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1 | INTRODUCTION
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Abstract

Shore ice is an important facet of cold-climate coastal geomorphology yet is generally
understudied in comparison to other aspects such as nearshore hydrodynamics. Cli-
mate change is resulting in more dynamic shore ice regimes (i.e., shortened ice sea-
son and multiple freeze-thaw cycles); thus, a clear understanding of the role of shore
ice in coastal geomorphic evolution is needed. The presence of shore ice is generally
thought to provide the coast a protective buffer from storm waves though some
studies have indicated enhanced nearshore erosion and sediment transport associ-
ated with ice development. This is particularly apparent during the breakup phase of
shore ice as sediment can be scoured from the bed, deposited in place, or trans-
ported offshore. Given this, understanding the mechanics of shore ice breakup is crit-
ical. This study documents the first combined field and laboratory evaluation of the
physical conditions leading to shore ice breakup, detailing the complex interplay
between thermal and mechanical processes in ice deterioration. Through a wave tank
experiment as well as field observations, wave impacts alone are shown to be
unlikely to cause breakup of shore ice and thermal weakening is required. This has
important implications both for predicting when ice will break up as well as for identi-
fying potential nearshore sediment transport pathways. If ice breaks up entirely from
thermal degradation, then sediment is likely to be deposited in place, whereas if ice
breaks up from a combination of thermal degradation and wave impact, then sedi-
ment can be redistributed across the shoreface. Monitoring of meteorological condi-
tions during ice breakup can likely be used as a first-order predictor of geomorphic

changes resulting from shore ice deterioration.
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complex (NIC). As the global climate warms, cold coasts will be dispro-
portionately affected by rising atmospheric and water temperatures

Cold coasts cover 30% of the world's coastlines and often have large
Indigenous populations (Lantuit et al, 2011); however, they have
received minimal research attention in coastal geomorphology. Ice
along the shoreline (i.e., shore ice) is characteristic of these cold coast
regions and can be present as fast-ice attached the shoreline, drift ice
floating in the nearshore or large bodies of ice ridges and lagoons that
extend outward from the shoreline known as the nearshore ice

through the reduced spatial and temporal extent of shore ice (Irrgang
et al., 2022). Areas that were once permanently frozen or seasonally
frozen will transition to a shortened shore ice season or multiple ice
growth and decay events. This alteration in the relative magnitude
and timing of shore ice processes will have ramifications for nearshore
sediment budgets and long-term geomorphic evolution of cold-
climate coasts (Farquharson et al., 2018; Nielsen et al, 2022;

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Earth Surf. Process. Landforms. 2023;1-15.

wileyonlinelibrary.com/journal/esp | 1


https://orcid.org/0000-0002-9035-7454
https://orcid.org/0000-0002-9635-4051
mailto:theuerk5@msu.edu
https://doi.org/10.1002/esp.5698
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/esp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fesp.5698&domain=pdf&date_stamp=2023-09-07

THEUERKAUF ET AL.

2 I WiLEY- 0

Theuerkauf et al., 2021) because nearshore sediment transport mech-
anisms (i.e., alongshore and cross-shore transport) are modified by the
presence of ice (e.g, Barnes et al, 1993, 1994; Forbes &
Taylor, 1994). Overall, the formation of nearshore ice significantly
impacts the dynamics of nearshore sediment transport in cold regions
(BaMasoud & Byrne, 2012). When shore ice is present, typical beach
and nearshore processes are essentially shut down or shifted offshore
until ice breakup. During breakup, substantial amounts of sediment
can be moved with the ice, and the nature of this transport is largely
dictated by the physical conditions occurring during breakup, which
are not well constrained (Barnes et al., 1994; Dodge et al., 2022;
Miner & Powell, 1991). Through a combined field and laboratory
approach, this study addresses the fundamental question of what fac-
tors lead to shore ice breakup and what that means for potential sedi-

ment transport and geomorphic change.

1.1 | NIC characteristics and impacts on nearshore
processes

The NIC forms along wave-dominated cold coastlines and is charac-
terized by an icefoot attached to the beach and a sequence of ice
ridges and ice lagoons extending basinward (Figure 1; Marsh
et al,, 1973; Evenson & Cohn, 1979; Barnes et al., 1994). Nearshore
ice freezes to the beach, initially forming an icefoot that causes waves
to break either atop or basinward of the frozen zone, which minimizes
erosion and transport of beach sediment (Evenson & Cohn, 1979;
Marsh et al., 1973; Miner & Powell, 1991). After this stable platform
of frozen material is built in the shallow zone the NIC can extend off-
shore as a series of ridges separated by flat ice lagoons. As wave
action increases, floating brash and slush ice is thrust up onto either
the ice lagoon or the icefoot depending on the antecedent conditions.

This overwash of ice and associated sediment builds the characteristic

ice ridges of the NIC, which are often, though not always, associated
with nearshore bars due to wave breaking (Bajorunas & Duane, 1967;
Seibel et al., 1976). As the ice front grows into deeper water it can
inhibit below-ice wave action and associated sediment transport,
nearly eliminating it in the cross-shore direction while reducing the
flow velocities (and thus shear stresses) in the alongshore direction to
rates too low to entrain and transport bedload particles (Manson
et al., 2016). The NIC builds from the shoreline basinward during the
winter months and in some instances may form and breakup multiple
times throughout the ice season.

The formation of the NIC has two major impacts on the nearshore
morphology and sediment budget: (1) It can protect the beach and
dunes from erosive storm waves (e.g., BaMasoud & Byrne, 2012;
Marsh et al., 1973), and (2) the ice that makes up the NIC can entrain
sediment and upon breakup raft debris out into deeper waters, possi-
bly beyond the depth of closure (e.g., Barnes et al., 1994; Miner &
Powell, 1991). These geomorphic impacts can vary considerably from
year to year depending on the spatial and temporal variability in shore
ice cover. In some years, when ice is extensive and present for the
entire winter, minimal shoreline and beach areal change are docu-
mented (BaMasoud & Byrne, 2012; Evenson & Cohn, 1979; Mattheus
et al., 2019). However, in other years massive net sediment move-
ment can occur if no or minimal shore ice is present (e.g., Theuerkauf
et al.,, 2021). Although previous research has defined these end mem-
bers of change, little is known about the mechanics of sediment trans-
port during breakup events and how that relates to whether the net

impact of shore ice presence is erosive or protective.

