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Abstract. Calving is an important mass-loss process for 1987. In the past there has been debate about whether
many glaciers worldwide, and has been assumed to reehanges in glacier dynamics and terminus retreat, observed at
spond to a variety of environmental influences. We presenta number of locations worldwide, were triggered by changes
a grounded, flowline tidewater glacier model using ain calving rate or changes in glacier velocity, a debate made
physically-based calving mechanism, applied to Helheimmore complicated by the potential feedback between the two
Glacier, eastern Greenland. By qualitatively examining bothmechanismsyan der Veen2002. Modelling work has since
modelled size and frequency of calving events, and the subshown that changes at the terminus are able to trigger retreat
sequent dynamic response, the model is found to realisticallyNick et al, 2009 and it is now generally thought that calv-
reproduce key aspects of observed calving behaviour. Expering rates are affected by a number of external environmental
ments explore four environmental variables which have beervariables. The four main hypothesized mechanisms for tide-
suggested to affect calving rates: water depth in crevassesyater glacier retreat are as follows:

basal water pressure, undercutting of the calving face by sub- ) ) ] .
marine melt and backstress from ice mélange. Of the four 1 increased water in crevasses, which promotes calving
variables, only crevasse water depth and basal water pres- DY increasing the depth of fractures around the calving
sure were found to have a significant effect on terminus be- front (Benn et al.20073;

haviour when applied at a realistic magnitude. These results
are in contrast to previous modelling studies, which have sug-
gested that ocean temperatures could strongly influence the
calving front. The results raise the possibility that Greenland

outlet glaciers could respond to the recent trend of increased 3. yndercutting of the terminus by submarine melt, which

2. increased basal water pressure, leading to faster slid-
ing, which can also enhance fracturing by increasing
longitudinal strain ratesséin der Veen2002);

surface melt observed in Greenland more strongly than pre- alters the stress field around the terminus and is hy-
viously thought, as surface ablation can strongly affect water pothesized to enhance calvingldtyka et al, 2003
depth in crevasses and water pressure at the glacier bed. O'Leary and Christoffersqr2013;

4. reduction in backstress from proglacial ice mélange,
_ which can otherwise provide a stabilising force to the
1 Introduction calving face and inhibit calvingNick et al, 2009

L . ) Amundson and Truffel2010.
Calving is an important mass loss process for both ice sheets

and smaller tidewater glaciers (e.Ghurch et al.200%, Rig- These mechanisms depend on atmospheric and ocean tem-
not and Thomgs2002 Blaszczyk et al.2009 and plays a  peratures driving either surface or submarine ice melt. This
strong role in tidewater glacier dynamidsléier and Post  means that the environmental signals involved are strongly
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828 S. Cook et al.: Modelling calving at Helheim Glacier

linked, as increased air and ocean temperatures are typically ey P
strongly correlatedeser and Blackmqri993. In addition, \
the physical mechanisms relating ice dynamics to oceanic ]
and atmospheric warming are also interrelated. For exam- ‘f &r
ple, modelling of the proglacial fjord b®'Leary (2011) and | jHelneim 4
Xu et al. (2012 shows that undercutting rates at the termi- Oroentand »
nus are affected not only by the surrounding water temper- PR
ature, but also by the rate of subglacial discharge, which is [ S0 15 207 o
directly linked to glacier surface ablation and hence air tem-  Kometes
peratures. The interaction between different forcing variables
and mechanisms makes it difficult to distinguish the precise
causes of tidewater glacier retreat by observation alone.

By including calving in an ice flow model it is possible to
experiment with applying these environmental forcing fac-
tors separately and deduce the likely sensitivity of tidewa-
ter glaciers to them. Such a study has previously been per- ,
formed by Vieli and Nick (2011) using a physically-based / ‘
calving criterion based on the modelled depth of crevasses in 1s00p - Measured surface
the ice. However, the vertically averaged model used in pre- 1000f | — Relaxed surface
vious studies (e.gNick et al, 201Q Vieli and Nick, 2011 e
is likely to lead to inaccuracies in modelled crevasse pen-
etration, as earlier models have shown strong vertical vari-
ation in longitudinal stresses around the calving frourg-
son and Hooke200Q Hanson and Hookeg2003. A previous
publication presented a two-dimensional, vertically-resolved
flowline model of Columbia Glacier, Alaska, using a similar 10155 180 165 170 475 180
calving criterion Cook et al, 2012. That study was limited Distance along flowline (km)
in scope due to the time-consuming, manual implementatiorkig. 1. Model set-up(a) Location of Helheim Glacier, with path of
of calving. In this paper we present an extension of the previchosen flowline and two indicative terminus positions. Numbers in-
ous model which now automates the calving process, makinglicate distance along flowline in kntb) Comparison of measured
model runs significantly faster and allowing a greater scopeand modelled surface velocity at end of spin-(g).Comparison of
of experiments. The model has also been extended to includebserved surface profile with relaxed surface profile used to initial-
a parameterization of lateral processes and a non-linear slidz€ model.
ing law, although it is still currently limited to representing
grounded ice. clusion that it was likely the result of a single environmental

The chosen study location is Helheim Glacier, in eastern .
: . o . event Howat et al, 2008. The cause of this synchronous re-
Greenland (Figla), which was selected due to its recent in- 5 9 y

teresting behaviour. The mean annual terminus location OFreat has been widely debated, with high air and sea temper-
Helheim Glacier was stable throughout the late 1980s an[gtures hypothesized as potential triggers (Saughin et al
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- 008h Murray et al, 2010 Christofferson et al2012. The
early 1990s, although sub-annual variations of between 2 an : i . . L
4km are typical Bevan et al.2012. After a period of thin- ed elevation data available for Helheim Glacier are limited

L . to ice-covered areas, where airborne radar measurements can
ning in the 1990s Abdalati et al, 200J), the front began

) . be made; therefore, this retreat has also provided a mod-
to retreat in 2001. Over the period 2001-2005 the front re-_. N . .
treated by 6 km, the main trunk sped up by around 3.0k a elling opportunity with data available to set up a model which

has sufficient bed data available to experiment with a full
and the surface lowered by 40 iHdwat et al, 2005 Luck- . oo . i
man et al, 200§. By 2006, thinning had stopped near the range of terminus behaviour: retreating, steady and advanc

front and the alacier s| 4 ad . imately 4k ing. In this paper our time-evolving, flowline model of Hel-
ront and the glacier slowed, advancing approximat€ly = Xmy,qi., gjacier is tested for sensitivity to the four main envi-
from its most retreated position. Since 2007 the glacier ha?onmental inputs outlined above

once again shown a stable mean annual terminus position,
although somewhat further retreated than the pre-2004 posi-

tion (Howat et al, 2007 Bevan et al.2012. Although large 2 Model setup

annual variation in terminus position is typical during some

periods at Helheim Glacier, the rapid and consistent retreafhis study uses a vertical two-dimensional (2-D) ice flow
of 2001-2005 was exceptional and a similar retreat was alsanodel to analyse the stresses along a flowline within the
observed in other glaciers in the region, leading to the con-glacier, which can then be used to determine whether and
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where calving occurs. The model is allowed to evolve T T T T T T T
through time, with calving applied according to the crevasse-
depth calving criterion proposed Benn et al(2007H and
used in previous modelling studieNi¢k et al, 2010 Otero

et al, 2010 Cook et al, 2012. The criterion states that calv-
ing will occur where the surface crevasse field penetrates be-
low sea level. The depth of surface crevasses is calculated
by the Nye formulationNye, 1955 1957). Allowing for the
effect of water in crevasses this means that the base of the
crevasse field occurs where

Frequency

Oxx + Dwowg = 0, (1)
where o, is the longitudinal component of the 300 350 400 450 500 550 600
Cauchy stressD,, the depth of water in the crevasse, Calving event size (m)

pw=1000kgnT3 is the density of the water and

¢=9.81ms?is gravitational acceleration. 1821 " x T
The ice flow solution is calculated using the open source 1817 MWMMMMMWWWWWWNWW
Elmer/ice finite element modelling softwar&dggliardini 180 ¢ DR

