpeat ∼ 3.5%) before failing. The minimum1037

distortion tolerance, γtol = 1.04, corresponds to a material distortion of 4% of its orig-1038

inal length before erosion in soils devoid of peat.1039

Erosion criteria related quantities

Property Value Unit

Consistent across material

Angle of rotation (ϕtol) 1.40 radians

Displacement (utol) 0.35 m

Number of failed nodes 8 −

Ice Wedge

Compressive yield stress (Yice) 5.0× 106 Pa

Tensile yield stress (σtol,ice) 1.43× 106 Pa

Strain N/A

Ice-bonded Sediment and Peat

Compressive yield stress (Y (f, θ)) Fig. 6(a), with Ym = 5×
104∗

Pa

Tensile yield stress (σtol) 1.4× 105∗ Pa

Strain (γtol) max(1.04, 1+Fpeat) −

Table 7. Erosion criteria properties utilized. Calibrated parameters are denoted with

asterisks∗, and are described further in Section 5.2.

4.4 Sequential thermo-mechanical coupling1040

4.4.1 General1041

The coupling between the thermal and mechanical PDEs defining the ACE terres-1042

trial model is performed on a time-step by time-step basis via a sequential coupling al-1043

gorithm modeled after the existing iterative alternating Schwarz-based coupling frame-1044

work available in Albany-LCM (Mota et al., 2017, 2020).1045

In general, the coupling approach is represented in Figure 2 and is described more1046

fully below. For a given time k, timestep ∆tk, and bluff geometry Ωk, the thermal step1047

is solved first for temperature and ice saturation fields Tk+1 and fk+1, which are provided1048

to the mechanical step to update material models dependent on ice saturation. Next, the1049

mechanical step solves for the material stresses, displacements, and any occurring ero-1050

–34–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

sion, yielding the (potential) new geometry Ωk+1 which is provided to the subsequent1051

thermal step. We emphasize that there is no direct dependence between the thermal and1052

mechanical PDEs; instead, the dependence/coupling happens implicitly through the rel-1053

evant material models and the evolving mesh geometry.1054

Given that mechanical failure, like the block failure shown in Figure 1(d), can oc-1055

cur on vastly different time scales (e.g., fractions of a second) compared with the ther-1056

mal problem dynamics (e.g. tens of minutes to hours), the coupling method also features1057

an adaptive time stepping, which is central to enabling the capture of both primary modes1058

of erosion – denudation and block failure. The adaptive time stepping algorithm is trig-1059

gered for timesteps where a given step is deemed unsuccessful – typically, when the me-1060

chanical solver has not converged (due to fast-moving dynamics that are not temporally1061

resolved appropriately). If a thermo-mechanical solve is unsuccessful, the time-step ∆tk1062

is reduced by a given reduction factor rf (where 0 ≤ rf ≤ 1) and the solution pro-1063

cess is repeated without updating the geometry until a successful solve is achieved. In1064

contrast, if a given solve is successful, the time-step is incremented based on the previ-1065

ous time-step multiplied an the amplification factor af (where af > 1), but not allowed1066

to surpass a maximum allowable timestep ∆tmax (which is predominantly the govern-1067

ing timestep for a simulation). The time-step amplification serves to regain a generally1068

desired time-step value once the simulation has stabilized after a period of required time-1069

step reductions. The coupling algorithm and time-step adaptation logic is outlined in1070

Algorithm 1.1071

Algorithm 1: Sequential thermo-mechanical coupling algorithm with adap-
tive time-stepping.
Let us denote the following: Ω0 as the initial domain on which the problem
is solved; ∆t0 the initial timestep, ∆tmin the minimum allowable timestep,
∆tmax the maximum allowable timestep (and the predominantly used timestep
throughout the simulation) t0 and tfinal as the initial and final simulation
times; rf ∈ [0, 1] as the “reduction factor” for the time-step adaptation; af ≥ 1
as the “amplification factor” for the time-step adaptation.

Given: ∆t0, tfinal, t0, ∆tmin, ∆tmax, rf , af , Ω0;

Set k = 0;

while time tk < tfinal do

Set tk+1 = tk +∆tk;

Advance thermal problem in Ωk from tk to tk+1, extract ice saturation, fk+1(Tk+1);

Advance mechanical problem in Ωk from time tk to tk+1 with updated material

models based on ice saturation fk+1(Tk+1), which will produce (possibly new

eroded) geometry Ω̃k+1;

if time advancements are successful then

Set ∆tk+1 = min(af∆tk,∆tmax), k = k + 1, Ωk = Ω̃;

else
Set ∆tk = max(rf∆tk,∆tmin);

end

end

1072

Thanks to the modular design of Albany-LCM, users can select from a variety of1073

time-integration methods available within the Piro and Tempus packages of Trilinos1074

for advancing the semi-discretized model forward in time. Our coupling algorithm does1075

not specify which time-integration scheme must be used to advance the thermal and me-1076

chanical problems. This enables us to advance the thermal problem explicitly with For-1077

ward Euler and the mechanical problem implicitly with the standard trapezoial rule New-1078

mark (Newmark, 1959) scheme (Newmark parameters: β = 0.25, γ = 0.5). It turns1079
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out that this feature is critical to good computational performance of the coupled model;1080

additional disadvantages of employing a monolithic solve are detailed in (Frederick et1081

al., 2021).1082

4.4.2 Drew Point Application1083

The general timestep utilized (corresponding to ∆tmax) for the presented calibra-1084

tion simulations is 900 seconds (or 15 minutes). For the time-step adaptation, we uti-1085

lize a minimum allowable timestep ∆tmin = 1× 10−6, a reduction factor rf = 0.5, and1086

an amplification factor af = 1.2. In the calibrated simulation case, timestep reduc-1087

tion is utilized for 1, 530 out of the 11, 074 total simulated timesteps (roughly 15% of the1088

steps); i.e. the 900 second timestep is utilized for ∼ 85% of the steps.1089

5 ACE Model Calibration1090

For the presented work, the ACE model calibration is focused on four parameters1091

related to mechanical material properties of the modeled ice-bonded sediment. The pa-1092

rameters, first introduced in Section 2.1.2 and described further in Section 4.3.3, are the1093

minimum allowable compressive yield strength Ym, the minimum allowable elastic mod-1094

uli (general and ocean-contacted) Em and Em,o, and the tensile yield strength σtol. In1095

particular, the goal of the calibration is to (1) understand the impact of these param-1096

eters on erosion behavior and (2) identify appropriate values to capture the distinct mech-1097

anisms of erosion were observed at Drew Point during the 2018 field campaign (D. L. Bull1098

et al., 2020; Ward Jones et al., To be Submitted).1099

As a result, this section is organized as follows. First, Section 5.1 describes the bluff1100

face erosion and niche formation measurements taken in the field study which are used1101

to establish “target erosion behavior” to capture for model calibration. Section 5.2 out-1102

lines the simulation studies conducted to determine calibrated values for each of the pa-1103

rameters outlined above, and discusses the influence these parameters have on modeled1104

erosion behavior. Lastly, Section 5.3 explores simulation results from the calibrated model,1105

assesses model performance compared with observational data, and draws insights regard-1106

ing erosion failure mechanisms used in the model.1107

5.1 Calibration Observations1108

5.1.1 Bluff Face Erosion Measurements1109

Bluff face erosion measurements were collected through four repeat AUV surveys1110

as well as from daily-resolved time-lapse calibrated images. These measurements are most1111

representative of the changes experienced at the top of the bluff. Both measurements1112

are employed in the calibration and are described below.1113

A quad-rotor phantom AUV acquired repeat images along a 1.5 km stretch of coast-1114

line (highlighted as a dashed yellow line in Figure 3) on Jul. 25, Jul. 30, Aug. 04, and1115

after block collapse on Sept. 30 2018 (note, all dates and times are presented in Green-1116

wich Mean Time (GMT)). Images were processed into orthomosaics and digital surface1117

models (DSM) using Pix4d software that relied upon 24 ground control points established1118

with Leica differential GPS as described in detail in (Ward Jones et al., To be Submit-1119

ted). We further processed the data into products that represented the bluff edge in or-1120

der to determine erosion rates using the USGS DSAS tool (Himmelstoss et al., 2018). We1121

extracted the bluff edge using a 100% change in slope based on the DSM data and this1122

vector file was manually corrected to account for any noise evident in the nearshore set-1123

ting. Figure 11 shows the generated shoreline near the calibration site for each AUV mea-1124

surement during the summer of 2018. Changes in the location of the bluff edge were used1125

to calculate erosion rates and differentiate between erosion types (block failure vs. de-1126
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Figure 11. A series of processed images after bluff edge extraction for a portion of the 1.5 km

stretch of Drew Point coastline acquired by AUV. The locations of the vertical thermistor (red)

and time lapse camera (yellow) are shown by the colored dots in the first panel. As identified by

the camera, bluff collapse at the thermistor location occurred on Sept. 1 2018.