1.2 | Present understanding of NIC breakup

NIC destruction typically occurs in late winter and early spring; how-

ever, in the more southern latitudes of cold-climate coasts

FIGURE 1 Conceptual diagram of the components of the nearshore ice complex (NIC).
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(e.g., southern portions of the Great Lakes of North America) NIC
breakup may occur multiple times throughout the winter. Previous
studies indicate that NIC decay is a function of either thermal (e.g., ice
melting) (Bryan & Marcus, 1972; Marsh et al., 1973) or mechanical
breakup via waves (e.g., Miner & Powell, 1991; O'Hara &
Ayers, 1972). Additionally, previous work on shore ice in the Arctic
Sea indicates that weakening of ice due to enhanced solar radiation
preconditions the ice to be broken apart by wave and current action
(Petrich et al., 2012). The wide range of decay sequences and timings
reported in these studies demonstrates the complexity of the ice
breakup process. Marsh et al. (1973) show that ice lagoons melt first
and then decay proceeds to the ridges, which are larger and likely
grounded to the bars. They also allude to the importance of waves for
breakup by reporting rapid ice decay associated with storm wave
occurrence. Alternatively, O’Hara and Ayers (1972) document ice
breakup beginning with the most offshore ridges and proceeding land-
ward, primarily in response to wind wave action. Other studies, such
as Miner and Powell (1991) and Barnes et al. (1994) support the
notion that waves are the primary agent of NIC breakup and suggest
that this is important for coastal sediment budgets.

The mechanism of NIC breakup has important implications on
patterns and pathways of sediment transport. For example, if the NIC
breaks up primarily by thermal processes, then the sediment entrained
within the ice will likely be deposited in place, facilitating beach build-
ing (Marsh et al., 1973; O'Hara & Ayers, 1972). If thermal processes
dominate, then large-scale NIC breakup can be predicted to occur
during times of increasing atmospheric and/or water temperature
largely independent of wave conditions. Although ocean or lake water
has a greater ability to deliver heat to the NIC than the atmosphere,
much of the NIC landward of the outermost ridge is hydraulically sep-
arated from the open waters; thus, an increase in atmospheric tem-
perature can exchange large amounts of heat with the upper surface
of the NIC producing abundant surface melt. This effect can be ampli-
fied if surface albedo is reduced due to sediment deposition within or
on the ice, thus increasing the solar heat absorption (Bryan &
Marcus, 1972). However, if the NIC breakup process is dominated by
mechanical breakup from wave action, as it is predominantly reported
in the literature, then the debris-laden ice has the potential to be
transported out to deeper water where its sediment content can
be deposited beyond the depth of closure (e.g., Barnes et al., 1994;
Miner & Powell, 1991; O’'Hara & Ayers, 1972). This implies that this
sediment is removed from the nearshore system. Mechanical breakup
can originate from the energy expenditure of wave action on the NIC
exceeding the yield strength of the ice. This is most likely to occur
when waves are large or when the ice is mechanically weak due to
large numbers of preexisting fractures or thermal processes
‘degrading’ pieces of the ice. NIC breakup likely depends on some
combination of the thermal and mechanical processes, but the funda-
mental question of which process is more important, how these pro-
cesses work together and what this could mean for potential
geomorphic processes remains.

The overarching question of what fundamentally controls NIC
breakup is addressed by conducting a combined field and laboratory
investigation. The study utilizes a time-series of drone-based aerial
photographs and ground-based panoramic images along with wave
and temperature data to evaluate the in situ conditions leading to NIC

breakup. Then, experiments were conducted within a novel cryogenic

wave tank for comparison with field observations and to ultimately
determine the conditions most favorable for NIC breakup and the rel-
ative importance of thermal versus mechanical processes. The results
are used to develop a conceptual model of the relationship between
NIC breakup dynamics and the potential for nearshore sediment
transport and coastal geomorphic change.

2 | METHODOLOGY AND METHODS

21 | Studyarea

The southern shore of Lake Superior is an ideal location to study the
dynamics of NIC breakup because ice there typically forms in
December, builds throughout the winter to a maximum in late
February and early March and then breaks apart in April and May
(Wang et al., 2018). The absence of multiple freeze-thaw events
affords the opportunity to examine the mechanisms and geomorphic
impacts of ice breakup without the confounding effects of variable ice
extent throughout a winter season. In this region, the timing of
ice breakup corresponds with the spring warming and storm season.
This provides wave energy that mechanically erodes the ice while it
warms and allows the effects of both thermal and mechanical pro-
cesses to be examined.

Two sandy beach study sites along the southern Lake Superior
coast were monitored to study the dynamics of ice breakup (Figure 2).
Both sites have similar morphologies and are exposed to similar lake
level and climatic conditions; however, they differ in terms of fetch
and wave exposure. The furthest west site is located along the south-
western end of the Keweenaw Peninsula near Ontonagon, Michigan.
This site is characterized by a ~20-m-wide sandy beach fronting a
sandy bluff. Onshore waves approach from the west, with the north-
west being the direction with the largest fetch. The eastern site is
located within Marquette Bay in Chocolay Charter Township, just east
of Marquette, Michigan. Similar to the Ontonagon site, the morphol-
ogy is characterized by a 10- to 20-m-wide sand beach fronting a
~10-m-tall sandy bluff. Storm waves at the Chocolay site approach
from northerly directions, with north being the direction of the largest
fetch. At the time of the study, neither site had shore armoring that
would alter coastal geomorphic processes.

