
GRISO/CLIVAR Workshop, 2013 

Modelling the dynamics of tidewater 
outlet glaciers: approaches, issues and 

perspectives 
 

Andreas Vieli,  
University of Zürich, Switzerland 

 
Thanks to Faezeh Nick,… 

 



GRISO/CLIVAR Workshop, 2013 

•  Tidewater outlet glaciers 
•  Retreat, acceleration and thinning 

•  Not reproduced/predicted by ice sheet 
models (IPCC 2007) 
 

 

Introduction 

10km 

Jakobshavn Isbrae:  Flow 
acceleration and retreat 
(Joughin et al 2004) 

Jakobshavn 
Isbrae 

Surface elevation change 
in Greenland (Pritchard, 

Nature 2009) 
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 The modelling issue 
Ice sheet models do well for: 
•  Ice flow (SIA, higher order,…) ✓  
•  Surface evolution ✓ 
•  Numerical methods (1D-3D, finite 

Differences/Elements,…) ✓ 
•  Grounding line motion (✓) 

But poor representation of processes 
at outlet-ocean boundary 

•  Spatial resolution: few km wide 

•  Calving/terminus dynamics: front fixed  

•  Forcing crude: e.g. indirect ocean melt 

•  Prescribed ‘what if…’ forcing scenarios 
(no retreat feedbacks) 

 

F. Gillet-Chaulet et al.: GrIS contribution to sea-level rise 1565

Fig. 2. Unstructured finite element mesh and model surface velocities after optimisation of the basal friction coefficient with the Robin
inverse method. Colored boxes show close-up views for various outlet glaciers of interest.

able anisotropic mesh adaptation software YAMS (Frey and
Alauzet, 2005) to optimise the mesh sizes according to the
given metric map.
The resulting mesh is depicted in Fig. 2. Mesh sizes de-

crease from 40 km in the central part of the ice sheet to 1 km
in the outlet glaciers. The 2-D mesh is then vertically ex-
truded using 16 layers. The resulting 3-D mesh is composed
of 417 248 nodes and 748 575 wedge elements.
The bedrock and surface topography are taken from

the freely available SeaRise 1 km present-day data set
(http://tinyurl.com/srise-umt) and are based on the Bamber
et al. (2001) digital-elevation models where new data have
been added on three of the main outlets (Jakobshavn Isbrae,
Helheim and Kangerdlugssuaq). There is no freely available
product for current ice margin position and the initial 2D-
footprint has been constructed from a 0-m thickness contour.

3 Initial state

As ice-sheet responses include long time scales (multi-
century), forecasting change on decadal-to-century time
scales is essentially a short-term forecast. As such simula-

tions are sensitive to the initial state, simulating the present
conditions of the ice sheet is crucial (Vaughan and Arth-
ern, 2007). Available observations of the current state of the
ice sheet include the ice-sheet geometry (bedrock and free-
surface elevations, e.g. Bamber et al., 2001), surface veloci-
ties (e.g. Joughin et al., 2010) and rate of change of the sur-
face elevation (e.g. Pritchard et al., 2009). If time series of
these observations are available for the last decade, observed
changes in velocity and surface elevation are certainly the
results of transient boundary forcing that are still not fully
understood and modelled. Moreover, while the model de-
veloped by Heimbach and Bugnion (2009) offers the abil-
ity to do transient data assimilation, inverse methods applied
to full-Stokes ice-sheet modelling are currently restricted to
diagnostic simulations, hence limiting the ability to assim-
ilate time series. In this application, we compare two re-
cently developed inverse methods to constrain the basal fric-
tion coefficient field (� in Eq. 7) from a given geometry
and surface velocity field, considered as representative of
present-day conditions (Sect. 3.1). Due to ice flux divergence
anomalies caused by the remaining uncertainties in the model
initial conditions, the free-surface-elevation rate-of-change

www.the-cryosphere.net/6/1561/2012/ The Cryosphere, 6, 1561–1576, 2012

http://www.extremeicesurvey.org 

Gillet-Chaullet et al.  (TC, 2012),  
Flow from full-stokes model (Elmer)  

the grounded and floating ice remains fixed; the others (IcIES,
SICOPOLIS, UMISM and AIF) opt to ignore any ice that floats
and apply the basal melt rates at the ocean boundary of
grounded ice. The concentration of the prescribed melt rate
at the grounding line is a reasonable approximation given
the inference that basal melt rates are generally highest near
the grounding lines (Williams and others, 2001; Payne and
others, 2007). The three SeaRISE experiments in this category
set the submarine melt rate at uniform values of 2, 20 and
200ma–1 for experiments M1, M2 and M3, respectively. The
results of these experiments (again minus the effects of the
control runs) are shown in Figure 6.

