
LETTER • OPEN ACCESS

Sea ice-free corridors for large swell to reach
Antarctic ice shelves
To cite this article: N J Teder et al 2022 Environ. Res. Lett. 17 045026

 

View the article online for updates and enhancements.

You may also like
Glacial seismology
R C Aster and J P Winberry

-

Millennial total sea-level commitments
projected with the Earth system model of
intermediate complexity LOVECLIM
H Goelzer, P Huybrechts, S C B Raper et
al.

-

Basin stability and limit cycles in a
conceptual model for climate tipping
cascades
Nico Wunderling, Maximilian Gelbrecht,
Ricarda Winkelmann et al.

-

This content was downloaded from IP address 129.127.229.141 on 06/04/2022 at 02:00

https://doi.org/10.1088/1748-9326/ac5edd
https://iopscience.iop.org/article/10.1088/1361-6633/aa8473
https://iopscience.iop.org/article/10.1088/1748-9326/7/4/045401
https://iopscience.iop.org/article/10.1088/1748-9326/7/4/045401
https://iopscience.iop.org/article/10.1088/1748-9326/7/4/045401
https://iopscience.iop.org/article/10.1088/1367-2630/abc98a
https://iopscience.iop.org/article/10.1088/1367-2630/abc98a
https://iopscience.iop.org/article/10.1088/1367-2630/abc98a


Environ. Res. Lett. 17 (2022) 045026 https://doi.org/10.1088/1748-9326/ac5edd

OPEN ACCESS

RECEIVED

30 October 2021

REVISED

28 January 2022

ACCEPTED FOR PUBLICATION

17 March 2022

PUBLISHED

4 April 2022

Original Content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Sea ice-free corridors for large swell to reach Antarctic ice shelves
N J Teder1,∗, L G Bennetts1, P A Reid2,3 and R AMassom3,4,5
1 University of Adelaide, Adelaide, South Australia, Australia
2 Australian Bureau of Meteorology, Hobart, Tasmania, Australia
3 Australian Antarctic Program Partnership, Hobart, Tasmania, Australia
4 Australian Antarctic Division, Hobart, Tasmania, Australia
5 Australian Centre for Excellence in Antarctic Sciences (ACEAS), Institute for Marine and Antarctic Studies, University of Tasmania,
Hobart, Tasmania

∗ Author to whom any correspondence should be addressed.

E-mail: nathan.teder@adelaide.edu.au

Keywords: Antarctic ice shelves, ocean hindcast, swell-ice shelves interactions, sea ice-free corridors, sea ice concentration

Abstract
Sea ice can attenuate Southern Ocean swell before it reaches Antarctic ice shelves and imposes
flexural stresses, which promote calving of outer ice-shelf margins and influence ice shelf stability.
An algorithm is developed to identify sea ice-free corridors that connect the open Southern Ocean
to Antarctic ice shelves from daily satellite sea ice concentration data between September 1979 and
August 2019. Large swell in the corridors available to impact the ice shelves is extracted from
spectral wave model hindcast data. For a selection of ice shelves around the Antarctic coastline,
corridors are assessed in terms of duration and areal extent. The availability of large swell to impact
certain ice shelves through the corridors is evaluated from spectral wave data for daily statistical
properties and the number of large swell days per year. Results integrated over a large number of
ice shelves are used to assess overall trends. Large variations are found between individual ice
shelves for both corridors and available swell, with contrasting trends between the West and East
Antarctic Ice Sheet. The findings indicate ice shelves likely to experience prolonged periods of
appreciable outer margin flexure due to large swell action, such as the Fimbul, Shackleton and Ross
Ice Shelves, which could exacerbate climate-driven weakening and decreasing buttressing capacity,
with implications for sea-level rise.