% % xRy

179t
178

et al, 2013. Calving is applied using additional code which

examines the output from the Elmer/Ice software and updates * observed A

Terminus position (km)

the geometry to allow for any calving events. If the model is 177 ¢ b modelled A
run with a sufficiently short time-step, multiple time-steps 176 A R S S S S
will occur between each calving event, thus allowing indi- 0 1 2 3 4
vidual calving events to be distinguished. In this case the Time (a)

model also provides data on the modelled size and frequenc¥i . . .
. . g. 2. Model output for 5yr run with no seasonal inpua) His
of Ca""”g ever_lts Wh'(_;h can be compared to_ observed datatogram of calving event sizg) Comparison of modelled and ob-
The calving criterion is not intended to precisely representsgned terminus evolution.
individual calving events, but to provide a way to link calv-
ing rates to ice dynamics in a physically-based manner, so
that only the bulk calving behaviour of the model is phys- depth measurements made by CReSIS from 2006—2009 and
ically meaningful. It should also be noted that the calving NASAs Operation IceBridge from 2009-2011duschen
events do not necessarily represent individual icebergs, bugt al, 2011). These data provide a horizontal resolution of
instead a rapid change of terminus position which could alsd500 m and vertical error of around 20 m in areas of good bed
encompass the release of numerous smaller ice volumes. signal, while areas of poor radar return use an interpolated
bed with higher associated error. Surface elevation data were

2.1 Data sources taken from a pair of ASTER images (July 2005), with pho-

i ) i ) togrammetry providing a digital elevation model (DEM) with
The study used data from Helheim Glacier at its point of 5 \artical accuracy of 10 m (Murray et al, 2010. Surface
furthest retreat in July 2005, since the terminus position atvelocity was measured by feature tracking between consec-
this date allowed 2 km of bed elevation data for the model  tive [ andsat-7 ETM+ images (July, August and September
to advance into; this enabled an investigation of a full rangesnos), the method and errors are described in detallein
of glacier behaviour. Elevation and velocity were measured, 5, ot al.(2012. The model output was compared to ob-
along a flowline close to the centre of the glacier, identi- goreq terminus position; this was measured at the intersec-
fied using surface debris features and velocity data Y. jon between the flowline and a manually digitized ice front,
A flowline model is not well suited to representing areas mainly using images from Landsat-7 ETM+, but also sup-
of convergent flow, such as where the outlet glacier meet;;emented by ASTER, SPOT 5 and airborne LiDAR images
the Greenland Ice Sheet. _Therefore, a point was identifiedyhere available (Figeb). Errors on these terminus positions
at 152km along the flowline where the behaviour of the ave peen estimated to be less than 10@evén et al.

glacier changes from ice-sheet-type, funnelling ice from a1y The resulting initial geometry of the model is shown
wide range of angles, to an outlet glacier where the flow is;,, Fig. 1c.

channelized and the velocity vectors are roughly parallel; the
model was limited to locations downstream of this point. 2.2 |ce flow model
Bed elevation was taken from a gridded data product avail-
able from the Center for Remote Sensing of Ice Sheets (CReFhe geometry is used to find the velocity and stress fields
SIS) Goginenj 2012; this product is derived from radar within the glacier using Stokes flow for an incompressible
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fluid: 2008. These measurements were assumed to approximate the
entire summer melt. Using a polynomial fit of ablation rates

V-u=0, (2) against elevation this leads to a summer ablation rate of:

V.1 -Vp=-—pig, 3)

M=-18x10%%+42x10°+13

whereu is the 2-D velocity vector in the vertical plane, x103s—69mal, 9)

is the deviatoric stress tensgr,is pressurep; =910 kg nm3

is the ice density ang =(0,0,-9.81) ms? is gravitational  which places the entire model domain in the ablation area. In
acceleration. The deviatoric stress is related to the strain rat@inter, surface mass balance was assumed to be zero since

(¢i7) by the constitutive relation: the dynamic effect of any winter snow is negligible if it all
. melts in the succeeding summer.
Tij = 2Uuéij, (4) Since the model uses only a two-dimensional geometry,

technically there are no lateral boundary conditions to apply.
However, this neglects important 3-D processes such as the
1,1/,, 50 confluence of tributaries, the effect on volume conservation
p=SATE" (5)  ofchanges in channel width, and lateral drag from the glacier
margins, which has been suggested to have a stabilising ef-
whereé? =tr(¢2)/2 is the square of the second invariant of fect on glacier termini @' Neel et al, 2005. Little can be
the strain rate. We use=3, as it is the most commonly done to address the effect of tributaries without switching to
used exponent in glaciology. The Arrhenius factalepends  a 3-D geometry, but by measuring the channel width at the
on the temperature of the ice relative to the pressure meltingurface and making assumptions about the channel geome-

where the effective viscosity is given by

point (T’) according to the Arrhenius equation: try we are able to estimate the lateral drag and flux contribu-
) tion from changes in channel width. We assume a trapezoidal
A = Age” ¢/RT (6)  channel shape with a width at the base two thirds of that at

) _ ~ the surface, a constant lateral velocity gradient and sliding
whereR is the universal gas constant, agdthe creep acti- ¢ the margins of half the centreline velocity. This leads to a

vation energy, and the constaty depend on the ice temper- yolume contribution from lateral spreading or constriction of
ature. For this study standard values of these constants wefge ():

taken fromPatersor(1994). In the absence of observational
data, the ice temperature profile with depth was approxi-, _ S HU. dW (10)
mated from a thermomechanical modelling study of Jakob- 8 W ox’

shavn Isbree, a similar outlet glacier on the west coast o
Greenland Funk et al, 1994. The ice temperature against
relative depth was estimated by fitting a quadratic function
to the modelled profile ifrunk et al. (1994

(NhereH is the ice thickness and, andW are the velocity

and channel width at the surface. This was added as an addi-
tional surface mass balance term. The geometry can also be
used to derive a vertically varying lateral drag term:

T 69.88(%)2.0—65‘08(%) — 8.85, @) 1 ( 1 u, )i 1)

F = —
, , . . i 2w(z) \2A w(z)

where the ice temperatufeis measured ifiC, z is the height
above the bed andf is the ice thickness. This temperature wherew(z) is the channel width at an elevatierandu, the
profile means that the basal ice never reaches the pressuwvelocity along flowline. The vertically varying forcé§ was

melting point. imposed on each element in the glacier body, opposing flow.
N To initialize the model and remove the destabilizing ef-
2.3 Boundary conditions fects of errors in the DEMs used, a spin-up run was per-

) ) ] formed allowing the surface elevation to evolve until its rate
The glacier surface is assumed to be traction-free, and elevayy change came into line with annual mass balance values.

tion changes are calculated by the equation for the kinematigpg process provides a stable starting point for experiments,

boundary condition: although it also means that there are some areas of differ-
3 3 ence between the modelled and observed geometry and sur-
3 + Uy oo = Uz +M, (8) face velocity profile (Figlb and c). These differences occur

where the model fails to reproduce the full flow behaviour of

wheres is the surface elevation and the surface mass bal- the ice, such as regions where 3-D flow features are signifi-
ance. Mass balance values were estimated ffordersen  cant, or where there are errors in the bed DEM, which have
et al. (2010, who directly observed melt from stakes placed been shown to have a significant effect on modelled veloci-
along the glacier in two consecutive melt seasons in 2007 anties Zwinger and Moore2009 Seroussi et al2011).
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At the bed, a no-penetration boundary condition was ap-2.4 Model experiments

plied. Basal drag was implemented in the model using the

non-linear scheme proposed Gggliardini et al(2007. The ~ The first experiment performed was a control run with no

drag depends on the effective pressuv@, (hich is defined ~ external forcing, in order to produce a base set of terminus

as the difference between ice overburden pressure and wat@esition and calving event size data. This was used for sen-

pressure at the bedP§) which was taken to be equivalent to Sitivity analysis and model validation. The model was then

depth below sea level. tested using the four external variables hypothesized to affect
terminus behaviour: depth of water in crevasses, basal water

N = pigH — Py (12) pressure, undercutting of the terminus by submarine melt and
backstress from ice mélange. The results from the crevasse

In this model the basal drag is given by water depth experiments were also used to identify cases with
steady and retreating terminus behaviour; these settings were