The range of projected ice loss for these basal melt
experiments is larger than for either the climate or basal
sliding experiment suites, but much of the variation can be
explained by the manner in which the basal melt rates were
applied. The most responsive models in all three experi-
ments are the 1b and 2b versions of the AIF model which
apply the melt rate along the entire ice-sheet perimeter. This
is clearly so unrealistic that these results are not included in
the calculated Average. Despite the extreme nature of this
assumption, they are useful when interpreted in tandem with
the ‘a’ scenarios of the AIF model as bracketing the
magnitude of Greenland’s ocean/ice interaction. The other
useful pair of end points is the UMISM and ISSM models.
The ISSM model includes ice shelves, but imposes the melt
rate only at the front and maintains that front position until
melting has removed all the ice there, only then retreating
the ice front to the next gridpoint upstream. No melting is
ever imposed to initially grounded ice, so no further melting
occurs once the ice margin retreats beyond this boundary,
severely limiting the ice loss for this suite of experiments.
UMISM includes the dynamic effect of ice shelves by
imposing a back-stress on the grounded ice according to
theoretical formulations (Thomas, 1973) and a large thinning

rate at the grounding line according to Weertman (1974).
This thinning rate leads to rapid inland erosion of the ice
sheet along coastal fjords drawing down the ice within the
catchments of marine-based outlet glaciers. The results from
the other models fall between the two extremes set by both
the AIF ‘a’ vs ‘b’ versions, ISSM and UMISM. It is possible
that the VAF loss for all models is exaggerated by the fact
that the 5 km grid resolution effectively sets a too-large
minimum width for many narrow fjords, causing excessive
ice loss. Despite the significant approximations these
models use to treat this difficult boundary, they are among
the best models available at present, and their combined
results may be the best approximation of the sensitivity of
the ice sheet to basal ice-shelf melting.

An additional insight provided by the extreme case of
200ma–1 is that it provides a trajectory of decreasing VAF
that helps determine the ice sheet’s ultimate vulnerability to
oceanic erosion. Because ice loss is continuing even after
500 years, the ocean’s effect on the ice sheet is not short-
lived. Even after the floating edge of the ice sheet is
removed, increased drainage of ice into the ocean will
continue for centuries. Extrapolating the Average trajectory
many centuries beyond the end of the 500 year experiments,
the eventual volume of ice above flotation lost is likely at
least 2!1014m3, or 50 cm of globally averaged sea level.

The widely ranging nature of model responses to the
strength of melt rate is also expressed in the sensitivity plots
of Figure 6. The VAF changes at 100, 200 and 500 years are
plotted on a log scale of the imposed melt rate, making the
strength of a linear relation difficult to visualize. At 100
years, IcIES and SICOPOLIS have R2 > 0.99; AIF1a and 2a
have linear fits with R2 near 0.9, decreasing to near 0.7 for
UMISM and ISSM. By 500 years, IcIES and SICOPOLIS
maintain their linear character with R2 > 0.99; AIF1a and 2a
have decreased to the overall minimum R2 values of 0.36

Fig. 6. Results of ocean melting sensitivity experiments for the Greenland ice sheet. Upper panels show calculated ice loss for the triplet of
cases where ocean melting was set to constant values: left, M1, 2ma–1; middle, M2, 20ma–1; right, M3, 200ma–1. Lower panels illustrate
the sensitivity of ice loss vs the three different melt rates at 100, 200 and 500 years after the simulation start. The calculated Average includes
only AIF1a and ignores AIF1b, 2a and 2b.

Bindschadler and others: Ice-sheet sensitivities to environmental forcing206

Bindschadler et al. 
(2013) SeaRISE 
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Models of tidewater outlet glacier dynamics 
Ice sheet models IPCC/Sea-level 

•  Predictions (sea-level, IPCC) 

•  Ice sheet scale  

 

Minimal fully dynamic outlet glacier 
model (1D, SSA,…) 

•  Moving calving front 

•  Couple forcing to dynamic 
response 

•  Explore/illustrate dynamic 
feedbacks – modelling issues 

Surface melt 
Acceleration 

Sea ice Calving  
 

Retreat 

Basal lubrication 

Ocean melt 

Thinning 

Grounding 
line retreat .

http://www.extremeicesurvey.org 
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•  Retreat rate strongly depends 
on fjord/trough geometry 

