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1. Introduction

In their paper examining the impact of marine ice on the structural integrity of the Larsen C
Ice Shelf (LCIS), Kulessa and others (2014) argue that the angle between the ice velocity vector
and the direction of the first principal stress at any point in an ice shelf - the stress-flow angle -
can be used as a ‘first-order criterion on which to judge an ice-shelf’s stability’. While we have
not been able to find an exact mathematical definition of the stress-flow angle in Kulessa and
others (2014), or in any of the papers subsequently using this metric, it appears reasonable to
conclude from their description that it can be calculated as

-P
cosf=—2 1 (D
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where 0 is the stress-flow angle, u is the ice velocity vector and P; is the first principal stress
vector.

Here, we demonstrate that Eqn (1) is not frame-indifferent, outline why this means that it is
not an admissible metric for determining the calving front dynamics or stability of an ice shelf,
and emphasise that the principle of frame-indifference must hold for any metric or relation
which seeks to give insight into the dynamics of an ice shelf.

Before proceeding further with our short overview of this topic, we like to clarify our use of
the terms (in)stability and structural integrity. We use the term calving instability to refer to the
process of self-sustained ice-shelf collapse through calving-front retreat, and we use the term
structural integrity to describe the ability of an ice shelf to withstand internal and external
forces without failing due to fracture. Hence, in our terminology, an isolated calving event
could be ascribed to a lack of structural integrity, whilst a calving instability only occurs
when an initial calving event creates the conditions for further calving events, resulting in a
run-away process of calving-front retreat.

The introduction of the stress-flow angle by Kulessa and others (2014) is motivated by obser-
vations that rifts on ice shelves tend to form perpendicular to the direction of ice flow. By also
assuming that rifts tend to open up when orientated perpendicular to the direction of maximum
tensile stress (the first principal stress direction), it follows that when the angle between the ice
velocity vector, u, and the first principal stress vector, Py — the stress-flow angle — approaches
zero, rift growth would be promoted. They suggest that a calving front situated in a region of
low stress-flow angles could result in an unstable frontal retreat. Conversely, a stress-flow angle
close to 90 degrees (when the maximum tensile stress is aligned along the rifts) would act to sup-
press rift growth. They used the stress-flow angle to analyse the conditions leading to the collapse
of the Larsen B Ice Shelf (LBIS) in 2002, and found that stress-flow angles at the calving front of
the LBIS were near-zero following the 1995 calving event, and argued that this led to its eventual
large-scale demise in early 2002. For the LCIS, again using the stress-flow angle as a ‘first-order
criterion’, they concluded that the calving events between 1995 and 2002 on the LBIS ‘might serve
as a plausible blue-print for Larsen C’s future’.

Jansen and others (2015) used the stress-flow angle approach to analyse the LCIS, in particular
by examining the growing rift that would eventually result in the calving of the A68 icebergin 2017
(Hogg and Gudmundsson, 2017). Their work suggested that the propagation of the rift - and the
subsequent calving of a large, tabular iceberg — could lead the new ice shelf calving front to be in an
unstable configuration. In their study of the Wilkins Ice Shelf, Rankl and others (2017) explored a
number of metrics for categorising ice-shelf stability, including the stress-flow angle, and con-
cluded that it did not provide any additional information beyond that already contained in the
principal stresses and strain rates. Borstad and others (2017) also calculated the stress-flow angles
for the LCIS and assessed its use as a stability criterion. They suggested that — because this metric
does not consider the magnitude of the stresses - its use is limited in understating how rifts would
propagate through the ice shelf. They also stated that it cannot account for regions of high stress-
flow angle in which the second principal stress (by definition perpendicular to the first principal
stress direction) is also tensile, meaning that rift growth would still be promoted.