nudation) as aggregated over the 1.5 km stretch in (Ward Jones et al., To be Submit-1127

ted).1128

Twelve transect lines intersect with the calibration polygon with the red dot in Fig-1129

ure 11, providing a spread in erosional measurements. The average values of erosion be-1130

tween Jul. 25 to Jul. 30 and Jul. 30 to Aug. 4 were 0.28 ±0.22 m and 0.27 ±0.22 m re-1131

spectively. However, these average values encompass a wide variability as the standard1132

deviations show. Thermo-denudation data from each transect line is presented in Fig-1133

ure 12 as a scatter of points on each day. No individual transect will be selected as most1134

representative, but the entire range will be used for calibration. The last survey on Sept.1135

30 reveals a total erosional average of 5.82 ±2.13 m since Jul. 25; although some denuda-1136

tion likely occurred between Sept. 1 and Sept. 30, this can be mostly attributed to the1137

block failure.1138

A time-lapse camera (Buckeye cam x80 model) was installed in April in the cen-1139

ter of the permafrost polygon neighboring the polygon with a vertical thermistor probe1140

(see the yellow dot in Figure 11). Figure 13 presents photographs of and from the time1141

lapse camera at the calibration site. It was configured to take hourly photos and doc-1142

uments the polygon with the vertical thermistor breaking along an ice wedge between1143

Aug. 31 and Sept. 1 2018 (Figure 13). Photographs from this camera were analyzed us-1144

ing reference distances to create a daily record of bluff top erosion. Daily amounts of thermo-1145

denudation between Jul. 1 and Aug. 31 from this analysis is presented in Figure 12 as1146

a black dashed line. As established by the camera, on Sept. 1 the block has collapsed1147

with a corresponding total erosion distance of 5.55 m since Jul. 25.1148

Comparison of the thermo-denudation measurements in Figure 12 show that the1149

camera measurement underestimates the high resolution AUV measurements for the ma-1150

jority of the transects. However, there are at least 4 of the transects (four markers in Fig-1151

ure 12) for which the AUV and camera measurements are in concert. Additionally, the1152

overall magnitude of erosion (estimated as 5.55 m from camera between Jul. 25 and Sept.1153

1 and 5.82 m from AUV between Jul. 25 and Sept. 30) are also in unison.1154

This analysis sufficiently constrains the daily resolution erosion values from the cam-1155

era such that it can serve as the basis for the denudation comparisons. The AUV mea-1156

surements and total erosion estimates indicate that slightly more aggressive denudation1157

values may be acceptable and potentially more valid.1158
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Figure 12. Time series of erosion measurements near the top of the bluff from the 12 AUV

transects (gray markers) and the time-lapse camera (dashed black line). The grey shading in-

dicates periods of ocean storms (Figure 7) and blue hatched shading corresponds to the time

period of warming thermistor sensors (red lines in Figure 14). The green dashed line above the y-

axis break represents the thermistor location on Jul. 1. The bottom of the bluff should approach

the green line where it intersects with the blue hatching. Calibration studies will employ these

observations as targets in Section 5.2.
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Figure 13. Photographs of and from the time lapse camera documenting the calibration site;

(a) shows the neighboring locations of the camera and thermistor as seen from a boat, (b-d) show

a series of time-lapse photographs looking west towards the thermistor probe documenting the

pre- and post- block breakage event. The stationary field of view confirms measurable denudation

between (b) and (c). Although blurry, it is clear in (d) that the block broke at the ice wedge as

the orange marker and white box are now almost out of frame. Pictures have been lightened and

the orange markers and white box artificially enhanced for clarity.

5.1.2 Niche Development Measurements1159

Niche measurements are inferred from vertically resolved temperature changes ob-1160

served at the calibration polygon with the red dot in Figure 11. A vertical thermistor1161

string was installed within the ice-bonded sediment borehole in April; using the AUV1162

survey and erosion information presented above, it has been determined that this was1163

at a distance of 3.5 m inland from the ocean on Jul. 1. Shavings from boring were added1164

around the thermistor and the vegetative mat used to plug the top of the borehole. The1165

D405 BeadedStream satellite telemetered datalogger with a 5.5 m long standard digital1166

temperature cable recorded temperature values every day from Apr. 22 to Jul. 20 and1167

then hourly from Jul. 20 through the block failure event. The thermistor string had 101168

sensors measuring temperature changes at the following bluff elevations: -0.3, 0.0, 0.2,1169

0.5, 0.7, 1.7, 2.7, 3.7, 4.2, and 4.7 m.1170

Select temperature measurements between Jul. 1 and Sept. 1 are shown in Figure1171

14. These temperature records uniquely capture niche formation that ultimately led to1172

block collapse. As the lower portion of the vertical thermistor became exposed to the1173

environment (a combination of atmospheric and ocean water between 273-276 K between1174

Aug. 15 and Sept. 1 (see Figure 8)), the temperatures distinctly increased relative to the1175

bluff temperature thus encoding the first known observation of evolving niche geometry,1176

and ensuing block collapse as captured by the camera, along the Arctic coastline.1177

The first period of observed niche development is seen between Aug. 15 and Aug.1178

25 (see red lines in Figure 14) and is associated with three closely spaced storms (47, 12,1179

and 17 hours in duration) during which water height exposures of up to 0.9 m occurred1180

(as shown in dark blue in Figure 7). The temperatures indicate that the borehole is still1181

frozen, however a niche is close enough such that thermal conduction is warming the ther-1182

mistor. This time period when the niche is close to the thermistor probe, but the probe1183
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is not yet reading ocean/atmospheric temperatures, is identified with blue cross-hatched1184

shading in Figure 12 spanning Aug. 20 through Aug. 29.1185

Next, a faster and more significant niche progression occurred during the second1186

storm between Aug. 29 and Sept. 1; this time period, just before block breakage, is as-1187

sociated with a 95-hour long storm starting on Aug. 29 resulting in exposures up to 11188

m in height (see dark blue in Figure 7). Let us recall that the thermistor is located 3.51189

m back from the initial bluff face location. Then, by examination of which thermistor1190

elevations possess ∼ ocean/atmospheric temperatures in Figure 14, an estimation of the1191

niche geometry can be ascertained as follows. The niche is at least 3.5 m deep (as indi-1192

cated by our green dashed line on Figure 12): (a) on Aug. 29, 17 hours at z = 0.2 m el-1193

evation, (b) on Aug. 29, 19 hours, at z = 0.5 m elevation, (c) by roughly Aug. 29, 20-1194

21 hours, at z = 0.7 m, (d) and just before collapse Sept. 1, 0 hours, at z = 1.7 m. Com-1195

bined this implies that a niche of at least 3.5 m depth and greater than 1.7 m height (as1196

implied by the vertex of the green lines in Figure 14) would have formed by the time the1197

block failure event happened. As noted above, the time-lapse camera confirms failure1198

at this last measurement on Sept. 1 at 0 hr and the erosion observations (AUV and time-1199

lapse camera generated) estimate the width of the block between 5.5 - 5.8 m right be-1200

fore the block collapse.1201

The green dashed line and blue hatched shading in Figure 12 will serve as a tar-1202

get in the calibration study when assessing the modeled niche formation. During the time1203

period spanning Aug. 20 through Aug. 29 (blue hatched shading) elevations between 01204

and 0.7 m should be close to the green dashed line. After Aug. 29, these elevations should1205

surpass the green dashed line and, although not observed, the depth of the niche will sur-1206

pass 3.5 m. By Sept. 1, elevations up 1.7 m should surpass the green dashed line.1207

5.2 Calibration Study1208

Calibration studies were conducted in a step-by-step manner to best assess the in-1209

fluence of individual parameters (the minimum allowable compressive yield strength Ym,1210

the minimum allowable elastic moduli (general and ocean-contacted) Em and Em,o, and1211

the tensile yield strength σtol) on resulting erosion behavior and select appropriate val-1212

ues. First, a Ym was selected. Next, a large parameter sweep on Em and Em,o was con-1213

ducted to facilitate a study of these parameters’ effect on erosion and interaction with1214

one another. During this phase of the study, the tensile yield criterion was deactivated1215