- ( X )l/n then used to test the other variables in scenarios with differ-

(13) ing terminus behaviour. Each variable was applied in a sea-
sonally varying manner, with maximum values occurring in
a summer season, assumed to last from May to September in
most cases. The only exception was experiments using back-
up  n stress from ice mélange, which was applied over a reduced
= CN"Aq (14)  winter season of January—May, effectively creating an addi-
tional autumn season (September—January) in which no sur-
and face ablation or undercutting occurred and no backstress was
applied. The precise values used for each variable are dis-
(g—191 cussed separately in the relevant results section for the sake
=74 (15) of clarity, and a list of all experiments performed is provided
qq ) ’
in Tablel.
As is the sliding parameter without caviation (as used in In each experiment, the time-step was chosen to ensure
Weertman-type sliding laws)C is the maximum value that multiple time-steps occurred between calving events.
reached byr,/N anduy, is the basal sliding velocity. The This choice is important: if caIving were allowed to occur
constantsC, As and ¢ were tuned to find the best fit atevery time-step there would be a spurious dependence of
to the observed surface velocity when the model reache@alving rate on the time-step. The time-step necessary de-
its relaxed state. The values used weafe=1.0, ¢=2.0 pends on the environmental forcing used; in cases where the
and a good fit required two different sliding parame- model produced more frequent calving events, a time-step
ters,As=1.66x 108 (mkg)>®> a2 wherex <166.1km and  of 0.001yr (8.8 h) was used, while for cases with less fre-
As=2.76x10757 (mkg)*® a2 wherex >166.1 km. guent events (such as those with low crevasse water depth) a
At the inflow boundary a constant Ve|0city of 3500 mta maximum of 0.003 yrwas chosen. The model used a variable
was applied (an average of the observed surface velocity omesh size of 100 m near the upstream boundary and 40 m at
4006 mal and the modelled sliding velocity of approxi- the calving front.
mately 3000 mat). See Fig1b for the surface velocity pro-
file after spin-up.
At the terminus, water pressure was applied to the calving3 Control run results
face, which was allowed to evolve according to the modelled,, 5 jntial control experiment the model was allowed to run

velocity profile. In experiments where an additional back- freely for a 5yr period, with no water in crevasses or other
stress was applied to the calving face to replicate the effechyernal forcing variables. Over the 5yr period the model
of ice mélange, this acted parallel to thexis, in the oppo- 44y ced 130 calving events (or one every 14 days, on aver-
site direction to ice flow, over an appropriate vertical range. qe) with the size distribution roughly normally distributed
In experiments designed to replicate submarine melt, nodeg;;ind a mean length of 479m (Figa). Comparing the

on the calving face were negatively displaced, parallel to theygqelled and observed terminus behaviour over this period,
x axis and according to the assumed melt rate. Because e see that both the model and the real glacier advanced
applied water pressure acts perpendicular to the boundangpstantially from their position in July 2005, although the
in these experiments the model was able to fully represenfqy) giacier advanced somewhat sooner and further than the
the buoyancy forces arising from the under_cut.cawty. HOW- 1odel (Fig.2b). After 1yr the model’s terminus position
ever, the model is unable to represent floating ice caused byapijized, whereas the true glacier continued to fluctuate in

detachment of the basal ice boundary from the underlyinggnqih probably in response to external climate factors.
bedrock, and model runs in which the glacier reached the

flotation point were terminated.

N 1+oaxd

where

X
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Table 1.Full list of experiments performed, arranged by results section. S and W refer to summer and wintelDyglise¢be crevasse water

depth (cwd), @ is the change in hydrostatic head applied to the basal water pregfuiethe maximum melt rate applied at the calving

face andF; is the force applied to the calving front over a vertical range-©20 to 15ma.s.l. In ice mélange experiments where both the

cwd and the backstress vary, the length of seasons in cwd and backstress do not match, meaning that there is also an autumn season whe
both the cwd and the backstress are set at zero.

Cwd | Basalwater pressure| Undercutting \ Ice mélange
Dw dp Dw M; Dw Fs Dw
(m) (m) (m) (mat) (m) (Nm~1) (m)
S W| s wW|s w| s WwW|s w| s wW| s w
0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0| 30 0| 1000 150| O 0 0 5x 107 0 0
20 0 50 0| O 0] 2000 150 O O 0 10x 10’ 0O O
30 0 50 0|30 O0}]3000 150 O O 0 25x10’ 0O O
40 0 4000 150| O 0 0 50x 10’ 0 0
50 0 5000 150| O 0 0 0| 30 0
0 0[30 0 0 5x10° |30 0O
1000 150|130 O 0 10x10’ |30 O
2000 150( 30 O 0 25x10’ |30 O
3000 150]| 30 0 0 50x10 | 30 0
4000 150|130 O
5000 150( 30 O
3.1 Sensitivity analysis advance or retreat differed by an average of 0.75a with a

maximum of 2.3 a. Changes in the basal water pressure input

. . ) to sliding of up to+100m showed similar results, though
To test if the chosen mesh density and time-step affected thfh one case (with an altered hydrostatic head of 100m) a

results, terminus position and calving event size were ex.panae in final terminus position of 2.5 km occurred. These

amined using arange of time-steps (0.001-0.012) anq gridﬁwree input parameters have the potential to affect results, but
_(10_50 m). A grid size of 40 m was selectgd on t_he bqs's tha[he impact of small errors is likely to be minor. The only in-
it was able to resolve all calving events identified with the ut variable to have a substantial effect on model results was

10m mesh, and produced only a 0.2 % change in mean cal the ice temperature profile used. A changet®°C in the

ing event size, and 1.3 % change in te_rmmtfjs posmﬁn at theyjacier ice was able to alter final terminus position by up to
end of a 5yr run, compared to a grid size of 30m (the max-y 4 m 1o reduce the impact of uncertainty in the ice tem-
imum density which could be run in serial due to memory

constraints). Changes in timestep size of only 0.001a ha he model to include full thermomechanical coupling should

a significant effect on the mean size of calving events proy,o \seq  preferably constrained by observations of ice tem-
duced (up to 35% in some cases), as smaller time-steps ab'erature through borehole measurement

lowed smaller calving events to be resolved. However, the

0.003 a timestep chosen had a less than 1.0 % change in finglo  Model validation

terminus position compared to a 0.001 a timestep, giving us

confidence in the terminus position as a robust model resultThe nature of these experiments makes it difficult to use nor-
The model was also tested for sensitivity to errors in the in-mal validation methods to compare the model’s performance

put data used, by examining the terminus position over a 5 ymgainst observed measurements. The terminus evolution of

run in advancing, steady and retreating experimeGtsok the model may be tuned to a wide range of behaviour by al-

2012. No observable effect on the evolution of terminus po- tering the crevasse water depth, which is a poorly known in-

sition arose from changes in the length of the surface relaxput variable; therefore, comparing terminus behaviour on its

ation period, the precise formulation of the lateral drag term,own was not an appropriate validation method. Instead we

the applied surface mass balance or minor changes in thased the control run, which provided a reasonable fit of mod-

bed elevation profile. Changes to the inflow velocity bound-elled to observed terminus position, and chose two methods

ary condition ¢500 ma') and the mass balance term used of comparing the model output to known glacier behaviour:

to correct for 3-D flux properties (50-110 %) were found to comparing calving event size distribution and the glacier's

result in minor differences in terminus evolution — the final dynamic response to calving.

terminus position remained the same, but the timing of the

erature profile on future modelling work, an extension of

The Cryosphere, 8, 827841, 2014 www.the-cryosphere.net/8/827/2014/
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The model dynamics may be tested by examining the ef- Distance along flowline (km)

fect of calving events on glacier velocity. It has been reported 200780 fre4 1768 1772 s

by Nettles et al(2008 that large calving events at Helheim b s Mos
Glacier occur at the same time as rapid increases in flow o8 of erevasse fig % 2 0.4
speed of up to 15 % near the calving front, decreasing further ’;‘ 0 % 0'3
upglacier. When the modelled velocity was examined imme- © L ’
diately after large calving events (400—450 m), a similar in- E Lo 21102
crease in velocity was observed of up to 10 % near the front, é 3 | o4
decreasing to around 1% 20 km upstream. This behaviour % = 0.0
provides evidence that the model provides a reasonable rep- i -400 5 '
resentation of the interaction between calving and glacier dy- ‘?,, 01
namics. -600 S Qo2

