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Rapid retreat of Antarctic ice shelves in a warmer climate remains challenging to predict, contributing 
to uncertainties in projections of sea level rise. The collapse of the Larsen B Ice Shelf on the Antarctic 
Peninsula in 2002 was perhaps the most dramatic example of ice shelf retreat on record. Despite a 
general consensus that regional climate warming is associated with ice shelf collapse, knowledge of the 
precise details leading to and following collapse is limited. Here we examine a comprehensive set of 
satellite observations, modeling experiments, and climate reanalysis data to elucidate calving behavior, 
flow dynamics, and mechanical conditions of the northern Larsen Ice Shelf since the mid-1960s. Our 
analysis reveals that the Larsen B collapse in March 2002 was the last phase of a calving sequence that 
began in 1998, and was controlled by both atmospheric and oceanic anomalies that weakened the ice 
shelf structure over time. The collapse was preceded by a transition from infrequent calving of large 
tabular-icebergs and localized flow acceleration to frequent calving of small-icebergs and ice-shelf-wide 
acceleration. The intermittent pulses of the calving sequence were triggered by failure of the northern 
shear margin, most likely due to ocean-driven weakening by incision of sub-ice-shelf channels, and were 
further controlled by the location of effective buttressing sources and preexisting crevasses. The limited 
observational data indicate a similar process for the Larsen A ice shelf. These calving events corresponded 
with warm anomalies associated with a La Niña / positive Southern Annular Mode teleconnection pattern. 
The results suggest that warm climate anomalies control the occurrence of calving, while the extent 
and speed of calving are governed by ice shelf geometry and mechanical conditions, in particular, the 
sturdiness of the “weakest” shear margin. Sudden widespread flow acceleration and frequent small-
iceberg calving may serve as quantifiable precursors for ice shelf destabilization.
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1. Introduction

The collapse of the Larsen B Ice Shelf (LBIS) in Antarctica 
during the austral summer of 2002 was unprecedented, given 
the spatial extent of the collapse occurring over a short dura-
tion of time (Domack et al., 2005; MacAyeal et al., 2003). This 
event was preceded by the disintegration of the adjacent Larsen 
A Ice Shelf (LAIS) in 1995. The rapid retreat of LAIS and LBIS 
was considered exceptional (Alley et al., 2023), since such calv-
ing behavior had not been observed elsewhere and was quite 
different from the episodic large-tabular iceberg calving that com-
monly occurs in Antarctica (Fricker et al., 2002; Joughin, 2005; 
Lazzara et al., 2008; Wang et al., 2022). The immediate post-
collapse acceleration and thinning of upstream glaciers demon-
strated the important role of ice shelves in buttressing outward 
glacial flow that directly contributes to sea level rise (De Ange-
lis and Skvarca, 2003; Rignot et al., 2004; Scambos et al., 2004; 
Thomas, 1973). Despite a general agreement that the ice shelf 
collapse was closely linked to climatic warming over the Antarc-
tic Peninsula (Doake and Vaughan, 1991; Rott et al., 1996; Scam-
bos et al., 2003, 2000; Skvarca et al., 2004; Vaughan and Doake, 
1996), knowledge of the precise details and physical mechanisms 
of this linkage is limited. It is unknown whether and when the 
Larsen-B-collapse calving style will become dominant in a warmer 
climate. Such knowledge gaps have constrained our ability to re-
duce the uncertainties associated with ice shelf instability in pro-
jecting future sea level rise (DeConto et al., 2021; Pattyn and 
Morlighem, 2020).

A number of possibly interacting physical mechanisms have 
been proposed to explain the rapid collapse of LBIS, including 
(e.g.) hydrofracturing by meltwater percolating through surface 
crevasses (Scambos et al., 2003), iceberg capsizing triggering a 
domino-like effect (Burton et al., 2013; MacAyeal et al., 2003), 
breakup of the ice shelf compressive arch leading to irreversible re-
treat (Doake et al., 1998), and wave-induced flexure due to sea ice 
loss and ocean swell (Massom et al., 2018). Despite the progress 
in modeling these processes (Banwell et al., 2019; Lai et al., 2020; 
MacAyeal et al., 2021), our understanding of how and why LBIS 
collapsed is still limited due to sparse observational evidence. Most 
previous studies have focused on a short period just before and/or 
during the collapse, with an emphasis on the role of extensive sur-
face melt induced by atmospheric warming (Rignot et al., 2004; 
Scambos et al., 2003; Skvarca et al., 2004). Some studies found 
that rheological weakening of shear zones was crucial in causing 
pre-collapse flow speedups (Vieli et al., 2007, 2006; Khazendar et 
al., 2007). It has also been argued that the structural discontinuity 
of suture zones was critical to the collapse (Glasser and Scambos, 
2008).
2

However, a synergistic investigation integrating multidecadal 
observations with model simulations is still lacking. To reconstruct 
a sequence of events leading up to the ice shelf collapse, we use 
an extensive set of observations spanning 1963–2022 to reveal the 
dynamic processes prior to ice shelf disintegration, as well as post-
collapse changes. We combine analysis of observational data with 
ice shelf modeling experiments to investigate changes in stresses 
and ice rheological properties. A series of diagnostic modeling ex-
periments are conducted to study interactions between front re-
treat, shear margin weakening, ice shelf stresses and flow dynam-
ics. While the importance of shear margins has previously been 
recognized (Vieli et al., 2007), our modeling results indicate that 
shear margins can play a spatially heterogeneous role in destabi-
lizing an ice shelf. To explore potential linkages between ice shelf 
retreat and large-scale circulation patterns, we further analyze the 
calving events in conjunction with atmospheric and oceanic tem-
perature anomalies associated with the Southern Annular Mode 
(SAM) and El Niño-Southern Oscillation (ENSO).

