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Abstract

Rapid retreat of the Larsen A and B ice shelves has provided important clues about the ice shelf destabilization processes.
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in a warming climate. Here, we utilize multi-source satellite images collected over 1963—-2020 to derive multidecadal time series
of ice front, flow velocities, and critical rift features over Larsen C, with the aim of understanding the controls on its retreat.
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front geometry conditions and mechanical weakening due to rifts affect ice shelf dynamics. Over the past six decades, Larsen
C lost over 20% of its area, dominated by rift-induced tabular iceberg calving. The Bawden Ice Rise and Gipps Ice Rise are
critical areas for rift formation, through their impact on the longitudinal deviatoric stress field. Mechanical weakening around
Gipps Ice Rise is found to be a primary control on localized flow acceleration, leading to the propagation of two rifts that
caused a major calving event in 2017. Capturing the time-varying effects of rifts on ice rigidity in ice shelf models is essential
for making realistic predictions of ice shelf flow dynamics and instability. In the context of the Larsen A and Larsen B collapses,
we infer a chronology of destabilization processes for embayment-confined ice shelves, which provides a useful framework for

understanding the historical and future destabilization of Antarctic ice shelves.
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Key Points:

e Multidecadal satellite images and ice shelf modeling experiments were used to examine dynamic changes
of Larsen C during 1963-2020

e Rift development near ice rises is a primary control on ice shelf retreat and flow acceleration before
the compressive arch is reached

e Capturing the time-varying effects of rifts on ice rigidity is needed to make realistic simulations of
future ice shelf change

Abstract

Rapid retreat of the Larsen A and B ice shelves has provided important clues about the ice shelf desta-
bilization processes. The Larsen C Ice Shelf, the largest remaining ice shelf on the Antarctic Peninsula,
may also be vulnerable to future collapse in a warming climate. Here, we utilize multi-source satellite im-
ages collected over 1963-2020 to derive multidecadal time series of ice front, flow velocities, and critical rift
features over Larsen C, with the aim of understanding the controls on its retreat. We complement these
observations with modeling experiments using the Ice-sheet and Sea-level System Model to examine how
front geometry conditions and mechanical weakening due to rifts affect ice shelf dynamics. Over the past six
decades, Larsen C lost over 20% of its area, dominated by rift-induced tabular iceberg calving. The Bawden
Ice Rise and Gipps Ice Rise are critical areas for rift formation, through their impact on the longitudinal
deviatoric stress field. Mechanical weakening around Gipps Ice Rise is found to be a primary control on
localized flow acceleration, leading to the propagation of two rifts that caused a major calving event in 2017.
Capturing the time-varying effects of rifts on ice rigidity in ice shelf models is essential for making realistic
predictions of ice shelf flow dynamics and instability. In the context of the Larsen A and Larsen B collapses,
we infer a chronology of destabilization processes for embayment-confined ice shelves, which provides a useful
framework for understanding the historical and future destabilization of Antarctic ice shelves.

Plain Language Summary

The Antarctic Ice Sheet is the largest source of uncertainty in projecting future sea-level rise. This is due
to our limited understanding of drivers and mechanisms triggering tipping points in ice-sheet instability,
and knowledge gaps regarding the retreat and disintegration of ice shelves. Understanding processes leading
to ice shelf destabilization is critical to improving estimates of future Antarctic mass loss because of their
important role in stabilizing ice flow. We studied Larsen C Ice Shelf changes using satellite data collected over
19632020, and conducted modeling experiments to elucidate the observed linkages between front retreat,
flow acceleration, and rifts. We find the development of rifts near ice rises to be the primary control on
Larsen C front calving and flow acceleration in the past six decades. Rifts can affect each other by causing
structural weakening and modifying stress fields. To predict future dynamical changes, it is necessary to
account for this feedback and capture how ice rigidity changes over time in response to rift growth. If Larsen
C retreats such that the compressive arch ceases to exist, it will resemble the pre-collapsed Larsen B ice
shelf, producing widespread flow accelerations in response to the backstress loss from ice rises.

1 Introduction

Ice shelves, as floating extensions of the grounded ice sheet, fringe ~75% of Antarctica’s coastline (Rignot et
al., 2013). Ice shelves gain mass through ice flux from inland glaciers, local snow accumulation, and basal
marine ice accretion, while they lose mass primarily via basal melting and iceberg calving (e.g., Depoorter et



al., 2013; Liu et al., 2015), together with minor runoff of surface meltwater (Bell et al., 2017). Although the
direct effect of ice shelf mass loss on sea-level rise is negligible, ice shelves provide an important buttressing
force to stabilize the grounded ice sheet and regulate the contribution from inland glaciers to global sea
level (Dupont & Alley, 2005; Gagliardini et al., 2010; Gudmundsson, 2013; Pritchard et al., 2012; Reese
et al., 2017; Thomas, 1979). Understanding the processes driving ice shelf retreat is therefore essential to
generating realistic projections of future Antarctic ice sheet mass loss in a warming climate (DeConto et al.,
2021; Noble et al., 2020; Pattyn & Morlighem, 2020).

Satellite data have indicated increasing trends in thinning and retreat of Antarctic ice shelves (e.g., Depoorter
et al., 2013; Paolo et al., 2015), revealing the vulnerability of ice shelves to atmospheric warming and oceanic
forcing (Holland et al., 2015; Liu et al., 2015; Vaughan & Doake, 1996). As a region sensitive to climate
warming, the Antarctic Peninsula has undergone pronounced regional warming (Vaughan et al., 2003), along
with rapid retreat of ice shelves and glaciers on both the west and east coasts (Cook et al., 2005; Doake
& Vaughan, 1991; Rott et al., 1996; Scambos et al., 2009; Scambos et al., 2004). Successive retreat has
occurred on the Larsen Ice Shelf along the east coast. The Larsen Ice Shelf was formerly composed of Larsen
A B, C, and D, four sections from north to south (Figure 1). Larsen A disintegrated in 1995, with an areal
loss of "1600 km? (Rott et al., 1996). Larsen B collapsed in February—March 2002, with an areal loss of
“3250 km? (Scambos et al., 2004). The rapid disintegrations of Larsen A and Larsen B triggered immediate
flow accelerations of upstream glaciers (Rignot et al., 2004; Scambos et al., 2004), which highlights the
importance of studying how an ice shelf evolves to an unstable condition and how ice shelf retreat affects
upstream flow dynamics. This has also led to an increasing concern as to whether Larsen C will disintegrate
in the future (e.g., Borstad et al., 2017; Glasser et al., 2009; Hogg & Gudmundsson, 2017; Jansen et al.,
2010, 2015; Kulessa et al., 2014), especially after a giant iceberg (A68, 5800 km?) broke off from Larsen C
in July 2017.

The disintegrations of Larsen A and Larsen B were preceded by warm air temperature and intense surface
melt (Banwell et al., 2013; Scambos et al., 2003; Scambos et al., 2000). Meltwater-induced hydrofracturing
has been postulated to be the dominant mechanism in the ice shelf collapse (van den Broeke, 2005; MacAyeal
et al., 2003; Robel & Banwell, 2019), likely preconditioned by increased basal melting (Shepherd et al., 2003;
Vieli et al., 2007). To predict the future stability of Larsen C, recent research has focused on surface melt
and associated atmospheric drivers (Bevan et al., 2020; Luckman et al., 2014), and parallel efforts have
focused on ocean-driven basal processes (Holland et al., 2015; Jansen et al., 2013; McGrath et al., 2014),
such as basal melting and the stabilizing role of suture zones. Despite the importance of atmospheric and
oceanic forcing, the stability of an ice shelf is also controlled by its stress field (Doake et al., 1998; Fiirst
et al., 2016; Kulessa et al., 2014; Lhermitte et al., 2020). The stress field, either compressive or tensile, is
closely related to fracture opening. The spatial distribution and temporal evolution of fractures determine
the ice shelf resilience, and enhanced fracturing along shear margins has been suggested to be critical for
ice shelf stability and flow dynamics (Lhermitte et al., 2020; Joughin et al. 2008). Larsen A and Larsen B
were already in an unstable stress state before their collapse as the front retreat had passed a “compressive
arch” (Doake et al., 1998). Investigating the dynamic changes of ice shelves over the long term is important
to understanding the destabilization processes. Multidecadal satellite observations on the retreat of Larsen
C provide an excellent opportunity to study the long-term dynamic behavior of ice shelves and associated
rifting and calving processes. Understanding these processes is also the key to predicting the future changes
of other embayment-confined ice shelves, such as the Ross Ice Shelf and Filchner—Ronne Ice Shelf.

Here, we use multi-source satellite images spanning six decades and ice shelf modeling experiments to conduct
a comprehensive analysis of the changes of ice shelf front, flow velocities, and stress fields over Larsen C.
The earliest satellite imagery acquired in the 1960s allows us to extend the flow velocity data back to the
1960s-1980s. We analyze in detail the development of two rifts that led to the 2017 calving event, and reveal
the close linkages between rift propagation, flow acceleration, and front retreat. We further carry out ice
shelf modeling experiments to examine how ice shelf flow velocities and stress fields vary in response to the
front geometry change due to ice shelf retreat and the mechanical weakening due to rift development.



2 Study area

Larsen C is confined by Jason Peninsula in the north and Kenyon Peninsula and Gipps Ice Rise in the
south (Figure 1). Because of the barrier effect of the high mountain ridge on westerly winds, the east side of
the Antarctic Peninsula is generally colder than the west side (King et al., 2017; Morris & Vaughan, 2003).
However, strong downslope foehn winds occasionally bring warm and dry air masses over the northern Larsen
C during the austral summer, causing intense surface melt in the northwest near the Cabinet Inlet (Elvidge
et al., 2015; King et al., 2017). The structure of Larsen C (Figure 1) consists of fast flow units draining
from the twelve inlets, and suture zones originating from the Churchill Peninsula, Cole Peninsula, Marmelon
Point, Francis Island, Tonkin Island, and Joerg Peninsula (Borstad et al., 2017; Glasser et al., 2009). Suture
zones connect those fast flow units and have been believed to play a significant role in stabilizing the ice
shelf (Kulessa et al., 2014; McGrath et al., 2014). Two pinning points, the Bawden Ice Rise and Gipps Ice
Rise, anchor the northern and southern ice front, respectively. The ice thickness varies from “1000 m near
the grounding line to 200 m near the ice front.
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Figure 1 . Study area. a . Larsen Ice Shelf (A, B, C, and D) from north to south. The white area is the ice
shelf extent in 2015. The color-coded area shows the surface topography of the grounded region. We divided
Larsen C into six flow units (C1, C2, C3, C4, C5, and C6). b . The ice front locations in 1963, 2000, 2010,
and 2017 with the ice shelf surface elevations from REMA DEM (Howat et al., 2019), twelve flow inlets, and
suture zones flowing from peninsulas and islands.

3 Data and Methods
3.1 Mapping ice front, rifts, and flow velocities

We used multi-source satellite images acquired between 1963 and 2020 to map the ice front, identify rifts,
and derive flow velocities in different time periods. The images include declassified intelligence satellite
photographs (DISP) acquired by the ARGON mission, optical images acquired by the Landsat-4/5 TM,
Landsat-7 ETM+, and Landsat-8 OLI sensors, and synthetic aperture radar (SAR) images acquired by the
ERS-1, ERS-2, Radarsat-1, Envisat, and ALOS satellites. We performed image orthorectification, image
co-registration, noise reduction, and image enhancement on the above set of images (Text S1).

