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Abstract

Recent case studies have highlighted regional loss of Antarctic sea ice triggering large-scale ice shelf calving events, by

allowing damaging ocean swell to reach shelf fronts. Thus, the dramatic and widespread loss of Antarctic sea ice in recent

years has implications for the stability of ice shelves. Here, observations and models are used to conduct a broad assessment

of changes in swell-induced flexural stress levels experienced by Antarctic ice shelves, with a focus on the record sea-ice lows5

of 2022 and 2023. Daily time series are constructed for effective lengths of the sea-ice barriers protecting fourteen Antarctic

ice shelves, and for the incoming swell, along with yearly values for shelf front thickness, over a decade leading up to and

including 2022–2023. The flexural stress levels are generally found to be far greater in 2022 and 2023 than the preceding

eight years, and this is shown to be primarily driven by sea-ice loss, although sometimes mitigated by reduced peak periods of

incoming swell. Further, it is shown that flexural stress anomalies are strongly correlated with anomalies in effective sea-ice10

length and peak period, and that an increase or decrease in flexural stress can be predicted by relative changes in sea-ice length

and peak period. The findings indicate that more Antarctic ice shelves will become susceptible to enhanced swell-induced

flexural stress if sea-ice losses and ice shelf thinning continue. Under these scenarios, predictions are made of when flexural

stress will become a dominant contributor to total ice shelf stress for each of the fourteen ice shelves studied.

1 Introduction15

Approximately a decade ago, overall Antarctic sea ice extent was baffling scientists by breaking records in its maximum

extent, despite warming temperatures (Gulev et al., 2021; Reid and Massom, 2015; Reid et al., 2015; Parkinson, 2019). Shortly

after setting its record maximum extent in September 2014, Antarctic sea ice began to retreat and repeatedly broke its record
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minimum extent (Parkinson, 2019; Eayrs et al., 2021; Turner et al., 2022; Gilbert and Holmes, 2024). The minima are a signal

of Antarctic sea ice switching to a new state, which is characterised by consistent negative anomalies in circumpolar sea20

ice extent (Purich and Doddridge, 2023; Hobbs et al., 2024). Sea ice losses were most pronounced and widespread around

Antarctica in 2022 and 2023 (Fig. 1a,b; Schroeter et al., 2023; Reid et al., 2024).

Farther south, approximately three quarters of the Antarctic Ice Sheet’s grounded ice boundary abuts ice shelves or outlet

glaciers, which provide a buttressing effect to slow the outflow of the Antarctic Ice Sheet into the Southern Ocean and, hence,

moderate sea level rise (Bindschadler et al., 2011; Gudmundsson, 2013; Fürst et al., 2016; Noble et al., 2020). Over recent25

decades, many Antarctic ice shelves have been losing mass through a combination of thinning (melting) and shelf front retreat

(calving). Calving is responsible for roughly half of the total Antarctic ice shelf mass loss since 1997 (≈ 6,000 GT Greene

et al., 2022; Davison et al., 2023), and the frequency of calving events has increased in recent years, going from 69–127

calving events per year in 2005–2016, to 168–225 events per year from 2016–2020 (Qi et al., 2021).

From 2000–2019, the increased calving rate of Antarctic ice shelves has been positively correlated with reduced sea ice extent30

in Austral summer (Doddridge et al., 2025). The correlation is attributed to the role sea ice has in modulating the levels and

modes of ice shelf stress responsible for the fracture amplification and rift propagation that result in calving events. In addition

to providing a backstress that reduces internal ice shelf stress (Gomez-Fell et al., 2022; Provost et al., 2024; Walker et al., 2024;

Bassis et al., 2024), sea ice, in the form of both stationary consolidated face ice and moving pack ice, creates a barrier that

attenuates potentially damaging ocean swell before they reaches an ice shelf (Massom et al., 2010; Baker et al., 2019; Squire,35

2020; Bennetts et al., 2024a). Swell that reaches an ice shelf is partially reflected by the shelf front and partially transmitted

into the ice shelf and sub-shelf water cavity region (Meylan et al., 2021; Bennetts et al., 2024b). The transmitted swell imparts

flexural stress on the shelf front region (Banwell et al., 2017; Lipovsky, 2018), and sustained periods of sea ice loss and swell

reaching ice shelves have been connected with large-scale calving and ice shelf disintegration events (Massom et al., 2018;

Teder et al., 2025). Thinner shelf fronts allow greater transmission of swell, which implies a connection between thinning and40

shelf-front retreat through the swell-induced calving process (Teder et al., 2025).

The dramatic and widespread Antarctic sea ice losses in 2022 and 2023 are likely to have substantially increased the levels of

flexural stress imposed by swell on ice shelves around Antarctica. In this paper, we construct a yearly dataset of shelf front

thickness, and daily datasets on sea-ice barrier length and incoming swell, for ten years leading up to and including 2022 and

2023, for 14 major Antarctic ice shelves (Fig. 1a). These ice shelves cover both East and West Antarctica and were chosen due45

to both size and potential future impact should they recede. We combine these datasets in a model to generate daily flexural

stress time series for each ice shelf. We assess the increases in flexural stress during the sea ice lows of 2022 and 2023 in

comparison to the preceding eight years, in which the minimum sea ice extents were greater than 2×106 km2, and we conduct

a statistical analysis to determine the driving factors for the flexural stress increases. We conclude the study by considering

future scenarios that highlight an increased susceptibility of Antarctic ice shelves to swell impacts if they continue to thin and50

be increasingly exposed to low sea ice conditions.
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Figure 1. a,b) Map of Antarctica and surrounding ocean showing the change in the number of days where sea ice is present (≥ 15% sea ice

concentration) over January–April, for a) 2022 and b) 2023 against the 2014–2021 mean. Overlain are locations and labels for the sea ice

sectors used in this study (cf. Zwally, 2002), representing the Weddell Sea (WS; 60°W-20°E), Indian Ocean (IO; 20°E-90°E), Pacific Ocean

(PO); 90°E-160°E), Ross Sea (RS; 160°W-140°W) and Amundsen–Bellingshausen Sea (ABS; 140°W-60°E).