2. Data and methods

We used multisource satellite images to reconstruct the fine de-
tails of front calving and flow velocities over the LAIS and LBIS. 
Images include ARGON DISP imagery, multispectral imagery ac-
quired by Landsat series satellites, and synthetic aperture radar 
(SAR) imagery acquired by ERS-1, ERS-2, Radarsat-1, Envisat, and 
Sentinel-1 satellites. We preprocessed the images to ensure geolo-
cation accuracy and radiometric quality (Wang et al., 2016, 2022). 
An image-matching-based feature tracking method (Scambos et al., 
1992) was applied to sequential images to derive velocity measure-
ments. The method relies on identifiable moving features (surface 
crevasses, troughs, rifts, flow strips, melt ponds), and is widely 
applicable to optical and SAR imagery (Heid and Kääb, 2012; Liu 
et al., 2012; Scherler et al., 2008). The image matching based on 
the cross-correlation algorithm can achieve sub-pixel level accu-
racy (Scambos et al., 1992).

We conducted ice shelf modeling experiments using the Ice-
sheet and Sea-level System Model (ISSM) (Larour et al., 2012), with 
the shallow shelf approximation (SSA) model scheme (MacAyeal, 
1989; Weis et al., 1999). Considering limited data availability for 
LAIS, we selected LBIS for modeling experiments. An ice rigidity 
parameter B , equivalent to A−1/n, where A is the temperature-
dependent Glen’s flow rate parameter and n is a constant, defines 
the relationship between stress and strain rate. This parameter is 
generally solved for using an inversion approach by matching ob-
served and modeled flow velocities. To understand changes in ice 
shelf properties over time, ice rigidity was computed from flow 
velocities for the period 1986-1988, representing the mechanical 
conditions of LBIS before the major calving events, and 2000-2001, 
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the period immediately before the final collapse. The principal, 
longitudinal, and shear strain rates and stresses were then cal-
culated. The modeling resolution is 1 km by 1 km. Diagnostic 
perturbation modeling experiments were subsequently performed 
to examine the sensitivity of LBIS to the front geometry change 
associated with calving and the damage of shear margins. The 
anisotropic mesh adaptation method in ISSM was applied to gen-
erate the numerical mesh net nodes. The boundary condition was 
specified as dynamic for the ice front position and as kinematic 
for the interior ice shelf. The flow law exponent n was set to 3. 
The ice rigidity parameter was initialized as 1.8 × 108 Pa s1/3. The 
M1QN3 optimization algorithm in ISSM (Morlighem et al., 2015) 
was used to invert for ice rigidity by minimizing a cost func-
tion defined as the weighted sum of the difference between the 
modeled and observed flow velocity fields and the gradient of the 
optimized rigidity at each iteration. More details regarding model-
ing experiments are provided in Text S1 (Supplementary material).

To explore relationships with large-scale climate circulation 
patterns, we used monthly ocean sea surface temperature (SST) 
and depth-varying potential temperature data from the ECMWF 
Ocean Reanalysis System 5 (ORAS5) (Zuo et al., 2019), and monthly 
averaged 2 m air temperature data from the ECMWF Reanalysis 5th 
Generation (ERA5) Land reanalysis dataset (Muñoz Sabater, 2019). 
We computed monthly air and sea surface temperature anoma-
lies and aggregated the monthly anomalies as seasonal averages. 
To relate modes of variability in the coupled ocean-atmosphere 
system to anomalies occurring over the Antarctic peninsula, we 
also computed seasonal averages of the publicly available Oceanic 
Niño Index (ONI) (NOAA, 2019) and Southern Annular Mode (SAM) 
index (Marshall, 2003). The ONI is an indicator of the El Niño-
Southern Oscillation pattern (ENSO), with values of +0.5 or higher 
indicating an El Niño event and values of −0.5 or lower indicating 
a La Niña event. The El Niño (or La Niña) phase is character-
ized by positive (or negative) sea surface temperature anomalies 
in the eastern region of the Pacific Ocean near the equator with 
weakened (strengthened) easterly winds. The SAM is the domi-
nant mode of variability of atmospheric circulation in the southern 
Hemisphere (Thompson and Wallace, 2000; Wachter et al., 2020). 
The SAM index is an effective measure of the strength of the 
Southern Westerly Winds, with positive values indicating poleward 
and strengthened westerlies (Marshall, 2003).

3. Transitions in calving style

Prior to its collapse, the LAIS (Fig. 1A) extended from Cape 
Longing to Robertson Island along the eastern coast of the Antarc-
tic Peninsula. The LBIS (Fig. 1A) was located between Robertson 
Island and Jason Peninsula. It was connected to the LAIS in the 
north near the Seal Nunataks, where the ice was nearly stag-
nant. The LBIS was fed by several large outlet glaciers, including 
(from north to south) the Hektoria, Green, Evans, Punchbowl, Jo-
rum, Crane, Flask, and Leppard glaciers. Suture zones were located 
downstream of Foyn Point, Caution Point, Delusion Point, and Cape 
Disappointment, connecting those actively-fed flow units, and were 
characterized by thinner shelf ice (Glasser and Scambos, 2008).

The LBIS advanced between 1963 and 1995 (Fig. 1C), increasing 
in area by ∼935 km2. At the end of January 1995, a sizable tabular 
iceberg (∼1730 km2) broke off along with numerous smaller-sized 
icebergs (Fig. 1C), reducing the ice shelf area by ∼2380 km2 (18%). 
This calving event was caused by a transverse rift that formed at 
the northern lateral margin, propagated towards the south, and 
eventually cut off the entire free-floating portion downstream of 
Robertson Island and Jason Peninsula. During this stage, the ad-
vance and retreat pattern followed the typical cycle of ice shelf 
growth and decay in Antarctica: calving of sizable (mostly sin-
gle) tabular icebergs due to propagation of large rifts sporadically 
3

occurring after decades of advance (Fricker et al., 2002; Joughin, 
2005). The 1995 calving event, however, was not followed by a 
multidecadal advance. The retreat of LBIS continued, transitioning 
to a calving style dominated by frequent small-sized icebergs that 
persistently calved off between 1998 and 2002 (Figs. 1C-E), culmi-
nating in the 2002 collapse.