To assess NIC breakup field-based ground and aerial observations
were combined with laboratory-based experiments of NIC formation
and breakup. NIC conditions were monitored at Ontonagon with
repeat unoccupied aerial system (UAS) flights that were used to build
orthomosaic images of NIC breakup. Ground-based photos were col-
lected at the Chocolay site to document NIC breakup. For both loca-
tions, wave and temperature data were gathered from NOAA
observations and models to compare to the observational data of NIC
breakup. In addition to the field observations, experiments were con-
ducted in a cryogenic wave tank to assess the relative importance and

mechanics of thermal and mechanical processes for NIC breakup.

2.2 | Climate data

Significant wave height data were acquired for each study site using
the nearest Great Lakes Coastal Forecasting System (GLCFS) model
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FIGURE 2 (Left) Study area map depicting the location of the Chocolay and Ontonagon sites within the Great Lakes basin. (Right) Aerial

photos of the two sites along the southern Lake Superior coast.

grid node. Archived Nowcast model data for the monitoring periods
(25 February through 31 March 2021, for the Chocolay site and
17 February through 24 March 2021, for the Ontonagon site) were
provided by the National Oceanic and Atmospheric Administration’s
Great Lakes Environmental Research Lab (NOAA-GLERL). All storm
waves, which are defined in the Great Lakes as waves greater than
2 m (Hubertz, 1992), were identified to define potential periods of
increased mechanical breakup of the NIC.

Atmospheric temperature data were accessed via Wunderground.
com from weather stations near the two study sites for the same
monitoring periods as the wave data. The Sawyer International Airport
weather station is ~20 km southwest of the Chocolay site, and the
Ontonagon County weather station is ~12 km southwest of
the Ontonagon site. All periods of atmospheric temperatures above
freezing (0°C) were identified and used to define potential periods of
increased thermal breakup of ice.

2.3 | UAS flights
To study the breakup of the NIC at the Ontonagon site, a UAS was
used to repeatedly image 11.16 ha during the winter of 2021
(Figure 2). A DJI Phantom Advanced 4 drone with a high-resolution
35 mm equivalent, f/2.8-f/11 camera collected high-resolution aerial
imagery at the site on 17 February, 6 March, 10 March and 24 March.
Map Pilot Pro was utilized to create a custom and repeatable flight
path for each survey. Images were collected nadir with 67% overlap
and 1.4-cm-per-pixel resolution. Individual images were geotagged
using the UAS’s onboard GPS with an accuracy of ~1 m.

The individual overlapping georeferenced images were combined
and orthorectified to create a single georeferenced orthomosaic image
for each survey (Westoby et al., 2012). For each flight, the CMOS

(complementary metal oxide sensor) on the camera attached to the
UAYV auto adjusted the cameras aperture and shutter speed to match
the appropriate lighting conditions. Once the flight was completed,
the RAW images were exported to Map Pilot Pro’'s Maps Made Easy
(MME) program for photo alignment. The MME software aligned and
combined the images and generated orthomosaic imagery. These
orthomosaics were exported as GeoTIFFs and imported into QGIS for

a qualitative analysis of NIC breakup processes.

2.4 | Ground-based photos

Approximately daily offshore-facing panoramic images were collected
from 25 February to 31 March 2021 at the Chocolay site. These
images were collected using an Apple iPhone camera from a fixed
location at the top of the bluff. Due to weather conditions or schedul-
ing constraints, photographs were not collected every day; however,
no more than two consecutive days are missing from the record. The
individual images were stitched together using the Photomerge com-
mand in Adobe Photoshop CC and then exported as TIFFs for
analysis.

25 | Wave tank

To individually assess the impacts of mechanical versus thermal pro-
cesses on NIC breakup scaled models of the study beaches were cre-
ated in a wave tank. A cryogenic wave tank (3 m long x 0.6 m
wide x 1.2 m tall) was constructed in a large walk-in freezer to simu-
late cold coast processes (Figure 3). The air temperature of the freezer
is controlled to within 0.5°C. A set of heating elements input heat at

different locations of the water column to control water temperature
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FIGURE 3 Side profile of the wave tank device. To the left of the photo is the beach ramp and the sediment beach. On the right side of the
photo is the plunging wave generator and a heating element. When the tank is in use cameras are mounted to the overhead aluminum struts. The
wave tank is located within a large walk-in freezer. The wave tank is 3 m long x 0.6 m wide x 1.2 m tall.

to within 0.1°C, which allows a wide range of air and water tempera-
ture combinations. The wave tank walls are constructed from
1.905 cm acrylic, which is structurally supported by an exoskeleton of
aluminum struts. The water level in the tank is variable and at one end
of the tank a plunging wave generator produces scaled surface waves
with a range of adjustable wave periods and amplitudes. On the other
end of the wave tank is a ramp with coarse-grained (0.788 mm mean
diameter) sand that simulates the shoreface. Experimental conditions
are continuously tracked with a variety of instruments. Wave period
and amplitude are measured at several locations within the wave tank
using a pressure transducer. In addition, two cameras track the pass-
ing waves in reference to a grid mounted on the tank wall. An over-
head camera is used to take photos of the beach area at a regular
interval for comparison with UAS field observations. A series of high
precision glass bead thermistors (0.01°C accuracy) track temperature
gradients within the water. Data output from all instruments are digi-
tized and captured in LabVIEW for synchronization and export. The
water level can be adjusted along with the wave period and amplitude
to achieve Froude number similitude with deep-water waves.