–  Water depth/Trough width 

–  Non-linear with depth (h~4, 
Schoof 2007) 

–  Peff-sliding (Pfeffer, 2007) 

•  Threshold behaviour 

•  Variations/details of bed 
important (uncertainty) 

•  Requires high spatial model 
resolution (adaptive) 

 
where x is in kilometers and btrend in meters. Then, we grow
an initial steady state ice sheet upon it obtaining an initial
steady position xg = 459.8 km (flow parameters are presented
in the auxiliarymaterial). Between x = 400 km and x = 500 km,
np points are randomly selected and a cubic spline interpo-
lation is done between the selected elevations. np, here set to
4, 9, 24 and 49 corresponds to mean under‐sampling intervals
of 20, 10, 4, 2 and 1 km respectively. For every given mean
sampling interval, 50 under‐sampled beds are generated. At
t = 0 the bedrock profile is changed to an under‐sampled
and interpolated one. Surfaces are then allowed to relax over
1000 years. This procedure mimics the computing of a
DEM with various resolutions and makes it possible to
quantify the sensitivity of the model to the bedrock descrip-
tion. A good enough representation of the bedrock should
only slightly perturb the initial steady state and should result
in only weak variations of the VAF.
[9] Figure 3 clearly shows that sampling intervals of over

1 km induce smoothing that may locally reverse the slope,
giving rise to a MISI favorable configuration (see for
instance the difference between the light blue and red curves
in Figure 3c). This instability is physical but, in the present
case, only results from the misrepresentation of the bedrock.
Only 24% of the simulations made with a 20 km mean
sampling distance reach a new equilibrium close to the

initial one (i.e., ±2% VAF variation). For the 76% remaining
simulations, a grounding line retreat is initiated and continues
over a thousand years, leading to a decrease of up to 25% in
the VAF within this period of time. Decreasing the mean
sampling interval progressively reduces the occurrence of
MISI configurations. With a 5‐km mean sampling rate, a
distance similar to the resolution currently used in bedrock
DEMs, still 16% of the simulations lead to an erroneously
unstable configuration. Finally, the mean sampling rate has to
be decreased down to 1 km to definitively avoid the occur-
rence of MISI. These numerical experiments suggest that the
current spatial coverage of many outlet glaciers is far too
sparse (see Figure 1), but also that current bedrock DEMs
[Lythe et al., 2001; Le Brocq et al., 2010] are of insufficient
resolution in coastal regions where small‐scale reliefs that
may stabilize the ice sheet are not incorporated.
[10] In the near future, it is unrealistic to expect geophysical

surveys of all the outlet glaciers of the Antarctic ice sheet to
be completed with an increased flight‐line density. However,
the choice of a proper interpolation method may circumvent
this pitfall by mitigating the unrealistic ice dynamics obtained
when bedrock data is too scarce [Seroussi et al., 2011].
Starting from the bedrock interpolation that gives the largest
VAF decrease in the previous experiments, we added a small‐
scale roughness with statistical properties similar to those of

Figure 3. Sensitivity of the ice flow model to small scale roughness in coastal regions. (a) Initial steady state on a synthetic
fractal bedrock (see Methods for details). Note the overdeepening similar to that observed beneath Pine Island Glacier (see
Figure 1b). (b) Evolution of the Volume of ice Above Flotation (VAF) versus time after perturbations of the bedrock using
various under‐sampling resolutions (see text for details): 20 km (red), 10 km (orange), 6 km (green), 2 km (purple) and 1 km
(light blue). (c) The surfaces corresponding to the largest VAF decreases after a 1000 years of relaxation for any given
resolution (as shown by the dots in Figure 3b with a similar color coding).

DURAND ET AL.: BEDROCK DESCRIPTION TO MODEL ICE SHEET L20501L20501

4 of 6

Durand et al. (GRL, 2011) Impact of bedrock 
description on modeling ice sheet dynamics  

Nick et al. (Nature, 2013) Predicting outlet 
glacier retreat  

PIG 

Sensitivity to fjord/trough geometry 
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Time (y)           

Modelling thinning 
 
Experiment: prescribe retreat 
•  Upstream thinning/acceleration 

linked to terminus retreat 

•  Crucial: Calving retreat – 
buttressing feedback 

Front retreat 
history 

Observed (IceSat, 
Pritchard, BAS) modelled 

Time (y)           

Thinning rates 
 (m/y) 
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Sensitivity to calving model I 
Observed 

retreat 
No shelf 
(flotation) 