This evidence suggests that rather than occurring as an isolated 
event, the 2002 collapse was the last phase of a sequence of calv-
ing events, and its spatial extent resulted from a lack of buttressing 
sources within the collapsed region. The entire calving sequence 
was composed of five major pulses, including the first pulse during 
October-November 1998, the second pulse during February-March 
1999, the third pulse during January 2000, the fourth pulse dur-
ing January-February 2002, and the fifth pulse during March 2002, 
reducing the ice shelf area by 1190 km2, 650 km2, 282 km2, 903 
km2, and 1805 km2 (as of March 6, 2002), respectively. The inter-
mittent occurrence of these five pulses was controlled by the dis-
tribution of buttressing sources near the Seal Nunataks along the 
northern margin. The first pulse removed most of the downstream 
portion constrained by Robertson Island (Figs. 1C-D); the second 
pulse completely removed the buttressing from Robertson Island 
(Fig. 1D); the third pulse removed the majority of the portion sup-
ported by the second buttressing source (Nunatak A) (Fig. 1D); 
the fourth pulse completely removed the buttressing support from 
Nunatak A (Fig. 1E); and during the fifth pulse (the collapse phase 
between February 27 and March 6, 2002), the calving became un-
stoppable as there were no effective buttressing sources constrain-
ing the northern margin along the path of retreat (Fig. 1E). These 
observations suggest that the northern shear margin, characterized 
by limited buttressing sources, controlled the calving sequence and 
the spatial extent of each calving pulse, including the final collapse.

Similar changes in buttressing conditions also played an impor-
tant role in the retreat of LAIS. Fig. 1B shows ice front changes 
of LAIS between 1963 and 1995, along with the rapid calving of 
small-sized icebergs during January-February 1995. This final calv-
ing pulse appears to be closely related to buttressing loss from 
Lindenberg Island, the primary buttressing source constraining the 
LAIS in the south. The path of retreat was consistent with the 
pattern observed on the LBIS, i.e., after loss of buttressing from 
Lindenberg Island, the ice front receded until reaching the next 
effective buttressing source. Combining the pre-collapse observa-
tions for LAIS and LBIS, the transition in calving style, from infre-
quent large-tabular-iceberg calving to frequent small-iceberg calv-
ing, may be an important indicator of ice shelf instability. Whether 
the transition in calving style leads to eventual disintegration, 
however, is also controlled by shear margin strength and the pres-
ence of effective buttressing sources.

After the 2002 collapse, two portions of LBIS remained, includ-
ing the near-stagnant portion around Seal Nunataks in the north, 
and the southern portion (SLBIS) at SCAR Inlet between Cape Dis-
appointment and Jason Peninsula. The SLBIS underwent four ma-
jor calving events (Fig. 1F) that occurred in January 2003, March 
2006, February 2008, and February 2022, respectively. These calv-
ing events released large tabular icebergs, resulting from the prop-
agation of transverse rifts at the southern shear margin. During 
2008-2022, the SLBIS advanced and its calving locations in 2008 
and 2022 were approximately the same, suggesting a quasi-stable 
ice front for the current geometric configuration.

4. Changes of flow acceleration pattern

The most pronounced change in flow velocities for both LAIS 
and LBIS occurred prior to their final disintegration, featuring 
anomalously high and widespread accelerations in flow. The clos-
est periods to the collapse for which flow velocities could be de-
rived were 1992/07-1993/08 for the LAIS, and 2000/01-2001/12 for 
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Fig. 1. Larsen A (LAIS) and Larsen B (LBIS) ice shelf calving events. Panel A shows the spatial extent of LAIS and LBIS on March 1, 1986 (Landsat-5 image), with the color-coded 
area illustrating the bed topography of the grounded ice. Identified shear zones for LBIS modeling experiments are shown in red with labels SZ #1 through #5. Panel B shows 
the rapid calving of LAIS between Sobral Peninsula and Lindenberg Island during January 1995 (ERS-1 SAR imagery). Panels C and D show the large-tabular-iceberg calving 
of LBIS in January 1995, and the subsequent first, second, and third pulses of the small-iceberg calving sequence. Images include ERS-1 SAR (January 30, 1995), Radarsat-1 
SAR (1st and 2nd pulses), and Landsat-7 (3rd pulse) imagery. Panel E shows the fourth and fifth calving pulses of LBIS during January-March 2002, illustrated by Landsat-7 
(December 31, 2001), MODIS (January 27 and February 17, 2002), and ERS-2 SAR (February 27 and March 6, 2002) imagery. Panel F shows the continued retreat of the SLBIS, 
including four major calving events that happened in 2003 (ERS-2 SAR), 2006 (Envisat ASAR), 2008 (Envisat ASAR), and 2022 (Sentinel-1 SAR), respectively.
4
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the LBIS. Flow velocity maps (Fig. 2) and along-flow velocity pro-
files (Fig. 3) show that both disintegration events were preceded 
by flow acceleration across both the upstream and downstream 
portions of the ice shelves. Over LBIS, this pattern of acceleration 
is noticeable beginning in 1997/07-1999/11, reaching a peak dur-
ing 2000/01-2001/12 (Fig. 2B). Comparing consecutive periods, the 
flow velocity of 1997/07-1999/11 was 20.6 ± 18.1% higher on av-
erage compared with 1995/11-1997/07, and the flow velocity of 
2000/01-2001/12 increased by 38.5 ± 11.9% relative to 1997/07-
1999/11. This dramatic velocity increase occurred concurrently 
with the frequent small-iceberg-dominated calving sequence. Be-
fore this transition, localized flow acceleration was confined to the 
downstream portion and resulted from rift development. This is 
similar to recent flow acceleration observed over the Larsen C Ice 
Shelf (LCIS), where acceleration downstream of a propagating rift 
led to calving of a large tabular iceberg in 2017 (Wang et al., 2022). 
The change in the flow acceleration pattern from localized acceler-
ation to an ice-shelf-wide velocity increase suggests characteristics 
of flow dynamics related to the transition of calving style. In ad-
dition to changes in calving style, rapid and significant changes in 
the magnitude and extent of flow acceleration may serve as an 
observable precursor for ice shelf instability. Examination of the 
flow velocities over LAIS also provides evidence that a widespread 
acceleration across the entire ice shelf occurred before its disin-
tegration (Figs. 2A and 3C). The flow velocity of the major part 
of LAIS, between Sobral Peninsula and Seal Nunataks, increased 
by 23% between 1988/01-1990/02 and 1992/07-1993/08, and the 
velocity increase occurred in both the upstream and downstream 
portions.