– this enabled an examination of the growing tensile stress in the back of the bluff through-1216

out the summer and around the observed block collapse date, to establish a range of σtol1217

to be considered for calibration. A subset of results from this large study can be seen1218

in Supporting Information Text S2 and Figure S1 . At this point, a final value for Em1219

was selected based upon upper-bluff denudation, and a finalized smaller range of eligi-1220

ble Em,o values was identified. Then, a smaller parameter sweep (see Supporting Infor-1221

mation Text S3 and Figure S2 ) was conducted on Em,o and σtol, using bounds for σtol1222

established in the previous stage. This was used to select a final Em,o and σtol in con-1223

cert based on niche formation and block collapse.1224

Finalized parameter studies and their effect on erosion sensitivity are shown in Fig-1225

ures 15 and 16; Figure 15 highlights the erosion sensitivity with varying Em and Em,o1226

with the tensile yield strength σtol set to its final calibrated value, while Figure 16 shows1227

erosion sensitivity with respect to varying σtol, with Em and Em,o set to their final cal-1228

ibrated values. Details of the calibration studies and individual parameter selection are1229

presented below.1230
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Figure 14. Permafrost borehole temperature profile showing evolution of permafrost tem-

perature over the calibration period and niche development. Thermistor measurement data is

depicted in lines, while USGS probe data is shown in markers. Thermistor measurement loca-

tions are shown on the left axis with solid squares relative to the top of the bluff at 5.2 m. The

bluff toe is at 0 m and matches the oceanographic reference frame. Initial niche development oc-

curred between Aug. 15 and Aug. 20, as indicated by a localized temperature rise in the dashed

red lines. Secondary niche development that led to block failure began on Aug. 29 with the series

of green lines; on Aug. 29 at 19 GMT, the thermistor becomes exposed to the warmer ocean

water and atmospheric temperatures. Niche height grew to approximately 2 m between Aug. 29

and Sept. 1 prior to block failure.
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5.2.1 Minimum Allowable Compressive Yield Strength1231

A range of minimum allowable compressive yield strengths were considered. The1232

two guiding considerations were: (1) ensuring a lack of run-away compressive failure at1233

the back of niche and (2) establishing low yield strengths for regimes of low ice satura-1234

tion. These two considerations were in balance with one another: the runaway niche be-1235

havior required a large value and the other a small value.1236

The minimum allowable strength was set first to be 0.05 MPa, i.e., the magnitude1237

of the lilac plane in Figure 6 was set at 0.05 MPa. This value was informed by extend-1238

ing the behavior observed in (Li et al., 2015; Rehman et al., 2018) to water content lev-1239

els comparable with what are considered in this model. After evaluating performance1240

over multiple simulations this value was determined to achieve satisfactory performance1241

and hence a formal sensitivity analysis was not performed.1242

5.2.2 Minimum Allowable Elastic Modulus1243

The minimum allowable elastic modulus (Em) directly controls the amount of strain1244

(e.g., shear deformation) of material in response to a given stress in regimes of low ice1245

saturation and/or porosity. In the current calibration study, the porosity values for the1246

domain never go below ∼ 30%, and so regions of low ice saturation are the dominat-1247

ing regimes where this value is active. This dictates the material behavior of the thawed1248

ice-bonded sediment which primarily resides at the bluff face (see the ice saturation pro-1249

files in the center column of Figure 18). As a result, this value controls thermo-denudation;1250

low values of Em enable large deformations of thawed material which can then surpass1251

the strain removal criterion.1252

To select the optimal value of the minimum allowable elastic modulus active gen-1253

erally throughout the ice-bonded sediment material, observed rates of denudation from1254

repeated AUV surveys and daily photographs were compared with simulated rates of de-1255

nudation. The comparison focused on high elevations (z = 4.5, 4.0, and 3.5 m) as the1256

observations were representative of the top of the bluff. A large sensitivity study with1257

Em ranging from 7.5× 103 to 1.6× 104 Pa was launched.1258

As discussed in Section 4.3.3, ocean water interacts with thawed ice-bonded sed-1259

iment in a way that dissolves the sediment into the ocean over time. This process is rep-1260

resented by applying a distinctly lowered minimum elastic modulus for ocean-contacted1261

material (Em,o) to allow for larger deformations and subsequent larger rates of erosion1262

per the strain limit criteria. Consequently, this value largely controls the rate of niche1263

formation.1264

To select the optimal value of the minimum elastic modulus for ocean-contacted1265

material, the observed niche geometry (as inferred from the thermistor location and mea-1266

surements shown in Figure 14) was compared with simulated niche geometry. To facil-1267

itate the large sensitivity study, considered values for Em,o were initially treated simply1268

as a fraction of the Em, with the fractional relationship Em

Em,o
ranging from 1− 2000.1269

Sensitivity of these parameters was studied simultaneously as there is interaction1270

between the material response in the upper and lower bluff (i.e., changed niche geome-1271

tries will affect stresses and deformations in the top of the domain for instance). For this1272

study, the tensile yield criterion was effectively deactivated by holding σtol at an artifi-1273

cially high value of 1000 MPa. This allowed for a more focused study on thermo-denudation1274

in the domain with Em, niche development with Em,o, and tensile stress evolution in the1275

domain. Supporting Information Text S2 illustrates a subset of these simulations in Fig-1276

ure S1 .1277
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5.2.3 Tensile Yield Strength1278

Significant interaction between the niche geometry and the accumulated tensile stress1279

is anticipated from the results presented in (Thomas et al., 2020). As Em,o plays a strong1280

role in dictating niche formation, the combined selection of Em,o and σtol largely gov-1281

ern the modeled thermo-abrasion. Thus, σtol was co-optimized in a sensitivity study with1282

Em,o, using a constant Em = 1.1× 104 identified in the previous stage of calibration.1283

Since the parameter sweep on Em and Em,o (shown in Supporting Information Text S21284

and Figure S2) was completed such that no block failure could occur, interrogation of1285

the tensile stress at the back of the bluff enabled identification of an appropriate range1286

of tensile yield strength values to simulate. As a result, four tensile yield values of 0.12,1287

0.13, 0.14, and 0.15 MPa were simulated for each Em,o 55.0, 110.0, 220.0, 550.0 Pa.1288

The observations guiding the most appropriate performance were: 1) inducing block1289

failure within 3 days of the observed failure, 2) achieving block failure near the ice wedge1290

as was observed, and 3) reproducing the observed niche geometry as closely as possible.1291

Supporting Information Text S3 and Figure S2 in presents results for all of these com-1292

binations.1293

5.2.4 Calibrated Values1294

The interaction between the calibration parameters Em, Em,o, and σtol and their1295

impact on thermo-denudation and thermo-abrasion can be best understood via two fi-1296

nal sets of simulations, where each set varies two of the parameters and holds the third1297

constant. These are presented in Figures 15 and 16: Figure 15 varies Em and Em,o us-1298

ing a constant calibrated σtol = 1.4× 105 Pa, while 16 varies σtol when Em,o is 220 Pa1299

with a constant calibrated value of Em = 1.1× 104 Pa. Together, these studies show-1300

case the performed calibration in both thermo-denudation and thermo-abrasion.1301

Figure 15 presents the co-optimization of Em (varied along the columns) and Em,o1302

(varied along the rows). As depicted in Figure 12, the camera observed rates of denuda-1303

tion are shown as a continuous black dashed line in Figure 15 while the more aggressive1304

AUV measurements are shown with the markers. As the camera observed the top of the1305

bluff, optimization occurs by evaluating the simulated high elevations (5.0, 4.5, 4.0, and1306

3.5 m) against the observed values. Since the vegetative mat is simulated with distinct1307

material characteristics, heavier emphasis is placed on matching the 4.5 (rose), 4.0 (yel-1308

low), and 3.5 (olive) m elevations to the time-lapse camera and AUV measurements.1309

As described in Section 5.1.2, the location of the thermistor and the timing of ther-1310

mistor warming serve as targets in matching observed niche behavior. Figures 12 and1311

15 highlight the thermistor location 3.5 m back from the initial bluff face with a green1312

dashed horizontal line, and the date range of thermistor exposure to warming temper-1313

atures during Aug. 20 - Aug. 29 with a blue shaded and hatched rectangle. The target1314

behavior for the 0 ≤ z < 1.0 lines (purple, dark blue, and blue lines in Figure 15) as1315

outlined in Section 5.1.2 is to: (a) approach the thermistor location, but not reach it, by1316

Aug. 20 (b) reach the thermistor location by Aug. 29 (c) show stratification of approach1317

to the thermistor location by elevation (i.e. z = 0.25 line reaches thermistor before1318

z = 0.5 line, etc.), as the thermistor data indicates elevations z = 0.2, z = 0.5, z =1319

0.7 first reached thermistor location on Aug. 29 at roughly 17, 19, and 21 hours respec-1320

tively.1321

The center larger panel in Figure 15 achieves both of these targets with a calibrated1322

value of 1.1× 104 Pa for Em paired with an Em,o of 220 Pa. The selection of the opti-1323

mal Em,o value is dependent upon σtol with Figure 16 revealing the differing niche ge-1324

ometries with distinct σtol. Looking across the multiple panels of Figure 15, the degree1325

of control that Em and Em,o exert over erosion and hence bluff geometry is large. Val-1326

ues of Em that are too low can result in accelerated denudation (left column), while val-1327
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Figure 15. Erosion sensitivity with respect to varying combinations of Em (columns) and