2 Methods

2.1 Choice of ice shelves

Fourteen Antarctic ice shelves are considered (Fig. 1a), such that the study encompasses a wide range of ice shelf and sea

ice conditions, as well as locations around Antarctica, with each of the Weddell Sea (WS), Indian Ocean (IO), Pacific Ocean55

(PO), Ross Sea (RS) and Amundsen–Bellingshausen Sea (ABS) sectors represented (Table 1). The 14 ice shelves cover areas

from around 5,000 km2 (Mertz and Cook) to > 50,000 km2 (Amery) to > 500,000 km2 (Ross), and they collectively make

up ≈ 50% of the total ice shelf area around Antarctica (based on 2021 data; Greene et al., 2022). The spatial mean ice shelf

thickness ranges from≈ 103 m (Wilkins) to≈ 617 m (Amery), with the mean thickness over all 14 ice shelves≈ 371 m (based

on Bedmap2 data; Fretwell et al., 2013). Ice shelves on the East Antarctic Ice Sheet (EAIS) typically extend farther north than60
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ice shelves on the West Antarctic Ice Sheet (WAIS). Thus, ice shelves on the EAIS (Fimbul, IO, and PO) typically have shorter

sea-ice barriers (the length of the region in front of the ice shelf covered in sea ice) than ice shelves on the WAIS, which is

quantified in terms of the number of days that effective sea-ice lengths (sea ice length corrected for sea ice concentration; see

§ 2.2.2) are < 100 km over January–April (the season in which swell typically reaches ice shelves; Teder et al., 2022). Cook

on the EAIS (PO) is an exception, as its location traps sea ice, resulting in a small number of short sea-ice barrier days.65

The 14 ice shelves are also chosen to include several ice shelves that experienced notable calving events during the study period

(2014–2023). A tabular iceberg of ≈ 6000 km2 area calved from Larsen C in 2017 (the A68; Hogg and Gudmundsson, 2017).

Brunt experienced multiple tabular calving events from 2021–2024, including the loss of ≈ 1270 km2 of its area in February

2021 (Francis et al., 2022) and ≈ 1550 km2 in 2023 (Marsh et al., 2024). A 106 km2 iceberg calved from Sulzberger in 2022,

which was linked with the arrival of a tsunami caused by the Hunga-Tonga volcano eruption (Zhao et al., 2024). Although70

Shackleton did not experience any major calving events over the study period, the nearby (≈ 60 km east) Conger–Glenzer

disintegrated in early 2022, losing 93% of its pre-2020 area (Walker et al., 2024).

Name Sector (Longitude) Northern extent Area Thickness Sea-ice barrier

Larsen C WS (63.5°W) 66.2°S Medium Intermediate Strong

Brunt WS (22.5°W) 74.0°S Medium Thin Average

Fimbul WS (1.5°E) 69.9°S Medium Intermediate Weak

Baudouin IO (28.4°E) 69.1°S Medium Thin Weak

Amery IO (70.4°E) 68.6°S Large Thick Average

Shackleton PO (97.9°E) 65.7°S Medium Thin Weak

Mertz PO (145.2°E) 66.8°S Small Thick Average

Cook PO (152.8°E) 68.3°S Small Thick Strong

Ross RS (175.8°W) 78.0°S Large Thick Average

Nickerson RS (145.8°W) 75.4°S Small Thin Average

Sulzberger RS (148.9°W) 76.4°S Medium Intermediate Average

Thwaites ABS (106.1°W) 74.8°S Small Intermediate Strong

Pine Island ABS (100.7°W) 74.4°S Small Thick Strong

Wilkins ABS (71.7°W) 69.7°S Medium Thin Average

Table 1. Relevant ice shelf statistics for each of the 14 ice shelves studied alongside the surrounding sea ice, where the ice shelves are ordered

from the East Antarctic Peninsula to West Antarctic Peninsula, starting in the Weddell Sea. Ice shelf area is based on 2021 data (Greene et al.,

2022). They are used to classify the ice shelves as large (> 50,000 km2), medium (10,000–50,000 km2) and small (< 10,000 km2). Ice shelf

thickness is based on Bedmap2 data (Fretwell et al., 2013). The spatial mean thickness of an ice shelf is used to classify it as thin (< 300 m),

intermediate (300–400 m) or thick (> 400 m). The sea-ice barrier for each ice shelf is classified as strong, average or weak, according to

whether the mean number of days per year that its effective sea-ice length (in January–April over 2014–2021; see § 2.2.2) is < 100 km for

< 30 days (strong), 30–70 days (average) or > 70 days (weak).
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2.2 Data and algorithms

2.2.1 Shelf front thickness

Surface elevation data from Cryosat-2 Synthetic Aperture Radar Interferometry (SARin) Level-2I processing baseline-E mode75

are used to calculate the ice shelf thickness. The Cryosat-2 satellite was launched on 8 April 2010 and provides coverage to

88° S on a 369-day repeat cycle, and an approximately 30-day sub-cycle. For each of the 14 ice shelves, the following algorithm

is used to create a dataset of the ice shelf thickness close to the shelf front, at a 3 km2 resolution and a yearly frequency over

the study period (2014–2023). For ice shelf X in year yyyy:

1. A 3 km2 grid is calculated with the ice shelf coordinates imported from its boundary in the Making Earth System Data80

Records for Use in Research Environments (MEaSUREs) Antarctic Boundaries for International Polar Years 2007–2009

from Satellite Radar, Version 2 dataset (Mouginot et al., 2017). A 10 km buffer north of the ice shelf is added to account

for potential growth of the ice shelf over the 10-year study period.

2. The shortest distance from each cell within the ice shelf to its front is calculated, with the ice shelf front being defined

as cells within < 50 km to the ocean.85

3. Elevations with an accompanying ≥ 30 dB of backscatter are removed (Siegfried et al., 2014). Outlier freeboard eleva-

tions (e) are also removed to eliminate elevation tracks on the ice sheet. They are determined as e /∈ (e25−1.5× IQR, e75 +

1.5 × IQR), where e25 and e75 are the 25th and 75th percentiles of freeboard elevation, and IQR= e75− e25 is the

interquantile range.