2. Frame-indifference

One of the foundations of classical mechanics is that the laws of physics should be the same in
different inertial reference frames - ie. they must have the same form under a Galilean
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Fig. 1. The stress-flow angle, calculated for the LCIS in two different inertial reference frames overlain on a MODIS Mosaic of Antarctica image (Scambos and others,
2007), with the grounding line plotted in black. Panel (a) corresponds to a frame (S) at rest with respect to the bedrock below the ice shelf, and (b) a frame
(§') moving with at a constant velocity V of 3km a™" in the positive x direction and —4 km a™" in the positive y direction with respect to S, in a polar stereographic
coordinate system. This relative velocity is shown by the labelled arrow in panel (b). The large differences in stress-flow angle between the two frames, particularly
in the centre of the shelf, show that the two observers would reach different conclusions about the structural integrity of the shelf, violating the principle of

frame-indifference.

transformation. No measurements or experiments should privilege
one inertial reference frame over another. In continuum mechanics
this is encompassed in the principle of frame-indifference (e.g. Jog,
2015, p. 204), which is typically introduced as a somewhat stricter
condition, also requiring invariance with respect to time-dependent
frame rotation and velocity, and including the Galilean transform-
ation as a special case. However, any relation which is not objective
under a Galilean transformation, is also not frame-indifferent.

The stress-flow angle, as previously presented and used, is con-
structed in such a way that it is not invariant under a Galilean
transformation. This transformation takes coordinates in one
inertial frame, S and translates them to another inertial frame
S, moving at a constant velocity V relative to frame S. The
method for transforming coordinates between inertial frames
under a Galilean transformation is an elementary exercise found
in most introductory textbooks on classical mechanics. In sum-
mary, the velocity vector, u, is not invariant under a Galilean
transformation, but the first principal stress vector, Py, is invari-
ant. Therefore, we see from Eqn (1) that the stress-flow angle itself
will be changed under a Galilean transformation, and that this
metric is not frame-indifferent. Because the stress-flow angle is
a metric that is calculated point-wise across an ice shelf to deter-
mine, locally, the structural integrity and calving-front stability,
this lack of frame-indifference makes it inadmissible as a physical
description of these processes. We now highlight this with an
example on the LCIS.

2.1. Larsen C Ice Shelf case study

Here, we use the vertically integrated Ua ice-flow model
(Gudmundsson, 2013) to calculate the stress-flow angles on the
LCIS in two inertial reference frames. The full details of the
model setup and data assimilation can be found in Mitcham
and others (2022). We first calculate the stress-flow angles in a
frame at rest with respect to the bedrock below the ice shelf -
frame S - using Eqn (1). We then calculate the stress-flow angles
again in a different inertial frame, §’, moving with a constant vel-
ocity, V; of 3kma™" in the positive x direction and —4kma™" in
the positive y direction with respect to S. The resulting fields for
the stress-flow angle in S and §' are shown in Fig. 1.

From the two maps, we see that the observers in S and S will
measure very different values of the stress-flow angle. Therefore,
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they will also draw different conclusions about the structural
integrity of the ice shelf and the stability of its calving front
position from this metric, violating the principle of frame-
indifference.

3. Concluding remarks

We have shown that the stress-flow angle metric introduced by
Kulessa and others (2014), and subsequently used to asses the
stability and structural integrity of ice shelves, is not frame-
indifferent due to its direct dependence on the material ice-shelf
velocity. For a grounded ice sheet or glacier, the ice velocity can
naturally be defined relative to the solid earth with which its
lower boundary is in physical contact. This relative velocity differ-
ence between the ice and the solid earth is invariant under a
Galilean transformation, and can therefore be used in physically
meaningful dynamic relations, such as a basal sliding law.
Importantly, the equations governing the dynamics of the ice
sheet are frame-indifferent by construction, and are therefore
also equally valid in a frame that is not at rest with respect to
the solid earth. This is not the case for the stress-flow angle met-
ric, as has been demonstrated here.

Whilst the ice-shelf velocity can also be defined relative to the
solid earth, the relative velocity between a local point on a floating
ice shelf and the bedrock below it — with which it is not in contact
- cannot plausibly be of any physical importance to the local calv-
ing dynamics that the stress-flow angle seeks to describe. If the
stress-flow angle metric were to be updated to explicitly refer to
the velocity relative to a lateral boundary velocity, this would
raise further questions about what those boundary velocities
should be, and the metric would no longer be local. This is not
how the stress-flow angle has been presented in the existing
literature.