We mapped the ice front locations of Larsen C for the period 1963 to 2020 (Figure S1) and delineated two



rifts in the vicinity of Gipps Ice Rise that were closely related to the 2017 calving event. We derived flow
velocities over the ice shelf for multiple periods using an image-matching-based feature tracking method
(e.g., Heid & Kidb, 2012; Liu et al., 2012; Scambos et al., 1992). The feature tracking method tracks
the spatial displacements of moving and identical surface features from two sequential images acquired at
different times. The derived flow velocity represents the average velocity between the acquisition dates of
sequential images. The image-matching algorithm automatically searches for matching points between two
images by maximizing the cross-correlation coefficient between conjugate areas in the two images. The cross-
correlation-based method can achieve an accuracy of better than 0.5 pixel (Scambos et al., 1992). For our
study, the image space was examined every 300 m to search for matching points, with a matching window of
64x64 pixels. Automated directional and local statistical filters (Liu et al., 2012) plus human inspection were
employed to remove erroneous matches and verify the matching results. The accuracy of the derived velocity
fields is determined by the image co-registration accuracy, image matching accuracy, and time separation of
sequential images, which was estimated to be 3.7725 m/year, depending on the image pairs used (Table S1).

3.2 Ice shelf modeling experiments

We used the Ice-sheet and Sea-level System Model (ISSM) (Larour et al., 2012) to conduct the ice shelf
modeling experiments. We used the shallow shelf approximation (SSA) model (MacAyeal 1989; Weis et al.
1999; Morland 1987) to examine how ice shelf flow velocities and stress fields vary with front retreat and rift
development (Text S2). For the model configuration, we used the anisotropic mesh adaptation method to
generate the numerical mesh net nodes. The boundary condition was specified as kinematic for the interior

ice shelf and dynamic for the ice shelf front. The flow law exponent n was set to 3. The ice rigidity B

was initialized as 1.5x10% Pa s!/3. For the inversion of B, we used the M1QN3 optimization algorithm in
ISSM (Morlighem et al., 2015) by minimizing a cost function defined as the weighted sum of the difference

between the modeled and observed flow velocity fields and the gradient of the optimized B at each iteration.
We further calculated the deviatoric stresses, including longitudinal deviatoric stresses and principal stresses
(Text S1). We also calculated the backstress across the ice shelf. Backstress describes the stress transmitted
upstream that opposes spreading of an ice shelf (Cuffey and Paterson, 2010), arising from side drag by lateral
walls and slower flowing ice, and from basal resistance from grounded ice rises or ice rumples. These stress
fields are tightly related to rift growth and ice shelf instability development.

4 Observations derived from satellite data
4.1 Retreat history of Larsen C during 1963-2020

During the period from August 1963 to March 2020 (Figure S1), the area of Larsen C decreased from 55,511
km? to 43,182 km?, a reduction of "22%. In the six decades, Larsen C underwent two large retreat cycles,
during 1976-1986, and during 2004-2017. Each cycle began with northern retreat near the Bawden Ice Rise
(C1-C3 units), followed by southern retreat near the Gipps Ice Rise (C4-C6 units). For both cycles, the
time interval between the northern and southern retreat was approximately ten years. In the first cycle, the
northern retreat occurred at the C2—C3 units in 1976 due to a collision between an iceberg and the ice shelf
(Ferrigno & Gould, 1987); afterwards, two large icebergs calved off from the C4-C6 units in 1986 (Skvarca,
1994), causing a retreat of "100 km in the south. The ice shelf slowly advanced between 1986 and 2004. In
the second cycle, the northern front detached from the C2-C3 units in 2004/2005, with an area loss of 1500
km?. The major retreat of the southern front happened on 12 July 2017, when a ~5800-km? tabular iceberg
detached from the C3—-C6 units.

4.2 Rifting related to the 2017 calving event

The 2017 calving event resulted from the propagation of two rifts (labeled R1 and R2, Figure 2). Long and
transverse fractures (Figure 2a) tend to form between Kenyon Peninsula and Gipps Ice Rise due to a stress
condition change, where ice shelf flow becomes less constrained by the lateral shear margins after passing by
Kenyon Peninsula. The majority of the fractures terminate near the Joerg suture zone (Figure 2a). Suture
zones can inhibit fracture growth because of the material properties of marine ice underneath (Kulessa et
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al., 2014, 2019; McGrath et al., 2014). The rift R1, a transverse rift propagating perpendicular to the flow
direction, developed from a preexisting fracture (L1 in Figure 2a) that is identifiable on the 1963 DISP
imagery. The lateral extent of R1 changed little until 2008, when it began to propagate towards R2. By
2010, the southern rift tip of R1 had traveled “14 km from its 2006 location (from A’ to A, Figure 2c¢), to
a point less than 1 km from R2. At the northern end, R1 developed a new rift trajectory from point B’ to
B (Figure 2c), and subsequently propagated to the north along this trajectory. R2 was an oblique rift that
formed between Gipps Ice Rise and a transverse fracture (L2 in Figure 2a). R2 is not present on the 1963
DISP imagery. Its formation was very likely due to the front geometry change caused by the 1986 retreat. R2
widened over time, while its rift tips exhibited little change until 2013. Then, it began developing towards
the south, and the rift tip almost reached Gipps Ice Rise (Figure 2e). Simultaneously, R1 penetrated through
the Joerg suture zone and started rapid propagation to the north (Figure 2d). R1 cut through the C5 unit
in 2014 and had propagated across the Tonkin suture zone by January 2016 (Figure 2d). By March 2017,
the length of R1 dramatically increased by ~65 km, and its northern rift tip (‘B’) reached the Cole Peninsula
suture zone (connecting the C2 and C3 units). R1 continued penetrating through the Cole Peninsula suture
zone, but did not extend into the C2 unit. Instead, it was developing along the C2 unit boundary towards
the ice front, resulting in the complete detachment of the downstream portion in July 2017.

The propagation of R1 appears to have had a strong association with the development of R2. The extension
of R2 to Gipps Ice Rise was immediately followed by the rapid growth of R1 towards the north. This suggests
that rifting can promote the growth of another rift by weakening the lateral shear margins near an ice rise.
Ice rises are locally grounded topographic highs in ice shelves. They often act as pinning points, buttress
upstream ice flows and play an active role in ice shelf stability (Favier & Pattyn, 2015; Matsuoka et al.,
2015). Weakening around ice rises could reduce their buttressing effect, leading to enhanced longitudinal
stretching and creating favorable conditions for rift propagation. We further explore this hypothesis through
modeling experiments in Section 5.

— 2017-03-17 (R1) |
~2016-01-17 (R1)|

2010-10-24 (R1) |

Fracture L1
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Figure 2 . Development of two rifts that led to the 2017 calving event. a . Long and transverse fractures



formed between Kenyon Peninsula and Gipps Ice Rise, delineated from the 1963 DISP imagery.b . The
locations of R1 and R2 on the 1988 Landsat imagery. The cyan line corresponds to L2 in panel a . ¢ . The
locations of R1 and R2 on the 2010 PALSAR imagery, showing the widening of R2 and the propagation of
R1 (from points A’ to A and B’ to B).d . The propagation of R1 from 2010 to 2017. e . The widening of
R2 between 1988 and 2017 following the 1986 calving event that occurred at the southern ice front.

4.3 Temporal variability of flow velocity during 1963—2020

The earliest flow velocities were derived from the 1963 DISP imagery and the Landsat imagery acquired in
1986 and 1988. Since the available images for 1986 cannot fully cover Larsen C, we used the 1988 imagery
to fill the data gaps. We also derived the 1986-1988 flow velocities for the area where both 1986 and 1988
images are available. Due to the limited resolution of the DISP imagery and the long-time span with the
Landsat data, the flow velocities for this period (1963-1986/1988) are relatively sparse, and are distributed
over the areas with large visible surface features (Figure 3a). Nevertheless, these velocity measurements still
provide important baseline information for examining the long-term changes in ice flow. Figure 3b shows the
temporal variability of flow velocity over five areas, including the upstream ice shelf (Area 1), the northern
downstream portion (Area 2), the ice front near Bawden Ice Rise (Area 3), the central ice shelf (Area 4),
and the southern downstream portion (Area 5). Before 1990, there was no significant velocity change across
Larsen C. On average, the flow velocities after 2000 were higher compared to the velocities before 1990.
Area 1 shows a gradual velocity increase between 2000 and 2016. Both Area 3 and Area 5 exhibit a step
change in velocity (750 m/year) between the 2000-2002 and 2008-2010 periods. The acceleration of Area
3 was related to the northern calving near Bawden Ice Rise in 2004/2005. The acceleration of Area 5 was
concurrent with the rift propagation of R1 during 2006-2010. The 2017 calving event did not trigger an
immediate flow speedup across the ice shelf.
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Figure 3 . a . The 1963-1986/1988 flow velocities. The background image is the georeferenced DISP
image showing the extended ice front in the south in 1963. The dashed lines divide the velocity data into
five regions (Areas 1-5). b . Box and Whiskers plots of the time-series flow velocities for the five areas,
generated based on the velocity measurements of the locations where the 1963-1986,/1988 velocity data are
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available for each period. The “x” markers indicate the mean value.
4.4 Flow accelerations associated with rifting and calving

The most significant velocity change was strongly related to the rift development within the downstream
portion of the C5-C6 units (Figure 4). There was a sharp velocity change along the rift line during 2015-2016
(Figure 4e) immediately before the calving occurred. Along the C6 flow line (Figure 4h), the average velocity
of the portion that calved in 2017 increased by more than 50% from 570+16 m/year during 1986-1988 to



890+36 m/year during 2015-2016. The largest increase over this period was between 2013-2015 and 2015—
2016, when the velocity increased by 21.6+2.5% from a speed value of 731425 m/year. In comparison, the
central ice shelf (C4; Figure 4g) exhibited much less variability in velocity before calving. The calved portion
of C4 had an average velocity of 723+21 m/year during 2015-2016, increasing by only 3.1£0.7% relative to
the previous period 2013-2015. However, there was a velocity increase of 9.14+2.3% between 1986-1988 and
20002002 from the ice front to an upstream distance of “80 km. This acceleration was very likely due to the
velocity adjustment in response to the front geometry change caused by the 1986 retreat. Despite the sparse
velocity data before 2000, this observed acceleration pattern may indicate a lagged response of flow velocity
to front retreat. The lagged response suggests that although the 2017 calving event has not yet induced any
significant flow accelerations, there is potential for a future flow velocity response to the 2017 event.
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Figure 4 . Flow velocity maps (a—f ) of six selected periods with ice front changes, and along-flow velocity
profiles for C4 (g ) and C6 (h ). The locations of the C4 and C6 centerlines are shown in panel a .

5 Modeling experiments

The observational data have indicated a clear but also complex linkage between ice shelf retreat, flow ac-
celeration, and rift development. Both front geometry change and rift development modulate the stress
conditions across the ice shelf, which in turn change flow velocities and strain rates, further affecting rifting
and calving. We conducted diagnostic modeling experiments to investigate how varying front geometry and
rift-induced weakening control the dynamic responses of ice shelf flow velocities and stress fields.



5.1 Ice rigidity inversion and modeling scenarios

Before the diagnostic experiments, we first solved for the ice rigidity B using the inversion procedure in ISSM.
We used the 450-m resolution MEaSURES phase-based Antarctica ice velocity data product (Mouginot et al.,
2019) to solve forB. We used this velocity product to avoid uncertainties induced by velocity interpolation
errors. This velocity product agrees best with the derived 2008-2010 flow velocities, with an average difference
of 10+25 m/year. Figure 5a shows the optimized ice rigidity B. This paramater defines the relationship
between strain rate and stress, and is affected by ice temperature, fabric, water content, impurities and
presence of cracks. Low values of B indicate “soft” ice and high values indicate “stiff” ice. The spatial
pattern of B (Figure 5a) shows a good agreement with the suture zones and the zones of rapid shearing
where outlet glaciers are flowing past promontories near the upglacier end of the ice shelf. The low values of
B near Gipps Ice Rise (highlighted area in Figure 5a) are due to the observed rift that mechanically weakened
the ice shelf, thus making the ice appear “softer” than the surrounding ice. This results from the objective of
parameter inversion, which is to minimize the difference between modeled and observed flow velocities under
the continuum-mechanical modeling framework. When simulating for the years without rifting, these low
values of B derived from the rifted condition could artificially influence the model simulations. We modified
theB values in this rifted area (Figures 5b and ¢) for different modeling scenarios. We considered three
scenarios as follows.
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Figure 5 . a . The optimized ice rigidity B through inversion in ISSM. b . The modified B used for the

non-rift scenario.b . The modified B used for the enhanced weakening scenario.