1. Introduction

Loss or weakening of Antarctic ice shelves, which
fringe 74% of the Antarctic grounded ice-sheet
boundary [1], has the potential to push Antarctic Ice
Sheet mass losses and associated sea level rise sub-
stantially beyond current projections [2, 3]. Without
effective buttressing at the coastline from ice shelves
[4, 5], the Antarctic Ice Sheet is vulnerable to runaway
dynamic retreat [6–8]. Reduction of ice shelf buttress-
ing is already dominating Antarctic Ice Sheet dynamic
thinning via accelerated glacial outflow to the South-
ern Ocean [9] leading to an observed acceleration in
grounded ice-mass loss over recent decades [10]. Fur-
ther changes in ice shelves will play a large part in
determining the future dynamic response of the Ant-
arctic Ice Sheet to a warming climate [11]. However,
current projections contain deep uncertainties as the
controlling physical processes are poorly understood,

which in turn, translates into substantial uncertain-
ties in Antarctica’s contribution to sea-level rise in
coming decades [2].

Around much of the Antarctic coastline, ice shelf
basal melting by warm ocean water incursions is
driving an increasing reduction in buttressing capa-
city [9]. Moreover, the Antarctic Peninsula has been
host to a series of catastrophic ice shelf disintegration
events that removed large proportions of the shelves
in only days or weeks—most notably, the Larsen A
and B Ice Shelves in 1995 [12] and 2002 [13–15],
respectively, and the Wilkins Ice Shelf in 1996 and
2008–2009 [16]. The disintegration events led to a
two- to eight-fold increase glacial flow into the South-
ern Ocean from their respective glaciers [14, 15].

The Antarctic Peninsula is the most northerly
reach of Antarctica and has experienced strong cli-
mate warming in the lead up to the 21st century
[17, 18]. At the same time, the annual duration and
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extent of sea-ice coverage off the western and north-
eastern Peninsula have shown negative trends since
1979 [19, 20], in broad contrast to other Antarctic
regions. The response of Antarctic sea ice to climate
variability and change is characterised by complex-
ities, regional variations and recent high interan-
nual variability [21, 22], which is emphasised by the
consecutive years of record highs (peaking in 2014)
closely followed by record lows (from 2016) [20].
Contemporary models are unable to reproduce the
observed behaviours of Antarctic sea ice accurately,
resulting in low confidence in projections of future
trends in Antarctic sea ice coverage [2, 23].

In the years leading up to the disintegration
events, the Wilkins and Larsen Ice Shelves were sub-
jected to prolonged periods without sea ice buffers
[19, 24, 25] protecting them from storm-generated
swell by attenuating wave energy over the distance
travelled [26]. Large-amplitude swell generated in
the open ocean were able to reach the ice shelves
through sea ice-free corridors, and repeatedly sub-
jected the rifted and crevassed outer margins of the
shelves to flexural stresses [25]. Compelling evidence
indicates the process eventually precipitated extens-
ive outer-margin calving, which acted as a trigger
mechanism for the disintegration of large ice shelf
areas [25] already destabilised by surface flooding,
hydrofracture, thinning and glaciological weaknesses
[9, 14, 27–30].

Ocean wave-induced flexural vibrations have
been measured on Antarctic ice shelves (and ice
tongues), at frequencies ranging from swell to
tsunami and infragravity waves, including two cam-
paigns on the Ross Ice Shelf from 2004–2006 [31]
and 2014–2016 [32]. For over four decades, evid-
ence has accumulated that wave-induced flexural
vibrations could promote ice shelf calving events
[33], but with a focus on tsunami and infragravity
waves [34, 35], as they are unimpeded by attenu-
ation due to sea ice cover [36] and reflection by the
shelf front [37, 38]. The link between disintegration
events and large swell [25], along with earlier obser-
vational work linking swell to calving events [39]
and more recent work linking swell to ice shelf ‘ice-
quakes’ [40], combined with the increasing trend for
extreme waves in the Southern Ocean [41], highlights
the potential for swell modulated by sea ice to play
an increasingly important role in the future stability
of Antarctic ice shelves. Recent theoretical model-
ling advances support the ability of swell to impart
damaging strains [42].