After the LBIS collapse, the SLBIS experienced persistent flow 
acceleration between 2002 and 2012, extending from the ground-
ing line to the ice front, with a velocity increase of 44.1 ± 16.7% 
(205 ± 80 m/yr) on average. This flow acceleration pattern was 
most likely caused by a stress adjustment to the new geometry 
and buttressing conditions. The calving of large tabular icebergs 
during 2003-2008 was closely related to the enhanced tensile con-
dition, as shown by the increased velocity gradients along the flow 
direction (Fig. 3D). Between 2013 and 2022, there was very lit-
tle change in flow velocity (Fig. 3D), suggesting a new equilibrium 
condition after a one-decade adjustment. The observed stability 
may also have been influenced by a recent cooling trend in this 
region (Turner et al., 2016). Land-fast ice, stationary sea ice that is 
attached to the coastline, formed at the LBIS embayment in 2011 
and remained until January 2022. It might have played a crucial 
role in stabilizing the SLBIS by exerting some degree of buttress-
ing force suppressing front calving (Christie et al., 2022; Joughin 
et al., 2008). This is a potentially important mechanism by which 
sustained cooling can allow an ice shelf to reach a new stable 
condition after a drastic retreat. The 2022 calving event occurred 
following the fast ice breakup. The 2022 summer imagery shows 
a more crevassed surface and new rifts in upstream (Fig. 1F). It is 
uncertain whether rifts will propagate at the quasi-stable position 
and whether the calving style will transition to a frequent-small-
iceberg calving style in the future.

5. Pre-collapse changes in mechanical conditions

By using the 1986-1988 and 2000-2001 flow velocity fields, we 
examined the pre-collapse evolution of mechanical conditions of 
LBIS, including ice rigidity, stresses and strain rates (Figs. 4–5).

Ice rigidity is affected by (e.g.) ice temperature, ice fabric, im-
purities, water content, and fractures (Cuffey and Paterson, 2010). 
Lower ice rigidity indicates “softer” ice resulting from (e.g.) higher 
ice temperature, thicker sub-shelf marine ice, and damage from 
fractures (Jansen et al., 2013; Kulessa et al., 2014; Weertman, 
1983; Lhermitte et al., 2020). Shear margins, located at the bound-
5

ary between fast and slow-moving regions, generally have low ice 
rigidity due to shear heating (Hunter et al., 2021) and a preva-
lence of fractures (Alley et al., 2019; Glasser and Scambos, 2008; 
Lhermitte et al., 2020). Areas with rifts also have lower ice rigidity 
than intact ice. These characteristics agree well with the inverted 
ice rigidity for LBIS (Fig. 4A, 4D). During the late 1980s, results in-
dicate that the northern shear margin, the downstream rifted area, 
and the shear zones around Cape Disappointment all exhibited low 
ice rigidity (Fig. 4A). In the early 2000s, the low rigidity areas ex-
panded to cover a large portion of the northern shear margin, the 
shear zones around Foyn Point (between the flow units fed by 
Hektoria-Green-Evans glaciers and Crane-Jorum glaciers), and the 
midstream area that later collapsed (Fig. 4D). Comparing these two 
periods, the ice rigidity of those critical shear margins decreased 
by more than 90% (Fig. 4G).

Stress conditions on the ice shelf can be used to understand 
the process of fracture development. We analyzed the first princi-
pal and longitudinal deviatoric stresses, which are most relevant to 
fracture formation and propagation on ice shelves (Lai et al., 2020; 
Krug et al., 2014; Kulessa et al., 2014; Rankl et al., 2017). The first 
principal stress (Figs. 4C, 4F, and 4I) indicates the highest tensile 
stress, which is the maximum value of stress that is normal to the 
plane where shear stress is zero. The magnitude and orientation 
of first principal stress are usually used to highlight areas where 
fractures tend to grow, particularly when the flow direction aligns 
with the first principal direction. During the late 1980s, the mag-
nitude of first principal stress was >100 kPa (>50 kPa) over 10% 
(73%) of the LBIS area. During the early 2000s, the area with first 
principal stress >100 kPa (>50 kPa) expanded to 22% (80%) of 
the area. Comparing the two periods, Fig. 4 I shows an area of in-
creased first principal stress that extends from the northern shear 
margin towards the central ice front, and another area extending 
from the midstream portion of SLBIS towards the ice front. As-
suming that higher values of first principal stress led to enhanced 
fracturing, the LBIS fractures would most likely develop along the 
northern shear margin, the shear zones around Cape Disappoint-
ment, and the two ends of the ice front. To a certain degree, this 
matches satellite imagery, which reveals these zones to be highly 
fractured, along with a calving sequence that was mainly initiated 
at the northern end of the ice front beginning in 1998.