Non-rift scenario with different front geometry conditions.This scenario aims to examine the dy-
namic responses of ice shelf velocity and stress to front geometry change. We controlled for rift effects by

replacing the low values of B near Gipps Ice Rise with the values of the adjacent intact areas (Figure 5b). We
tested nine front geometry conditions (Figure 6), including four historical front locations (F1-F4), and five
hypothetical front locations (H1-H5) under future retreat scenarios. H1-H5 were determined by assuming a
radical retreat scenario, in which the new ice front reaches the compressive arch. The compressive arch is the
boundary where the second principal stress changes from negative to positive, and has been used as a critical
boundary to predict ice shelf instability (Doake et al., 1998; Kulessa et al., 2014). It has been suggested



that ice shelf retreat will become irreversible once the ice front retreats behind the compressive arch. H1
(Figure 6e) is the front location where the retreat reaches the current compressive arch (shown in Figure 6d);
H2 is the front location where the retreat reaches the compressive arch for the geometry condition H1, and
similarly for H3. Once the ice front reaches H3 or exceeds H3, the compressive arch would no longer exist.
H4 is the front condition if the H3 front continues retreating another 1 km, and H5 is the front condition if
H4 keeps retreating by “20 km (Figure 6g). H4 and H5 were used to test how sensitive the ice shelf would
be to changes in the ice shelf front when the compressive arch is absent.

Rift-scenario 1 with originalB. Through two rift scenarios, we aim to test the hypothesis based on the
observations: the weakening due to the rift R2 was crucial for the propagation of R1, which resulted in the

2017 calving event. In this scenario, we used the original ice rigidity B (Figure 5a), which includes, to a
certain extent, the R2-induced weakening.
Rift-scenario 2 with enhanced weakening. We considered a weakening-enhanced scenario by further

decreasing the rigidity B to a minimum value of 0.1x108Pa s'/3 over the rifted area (Figure 5c).
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Figure 6 . Second principal stresses and compressive arch locations for different front geometry conditions
(non-rift scenario). F1-F4 are the front locations in 1963, 2000, 2013, and 2017, respectively. H1-H5 are
the hypothetical front locations under future retreat scenarios.

5.2 Dynamic responses to front retreat (non-rift scenario)

The retreat events during 1963-2020 neither exceeded nor modified the compressive arch (Figures 6a—d).
Under future retreat scenarios, successive retreat would allow the compressive arch to migrate upstream until
H3 (Figures 6e, f). The front geometry change due to retreat can result in flow accelerations and backstress
loss (Figure 7), with the magnitude and extent depending on the location of the retreat. The two retreat
cycles reduced the backstress at the areas adjacent to the ice rises and the central downstream portion (Figure
7i-k). Flow accelerations (greater than 20 m/year) caused by front geometry change are limited to the central
downstream portion and are less than 50 m/year for the majority of Larsen C (Figures 7a—c). Therefore,
the front geometry change due to the past retreat events is insufficient by itself to explain the observed
velocity increase. We compared the derived flow velocities with the modeled flow velocities of corresponding
front geometry. Over the downstream portion of the ice shelf, the averaged difference increases over time
with the propogation of R1 and R2 from 9.8+8.5% (2000-2002, F2 condition), to 16.3+8.6% (2008-2010,
F3 condition), to 17£12.9% (2013-2015, F3 condition), and to 23.44+24.5% (20152016, F3 condition). This
suggests that, to make a realistic prediction of flow velocity change due to ice shelf retreat, it is necessary to
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first consider rift development in response to front retreat. Nevertheless, the modeling scenario considering
only the front geometry condition can be used with the observational data as a diagnostic indicator. The
increasing difference between observed and modeled flow velocities over time may be an indicator for future
calving events.

However, even without considering rifts, once the ice front reaches the current compressive arch, widespread
flow accelerations (725%) would be triggered (Figure 7d), as a result of the dramatic backstress loss (Figure
71) from Bawden Ice Rise and Gipps Ice Rise. This emphasizes the important role of ice rises in stabilizing
the ice shelf. Complete buttressing loss from ice rises would cause ice-shelf-wide flow accelerations, and the
backstress-reducing effect would extend to the grounding line. After the compressive arch ceases to exist, even
small perturbations in the ice front would cause large-scale backstress loss and flow accelerations (Figures
Tg-h, o—p), particularly over the C2 and C6 units. This effect would reach the grounding line, and the
upstream glaciers feeding the C2 and C6 units would speed up in response to the buttressing loss caused by
a small retreat at the ice front. This scenario resembles the pre-collapsed Larsen B, for which the compressive
arch was removed and flow accelerations occurred across the ice shelf. These modeling experiments suggest
that ice rises are crucial for determining the tipping point of ice shelf stability. The compressive arch is the
critical boundary, beyond which the ice shelf flow velocities and stresses are highly sensitive to front retreat.
Once the compressive arch is absent, front geometry change will become an important control on ice shelf
flow dynamics and stress conditions.

Velocity
change
(mlyear)

Backstress
change
(kPa)

Gi 3 5
e Mo *.. | | ‘.

(S X —— Ice front location after retreat

Figure 7 . Changes of modeled flow velocities (a—h) and backstresses (i—p) in response to the front geometry
changes (non-rift scenario).

5.3 Longitudinal deviatoric stress field and rift opening (non-rift scenario)
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We find that the modeling scenario considering only the front geometry condition is also useful to diagnos-
tically predict the rift opening location. Figures 8a—b show the longitudinal deviatoric stress fields for F2
(2000 front) and F3 (2013 front), with positive values representing tensile conditions along the flow direction
and negative values for compressive conditions. The locations where rifts opened strongly coincided with
the transitional zone from compressive to tensile longitudinal conditions, including the rift near Bawden Ice
Rise (Figure 8c) that caused the northern calving event in 2004/2005, and the rift R2 (Figure 8d) whose
expansion to Gipps Ice Rise directly related to the rift R1 and eventually caused the 2017 calving event.
This transitional pattern appears to be a characteristic feature near ice rises. Although we did not account
for the rift-induced weakening effect on ice rigidity, the longitudinal deviatoric stress field may be used as an
important diagnostic feature to identify potentially vulnerable areas that are favorable for rift opening, espe-
cially within the transitional zone from compressive to tensile conditions. Identifying the potential locations
of the initial rift opening is a necessary step for introducing rift-caused damage into ice shelf models.

Bawden
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Rift leading to the
004/2005 calving

|

Longitudinal deviatoric stress (kPa)

<
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Figure 8 . Longitudinal deviatoric stress fields for geometry conditions F2 (panels a and ¢ , ice front in
2000) and F3 (panels b and d , ice front in 2013). The background image in panel c is the Envisat ASAR
image acquired on August 03, 2004, showing the rift causing the northern calving event. The background
image in panel d is the Landsat-8 OLI panchromatic image acquired on January 11, 2014, showing the
expansion of R2 to Gipps Ice Rise.

5.4 Tmpact of rift-induced weakening (rift scenarios)

The modeling results of rift scenarios indicate the R2-induced weakening near Gipps Ice Rise was critical to
the propagation of R1. If the weakening effect of R2 is not considered, the southern rift tip (‘A’) of R1 would
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be in a compressive longitudinal condition (Figure 8d). Once the R2-induced weakening is incorporated
(Figure 9b), the southern rift tip (‘A’) would be in a tensile longitudinal condition that is favorable for rift
growth. This suggests that R1 would be less likely to propagate towards the south if the ice shelf were not
damaged by R2 near the ice rise. Based on satellite images, R1 almost reached R2 in 2010 (Figure 2c), which
further weakened the area. The continued weakening can further enhance the longitudinal stretching over
an expanded area for both rift scenarios (Figures 9e, h), indicating that this weakening could promote the
subsequent northward propagation of R1.

We also analyzed the first principal stresses (Figure 10). The first principal stress is the maximum value of
stress that is normal to the plane in which the shear stress is zero. Therefore, it indicates the magnitude and
orientation of the maximum tensile stress. Fractures tend to open along the direction of the first principal
stress, and the opening rate would be maximized if the flow direction is along the first principal axis (e.g.,
Benn et al., 2007; Colgan et al., 2016; Kulessa et al., 2014). The angle between the first principal axis and
flow direction (stress-flow angle) can be used to evaluate rift propagation and ice shelf stability (Kulessa et
al., 2014). A small stress-flow angle would be more likely to promote rift propagation than a large angle.
The rift-induced weakening would modify the stress-flow angles (Figures 10a—c) along the trajectory of R1 to
more favorable conditions for rift propagation. The magnitude of first principal stresses would also increase
in response to the rift-induced weakening (Figure 10d-f). The northern rift tip (‘B’) of R1 reached an area
with stress-flow angles of less than 10 degrees after January 2016, which could explain the rapid propagation
of R1 afterwards. The path of rift tip ‘B’ growth was perpendicular to the flow direction. Once the rift
tip was in the area where the first principal axis was aligned with the flow direction, the rift growth was
unstoppable until it reached to the area where the stress-flow angles were greater than 30 degrees. Therefore,
the rift-induced weakening could increase both longitudinal stresses and first principal stresses and modify
the stress-flow angles nearby, resulting in favorable stress conditions for the rift (R1) propagation towards
the north. The opening of R2 therefore preconditioned the R1 growth and the 2017 calving event.

The modeling results also indicate the rift-induced weakening caused the localized flow accelerations at the
downstream portion of southern Larsen C. The flow velocity increases near Gipps Ice Rise as compared to the
non-rift scenario are shown in Figure 9d. With the further enhanced weakening, the acceleration increases
both upstream and downstream of the rifted location (Figure 9g). This is consistent with the observed
spatial pattern of velocity increase (Figure 4). The rift development can also reduce the ice shelf backstress
(Figures 9c, f, i), although the magnitude and extent of backstress loss depend on how much weakening is
caused by rifts. With enhanced weakening, the backstress loss can extend upstream and potentially reach
the grounding line. This suggests that rift propagation needs to be considered for evaluating the buttressing
change of ice shelves.
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non-rift scenario (e ), and between rift-scenario 2 and rift-scenario 1 (f ). The extent of R1 is shown (dashed
line) with the rift tip locations between 2006 and 2017.

6 Discussion

The multidecadal satellite data and modeling experiments indicate the primary role of rifting processes in
controlling the retreat of Larsen C over the past six decades. The two retreat cycles were characterized by
tabular iceberg calving due to rift propagation. The rifts leading to calving developed near the Bawden Ice
Rise in the north and the Gipps Ice Rise in the south. The time series of satellite data allowed us to analyze
the rifting processes causing the 2017 calving event in a high level of detail. The 2017 calving event resulted
from the propagation of two rifts, including a transverse rift (R1) formed downstream of Kenyon Peninsula
and an oblique rift (R2) formed near Gipps Ice Rise. The observed flow accelerations were mainly related
to the propagation of these two rifts. Enhanced weakening due to R2 near Gipps Ice Rise increased both
longitudinal and first principal stresses around R1, and modified the stress-flow angles, creating favorable
conditions for the northward propagation of R1. This indicates the importance of considering feedbacks
between different rifts. Several studies (e.g., Borstad et al., 2017; Jansen et al., 2015) discussed the rift
development causing the 2017 calving event, but treated R1 and R2 as one single rift and mainly focused
on the northward propagation. Our results suggest that the southward propagation of both R1 and R2
preconditioned the northward propagation.