Em,o (rows). Each panel represents a distinct combination of calibration parameters. Within

each panel: observed erosion measurements are shown with the time-lapse camera (dashed black

line) and 12 AUV transects (gray markers); simulated rates of erosion are shown as a function

of elevation through distinctly colored lines; and grey shading indicates periods of ocean storms,

blue hatched shading corresponds to the time period of warming thermistor sensors (red lines in

Figure 14), and the horizontal green dashed line indicates the thermistor location. A simulation

calibrated for Em is one in which high elevations match the dashed black line and low elevations

approach and then surpass the green dashed line within the blue shading. ice-bonded sediment

material stiffness is increased as one moves down and to the right across the panels. The bottom

row represents simulations for which Em = Em,o – there is no differentiating material property

with and without ocean contact.
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Figure 16. Erosion sensitivity with respect to varying σtol, as displayed on the titles of each

panel, for Em = 1.1× 104 Pa and Em,o = 220 Pa. These panels focus on the time period when the

thermistor was recording the niche geometry and only on the lower elevations (z = 0, 0.25, 0.5,

and 1.0 m) in comparison to Figure 15. Differences in the niche geometry are clearly a function

of σtol, with 1.4× 105 Pa obtaining the desired characteristics (close to the green line at the begin-

ning of the blue cross-hatched shading and surpassing the green line after the blue cross-hatched

shaded region with good stratification) whilst still achieving block failure within 2.5 days of the

observed.

ues that are too high will suppress most denudation (right column). This is also true of1328

Em,o; when Em,o is very low (top row) it is clear that the niche develops quickly, whereas1329

when it is high (bottom row) it takes much longer to develop. Furthermore there is a clear1330

interaction between Em and Em,o; for instance, achieving more aggressive rates of denuda-1331

tion at the top of the bluff favors lower values of Em, however, these low values result1332

in niche geometries that progress too fast (left column). Additionally, the relevance of1333

applying an Em,o that is distinct from Em to help account for ocean contact is clear; sce-1334

narios where the two parameters are equal (bottom row) result in incorrect niche geome-1335

tries with concave shapes (i.e., 0.0 erodes less than 0.25 m).1336

Figure 16 shows the effect of distinct tensile yield strengths with the calibrated Em1337

and Em,o values. A Em,o calibrated value of 220 Pa was selected as this consistently showed1338

the niche geometries close to the desired shape (close to the green line at the beginning1339

of the blue cross-hatched shading and surpassing the green line after the blue cross-hatched1340

shaded region with good stratification). Evaluating the effect of the tensile yield on both1341

niche geometry and block breakage date in Figure 16 reveals premature breakage for val-1342

ues that are too low and delayed breakage for values that are too high. A final calibrated1343

value of 1.4×105 Pa was selected as the shape of the niche achieved higher depths across1344

taller elevations whilst still causing block breakage withing a few days of the observed1345

breakage.1346

As clearly shown in Figure 6(c) the calibrated value is lower than the majority of1347

the experimental values, except one point. Previous literature, (Hoque & Pollard, 2009),1348

calibrated the tensile yield to lie between 1.0× 105 - 2.0× 105 Pa and (Barnhart, An-1349

derson, et al., 2014) employed the upper value of 2.0× 105 Pa from (Hoque & Pollard,1350

2009) in her simulations. Thus, even though this is lower than the experimental values,1351

it does fall within previously identified ranges. Additionally, as shown in Figure 16, even1352

moving to 1.5× 105 Pa results in a significant delay for block breakage and it is clear1353

that selecting a much higher value that is representative of the experimental values would1354

not result in block breakage. It is also worth noting that tension at the back of the bluff1355

is developed by the weight of the elements overhanging the niche, and this optimized value1356

may be affected by the simulation domain’s constraint to a slice that is only one element1357

thick.1358
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5.3 Calibrated Results1359

The results presented below employ the calibrated values obtained in the studies1360

above of Ym = 5.0× 104 Pa, Em = 1.1× 104 Pa, Em,o = 220.0 Pa, and σtol = 1.4× 1051361

Pa, and the parameter values identified in Tables 5, 6, and 7.1362

5.3.1 Thermal Evolution1363

5.3.1.1 Comparison between modeled and observed ground temperature In com-1364

paring the modeled thermal evolution against observational data, two temperature probes1365

were utilized – the USGS probe at Drew Point (Urban & Clow, 2018; Urban, 2021), and1366

the thermistor probe installed in a borehole 3.5 m from the bluff face on Jul. 1, 2018,1367

previously described in Section 5.1.2. The USGS probe provides ground temperature mea-1368

surements at depths up to 120 cm (elevations 4.0 < z < 5.2 m), while the vertical1369

thermistor string provides readings at elevations at −0.3 < z < 4.5 m. The modeled1370

thermal evolution is compared with observations from each of these probes, and the dif-1371

ference between observed and simulated subsurface temperatures, Tprobe − Tsim, is dis-1372

played in Figure 17(a-c). Panel (a) highlights differences varying with elevation for se-1373

lected dates in color, with triangle markers denoting USGS comparison and circle mark-1374

ers denoting thermistor comparison, while Panels (b-c) show differences evolving in time1375

with elevations noted in color, comparing against (b) the USGS probe and (c) the ver-1376

tical thermistor string. For all plots, the uncertainty between probes is established by1377

taking the maximum difference between the thermistor string and USGS probe obser-1378

vations at overlapping elevations over the time period considered, which is ∼ 0.4 K.1379

We choose to plot dates from Jul. 1 - Aug. 19, as afterwards the thermistor begins to1380

experience warming due to the approaching niche, and temperature comparisons at low1381

elevations are less informative due to differences in timing between modeled and observed1382

niche incursion.1383

In general there is good agreement between modeled and observed temperatures1384

at either lower (z < 2 m) or higher (z > 4.75 m) elevations. This is to be expected,1385

as the lower elevations feature less temperature change overall, and the higher elevation1386

points are closer to the domain boundary at z = 5.2 m, which uses the USGS tem-1387

perature at 5 cm depth as a boundary condition on the temperature. At the middle el-1388

evations (2 < z < 4.75) there is a greater difference between modeled and observed1389

temperatures; the highest deviations reach ∼ 1.5− 2.0 K by the end of the 1.5 month1390

period, with both observational probes measuring a higher temperature than the mod-1391

eled. The differences also grow slightly over time, suggesting that the observational probes1392

experienced a higher rate of warming at these elevations compared with the model.1393

Upon first glance, this finding is a bit surprising – we expected to best match the1394

observed temperature from the vertical thermistor probe, because the thermal material1395

properties and freezing curve characteristics utilized for the study (Section 4.2.3, Figures1396

9, 10) were derived using constituent material characteristics obtained from cores taken1397

from that exact location (Section 2.1.1, Figure 5). However, even at comparable eleva-1398

tions where data from both probes is available (i.e. z = 4.2−4.5), there is better agree-1399

ment with the USGS probe than the thermistor. One potential explanation for this is1400

simply that the USGS probe temperature was used as a boundary condition for the top1401

of the modeled bluff; it is possible that the location of the vertical thermistor string saw1402

slightly different upper elevation temperatures than the USGS probe, and thus has a slightly1403

differing thermal evolution. Another possibility is that the borehole where the thermis-1404

tor was placed possessed different thermal properties than what was modeled because1405

of the removal of the cores used for constituent material characterization; i.e. upon re-1406

moval of the cores, the surrounding sediment may have collapsed into the hole (result-1407

ing in a different porosity than what was originally measured), or pore water may have1408
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Figure 17. Comparison of temperature evolution of modeled permafrost at x = −3.5 m in

simulation domain with observed temperatures from USGS probe and vertical thermistor string.