However, the effect of first principal stress on enhanced frac-
turing also depends on the stress-flow angle (Kulessa et al., 2014), 
the angle between the first principal axis and the flow direction. 
Specifically, fractures tend to open along the first principal direc-
tion, and the opening rate is maximized when the stress flow angle 
is close to zero. To account for this constraint, we also analyzed 
changes in longitudinal deviatoric stress (i.e., deviatoric normal 
stress), which tends to dominate over ice shelves. Fractures tend to 
grow in a tensile condition where the longitudinal deviatoric stress 
is positive, and vice versa. In the late 1980s, the LBIS was charac-
terized by a longitudinal stress pattern typical of an embayment-
confined ice shelf (Fig. 4B). The upstream portion of the ice shelf, 
where major outlet glaciers converged, was dominated by a com-
pressive longitudinal stress regime, with higher driving stresses 
due to thicker ice balanced by compressive longitudinal stresses. 
The downstream portion was dominated by an extensional lon-
gitudinal stress regime due to ice spreading towards the calving 
front. In the early 2000s, there was a pronounced increase in lon-
gitudinal stress across most of the LBIS, particularly within the 
upstream portion (Figs. 4E and 4H). Within the northern portion 
fed by Hektoria-Green-Evans glaciers (which later collapsed), the 
longitudinal stress increased by up to 100 kPa in the upstream 
area (Fig. 4H). Notably, the upstream areas that were dominated by 
a compressive regime in 1980s changed to an extensional or much 
less compressive stress regime before the final collapse (Fig. 4E). 
Such changes in longitudinal stress may be related to multiple fac-
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Fig. 2. Flow velocity maps for LAIS (Panel A), pre-collapse LBIS (Panel B), and post-collapse LBIS (i.e., SLBIS, Panel C). Original velocity measurements obtained using feature 
tracking are shown to avoid spatial interpolation errors.
6
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Fig. 3. Along-flow velocity profiles for the Hektoria-Green Glacier flow unit (Panel A) and the Crane Glacier flow unit (Panel B) of the portion of LBIS that later collapsed, the 
Drygalski Glacier flow unit (Panel C) of the LAIS, and the Flask Glacier flow unit (Panel D) of the SLBIS.
tors, including changes in lateral shear stress, ice shelf geometry, 
and ice viscosity. Nevertheless, enhanced longitudinal stretching is 
more favorable to fracture growth, and a dramatic change in stress 
regime can tip the balance towards collapse.

The interpretation of stresses is modulated by ice rigidity and 
strain rates. For highly damaged areas, the inverted ice rigidity 
is low, thus the calculated stresses are low as well even for ar-
eas with high strain rates. Fig. 5 shows the longitudinal, shear, 
first principal, and second principal strain rates, and their rela-
tive changes between the two periods. Overall, areas experiencing 
high strain rates were concentrated at shear zones and rifted ar-
eas. In the late 1980s, the highest longitudinal strain rates (>0.05 
yr−1) were located within the rifted area originating from Robert-
son Island. In the early 2000s, the highest longitudinal strain rates 
(>0.05 yr−1) were found at the shear zones near Cape Disap-
pointment and Foyn Point, and the central midstream portion of 
LBIS. These extensional strain rates along the flow direction are 
much greater than thresholds used previously for evaluating frac-
7

ture opening tendency, which are within the range of 0.004 yr−1

to 0.01 yr−1 (Rankl et al., 2017). This suggests that these areas 
were already highly fractured before the final collapse phase initi-
ated. With respect to the shear strain rates, the highest (negative) 
shear along the northern shear margin acted to constrain the ice 
shelf. Enhanced longitudinal stretching and lateral shearing led to 
increased (by >0.01 yr−1) tensional (first principal) strain rates, 
along the primary shear zones, the midstream portion, and the 
areas close to the grounding line in the north. The compressive 
arch location, where the second principal strain rate changes from 
compressive (inland) to extensional (towards the ice front), was re-
moved during the first pulse of the calving sequence. No new com-
pressive arch formed after the loss of buttressing from Robertson 
Island. All these changes were critical to the later calving pulses.

6. Spatially heterogeneous importance of shear margins

As detailed above, aside from the obvious front geometry 
changes, the most notable changes over LBIS occurred along the 
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Fig. 4. Ice rigidity (panel A), longitudinal deviatoric stress (panel B), and first principal deviatoric stress (panel C) over LBIS for the late 1980s, and the same variables for the 
early 2000s (panels D-F). Panels G-I show the change in the above variables between the two periods. The dashed black line shows the extent of LBIS in December 2002.
8
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Fig. 5. Longitudinal, shear, first principal, and second principal strain rates in the late 1980s (A-D) and the early 2000s (E-H), and the corresponding changes between the 
two periods (I-L). The dashed red line shows the 1980s location of the compressive arch, while the dashed black line shows the extent of LBIS in December 2002.
shear zones and within the midstream portion of the ice shelf. En-
hanced fracturing substantially weakened those areas, decreasing 
ice rigidity and modulating flow dynamics and stress conditions. 
There were five major shear zones (Fig. 1A) closely associated 
with the ice shelf collapse, including SZ#1 and SZ#2 separating 
the main LBIS from the Seal Nunataks area, SZ#3 near Foyn Point 
between the northern flow unit and the central flow unit, SZ#4 
between the central flow unit and Cape Disappointment, and SZ#5 
between Cape Disappointment and SLBIS. SZ#1 was almost com-
pletely removed after the retreat in 1999. The ice rigidity of the 
other four shear zones decreased by 17 ± 48% (#2), 41 ± 24% (#3), 
44 ± 40% (#4), and 18 ± 24% (#5) between the late 1980s and the 
early 2000s. To further elucidate the relative role of front change 
versus weakening of the different shear zones, we conducted a 
series of diagnostic perturbation modeling experiments. We con-
sidered six ice front locations, including 1986/03 (March 1986), 
9

1995/02, 1999/01, 1999/03, 2000/01, and 2002/02, corresponding 
to the ice front before the retreat, after the large-tabular iceberg 
calving event, after the first pulse of the small-iceberg dominated 
calving sequence, and after the second pulse, third pulse, and 
fourth pulse, respectively. To test the sensitivity of LBIS to differ-
ent shear zones, we artificially decreased the ice rigidity of single 
and multiple specified shear zones by a fixed percentage (0%, 20%, 
40%, 60%, 80%, 100%) from an initial value to a minimum value. 
The initial value was set to the inverted 1986-1988 ice rigidity for 
the front conditions of 1986/03, 1995/02, 1999/01, and 1999/03, 
and the inverted 2000-2001 ice rigidity for the front conditions of 
2000/01 and 2002/02. The minimum value was set to 0.05 × 108

Pa s1/3, corresponding to a damage factor (D) of 0.97, supposing 
the original ice rigidity to be 1.8 × 108 Pa s1/3. The damage fac-
tor is commonly used in continuum damage mechanics (CDM) to 
describe the degradation of material mechanical properties caused 
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by defects (Borstad et al., 2013, 2012), and is defined as a scalar 
varying between 0 (undamaged) and 1 (fully damaged). Increased 
damage is therefore associated with decreased ice rigidity.