According to linear elastic fracture mechanics (LEFM), a fracture propagates when the stress intensity factor
at a crack tip exceeds the material fracture toughness (Hulbe et al., 2010; Lipovsky, 2020). At the fracture
tip, the stress intensity factor is determined by fracture geometry, fracture length, and stress field. The stress
intensity factor has three modes: Mode I-opening (tensile), Mode IT-sliding (in-plane shear), and Mode I1T-
tearing (antiplane shear). The propagation of R1 was dominated by Mode I. Fracture propagation continues
until the stress intensity factor is less than the fracture toughness. Suture zones are suggested to have
resistive effect on rift propagation because of the high fracture toughness of marine ice underneath (Borstad
et al., 2017; Kulessa et al., 2019; McGrath et al., 2014). Marine ice has different material properties from
meteoric ice originating from glacial ice, and was detected underneath the Larsen C suture zones (Holland
et al., 2009; Jansen et al., 2013). Assuming that the spatial distribution of fracture toughness is fixed, the
increased tensile stresses at the crack tips of R1 are necessary conditions to activate the propagation of R1.
The modeling results indicate the R2-induced weakening near Gipps Ice Rise caused the enhanced tensile
stresses around R1, highlighting the importance of rift features around ice rises. Meanwhile, reduced fracture
toughness of suture zones due to ice shelf thinning should also be considered. Widespread thinning has been
observed over Antarctic ice shelves from satellite altimetry data (Adusumilli et al., 2020), including Larsen
C (Adusumilli et al., 2018; Shepherd et al., 2003). The surface lowering of Larsen C has been attributed to
multiple factors, including firn compaction, ice divergence due to flow acceleration, and basal melt (Holland
et al., 2015; Shepherd et al., 2003). A high basal melt rate was observed near Bawden Ice Rise (Adusumilli
et al., 2018). Ocean-driven melting underneath Larsen C can enhance the rifting processes by 1) reducing
marine ice underneath the suture zones, decreasing the fracture toughness of suture zones; 2) destabilizing
the ice rises and reducing the buttressing force from ice rises (Borstad et al., 2013); and 3) thinning and
weakening shear margins (Alley et al., 2019; Dow et al., 2018; Lhermitte et al., 2020).

To better predict ice shelf retreat due to rifts, we not only need to know whether a rift would propagate until
calving occurs, but also where rifts tend to initiate. Rifts initiate at preexisting cracks or flaws (Hulbe et al.,
2010). A recent study based on ICESat-2 data (Wang et al., 2021) found that the vertical depth of preexisting
fracture features is critical for predicting rift locations. Theoretical modeling studies (e.g., Lipovsky 2020)
suggest that the loss of marginal strength, when ice flows out of an embayment, can trigger rift growth. Our
modeling results (Figure 8) suggest that the transitional area from a compressive (longitudinal) condition to
a tensile (longitudinal) condition resulting from ice shelf geometry conditions is also a potential location for
rift initiation and opening. There were three such transitional areas at the downstream portion of Larsen
C, including the area near Bawden Ice Rise, the area near Gipps Ice Rise, and the area downstream of
Kenyon Peninsula. Satellite images showed that the rifts causing the northern and southern calving events
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were initiated in these areas. The area downstream of Kenyon Peninsula is a typical transitional area from
strong to weak shear margins, consistent with the modeling study of Lipovsky (2020). The transitional areas
can be identified through diagnostic modeling given a front geometry condition without considering ice shelf
damage. Once a rift is initiated, the rift-induced weakening must be incorporated to examine whether the
rift will propagate in response to the modification of stress field. The weakening is enhanced when the rift
growth continues, further altering the stress field. Therefore, it is important to capture the time-varying
effect of rifts on ice rigidity in ice flow models. Capturing such feedbacks appears to be essential for modeling
flow velocity fields and subsequent rift propagation. Continuum damage mechanics (Borstad et al., 2012,
2013; Krug et al., 2014) have been recently utilized to incorporate fracture-induced weakening into a viscous
continuum damage model. The damage factor is a scalar variable that is quantified by an inversion (ice
rigidity) approach. In this case, damage-related flow velocities are required to invert for the damage factor.
Further investigation into the temporal evolution of rift length and associated damage is needed to enable
parameterization of these processes within a modeling framework.

The velocity data indicate that the impact of the 2017 calving event is limited on the ice shelf flow dynamics.
The calved portion was located in the “passive ice” zone (Fiirst et al., 2016; Reese et al., 2017), where the
front retreat has little effect on ice shelf buttressing. We observed flow accelerations in the central ice shelf
after 2000, which might be a velocity adjustment to the front geometry change resulting from the calving
events before 1990. The modeling experiments (Figures 7c, 7k) show the front geometry change due to the
2017 calving would increase the velocity (although at a low magnitude) and decrease the backstress in the
central ice shelf, suggesting a potential time-lag between front retreat and ice shelf flow acceleration. If
the retreat continues and the ice front reaches the compressive arch, widespread flow accelerations will be
triggered due to front retreat. The observed flow accelerations were mainly caused by the rift development
in the south. To predict future ice shelf flow dynamics due to front retreat, rift initiation and propagation
and associated weakening effect on ice rigidity should be considered for modeling flow velocity fields.

Following the disintegration of Larsen A and Larsen B, one pressing question is whether Larsen C will
disintegrate in the same manner. The collapses of Larsen A and Larsen B were preceded by extensive
surface melt, and hydrofracturing has been the prevailing hypothesis for explaining the ice shelf collapse
(e.g., van den Broeke, 2005; MacAyeal et al., 2003). Abundant meltwater, surface fractures, and favorable
stress conditions are the necessary elements of hydrofracturing. Lai et al. (2020) applied LEFM and assessed
the vulnerability to hydrofracturing across all Antarctic ice shelves, in which Larsen C was classified as
vulnerable to hydrofracturing. However, it is still questionable whether there will be sufficient meltwater
to fill the crevasses on Larsen C. Although several studies indicated that foehn wind enhances the surface
melt rate over Larsen C (Datta et al., 2019; Elvidge et al., 2020; King et al., 2017), the extent of ponded
water is limited in space, mostly occurring at the northern upstream portion at the Cabinet Inlet (C3 unit).
Besides excessive melt occurred on Larsen A and Larsen B, their pre-collapse front geometries were already
in unstable conditions after the compressive arch was reached (Doake et al., 1998). Larsen C will resemble
the pre-collapse Larsen B if the front geometry reaches the position of H3 and the compressive arch is absent
(Figure 6). The disintegration of Larsen C is less likely to occur in the current condition. However, given
the importance of rifting processes to the stability of Larsen C, it is critical to monitor how atmospheric
warming and oceanic forcing will affect rifting processes in the future.

7 Conclusions

We combined multi-source satellite data over the past six decades to investigate changes occuring over the
Larsen C ice shelf. The total ice shelf area was reduced by more than 20% from 1963 to 2020, as a result of
two large retreat cycles. Each cycle was characterized by a northern retreat near Bawden Ice Rise followed
by a southern retreat near Gipps Ice Rise, in which rifting-induced tabular iceberg calving was the dominant
mechanism. We analyzed the temporal evolutions of two rifts that caused the 2017 calving event in the south,
and found their close interactions in weakening the ice shelf. In particular, the weakening due to R2 near
Gipps Ice Rise preconditioned the rapid propagation of the major rift R1. We observed a lagged response of
flow acceleration to front retreat, which leads to our conjecture that there will be a gradual velocity increase
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in response to the 2017 calving event, despite relatively small recent changes. The ice shelf retreat away from
pinning points (ice rises) to the location of compressive arch will reduce the ice shelf backstress and lead to
widespread flow accelerations. When the compressive arch ceases to exist, small retreat events can trigger
large-scale backstress loss and flow accelerations extending to the upstream glaciers.

The results of this study in combination with observations of the pre-collapsed Larsen B suggest a chronology
of ice shelf destabilization processes for embayment-confined ice shelves. Rifts initiate at preexisting cracks
and/or areas with favorable stress conditions, such as the transitional area from compressive to tensile
longitudinal conditions. Ice rises and locations with a transition from strong lateral shear margins to weak
margins (e.g., occurring near an island or peninsula) generally have such characteristic stress patterns. Rifts
would propagate at these transition areas, if the stress intensity at the crack tips exceeds the fracture
toughness. Rift growth leads to mechanical weakening of ice and a change in ice rigidity property. The
weakening, particularly near ice rises and/or shear margins, results in flow accelerations, further modifies
the stress field by increasing longitudinal stretching and decreasing stress-flow angles, hence creates more
favorable conditions for rift propagation, and eventually causes ice front retreat. If the front retreat occurs
within the “passive ice” area and does not extend to the compressive arch, a limited or lagged response in
flow velocity and stress field would be triggered. If the front retreats behind the compressive arch, widespread
flow accelerations and backstress loss would be triggered, causing dynamic thinning and stress field change
across the ice shelf. The compressive arch location may move further upstream or become fully absent. The
absence of a compressive arch would create an unstable front condition, followed by persistent front retreat.
If surface melting and ponding are prevalent due to atmospheric warming, hydrofracturing can destabilize
the ice shelf rapidly. Oceanic forcing can affect this process by thinning shear margins and reducing marine
ice underneath suture zones, both of which lower the fracture toughness and therefore enhance weakening
and fracturing. Our results emphasize the need for capturing key processes in ice shelf evolution models. In
particular, the response of the ice shelf mechanical strength to the presence of rifts and the feedbacks that
can accelerate ice shelf retreat need to be incorporated in the models.
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Key Points:

o Multidecadal satellite images and ice shelf modeling experiments were used
to examine dynamic changes of Larsen C during 1963-2020

o Rift development near ice rises is a primary control on ice shelf retreat
and flow acceleration before the compressive arch is reached

o Capturing the time-varying effects of rifts on ice rigidity is needed to make
realistic simulations of future ice shelf change

Abstract

Rapid retreat of the Larsen A and B ice shelves has provided important clues
about the ice shelf destabilization processes. The Larsen C Ice Shelf, the largest
remaining ice shelf on the Antarctic Peninsula, may also be vulnerable to future
collapse in a warming climate. Here, we utilize multi-source satellite images
collected over 19632020 to derive multidecadal time series of ice front, flow ve-
locities, and critical rift features over Larsen C, with the aim of understanding
the controls on its retreat. We complement these observations with modeling
experiments using the Ice-sheet and Sea-level System Model to examine how
front geometry conditions and mechanical weakening due to rifts affect ice shelf
dynamics. Over the past six decades, Larsen C lost over 20% of its area, domi-
nated by rift-induced tabular iceberg calving. The Bawden Ice Rise and Gipps
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Ice Rise are critical areas for rift formation, through their impact on the lon-
gitudinal deviatoric stress field. Mechanical weakening around Gipps Ice Rise
is found to be a primary control on localized flow acceleration, leading to the
propagation of two rifts that caused a major calving event in 2017. Capturing
the time-varying effects of rifts on ice rigidity in ice shelf models is essential
for making realistic predictions of ice shelf flow dynamics and instability. In
the context of the Larsen A and Larsen B collapses, we infer a chronology of
destabilization processes for embayment-confined ice shelves, which provides a
useful framework for understanding the historical and future destabilization of
Antarctic ice shelves.

Plain Language Summary

The Antarctic Ice Sheet is the largest source of uncertainty in projecting future
sea-level rise. This is due to our limited understanding of drivers and mech-
anisms triggering tipping points in ice-sheet instability, and knowledge gaps
regarding the retreat and disintegration of ice shelves. Understanding processes
leading to ice shelf destabilization is critical to improving estimates of future
Antarctic mass loss because of their important role in stabilizing ice flow. We
studied Larsen C Ice Shelf changes using satellite data collected over 1963-2020,
and conducted modeling experiments to elucidate the observed linkages between
front retreat, flow acceleration, and rifts. We find the development of rifts near
ice rises to be the primary control on Larsen C front calving and flow acceler-
ation in the past six decades. Rifts can affect each other by causing structural
weakening and modifying stress fields. To predict future dynamical changes, it
is necessary to account for this feedback and capture how ice rigidity changes
over time in response to rift growth. If Larsen C retreats such that the compres-
sive arch ceases to exist, it will resemble the pre-collapsed Larsen B ice shelf,
producing widespread flow accelerations in response to the backstress loss from
ice rises.