1km 
shelf 

2km 
shelf 

Front and grounding 
line retreat from 

dynamic calving model 

Geometry 

Width 
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Sensitivity to calving model II 

Front and grounding line 
retreat with crevasse 
depth calving model 

Geometry 

Width 

Crevasse depth model (Benn et al. 
2007; Nick et al. 2010) 
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Response to external forcing: ocean melt 

Modelled along 
flow speed 

Modelled along 
flow geometry 

Jakobshavn Isbrae 
•  Ocean melt: m/d (Motyka 2010)   

Experiment: 
•  after 1997 20% enhanced 

ocean melt 
•  seasonal pattern 
•  dynamic calving criteria 
  

Observed flow speed 
(m/y), Joughin (2003) 



GRISO/CLIVAR Workshop, 2013 

Front position (km) 

 at 6km 

 at 9km 

 at 13km 

 at 20km 
 at 26km 

 at 17km 

Seasonal variations in flow speed  

Time Time 

•  Reproduce upstream variations in speed 
•  Changes from terminus 

Modelled flow speed (m/y) Observed flow speed, 
Joughin et al. (2008) 
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Ocean melt forcing  
Experiment: 
•  20% enhanced melt 
•  Fixed calving front 

Trigger:  
•   Ocean melt  

Mechanism for dynamic change 
•  Feedback between retreat/

calving and loss of buttressing 

•  Dependence on calving model 

 

Surface elevation 

Modelled flow speed (m/y) 

Ocean melt pattern  
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Variable sensitivity to forcing  
•  depending on glaciers/terminus type/climate 
•  can change during retreat 

Helheim 
•  Sea-ice 
•  Air-temp 

Petermann 
•  Ocean melt 
•  (Basal sliding) 

Jakobshavn 
•  Sea-ice 
•  Ocean melt 

Flux: 26.3 km3/yr 23.6 km3/yr 12.8 km3/yr 

Distance from ice divide (km) 
Thickness ~ 700 m 
Width= 6 km 

Thickness ~ 30 m 
Width= 20 km 

Thickness ~ 650 m 
Width= 10 km 

Sensitivity to forcing type 
Modelling outlet glacier dynamics of 4 
major outlets (Nick et al. Nature, 2013) 
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 Ocean melt forcing and calving 
Grounded terminus (instead of floating)? 
•  Oversteepen/weaken calving front                   

è enhance calving 

Numerical modelling issues 
•  Difficult to implement at vertical ice front 
•  Coupling of ocean melt to ice models 

Hansbreen Svalbard (Vieli) 

melt 

Glacier 
Ocean 

M. O’Leary and P. Christoffersen: Calving amplified by frontal melting 123

Fig. 2. Comparison of first principal Cauchy stresses, relative to
hydrostatic pressure, for a variety of water depths and undercut
lengths, assuming uniform undercutting. Grey dashed line indicates
water level.

4 Wet calving multiplier

In order to calculate the effects of undercutting on near-
frontal stress, the flow model is used to compute stress fields
in a variety of configurations. As a baseline unperturbed
model run, meant to simulate a typical medium-sized tidewa-
ter glacier, the model is run in a flat rectangular slab config-
uration. The ice thickness is 300m, and the basal parameters
are �⇤ = 20m andm⇤ = 0.13 – see below for the sensitivities
to these parameters. The water level varies between model
runs, as the results are quite sensitive to this variable.
By altering the shape of the domain, the effect of under-

cutting by frontal melt can be simulated. Figure 2 shows the
deviatoric stress fields generated by a selection of geome-
tries and water levels, assuming uniform frontal melt below
sea level, and an isothermal glacier. Qualitatively, it seems
clear that undercutting results in an increase in tension due
to the bending moment exerted by the overhang, as well as
the reduction in basal traction near the glacier foot. These ef-
fects increase with the undercut length d and show qualitative
variation with the water level h.
Figure 3 shows the stress retreat as a function of under-

cut length for a variety of scenarios. In each case, a uniform
undercut is introduced and the stress retreat measured, rela-
tive to a particular dry calving length ". For each scenario,
a linear fit through the origin is possible, with R2 > 0.99.
The slope of this fit is equal to the wet calving multiplier
!, which is henceforth assumed to be independent of the un-
dercut length. Although this assumption must certainly break
down at large undercut lengths, it appears to hold for under-
cut lengths which are up to 20% of an ice thickness, far larger
than the expected depth of real-world undercuts.

Fig. 3. Stress retreat as a function of undercut length for a variety of
scenarios involving different water depths h and dry calving lengths
". In all cases the relationship is very close to linear. The slope of
the linear fit is !, the wet calving multiplier.