To test the performance of the calving law, we com-

pared modelled calving events with similar observations e

from satellite imagery. A calving event is a retreat in the = 180

terminus position over a single timestep, which is directly ST |
comparable to the high frequency observations of terminus § R N N N
position which can be obtained from satellite imagery. Dur- ‘g 170 v\ — om |
ing its retreat, Helheim Glacier was observed to produce dis- & 1g5. \" —1om .
tinct calving episodes days to weeks apart, during which the é ! B gg m
terminus retreated by 0.5 to 1 knddughin et al.2008H. 5 1601 _B 402; 1
This qualitatively agrees with the style of calving produced . 155+ — 50m |
by the results presented here, with a typical calving length

of 479m and frequency of every 14 days. A similar calv- P 5 s 4
ing event size was also produced by a recent particle-based Time (a)

model of Helheim GlacieBassis and Jacoh2013. The ap- _ _

proximately normal calving event size distribution produced Fig. 3. Results of crevasse water depth (cwd) experimgajs.on-

by the model disagrees with other published studies whicHpitudinal deviatoric stress near terminus (first timestep), showing
observe a power-law type distribution of iceberg sizes Wheréhe base of the crevasse field (white lines) with differing depths
small ice losses are the most comm@ogdeswel) 1gég of water in crevasses from 0 to 50m. Lower profiles correspond

. . .. e . to greater cwd.(b) Terminus position over the 5yr model run,
Chapuis 2017, Astrom et al, 2013. This difference is to be grey shading indicates winter periods where there is no water in

expected given the mesh resolution of 40m and time-SteRyeyasses, white shading indicates summer where a range in cwd
of 0.003yr used in most experiments — this is insufficient toas applied. For clarity the terminus position shown is measured
model very small calving events, but able to capture largeafter each calving event. Experiments were terminated where the
changes in terminus position which are likely to dominate model reached the flotation point.
long-term behaviour. The discrepancy is also affected by the
fact that each calving event predicted by the model does not
necessarily occur by the release of a single iceberg but coulfrequent calving events to occur. The mean calving rate in-
also indicate a rapid disintegration into smaller ice masses. Icreased from 10.3 kna for the experiment with zero cwd
fact, this second possibility may be the most likely; in most to 38.2kma?® with 50 m cwd. The higher calving rate had
of the modelled calving events, areas of ice downstream of significant effect on the terminus evolution (F8tp), with
the predicted calving point also become crevassed below thgreater crevasse water depths causing the terminus to retreat
water line in the same timestep. up to 17.5 km, while for lower water depths the terminus ad-
vanced by up to 3.9 km.
In some experiments the terminus reached the flotation

4 Environmental forcing results point, after which point the experiment was terminated as
the model cannot represent floating ice. FigBalso shows
4.1 Crevasse water depth that the terminus position at times became fixed at a partic-

ular point. These locations typically coincided with a local
Few data are available on the depths of water in crevassesiedrock maximum, on which the terminus was pinned as ad-
therefore, a range of crevasse water depths (henceforth alvance of the model into deeper water triggered calving. This
breviated as cwd) from 0 to 50 m was selected to represenbehaviour echoes results using empirical calving laws which
a wide range of terminus behaviour (see TableAs would also inhibit advancement into deeper watdick and Oerle-
be expected, larger water depths had the effect of deepeningians 2006. However, unlike the experiments using empiri-
the base of the surface crevasse field (B&), causing more cal calving laws, as the terminus geometry evolved our model
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was able to advance past bedrock overdeepenings, although Distance along flowline (km)
this often coincided with the model reaching flotation point. S —
This behaviour mirrors the observation Bpughin et al. 200 — Perurbed | |81

(2008h that Helheim Glacier advanced past an overdeepen-
ing by forming a floating ice tongue to “bridge” the gap.
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4.2 Basal water pressure

¥

A Longitudinal deviatoric stress (kPa)

Observations at Helheim Glacier have linked basal water
pressure and velocity; a study Bydersen et a2010 used
a surface mass balance model to find a correlation between
observed surface velocity and estimates of melt water avail-
ability. The relationship between surface meltwater and ve-
locity is expected to be complicated; velocities tend to in-
crease with increasing basal water pressure, however, the
basal water pressure depends not only on the flux of water
to the bed but also on the type of drainage system at the
bed. If sufficient water is added to the system it may trig-
ger a change from a distributed to a more efficient channel-
ized drainage system, thus decreasing basal water pressure
(Bartholomew et a).201Q Howat et al, 2010. Generally,
the percentage of seasonal changes in velocity appear to be
higher on the ice sheet than on outlet glaciers, but even out-
let glaciers can show seasonal variations in speed of up to
15 %, thought to be caused by changes in basal water pres- B T i s
sure @oughin et al.2008a. Satellite observations of Hel- Time (@)
heim Glacier have shown sub-annual velocity changes of apgig. 4. Results of basal water pressure experime(@sChange in
proximately 20-30 %Revan et al.2012); however, itis un-  |ongitudinal deviatoric stress when a change in hydrostatic head
clear whether these arise mainly from changes in basal slidat the bed of 50m is applied (first timestep). The base of the
ing conditions or coincident changes in terminus position. crevasse field is almost identical in both the initial and perturbed
The model was tested with a summer increase in basagxperiments(b) Seasonally applied change in basal water pressure.
water pressure of 50 m (measured as change in hydrostat@_ Re_sultant_change _ir_l surf_ace_ velocity at calving frc(d)__Evo-
head), equivalent to a change in velocity of approximatelylu“on in terminus position with fixed and seasonall)_/ varying pasal
15% as observed hjoughin et al(20083, which was de- vyater pressurde) Repea_\t of results shown (ld)_ but with an addi- .
signed to represent a spring speed-up event. Since the 0tl_onal segsonal ch{;\nge m_cwd of 30_m. Grey lines shOV\_/ the con_t|_nu-
- . . . : us terminus position, while darker lines show the terminus position
sgryed vellocmes were derived during .th'e period of highest . each calving event to highlight overall trends.
sliding, this meant that a new set of sliding parameters had
to be used for this experiment. Compared to the control ex-
periment the model with variable basal water pressure has ghe final terminus position was altered by 1.9 km. For the ex-
lower average sliding velocity, due to the lower sliding rate periment with 30 m cwd, the final terminus position changed
in the winter period. by 7.3km and the mean winter calving rate was 5.1kt a

tively little effect on the instantaneous longitudinal devia-

toric stress, causing a mean percentage change of only 1.2%3  Undercutting by submarine melt

(Fig. 4a), it decreased both the mass flux reaching the calving

front and longitudinal extension, thus having a long-term ef- Undercutting of the calving face by submarine melt is
fect on the predicted crevasse field. Two sets of experimenthypothesized to affect the surrounding stress balance by
were performed, first using cwd fixed at 0 m and second usfemoving supporting ice, and hence affect calving rates
ing a seasonally varying cwd, with a summer value of 30 m.(O’Leary and Christoffersqn2013. Recent observations
Seasonal variation in basal water pressure had a significarground Greenland suggest that submarine melt rates in this
effect on the modelled terminus behaviour in both sets of ex+egion may be sufficient to have an effect on calving; stud-
periments (Fig4), with lower winter sliding velocity causing ies have used either measurements of fjord temperature and
a decrease in calving rates and hence a relative advance ofater velocity to estimate the heat flux transported to the
the terminus. For the experiment with 0 m cwd the change inglacier terminus, or used the difference between ice flux
mean calving rate was not statistically significant, althoughto the grounding line and surface ablation to infer average
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melt rates across the calving face. Estimated mean melt rates
range from 11 to 1424 n1d for glaciers across Greenland

176.0

Distance along flowline (km)
176.4 176.8 177.2

835

(Rignot et al, 2010 Enderlin and Howat2013 and between 200, @ Tl
205 and 1238 ma for Helheim Glacier $utherland and — 0.50

Straneg 2012 Enderlin and Howat2013. Based on these
estimates, a range of maximum undercutting rates from 1000
to 5000ma?l were applied parallel to the flowline, with a
vertical profile of zero melt at the waterline, increasing lin-
early towards the bed. During the winter season a fixed max- 400
imum melt rate (m.m.r.) of 150 nT& was used, based on : ‘ 0.25
plume modelling results bp’Leary (2011). A full list of 600
values used is given in Table

The effect of undercutting on the longitudinal deviatoric

o
i
3

ALongitudianl deviatoric stress (MPa)