1 Introduction

Ice shelves, as floating extensions of the grounded ice sheet, fringe ~75% of
Antarctica’s coastline (Rignot et al., 2013). Ice shelves gain mass through ice
flux from inland glaciers, local snow accumulation, and basal marine ice accre-
tion, while they lose mass primarily via basal melting and iceberg calving (e.g.,
Depoorter et al., 2013; Liu et al., 2015), together with minor runoff of surface
meltwater (Bell et al., 2017). Although the direct effect of ice shelf mass loss
on sea-level rise is negligible, ice shelves provide an important buttressing force
to stabilize the grounded ice sheet and regulate the contribution from inland
glaciers to global sea level (Dupont & Alley, 2005; Gagliardini et al., 2010;
Gudmundsson, 2013; Pritchard et al., 2012; Reese et al., 2017; Thomas, 1979).
Understanding the processes driving ice shelf retreat is therefore essential to gen-
erating realistic projections of future Antarctic ice sheet mass loss in a warming
climate (DeConto et al., 2021; Noble et al., 2020; Pattyn & Morlighem, 2020).

Satellite data have indicated increasing trends in thinning and retreat of Antarc-



tic ice shelves (e.g., Depoorter et al., 2013; Paolo et al., 2015), revealing the vul-
nerability of ice shelves to atmospheric warming and oceanic forcing (Holland
et al., 2015; Liu et al., 2015; Vaughan & Doake, 1996). As a region sensitive to
climate warming, the Antarctic Peninsula has undergone pronounced regional
warming (Vaughan et al., 2003), along with rapid retreat of ice shelves and
glaciers on both the west and east coasts (Cook et al., 2005; Doake & Vaughan,
1991; Rott et al., 1996; Scambos et al., 2009; Scambos et al., 2004). Successive
retreat has occurred on the Larsen Ice Shelf along the east coast. The Larsen
Ice Shelf was formerly composed of Larsen A, B, C, and D, four sections from
north to south (Figure 1). Larsen A disintegrated in 1995, with an areal loss of
~1600 km? (Rott et al., 1996). Larsen B collapsed in February-March 2002, with
an areal loss of ~3250 km? (Scambos et al., 2004). The rapid disintegrations
of Larsen A and Larsen B triggered immediate flow accelerations of upstream
glaciers (Rignot et al., 2004; Scambos et al., 2004), which highlights the impor-
tance of studying how an ice shelf evolves to an unstable condition and how ice
shelf retreat affects upstream flow dynamics. This has also led to an increasing
concern as to whether Larsen C will disintegrate in the future (e.g., Borstad et
al., 2017; Glasser et al., 2009; Hogg & Gudmundsson, 2017; Jansen et al., 2010,
2015; Kulessa et al., 2014), especially after a giant iceberg (A68, ~5800 km?)
broke off from Larsen C in July 2017.

The disintegrations of Larsen A and Larsen B were preceded by warm air tem-
perature and intense surface melt (Banwell et al., 2013; Scambos et al., 2003;
Scambos et al., 2000). Meltwater-induced hydrofracturing has been postulated
to be the dominant mechanism in the ice shelf collapse (van den Broeke, 2005;
MacAyeal et al., 2003; Robel & Banwell, 2019), likely preconditioned by in-
creased basal melting (Shepherd et al., 2003; Vieli et al., 2007). To predict
the future stability of Larsen C, recent research has focused on surface melt
and associated atmospheric drivers (Bevan et al., 2020; Luckman et al., 2014),
and parallel efforts have focused on ocean-driven basal processes (Holland et
al., 2015; Jansen et al., 2013; McGrath et al., 2014), such as basal melting
and the stabilizing role of suture zones. Despite the importance of atmospheric
and oceanic forcing, the stability of an ice shelf is also controlled by its stress
field (Doake et al., 1998; Fiirst et al., 2016; Kulessa et al., 2014; Lhermitte et
al., 2020). The stress field, either compressive or tensile, is closely related to
fracture opening. The spatial distribution and temporal evolution of fractures
determine the ice shelf resilience, and enhanced fracturing along shear margins
has been suggested to be critical for ice shelf stability and flow dynamics (Lher-
mitte et al., 2020; Joughin et al. 2008). Larsen A and Larsen B were already in
an unstable stress state before their collapse as the front retreat had passed a
“compressive arch” (Doake et al., 1998). Investigating the dynamic changes of
ice shelves over the long term is important to understanding the destabilization
processes. Multidecadal satellite observations on the retreat of Larsen C provide
an excellent opportunity to study the long-term dynamic behavior of ice shelves
and associated rifting and calving processes. Understanding these processes is
also the key to predicting the future changes of other embayment-confined ice



shelves, such as the Ross Ice Shelf and Filchner—Ronne Ice Shelf.

Here, we use multi-source satellite images spanning six decades and ice shelf
modeling experiments to conduct a comprehensive analysis of the changes of ice
shelf front, flow velocities, and stress fields over Larsen C. The earliest satellite
imagery acquired in the 1960s allows us to extend the flow velocity data back to
the 1960s—1980s. We analyze in detail the development of two rifts that led to
the 2017 calving event, and reveal the close linkages between rift propagation,
flow acceleration, and front retreat. We further carry out ice shelf modeling
experiments to examine how ice shelf flow velocities and stress fields vary in
response to the front geometry change due to ice shelf retreat and the mechanical
weakening due to rift development.

2 Study area

Larsen C is confined by Jason Peninsula in the north and Kenyon Peninsula
and Gipps Ice Rise in the south (Figure 1). Because of the barrier effect of the
high mountain ridge on westerly winds, the east side of the Antarctic Peninsula
is generally colder than the west side (King et al., 2017; Morris & Vaughan,
2003). However, strong downslope foehn winds occasionally bring warm and
dry air masses over the northern Larsen C during the austral summer, causing
intense surface melt in the northwest near the Cabinet Inlet (Elvidge et al.,
2015; King et al., 2017). The structure of Larsen C (Figure 1) consists of fast
flow units draining from the twelve inlets, and suture zones originating from the
Churchill Peninsula, Cole Peninsula, Marmelon Point, Francis Island, Tonkin
Island, and Joerg Peninsula (Borstad et al., 2017; Glasser et al., 2009). Suture
zones connect those fast flow units and have been believed to play a significant
role in stabilizing the ice shelf (Kulessa et al., 2014; McGrath et al., 2014). Two
pinning points, the Bawden Ice Rise and Gipps Ice Rise, anchor the northern
and southern ice front, respectively. The ice thickness varies from ~1000 m near
the grounding line to ~200 m near the ice front.
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Figure 1. Study area. a. Larsen Ice Shelf (A, B, C, and D) from north to south.
The white area is the ice shelf extent in 2015. The color-coded area shows the
surface topography of the grounded region. We divided Larsen C into six flow
units (C1, C2, C3, C4, C5, and C6). b. The ice front locations in 1963, 2000,
2010, and 2017 with the ice shelf surface elevations from REMA DEM (Howat
et al., 2019), twelve flow inlets, and suture zones flowing from peninsulas and
islands.

3 Data and Methods
3.1 Mapping ice front, rifts, and flow velocities

We used multi-source satellite images acquired between 1963 and 2020 to map
the ice front, identify rifts, and derive flow velocities in different time peri-
ods. The images include declassified intelligence satellite photographs (DISP)
acquired by the ARGON mission, optical images acquired by the Landsat-4/5
TM, Landsat-7 ETM+, and Landsat-8 OLI sensors, and synthetic aperture
radar (SAR) images acquired by the ERS-1, ERS-2, Radarsat-1, Envisat, and
ALOS satellites. We performed image orthorectification, image co-registration,
noise reduction, and image enhancement on the above set of images (Text S1).

We mapped the ice front locations of Larsen C for the period 1963 to 2020




(Figure S1) and delineated two rifts in the vicinity of Gipps Ice Rise that were
closely related to the 2017 calving event. We derived flow velocities over the
ice shelf for multiple periods using an image-matching-based feature tracking
method (e.g., Heid & K&éb, 2012; Liu et al., 2012; Scambos et al., 1992). The
feature tracking method tracks the spatial displacements of moving and identical
surface features from two sequential images acquired at different times. The de-
rived flow velocity represents the average velocity between the acquisition dates
of sequential images. The image-matching algorithm automatically searches for
matching points between two images by maximizing the cross-correlation coef-
ficient between conjugate areas in the two images. The cross-correlation-based
method can achieve an accuracy of better than 0.5 pixel (Scambos et al., 1992).
For our study, the image space was examined every 300 m to search for match-
ing points, with a matching window of 64x64 pixels. Automated directional and
local statistical filters (Liu et al., 2012) plus human inspection were employed
to remove erroneous matches and verify the matching results. The accuracy of
the derived velocity fields is determined by the image co-registration accuracy,
image matching accuracy, and time separation of sequential images, which was
estimated to be 3.7~25 m/year, depending on the image pairs used (Table S1).

3.2 Ice shelf modeling experiments

We used the Ice-sheet and Sea-level System Model (ISSM) (Larour et al., 2012)
to conduct the ice shelf modeling experiments. We used the shallow shelf ap-
proximation (SSA) model (MacAyeal 1989; Weis et al. 1999; Morland 1987)
to examine how ice shelf flow velocities and stress fields vary with front re-
treat and rift development (Text S2). For the model configuration, we used the
anisotropic mesh adaptation method to generate the numerical mesh net nodes.
The boundary condition was specified as kinematic for the interior ice shelf and
dynamic for the ice shelf front. The flow law exponent n was set to 3. The ice
rigidity B was initialized as 1.5x108 Pa s/3. For the inversion of B, we used
the M1QN3 optimization algorithm in ISSM (Morlighem et al., 2015) by mini-
mizing a cost function defined as the weighted sum of the difference between the
modeled and observed flow velocity fields and the gradient of the optimized B
at each iteration. We further calculated the deviatoric stresses, including longi-
tudinal deviatoric stresses and principal stresses (Text S1). We also calculated
the backstress across the ice shelf. Backstress describes the stress transmitted
upstream that opposes spreading of an ice shelf (Cuffey and Paterson, 2010),
arising from side drag by lateral walls and slower flowing ice, and from basal
resistance from grounded ice rises or ice rumples. These stress fields are tightly
related to rift growth and ice shelf instability development.

4 Observations derived from satellite data
4.1 Retreat history of Larsen C during 1963-2020

During the period from August 1963 to March 2020 (Figure S1), the area of
Larsen C decreased from 55,511 km? to 43,182 km?, a reduction of ~22%. In
the six decades, Larsen C underwent two large retreat cycles, during 1976-1986,



and during 2004-2017. Each cycle began with northern retreat near the Bawden
Ice Rise (C1-C3 units), followed by southern retreat near the Gipps Ice Rise
(C4-C6 units). For both cycles, the time interval between the northern and
southern retreat was approximately ten years. In the first cycle, the northern
retreat occurred at the C2—C3 units in 1976 due to a collision between an iceberg
and the ice shelf (Ferrigno & Gould, 1987); afterwards, two large icebergs calved
off from the C4—C6 units in 1986 (Skvarca, 1994), causing a retreat of ~100 km in
the south. The ice shelf slowly advanced between 1986 and 2004. In the second
cycle, the northern front detached from the C2-C3 units in 2004/2005, with an
area loss of ~1500 km?. The major retreat of the southern front happened on 12
July 2017, when a ~5800-km? tabular iceberg detached from the C3-C6 units.