4. Surface freeboard elevations are corrected for tides via the Circum-Antarctic Tidal Simulation (Padman et al., 2002),90

with ocean-tide loading from the Finite Element Solutions 2004 (FES2004) tidal atlas (Lyard et al., 2006). A dynamic

atmospheric correction is applied from Mog2D (Carrère and Lyard, 2003) and the location of the geoid from the Earth

Gravitational Models 1996 (EGM1996).

5. Following Chuter and Bamber (2015), the corrected freeboard elevation is converted to ice shelf thickness via

hsh =
(e− δ)ρw
ρw − ρi

+ δ, (1)95

where hsh is ice shelf thickness, δ is the firn air content (Ligtenberg et al., 2014), ρw = 1028 kg m−3 is water density and

ρi = 917 kg m−3 is ice shelf density.

6. The 30th percentile of ice shelf thickness values across the retained grid cells is used to represent the thickness hX:yyyy
sh

of ice shelf X in year yyyy.

The 30th percentile is chosen somewhat arbitrarily but noting that thinner sections of the shelf fronts will experience the100

greatest flexure in response to swell forcing (Liang et al., 2024).

5

https://doi.org/10.5194/egusphere-2026-3544
Preprint. Discussion started: 9 July 2026
c© Author(s) 2026. CC BY 4.0 License.



2.2.2 Effective sea-ice length

Sea ice concentration data from the Advanced Microwave Scanning Radiometer (ASMR2) Artist Sea Ice (ASI) dataset are

used to calculate the lengths of sea ice cover surrounding the ice shelves. ASMR2 ASI data are available at a daily frequency

from July 2012. The AMSR2 ASI dataset uses a 89 GHz channel to produce sea ice concentration, which gives a finer spatial105

resolution (3.125 km2) than other sea ice datasets, although it is more susceptible than lower-frequency channels to uncertain-

ties at low sea ice concentrations near the ice edge (Meier et al., 2017). To delineate locations of the ice shelf edge, the no land

mask version of the AMSR2 ASI dataset is used, with a coastline mask created by converting the 2013 coastline boundary

from Greene et al. (2022) to a 3.125 km2 grid. The mask flags the cells on the continent edge from which individual ice shelves

can be extracted via coordinates from the MEaSUREs dataset.110

For each of the 14 ice shelves, the following algorithm (which is similar to that used for the Wilkins and Voyeykov ice shelves

over 2002–2009 by Teder et al., 2025) is used to create an “effective” sea-ice-length dataset at a daily frequency from January–

April in each of the ten years of the record. For ice shelf X on day ddd of year yyyy:

(a) Straight line "transects" on a polar stereographic projection are calculated between each pair of cells, such that one of the

cells is along the shelf front and the other cell is 10° north of the mean shelf front latitude, and± 45° east of the mean shelf115

front longitude. The increase to ± 45° (in contrast to Teder et al., 2025) facilitates analysis in the Weddell Sea, due to the

dimensions of the embayment. Transects are discarded if they intersect any islands, or any other parts of the coastline. This

step generates 20,000–200,000 transects, depending on ice shelf geometry.

(b) For each transect, t, the sea-ice length, L(t), is the aggregate of the lengths of each cell along the transect with a sea ice

concentration > 15%, and the concentration, C(t), is the average sea ice concentration of these cells.120

(c) Effective sea-ice lengths for each transect are calculated as

L
(t)
eff = L(t)C(t). (2)

(d) The 10th percentile of the effective sea-ice lengths over all transects are used as the effective sea-ice length LX:ddd-yyyy
eff for

the sea-ice barrier surrounding ice shelf X on day ddd in year yyyy.

The 10th percentile was chosen to represent vulnerable sections of the sea-ice barrier, through which incoming swell will most125

readily reach a shelf front.

2.2.3 Incoming swell

Swell properties are extracted from the Collaboration for Australian Weather and Climate Research (CAWCR) Wave Hind-

cast - Aggregate Collection (Smith et al., 2020). The CAWCR hindcast starts on 1 January 1979, and provides hourly outputs
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on a 0.4° spatial grid of the ocean surface, where the operational range extends to 78° S. It is generated using the Wave-130

Watch III v4.18 wave model and forced with hourly 10 m surface winds and daily sea ice concentration data from the National

Center for Atmospheric Research Climate Forecasts System Version 2 reanalysis (since 2011). Swell data are used up to sea-ice

concentrations of 25%, for which the hindcast is considered unaffected by the presence of sea ice (Tolman, 2003).

For each of the 14 ice shelves, the following algorithm is used to calculate datasets of incoming swell, in terms of significant

wave height and peak period, at a daily frequency over January–April in each of the ten years of the record. For ice shelf X on135

day ddd of year yyyy:

1. Calculate the ocean cells (sea ice concentrations < 25%) along the straight-line transects.

2. For each hour during the day (h), take the maximum values of significant wave height and peak period over the ocean

cells, Hh,max
s and T h,max

p , respectively.

3. The 90th percentiles of the maximum hourly values are used for the daily significant wave height and peak period,140

HX:ddd-yyyy
s and TX:ddd-yyyy

p .

The maximum hourly values of significant wave height and peak period (Step 2) and the 90th percentiles of the hourly values

(Step 3) are chosen in to capture the potentially most damaging swell in the relevant region.

2.3 Swell–sea ice–ice shelf model

A modified version of the Teder et al. (2025) model is used to predict the flexural stress imposed by incoming swell on an145

ice shelf after it has been attenuated by the sea-ice barrier protecting the ice shelf (Fig. 2a). The overall swell–sea ice–ice

shelf model combines a model of swell attenuation over distance through a region of sea ice cover (Fig. 2b) and a model

swell-induced flexure of an ice shelf (Fig. 2c).
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Figure 2. a) Model schematic, indicating incoming swell from the open ocean being attenuated by sea ice before reaching an ice shelf and

forcing the ice shelf to flex (§ 2.3.3). The full model combines two sub-models: b) swell attenuation over distance through a sea ice cover,

where the sea ice cover consists of a marginal ice zone and an inner ice pack (§ 2.3.1); and c) swell-induced flexure of an ice shelf (§ 2.3.2).
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2.3.1 Swell attenuation by sea ice

A two-dimensional model is used to predict the attenuation of swell over distance travelled through the sea ice covered ocean,150

involving one horizontal dimension in the direction of swell propagation, and one depth dimension. The ice cover is treated as a

collection of ice floes, which are modelled as Kirchoff plates with Young’s modulus E = 6GPa (Williams et al., 2013a), floating

on an ocean modelled as an inviscid and incompressible water domain that undergoes irrotational motions. As standard, the

vertical amplitudes of motion are considered small relative to the wavelengths involved, such that the model may be linearised

and decomposed into its different wave period components, i.e., its regular wave components (Squire, 2020; Golden et al.,155

2020; Bennetts, 2025).