-200

Elevation (m a.s.l.)

o
o
o

o
]

stress distribution around the front is shown in FEg. There 180 b

are areas where the stress is clearly affected, particularly at £

the bed around a kilometre behind the front, where the stress E Max-g‘e"f?‘e ]
is affected by increased buoyancy forces acting on the ice. ‘§ 17e i | 10"32 ma-!
However, the mean change in the stress profile is only 0.6 % ; 2000 ma ]
from the original profile, and the change in crevasse field £ 178 3000 ma-'1
depth is relatively small, with a maximum of 12 m. As might 8 — 5000 ma"!
be expected from this, the undercutting applied had relatively -

little effect on the modelled terminus behaviour, with all ex- — 178

periments reaching the same position after the 5 yr model run <177 C
(Fig. 5b). The experiments did show some difference in the 5

timing of the advance, which was delayed by up to a max- §:;§

imum of 0.44 a for the 5000 nT& experiment. In order to 5173

test this result further, a wider range of undercutting rates E 172

was tested to see at what point the terminus would begin to P 11;;

retreat. As shown in Figb, the rates required to cause termi- 0 1 2 3 4

nus retreat were between 10 and 20 krh,around an order- Time (3)

of-magnitude higher than published estimates of melt rates. Fig. 5. Results of submarine melt experimer(@) Change in lon-
gitudinal deviatoric stress caused by an applied cavity of 200 m, the
resulting displacement in the base of the crevasse field (solid and
dashed lines) was smallb) Terminus evolution over 5yr model

Ice mélange is a mixture of calved ice and sea ice, oftefun (measured after each calving event). Grey shaded areas indicate
observed in front of Greenland glaciers. In winter months Winter season with_ fixed m.m.r. of_150 m% white areas indicate

this mélange can freeze solid, and provide a stress oppo$tMmer with varying m.m.r. applied. The 1000 and 2000tha
ing the flow of the glacier, which has been hypothesized tones coincide(c) Tgrmlnus evolution repeated W!th an addlltlonal
L . . . . . seasonal change in cwd of 30m applied (all lines overlie each
inhibit calving. Relatively little is known about the mélange er).

due to the difficulties in performing studies in the proglacial

fiord environment. In order to include the effects of the ice

mélange in the calving model both its thickness and the stress

it applies on the calving face must be known. Using Li- a range of backstress from 0.0 to 56.00" Nm~! over the
DAR data from July 2007, the ice mélange in front of Hel- vertical range of 120 m below to 15m above sea level, ap-
heim Glacier was measured to have a typical freeboard oplied during the winter season (see Tabje

10-20 m, discounting isolated larger icebergs. We use a mean The effect of two of the backstress values on the mod-
freeboard value of 15 m, equivalent to a full thickness of ap-elled longitudinal deviatoric stress profile can be seen in
proximately 135 m. The only study to measure the stress exFig. 7. A backstress of 5.8 10’ Nm~1 caused very little dif-
erted on the calving face used a coincident change in velocference to the stress field around the front (mean absolute
ity of 15% upon the break up of the ice mélange at Storechange of 8.5 %), while for a backstress of 25.00’ Nm~1
Gletscher, in western Greenland, to estimate a backstress d¢tie change in the stress field was 60.0%. The effect on the
30-60 kPa over the full calving face, equivalent to a force ofmodelled crevasses was also more significant, showing a
1.8-3.6x 10’ Nm~1 (Walter et al, 2012). Initial experiments  clear reduction in longitudinal crevassed extent of 490 m in
showed that values lower than this had no observable effedhe 25.0x 10’ Nm~! experiment, while the 5.2 10’ Nm~!

on the model, therefore experiments were performed usingxperiment showed a change in crevassed extent of 25m

4.4 Ice mélange
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Subaqueous melt rate (m day™") be_come more frequent if the trend of increasing surface ab-
10 20 30 40 50 60 70 8o lationcontinues.

If a hydraulic connection exists between the glacier sur-
face and the bed, surface meltwater can also affect the ter-
minus behaviour by altering basal water pressure, and hence
sliding velocity. Observations of seasonal velocity variations
of 15% on Greenland outlet glaciers had previously been
concluded to be insufficient to have a large effect on termi-
nus behaviourJoughin et a].20083. The results presented
here indicate that changes in basal water pressure leading
\ ' ' ' to velocity changes of this magnitude can in fact have a
strong influence on modelled calving rates. The finding sup-
170} ] ports previous tidewater glacier modelling wokk€li et al.,

2000 and observations at other tidewater glacidfartb
et al, 1994 Sugiyama et al.2011, Danielson and Sharp

178
176 }
174 ¢

172}

170

Terminus position (km)

1691 2013 which had already observed a significant dynamic re-
' Dyw=30m T sponse to changes in basal water pressure, and highlights
168 . L L L L that changes in basal conditions should not be excluded as

B 5 - 15 20 25 30 an important influence on tidewater glaciers. The link be-
Subaqueous melt rate (kma™") tween changes in air temperature and run-off, and changes

in velocity may, however, be complicated. Adaptations in the
basal hydrology system can mean that an increased input of
water to the bed results in a more efficient drainage system
and hence reduces basal water presdBaethiolomew et a.
2010. In the context of previous debate over whether dy-
namic changes in tidewater glaciers are triggered at the ter-

(Fig. 7). When the modelled terminus evolution was exam- Minus or by changes in velocity (e.gan der Veen2002),

ined, only the very highest backstress was seen to be apithe results from these two sets of experiments (crgvasse wa-
to affect terminus behaviour (Fig). For both sets of experi- ter depth and basal water pressure) suggest that either mech-

ments, only a backstress of 5«07 Nm~ caused the final ~ niSm may have a strong influence on glacier dynamics.
terminus position to change, although in the Om cwd exper- N contrast to previous results, the insensitivity to un-

iment the lower values changed the timing of the glacier.Sdercutting by submarine melt shown in these experiments
advance by up to 0.31a. was surprising. Previous research has indicated that a link

between glacier retreat in southeast Greenland and ocean
warming was likely Murray et al, 201Q Vieli and Nick,
2011, with retreat coinciding with warm ocean tempera-
5 Discussion tures. Previous modelling work has also indicated that un-
dercutting has the potential to cause tidewater glacier re-
The modelled glacier behaviour is shown to be significantlytreat {ieli and Nick, 2011, and in modelling work using a
more sensitive to environmental factors related to air tem-similar two-dimensional, high-resolution solution of stresses
perature and surface run-off than to oceanic forcing. This isaround the calving front, cavity formation has been shown to
of particular interest given that surface mass balance modhave a significant effect on the stresses around the terminus
els generally agree that surface ablation has been steadifO’Leary and Christoffersgri2013. The study byO’Leary
increasing in Greenland over the past two decadfesnpn and Christofferso2013 was diagnostic, not time-evolving,
et al, 2013. The strong effect of water in crevasses may beand we hypothesize that this was the reason for the difference
expected as this relationship arises axiomatically from thebetween their results and ours.
calving model used. Selecting the values of cwd to use was To test this hypothesis, we set up two experiments: one
challenging as no measurements of observed water depthpplied an undercut cavity of varying length to a fixed termi-
have been published, and likely values are difficult to pre-nus while the second applied a fixed undercutting rate, but
dict given the changing volume of crevasses as ice advectalso allowed the ice around the terminus to evolve as the
downstream, and the probable high rate of drainage in thaindercut cavity size increased. The results in Bighow
fractured area around the terminus. Observations have showthat when the terminus geometry was fixed, our model repro-
that water-filled crevasses can occur even near the calvinguced the linear relationship between cavity length and stress
margin Panielson and Shay@013, so it is at least known displacement previously reporte@’Ceary and Christoffer-
that high water depths are possible in this region, and mayon 2013. However, when the ice was allowed to deform