An NIC was first built in the wave tank and then broken up ther-
mally and/or mechanically. The first experiment was designed to iso-
late the effects of mechanical breakup of the NIC. The freezer
temperature was set to —6°C, and the heating element in the bottom
of the tank was set to 1°C. Waves with a wavelength and amplitude
of ~0.5 and 0.01 m were applied. The water depth within the wave
tank was 0.43 m. Froude scaling for these waves correspond to a

23.3 m wavelength in the natural beach for water depths of 20 m.
Once an active NIC had formed, larger waves were produced with a
55% increase in amplitude in an attempt to initiate the mechanical
breakup process without raising the temperature. The second experi-
ment focused on the combined thermal and mechanical breakup of
the NIC. The freezer atmospheric temperature was set to —2°C, the
wave generator produced waves with a wavelength and amplitude of
0.4 and 0.01 m, respectively. The water depth within the wave tank
was 0.43 m. Froude scaling for these waves correspond to an 18.6 m
wavelength in the natural beach for water depths of 20 m. Once the
NIC had formed, the wave generator plunging speed was increased,
roughly doubling the wave amplitude. This was meant to represent
relatively wavy conditions during warming events. The freezer tem-
perature was also raised gradually over a 24 h period to 3°C while
holding the wave properties constant. Importantly, the focus of these
experiments was to investigate the mechanisms of NIC breakup and
not exactly match conditions observed in the field.

To relate mechanical breakup properties of the wave tank to
those observed in the field a nondimensionalized value was estimated,
I =F,,/Fs, which is the ratio of the force imparted from waves, F,,, to
force required to fracture the NIC, F,. The estimation of the force
exerted by waves on the ice front follows analysis of Mitsuyasu
(1962) where the force imparted on a wall by waves (F,,) can be esti-
mated using the following expression:

Fu = CupgHo W, (1)

ASURDIT suowwo)) dAnea1)) d[qeardde ayy £q pawIoaoS a1e sa[dILIE V() SN JO S3[NI 10§ AIeIqI] SUI[UQ) AS[IAN UO (SUOHIPUOI-PUB-SULI}/W0d" K[ 1M A1eIqi[aut[uo//:sdiy) Suonipuoy) pue swid ] oy S “[£207/60/80] U0 A1eiqr suru A1 ‘UOSIPEA - UISUOISIA JO ANsIoAIur) Aq 8695 dsa/z00[°01/10p/wod: Ad[im KIeiqijaurjuo;/:sdny woly papeojumod 0 ‘LE869601



THEUERKAUF ET AL.

where C,, is an experimentally determined wave force coefficient that
depends on beach slope and wave steepness (here following
Mitsuyasu, 1962, C,, was set to 4 for the wave tank and 2 for the field
setting), p is the density of water (1000 kg m~3), g is gravitational con-
stant (9.81 ms™2), H, is the surface water wave height, W is the width
of the ice wall and d is the depth of the water at the ice wall. The force
required to break the ice in the NIC, F;, is estimated by using the yield
stress of ice, 6y, (here =1 MPa) multiplied by the cross-sectional area

of the thinnest ice, h, which is often located in the ice lagoon.

Fo=o,Wh (2)

Values of I' that approach unity should be likely to mechanically
break. Thermal weakening will effectively lower h by reducing ice

thickness but also reduce o, through degradation of the ice.

3 | RESULTS

3.1 | Atmospheric and hydrodynamic conditions
At the Ontonagon site, there was a general rise in air temperature

throughout the monitoring period; however, surface water temperature

20

16 -] Ontonagon Site

did not begin to rise appreciably until the beginning of March 2021
(Figure 4). During late February, there were several periods when air
temperature rose above freezing, yet the surface water temperature
remained right at freezing. Around 10 March, the air temperature rose
substantially (to ~16°C), which corresponded with an increase in sur-
face water temperature just above freezing (~2°C). From 11 March
through 19 March, both air temperature and surface water temperature
remained around freezing. On 20 March, both air temperature and sur-
face water temperature began to rise again. Air temperature rose to
around 16°C and surface water temperature rose to around 4°C.

A similar pattern was observed at the Chocolay site with both air
and water temperatures generally remaining at or below freezing from
the beginning of the monitoring period to 7 March 2021 (Figure 4). The
air temperature fluctuated more at the Chocolay site during this period
than the Ontonagon site. Starting on 7 March, the air temperature rose
to a maximum of 8°C above freezing for around a week and the water
temperature began to rise above freezing as well. The air temperature
stayed entirely above freezing until 12 March when it dropped to
around —4°C for a day then rose to around 8°C on 13 March and then
dropped again to around —4°C on 14 March. Given the brief nature of
these air temperature fluctuations, surface water temperature remained
generally unchanged. From 15 March through 19 March, air tempera-
ture was slightly above freezing and surface water temperature

[ 37

Temperature (°C)
o

1‘28‘ N\ n L MV&&
4] AR \J

-8
12
164
-20
-24 T T T T T 1
2/18/21 2/23/21 2/28/21 3/5/21 3/10/21 3/15/21 3/20/21 3/25/21
Date

—— Air Temperature
—— Surface Water Temperature

s - Chocolay Site

Temperature (°C)

! FZMM
TM’\/ /AR

FIGURE 4 Air and water
temperature records for both sites. Top

2/28/21 3/5/21 3/10/21 3/15/21

Date

3/20/21

—— Air Temperature
—— Surface Water Temperature

panel contains the records for the
Ontonagon sites with vertical black lines
indicating the UAS survey times. Bottom
panel contains the records for the
Chocolay site.

3/25/21  3/30/21

ASULIIT sUOWWO)) ALY d]qedl[dde ayy Aq pauIaA0S a1k s3d1IR () (SN JO SN 10J AIRIqIT SUIUQ) AJ[IA\ UO (SUONIPUOI-PUB-SULID}/WOY" K[ 1M AIRIqI[aUI[UO//:sd)1Y) SUONIPUO)) U SWLIS [, 33 39S *[£70T7/60/80] U0 AIRIqIT dUIUQ AS[IA\ ‘UOSIPRIA] - UISUOISIA JO ANs1oatun) £q 8696 dsa/z001 0 [/10p/wod K[ im Kreiqijaurjuo//:sdny woiy papeojumo(] ‘0 ‘L£869601



THEUERKAUF ET AL.

remained steady. Air temperature rose rapidly on 20 March to a maxi-
mum just under 14°C and remained at this level until 23 March. Surface
water temperature slowly rose throughout the rest of the monitoring
period, whereas air temperature fluctuated periodically above and
below freezing but generally remained above freezing.