The difference between modeled and observed temperatures is shown: (a) varying with elevation

for selected dates in color, with triangle markers denoting USGS comparison and circle markers

denoting thermistor comparison, and (b-c) evolving in time for different elevations shown in

color, comparing against (b) the USGS probe and (c) the vertical thermistor string. For all plots,

the uncertainty between probes is established by taking the maximum difference between the

thermistor string and USGS probe observations at overlapping elevations over the time period

considered.

seeped in, resulting in altered thermal properties from Figures 9 and 10 of the surround-1409

ing ice-bonded sediments.1410

Comparison of the ice wedge’s thermal evolution located at x = -6.55 m of the sim-1411

ulation domain (see Supporting Information Text S4 and Figure S3) with the ice-bonded1412

sediment’s thermal evolution clearly confirms that the model responds appropriately to1413

different thermal material properties. The better agreement with the probes at these mid-1414

dle elevations in the ice wedge indicates that higher thermal diffusivities (α = k/ (ρCp)),1415

as seen with ice as compared with ice-bonded sediments (see Supporting Information Text1416

S4 and Figure S4), may be responsible for the observed faster thermal evolutions. This1417

discrepancy in diffusivity could arise from incorrect representation of material proper-1418

ties surrounding the thermistor (as mentioned above) or from shortcomings in captur-1419

ing the freezing curve behavior resulting in non-representative ice saturation’s. The el-1420

evations where the highest differences in probe versus modeled temperature occur are1421

in a region of transition from high to intermediate modeled ice saturation (0.6 < f <1422

1.0, see Supporting Information Text S4 and Figure S5). If the model is biased towards1423

thawing material prematurely, this could result in a lowered thermal diffusivity (see Sup-1424
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porting Information Text S4 and Figure S4), and consequent slower thermal evolution1425

compared to the observed.1426

Future studies aimed at evaluating the thermal model’s performance over a larger1427

time period, i.e. several years, could be an excellent opportunity to assess the thermal1428

model in greater depth and identify areas for improvement. For example, thermal mod-1429

els such as those in (Nicolsky et al., 2017) and (Westermann et al., 2013) compare mod-1430

eled versus observed ground temperature profile over decadal climatologies and 2 years1431

respectively. Both studies take the approach of calibrating ground thermal properties1432

based on observed ground temperature from site-specific boreholes. Thermal properties1433

calibrated to match temperature histories at Drew Point and Utqiagvik in (Nicolsky et1434

al., 2017) are within ± ∼ 40% of our mixture model derived thermal properties at com-1435

parable elevations, with (Nicolsky et al., 2017) calibrating thermal diffusivities higher1436

than that of pure ice at 1.0 m depth. Both models obtain deviations between modeled1437

and observed of up to ∼ 2− 5 K. This current study may be the first, to date, that de-1438

rives temperature evolution at these depths based on mixture model derived thermal prop-1439

erties, and so it would be interesting to see how the presented thermal model compares1440

with these studies on these longer time scales.1441

Nonetheless, for the purpose of the current study, the agreement with observations1442

is more than sufficient. Most importantly, the agreement is very good (remains gener-1443

ally bounded within the uncertainty between the two observational probes) closer to the1444

surface (and by extension we assume to the bluff face) where regions of lowest ice sat-1445

uration (0 ≤ f <∼ 0.4) occur, which have the largest impact on transition in me-1446

chanical material properties (i.e. decreasing elastic modulus and yield strength as f →1447

0) and consequent erosion mechanisms (i.e. removal by strain limit). In particular, re-1448

moval by strain limit, which is responsible for the majority of mesh erosion (see Section1449

5.3.4 Figure 20), occurs in this regime. The tensile yield criterion σtol, which is key for1450

capturing block failure, is active independent of ice saturation (recall plane in Figure 6(c)),1451

and thus is not affected by ice saturation in the current model configuration.1452

5.3.1.2 Temperature and ice saturation progression The thermal evolution of the1453

calibrated simulation is informative, as it is this progression that controls the ice satu-1454

ration f and the resulting mechanical characteristics. The modeled thermal state of the1455

entire simulation domain for selected dates is illustrated in Figure 18, with the temper-1456

ature shown in the far left column, and the ice saturation f in the middle column (note,1457

Supporting Information Movie S1 provides an animation of this figure over the entire sim-1458

ulation time period). The temperature colormap is incremented over set ranges centered1459

around 271 K, corresponding to intermediate ice saturation regimes of 0.4 < f <∼1460

0.8 (as shown in the freezing curves of in Figure 10) to more clearly illustrate the spa-1461

tial temperature patterns.1462

As expected, grid cells closest to the top and bluff face boundaries exhibit the warmest1463

temperatures, with corresponding near-complete thaw – ice saturations of f ∼ 0 oc-1464

cur throughout almost the entire peat layer and along the bluff face typically 1−3 grid1465

cells deep. Farther from these boundaries, there is a larger region of intermediate ice sat-1466

uration (f ∼ 0.6− 0.8), before reaching the fully frozen state at lower elevations and1467

in the ice wedge.1468

Lower elevations also experience an intermediate level of thaw over time as the niche1469

develops, bringing warmer temperatures as the boundary encroaches from both the ocean1470

and atmospheric boundary conditions. As the freezing curve given in Equation (14) col-1471

lapses to f = 1 for νbulk = 0, the ice wedge region of the domain remains fully frozen1472

throughout the simulation, due to the lack of constituent sediment materials in this area.1473

The influence of salinity can be noted in the fourth row (Aug. 20), where the higher salin-1474

ity at lower elevations (recall Figures 5(c) and 10) depresses the freezing point. This re-1475

sults in a lower ice saturation at colder temperatures within the lower elevation region1476
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0 < z < 1.0 m compared with the warmer but fully frozen region above it at 1.0 <1477

z < 2.0 m.1478

Ice saturation is one of the fundamental controls over the material properties pre-1479

sented in Sections 4.2.3 and 4.3.3. Cells with low ice saturation will possess the minimum1480

allowable for elastic modulus value, E = Em, resulting in a very compliant material1481

and enabling relatively large deformations. Cells in this regime are more likely to be re-1482

moved via the strain criterion, which imposes a limit on the extend of shear deformation1483

that can occur. In contrast, cells with high ice saturation will possess elastic modulus1484

values somewhere along the rising curve portion of Figure 6(a), resulting in a stiffer ma-1485

terial that will not deform as much but is more likely to accumulate stress up to the com-1486

pressive or tensile yield values (Ytol(f, θ) or σtol).1487

5.3.2 Erosion by Thermo-denudation1488

The last column of Figure 18 illustrates, with failure indicators, how close an el-1489

ement is to meeting either strain or tensile yield removal rules. Strain failure criteria con-1490

trol thermo-denudation along the ice-bonded sediment elevations close to the surface (4.5,1491

4.0, and 3.5 m). The strain indicator is evaluated as the shear deformation experienced1492

by the cell (see Equation (36)) divided by the strain limit value (as identified by γtol) –1493

when it possess a value of 1, the cell will be removed.1494

The black line running above the peat layer illustrates the observed denudation from1495

the time-lapse camera. A total of 0.80 m of erosion was observed from Jul. 1 through1496

Aug. 31 in the higher elevations by the camera; thermo-denudation estimates from the1497

AUV are larger as detailed in Section 5.1. Daily RMSE is assessed between modeled and1498

observed erosion amount by evaluating RMSE =
√

1
N

∑N
n (ynobs − ynsim)

2
, where N = num-1499

ber of days observed. Simulated erosion over the same time period in the z = 4.5, 4.0,1500

and 3.5 m elevations was 0.91, 0.71, and 0.91 m with daily root-mean square error (RMSE)1501

values from a total of 60 measurements of 0.20, 0.14, and 0.14 m respectively. The av-1502

erage denudation over these three horizons is 0.7 m with a RMSE of 0.16 m. Hence, al-1503

though our denudation is less aggressive then that observed by either the camera or the1504

AUV surveys, it does achieve average thermo-denudation magnitudes with a low RMSE.1505

It is noteworthy that calibrating the top elevations for denudation confines us to1506

a certain section of the strain criterion with higher peat fractions. However, by 3.5 m1507

elevation, the peat fraction has dropped significantly and denudation performance at this1508

horizon is still quite strong.1509

5.3.3 Erosion by Thermo-abrasion1510

Thermo-abrasion is characterized by the development of a niche at the base of the1511

bluff through the thermo-mechanical interaction with the ocean. As the niche grows deeper,1512

this stress increases in high ice saturation ice-bonded sediment behind the niche, and,1513

as anticipated from the work of (Thomas et al., 2020), results in block failure. The last1514

column of Figure 18 illustrates the geometry of the niche and the tensile stress indica-1515

tor over the summer calibration period, and Figure 19 highlights the rapid dynamics un-1516

derlying block failure failure.1517

5.3.3.1 Niche Formation The achieved niche geometry must be realistic to then1518

attain tensile stresses that could result in block failure. Hence, we first evaluate how close1519

the simulated niche geometry was to observed values. Observations from the thermis-1520

tor indicate that the niche depth would have been at least 3.5 m with a height of 1.7 m1521

just before the block broke, as noted in Section 5.2. The best calibrated niche shown in1522

Figure 18 does surpass 3.5 m depth at the lowest elevations (0, 0.25, 0.5 m) but the height1523

of the niche is much lower, extending only up to 0.8 m instead of 1.7 m.1524
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Figure 18. Snapshots of the bluff (left) temperature, (center) ice saturation, and (right)

strain and tensile failure indicators at select dates (rows), where a failure indicator value’s prox-

imity to one represents how close an element is to meeting removal by that criterion. Supporting

Information Movie S1 provides an animation for each of these columns over the entire simulation

time period. The thermistor location is shown with a blue vertical line. The ice wedge, peat, two

ice-bonded sediment layer material blocks are outlined in cyan, green, and mustard respectively.