In this Letter, we address the variability and trends
in sea ice-free corridors for ice shelves around the
Antarctic coastline and the availability of large swell
in the corridors, building on a new ‘coastal expos-
ure’metric for the entire Antarctic circumpolar coast-
line and associated analysis of change and variability
in the extent and timing of coastal exposure around
Antarctica [43]. Here, algorithms are developed to

(a) identify sea ice-free corridors from daily satellite
sea ice concentration data, using the coastal exposure
algorithm [43] as a first step, and (b) identify large
swell in the corridors with the potential to impact
an ice shelf from spectral wave data. The algorithms
are used to extend the study of swell corridors on the
Antarctic Peninsula leading up to the disintegration
events [25] to wider spatio-temporal occurrence of
(and possible trends in) swell corridors around Ant-
arctica. Results are given for a selection of key Ant-
arctic ice shelves, including the Thwaites and Pine
Island Ice Shelves that fringe rapidly thinning glaciers
[10], the Totten Ice Shelf whose dynamics are linked
to the presence of a sea ice buffer [44] and the Cook
Ice Shelf that recently recorded an acceleration in ice
velocity [45]. Results integrated over a larger number
of ice shelves are also given, and large-scale corridor
and large swell behaviours impinging on theWest and
East Antarctic Ice Sheet are compared.

2. Methods and data

2.1. Corridor algorithm
Detection and delineation of sea ice-free corridors
are calculated based on sea ice concentrations from
satellite passive microwave data (NIMBUS-7 SMMR
and DMSP SSM/I-SSMIS, Version 1 [46]). The sea
ice concentration data covers the satellite era period
between 1 September 1979 and 31 August 2019 at
a 25 km2 resolution. The data is only available on
alternative days until the 19th of August 1987, and
daily thereafter. For consistency, the full dataset was
made daily by interpolating between consecutive data
points at each spatial location up to the 19 August
1987.

Grid cells along the Antarctic coastline (from the
gfsc_25s.msk land mask) occupied by an ice shelf
front (based on the MEaSUREs plugin for the Ant-
arctic Mapping Toolbox [28, 47], with a 25–150 m
varying resolution) that are exposed to the open
ocean, are calculated using an adapted version of the
coastal exposure algorithm [43]. For each daily record
of sea ice concentration the algorithm is as follows.
(i) Identify potentially exposed cells as those having
at least one adjacent cell (directly north, south, east or
west) in the ocean and away from the coastline with
a sea ice concentration ⩽cmin, where cmin = 15% fol-
lowing the standard sea ice concentration threshold
[46]. (ii) Consider each potentially exposed cell in
turn. (ii.a) If either of the adjacent coastal cells has
already been classified as being exposed for that day,
the cell is then classified as exposed. (ii.b) If not,
determine if the cell is enclosed in a polynya by check-
ing the total connected area of non-coastal ocean
cells with sea ice concentration ⩽cmin, and if the area
is ⩾Aexp (=5×106km2) identify the cell as exposed.
(iii) Terminate the algorithm when all cells have been
classified.
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Sea ice-free corridors are then calculated using the
following steps: (i) Group exposed cells on the coast-
line occupied by an ice shelf front. (ii) Choose an ice
shelf from the 69 considered in this study (covering
>99% of total ice shelf area). (iii) Choose an exposed
cell on the coastline for the chosen shelf. (iv) Calculate
the straight line (with respect to north–south vs. east–
west space) between the northwestern corner of the
exposed coastline cell and the northwestern corner
of a chosen cell on the northern most boundary of
the sea ice data (≈42◦ S). (v) Find one cell per dis-
crete latitude intersected by the straight line, arbit-
rarily choosing the eastern-most cell if the straight
line intersects more than two cells at a given latitude.
(vi) Moving north from the coastal cell, identify the
cells from (v) as being in the corridor for the chosen
shelf if they are not land cells (including coastal cells)
and have sea ice concentration ⩽cmin. (vii) Termin-
ate (vi) once a land cell (not including coastal cells)
or a cell with sea ice concentration of>cmin is found.
(viii) Repeat (v)–(vi) for all cells at the northern-
most boundary of the sea ice concentration data.
(ix) Repeat (iii)–(viii) for all exposed cells on the
coastline for the chosen shelf. (x) Identify the union of
all corridor cells found from (iii)–(ix) as the corridor
for the chosen shelf. (xi) Repeat for all 69 ice shelves.
Corridors are analysed up to the maximum northern
extent of sea ice off the Antarctic coastline or 57.5◦ S,
depending on which is farther south on that partic-
ular day, as the cut-off is to prevent sea ice around
SouthGeorgia Island from influencing corridor areas.