Throughout the monitoring period, wave heights at both sites
generally remained below the 2 m storm wave threshold. Wave
heights during the first several weeks of monitoring at Ontonagon
were less than a meter except for a brief period on 28 February and
1 March when waves rose to just over 1 m (Figure 5). The only period
in the Ontonagon record when wave heights rose above 2 m was dur-
ing an event on 11 and 12 March. From 12 March through the end of
the monitoring period, wave heights remained below the storm
threshold and generally below 1 m. The Chocolay wave height record
was similarly devoid of any major storm events; however, periods of
above 1 m waves appeared more frequently in the record than at the
Ontonagon site. On 1 March and 12 March, wave heights briefly rose
just above the storm wave height threshold. Otherwise, wave heights
remained below this threshold with periodic increases to above 1 m,

likely indicating low-magnitude onshore wind and wave events.

32 | UAS flights

The UAS flights provided snapshots of the NIC breakup process at the

Ontonagon site that were linked to atmospheric and hydrodynamic

2.89 Ontonagon Site
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conditions. The initial survey on 17 February 2021 documents a well-
developed NIC with an outer ridge and an inner ridge separated by an
ice lagoon (Figure 6). An inner ridge is present that coalesces with the
grounded ice foot along parts of the site and appears to be separated
from the icefoot by a small ice lagoon (Figure 6). A layer of featureless
ice that is not considered part of the NIC is also present offshore of
the outer ice ridge. On 6 March 2021, this flat ice offshore of the
ridge had broken apart, presumably due to the low-magnitude wave
event that occurred in early March, and only sheets and chunks of
brash and slush where present in the imagery. Minimal change to the
NIC was documented in this survey, though it appears that some melt
could have occurred prior to the flight as accumulated sediment was
exposed at the surface of the ridges. This accumulation of sediment
could however also be the result of sublimation at the ice surface due
to high sun intensity, even during sub-freezing air temperatures. By
10 March, substantial melting of the NIC was evident in the UAS
imagery (Figure 6). Thinning of the ice in the lagoons was observed as
well as melting along the ridges and icefoot, as evidenced by a super-
accumulation of sediment along these features. During this time, no
wave events were recorded, however, air temperature rose substan-
tially (~10°C), and water surface temperature began to rise above
freezing as well (~1-2°C). By 24 March 2021, most of the NIC had
deteriorated through a combination of rising air and water surface
temperatures as well as the wave event that occurred on March
11 and 12. The outer ice ridge was entirely removed, the lagoon sepa-

rating the outer and inner ridge/icefoot thinned in some spots and
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Feb. 17, 2021
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FIGURE 6 Orthomosaic images generated from the UAS flights at the Ontonagon site. (Top left) Full-developed NIC on 17 February 2021,
(top right) 6 March 2021, (bottom left) 10 March 2021 and (bottom right) 24 March 2021.

broke apart in others, the inner ridge was thinning, and the icefoot

had mostly decayed.

3.3 | Ground-based panoramic photographs

The panoramic imagery collected at the Chocolay site reveals similar

ice breakup patterns as those documented in the UAS imagery at

Ontonagon. The first image collected on 25 February 2021 depicts a
moderately developed NIC with several sequences of ridges and inter-
vening lagoons (Figure 7). The most landward lagoon is free of any ice
and is located immediately offshore of the shoreline. On 1 March, a
small storm event (peak wave height 2.3 m, Figure 5) impacted the
site, but temperatures remained below freezing. This does not appear
to have resulted in any breakup of the NIC but rather appears to have

built up the outer ice ridge. The next day (2 March), the air
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FIGURE 7 Panoramic images of initial
NIC destruction at the Chocolay site from
25 February 2021 through

10 March 2021.

temperature rose to above freezing and while the waves were no lon-
ger characterized as storm waves, they remained above 1 m. Minimal
change to the NIC occurred in response to these conditions. Air tem-
peratures dropped to below freezing for the next several days and
wave energy remained low (below 1 m). During this time, the NIC
remained stable, and a thin layer of ice formed on the surface of Lake
Superior far out into the basin.

Beginning on 7 March, the air temperature rose to above freezing
and the ice lakeward of the NIC retreated (Figure 7). Temperatures
remained above freezing until 12 March, and calm wave conditions
(waves less than 1 m) were observed until 11 March. The photographs
revealed that the NIC began to breakup on 9 March primarily from
thermal effects given wave heights were less than 1 m (Figure 7). The
in-place degradation of the NIC continued until 11 March when wave
energy began to increase. Waves crossed the storm threshold on
12 March; however, the air temperature dropped to below freezing.
The basinward portion of the NIC remained unchanged despite the
increased wave energy and the ice lagoon closest to shore began to
refreeze (Figure 7). Temperatures remained above freezing and wave
heights were generally low from 13 March through 15 March, except

for a 16 h period on 14/15 March where wave height was above 1 m

yet below the storm threshold. The NIC deteriorated precipitously

during this period, with just the shore-attached icefoot remaining on
15 March (Figure 7). Wave energy remained low, and temperatures
were slightly above freezing during the period from 15 March and
18 March, and the extent of the NIC remained largely unchanged. On
18 March, wave height increased to just under the storm wave
threshold and the last remaining portions of the NIC began to break
apart (Figure 8). The following day air temperature rose above freez-
ing until 25 March. The remaining NIC degraded in place during this
period and by 22 March, only small bits of the NIC were left immedi-
ately adjacent to the shoreline (Figure 8). On 25 March, wave energy
increased to above 1 m, and there was no evidence of any ice at the
site. Although temperatures dropped to near freezing from 25 March
through 28 March, no shore ice reformed.