Consistent with observations, models of this form typically predict exponential attenuation rates (Bennetts, 2025), such that

AL ≈A0 exp(−αx) (3)

where AL is the swell amplitude at propagation distance L, A0 is the initial amplitude, and α is the attenuation coefficient

(i.e., the exponential rate of attenuation), which is a function of wave period, T . The attenuation coefficient is partitioned as160

α= αsca +αdis, where αsca is attenuation due to wave scattering and αdis is attenuation due to dissipative processes. Assuming

random wave phases, attenuation due to scattering is approximated following Bennetts and Squire (2012b)

αsca =−
C ln(1−R2)

d
, (4)

where C is the sea ice concentration, d is the floe size, and R≈ tanh(a0 + a1hfl) is the proportion of an incident wave

amplitude reflected by an floe edge of thickness hfl, where a0 and a1 depend on wave period (Bennetts and Squire, 2012a).165

Attenuation due to dissipation is modelled as drag pressure at the ocean–floe interface, using the so-called Robinson–Palmer

model with a drag parameter of 13.5Pa s m−1 and scaled by the sea ice concentration, which is also a function of wave period

(Williams et al., 2013a, b; Massom et al., 2018).

The e-fold attenuation distance (α−1) is a measure of how far swell is able to travel through the sea ice covered ocean (Fig. 3).

It increases greatly as wave period increases over the swell regime, going from < 25 km at T = 8 s to > 200 km at T = 20 s.170

It also increases with increasing floe size, but with notable changes occurring only for floe sizes approximately < 250 m and

with a weakening influence as wave period increases.
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Figure 3. Swell attenuation by sea ice model (§ 2.3.1) predictions of e-fold attenuation distance (α−1) vs. wave period and floe size.

2.3.2 Ice shelf flexural stress

A different model is used to predict the flexural stress experienced by an ice shelf in response to swell forcing (Bennetts, 2025).

The ice shelf is modelled as a floating Kirchoff plate of semi-infinite length, with thickness hsh, Poisson’s ratio ν = 0.3, and175

Young’s modulus E = 9GPa (Liang et al., 2024). Adopting similar assumptions to the model of swell attenuation in the sea

ice covered ocean (§ 2.3.1), the model is used to predict the ice shelf flexural displacement, η(x), where x is the distance from

the ice edge, in response to a regular incoming wave of amplitude, A, and prescribed wave period, T (Bennetts et al., 2022).

Due to linearity, the ice shelf flexural displacement is

η(x) =Aη̂(x), (5)180

where η̂ is the flexural displacement in response to unit-amplitude forcing. The flexural stress is then

σ =
Eh

2(1− ν2)
η′′, (6)

where primes denote differentiation with respect to x.

The spatial maximum flexural stress due to swell forcing, maxx |σ| (which occurs in the shelf front region; Massom et al.,

2018), increases with wave period and decreases with ice shelf thickness (Fig. 4). For swell forcing with amplitude A= 1m,185
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the stress reaches potentially significant levels of > 10 kPa (Bassis et al., 2024) within the swell regime (T = 8–20 s) for ice

shelves thinner than ≈ 240 m. At an ice shelf thickness of ≈ 110 m, σ is > 10 kPa for over half of the wave period range

(T = 14–20 s). For very thin ice shelves (approximately < 100 m), flexural stress can reach values > 100 kPa.
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Figure 4. Ice shelf flexural stress model (§ 2.3.2) predictions of maximum stress (maxx |σ|) created by a swell of amplitude A= 1m vs.

wave period and ice shelf thickness.

2.3.3 Combined model and outputs

The above models (§ 2.3.1–§ 2.3.2) are combined to predict the flexural stress, σX:ddd–yyyy, experienced by ice shelf X on190

day ddd of year yyyy, in response to incoming swell from the sea-ice free ocean, after the swell has been attenuated by the

surrounding sea ice cover (Fig. 2a-c). The ice shelf thickness is set as hsh = hX:yyyy
sh , the sea-ice length as L= LX:ddd–yyyy

eff (i.e.,

100% sea ice concentration is used in the model), and the incoming swell amplitude and wave period as Ainc = 0.5HX:ddd–yyyy
s

and T = TX:ddd–yyyy
p .
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Figure 5. Workflow of the swell–sea ice-ice-shelf model (§ 2.3.3), as applied for each of the fourteen ice shelves considered in this study, for

each day in January–April over 2014–2023.

The sea ice cover is divided into the marginal ice zone (MIZ), which is taken to occupy the first 15% of the effective sea-ice195

length from the sea-ice free ocean (Fraser et al., 2026), and the inner ice pack zone that occupies the remaining 85%. In the

MIZ, the ice floe thickness and size are set as hfl = 0.27m and dfl = 37m, respectively, and in the inner ice pack they are

hfl = 1.4m thick and dfl = 800m (Kurtz and Markus, 2012; Day et al., 2024). Thus, the amplitude of swell reaching the shelf

front is

Aatn =Ainc exp{−(0.15αmiz +0.85αpac)L}, (7)200

where αmiz and αpac, respectively, denote the attenuation coefficients for the MIZ and inner ice pack, using the prescribed floe

thickness and size for the two regions. The ice shelf flexural displacement is η =Aatn η̂ and the corresponding flexural stress

is calculated via (6). For each of the 14 ice shelves (X), the combined model is used to generate daily (ddd) records over the

yyyy =2014–2023 study period of the flexural stress, σX:ddd–yyyy (Fig. 5).
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3 Results205

3.1 Changes in individual drivers

3.1.1 Changes in shelf front thickness

Baseline values of mean shelf front thicknesses (hX:yyyy
sh ; § 2.2.1) are calculated for each ice shelf over the years 2014–2021

(i.e., prior to the extreme sea-ice lows of 2022 and 2023; Fig 6a). The baseline shelf front thickness values range from 56 m for

Wilkins and 130 m for Brunt, to 312 m for Amery and 338 m for Ross. The mean thickness over the 14 ice shelves is 225 m,210

with a standard deviation of 77 m.