4.2 Rifting related to the 2017 calving event

The 2017 calving event resulted from the propagation of two rifts (labeled R1
and R2, Figure 2). Long and transverse fractures (Figure 2a) tend to form
between Kenyon Peninsula and Gipps Ice Rise due to a stress condition change,
where ice shelf flow becomes less constrained by the lateral shear margins after
passing by Kenyon Peninsula. The majority of the fractures terminate near the
Joerg suture zone (Figure 2a). Suture zones can inhibit fracture growth because
of the material properties of marine ice underneath (Kulessa et al., 2014, 2019;
McGrath et al., 2014). The rift R1, a transverse rift propagating perpendicular
to the flow direction, developed from a preexisting fracture (L1 in Figure 2a)
that is identifiable on the 1963 DISP imagery. The lateral extent of R1 changed
little until 2008, when it began to propagate towards R2. By 2010, the southern
rift tip of R1 had traveled ~14 km from its 2006 location (from A’ to A, Figure
2¢), to a point less than 1 km from R2. At the northern end, R1 developed a
new rift trajectory from point B’ to B (Figure 2c), and subsequently propagated
to the north along this trajectory. R2 was an oblique rift that formed between
Gipps Ice Rise and a transverse fracture (L2 in Figure 2a). R2 is not present on
the 1963 DISP imagery. Its formation was very likely due to the front geometry
change caused by the 1986 retreat. R2 widened over time, while its rift tips
exhibited little change until 2013. Then, it began developing towards the south,
and the rift tip almost reached Gipps Ice Rise (Figure 2e). Simultaneously, R1
penetrated through the Joerg suture zone and started rapid propagation to the
north (Figure 2d). R1 cut through the C5 unit in 2014 and had propagated
across the Tonkin suture zone by January 2016 (Figure 2d). By March 2017,
the length of R1 dramatically increased by ~65 km, and its northern rift tip
(‘B’) reached the Cole Peninsula suture zone (connecting the C2 and C3 units).
R1 continued penetrating through the Cole Peninsula suture zone, but did not
extend into the C2 unit. Instead, it was developing along the C2 unit boundary
towards the ice front, resulting in the complete detachment of the downstream
portion in July 2017.

The propagation of R1 appears to have had a strong association with the devel-
opment of R2. The extension of R2 to Gipps Ice Rise was immediately followed
by the rapid growth of R1 towards the north. This suggests that rifting can



promote the growth of another rift by weakening the lateral shear margins near
an ice rise. Ice rises are locally grounded topographic highs in ice shelves. They
often act as pinning points, buttress upstream ice flows and play an active role
in ice shelf stability (Favier & Pattyn, 2015; Matsuoka et al., 2015). Weakening
around ice rises could reduce their buttressing effect, leading to enhanced lon-
gitudinal stretching and creating favorable conditions for rift propagation. We
further explore this hypothesis through modeling experiments in Section 5.
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Figure 2. Development of two rifts that led to the 2017 calving event. a. Long
and transverse fractures formed between Kenyon Peninsula and Gipps Ice Rise,
delineated from the 1963 DISP imagery. b. The locations of R1 and R2 on the
1988 Landsat imagery. The cyan line corresponds to L2 in panel a. c. The
locations of R1 and R2 on the 2010 PALSAR imagery, showing the widening
of R2 and the propagation of R1 (from points A’ to A and B’ to B). d. The
propagation of R1 from 2010 to 2017. e. The widening of R2 between 1988 and
2017 following the 1986 calving event that occurred at the southern ice front.
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4.3 Temporal variability of flow velocity during 1963-2020

The earliest flow velocities were derived from the 1963 DISP imagery and the
Landsat imagery acquired in 1986 and 1988. Since the available images for
1986 cannot fully cover Larsen C, we used the 1988 imagery to fill the data
gaps. We also derived the 1986-1988 flow velocities for the area where both
1986 and 1988 images are available. Due to the limited resolution of the DISP
imagery and the long-time span with the Landsat data, the flow velocities for
this period (1963-1986/1988) are relatively sparse, and are distributed over the
areas with large visible surface features (Figure 3a). Nevertheless, these velocity
measurements still provide important baseline information for examining the
long-term changes in ice flow. Figure 3b shows the temporal variability of flow
velocity over five areas, including the upstream ice shelf (Area 1), the northern
downstream portion (Area 2), the ice front near Bawden Ice Rise (Area 3), the
central ice shelf (Area 4), and the southern downstream portion (Area 5). Before
1990, there was no significant velocity change across Larsen C. On average, the
flow velocities after 2000 were higher compared to the velocities before 1990.
Area 1 shows a gradual velocity increase between 2000 and 2016. Both Area 3
and Area 5 exhibit a step change in velocity (~50 m/year) between the 2000
2002 and 2008-2010 periods. The acceleration of Area 3 was related to the
northern calving near Bawden Ice Rise in 2004/2005. The acceleration of Area
5 was concurrent with the rift propagation of R1 during 2006—2010. The 2017
calving event did not trigger an immediate flow speedup across the ice shelf.
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Figure 3. a. The 1963-1986,/1988 flow velocities. The background image is the
georeferenced DISP image showing the extended ice front in the south in 1963.




The dashed lines divide the velocity data into five regions (Areas 1-5). b. Box
and Whiskers plots of the time-series flow velocities for the five areas, generated
based on the velocity measurements of the locations where the 1963-1986,/1988
velocity data are available for each period. The “x” markers indicate the mean
value.

4.4 Flow accelerations associated with rifting and calving

The most significant velocity change was strongly related to the rift development
within the downstream portion of the C5-C6 units (Figure 4). There was a sharp
velocity change along the rift line during 2015-2016 (Figure 4e) immediately
before the calving occurred. Along the C6 flow line (Figure 4h), the average
velocity of the portion that calved in 2017 increased by more than 50% from
570£16 m/year during 1986-1988 to 890+36 m/year during 2015-2016. The
largest increase over this period was between 2013-2015 and 2015-2016, when
the velocity increased by 21.6+2.5% from a speed value of 731+£25 m/year. In
comparison, the central ice shelf (C4; Figure 4g) exhibited much less variability
in velocity before calving. The calved portion of C4 had an average velocity of
723421 m/year during 2015-2016, increasing by only 3.1+0.7% relative to the
previous period 2013-2015. However, there was a velocity increase of 9.1+2.3%
between 1986-1988 and 2000-2002 from the ice front to an upstream distance
of ~80 km. This acceleration was very likely due to the velocity adjustment in
response to the front geometry change caused by the 1986 retreat. Despite the
sparse velocity data before 2000, this observed acceleration pattern may indicate
a lagged response of flow velocity to front retreat. The lagged response suggests
that although the 2017 calving event has not yet induced any significant flow
accelerations, there is potential for a future flow velocity response to the 2017
event.
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Figure 4. Flow velocity maps (a—f) of six selected periods with ice front
changes, and along-flow velocity profiles for C4 (g) and C6 (h). The locations
of the C4 and C6 centerlines are shown in panel a.

5 Modeling experiments

The observational data have indicated a clear but also complex linkage between
ice shelf retreat, flow acceleration, and rift development. Both front geome-
try change and rift development modulate the stress conditions across the ice
shelf, which in turn change flow velocities and strain rates, further affecting rift-
ing and calving. We conducted diagnostic modeling experiments to investigate
how varying front geometry and rift-induced weakening control the dynamic
responses of ice shelf flow velocities and stress fields.

5.1 Ice rigidity inversion and modeling scenarios
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Before the diagnostic experiments, we first solved for the ice rigidity B using
the inversion procedure in ISSM. We used the 450-m resolution MEaSUREs
phase-based Antarctica ice velocity data product (Mouginot et al., 2019) to
solve for B. We used this velocity product to avoid uncertainties induced by
velocity interpolation errors. This velocity product agrees best with the derived
2008-2010 flow velocities, with an average difference of 10+£25 m/year. Figure
5a shows the optimized ice rigidity B. This paramater defines the relationship
between strain rate and stress, and is affected by ice temperature, fabric, water
content, impurities and presence of cracks. Low values of B indicate “soft” ice
and high values indicate “stiff” ice. The spatial pattern of B (Figure 5a) shows
a good agreement with the suture zones and the zones of rapid shearing where
outlet glaciers are flowing past promontories near the upglacier end of the ice
shelf. The low values of B near Gipps Ice Rise (highlighted area in Figure 5a) are
due to the observed rift that mechanically weakened the ice shelf, thus making
the ice appear “softer” than the surrounding ice. This results from the objective
of parameter inversion, which is to minimize the difference between modeled and
observed flow velocities under the continuum-mechanical modeling framework.
When simulating for the years without rifting, these low values of B derived
from the rifted condition could artificially influence the model simulations. We
modified the B values in this rifted area (Figures 5b and c¢) for different modeling
scenarios. We considered three scenarios as follows.
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Figure 5. a. The optimized ice rigidity B through inversion in ISSM. b. The
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modified B used for the non-rift scenario. b. The modified B used for the
enhanced weakening scenario.

Non-rift scenario with different front geometry conditions. This sce-
nario aims to examine the dynamic responses of ice shelf velocity and stress to
front geometry change. We controlled for rift effects by replacing the low values
of B near Gipps Ice Rise with the values of the adjacent intact areas (Figure 5b).
We tested nine front geometry conditions (Figure 6), including four historical
front locations (F1-F4), and five hypothetical front locations (H1-H5) under
future retreat scenarios. H1-H5 were determined by assuming a radical retreat
scenario, in which the new ice front reaches the compressive arch. The com-
pressive arch is the boundary where the second principal stress changes from
negative to positive, and has been used as a critical boundary to predict ice
shelf instability (Doake et al., 1998; Kulessa et al., 2014). It has been suggested
that ice shelf retreat will become irreversible once the ice front retreats behind
the compressive arch. H1 (Figure 6e) is the front location where the retreat
reaches the current compressive arch (shown in Figure 6d); H2 is the front loca-
tion where the retreat reaches the compressive arch for the geometry condition
H1, and similarly for H3. Once the ice front reaches H3 or exceeds H3, the
compressive arch would no longer exist. H4 is the front condition if the H3 front
continues retreating another 1 km, and H5 is the front condition if H4 keeps
retreating by ~20 km (Figure 6g). H4 and H5 were used to test how sensitive
the ice shelf would be to changes in the ice shelf front when the compressive
arch is absent.

Rift-scenario 1 with original B. Through two rift scenarios, we aim to test
the hypothesis based on the observations: the weakening due to the rift R2 was
crucial for the propagation of R1, which resulted in the 2017 calving event. In
this scenario, we used the original ice rigidity B (Figure 5a), which includes, to
a certain extent, the R2-induced weakening.

Rift-scenario 2 with enhanced weakening. We considered a weakening-
enhanced scenario by further decreasing the rigidity B to a minimum value of
0.1x10%Pa s'/3 over the rifted area (Figure 5c).
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Figure 6. Second principal stresses and compressive arch locations for different
front geometry conditions (non-rift scenario). F1-F4 are the front locations in
1963, 2000, 2013, and 2017, respectively. H1-H5 are the hypothetical front
locations under future retreat scenarios.

5.2 Dynamic responses to front retreat (non-rift scenario)

The retreat events during 1963-2020 neither exceeded nor modified the com-
pressive arch (Figures 6a—d). Under future retreat scenarios, successive retreat
would allow the compressive arch to migrate upstream until H3 (Figures 6e,
f). The front geometry change due to retreat can result in flow accelerations
and backstress loss (Figure 7), with the magnitude and extent depending on
the location of the retreat. The two retreat cycles reduced the backstress at the
areas adjacent to the ice rises and the central downstream portion (Figure 7i-k).
Flow accelerations (greater than 20 m/year) caused by front geometry change
are limited to the central downstream portion and are less than 50 m/year for
the majority of Larsen C (Figures 7a—c). Therefore, the front geometry change
due to the past retreat events is insufficient by itself to explain the observed
velocity increase. We compared the derived flow velocities with the modeled
flow velocities of corresponding front geometry. Over the downstream portion
of the ice shelf, the averaged difference increases over time with the propogation
of R1 and R2 from 9.848.5% (2000-2002, F2 condition), to 16.3+8.6% (2008—
2010, F3 condition), to 17+12.9% (2013-2015, F3 condition), and to 23.4+24.5%
(2015-2016, F3 condition). This suggests that, to make a realistic prediction of
flow velocity change due to ice shelf retreat, it is necessary to first consider rift
development in response to front retreat. Nevertheless, the modeling scenario
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considering only the front geometry condition can be used with the observational
data as a diagnostic indicator. The increasing difference between observed and
modeled flow velocities over time may be an indicator for future calving events.