3.4 | Wave tank
Experiment 1 formed a well-developed NIC with an inactive shore
icefoot, an inactive ice lagoon, an active ice ridge and a mobile brush/

slush zone (Figure 9; Supplementary Video S1). The morphologic
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pattern of features observed in the experiment largely mimicked

observations of the field photos. Time lapse imagery of the wave tank
showed that the ice ridge was constructed from brash ice tossed atop
the ice front during the ice building phase. The ice front grew to a
water depth of 15 cm, and the minimal ice thickness located in the ice
lagoon was ~1 cm. Experiment 2 also formed an active NIC, with an
inactive shore icefoot, an active ice ridge and a mobile brush/slush
zone (Figure 9; Supplementary Video S2). During buildup, however, a
thin surface ice formed along the beach edge with water movement
under the ice. This formation of a thin surface ice shelf differs from
the ice formation in Experiment 1. Temperature and waves were
altered from Experiment 1; hence, it is possible that the change in
wavelength, wave height, the difference in the freezer temperature
and the added base heat caused the different ice formations. The
basinward extent of the ice was nearly the same as Experiment 1 as
was the thickness of the ice in the lagoon.

The focus for Experiment 1 was to examine the ability of
increased wavelength and amplitude to mechanically breakup the NIC
without any change to the thermal conditions (i.e., the atmosphere
temperature remained below freezing). Once a complete NIC was
formed, the wave amplitude was approximately doubled to test if

increased energy would lead to breakup. However, this change in

FIGURE 8 Panoramic images of final
NIC destruction at the Chocolay site from
16 March 2021 through 25 March 2021.
Sediment deposited in the shallow
nearshore was visible in the 22 March
2021 image.

wave amplitude resulted in further buildup offshore of the NIC. The
purely mechanical attempt proved to be ineffective at initiating a NIC
breakup under the conditions examined in the wave tank. With the
largest waves produced the strength ratio, I"'=0.03, indicating
the waves were about 1/30 of the size needed to break apart the ice.
For Experiment 2, thermal and mechanical breakup conditions
were created and the NIC was successfully broken apart (Figure 10).
When the temperature was gradually raised to 3°C in the presence of
moderate wave conditions, widespread thermal degradation of the
NIC was induced leading to its complete destruction over ~20 h
(Supplementary Video S2). During the destruction of the NIC the
brash/slush ice zone first deteriorated leaving only the rigid shore-
ward components of the NIC intact (Figure 10). Following the melting
of the brash ice, the grounded portion of the ridge began to deterio-
rate and became detached from the bed. Once the ridge was
detached, water from the main basin was observed flowing under the
ridge and ice lagoon in response to the wave action. This injection of
warmer waters beneath the ice cap likely led to some component
of sub-ice melt as warm water was flushed into the sub-ice cavity and
cold water was drawn out. Once the outermost ice ridge had deterio-
rated the ice lagoon was relatively quickly destroyed. Prior to any

wave action, the upper surface of the lagoon had several hours of
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thermal degradation while the sub-ice section had undergone some
thermal degradation from the cavity injection. The combination of
these factors led the lagoon to deteriorate from both the basinward
and shoreward side, ultimately breaking down and having the frag-
ments flushed away by the modest wave action. Finally, after the ice
ridge and the lagoon were both removed the ice foot broke up. This
occurs from surface melt resulting from the greater than freezing

atmospheric temperatures at first and then from the delivery of heat

from the modest waves once all other components of the system had

FIGURE 9 Overhead images of NIC development in the wave
tank. Panel A is the developed NIC in Experiment 1, and Panel B is the
developed NIC in Experiment 2. The width of the wave tank is 0.6 m
in each image.

ER-wiLeyL—2

been removed. With the largest waves, the strength ratio in experi-
ment two was I' = 0.03, indicating the waves were again about 1/30
of the size needed to mechanically break apart the ice; however, this
assumes that hoy in the thermally weakened ice did not change from
experiment one, which is certainly incorrect given that the ice did
break apart. This implies that the ice had to have thinned and/or
weakened in order to achieve the breakup that was documented dur-

ing this experiment.

4 | DISCUSSION

4.1 | Processes of NIC breakup inferred from
field data

At both field sites, the active ridge appears to first weaken from melt-
ing, which then allows destruction via wave action. Meteorologic and
hydrodynamic data indicate that air and water temperatures rose at
both sites during a period of low wave heights and active NIC deterio-
ration. Two qualitative examples of ice weakening during rising tem-
peratures were found in the Ontonagon imagery. First, oblique
imagery collected along the active ice ridge indicates a lack of underly-
ing ice to support the ridge (Supplementary Figure S1). Second, hinge
deformation cracks formed along the ridges ranging from 2 to 20 cm
(Supplementary Figure S2). These occur when mechanical torque act-
ing on the NIC overcomes the strength of the ice and the cantilever
portion breaks, similar to previous observations on dynamic river ice
(Kelsch & Goldstein, 2010). Mechanical processes (i.e., wave action)
facilitate the remaining breakup of the active ridge as it is exposed to
open water. Once the active ridge is weak enough from melt and the
mechanical forces from waves are sufficient, the destruction of the
active ridge can occur rapidly (i.e., hours to days) as was observed at
both sites in this study. Marsh et al. (1973) documented a similar situ-
ation where the entire NIC was destroyed in as little as 2 days. The
sequence of processes leading to this breakup has important implica-
tions for dictating the net sediment transport impacts from ridge
destruction. The advanced thermal weakening that occurred prior to

wave attack appears to have caused sediment contained within the

FIGURE 10 NIC breakup during the wave tank experiment with both thermal and mechanical processes. Both panels are from the same
experiment (Experiment 2) but from different vantage points. Panel A is looking landward while Panel B is looking basinward. The width of the

wave tank in each image is 0.6 m.
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ice to be mostly deposited close to the ridge (Figure 7), rather than

facilitating the formation of sediment-laden brash and slush that could
be rafted offshore.