Six of the 14 ice shelves are thinner in both 2022 and 2023 than the 2014–2021 baseline (Mertz, Cook, Thwaites, Pine Island,

Wilkins, Brunt; Fig. 6b). The largest proportional reductions are for Mertz (> 6% in 2022 and 2023), Cook (≈ 5% in 2022)

and Pine Island (> 7% in 2022 and ≈ 5% in 2023). Thinning of the Brunt and Cook shelf fronts contrast with their 1997–2021

thickening trends (Davison et al., 2023). The Cook shelf front thinned as it expanded northwards (Greene et al., 2022), whereas215

the Brunt shelf front calved in 2021 and 2023, removing thicker portions of the shelf front (Marsh et al., 2024).

Five of the 14 shelf fronts were thicker in both 2022 and 2023 compared to their respective 2014–2021 baseline thickness

values (Baudouin, Shackleton, Ross, Nickerson, Larsen C). The proportional thickness increases for these five ice shelves

are generally less than the decreases experienced by the six ice shelves noted above. The greatest thickness increases are for

Shackleton (≈ 3% in 2023), Nickerson (≈ 2.5% in 2023) and Larsen C (≈ 3% in 2022 and 2% in 2023).220

The remaining three ice shelves (Fimbul, Amery, Shackleton) experienced one year of increased and one of decreased thick-

ness. The absolute changes for Fimbul and Amery are <1% only. In contrast, Sulzberger thinned by ≈ 2.5% in 2022 before

thickening by ≈ 4% in 2023, where the latter is likely a result of its calving in 2022 (Zhao et al., 2024).
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Figure 6. a) Mean shelf front thickness for each shelf over 2014–2021 (dark maroon). b) Percentage change in shelf front thickness for each

ice shelf in 2022 (light maroon) and 2023 (off-white), compared to their corresponding 2014–2021 values. (Nb. A technical problem with

Cryosat-2 necessitated use of the 2022 Wilkins shelf front thickness for its 2023 thickness.)

14

https://doi.org/10.5194/egusphere-2026-3544
Preprint. Discussion started: 9 July 2026
c© Author(s) 2026. CC BY 4.0 License.



3.1.2 Changes in effective sea-ice length

Baseline datasets for effective sea-ice length (LX:ddd−yyyy
eff ; § 2.2.2) prior to the sea ice lows of 2022–2023 are calculated for225

each ice shelf over days in January–April and years 2014–2021 (Fig. 7). The median baseline effective sea-ice length spans

43.90 km for Shackleton to 507.90 km for Larsen C, and the median effecive sea-ice length over all 14 ice shelves is 55.67 km.

The interquartile ranges span 40.06 km for Fimbul to 662.16 km for Ross.
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Figure 7. Statistics of effective sea-ice length for each ice shelf during January–April, in terms of interquartile ranges (boxes), median values

(horizontal lines within boxes), and minimum and maximum values (vertical lines). Results are for 2022 (blue), 2023 (light blue), and 2014–

2021 (thin white boxes).

The median effective sea-ice length over all 14 ice shelves drops to 37.79 km in 2022, but is 50.23 km in 2023, i.e., only

slightly below the baseline value. Although the median effective sea-ice length is greater in 2023 than 2022, the 25th and 75th230

percentiles tend to be smaller in 2023, which indicates the low sea ice conditions persist for longer periods during January-April

in 2023.
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In 2022–2023 combined, there are 24 instances of reduced median sea-ice length in comparison to the baseline values, with

an average decrease of 46.10% ± 42.40% in 2022 and 56.20% ± 33.30 in 2023. Ice shelves in the Weddell Sea (Larsen C,

Fimbul), Indian Ocean (Shackleton, Mertz, Cook), Ross Sea (Ross, Nickerson, Sulzberger) and Amundsen-Bellingshausen235

Sea (Thwaites, Wilkins) have reduced median effective sea-ice lengths in 2022 and 2023, of which six ice shelves (Larsen C,

Fimbul, Amery, Mertz, Nickerson, Wilkins) have >50% decreases in both years. Eight ice shelves have a minimum effective

sea-ice length < 10 km in 2022, and ten in 2023, with seven instances < 10 km shared between both years (Baudouin, Amery,

Ross, Nickerson, Sulzberger, Fimbul and Mertz). Only three ice shelves (Thwaites, Pine Island, Cook) have a minimum sea-ice

length > 10 km in 2022 and 2023.240

3.1.3 Changes in incoming swell

Baseline datasets for the peak period of incoming swell (TX:ddd-yyyy
p ; § 2.2.3) are calculated for each ice shelf over days in

January–April for years 2014–2021 (Fig. 8). Similar baselines datasets are calculated for significant wave height (Fig. 9). The

median baseline peak period and significant wave height span 11.14 s (Brunt) to 14.29 s (Shackleton) and 2.49 m (Ross) to

5.43 m (Shackleton), respectively. The medians over the 14 ice shelves are 12.99 s for peak period and 4.14 m for significant245

wave height. Ice shelves in the Indian and Pacific Oceans have the largest peak periods (median 13.33 s) and significant wave

heights (median 5.08 m), which is consistent with satellite observations of the greatest Southern Ocean wave heights being in

the 60-120°E sector (Young et al., 2020).
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Figure 8. As in Fig. 7, but for peak period of incoming swell.