Horizontal lines above the bluff profile show the denudation magnitudes measured by the camera

(black) and AUV (grey, when available).
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The niche experienced accelerated progression during the storm that commenced1525

on Aug. 29 at 8 am. During this 95 hour long storm with water temperatures above freez-1526

ing, the niche depth of 3.7 m and height of 0.2 m progressed to a depth of 4.1 m and height1527

0.8 m. This progression is a direct result of the interaction with the ocean during this1528

time period and demonstrates the models responsiveness to environmental drivers. This1529

niche geometry was maintained until the mid-day block failure on Sept. 3.1530

Since the water contact history is processed into an exposure history (see Section1531

3.3.1), the highest water contact levels, surpassing 1.2 m in Figure 7, will only be included1532

as an exposure history boundary condition if the cumulative contact time surpasses the1533

time step (∆tmax = 900 sec in Algorithm 1). Given that these highest water contact1534

levels do not achieve this condition, the highest water contact levels are not embodied1535

as boundary conditions. Hence, an underestimation of niche height should be anticipated1536

from the model given its current instantiation.1537

5.3.3.2 Block Failure The last column of Figure 18 and the time-series in Fig-1538

ure 19 illustrates the tensile indicator. This is the ratio of a cell’s maximum tensile stress1539

value (Equation (31)) divided by the constant calibrated tensile yield stress, σtol. As is1540

the case for the strain indicator, when a cell possesses a high value (yellow to red), the1541

cell is close to removal via the tensile yield failure criteria. In both Figures 18 and 19,1542

this indicator is high behind the niche near the surface.1543

Figure 19 clearly illustrates how block failure is a direct result of tensile failure. Ten-1544

sile stress accumulates in the mostly frozen cells near the ice wedge after the completion1545

of the Aug. 29 storm, and the niche geometry remains static. The cells near the ice wedge1546

are the first to surpass the strain limit resulting in their removal and the development1547

of a crack; tension cracks like the one simulated here have been documented and discussed1548

in (Thomas et al., 2020). With the development of the crack, the adaptive time-stepping1549

is activated, and the “reduction factor” rf , as described in Algorithm 1, is continually1550

employed until converged solutions are obtained for all of the elements in the domain1551

resulting in the very short time steps between updated geometries displayed in the Fig-1552

ure 19 time series. This crack then moves quickly along the ice wedge towards the back1553

of the niche. As it does so, the bluff begins to displace and rotate under gravitational1554

forcing. As the displacement and rotations become large enough their respective toler-1555

ances are surpassed and cells are removed. The time evolution of the block failure oc-1556

curs over only a few seconds (around 2 sec). Supporting Information Movie S2 provides1557

an animation of these snapshots.1558

Camera observations estimated the extent of the ice-bonded sediment before the1559

ice wedge to be 5.95 m on Jul. 1 with a total of 0.8 m of thermo-denudation by Aug. 31.1560

Hence a total of 5.15 m of ice-bonded sediment has been observed as collapsing in a block1561

failure event on Sept. 1 2018. Here we simulate a total of 5.4 m (initial extent of 6.1 m1562

denuded by 0.7 m) of permafrost collapsing in a mid-day block failure event on Sept. 31563

2018.1564

As discussed in Section 5.2, the selection of σtol has been selected to achieve this1565

failure within 3 days of the observed failure; here we achieve failure within 2.5 days of1566

the observed. Block failure is a direct result of the niche geometry and the accumulat-1567

ing tensile stresses in the remaining bluff. In this calibrated simulation, the selected σtol1568

is likely an underestimation of the true σtol as this simulation cannot develop magnitudes1569

of tensile stresses likely experienced in the field. Simulated stresses are likely less than1570

field stresses for two reasons: 1) niche heights that are too low and 2) calibrating on only1571

a slice of the morphology instead of the 3D representation. Regardless, the selected σtol1572

is within the range that was established in (Hoque & Pollard, 2009).1573
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Figure 19. Snapshots of the bluff profile during the ∼2 sec block failure event; the date and

time stamp are displayed in the bottom right corner of each panel (Supporting Information

Movie S2 provides an animation of these snapshots). Similar to Figure 18, each panel displays

tensile yield and strain failure mechanisms through indicator values representing how close an

element is to meeting the removal criteria, the thermistor location is shown with a blue line and

each block of material (ice wedge, peat, and the two ice-bonded sediment layers) are outlined in

cyan, green, and mustard respectively.

5.3.4 Calibration Summary1574

Figures 18 and 19 illustrate the geometry and key field values (temperature, ice sat-1575

uration, and failure indicators) for the calibrated simulation. As summarized below in1576

Table 8 the ACE model has calibrated values of Ym, Em, Em,o, and σtol to match observed1577

erosion through thermo-denudation and thermo-abrasion. In calibrating the simulation,1578

it was not possible to simultaneously optimize all metrics and hence each one is imper-1579

fect, but, on the whole, the overall erosion characteristics in terms of the time evolution1580

of total volume of material eroded are quite good. The daily-based average RMSE of 0.161581

m over the z= 4.5, 4.0, and 3.5 m elevations further solidifies the temporally evolving1582

accuracy of the calibrated ACE model.1583

Erosion from

Jul. 1 to Aug.

31 (denuda-

tion) [m]

Erosion from

Aug. 31

to Sept. 9

(block col-

lapse) [m]

Niche height

before block

collapse [m]

Niche depth

before block

collapse date

[m]

Date of block

collapse

Observed/Inferred 0.80 5.14 1.7 > 3.5 Sept. 1, 0 hr

Simulated 0.70 5.40 0.80 4.10 Sept. 3, 13 hr

Table 8. Comparison of observed and inferred erosion via thermo-denudation and thermo-

abrasion, niche geometry (depth and height), and date of block collapse with simulated values

from the calibrated ACE model. Thermo-denudation magnitudes (first column) are obtained by

averaging the erosion amounts over Jul. 1 to Aug. 31 at z = 3.5, 4.0, and 4.5 m.
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Importance of erosion failure mechanisms can be measured in two ways: 1) in its1584

efficacy to remove material, 2) in its temporal dominance. To understand the role of the1585

five erosion criteria over the summer, the log of the cumulative failure of integration points1586

is shown in Figure 20. All 8 integration points within a grid cell must fail for the cell to1587

be removed and so some integration points may be counted as failed for multiple timesteps1588

before their corresponding grid cell is removed resulting in totals of more than 100%. Fig-1589

ure 20 clearly indicates that failure in strain (rose) is the most common failure mecha-1590

nism highlighting the importance of thermo-denudation as a key erosion driver along the1591

Arctic coastline. The kinematic failure mechanisms (displacement (dark blue) and ro-1592

tation (blue)) are the next most important. As can be see in Figure 18, cells undergo-1593

ing significant strain also displace and rotate, hence, these two rules work in concert to1594

remove grid cells experiencing thermo-denudation. However, as summarized in Table 81595

the degree of erosion is much less in thermo-denudation than in thermo-abrasion. This1596

dichotomy was also highlighted in (Ward Jones et al., To be Submitted) and is central1597

to why simultaneously simulating both thermo-denudation and thermo-abrasion is needed1598

to accurately predict future erosion rates. The adaptive time-stepping employed in the1599

model, as described in Section 4.4, is central to our ability to capture slowly evolving thermo-1600

denudation and highly dynamic block failure events.1601

Figure 20. Overall importance of each failure mechanism as a function of time displayed

through the log of cumulative failure of integration points for each failure mechanism; totals

larger than 100% possible as some integration points may be counted as failed for multiple

timesteps before their corresponding grid cell is removed. Failure through strain shown in rose,

through displacement in dark blue, through rotation in blue, through tensile yield in mustard,

and through compressive yield in green. Oceanographic storms highlighted with grey shading.