We began with simulations without any imposed change in 
ice rigidity (0% decrease) to test the sensitivity to front geometry 
change alone, then tested the added impact of shear zone weak-
ening. Fig. 6 shows the sensitivity of flow velocity to weakening 
of different shear zones for each front geometry condition, specifi-
cally the difference between the 0% and 80% rigidity changes. Fig. 7
shows the variations in flow velocities, first principal strain rates, 
and longitudinal deviatoric stresses at four locations (shown in 
Fig. 6A) in response to increased weakening (from 0% to 100%) 
of different shear zones for different front geometry conditions. 
The front geometry changes only, without considering ice rigid-
ity decrease at shear zones, have a very limited effect on ice shelf 
flow velocity. The observed ∼40% velocity increase from 1997-
1999 to 2000-2001, cannot be solely explained by front geometry 
change, despite the loss of the compressive arch. In comparison, 
the weakening of shear zones has a much more substantial im-
pact on LBIS, but with varying importance for each shear zone. 
Weakening of the northern shear zones (SZ#1 and SZ#2) has the 
most dramatic impact on the LBIS. Decreasing ice rigidity along 
SZ#1 and #2 causes higher-magnitude fluctuations over a larger 
spatial extent in flow velocity, tensional strain rate, and longitudi-
nal stretching stress. Comparatively, weakening of the other shear 
zones has a much smaller and more localized effect. Even though 
the front geometry change alone has a rather limited role in LBIS 
flow dynamics and mechanical conditions, front retreat can lead 
to a higher sensitivity of the ice shelf to shear zone weakening. 
This amplified effect suggests that the ice shelf becomes increas-
ingly vulnerable to shear zone weakening as it retreats. The ice 
shelf response is also spatially heterogeneous. The northern por-
tion (NU and ND in Fig. 7) fed by Hektoria-Green-Evans glaciers 
is more sensitive to the imposed change than the central portion 
fed by Crane Glacier (CU and CD). Before the 1998 retreat, when 
the ice shelf was present at the downstream locations (ND and 
CD), the upstream flow velocity was less sensitive to shear zone 
weakening than the downstream flow velocity (Fig. 7A), but the 
longitudinal deviatoric stress at the upstream locations was more 
sensitive than at the downstream locations (Fig. 7C). In particular, 
enhanced weakening of the northern shear zones could result in 
changes in both sign and magnitude of the upstream longitudinal 
deviatoric stress. The other shear zones do not cause such an ef-
fect without the presence of northern shear zone weakening. This 
explains the observed changes in longitudinal deviatoric stresses 
between the 1980s and 2000s, which were dominated by weaken-
ing of the northern shear margin.

7. Discussion of linkages to large-scale circulation patterns

To further understand LAIS and LBIS changes in the context of 
large-scale circulation patterns and atmosphere and ocean tem-
peratures, we examined time series of seasonal air temperature 
anomalies, sea surface temperature anomalies, the SAM index, and 
the ONI index, in conjunction with the time series of calving 
events (Fig. 8A). Fig. 8B shows a time-depth profile of ocean poten-
tial temperature at the location of 64.76◦S, 59◦W, adjacent to the 
LBIS. The calving events of LBIS corresponded with anomalously 
high atmosphere and ocean temperatures. In particular, the final 
collapse phase in 2002 was characterized by the warmest anoma-
lies of ocean temperature over an extended area of the Weddell 
Sea (Fig. S1). Additionally, the majority of LBIS calving events coin-
cided with La Niña conditions in the tropical Pacific Ocean and 
the positive phase of SAM. Combinations of La Niña (El Niño) 
events with a positive (negative) SAM phase indicate significant 
South Pacific teleconnections (Abram et al., 2014; Clem and Fogt, 
10
2013; Fogt et al., 2011). During a La Niña/+SAM phase, relatively 
warm summer air temperatures dominated the Antarctic Peninsula 
due to strengthened circumpolar westerlies and leeside Föhn ef-
fects (Clem et al., 2016; Orr et al., 2008). There was a prolonged 
La Niña/+SAM pattern between late 1998 and early 2002, during 
which the primary calving sequence occurred (Fig. 8A), indicating a 
potential linkage between ice shelf calving and climate teleconnec-
tion patterns. Note that high air and ocean temperature anomalies 
also dominated the 1992-1993 austral summer (Figs. 8, S1, S2). The 
LAIS very likely retreated in this period; however, rapid disintegra-
tion did not happen. This suggests that the occurrence of rapid ice 
shelf disintegration is subject to the collective effects of climatic 
warming, ice shelf geometry, and ice shelf mechanical conditions. 
Warm atmosphere and ocean temperatures lead to a higher prob-
ability of calving and cause a cumulative mechanical weakening of 
the ice shelf surface and base. Ice shelf geometry, including loca-
tions of the ice front and effective buttressing sources control the 
extent of calving, while mechanical conditions, including ice re-
silience or damage parameters, govern the rate of calving events.