The median peak period and significant wave height over all 14 ice shelves are 12.98 s and 4.56 m in 2022, and 12.85 s and

4.04 m in 2023. Relative to the corresponding baseline values, these are decreases in peak period of 0.07% and 1.08% in 2022250

and 2023, respectively, alongisde a significant wave height increase of 3.11% in 2022 and decrease of 2.27% in 2023. In 2022,

the median values for peak period and significant wave height increased for six ice shelves on the WAIS (Ross, Nickerson,

Thwaites, Pine Island, Wilkins, Brunt), and decreased for four ice shelves (Larsen C, Amery, Shackleton, Sulzberger). In 2023,

the median values for peak period and significant wave height increased only for the Larsen C and decreased for ten ice shelves

(Shackleton, Mertz, Cook, Ross, Nickerson, Sulzberger, Thwaites, Pine Island, Fimbul, Baudouin), covering all five sectors.255

The 25th percentiles also decrease in 2023, by 1.34% for peak period and 1.00% significant wave height. The decreases are

likely linked to a weakening in Southern Ocean wave power in the late 2010s–early 2020s compared to the mid-2010s (Liu

et al., 2024).
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Figure 9. As in Figs. 7–8, but for significant wave height of incoming swell.

3.2 Changes in ice-shelf front flexural stress

The combined model (§ 2.3.3) is used to calculate baseline datasets of flexural stress (maxx |σX:ddd–yyyy|) for each ice shelf260

over days in January–April and year 2014–2021 calculated from, and expressed in terms of median and 90th percentile values

(Table 2). Wilkins has a considerably thinner shelf front than the other ice shelves studied, hsh <60 m, which, combined with

its relatively short effective sea-ice length, gives it the greatest baseline flexural stress levels by an order of magnitude, at

order 10kPa for median and order 100kPa for 90th percentile. The next three thinnest ice shelves (Shackleton, Nickerson,

Brunt; hsh = 100–200m) have close to the next three largest baseline flexural stress levels at the 90th percentile level. Brunt265

is the thinnest of these three ice shelves but has the lowest baseline flexural stress levels of the three at both median and 90th

percentile, as it has the longest effective sea-ice barrier (Figs. 8–9). Its baseline 90th percentile is slightly smaller than that of

Baudouin, and its median baseline flexural stress is far below many of the other studied ice shelves. Fimbul, Sulzberger and

Baudouin have slightly thicker shelf fronts (hsh =200–250 m), and, generally, slightly lower baseline stress levels. Larsen C has
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much lower baseline stress levels (median order <10−3 kPa and 90th percentile order 0.1 kPa), in spite of having a comparable270

shelf front thickness (hsh =217 m), as it has the longest effective sea-ice barrier of all of the ice shelves considered. Ice shelves

with thicker shelf fronts (hsh >250 m; Amery, Mertz, Cook, Ross, Thwaites, Pine Island) generally have very low baseline

stress levels, of up to order 0.01kPa for median and 0.1kPa for 90th percentile. Mertz is the exception, with order 0.1 kPa for

median and order 1 kPa for 90th percentile, as it has the shortest effective sea-ice length (Fig. 7) and strongest incoming swell

(Figs. 8–9) of the thick ice shelves over 2014–2021.275

2014–2021 2022 2023
Name (Sector)

Median 90th percentile Median 90th percentile Median 90th percentile

Larsen C (WS) 0.000 0.079 0.030 1.910 0.041 0.806

Brunt (WS) 0.020 3.316 0.031 2.756 0.214 3.744

Fimbul (WS) 0.168 2.028 0.316 1.747 0.246 2.978

Baudouin (IO) 0.391 3.760 0.540 2.412 0.204 3.497

Amery (IO) 0.041 0.873 0.016 0.697 0.024 0.729

Shackleton (PO) 5.008 26.336 3.167 13.760 5.544 24.538

Mertz (PO) 0.132 2.042 0.287 1.939 0.306 2.467

Cook (PO) 0.008 0.446 0.027 0.380 0.057 0.961

Ross (RS) 0.001 0.154 0.001 0.065 0.000 0.364

Nickerson (RS) 0.291 8.045 1.690 10.259 1.433 16.948

Sulzberger (RS) 0.013 1.619 0.196 2.660 0.036 1.754

Thwaites (ABS) 0.004 0.637 0.006 0.213 0.016 1.537

Pine Island (ABS) 0.000 0.406 0.003 0.212 0.008 1.580

Wilkins (ABS) 58.094 248.72 185.782 439.87 204.142 562.67

Table 2. Model predictions of median and 90th percentile flexural stress imposed on each ice shelf from daily values over January–April, for

2014–2021, 2022 and 2023. Flexural stress values in 2022 and 2023 are coloured according to the percentage change from the corresponding

2014–2021 values, in 100% bands: −100–0% (teal); 0–100% (gold); 100–200% (orange); 200–300% (red); > 300% (maroon).

Ice shelves in the eastern Weddell Sea (Brunt, Fimbul), Indian Ocean (Baudouin, Amery), Western Pacific Ocean (Shackleton,

Cook) and the Ross have slightly lower 90th percentile stress levels in 2022 than their 2014–2021 baselines (reduced by

≈ 50% at most). The reductions are generally driven by the incoming swell having shorter wave periods (Fig. 8), in some cases

exacerbated by smaller significant wave heights (Fig. 9) and/or thicker shelf fronts (Fig. 6b), which outweigh any increases

in stress due to the reduction in effective sea-ice length (Fig. 7). However, their median stress levels are split between slight280

decreases (Amery, Shackleton, Ross) and increases (Brunt, Fimbul, Baudouin, Mertz, Cook), due to variability in the changes

of incoming swell and effective sea-ice length around the median values (between the quartiles), noting that the relative daily

changes are a factor in these cases (not shown). In contrast, ice shelves in the western Ross Sea (Sulzberger, Nickerson),

Amundsen-Bellingshausen seas (Wilkins) and eastern Weddell Sea (Larsen C) have increased stress levels (median and 90th
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percentile), which are driven by reduced effective sea-ice length. Larsen C has the greatest increases in stress levels, which285

are over 300 % for both median and 90th percentile. Thwaites and Pine Island are the exceptions in these sectors, as they have

longer effective sea-ice barriers in 2022 compared to 2014–2021 (likely due to shifting of the Amundsen Sea Low; Wang et al.,

2023), which act to outweigh their shelf front thinning and increases in peak period and significant wave height.