However, even without considering rifts, once the ice front reaches the current
compressive arch, widespread flow accelerations (~25%) would be triggered (Fig-
ure 7d), as a result of the dramatic backstress loss (Figure 71) from Bawden Ice
Rise and Gipps Ice Rise. This emphasizes the important role of ice rises in
stabilizing the ice shelf. Complete buttressing loss from ice rises would cause
ice-shelf-wide flow accelerations, and the backstress-reducing effect would ex-
tend to the grounding line. After the compressive arch ceases to exist, even
small perturbations in the ice front would cause large-scale backstress loss and
flow accelerations (Figures 7g-h, o—p), particularly over the C2 and C6 units.
This effect would reach the grounding line, and the upstream glaciers feeding
the C2 and C6 units would speed up in response to the buttressing loss caused
by a small retreat at the ice front. This scenario resembles the pre-collapsed
Larsen B, for which the compressive arch was removed and flow accelerations
occurred across the ice shelf. These modeling experiments suggest that ice rises
are crucial for determining the tipping point of ice shelf stability. The com-
pressive arch is the critical boundary, beyond which the ice shelf flow velocities
and stresses are highly sensitive to front retreat. Once the compressive arch
is absent, front geometry change will become an important control on ice shelf
flow dynamics and stress conditions.
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= ? — Ice front location after retreat
Figure 7. Changes of modeled flow velocities (a—h) and backstresses (i-—p) in
response to the front geometry changes (non-rift scenario).
5.3 Longitudinal deviatoric stress field and rift opening (non-rift scenario)

We find that the modeling scenario considering only the front geometry condi-
tion is also useful to diagnostically predict the rift opening location. Figures
8a—b show the longitudinal deviatoric stress fields for F2 (2000 front) and F3
(2013 front), with positive values representing tensile conditions along the flow
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direction and negative values for compressive conditions. The locations where
rifts opened strongly coincided with the transitional zone from compressive to
tensile longitudinal conditions, including the rift near Bawden Ice Rise (Figure
8c) that caused the northern calving event in 2004/2005, and the rift R2 (Figure
8d) whose expansion to Gipps Ice Rise directly related to the rift R1 and even-
tually caused the 2017 calving event. This transitional pattern appears to be a
characteristic feature near ice rises. Although we did not account for the rift-
induced weakening effect on ice rigidity, the longitudinal deviatoric stress field
may be used as an important diagnostic feature to identify potentially vulner-
able areas that are favorable for rift opening, especially within the transitional
zone from compressive to tensile conditions. Identifying the potential locations
of the initial rift opening is a necessary step for introducing rift-caused damage
into ice shelf models.
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Figure 8. Longitudinal deviatoric stress fields for geometry conditions F2 (pan-
els a and c, ice front in 2000) and F3 (panels b and d, ice front in 2013). The
background image in panel c is the Envisat ASAR image acquired on August
03, 2004, showing the rift causing the northern calving event. The background
image in panel d is the Landsat-8 OLI panchromatic image acquired on January
11, 2014, showing the expansion of R2 to Gipps Ice Rise.
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5.4 Impact of rift-induced weakening (rift scenarios)

The modeling results of rift scenarios indicate the R2-induced weakening near
Gipps Ice Rise was critical to the propagation of R1. If the weakening effect
of R2 is not considered, the southern rift tip (‘A’) of R1 would be in a com-
pressive longitudinal condition (Figure 8d). Once the R2-induced weakening is
incorporated (Figure 9b), the southern rift tip (‘A’) would be in a tensile longi-
tudinal condition that is favorable for rift growth. This suggests that R1 would
be less likely to propagate towards the south if the ice shelf were not damaged
by R2 near the ice rise. Based on satellite images, R1 almost reached R2 in
2010 (Figure 2c), which further weakened the area. The continued weakening
can further enhance the longitudinal stretching over an expanded area for both
rift scenarios (Figures 9e, h), indicating that this weakening could promote the
subsequent northward propagation of R1.

We also analyzed the first principal stresses (Figure 10). The first principal
stress is the maximum value of stress that is normal to the plane in which the
shear stress is zero. Therefore, it indicates the magnitude and orientation of
the maximum tensile stress. Fractures tend to open along the direction of the
first principal stress, and the opening rate would be maximized if the flow di-
rection is along the first principal axis (e.g., Benn et al., 2007; Colgan et al.,
2016; Kulessa et al., 2014). The angle between the first principal axis and flow
direction (stress-flow angle) can be used to evaluate rift propagation and ice
shelf stability (Kulessa et al., 2014). A small stress-flow angle would be more
likely to promote rift propagation than a large angle. The rift-induced weak-
ening would modify the stress-flow angles (Figures 10a—c) along the trajectory
of R1 to more favorable conditions for rift propagation. The magnitude of first
principal stresses would also increase in response to the rift-induced weakening
(Figure 10d-f). The northern rift tip (‘B’) of R1 reached an area with stress-flow
angles of less than 10 degrees after January 2016, which could explain the rapid
propagation of R1 afterwards. The path of rift tip ‘B’ growth was perpendicular
to the flow direction. Once the rift tip was in the area where the first principal
axis was aligned with the flow direction, the rift growth was unstoppable until
it reached to the area where the stress-flow angles were greater than 30 degrees.
Therefore, the rift-induced weakening could increase both longitudinal stresses
and first principal stresses and modify the stress-flow angles nearby, resulting
in favorable stress conditions for the rift (R1) propagation towards the north.
The opening of R2 therefore preconditioned the R1 growth and the 2017 calving
event.

The modeling results also indicate the rift-induced weakening caused the local-
ized flow accelerations at the downstream portion of southern Larsen C. The
flow velocity increases near Gipps Ice Rise as compared to the non-rift scenario
are shown in Figure 9d. With the further enhanced weakening, the accelera-
tion increases both upstream and downstream of the rifted location (Figure 9g).
This is consistent with the observed spatial pattern of velocity increase (Figure
4). The rift development can also reduce the ice shelf backstress (Figures 9c, f,
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i), although the magnitude and extent of backstress loss depend on how much
weakening is caused by rifts. With enhanced weakening, the backstress loss can
extend upstream and potentially reach the grounding line. This suggests that
rift propagation needs to be considered for evaluating the buttressing change of
ice shelves.
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Figure 9. Modeled flow velocity (a), longitudinal deviatoric stress (b), and
backstress (c) for rift-scenario 1. Differences of these quantities between rift-
scenario 1 and non-rift scenario (d—f), and between rift-scenario 2 and rift-
scenario 1 (g—i).
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Figure 10. Stress-flow angles for non-rift scenario (a), rift-scenario 1 (b), and
rift-scenario 2 (¢, enhanced weakening). First principal stress field for non-rift
scenario (d), and differences between rift-scenario 1 and non-rift scenario (e),
and between rift-scenario 2 and rift-scenario 1 (f). The extent of R1 is shown
(dashed line) with the rift tip locations between 2006 and 2017.

6 Discussion

The multidecadal satellite data and modeling experiments indicate the primary
role of rifting processes in controlling the retreat of Larsen C over the past six
decades. The two retreat cycles were characterized by tabular iceberg calving
due to rift propagation. The rifts leading to calving developed near the Bawden
Ice Rise in the north and the Gipps Ice Rise in the south. The time series
of satellite data allowed us to analyze the rifting processes causing the 2017
calving event in a high level of detail. The 2017 calving event resulted from the
propagation of two rifts, including a transverse rift (R1) formed downstream of
Kenyon Peninsula and an oblique rift (R2) formed near Gipps Ice Rise. The
observed flow accelerations were mainly related to the propagation of these
two rifts. Enhanced weakening due to R2 near Gipps Ice Rise increased both
longitudinal and first principal stresses around R1, and modified the stress-
flow angles, creating favorable conditions for the northward propagation of R1.
This indicates the importance of considering feedbacks between different rifts.
Several studies (e.g., Borstad et al., 2017; Jansen et al., 2015) discussed the rift
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development causing the 2017 calving event, but treated R1 and R2 as one single
rift and mainly focused on the northward propagation. Our results suggest that
the southward propagation of both R1 and R2 preconditioned the northward
propagation.

According to linear elastic fracture mechanics (LEFM), a fracture propagates
when the stress intensity factor at a crack tip exceeds the material fracture
toughness (Hulbe et al., 2010; Lipovsky, 2020). At the fracture tip, the stress
intensity factor is determined by fracture geometry, fracture length, and stress
field. The stress intensity factor has three modes: Mode I-opening (tensile),
Mode IT-sliding (in-plane shear), and Mode III-tearing (antiplane shear). The
propagation of R1 was dominated by Mode I. Fracture propagation continues
until the stress intensity factor is less than the fracture toughness. Suture zones
are suggested to have resistive effect on rift propagation because of the high
fracture toughness of marine ice underneath (Borstad et al., 2017; Kulessa et
al., 2019; McGrath et al., 2014). Marine ice has different material properties
from meteoric ice originating from glacial ice, and was detected underneath the
Larsen C suture zones (Holland et al., 2009; Jansen et al., 2013). Assuming
that the spatial distribution of fracture toughness is fixed, the increased tensile
stresses at the crack tips of R1 are necessary conditions to activate the prop-
agation of R1. The modeling results indicate the R2-induced weakening near
Gipps Ice Rise caused the enhanced tensile stresses around R1, highlighting
the importance of rift features around ice rises. Meanwhile, reduced fracture
toughness of suture zones due to ice shelf thinning should also be considered.
Widespread thinning has been observed over Antarctic ice shelves from satel-
lite altimetry data (Adusumilli et al., 2020), including Larsen C (Adusumilli et
al., 2018; Shepherd et al., 2003). The surface lowering of Larsen C has been
attributed to multiple factors, including firn compaction, ice divergence due to
flow acceleration, and basal melt (Holland et al., 2015; Shepherd et al., 2003).
A high basal melt rate was observed near Bawden Ice Rise (Adusumilli et al.,
2018). Ocean-driven melting underneath Larsen C can enhance the rifting pro-
cesses by 1) reducing marine ice underneath the suture zones, decreasing the
fracture toughness of suture zones; 2) destabilizing the ice rises and reducing
the buttressing force from ice rises (Borstad et al., 2013); and 3) thinning and
weakening shear margins (Alley et al., 2019; Dow et al., 2018; Lhermitte et al.,
2020).

To better predict ice shelf retreat due to rifts, we not only need to know whether
a rift would propagate until calving occurs, but also where rifts tend to initi-
ate. Rifts initiate at preexisting cracks or flaws (Hulbe et al., 2010). A recent
study based on ICESat-2 data (Wang et al., 2021) found that the vertical depth
of preexisting fracture features is critical for predicting rift locations. Theoret-
ical modeling studies (e.g., Lipovsky 2020) suggest that the loss of marginal
strength, when ice flows out of an embayment, can trigger rift growth. Our
modeling results (Figure 8) suggest that the transitional area from a compres-
sive (longitudinal) condition to a tensile (longitudinal) condition resulting from
ice shelf geometry conditions is also a potential location for rift initiation and
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opening. There were three such transitional areas at the downstream portion
of Larsen C, including the area near Bawden Ice Rise, the area near Gipps Ice
Rise, and the area downstream of Kenyon Peninsula. Satellite images showed
that the rifts causing the northern and southern calving events were initiated in
these areas. The area downstream of Kenyon Peninsula is a typical transitional
area from strong to weak shear margins, consistent with the modeling study of
Lipovsky (2020). The transitional areas can be identified through diagnostic
modeling given a front geometry condition without considering ice shelf dam-
age. Once a rift is initiated, the rift-induced weakening must be incorporated to
examine whether the rift will propagate in response to the modification of stress
field. The weakening is enhanced when the rift growth continues, further alter-
ing the stress field. Therefore, it is important to capture the time-varying effect
of rifts on ice rigidity in ice flow models. Capturing such feedbacks appears to
be essential for modeling flow velocity fields and subsequent rift propagation.
Continuum damage mechanics (Borstad et al., 2012, 2013; Krug et al., 2014)
have been recently utilized to incorporate fracture-induced weakening into a vis-
cous continuum damage model. The damage factor is a scalar variable that is
quantified by an inversion (ice rigidity) approach. In this case, damage-related
flow velocities are required to invert for the damage factor. Further investiga-
tion into the temporal evolution of rift length and associated damage is needed
to enable parameterization of these processes within a modeling framework.