Two distinct types of corridor form. One is
where the corridor occupies a simply connected
region of the open ocean (sea ice concentration
⩽cmin), which is directly offshore from the ice shelf
(figure 1(a)). The other is where a corridor is inter-
rupted by the presence of islands or, in the example
shown in figure 1(b), icebergs. Choosing Aexp = 5×
106 km2 prevents corridors from being identified in
polynyas (e.g. figure 1(c)), under the assumption that
large amplitude swells will generally not be generated
in the polynyas or penetrate into the polynyas from
the open (ice-free) Southern Ocean to the north.

2.2. Swell
Wave properties in the corridors are extracted from
a WAVEWATCH III model hindcast (CAWCR Wave
Hindcast, Aggregated Collection [48]), with main
interest in the significant wave height (HS) as a proxy
for wave energy. The wave data is at 0.4◦ resol-
ution and hourly frequency from 1 January 1979
onwards. Sea ice concentration in WAVEWATCH III
is incorporated using the CFSR dataset [49]. Fol-
lowing Tolman [50], waves are unaffected by sea
ice concentrations ⩽25% and waves are shut-off for
concentrations ⩾75%. For concentrations between
25% and 75%, wave amplitudes are reduced as
if sub-grid scale islands were present. The latest
WAVEWATCH III developments in modelling wave

propagation through the sea-ice covered ocean [51]
are not incorporated in the hindcast (or any other
wave hindcast to our knowledge).

The largest wave that may impact a certain shelf
on a particular day is determined using the follow-
ing algorithm. For a chosen shelf and day: (a) Identify
all cells in the wave hindcast in the corridor for the
chosen shelf on the chosen day, allowing for only part
of a cell to occupy the corridor. (b) For each daily
record on the chosen day in the hindcast, filter the
wave data in the corridor cells to only those for which
the mean wave direction has a southerly component
and is not obstructed by the coastline surrounding the
shelf (i.e. if the shelf is in a bay). (c) From the remain-
ing data, retain only the maximum significant wave
height, Hmax

S .

3. Results and discussion

3.1. Sea ice-free corridors
Figures 2(a)–(l) shows a 40-year time-series of yearly
corridor properties for a selection of twelve major ice
shelves around the Antarctic coastline. Years are taken
as starting from September, when sea ice extent peaks
[20] through to August the following year. Corridors
are evaluated in terms of the fraction of days they exist
in each year (Dcor; grey curves) and the maximum
yearly corridor area normalised by the potential max-
imum corridor area (Amax

cor ; i.e. without sea ice so the
corridors are constrained only by the coastline).

On the southwestern Antarctic Peninsula, the
Wilkins Ice Shelf (figure 2(a)) has an average Dcor =
0.23 (85 days a year), which is the largest value for
the West Antarctic Ice Sheet. A peak of Dcor = 0.57
(208 days) occurred during September 2007 toAugust
2008 coinciding with multiple partial disintegration
events between February and July 2008 [16], con-
sistent with observations of reduced sea ice cover-
age and duration offshore over that period [25]. Of
some note is a regime change that occured between
the first nine years, when the mean Dcor = 0.08 and
Amax
cor = 0.22 are relatively small, and the subsequent