Fig. 6. Terminus location after a one year model run, forced with
varying rates of submarine melt. (top) No water in crevasses. (bot
tom) Seasonally varying cwd with 0 m in winter and 30 m in sum-
mer.
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Fig. 7. Change in longitudinal deviatoric stress caused by applying a backstress of boti@.0im=1 and 25.0x 10/ Nm~1 to the
terminus, over a vertical range of +15 6120 m (first timestep). Solid lines show the depth of the crevasse field in the initial state and
dashed lines show crevasse depth with backstress applied. The lower backstress value causes little change in the modelled crevasse depth

it acted to counterbalance this stress displacement, creatingnagnitude of backstress provided by a proglacial mélange,
a significantly reduced response to undercutting in the stresi is unlikely to exceed the shear strength of sea ice,
field. It may be, therefore, that the fixed geometry causes thevhich has been measured at 55020 kPa Frederking and
O’Leary and Christofferso(2013 model to overestimate the Timco, 1984, while our experiments used stresses of up
effect of undercutting. to 3.7 MPa. Although these results show that backstress
The insensitivity to undercutting would be significantly from ice mélange is unlikely to have a direct effect on the
different if the undercutting were to be concentrated at thecrevasse field around the terminus, it has been hypothesized
waterline (i.e. notching), as has previously been observed ilby Amundson et al(2010 to affect calving rates by exert-
lake-terminating glacier{rkbride and Warren1997 Benn  ing enough force to prevent a calved block of ice from tip-
et al, 200]) and tidewater glaciers in Svalbardi¢li et al., ping, thus keeping it pinned in contact with the main body
2002. In that case the remaining ice block would be unsup-of the glacier. Such large blocks of ice could feasibly have a
ported and highly likely to shear off from the glacier, leav- much greater effect on the stress at the front of the glacier, so
ing behind a submarine ice foot. This style of calving was the winter ice mélange should not be discounted as having a
not considered in our model. The terminus of the model re-possible effect on calving rates, and future modelling work
mained on a downward sloping bed throughout the experishould include this type of process.
ments, which may also have contributed to the observed in- Model validation using terminus evolution, calving event
sensitivity to undercutting. Previous work on ice sheets hassize and dynamic response to calving demonstrates that the
shown that glaciers may be stable even under grounding-linenodel reproduces some key aspects of tidewater glacier be-
retreat on downward facing slopes, but much more sensitivdnaviour. However, there are areas in which it could be im-
on reverse bed slopeSc¢hoof 2007). To fully determine the  proved,; in its current form the model has a number of short-
sensitivity of tidewater glaciers to undercutting, future work comings, particularly the approximated ice temperature pro-
should include experiments on a wider range of bed topografile, and the oversimplified parameterization of lateral drag.
phy. The simplified lateral drag means that the model cannot
The experiments presented also showed little relationshimccount for lateral variations in bed topography and slid-
between backstress and terminus behaviour, except in exng rate, which could affect the results. This problem could
periments in which the backstress was likely to be unre-be addressed by scaling the model up to three dimensions.
alistically high. Although little is known about the likely The current temperature field could be improved by using
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varying length, applied with both a fixed and evolving terminus.
Fig. 8. Terminus evolution of modelled glacier with varying back- When the terminus is allowed to evolve, the ice displacement coun-
stress applied(a) No water in crevassegb) seasonally varying terbalances the change in the stress field caused by the applied cav-
cwd applied with a winter value of 0 m and summer value of 30 m. ity.
The two subfigures have different vertical scales(dhand (b),
blue shading indicates winter when backstress is applied and there
is no water in crevasses. White shading indicates summer whetthis is a significant limitation of the model, it is possible that
backstress is zero and there may be water in crevass@s), yel-  with improved data sets for validation and refined models of
low shading indicates autumn when there is no backstress and thgrevasse depth it could be overcome.
crevasses are dry. 7I(h)) aIIllines_ overlie each other, With the ex- Despite this limitation in the model presented, by using
Ez\eité)ounr 0f 50.0< 10" Nm™*, which shows different terminus be- -, nqistent crevasse water depths we have produced a set of
' properly controlled experiments which allow the impact of
other environmental variables on calving to be investigated.

thermodvnamically counled eguations to solve for the iceThe results show that both undercutting of the calving face by
y y P 9 subaqueous melt and backstress from ice mélange have little

temperature. The current model presents a thermodynamlﬁnpact on calving in the model. This result does not depend

contradiction in that basal temperature is below the pressurFi§n the crevasse water depth, and is observed in experiments

melting point, whlle_ourslldmg law assumes a non-zero basg sing both 0m cwd and a seasonally applied depth of 30 m.
water pressure. This was necessary to perform our basal sllcr-

ing experiments, however an improved solution for ice tem- n the case of basal sliding the model was observed to re-
g exp ' P A . spond more strongly to changes in basal water pressure when
perature would allow us to apply basal sliding in a more rig-

orous manner combined with a larger crevasse water depth. Although we
: can conclude from both sets of experiments (Om and 30 m

Aside from these shortcomings, the fact that the termmuscwd) that a change in basal sliding caused a change in ter-

behaviour depends strongly on poorly constrained input vari- inus evolution, the strength of the response seems to be

m
ables such as the crevasse water depth means that at pres%ﬂgcted by the crevasse water depth used and further experi-

it is not suitable for use in predicting future tidewater glacier ments using a better validated model of crevasse depth would

behaviour. I the mode| COUI_d be more thoroughly_vahdatgd it be required to assess the magnitude of the response more rig-
would be a powerful tool to investigate the behaviour of tide- orously.

water glaciers, capable of including a wide range of environ-
mental inputs and producing a detailed set of model outputs

for comparison to observation. First, it would also have to beg  Conclusions

tested using a better constrained data set with reliable basal

elevation, ice temperature and crevasse depth data. Of thes€his paper presents a flowline, tidewater glacier model, ca-
the data on crevasse depths would be hardest to procure, apéble of representing the calving of grounded ice using a
are unlikely ever to be available on a wide scale. Althoughphysically-based calving criterion. The results demonstrate
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that it reproduces key aspects of observed calving behaviouAmundson, J. M. and Truffer, M.: A unifying framework for

examined qualitatively by comparing the size and frequency iceberg-calving models, J. Glaciol., 56, 822-30, 2010.

of calving events, and the subsequent dynamic responsémundson, J. M., Fahnestock, M., Truffer, M., Brown, J., Lithi,

However, it would benefit from better data availability for ~ M- P., and Motyka, R.: Ice mélange dynamics and implications

more rigorous validation. In response to previous debate over for terminus stability, Jakobshavn Isbree, Greenland, J. Geophys.

whether glacier retreat is triggered first by glacier accelera- Res., 115, F01005, da0.1029/2009JF001403010. .

tion or increases in calving rate, the model results indicateAndersen’ M. L., Larsen, T. B., Nettles, M., Elosegui, P, van As,
! D., Hamilton, G. S., Stearns, L. A., Davis, J. L., Ahlstrgm, A.

that either process has the potential to cause terminus re- P., de Juan, J., Ekstrém, G., Stenseng, L., Khan, S. A., Forsberg,

treat and it may be more enlightening to consider the specific r_ and Dahl-Jensen, D.: Spatial and temporal melt variability at

mechanisms involved. Helheim Glacier, East Greenland, and its effect on ice dynam-
The results presented show a surprising insensitivity to ics, J. Geophys. Res., 115, F04041, #0i1029/2010JF001760

oceanic influences and a noticeable sensitivity to the effects 2010.

of surface ablation. The lack of sensitivity to simulated ice Astrém, J. A,, Riikila, T. I, Tallinen, T., Zwinger, T., Benn, D.,

mélange may be because of the relatively simple representa- Moore, J. C., and Timonen, J.: A particle based simulation

tion of its effect on the calving front used in the model. How- ~ model for glacier dynamics, The Cryosphere, 7, 1591-1602,

ever, the weak effect of submarine melt on calving rates ap- d0|:10.5194/tc-7_-1591-201:201_3. _

pears to arise from the ability of ice deformation in the model Brtholomew. I., Niewnow, P., Muir, D., Hubbard, A., King, M. A.,

to counteract the stress displacement caused by a cavity in the and Sole, A.: Seasonal evolution of subglacial drainage and ac-

. celeration in a Greenland outlet glacier, Nat. Geosci., 3, 408-411,

calving front. The strong effect of both crevasse water depth

and basal water pressure on the model’'s behaviour raises thesssis, J. N. and Jacobs, S.: Diverse calving patterns linked

possibility that outlet glaciers may be strongly affected by to glacier geometry, Nat. Geosci. Lett., 6, 833-836,

recent trends in surface ablation. The results demonstrate the doi:10.1038/NGEO18872013.

potential for this type of model to improve understanding of Benn, D. I., Wiseman, S., and Hands, K. A.: Growth and drainage

tidewater glacier dynamics, their response to external forc- of supraglacial llake on debris-mantled Ngozumpa Glacier,

ing, and to diagnose the causes of glacier retreat. Khumbu Himal, Nepal, J. Glaciol., 47, 626-638, 2001.
Benn, D. I, Hulton, N. R. J., and Mottram, R. H.: “Calving
laws”, “sliding laws” and the stability of tidewater glaciers, Ann.