Overall, stress levels increase by a greater amount in 2023 compared to 2022. In particular, median and 90th percentile stress

levels increase in the eastern Weddell Sea (Brunt, Fimbul), and for the eastern Pacific Ocean (Mertz, Cook), as the effective sea-290

ice length reductions are strong enough to outweigh any reductions in peak period and significant wave height (Figs. 8–9), and

increases in shelf front thickness (Fig. 6b). Further, the flexural stress levels of Thwaites and Pine Island increase by 100–300%

for 90th percentile and >300% for median, highlighting that their severe thinning (Fig. 6b) alongside a retreating effective sea-

ice length made them particularly susceptible to wave period increases (cf. Fig. 4). Decreased stress levels occurred for the

Baudouin and Amery at median and 90th percentile and Shackleton at 90th percentile, as they have short baseline effective295

sea-ice barriers, making them susceptible to weakening of incoming swell.

3.3 Statistical analysis of swell-induced flexural stress anomalies

The 90th percentile flexural stress anomalies (in terms of modified z-scores) for each of the 14 ice shelves in each of the ten

years (2014–2023) are shown against corresponding anomalies in effective sea-ice length, peak period, significant wave height

and shelf front thickness (Fig. 10). There are statistically significant correlations (p-values ≈ 0) between stress anomalies300

and anomalies in effective sea-ice length (negative correlation, ρ < 0; Fig. 10a) and peak period (positive correlation, ρ > 0;

Fig. 10b). The correlations between stress anomalies and anomalies in significant wave height and shelf front thickness are

relatively weak (absolute ρ-values are an order of magnitude smaller) and the p-values are considerably larger, such that the

correlations are not statistically significant (Fig. 10c,d). These relationships are robust when partial correlations (controlling

for other variables) are applied, with ρ for ice length and peak period increasing by a factor of ≈1.08 and ≈1.21 respectively305

(not shown).
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Figure 10. Ninety percentile flexural stress anomalies (z-score) versus anomalies in a) sea-ice lengths, b) peak wave periods, c) significant

wave heights, and d) shelf front thickness. A data point is given for each of the 14 ice shelves studied in each year, 2014–2021 (black),

2022 (orange) and 2023 (red). Linear regressions are superimposed (blue lines), along with correlation coefficients (ρ) and p-values (p) from

two-sided t-tests.
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Based on the statistically significant relationships for flexural stress anomalies with anomalies in effective sea-ice length and

peak period, data triplets are created for each shelf in each year (2014–2023) that denote the changes in median values over the

year (January–April) for flexural stress, effective sea-ice length and peak period versus the respective median values over the ten

years. A support vector machine model is applied to the triplets over 2014–2021 to define a linear boundary in effective sea-ice310

length–peak period space that separates positive and negative changes in the flexural stress (Fig. 11). The predicted boundary

has a positive slope in terms of changes in peak period versus effective sea-ice length, such that smaller reductions in effective

sea-ice length (including negative reductions) are required to create increases in flexural stress if peak period increases. The

model correctly predicts 15 out of 19 stress increases in 2022–2023 alongside eight out of nine instances of decreased stress.

There are five instances of false prediction (either false increases or false decreases), but all lie within the error range. More false315

predictions occur in 2022 (four) than 2023 (one). All four false predictions in 2022 (Fimbul, Mertz, Nickerson, Sulzberger)

are predicted to have reduced stress (∆σ < 0) and are for ice shelves with a median effective sea-ice length < 20 km, such that

although the absolute reduction in effective sea-ice length is small, the reduction relative the baseline effective sea-ice length

is large, and outweighs the reduction in peak period (Fig. 11a,b). The ice shelf with the false prediction in 2023 (Baudouin)

also has reduced stress, in this case caused by a decrease in significant wave height (Fig. 9) and increased thickness (Fig. 6b),320

which are not considered in the support vector machine model. The moderately strong predictive capabilities of the model are

backed by Matthews correlation coefficients of 0.69, alongside an area under curve of 0.90.
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Figure 11. Support vector machine analysis of changes in flexural stress (∆σ) in relation to changes in 10th percentile effective sea-ice

length and 90th percentile peak period for January–April over 2014–2021, expressed in terms of a hyperplane for predicted ∆σ = 0 (blue

line) and an error range (shaded blue region). Underlying yearly data points for each ice shelf over 2014–20921 are shown (grey markers),

divided into predictions where ∆σ ≥ 0 (bullets) and ∆σ < 0 (crosses). Corresponding data points are shown for 2022 (dark yellow) and

2023 (orange), also divided into ∆σ ≥ 0 (bullets) and ∆σ < 0 (crosses).

3.4 Future scenarios

Most of the studied ice shelves experience large increases in flexural stress in 2022 and/or 2023 (Table 2). However, only a

few reach flexural stress levels that are likely to be comparable to internal ice shelf stresses, which is predominantly because325

their shelf fronts are thick enough to reflect incoming swell (cf. Fig. 4). Following the thinning rates of Mertz, Pine Island and

Thwaites (not shown), consider a future scenario where each shelf front thins by 1% per year from 2023 onwards, and how

long it takes for the swell-induced flexural stress to reach 10 kPa in this scenario (an estimate for how much swell-induced

flexural stress is required to match internal stress for a thin ice shelf; Bassis et al., 2024).

Coupled with the 1% shelf front thinning rate, consider the scenario in which the medians of the daily effective sea-ice lengths330

over 2022–2023 (January–April) for each ice shelf persist, and the incoming swell are based on the statistics of the incom-

23

https://doi.org/10.5194/egusphere-2026-3544
Preprint. Discussion started: 9 July 2026
c© Author(s) 2026. CC BY 4.0 License.