31 years, when themeanDcor = 0.28 andAmax
cor = 0.57

are much greater.
On the southeastern Antarctic Peninsula, the

Larsen C Ice Shelf (figure 2(b)) had no corridors for
28 of the 40 years, and corridors appearing for only a
small fraction of days (Dcor < 0.05) for 34 years. The
absence of corridors is caused by typical presence of
perennial sea ice that survives throughout summer
in the western Weddell Sea [52, 53]. The results are
a proxy for the Larsen A and B Ice Shelves (indic-
ated on the figure 2 map), although the Larsen C
Ice Shelf tends to have less frequent and relatively
smaller corridors than the more northerly shelves.
The Larsen C Ice Shelf experienced its most frequent
and largest corridors (Dcor = 0.38 and Amax

cor = 0.55)
in the 2001–02 season, coinciding with the onset of
the Larsen B Ice Shelf disintegration [14, 15].
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Figure 1. (a) and (b) Two typical sea ice-free corridors: (a) occupying simply connected region to the open ocean (example is the
Riiser–Larsen Ice Shelf on the 20 March 1993); (b) where icebergs create gaps in the corridor (example is the Larsen C Ice Shelf on
the 26 February 2002). Note that in the example shown, one side of the corridor is bounded by land rather than sea ice.
(c) Polynya identified by the algorithm for which corridors are not assigned (example is the Ross Ice Shelf on the 18 December
1999). Straight lines appear curved due to the projection used (Lambert Azimuthal Equal-Area Projection).

Sea ice-free corridors typically exist each year for
ice shelves in the eastern Weddell Sea (Brunt and
Fimbul; figures 2(c) and (d)), in the Indian Ocean
(Amery; figure 2(f) and western Western Pacific

Ocean (Shackleton; figure 2(h) sectors, where the
mean Dcor ranges from 0.13 for the Brunt Ice Shelf
to 0.27 for the Fimbul Ice Shelf. They also have
relatively large maximum corridor areas, with the
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Figure 2. (a)–(l) Time-series of corridor properties for twelve major Antarctic shelves over the September–August yearly periods:
fraction of exposed days per year (Dcor, grey lines); maximum corridor area over the year normalised by maximum potential
corridor area (when no sea ice is present; Amax

cor , black lines). The shelves are marked on the map of Antarctica in the centre of the
panels (colour-coded with panel titles). Other ice shelves are indicated (dark grey), along with the boundary between the West
and East Antarctic Ice Sheet (red line). For reference, the former locations of the Larsen A and B Ice shelves are also marked
(A and B, respectively). Areas of the Southern Ocean that have⩾80% of days in the Austral summer and autumn with a sea ice
concentration⩾cmin are shaded in blue, which indicates the areas that corridors are least likely to occur. (m) Daily total corridor
area for all shelves normalised by total potential area (Atot

cor; black line), and the trend line for days when corridors exist (red line).
(n) Variation of total yearly Atot

cor for ice shelves on the East Antarctic Ice Sheet (blue line) and West Antarctic Ice Sheet (including
the Ross Ice Shelf; red line) from the mean values, with standard deviations indicated by shaded areas.
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Fimbul Ice Shelf consistently the largest, closely fol-
lowed by the Amery Ice Shelf (mean Amax

cor = 0.6 and
0.53, respectively). The Brunt and Fimbul Ice Shelves
have decreasing trends for Dcor and Amax

cor over the 40
years, with corridors decreasing by roughly one day a
year. This is in line with decreasing coastal exposure
in the Weddell Sea sector [43]. The Amery Ice Shelf
also has a decreasing Dcor trend but only by roughly
half a day a year, and the Shackleton Ice Shelf has no
trend.

East of the Shackleton Ice Shelf, the Totten Ice
Shelf (figure 2(l)) has been thinning rapidly [28], with
periods of accelerated thinning linked to regional sea
ice thinning [44]. The local coastline supports fast-ice
that breaks down in November–December and cov-
ers the bay in unconsolidated sea ice during Janu-
ary [44, 54], which creates highly variable corridor
seasons. Corridors exist in half of the 40 years and
withmeanDcor = 0.04 and ameanAmax

cor = 0.24 in the
years they exist.