The velocity data indicate that the impact of the 2017 calving event is limited
on the ice shelf flow dynamics. The calved portion was located in the “passive
ice” zone (Flrst et al., 2016; Reese et al., 2017), where the front retreat has little
effect on ice shelf buttressing. We observed flow accelerations in the central ice
shelf after 2000, which might be a velocity adjustment to the front geometry
change resulting from the calving events before 1990. The modeling experiments
(Figures 7c, 7k) show the front geometry change due to the 2017 calving would
increase the velocity (although at a low magnitude) and decrease the backstress
in the central ice shelf, suggesting a potential time-lag between front retreat
and ice shelf flow acceleration. If the retreat continues and the ice front reaches
the compressive arch, widespread flow accelerations will be triggered due to
front retreat. The observed flow accelerations were mainly caused by the rift
development in the south. To predict future ice shelf flow dynamics due to front
retreat, rift initiation and propagation and associated weakening effect on ice
rigidity should be considered for modeling flow velocity fields.

Following the disintegration of Larsen A and Larsen B, one pressing question
is whether Larsen C will disintegrate in the same manner. The collapses of
Larsen A and Larsen B were preceded by extensive surface melt, and hydrofrac-
turing has been the prevailing hypothesis for explaining the ice shelf collapse
(e.g., van den Broeke, 2005; MacAyeal et al., 2003). Abundant meltwater, sur-
face fractures, and favorable stress conditions are the necessary elements of hy-
drofracturing. Lai et al. (2020) applied LEFM and assessed the vulnerability to
hydrofracturing across all Antarctic ice shelves, in which Larsen C was classified
as vulnerable to hydrofracturing. However, it is still questionable whether there
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will be sufficient meltwater to fill the crevasses on Larsen C. Although several
studies indicated that foehn wind enhances the surface melt rate over Larsen C
(Datta et al., 2019; Elvidge et al., 2020; King et al., 2017), the extent of ponded
water is limited in space, mostly occurring at the northern upstream portion at
the Cabinet Inlet (C3 unit). Besides excessive melt occurred on Larsen A and
Larsen B, their pre-collapse front geometries were already in unstable conditions
after the compressive arch was reached (Doake et al., 1998). Larsen C will re-
semble the pre-collapse Larsen B if the front geometry reaches the position of
H3 and the compressive arch is absent (Figure 6). The disintegration of Larsen
C is less likely to occur in the current condition. However, given the impor-
tance of rifting processes to the stability of Larsen C, it is critical to monitor
how atmospheric warming and oceanic forcing will affect rifting processes in the
future.

7 Conclusions

We combined multi-source satellite data over the past six decades to investigate
changes occuring over the Larsen C ice shelf. The total ice shelf area was reduced
by more than 20% from 1963 to 2020, as a result of two large retreat cycles. Each
cycle was characterized by a northern retreat near Bawden Ice Rise followed by
a southern retreat near Gipps Ice Rise, in which rifting-induced tabular iceberg
calving was the dominant mechanism. We analyzed the temporal evolutions of
two rifts that caused the 2017 calving event in the south, and found their close
interactions in weakening the ice shelf. In particular, the weakening due to R2
near Gipps Ice Rise preconditioned the rapid propagation of the major rift R1.
We observed a lagged response of flow acceleration to front retreat, which leads
to our conjecture that there will be a gradual velocity increase in response to the
2017 calving event, despite relatively small recent changes. The ice shelf retreat
away from pinning points (ice rises) to the location of compressive arch will
reduce the ice shelf backstress and lead to widespread flow accelerations. When
the compressive arch ceases to exist, small retreat events can trigger large-scale
backstress loss and flow accelerations extending to the upstream glaciers.

The results of this study in combination with observations of the pre-collapsed
Larsen B suggest a chronology of ice shelf destabilization processes for
embayment-confined ice shelves. Rifts initiate at preexisting cracks and/or
areas with favorable stress conditions, such as the transitional area from
compressive to tensile longitudinal conditions. Ice rises and locations with a
transition from strong lateral shear margins to weak margins (e.g., occurring
near an island or peninsula) generally have such characteristic stress patterns.
Rifts would propagate at these transition areas, if the stress intensity at the
crack tips exceeds the fracture toughness. Rift growth leads to mechanical
weakening of ice and a change in ice rigidity property. The weakening,
particularly near ice rises and/or shear margins, results in flow accelerations,
further modifies the stress field by increasing longitudinal stretching and
decreasing stress-flow angles, hence creates more favorable conditions for rift
propagation, and eventually causes ice front retreat. If the front retreat occurs
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within the “passive ice” area and does not extend to the compressive arch, a
limited or lagged response in flow velocity and stress field would be triggered.
If the front retreats behind the compressive arch, widespread flow accelerations
and backstress loss would be triggered, causing dynamic thinning and stress
field change across the ice shelf. The compressive arch location may move
further upstream or become fully absent. The absence of a compressive arch
would create an unstable front condition, followed by persistent front retreat.
If surface melting and ponding are prevalent due to atmospheric warming,
hydrofracturing can destabilize the ice shelf rapidly. Oceanic forcing can affect
this process by thinning shear margins and reducing marine ice underneath
suture zones, both of which lower the fracture toughness and therefore enhance
weakening and fracturing. Our results emphasize the need for capturing key
processes in ice shelf evolution models. In particular, the response of the ice
shelf mechanical strength to the presence of rifts and the feedbacks that can
accelerate ice shelf retreat need to be incorporated in the models.
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Introduction

This supporting document includes more details about the preprocessing of satellite
imagery (Text S1) and ice shelf modeling (Text S2), one supplementary figure (Figure S1),
and one table (Table S1). Figure S1 shows the time series of Larsen C front locations from
1963 to 2020. Table S1 provides detailed information on the image sources, time
periods, and estimated accuracies for flow velocity derivation over multiple periods.

Text S1. Satellite images and preprocessing

The images we used for this study include declassified intelligence satellite
photographs (DISP) acquired by the ARGON mission, optical images acquired by the
Landsat-4/5 TM, Landsat-7 ETM+, and Landsat-8 OLI sensors, and synthetic aperture
radar (SAR) images acquired by the ERS-1, ERS-2, Radarsat-1, Envisat, and ALOS
satellites.

The DISP images were acquired by the ARGON KH-5 panchromatic camera from
an orbital altitude of 322 km at a ground resolution of 140 m. Trackable features such as
crevasses, rifts, and flow bands are visible on the images. We orthorectified the DISP
images using a rigorous camera model with bundle block adjustment based on a set of
ground control points (GCPs) selected from very high-resolution WorldView images
(Wang et al,, 2016). The Landsat images were provided as L1G or L1GT products via the
USGS EarthExplorer data portal, and were georeferenced and orthorectified by the USGS
EROS data center. The Radarsat-1 images were orthorectified and mosaiced by the Byrd
Polar and Climate Research Center for the Radarsat Antarctic Mapping Project (RAMP)
(Jezek et al., 1998; Jezek, 2003). The ALOS PALSAR images were accessed from the Alaska
Satellite Facility data portal, and were geocoded and orthorectified by the Japan
Aerospace Exploration Agency. The ERS-1, ERS-2, and Envisat SAR images were provided
by the European Space Agency. We geocoded and orthorectified these SAR images
using the PRARE precise orbit data for ERS-1/2 and the DORIS precise orbit data for
Envisat in the ENVI® SARscape® software. The RAMP digital elevation model 2 (Liu et
al., 2001) was used for image orthorectification. The accuracy of geolocation using the
precise orbit data is estimated to be better than one pixel (Small et al., 2007). The speckle
noise of SAR imagery was suppressed by applying gamma and median filters. For images
used for velocity derivation, we also conducted image-to-image co-registration for each
image pair to ensure the relative error of image alignment is less than one pixel. To
enhance the surface features on imagery for velocity mapping, we divided each image
pair into multiple segment pairs and performed image histogram stretching.



Text S2. Ice shelf modeling experiments

We used the Ice-sheet and Sea-level System Model (ISSM), developed by the Jet
Propulsion Laboratory and the University of California at Irvine (Larour et al., 2012), to
conduct the ice shelf modeling experiments. We used the shallow shelf approximation
(SSA) model (MacAyeal 1989; Weis et al. 1999; Morland 1987) to examine how ice shelf
flow velocities and stress conditions vary with front retreat and rift development. The SSA
model assumes a hydrostatic equilibrium condition and depth-invariant horizontal
velocity, described as:

(2@ 3+ ) +5 (nh( 59) =rpghs; (M
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where x and y are horizontal cartesian coordinates, u and v are the velocity components
in the x and y directions, g is the gravitational acceleration (9.81 m/s?), h is the ice
thickness, s is the surface elevation, p is the ice density (916 kg/m?), and 7 is the effective
viscosity given by:
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where B is the vertically averaged hardness and represents the ice rigidity, and n is Glen’s
flow law exponent.

ISSM is based on a finite element numerical modeling scheme. The ice rigidity
parameter B can be solved for through inversion by minimizing the differences between
modeled and observed flow velocities. For model configuration, we used the anisotropic
mesh adaptation method to generate the numerical mesh net nodes. The surface
elevations were obtained from the Antarctic digital elevation model created from ERS-1
radar and ICESat laser altimetry data (Bamber et al., 2009). The ice shelf thickness (h) was
calculated based on the hydrostatic equilibrium condition:

h=(-2)xs )

p'=p

where p’ is the seawater density (1028 kg/m°), s is the surface elevation, and p is the ice
density (916 kg/m?).

Using the modeled flow velocity field and parameter B, we calculated the
deviatoric stresses, including longitudinal deviatoric stresses, first principal stresses, and

second principal stresses. The deviatoric stress (7) is calculated as:

T = 2n€ (5)



where 7 is the effective viscosity (equation 3), and € is the corresponding strain rate. In a
horizontal Cartesian system, the strain rates (é,, €, €,,) are calculated as:

a
& =73 (6)
d
& =1 (7)
. _1,0u  ov
Exy =3 E Ep (8)

Following Alley et al. (2018), the longitudinal strain rate (¢;,,, along the flow
direction) can be calculated as:

€1on = €x COS% @ + 2€,y, cosasina + €, sin* @ 9)
where «a is the flow angle that is counter-clockwise from the x axis.

The magnitudes of the maximum (€5, first principal) and minimum (€secona:
second principal) tensile principal strain rates can be calculated as:

. 1/. . 1/. . \2 .
Erirst =5 (€x +€,) + \/Z (€x—€)) +6° (10)
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where 8 is the angle between the y axis and the first principal axis if €, <€,, or between
the y axis and the second principal axis if €,>¢,,.

Following Cuffey and Paterson (2010), the backstress (g;,) can be calculated as

oy =3pg (1—§)h—2n(2éx+e‘y) (13)
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Figure S1. Ice front locations of Larsen C from 1963 to 2020. The background image is
the georeferenced DISP image acquired in 1963.
. Time Velocity
. Displacement . .
Period Image source ; separation uncertainty
uncertainty (m)
(years) (m/year)
1963/08-1988/01 DISP, Landsat TM 90 24.4 3.7
1986/03-1988/01 Landsat TM 45 1.8 25
1997/10-2000/09 Radarsat SAR 375 3.0 12.5
2000/01-2002/12 Landsat ETM+ 22.5 1.9 11.8
2006/06-2008/10 ALOS PALSAR 22.5 24 94
2008/10-2010/10 ALOS PALSAR 22.5 2.0 11.3
2013/11-2015/11 Landsat OLI 22.5 2.0 11.3
2015/11-2016/12 Landsat OLI 22.5 1.1 20.5
2016/12-2017/12 Landsat OLI 22.5 1.0 225
2017/12-2019/02 Landsat OLI 22.5 1.3 17.3
2019/02-2020/03 Landsat OLI 22.5 1.1 20.5

Table S1. Image sources, time periods, and estimated uncertainties for ice velocity

derivation.