We suggest that the principle of frame-indifference could be
respected by constructing laws and metrics for ice-shelf structural
integrity and calving-front stability that use the stress, strain,
strain rates, etc., or any of the invariants of those tensor quan-
tities, rather than the material ice velocity directly.

Acknowledgements. T.M. is supported by a GW4+ Doctoral Training
Partnership studentship from the Natural Environment Research Council
[NE/L002434/1].


https://doi.org/10.1017/jog.2022.25

1040

References

Borstad CP, McGrath D and Pope A (2017) Fracture propagation and stabil-
ity of ice shelves governed by ice shelf heterogeneity. Geophysical Research
Letters 44, 4186-4194. doi: 10.1002/2017GL072648

Gudmundsson GH (2013) Ice-shelf buttressing and the stability of marine ice
sheets. The Cryosphere 7, 647-655. doi: 10.5194/tc-7-647-2013

Hogg AE and Gudmundsson GH (2017) Commentary: impacts of the
Larsen-C Ice Shelf calving event. Nature Climate Change 7, 540-542.
doi: 10.1038/nclimate3359

Jansen D and 6 others (2015) Brief communication: newly developing rift in
Larsen C Ice Shelf presents significant risk to stability. The Cryosphere 9,
1223-1227. doi: 10.5194/tc-9-1223-2015

Jog CS (2015) Continuum Mechanics, 3rd edn. Delhi, India: Cambridge
University Press.

https://doi.org/10.1017/jog.2022.25 Published online by Cambridge University Press

Tom Mitcham and G. Hilmar Gudmundsson

Kulessa B, Jansen D, Luckman AJ, King EC and Sammonds PR (2014)
Marine ice regulates the future stability of a large Antarctic ice shelf.
Nature Communications 5, 1-7. doi: 10.1038/ncomms4707

Mitcham T, Gudmundsson GH and Bamber JL (2022) The instantaneous
impact of calving and thinning on the Larsen C Ice Shelf. The Cryosphere
16, 883-901. doi: 10.5194/tc-16-883-2022

Rankl M, Fiirst JJ, Humbert A and Braun M (2017) Dynamic changes on
the Wilkins Ice Shelf during the 2006-2009 retreat derived from
satellite observations. The Cryosphere 11, 1199-1211. doi: 10.5194/tc-11-11
99-2017

Scambos TA, Haran TM, Fahnestock MA, Painter TH and Bohlander JA
(2007) MODIS-based Mosaic of Antarctica (MOA) data sets: continent-
wide surface morphology and snow grain size. Remote Sensing of
Environment 111, 242-257. doi: 10.1016/j.rse.2006.12.020


https://doi.org/10.1002/2017GL072648
https://doi.org/10.5194/tc-7-647-2013
https://doi.org/10.5194/tc-7-647-2013
https://doi.org/10.5194/tc-7-647-2013
https://doi.org/10.5194/tc-7-647-2013
https://doi.org/10.1038/nclimate3359
https://doi.org/10.5194/tc-9-1223-2015
https://doi.org/10.5194/tc-9-1223-2015
https://doi.org/10.5194/tc-9-1223-2015
https://doi.org/10.5194/tc-9-1223-2015
https://doi.org/10.1038/ncomms4707
https://doi.org/10.5194/tc-16-883-2022
https://doi.org/10.5194/tc-16-883-2022
https://doi.org/10.5194/tc-16-883-2022
https://doi.org/10.5194/tc-16-883-2022
https://doi.org/10.5194/tc-11-1199-2017
https://doi.org/10.5194/tc-11-1199-2017
https://doi.org/10.5194/tc-11-1199-2017
https://doi.org/10.5194/tc-11-1199-2017
https://doi.org/10.5194/tc-11-1199-2017
https://doi.org/10.1016/j.rse.2006.12.020
https://doi.org/10.1017/jog.2022.25

	On the validity of the stress-flow angle as a metric for ice-shelf stability
	Introduction
	Frame-indifference
	Larsen C Ice Shelf case study

	Concluding remarks
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