At the eastern end of the Western Pacific Ocean
sector, the Mertz and Cook Ice Shelves (figure 2(j)
and (k)) have markedly different corridor properties
to each other, despite being only about 350 km apart.
TheMertz Ice Shelf, which juts into the ocean as an ice
tongue, has corridors primarily located on its west-
ern side. Its corridor properties are consistent up to
2010–2011, when half the ice tongue calved [55].Over
the subsequent nine years, two years have no cor-
ridors and the mean Dcor = 0.12 is half that over the
first 31 years. The ice tongue traps sea ice on its east-
ern side [56], leading to theCook Ice Shelf having cor-
ridors in only five years and none in the last 16 years,
despite the major ice tongue calving and reduced sea
ice production [57, 58]. The behaviour is likely linked
to the presence of iceberg B–9B [57] and areas of small
grounded icebergs that act as barriers to the westward
advection of coastal sea ice in the Antarctic Coastal
Current [56].

The ocean north of the Ross Ice Shelf (figure 2(i))
is characterised by the large and recurring Ross Sea
polynya [59]. The polynya generally breaks open
between late December–early March to create cor-
ridors for about 50 days a year (Dcor ≈ 0.14). The
calving and subsequent grounding of the very large
C–19 iceberg in 2002 created the only year without
corridors, as it prevented the polynya from breaking
open in the following Austral summer [60].

The appearance of corridors for the Thwaites Ice
Shelf (figure 2(g)) is highly variable, however it fol-
lows the increasing coastal exposure trend in the
Amundsen and Bellingshausen Sea sector [43]. There
is a regime change between the first ten years, over
which corridors only exist in one year, to the last
30 years, where corridors exist in just under half the
years. Corridor formations were less frequent for the
Pine Island Ice Shelf (figure 2(e)), largely due to the
consistent formation of polynyas in Pine Island Bay
[61] and the Thwaites Ice Tongue blocking incoming

swell. The Thwaites Ice Tongue is retreating [62],
making it likely that corridors will becomemore com-
mon for the Pine Island Ice Shelf in future years.

The presence of corridors is seasonal, as indicated
by the daily ratio of the total area occupied by the cor-
ridors for each of the ice shelves to the total poten-
tial area (Atot

cor; figure 2(m)), with the average corridor
season from late December to mid-April. The season
length has a positive trend of 0.39 ± 0.37 days a year
over the 40 years.

The total normalised corridor area has a weak
decreasing trend of (8.1 ± 1.1)× 10−4 per year dur-
ing the corridor seasons (i.e. when corridors exist;
figure 2(m), red line), which is followed by a weak
negative trend in the seasonal peaks. Ice shelves on the
East Antarctic Ice Sheet have driven the weak decrease
in total corridor area (figure 2(n), blue line), consist-
ent with the decrease in coastal exposure length across
East Antarctica [43]. In contrast, total corridor area
for ice shelves on the West Antarctic Ice Sheet had
increased over the 40 years (figure 2(n), red line).

3.2. Swell availability
The seasonality and strength of swell available to
reach ice shelves through the sea ice-free corridors is
illustrated by a climatology of daily maximum sig-
nificant wave heights (Hmax

S ) for a selection of eight
ice shelves (figure 3(a)). Seasons of available swell
follow the corridor seasons, i.e. late December to
mid-April on average. Themaximumsignificantwave
heights increase as corridors start appearing, reach
their peaks when corridors are most frequent (in
February–March), and then decrease as the corridors
begin closing towards the winter shut-off.

TheWilkins Ice Shelf has the longest swell season,
stretching from December into early July, and with
mean Hmax

S > 4 m from late February to early-May.
On the other (eastern) side of the Antarctic Penin-
sula, the swell season for the Larsen C Ice Shelf starts
earlier than the others in late October/early Novem-
ber and ends relatively early in late March, closely
matching the weakening Riiser–Larsen Sea low pres-
sure system in the Weddell Sea, which drives regional
sea ice drift [63]. Daily meanmaximum swell data for
the Larsen C Ice Shelf only has a mean Hmax

S up to
0.4m.