A key aspect of the dynamic block failure events is that they are the result of stresses1602

building over a much longer time period (Figure 18 last column). As demonstrated here,1603

stress had to accumulate near the ice wedge for the tensile crack to develop, reinforcing1604

the finding in (Ward Jones et al., To be Submitted) that block failure can occur at un-1605

predictable times that may be lagged from the storm itself. With the advent of this crack,1606

the tensile failure mechanism (mustard) increases in importance in Figure 20. As the bluff1607

detaches from the ice wedge, shown in Figure 19, the majority of the interior cells are1608
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then removed via the displacement failure mechanism (dark blue) causing a large spike1609

the failed integration points.1610

6 Discussion and Conclusions1611

Development and calibration of the ACE model has resulted in the first-of-its kind1612

multi-physics simulator with the potential to predict permafrost erosion in response to1613

complex interactions between model components (Figure 2). The ACE model calibra-1614

tion matched total magnitudes of erosion; a 12.5% error for thermo-denudation and 5.06%1615

error for block failure. The temporal evolution was also matched; an daily RMSE of 0.161616

m was achieved for denudation and block failure occurred within 2.5 days of the observed.1617

Three other aspects of the calibration are notable. The first lies in the dichotomous be-1618

havior that although thermo-abrasion accounts for the largest magnitude of removal, thermo-1619

denudation occurred more often. The second lies in exposing how stress accumulation1620

behind the niche is responsible for block failure and that this model is capable of rep-1621

resenting lagged block failure behavior to storms. And lastly, sensitivity of the ACE model1622

to environmental drivers of varying degree has been established with storms clearly act-1623

ing to accelerate erosion for the calibrated values. We have thus illustrated that this lo-1624

cal, event-based simulation framework possesses sufficient physics such that it is capa-1625

ble of predicting permafrost erosion rates.1626

As constructed, the ACE model is capable of producing mixture based thermal mod-1627

els for a wide range of terrestrial compositions and linking the mechanical material be-1628

havior to the thermal state, thus catering the mechanical attributes to distinct compo-1629

sitions. Simulation domain construction is not agnostic to the morphological character-1630

istics of the site, again heightening the applicability of the model to distinct locations.1631

Relevant terrestrial material properties include fractions of constituent sediments and1632

peat, porosity, salinity, and morphological information. Significant effort was invested1633

in determining these material properties as a function of bluff elevation. Additional ex-1634

perimental work was performed to determine mechanical material properties as a func-1635

tion of ice saturation and porosity. It has yet to be established how extensible these me-1636

chanical material properties are. Polygons at Drew Point of distinct geologic origin (e.g.1637

primary material or drained lake basin) offer an excellent opportunity to validate the ACE1638

model as material properties were collected as a function of elevation during the 20181639

field campaign. This validation at other Drew Point polygons can be further bolstered1640

with the field campaign extending into 2019 with a much more aggressive erosion regime1641

(Figure 3(b) and (Ward Jones et al., To be Submitted)). Additional extension to other1642

well-studied sites (e.g. Barter Island (A. E. Gibbs et al., 2021)) would offer an even deeper1643

exploration of the extensibility of the Drew Point derived stress-strain characteristics as1644

a function of f and θ. These validations are the subject of future research which is now1645

possible as it will stand upon a baseline calibrated model.1646

Although much emphasis has been placed on the development of the finite-element1647

terrestrial model in this paper, the role of spatio-temporally matched environmental drivers1648

in establishing realistic time evolution of erosion should not be underestimated. Repre-1649

senting the process of ocean water interacting with thawed ice-bonded sediment to dis-1650

solve the sediment into the ocean over time as an accelerated deformation enabled the1651

accurate depth of niche formation even though this was achieved through a somewhat1652

crude hijacking of the Em. A more realistic treatment of this process would employ the1653

time-varying wave pressure sensitive to the persistence of water submergence coupled1654

with fluid flow to determine more appropriate rates of sediment dissolution. Addition-1655

ally, the exposure time history plays a significant role in determining when Em,o are em-1656

ployed. Although initial sensitivity studies were performed to determine the trade-offs1657

between coupling time-step and grid resolution with exposure time history, a thorough1658

analysis of implications of larger time steps and grid resolutions could deepen the under-1659

standing of the ACE model performance.1660
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Thus far, the inability of the current model implementation to support evolving1661

Neumann boundary conditions with an eroding mesh in parallel has limited simulations1662

to 2D due to computational expense constraints. As such, while the model performance1663

here is notable, this work has yet to be tested in its full 3D configuration. The tensile1664

yield stress, in particular, may require a distinct tuning when transferring to 3D. Fur-1665

ther code development to enable parallelization of the model will expand the computa-1666

tional capability to full 3D simulations.1667

As shown in this article, the calibrated ACE model has successfully reproduced both1668

the thermo-denudation erosion process and the thermo-abrasion process as embodied by1669

niche formation and block breakage. Calibration data, components of the ACE model1670

(see Figure 2), and tuned parameter values were presented within this paper. Future anal-1671

yses will focus on deepening the applicability of the model through validation studies at1672

sites with distinct material properties, altering the representation of niche formation, and1673

pursuing computational alterations to enable 3D configurations. This model can be used1674

to predict rates of erosion in response to changing environmental drivers and with sen-1675

sitivity to geomoprhological composition. This enables the model to be utilized for community-1676

based adaptive actions, as well as facilitating land-to-ocean fluxes at circum-Arctic scales.1677
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Text S1. As mentioned in Section 3.3.1 of the main text, both spatial and temporal

processing of water level data output from the oceanographic model components is re-

quired in order to utilize the data as boundary condition inputs for the terrestrial model.

Denoting the original water level data as w(t), the goal is to generate a new signal for

time-varying water level wterr(t) sampled at the same spatial and temporal discretization

as used by the terrestrial model, in a way that ensures that water is contacting a bluff

elevation for the entirety of the time step used by the terrestrial model. It could be that

a given elevation is contacted four distinct times, each with a unique duration, to achieve

that final duration of contact equal to the terrestrial model time-step. But if over an hour,

the noted update rate for the wave spectrum in Section 3.1, a the duration of contact for

a given elevation is less than the time-step that elevation will not be included in wterr(t).

Hence, this processing seeks to evaluate the cumulative duration of water contact with the

bluff per elevation of the original w(t) over each hour and ensure cumulative duration’s

are integer numbers of the terrestrial time-step.

For understanding the procedure, let us first consider the following notations:

• w(t) is the time-varying water level provided by the oceanographic model, sampled

on the time discretization of ∆twave (in this case, 2 Hz, or 0.5 seconds).

• ∆tterr is the time step used by the terrestrial model.

• ∆zterr is the spatial discretization used by the terrestrial model, resulting in discrete

elevations along the bluff zi.

• wterr(t) is the new water level signal we seek to generate, sampled on ∆tterr spatially

and ∆twave temporally.
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To generate this new signal, the following steps are taken, as shown in Algorithm 1.

First, the water level w(t), which can take on a continuous value spatially, is sampled

onto discrete zi consistent with terrestrial grid using a center-binning approach (STEP

1). Next, the cumulative duration of water level contact with each zi is computed, as this

is the quantity we seek to evaluate when generating the new signal (STEP 2). Then,

the cumulative duration of water level contact per zi is sampled on the terrestrial time

step ∆tterr in a way that best preserves the duration per zi (STEP 3). This requires

finding and representing durations of contact as the largest integer number of terrestrial

time steps ∆tterr for which a given z level zi is entirely “exposed” to water. For durations

that do not evenly divide into an integer number of ∆tterr, the remainder is “carried over”

to the next largest zi (i.e. for ∆zterr = 0.1, leftover durations at z = 0.8 are passed to the

count for z = 0.7, etc.). The rationale behind this logic is that if water was in contact with

z = 0.8 it was also in contact with z = 0.7. Lastly, the new wterr(t) signal, now sampled

appropriately on a ∆zterr, ∆tterr discretization, is generated (STEP 4). This is done by

creating an wterr(t) for which the number of zi values in the signal reflect appropriate

durations in a given time block, as calculated in the previous step.
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Algorithm 1: Algorithm for generating wave exposure history used in terrestrial
model boundary conditions
Given: w(t), ∆twave, ∆tterr, ∆zterr, zi
// Array that will hold the new, processed water level data
w terr = [];
// Loop over each distinct new wave spectrum, which is updated in hourly blocks

for block b in num spectrum time blocks do

// Perform processing for times in each new updated wave spectrum

for time tn in time block b do

→ STEP 1
// Count the number of times the water level “contacts” a given zi on the terrestrial grid
num contacts per z = zeros(size(z locations terr))

for zi in z locations terr do

if ((zi −∆zterr/2) ≤ w(tn) < (zi +∆zterr/2) ) then

num contacts per z(i) = num contacts per z(i) + 1 ;

end

end

→ STEP 2
// Convert this frequency of contacts over a time block into a total duration of
// contact during the time block
duration per z level = num contacts per z * ∆twave

→ STEP 3
num dt terr exposed per z = zeros(size(z locations terr))

for zi in sort(z locations terr, ‘ascend’) do

num dt terr exposed per z(i) = floor(duration per z level(i)/∆tterr)
duration carryover = mod(duration per z level(i)/∆tterr)
duration per z level(i-1)= duration per z level(i-1) + duration carryover

end

→ STEP 4
// Create an array of water heights that
// contains an appropriate number of counts per z level
w tmp = []

for zi in z locations terr do

for n in num dt terr exposed per z(i) do

w tmp.append(zi)

end

end

// Now, randomly shuffle them to create
// new water height signal during this time block
w terr block = random.shuffle(w tmp)
// Finally, concatenate the new signal for this block
// with the array holding the overall new signal for all times
w terr = concat(w terr, w terr block)

end

end
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Text S2. This text accompanies Figure S1 in describing the large parameter sweep

conducted on the minimum allowable elastic moduli Em and Em,o to understand the

interaction between these two parameters and resulting influence on erosion behavior.

In particular, this study served as a first stage in the calibration process to determine

appropriate parameter values/ranges for best matching observational thermo-denudation.