. Glaciol., 46, 123-130, 2007a.
AcknowledgementsThis research forms part of the GLIMPSE Benn, D. I, Warren, C. R., and Mottram, R. H.: Calving processes

project F/00391/J, funded by the Leverhulme Trust Research and the dynamics of calving glaciers, Earth-Sci. Rev., 82, 143
Leadership Scheme. The work has been supported by the HPC- 179 2007b
EUROPA2 project (Project No. 228398) with the support of the ' ) . . .
SN o Bevan, S. L., Luckman, A. J., and Murray, T.: Glacier dynamics
European Commission Capacities Area — Research Infrastructures .
over the last quarter of a century at Helheim, Kangerdlugssuaq

Initiative and resources from CSC-Scientific Computing Ltd. We ) .
acknowledge the use of data from CReSIS generated with support and 14 other major Greenland outlet glaciers, The Cryosphere,
g 9 PPOT 6 923 937, dol0.5194/tc-6-923-2012012.

from NSF grant ANT-0424589 and NASA grant NNX10AT68G Blaszczyk, M., Jania, J. A., and Hagen, J. O.: Tidewater glaciers of

and from NASA Operation IceBridge. S. Cook was funded by a ) . -
Swansea University postgraduate research studentship; additional Svalbard: Recent changes and estimates of calvign fluxes, Pol.
Y Pasd P; Polar Res., 30, 85142, 2009.

Iaurrrlldz]r%awgfo prg)r\r/lld(eCdRIt())ys_thgalgﬁno;(;gz|I21rr)lzll_lLro:1d;r::t ’:(:]rtgéaChapuis, A.: What controls the calving of glaciers? From observa-
9 ) g P tions to predictions., Ph.D. thesis, Norwegian University of Life

Level). N. Selmes was supported by NERC grant [grant number .
. Sciences, 2011.
NE/I007148/1], A. Goldsack by a postgraduate scholarship from ., . ,
. Christofferson, P., O’'Leary, M., van Angelen, J. H., and van den
the Leverhulme Trust, and T. D. James by the Climate Change ) o
Broeke, M.: Partitioning effects from ocean and atmosphere on

Consortium of Wales (C3W). This publication is contribution . - -
number 27 of the Nordic Centre of Excellence SVALI, “Stabilit the calving stability of Kangerdiugssuaq Glacier, East Green-
' y land, Ann. Glaciol., 53, 249-256, 2012.

and Variations of Arctic Land Ice”, funded by the Nordic Top-level Church, J. A., Gregory, J. M., Huybrechts, P., Kuhn, M., Lambeck,

Research Initiative (TRI). C., Nhuan, M. T., Qin, D., and Woodworth, P. L.: Changes in sea

level, in Climate Change 2001: The Scientific Basis — Contribu-

tion of Working Group | to the Third Assessment Report of the

Intergovernmental Panel on Climate Change, Cambridge Univer-

sity Press, New York., 2001.

References Cook, S.: Environmental controls on calving in grounded tidewater

glaciers, Ph.D. thesis, Swansea University, 2012.

Abdalati, W., Krabill, W., Frederick, E., Manizade, S., Martin, C., Cook, S., Zwinger, T, Rutt, I. C., O'Neel, S., and Murray, T.: Test-
Sonntag, J., Swift, R., Thomas, R., Wright, W., and Yungel, J.:  ing the effect of water in crevasses on a physically based calving
Outlet glacier and margin elevation changes: Near-coastal thin- model, Ann. Glaciol., 53, 90-96, 2012.
ning of the Greenland Ice Sheet, J. Geophys. Res., 106, 33729—

33742, 2001.

Edited by: E. Larour

www.the-cryosphere.net/8/827/2014/ The Cryosphere, 8, 8844, 2014


http://dx.doi.org/10.1029/2009JF001405
http://dx.doi.org/10.1029/2010JF001760
http://dx.doi.org/10.5194/tc-7-1591-2013
http://dx.doi.org/10.1038/NGEO1887
http://dx.doi.org/10.5194/tc-6-923-2012

840 S. Cook et al.: Modelling calving at Helheim Glacier

Danielson, B. and Sharp, M.: Development and application of aKamb, B., Englehardt, H., Fahnestock, M. A., Humphrey, N., Meier,
time-lapse photography analysis method to investigate the link M., and Stone, D.: Mechanical and hydrological basis for the
between tidewater glacier flow variations and supraglacial lake rapid motion of a large tidewater glacier 2. Interpretation, J. Geo-
drainage events, J. Glaciol., 59, 287-302, 2013. phys. Res., 99, 15231-15244, 1994.

Deser, C. and Blackmon, M. L.: Surface climate variations over theKirkbride, M. P. and Warren, C. R.: Calving processes at a grounded
North Atlantic ocean during winter: 1900-1989, J. Climate, 6, ice cliff, Ann. Glaciol., 24, 116-121, 1997.

1743-1753, 1993. Leuschen, C., Allen, C., Gogineni, P., Rodriguez, F., Paden, J., and
Dowdeswell, J. A.: On the nature of Svalbard icebergs, J. Glaciol., Li, J.: IceBridge MCoRDS L3 Gridded Ice Thickness, Surface,
35, 224-234, 1989. and Bottom, Version 1, Boulder, Colorado USA: National Snow

Enderlin, E. M. and Howat, I. M.: Submarine melt rate estimates and Ice Data Center, Digital Media, 2011.
for floating termini of Greenland outlet glaciers (2000-2010), J. Luckman, A., Murray, T., de Lange, R., and Hanna, E.: Rapid and
Glaciol., 59, 67-75, 2013. synchronous ice-dynamic changes in East Greenland, Geophys.

Frederking, R. M. W. and Timco, G. W.: Measurement of shear Res. Lett., 33, L03503, ddi0.1029/2005GL025422006.
strength of granular/discontinuous-columnar sea ice, Cold RegMeier, M. F. and Post, A.: Fast tidewater glaciers, J. Geophys. Res.,
Sci. Technol., 9, 215-220, 1984. 92, 9051-9058, 1987.

Funk, M., Echelmeyer, K., and lken, A.: Mechanisms of fast flow Motyka, R. J., Hunter, L., Echelmeyer, K. A., and Connor, C.:
in Jakobshavn Isbrae, West Greenland: Part Il. Modelling of Submarine melting at the terminus of a temperate tidewater
englacial temperatures, J. Glaciol., 40, 569-85, 1994. glacier, LeConte Glacier, Alaska, U.S.A., Ann. Glaciol., 36, 57—

Gagliardini, O., Cohen, D., Raback, P., and Zwinger, T.: Finite- 65, 2003.
element modeling of subglacial cavities and related friction Murray, T., Scharrer, K., James, T. D., Dye, S. R., Hanna, E.,
law, J. Geophys. Res., 112, F02027, #i0i1029/2006JF000576 Booth, A. D., Selmes, N., Luckman, A., Hughes, A. L. C.,
2007. Cook, S., and Huybrechts, P.: Ocean regulation hypothesis

Gagliardini, O., Zwinger, T., Gillet-Chaulet, F., Durand, G., Favier,  for glacier dynamics in southeast Greenland and implications
L., de Fleurian, B., Greve, R., Malinen, M., Martin, C., Raback, for ice sheet mass changes, J. Geophys. Res., 115, F03026,
P., Ruokolainen, J., Sacchettini, M., Schafer, M., Seddik, H., doi:10.1029/2009JF001522010.
and Thies, J.: Capabilities and performance of Elmer/ice, a newNettles, M., Larsen, T. B., El6segui, P., Hamilton, G. S., Stearns,
generation ice sheet model, Geosci. Model Dev., 6, 1299-1318, L. A., Ahlstrgam, A. P., Davis, J. L., Andersen, M. L., de Juan,

doi:10.5194/gmd-6-1299-2012013. J., Khan, S. A,, Stenseng, L., Ekstrom, G., and Forsberg, R.:

Gogineni, P.: CReSIS Radar Depth Sounder Data, Lawrence, Step-wise changes in glacier flow speed coincide with calving
Kansas, USA, Digital Mediahttp://data.cresis.ku.eddlast ac- and glacial earthquakes at Helheim Glacier, Greenland, Geophys.
cess: March 2012), 2012. Res. Lett., 35, L24503, ddi0.1029/2008GL036122008.