The Cook and Thwaites Ice Shelves also have swell
seasons that end in late March/early April, which is
earlier than the average. Mean Hmax

S values for the
Cook Ice Shelf are of similar magnitude to those for
the Larsen C Ice Shelf, but those for the Thwaites
Ice Shelf are larger, e.g. typically >0.75m from mid-
February to early March. The Totten Ice Shelf has
comparable available swell to the Thwaites Ice Shelf
but with a larger and later peak.

By comparison, the Ross, Fimbul and Shackleton
Ice Shelves have considerably larger available swell,
comparable to the Wilkins Ice Shelf. The Fimbul and
Shackleton seasons extend beyond the average to early

6
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Figure 3. (a) Daily mean maximum significant wave height available in corridors for chosen ice shelves (lines) plus/minus one
standard deviation (shaded areas). (b) and (c) Fraction of days in year (September through August) with large available swell
(Hmax

S ⩾ 6 m and denoted as DLW) for chosen shelves on the (b) West and (c) East Antarctic Ice Sheet. (d) Mean fraction of days
per year with large available swell per shelf over all shelves considered on West (red bars) and East (blue bars) Antarctic Ice Sheet,
and corresponding mean fractions of days per year where corridors exist (whiskers).

May and late May, respectively, whereas the Ross
Ice Shelf season ends abruptly in mid-March, when
the Ross Sea polynya closes, consistent with seismic
observations [31, 40].

The Wilkins Ice Shelf sea ice-free corridor
has large swell, defined as Hmax

S > 6 m [64], for

⩾70 days a year in fourteen of the 40 years, and
nine of the last twelve years. Large swell were avail-
able for approximately 133 days (0.35× 365) from
September 2007 to August 2008, coinciding with
multiple partial disintegration events that occurred in
2008 [65].
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The Fimbul Ice Shelf had large swell available for
⩾35 days a year for seventeen of the 40 years and
⩾50 days a year in eight years. There is an indica-
tion of a decreasing trend of large swell for the Fim-
bul Ice Shelf, e.g. the mean over the first twenty years
is a factor 1.4 larger than the mean over the last
twenty years, although three of the final four years
have⩾50 days of large swell available. The Shackleton
Ice Shelf has large swell available for over 18 days a
year for five of the 40 years, and a mean for the first
twenty years a factor 1.2 greater than the mean in the
last twenty years.

The Ross Ice Shelf has large available swell for 28
out of the 40 years, with large waves for seven days
a year on average. Sea ice-free corridors with large
swell available occurred during the seismic observa-
tions from November 2004 to May 2006 [31], but
the average over this period was only two days a
year, i.e. under a third of the expected number. Cor-
ridors with large swell available are more frequent
during the seismic observations fromOctober 2014 to
November 2016 [40], particularly for the 2015–2016
season (seven days).

The Thwaites Ice Shelf has available large swell in
only eight of the 40 years. In those years for which
large swells are available, they occur for over five days
a year on average, and three of the last ten years
have large swell available. The Larsen C and Cook Ice
Shelves have large swell available in only one and four
years, respectively. Large swell has only been available
to the LarsenC Ice Shelf for a total of two days over the
40 years. The Cook Ice Shelf has large swell for eight
days a year on average in the four years it has availab-
ility, but it experienced no large swell in the last sev-
enteen years up to 2019.

The large swell available for ice shelves on theWest
and East Antarctic Ice Sheet has contrasting trends
over the 40-year record (figure 3(d) bars). During the
first ten years, an ice shelf on the East Antarctic Ice
Sheet has large swell available on average for eleven
days a year, which far outweighs the two days a year
on the West Antarctic Ice Sheet. For the subsequent
twenty years, the East andWest Antarctic Ice Sheet are
closer to parity, with large swell available for approx-
imately five and four days a year, respectively. Over
the last ten years, the West Antarctic Ice Sheet has
large swell available for seven days a year, which out-
weighs the five days a year for the East Antarctic Ice
Sheet.