8. A “peeling-off” fracture mechanism leading to Larsen B 
collapse

Many studies have attributed the collapse of the LAIS and LBIS 
to excessive surface melt due to atmospheric warming (Banwell et 
al., 2013; MacAyeal et al., 2003; Robel and Banwell, 2019; Rott et 
al., 1998, 1996; Scambos et al., 2003, 2000; Skvarca et al., 1999; 
van den Broeke, 2005). Some studies (e.g., Shepherd et al., 2003), 
however, argue for a primary role of warm ocean water in causing 
progressive thinning of the ice shelf, eventually inducing its col-
lapse. The multidecadal satellite observations and modeling exper-
iments presented here provide additional insight into the evolving 
instability of the northern Larsen Ice Shelf. Our analysis indicates 
that multiple years prior to the final collapse, LBIS transitioned 
from a pattern of infrequent episodic calving of large tabular ice-
bergs to a pattern of frequent calving of small-sized icebergs. The 
pattern of flow acceleration changed as well, from localized down-
stream acceleration to widespread acceleration across the entire 
ice shelf. The initial infrequent calving of tabular icebergs and lo-
calized acceleration patterns were associated with the propagation 
of large transverse rifts. This is frequently observed for Antarc-
tic ice shelves, especially if an ice shelf protrudes into the ocean, 
where the lack of lateral constraints promotes the formation of 
transverse and longitudinal crevasses. Once the unconstrained part 
retreats, the ice shelf is constrained by its lateral margins, which 
tend to restrict further retreat. This in turn leads to ice shelf re-
growth until the next calving cycle. However, weakening at shear 
margins (e.g., Joughin et al., 2008) can promote continued retreat 
through nucleation of new fractures, preconditioning a transition 
to a new pattern of calving and acceleration. The weakening of 
shear margins could in part be caused by the formation of sub-
shelf channels beneath shear margins when warm ocean water is 
prevalent. The presence of sub-shelf channels due to warm water 
can be revealed by the presence of persistent polynyas, small areas 
of open-water at the ice-shelf edge (Alley et al., 2019, 2016). These 
features are visible when sea ice is present. For LBIS, it is diffi-
cult to identify persistent polynyas due to the persistence of open 
water in this region. Nevertheless, several images (Fig. S3) show 
the very likely presence of such polynya features near Robertson 
Island, suggesting that sub-ice-shelf channels formed underneath 
the northern shear margin at Seal Nunataks. High ocean temper-
ature anomalies dominated the period when the frequent small-
iceberg calving sequence occurred (Fig. 8), further supporting the 
hypothesis that warm water carved basal channels, which enabled 
and accelerated the iceshelf failures. This is consistent with the 
observed sequence of calving pulses, each of which was led by a 
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Fig. 6. Flow velocity sensitivity to weakening of individual (or combinations of) shear zones for six front geometry conditions. The maps were generated by differencing the 
modeled flow velocity with ice rigidity decreased by 80% at specified shear zones from the modeled flow velocity without ice rigidity change (non-weakening scenario). The 
color-coded area shows the magnitude and extent of the velocity increase as compared to the non-weakening scenario. The labels of SZ#x indicate which shear zones were 
weakened by 80% in the experiment. For panels E and F, SZ#1 was almost eliminated due to front retreat, and thus was not considered for weakening experiments.
failure at the northern shear margin that progressively propagated 
from north to south.

As described in previous sections, the pulses of the LBIS calving 
sequence were controlled by the presence of effective buttress-
ing sources along the northern shear margin. Each calving pulse 
was preconditioned by weakening along the margin, likely due to 
failure caused by basal channels undercut by warm water. The gen-
eration of numerous small-sized icebergs during each calving pulse 
was dictated by the distribution of preexisting crevasses and stress 
fields. Satellite imagery shows a number of elongated, across-flow, 
and concave-shaped crevasses extending from the northern shear 
11
margin (red lines in Fig. 9A) that formed near the ice front before 
the onset of the calving sequence. These crevasses were tensional 
fractures, as their opening direction was highly consistent with 
first principal strain direction (yellow lines in Fig. 9A). The forma-
tion of these crevasses was associated with the enhanced tensile 
stresses due to front geometry change and shear margin weaken-
ing, and controlled how the calving proceeded later. The schematic 
diagrams (Fig. 9B) illustrate the apparent calving process. The calv-
ing is led by a “chip-off” at the northern shear margin (➁ in 
Fig. 9B), by exploiting a sub-ice-shelf channel. Once the edge of 
the “chip” reaches a crevasse, the ice seaward of the crevasse be-
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Fig. 7. Changes in flow velocity (panel A), first principal strain rate (panel B), and longitudinal deviatoric stress (panel C) at four selected sites (shown in Fig. 6A) including 
northern upstream (NU), northern downstream (ND), central upstream (CU), and central downstream (CD) in response to sensitivity experiments with increased weakening 
of specified shear zones for different front geometry (FG) conditions. Each column within each front geometry condition corresponds to experiments conducted for different 
shear zones or combinations of zones. The grey boxes in the top panel indicate which shear zones are weakened for each column. The white-blue shading within each 
column represents the imposed percentage change (0%, 20%, 40%, 60%, 80%, 100%) in ice rigidity.
gins breaking off (➂), leaving a north-facing step in the ice front 
that migrates to the south. Due to the greater curvature of up-
glacier crevasses, the size of the calved portion becomes larger 
progressing towards the center of the ice shelf. This “peeling-
off” process continues with headward failure of the shear mar-
gin (➃-➇). The imagery (Fig. 9A) indicates that LBIS calving was 
constrained by concave crevasses as illustrated by the diagrams. 
Similarly, long and transverse tensional crevasses formed near the 
ice shelf edge before the fourth calving pulse (Fig. S4), controlling 
subsequent calving. The ice front geometry condition following the 
fourth pulse rendered the LBIS highly susceptible to perturbations 
at shear zones (Figs. 6, 7). The ice shelf was densely fractured be-
cause of cumulative damage from surface meltwater wedging and 
flexure due to ice thinning or surface pond draining (Banwell et 
al., 2019; Glasser and Scambos, 2008; Scambos et al., 2003; Shep-
herd et al., 2003). With the complete loss of effective buttressing 
12
sources in the north, and enhanced weakening of shear margins 
due to the anomalously warm water, the final collapse phase (fifth 
pulse) was characterized by rapid fragmentation due to the highly 
fractured state of the remaining ice shelf.