−2 −1 0 1 2
Yearly trend in sea ice concentration (%)

σL (kPa) σ0.5L (kPa) σ0L (kPa) σ±2SD (kPa) First σ ≥ 10 kPa

b) Larsen C

10−3

10−1

101

103

0 50 100
Years

c) Brunt

10−3

10−1

101

103

0 50 100
Years

d) Fimbul

10−3

10−1

101

103

0 50 100
Years

e) Baudouin

10−3

10−1

101

103

0 50 100
Years

f) Amery

0 50 100
Years

10−3

10−1

101

103

g) Shackleton

0 50 100
Years

10−3

10−1

101

103

h) Mertz

0 50 100
Years

10−3

10−1

101

103

i) Cook

0 50 100
Years

10−3

10−1

101

103
j) Ross

0 50 100
Years

10−3

10−1

101

103
k) Nickerson

0 50 100
Years

10−3

10−1

101

103
l) Sulzberger

0 50 100
Years

10−3

10−1

101

103

m) Thwaites

0 50 100
Years

10−3

10−1

101

103

n) Pine Island

0 50 100
Years

10−3

10−1

101

103

o) Wilkins

0 50 100
Years

10−3

10−1

101

103

Antarctica

WS

BS

AS

RS

b→ c→

→

d →e

→f

→g

→h→ i

j

→k→l

→m
→n

→o

a) Sea ice trends

1

Figure 12. a) Sea ice concentration trends from 2000–2023 over January–April, with contours showing areas of statistically significant

trends. b–o) Flexural stress for each of the 14 ice shelves over a hypothetical future 100 years, where the shelf fronts thin by 1% per year,

with effective sea-ice lengths taken to be the medians of the respective 2022–2023 values (σL, dark purple), half the median 2022–2023

values (σ0.5L, mid purple) and zero (σ0L, light purple), and incoming significant wave heights and peak periods taken from the respective

2014–2023 values for each shelf (medians represented by lines and interquartile ranges by shading). The years in which the median flexural

stress values exceed 10 kPa are indicated (dots). Sea ice data was taken from the NOAA/NSIDC Climate Data Record of Passive Microwave

Sea Ice Concentration, Version 5.
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ing swell from 2014–2023, where values of significant wave height and peak period are tested over the interquartile ranges

(Fig. 12b–o, dark purple curves and shading). In this scenario, the coupled model predicts that seven of the ice shelves reach the

10 kPa threshold within 100 years (Fimbul, Baudouin, Amery, Shackleton, Mertz, Nickerson, Sulzberger, discounting Wilkins,

which already has stress levels > 10 kPa; Fig. 12d–h,k,l), although Sulzberger only reaches the threshold for incoming swell335

near the upper bound of the interquartile range and Amery does not reach the threshold towards the lower bound of the range.

Shackleton takes the shortest number of years to reach the threshold and Nickerson the second shortest, requiring only five and

33 years for their median values to exceed 10 kPa, respectively.

Based on the present trends in Antarctic sea ice in January–April (see Fig. 12a), there is the potential for sea-ice barriers

to weaken in the future. Thus, consider the scenario where effective sea-ice lengths are half those in 2022–2023 (Fig. 12b–340

o, mid-purple curves and shading). The seven ice shelves that reached 10 kPa in the previous scenario (Fimbul, Baudouin,

Amery, Shackleton, Mertz, Nickerson, Sulzberger) see a decrease by 2–20 years in the time required to reach the 10 kPa

threshold (Fig. 12d–h,k,l). Larsen C and Cook also reach the threshold at their median values within 100 years in this scenario

(Fig. 12b,i), i.e., nine of the 14 ice shelves are likely to have stress levels > 10 kPa.

In the scenario where the sea-ice barriers are completely lost (Leff = 0), all studied ice shelves except Ross reach the 10 kPa345

threshold within 100 years and across the full interquartile ranges of incoming swell (Fig. 12b–o, light-purple curves and

shading). Eight of the ice shelves (Larsen C, Fimbul, Baudouin, Mertz, Cook, Sulzberger, Thwaites, Pine Island) take between

50–70 years to reach the threshold at the median values of incoming swell. Even at the lowest end of the interquartile range,

Shackleton reaches the threshold after 15 years and Nickerson after < 30 years.

4 Conclusions350

Daily time series have been constructed for the flexural stress imposed on 14 Antarctic ice shelves, using effective lengths of

sea-ice barriers surrounding the ice shelves and the significant wave heights and peak periods of incoming swell. They cover

a decade leading up to and including the record Antarctic sea-ice minima of 2022 and 2023 (i.e., 2014–2023), constrained

to months when ice shelves are most likely to be impacted by incoming swell (January–April). Results showed that flexural

stress levels were generally much greater in 2022 and 2023 than the prior eight years (2014–2021). The increased flexural355

stress levels were attributed to reductions in effective sea-ice lengths in 2022 and 2023, but reductions in the peak periods of

incoming swell were found to mitigate the increased stress and sometimes lead to decreased stress levels, particularly for East

Antarctic ice shelves in 2022. Motivated by these initial findings, strong correlations were shown to exist between flexural

stress anomalies and anomalies in effective sea-ice length and incoming swell peak period. Further, it shown that increases or

decreases in flexural stress could be predicted with reasonable accuracy from knowledge of relative changes in effective sea-ice360

length and peak period.
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To facilitate the study of 14 ice shelves over a decade, the daily time series of sea-ice length and incoming swell were con-

strained to chosen statistical levels. Thus, the incoming swell and sea ice data used may not be spatially or temporally aligned,

adding some uncertainty to the results. Ongoing efforts to integrate swell propagation through sea ice into global wave and

sea ice numerical models (Bennetts et al., 2017; Roach et al., 2019; Boutin et al., 2020) may partially reduce the uncertainty,365

by empowering hindcasts that predict swell reaching Antarctic ice shelves rather than just the sea ice edge. The model devel-

opments are complemented by the emergence of large-scale analysis of satellite altimetry observations of swell propagation

into Antarctic sea ice (Fraser et al., 2026). Contemporary global wave models have not incorporated swell propagation into ice

shelf/cavity regions, though recent developments in numerical methods may provide the basis for this extension, potentially

within the next decade (Tazhimbetov et al., 2023; Papathanasiou et al., 2026).370

In summary, we have conducted the broadest study to date on the impacts of ocean swell on Antarctic ice shelves, in terms

of the number of ice shelves and length of the study period. We used data and models to quantify the major amplifications

in flexural stress that Antarctic ice shelves experienced in the pronounced sea ice loss years of 2022 and 2023. If sea ice loss

and ice shelf thinning continue, we predicted that many of the ice shelves will reach damaging flexural stress levels within the

next century, and certain ice shelves, most notably Shackleton and Nickerson, are susceptible within a few decades. Thus, the375

study adds further evidence that changes in sea ice and ocean swell should be considered in future projections for Antarctic ice

shelves.
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