As discussed in Section 5.2.2 of the main text, the tensile yield value σtol was held at a

large static value of 1000 MPa to effectively deactivate the tensile yield criterion (and by

extension, prevent any block collapse) while sensitivity of thermo-denudation and niche

formation were studied simultaneously by varying Em and Em,o respectively. Em was

simulated for the following values, all in Pa: 0.75 × 104, 0.8 × 104, 0.9 × 104, 1.0 × 104,

1.1× 104, 1.2× 104, 1.3× 104, 1.4× 104, 1.5× 104, and 1.6× 104. Em,o was simulated as a

fraction of Em ( Em

Em,o
) for the following values: 1, 250, 500, 700, 800, 900, 1100, 1300, 1500,

and 2000. Figure S1 illustrates a subset of these simulations with each panel representing

a distinction combination of Em (increasing towards the right along the columns) and

Em,o (increasing as descending down the rows). It is noted that due to either runaway

erosion or computational limits, not all simulations in this larger exploratory study were

run to full completion.

As in Figure 15 in the main text, within each panel: observed erosion measurements

are shown with the time-lapse camera (dashed black line) and 12 AUV transects (gray

markers); simulated rates of erosion are shown as a function of elevation through distinctly

colored lines; and grey shading indicates periods of ocean storms, blue hatched shading

corresponds to the time period of warming thermistor sensors (red lines in main text

Figure 14 in the main text, and the horizontal green dashed line indicates the thermistor
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location. A simulation calibrated for Em is one in which high elevations match the dashed

black line and low elevations approach and then surpass the green dashed line within the

blue shading. Ice-bonded sediment material stiffness is increased as one moves down and

to the right across the panels.

The description and patterns for Figure 15 in the main text are also valid here. The

third column, Em = 1.1e4 Pa, possesses the desired niche evolution behavior (outside of

the last row) as the z = 0, 0.25, and 0.5 m elevations intersect the green line within the

blue hatched shading. Within that third column the second and third rows (Em,o = 22 Pa

in the second row and 44 Pa in the third row) possess thermo-denudation with the desired

characteristics as z = 4.5, 4.0, and 3.5 m all closely track the time-lapse camera observed

denudation. This subset of the full sensitivity sweep highlights how it was possible to

select a constant Em = 1.1e4 Pa for use in the selection of the tensile yield strength.
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Text S3. This text accompanies Figure S2 in describing the larger parameter sweep

conducted on σtol and Em,o when calibrating for thermo-abrasion which best matched

observational data. This is discussed in Section 5.2.3 of the main text with a subset of

these panels shown in Figure 16. The interaction between niche geometry and accumu-

lated tensile stress governing block failure was studied by varying the tensile yield σtol

and minimum ocean-contacted elastic modulus Em,o for a static and calibrated value of

minimum elastic modulus Em = 1.1× 104 Pa. Em,o values of 55.0, 110.0, 220.0, 550.0 Pa

were paired with σtol magnitudes informed by the simulations shown in Figure S1. The

magnitude of tensile stress was evaluated near the ice wedge on Sept. 01, 2018. This

evaluation revealed 1.2 × 105, 1.3 × 105, 1.4 × 105, and 1.5 × 105 Pa as the appropriate

range over which σtol should be varied. Figure S2 shows all of the simulated ranges with

increasing σtol along the columns and increasing Em,o along the rows.

While the final calibrated values for Em,o and σtol were selected as Em,o = 220, σtol =

1.4 × 105, the next best candidate out of this set was identified as Em,o = 550, σtol =

1.4 × 105, which produces very similar performance in upper bluff thermo-denudation,

and achieves a block collapse closer to the observed date. The rationale behind selecting

Em,o = 220 Pa came from examining the difference in the overall bluff geometry between

the two cases. Two key elements of the geometry are considered: 1) depth of niche, 2)

stratification of erosion along the bluff face. A deeper niche is obtained for the Em,o = 220

Pa case as opposed to the Em,o = 550 Pa case slightly elevating it as the most preferred.

Additionally, evaluation of z = 1.0, 2.0, 3.0 m shows that they have more erosion for

Em,o = 220 Pa; again slightly elevating it as more preferred. In any case, both produce
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very good results, which suggests that selections for Em,o within this value range 220−550

are appropriate.
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Text S4. This text accompanies Figures S3, S4, S5 in discussion around the comparison

between modeled and observed ground temperature thermal evolution.

Figure S4 showcases the thermal diffusivity (α = k/ (ρCp) of pure ice (cyan), pure

water (blue), and ice-bonded sediment (purple, green, yellow, pink) at varying levels of

ice saturation f . The α presented for ice-bonded sediment is calculated using the thermal

mixture models and constituent material characterization data presented in the main text

(Figures 5 and 9 in the main text). Pure ice has a higher thermal diffusivity than the

considered ice-bonded sediment for all ice saturation except fully frozen (f = 1.0), and

so we expect that modeled pure ice will have a faster thermal evolution compared to

ice-bonded sediment.

Figure S3 shows a ground temperature comparison between modeled ice wedge and

observational probes (USGS probe and vertical thermistor string) varying with both (a)

elevation and (b-c) in time. When comparing Figure S3 with Figure 17 of the main text,

it is clear that the modeled ice wedge has a different thermal evolution than the modeled

ice-bonded sediment, with the modeled ice better matching the probe data due to its

faster thermal evolution. This comparison between modeled ice and ice-bonded sediment

serves as a good confirmation that the presented model produces expected differential

response to thermal material properties provided.

Figure S5 shows (a) ice saturation and (b) thermal diffusivity for the modeled ice-

bonded sediment varying with elevation for select dates. Examining both at elevations

∼ 3 m, a drop in ice saturation from fully frozen (f = 1.0) to partially thawed (f ∼ 0.8)

can be seen, with a corresponding decrease in thermal diffusivity. In the comparison of

temperatures between modeled ice-bonded sediment and observational probes discussed
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in the main text (Figure 17), the largest differences between modeled and observed were at

elevations of ∼ 2− 4.75 m. If the model is biased towards thawing material prematurely,

this could result in a lowered thermal diffusivity and in a consequent slower thermal

evolution compared to the observed.
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Movie S1. Animation of the final calibrated simulation from July 1 to September 8 2018,

showing mesh erosion over time in three columns displaying profiles for temperature (left),

ice saturation (middle), and mesh erosion failure indicators (right). Failure indicator

values’ proximity to one represents how close an element is to meeting removal by that

criterion. The right column shows failure indicators for the strain criterion (mainly active

at the bluff face) and tensile yield criterion (increasing over time at the back left corner

of the ice-bonded sediment). Legends for all three fields are shown on the bottom of each

column.
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Movie S2. Animation of block failure for the final calibrated simulation on September

3 2018 with the tensile and strain failure indicators shown. Failure indicator values’

proximity to one represents how close an element is to meeting removal by that criterion.

The entire animation covers ∼ 45 minutes, with the actual block failure occurring over 4

seconds. During block failure, the tensile indicators at the back left corner near the ice-

wedge can be seen approaching 1 (dark red) and precedes the crack which travels towards

the vertex of the niche. Once the crack has traveled the entirety of the elevation, the

remaining material is removed via the kinematic erosion criteria.
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Figure S1. Results of larger exploratory parameter sweep on Em and Em,o during which σtol

was held artificially high to deactivate tensile yield. Values of Em increase from left to right, while

values of Em,o increase from top to bottom. As the initial study was done varying the fractional

relationship Em

Em,o
, each row possesses a distinct value of Em

Em,o
rather than Em,o. Material is most

compliant in the upper left, and increases in stiffness as we move down and right across the plots.
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Figure S2. Results of larger parameter sweep on σtol and Em,o used to identify combination

of these values that best matched the combination of target niche geometry and block collapse

date.
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Figure S3. Comparison of temperature evolution of modeled ice wedge at x = −6.55 m in

simulation domain with observed temperatures from USGS probe and vertical thermistor string.

The difference between modeled and observed temperatures is shown: (a) varying with elevation

for selected dates in color, with triangle markers denoting USGS comparison and circle markers

denoting thermistor comparison, and (b-c) evolving in time for different elevations shown in

color, comparing against (b) the USGS probe and (c) the vertical thermistor string. For all

plots, the uncertainty between probes is established by taking the maximum difference between

the thermistor string and USGS probe observations over the time period considered.
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Figure S4. Thermal diffusivity with elevation of pure ice and pure water (dashed cyan and blue

lines) compared with modeled ice-bonded sediment at varying ice saturation of f = 1(purple),

f = 0.8 (green), f = 0.5 (yellow), and f = 0.0 (pink). For all but fully frozen ice-bonded

sediment, ice is significantly more thermally diffusive.
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Figure S5. Simulated (a) ice saturation and (b) thermal diffusivity (α) for ice-bonded sediment

at x = −3.5 m varying with elevation for select dates shown in color.
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