Hanson, B. and Hooke, R. L.: Glacier calving: a numerical model of Nick, F. M. and Oerlemans, J.: Dynamics of tidewater glaciers:
forces in the calving-speed/water-depth relation, J. Glaciol., 46, comparison of three models, J. Glaciol., 52, 183-190, 2006.

188-196, 2000. Nick, F. M., Vieli, A., Howat, I. M., and Joughin, |.: Large-scale
Hanson, B. and Hooke, R. L.: Buckling rate and overhang develop- changes in Greenland outlet glacier dynamics triggered at the ter-
ment at a calving face, J. Glaciol., 49, 577-586, 2003. minus, Nat. Geosci., 2, 110-114, 2009.

Howat, I. M., Joughin, I., Tulaczyk, S., and Gogineni, S.: Rapid re- Nick, F. M., van der Veen, C. J., Vieli, A., and Benn, D. I.: A phys-
treat and acceleration of Helheim Glacier, East Greenland, Geo- ically based calving model applied to marine outlet glaciers and
phys. Res. Lett., 32, L22502, db0.1029/2005GL024732005. implications for the glacier dynamics, J. Glaciol., 56, 781-794,

Howat, I. M., Joughin, I., and Scambos, T. A.: Rapid changes inice 2010.
discharge from Greenland outlet glaciers, Science, 315, 1559-Nye, J.: Correspondence. Comments on Dr. Loewe’s letter and notes
1561, 2007. on crevasses, J. Glaciol., 2, 512-514, 1955.

Howat, I. M., Joughin, I., Fahnestock, M., Smith, B., and Scambos,Nye, J.: The distribution of stress and velocity in glacier and ice-
T.: Synchronous retreat and acceleration of southeast Greenland sheets, P. R. Soc. A, 239, 113-133, 1957.
outlet glaciers 2000-06: ice dynamics and coupling to climate, J.O’Leary, M.: Frontal processes on tidewater glaciers, Ph.D. thesis,
Glaciol., 54, 646-60, 2008. University of Cambridge, 2011.

Howat, I. M., Box, J. E., Ahn, Y., Herrington, A., and McFad- O’Leary, M. and Christoffersen, P.: Calving on tidewater glaciers
den, E. M.: Seasonal variability in the dynamics of marine- amplified by submarine frontal melting, The Cryosphere, 7, 119—
terminating outlet glaciers in Greenland, J. Glaciol., 56, 601- 128, doi10.5194/tc-7-119-2012013.

613, 2010. O'Neel, S., Pfeffer, W. T., Krimmel, R., and Meier, M.:

Joughin, 1., Das, S. B., King, M. A., Smith, B. E., Howat, I. M., Evolving force balance at Columbia Glacier, Alaska dur-
and Moon, T.: Seasonal speedup along the Western flank of the ing its rapid retreat, J. Geophys. Res., 110, F03012,
Greenland Ice Sheet, Science, 320, 781-783, 2008a. doi:10.1029/2005JF000292005.

Joughin, 1., Howat, I., Alley, R., Ekstrom, G., Fahnestock, M., Otero, J., Navarro, F., Martin, C., Cuadrado, M., and Corcuera, M.:
Moon, T., Nettles, M., Truffer, M., and Tsai, V.. Ice-front A three-dimensional calving model: numerical experiments on
variation and tidewater behaviour on Helheim and Kangerd- Johnsons Glacier, Livingston Island, Antarctica, J. Glaciol., 56,
lugssuaq Glaciers, Greenland, J. Geophys. Res., 113, F01004, 200-214, 2010.
doi:10.1029/2007JF000832008b. Paterson, W. S. B.: The Physics of Glaciers, 3rd Edn., Oxford, El-

sevier, 1994.

The Cryosphere, 8, 827841, 2014 www.the-cryosphere.net/8/827/2014/


http://dx.doi.org/10.1029/2006JF000576
http://dx.doi.org/10.5194/gmd-6-1299-2013
http://data.cresis.ku.edu/
http://dx.doi.org/10.1029/2005GL024737
http://dx.doi.org/10.1029/2007JF000837
http://dx.doi.org/10.1029/2005GL025428
http://dx.doi.org/10.1029/2009JF001522
http://dx.doi.org/10.1029/2008GL036127
http://dx.doi.org/10.5194/tc-7-119-2013
http://dx.doi.org/10.1029/2005JF000292

S. Cook et al.: Modelling calving at Helheim Glacier 841

Rignot, E. and Thomas, R. H.: Mass balance of polar ice sheetsYieli, A. and Nick, F.: Understanding and modelling rapid dynamic
Science, 297, 1502-1506, 2002. changes of tidewater outlet glaciers: issues and implications,

Rignot, E., Koppes, M., and Velicogna, |.: Rapid submarine melting  Surv. Geophys., 32, 437-458, 2011.
of the calving faces of West Greenland glaciers, Nat. Geosci., 3Vieli, A., Funk, M., and Blatter, H.: Tidewater glaciers: frontal flow
187-191, 2010. acceleration and basal sliding, Ann. Glaciol., 31, 217-221, 2000.

Schoof, C.: Ice sheet grounding line dynamics: Steady statesVieli, A., Jania, J., and Kolondra, L.: The retreat of a tidewa-
stability and hysteresis, J. Geophys. Res., 112, F03S28, ter glacier: observations and model calculations on Hansbreen,
doi:10.1029/2006JF000662007. Spitsbergen, J. Glaciol., 48, 592—-600, 2002.

Seroussi, H., Morlighem, M., Rignot., E., Larour, E., Aubry, D., Walter, J. |., Box, J. E., Tulaczyk, S., Brodsky, E. E., Howat, |. M.,
Dhia, H. B., and Kristensen, S. S.: Ice flux divergence anomalies Ahn, Y., and Brown, A.:Oceanic mechanical forcing of a marine-
on 79north Glacier, Greenland, Geophys. Res. Lett., 38, L09501, terminating Greenland glacier, Ann. Glaciol., 53, 181-192, 2012.
doi:10.1029/2011GL047332011. Xu, Y., Rignot, E., Menemenlis, D., and Koppes, M.: Numeri-

Sugiyama, S., Skvarca, P., Naito, N., Enomoto, H., Tsutaki, S., cal experiments on subaqueous melting of Greenland tidewater
Tone, K., Marinsek, S., and Aniya, M.: Ice speed of a calving glaciers in response to ocean warming and enhanced subglacial
glacier modulated by small fluctuations in basal water pressure, discharge, Ann. Glaciol., 53, 229-234, 2012.

Nature, 4, 597-600, 2011. Zwinger, T. and Moore, J. C.: Diagnostic and prognostic simula-

Sutherland, D. A. and Straneo, F.: Estimating ocean heat transports tions with a full Stokes model accounting for superimposed ice
and submarine melt rates in Sermilik Fjord, Greenland, using of Midtre Lovénbreen, Svalbard, The Cryosphere, 3, 217-229,
lowered acoustic Doppler current profiler (LADCP) velocity pro-  doi:10.5194/tc-3-217-20Q020089.
files, Ann. Glaciol., 53, 50-58, 2012.

van der Veen, C. J.: Calving glaciers, Prog. Phys. Geog., 26, 96—

122, 2002.

Vernon, C. L., Bamber, J. L., Box, J. E., van den Broeke, M. R.,
Fettweis, X., Hanna, E., and Huybrechts, P.: Surface mass bal-
ance model intercomparison for the Greenland ice sheet, The
Cryosphere, 7, 599-614, db0.5194/tc-7-599-2012013.

www.the-cryosphere.net/8/827/2014/ The Cryosphere, 8, 8844, 2014


http://dx.doi.org/10.1029/2006JF000664
http://dx.doi.org/10.1029/2011GL047338
http://dx.doi.org/10.5194/tc-7-599-2013
http://dx.doi.org/10.5194/tc-3-217-2009