9. Conclusions

This study presented a detailed analysis of multidecadal evolu-
tion of the northern Larsen Ice Shelf from the mid-1960s to the 
present based on a comprehensive set of satellite observations, 
modeling experiments, and climate reanalysis data. Our analyses 
revealed a complicated process of ice shelf instability develop-
ment that is intricately linked to front geometry, effective buttress-
ing sources, shear margins, ice mechanical conditions, and exter-
nal forcing associated with atmospheric and oceanic temperature 
anomalies. Satellite data suggest that a major transition in calving 
style, from a pattern of infrequent large-tabular-iceberg calving to 
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Fig. 8. (A) Timeseries of seasonal (three-month) air temperature anomalies (averaged over 64.5◦S-66◦S, 60◦W-61.5◦W), reanalysis sea surface temperature anomalies (aver-
aged over 64.5◦S-66◦S, 58◦W-60◦W), SAM and ONI indices, along with the timing of occurrences of calving events and persistent fast ice conditions. (B) Depth-time profile 
of monthly potential temperature anomalies from the ORAS5 reanalysis (relative to the 1979-2021 daily mean) for a location adjacent to LBIS.
frequent small-iceberg calving, is a precursor of ice shelf disinte-
gration. This calving style transition coincides with a sharp shift in 
the pattern of flow acceleration, from localized down-glacier ac-
celeration to ice-shelf-wide faster acceleration. These observable 
changes via remote sensing systems may serve as precursory in-
dicators for predicting potential ice shelf collapses in the future.

We found that the collapse of LBIS, culminating in the first 
week of March 2002, is the last phase of a calving sequence that 
began in 1998 and was dominated by pulses of small-iceberg calv-
ing events. The intermittent occurrence of each calving pulse was 
controlled by the distribution of effective buttressing sources along 
the northern shear margin, while the timing of calving exhibited a 
strong correspondence with warmer atmospheric and oceanic con-
ditions related to the La Niña/+SAM teleconnection pattern. The 
summer season of 2002 in the Weddell Sea was dominated by 
the warmest ocean temperature during 1985-2021, suggesting that 
warm ocean water played a role in weakening the ice shelf from 
the base. Available evidence suggests that the progressive head-
ward failure of the northern shear margin, due to warm water 
undercutting of basal channels, triggered the north-to-south loss 
of ice blocks. The size of the icebergs generated in each calving 
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pulse was determined by the network of preexisting crevasses that 
were subject to meltwater wedging and ice flexure effects.

While large positive temperature anomalies are important 
drivers for ice shelf change, quantifying and assessing the re-
silience of an ice shelf to temperature anomalies in a warmer 
climate is particularly important to predict the fate of an ice shelf. 
Observations over LAIS and LBIS indicate the critical role of shear 
margins in controlling calving extent and speed. In particular, the 
intrinsically weak shear margins near the Seal Nunataks region, 
characterized by limited effective buttressing sources (or pinning 
points), played a predominant role in destabilizing the ice shelf 
and initiating the small-iceberg calving sequence of LBIS. Sensi-
tivity experiments performed for the LBIS suggest that there is a 
nonlinear increase in sensitivity to shear margin weakening with 
continued front retreat. Particularly, for the front geometry condi-
tion before the final collapse phase (February 27, 2002, Fig. 1E), 
our experiments indicate a dramatic response of the entire LBIS to 
enhanced shear margin weakening. Collectively, these results sug-
gest that the resilience of an ice shelf is governed by its weakest 
shear margin(s) and front geometry. The buttressing configuration 
and ice mechanical strength determine the sturdiness of the shear 
margins.
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Fig. 9. North-to-south small-iceberg calving pulses triggered by the progressive headward failure of the northern shear margin, where basal channels were likely present due 
to oceanic forcing. A series of satellite images in panel A illustrates the north-to-south calving delineated by a number of elongated opening-mode crevasses (denoted in 
red). The crevasse opening direction was consistent with the maximum tensional direction (first principal direction, denoted with yellow field lines). Panel B shows a set of 
schematic diagrams illustrating the southward calving process.
Pre-collapse LAIS and LBIS changes can also provide some in-
sight into the future of the LCIS, which is located further south. 
Unlike the LAIS and LBIS, the LCIS has relatively strong shear mar-
gins. Even if the LCIS continues radical retreat and completely loses 
buttressing from the Gipps Ice Rise, the Kenyon Peninsula would 
become the major buttressing source in the south with stronger 
shear margin conditions compared with those for LAIS and LBIS. 
Nevertheless, it is still likely that persistent warming would even-
tually weaken the shear margins, thin the ice shelf, cause fractures, 
and lead to a final retreat. Post-collapse changes in SLBIS provide 
some clues regarding the regrowth of an ice shelf. In response 
to the abrupt boundary condition change, the SLBIS underwent 
14
continued flow accelerations and calving events, until reaching a 
quasi-stable ice front condition by the year 2008. Cold ocean con-
ditions and persistent fast ice presence over a decade allowed 
the SLBIS to regrow and maintain stable flow dynamics. However, 
breakup of fast ice in front of the shelf in January 2022 due to 
warm conditions caused the ice front to retreat to the 2008 posi-
tion. This indicates, to a certain degree, the hysteresis behavior of 
an ice shelf. A holistic consideration of ice shelf mechanical prop-
erties will be useful in future efforts to quantify the response of 
ice shelves to changing oceanic and atmospheric conditions. The 
sturdiness of critical shear margins appears to be particularly im-
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portant for predicting the vulnerability of ice shelves to warm 
anomalies in future climates.
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