The ice lagoons initially degraded entirely from thermal processes,
which is logical given the protection of the ice lagoon by the active
ridges that were likely grounded to nearshore bars. The grounded ice
of the passive ridges landward of the lagoon act as similar barriers.
This creates isolated pooling of meltwater underneath the ice lagoon.
The grounded ice on either side of the ice lagoon limits mixing with
the colder open water and thus may locally warm. Thermal degrada-
tion is exacerbated because there is less sediment embedded in the
lagoon ice than the ice ridge, and the ice is not frozen down to
the lakebed (Bryan & Marcus, 1972). Furthermore, after there is an
increased water content in the ice, its albedo will decrease leading to
an increased melt rate and further weakening the ice. As the ice
lagoon melts, a tabular, mud crack-like pattern emerges indicating
weakening of the ice (Supplementary Figure S2). Once the outer ice
ridge has been destroyed, this lagoon becomes active as it is exposed
to the open lake. Mechanical forces become important in further
deteriorating the ice lagoon as the ice ridge is no longer affording it
protection. Wind and waves then work to efficiently destroy the ice
lagoon. If offshore winds are present this ice and any entrained sedi-
ment are added to the brash ice floating offshore of the NIC
(Supplementary Figures S2 and S3), potentially removing sediment
from the nearshore.

The destruction of the inactive ice ridges, lagoons, and the icefoot
processes are different because they are not exposed to as much
mechanical forces as the active (outermost) ridge. This allows for ther-
mal processes to melt much of the ice and results in some unique ice
structures such as ice arches. By the time these ridges become
‘active’ and are exposed to mechanical forces and the open lake, they
are likely no longer grounded, which would have provided some sta-
bility. Hinge cracks are common along the inactive ice ridge indicating
weakening (Supplementary Figure S3). Since these ridges are weak-
ened substantially by thermal processes, even a small wave event can
efficiently destroy them. This was observed at the Chocolay site
where the remaining inner ridges and grounded ice foot were des-
troyed quickly during a period of warming and a low magnitude
(~2 m) onshore wave event, whereas previous events of such magni-
tude did not result in the NIC destruction. This has important implica-
tions for sediment transport as most of the sediment contained within
the ice is deposited in place rather than being transported away from
the breakup location.

The importance of thermal processes in facilitating ice breakup
was confirmed with the wave tank experiments. NIC breakup was not
possible in the wave tank with only wave action (i.e., mechanical
forces) as was supported by I < 1. These waves only broke apart the
ridges and lagoons when the temperature within the wave tank was
increased and thermal degradation weakened the NIC. This produced
a similar sequence of events as those observed in the field, where evi-
dence for thermal weakening was initially observed and NIC breakup
then proceeded primarily by mechanical processes. This also gener-
ated sediment transport behaviour in the wave tank that mirrored
qualitative observations of sediment transport in the panoramic imag-
ery. Apparent sediment deposition was documented in the Chocolay
site panoramic images immediately basinward of the shoreline, which

is likely primarily the result of thermal breakup (Figure 8). There also

does appear to be pockets of sediment offshore of this primary depo-
sitional zone, which could be the result of coupled thermal and
mechanical processes associated with NIC breakup.

Together these findings indicate that hs, in Equation (2) should
have an energy balance dependency (ho,(E)). That is when energy, E,
inputted to the system (e.g., from turbulent and radiant surface fluxes
and subsurface water temperatures) exceeds thermal cooling the
excess energy will be used to melt the ice thereby thermally weaking
it and reducing o, and h. In this manner waves that were not capable
of breaking apart the NIC when hoy, was elevated now have sufficient
force to break the NIC apart, effectively driving I towards unity by
reducing Fs. The value of I" estimated for the field wave data shown in
Figure 5 produce I'=0.14 for wave heights of 1.2 m. The I" from the
wave tank experiments are ~4x smaller than those from the field but
still within an order of magnitude indicating that the wave tank exper-
iment did a reasonable job approximating the force balance from the
field. However, in both instances the forces from the waves were
much too small to break apart the NIC without thermally weaking the
ice via reduction in hs,. The successful destruction of the NIC in
Experiment 2 provides insights into the role of mechanical vs thermal
affects, whereby thermal affects reduced the heo, product by approxi-
mately 30-fold (which is what would be required to drive " towards
unity). In the field the effect would only require a 7-fold reduction in
ho, and with the maximum waves observed (Figure 5, 2.4 m) only
requires a 4-fold reduction in ho,. The possibility for such large reduc-
tions in strength from thermal degradation as observed in the wave
tank experiments indicates that although thermal weakening is not
strictly required for breakup, it represents a much more energetically
efficient path when compared with the alternative of requiring
extremely large waves.

4.2 | Conceptual model of NIC breakup processes

The field and laboratory observations in this study revealed that a com-
bination of thermal and mechanical processes drive NIC breakup. This
combination of processes is similar to those that were observed
through field and remote sensing measurements of landfast ice decay
in the Alaskan Arctic by Petrich et al. (2012). Thermal degradation is
generally 2-fold, generating melt from both the ambient air as well as
from the open surface water adjacent to the ice. One of the reasons
that ice ridges form and can rise above the water surface is because
they are in direct contact with the bed (Bryan & Marcus, 1972, Seibel
et al., 1976). The water at depth in Lake Superior, similar to other cold-
climate regions, is rarely below the freezing point; thus, the ice at the
base of the ridge that is in contact with the lake water is temperate and
as the lake begins to warm the excess heat melts the ridge from the
basinward edge (Figure 11). This process begins to undercut the ice
ridge, similar to cliff erosion processes, and can in some instances trig-
ger collapse of the overhanging ridge. Previous studies have asserted
that these ice-ridges form and breakup entirely due to mechanical pro-
cesses such as wave action; however, in both our field observations
and the wave tank experiments in this study, simply increasing the
wave action without first thermally weakening the ice did not induce
NIC breakup. No portion of the NIC was broken up in the wave tank
experiment when only mechanical forces were exerted, an observation

that supports the field findings. In the experiment where thermal

ASULIIT sUOWWO)) ALY d]qedl[dde ayy Aq pauIaA0S a1k s3d1IR () (SN JO SN 10J AIRIqIT SUIUQ) AJ[IA\ UO (SUONIPUOI-PUB-SULID}/WOY" K[ 1M AIRIqI[aUI[UO//:sd)1Y) SUONIPUO)) U SWLIS [, 33 39S *[£70T7/60/80] U0 AIRIqIT dUIUQ AS[IA\ ‘UOSIPRIA] - UISUOISIA JO ANs1oatun) £q 8696 dsa/z001 0 [/10p/wod K[ im Kreiqijaurjuo//:sdny woiy papeojumo(] ‘0 ‘L£869601



THEUERKAUF ET AL.