The ratio of days with large available swell
(figure 3(d) bars) to days with sea ice-free corridors
(shown as whiskers) has decreased for ice shelves on
the East Antarctic Ice Sheet but increased on theWest
Antarctic Ice Sheet. Therefore, the trends in large
swell available on the East and West Antarctic Ice
Sheet are not solely determined by the number of
corridor days, and are likely to also be influenced by
trends in both corridor area and waves.

4. Concluding remarks

We conducted the first analysis of sea ice-free cor-
ridors connected to Antarctic ice shelves and available
large swell in the corridors with the potential to
impact the ice shelves, by applying new algorithms to
daily sea ice concentrations from passive microwave
data and hourly wave spectra from a model hindcast,
from the 1st of September 1979 through to the 31st of
August 2019. The analysis was applied to a selection
of major ice shelves around the Antarctic coastline.
The average corridor season lasts from late Decem-
ber to mid-April, but the number of days a year cor-
ridors exist and the areas they occupy were found to
depend strongly on local characteristics of both the
coastline and sea ice, including polynyas (Ross and
Pine Island Ice Shelves), the presence and breakout
of fast ice (Totten Ice Shelf) the presence of peren-
nial sea ice offshore (Larsen C Ice Shelf) and the effect
of ice tongues and grounded icebergs in maintaining
regional near-shore sea-ice coverage (Mertz and Pine
Island Ice Shelves). Evidence was found that trends
in corridor properties follow trends in sea ice extent,
particularly negative corridor trends for ice shelves in
the Weddell Sea sector reflecting the positive trends
in sea ice coverage and extent. Large swell availabil-
ity also varies considerably between shelves, ranging
from only one days over 40 years (Larsen C Ice Shelf)
to tens of days in a year for multiple years (Wilkins,
Fimbul, Shackleton, Ross and Thwaites Ice Shelves).

The results were integrated over 69 ice shelves to
assess overall large-scale trends and compare beha-
viours on the West and East Antarctic Ice Sheet.
Corridor season lengths were found to have a weak
increasing trend and total corridor areas a weak
decreasing trend driven by ice shelves on the East Ant-
arctic Ice Sheet that outweighs an increasing trend on
the West Antarctic Ice Sheet. Ice shelves skirting the
West and East Antarctic Ice Sheet also showed oppos-
ing trends in total days of available large swell a year,
with an increasing trend for the west and a decreasing
trend for the east.

The corridor and swell algorithms have been
designed for use with different sea ice and wave
products and at different resolutions. Therefore, the
study could be extended to test the corridor proper-
ties using different sea ice concentration data (e.g. the
NSIDCClimate Data Record from PassiveMicrowave
Sea Ice Concentration [66]) and the large available
swell using different spectral wave data (e.g. the
ERA5 based oceanwave hindcast [67]).Moreover, the
accuracy of individual corridor predictions could be
assessed by applying the corridor algorithm to sea ice
concentration information extracted from cloud-free
MODIS visible and thermal satellite imagery (e.g. at
250 m resolution following [68]).

The algorithms could potentially also be applied
to climate model outputs to generate projections of
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corridors and available swell for ice-shelf modelling
purposes. For example, the corridor algorithm could
be applied to sea ice concentration data from mod-
els that contribute to the latest phase of the Coupled
Model Intercomparison Project (CMIP6), which typ-
ically give daily projections up to 2100 at approxim-
ately one degree spatial grid [69, 70] i.e. coarser res-
olutions than in the present study. The available swell
algorithm could then be applied to projections of
waves generated using WAVEWATCH III and forced
by the CMIP6 model outputs [71, 72]. Impacts of
ocean waves on sea ice are being integrated into the
latest versions of sea ice models, such as CICE [73]
and LIM3 [74], which may promote direct incorpor-
ation of ocean wave models in future CMIP phases
and provide more accurate swell data in sea ice-free
corridors for extended studies.
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