FIGURE 11 Conceptual model of NIC breakup. Heat energy leads to progressive weakening of the NIC, making it more susceptible to
mechanical destruction via wave attack. The timing of these processes has important implications for where erosion occurs across the shoreface
and whether sand is transported offshore or deposited in place when ice melts.

weakening was combined with the very same wave energy used to
construct the NIC, widespread and relatively rapid destruction of the
NIC occurred. This behaviour mimics the observations from the field at
both locations and underscores the importance of thermal weakening
in facilitating NIC breakup and associated sediment transport.

NIC breakup generally progresses from the open water towards
the shoreline, although this does not proceed as uniformly as NIC
buildup (Figure 11). This is due to thermal degradation from the water
and ambient air acting over the entire NIC at the same time. The rate of
breakup increases after the basal ice of the active ridge is no longer in
contact with the bed. The active ice ridge is quickly consumed by the
mechanical forces of the open water followed by the active ice lagoon
and any other landward ice features. Once the icefoot is exposed to the
open water, thermal degradation has weakened most of the ice within
it. Over this breakup period, there was an increasing ratio of thermal to
mechanical deterioration when moving landward in the NIC because
components near the beach have had more time for thermal processes
to weaken them by reducing ho,. Whether the ice is ultimately
destroyed primarily by thermal or mechanical forces has important
implications for the transport potential of the sediment embedded
within the ice and whether it remains nearshore or is transported
offshore.

The balance demonstrated in this study between thermal and
mechanical processes for facilitating NIC breakup indicates that any
future change in these conditions could have important implications for
associated sediment transport and geomorphic changes along cold-
climate coasts globally. A general decline in the prevalence of winter ice

cover has been observed over the past century in cold-climate regions

such as the Arctic and the Great Lakes of North America (Kumar et al.,
2020; Wang et al., 2012). In particular, the length of the ice season is
decreasing and the spatial extent of ice during the season is declining.
For example, in the Great Lakes region since the 1970s, all the Great
Lakes have documented both reductions in winter ice cover and
increased variability in the timing of ice onset and breakup. As climate
change continues to enhance warming throughout the region, the mag-
nitude of ice impacts and associated coastal changes should increase,
with the southern portion of the region likely experiencing these
impacts first. This relationship can also be expected in the Arctic, with
the southern Arctic being impacted first by enhanced ice variability. In
Arctic marine environments, the presence of salt water could further
amplify thermal degradation of the NIC by allowing salt rich brines to
be emplaced atop the ice, thereby lowering the melting point, and caus-
ing surface melt to initiate at temperatures below those on the Great
Lakes. Shore ice is clearly an important factor to consider when fore-
casting future changes along any cold coast due to ice’s susceptibility to
other climatic changes, such as increasing atmospheric and water tem-
peratures and an increase in storminess (e.g., Nielsen et al., 2022). As
shown in this study, the process of NIC breakup and the associated
potential for nearshore sediment transport and morphology change is
controlled by the ratio between thermal and mechanical processes. In a
future climate scenario with enhanced meteorological extremes, it is
conceivable that rapidly rising air and water temperatures at the end of
a winter season may lead to rapid in-place deterioration of the NIC and
local sediment deposition. In contrast, if enhanced storminess is
observed during the late winter and spring storm season, it is possible

that ice and associated sediment could be transported offshore,
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potentially beyond the depth of closure. Given the role of thermal
weakening for NIC breakup processes and the general trend of rising
temperatures in cold-climate regions, shore ice breakup should be con-
sidered as an integral component of the overall morphodynamics of
coasts in cold regions and one whose role is likely to be altered with cli-
mate change.

5 | CONCLUSIONS

Shore ice is a common feature during the winter along cold-climate
coasts but the processes that govern its formation, breakup and asso-
ciated sediment transport and geomorphic impact are poorly under-
stood. This study combined field and laboratory methods to evaluate
the relative importance of thermal and mechanical processes in facili-
tating NIC breakup. Field observations using UAS and panoramic gro-
und imagery revealed that ice began to deteriorate only when
atmospheric and lake water temperature rose above freezing. Wave
events documented during the study period only facilitated NIC
breakup when combined with an increase in thermal degradation.
Wave tank experiments supported these observations as the NIC gen-
erated in the wave tank could not be broken apart purely by mechani-
cal (i.e., wave) processes. Once the air and water temperatures were
increased in the wave tank, the mechanical processes were able to
erode the NIC. The ratio of thermal to mechanical processes at a given
site have important implications for potential sediment transport
pathways in response to NIC breakup. Purely thermal processes could
result in sediment deposition in situ as the ice melts in place. A combi-
nation of thermal and mechanical processes efficiently destroys the
NIC and could allow for sediment to be easily transported throughout
the nearshore. If the right conditions occur during ice breakup, sedi-
ment may be transported offshore beyond the depth of closure. With
future projections of increased atmospheric warming, it is probable
that NIC breakup processes will play an increasingly important role in
the dynamics of sediment transport and geomorphic change along
cold coasts and should be considered in coastal evolution models and

management planning.
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