5 Sensitivities

Given that ! is well-defined for a given scenario, the ques-
tion remains as to what factors influence its value. The most
obvious of these is the dry calving length ". As this is used
as the initial point from which the stress retreat is measured,
it should come as no surprise that the magnitude of the stress
retreat (and hence !) is dependent on its value.
For a grounded or partially grounded glacier, values of "

greater than one are usually held to be unlikely, given that the
resulting berg would be unable to capsize, and would thus
have no obvious route of escape from the glacier. Here, the
upper limit is drawn at a value of " = 1.5, to allow for some
leeway in the system. Similarly, values of " < 0.25 are ne-
glected, as such narrow calving events are likely to be much
more affected by the detailed geometry of the front than by
viscous stresses. However, it should be noted that they are
not ruled out by this model, merely likely to be modelled in-
correctly.
Another variable of interest is the water depth, or more

loosely, the “degree of grounding”. As there is known to be a
significant difference in calving behaviour between grounded
and floating glaciers (Walter et al., 2010), it seems reasonable
to suggest that the water level may have a significant quali-
tative effect on calving, even if the transition is not as abrupt
as that between grounded and floating ice. As such, a selec-
tion of water depths are investigated, ranging from h = 0.5,
for a well-grounded glacier, to h = 0.85, a glacier almost at
the point of flotation. Flotation occurs at h = ⇢i/⇢w ' 0.89,
at which point the calculations of the model diverge in a non-
useful manner.

www.the-cryosphere.net/7/119/2013/ The Cryosphere, 7, 119–128, 2013

O’Leary and Christoffersen (TC, 2013) Calving on 
tidewater glaciers amplified by submarine frontal melting 
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Oct 2000 

May 2003 March 2002 

May 2001 

Lateral shear weakening: Jakobshavn Isbrae 
Disintegration of floating  
tongue at Jakobshavn 
(Joughin, 2008, JGR) 
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Lateral shear weakening Jakobshavn  

Driving stress 

Lateral drag 

Basal drag 

Longitudinal stress 
gradients 

Initial 

Stress balance 
components (kPa) 

Weakening of lateral 
shear margins 

•  Enhance acceleration 
•  Strain softening, 

fracture 
 
•  Numerical models 

•  narrow, subgrid, 
•  data, (inversion),… 
•  damage,… 

See: Vieli and Nick, 2011; Joughin et 
al. 2012; VanderVeen, 2011 



GRISO/CLIVAR Workshop, 2013 

Sensitivity to ice rheology/sliding exponent 

•  xfhcgj −600
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•  Sensitivty/uncertainty from internal parameters 
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Implications from modelling 
•  Terminus dynamics controls upstream dynamics (mass loss)  

–  Upstream propagation: ok  
–  Calving model crucial – robust/validation 
 

•  Forcing 
–  Calving linked to forcing: ocean melt, air temp., sea-ice… (How?) 
–  Not just ONE forcing important (terminus type/climate)  

 

•  High sensitive to fjord/trough geometry (bed/width)  
–  Threshold/non-linear behaviour (predictions?) 
–  Need accurate topography 

•  Lateral shear softening, rheology?  

 

•  Only ‘simple’ fully dynamic outlet glacier model (SSA, flowline,…) 
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How to improve models 
Technical/numerical development 
•  Grid resolution, 1D to 3D 
•  Moving boundaries (calving front: resolution, adaptive grids,..) 
•  Flow approximation: higher-order, full stokes 
 

Process representation  
•  Calving models (3D, damage, statistical,…) 
•  Coupling of calving to forcing (ocean melt models…)  
•  Initial conditions (transient?) 
 

Validation/calibration: Benchmark data sets 
•  Geometry data (bed,…) 
•  Response and forcing data (e.g. ocean, …) 
•  Range of time scales: in particular long-term 
•  model-model intercomparison 
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Final thoughts 
 

Rethink expectation on models 
•  Not predict exact timing of single retreat-event 
•  ‘Average retreat trend’ (ensemble of glaciers/responses, decades/

century) 

Not just large Greenland ice-sheet outlets 
•  Smaller tidewater glaciers (Alaska, Svalbard,…) 
•  Extensive dataset - Benchmark data set  
•  Easier accessible 

Apply models!!! 

1406 W. Colgan et al.: Monte Carlo ice flow modeling

Fig. 12. Modelled time-space evolution of ensemble mean rate of
change of ice thickness (@H / @t) and surface ice velocity (us) along
the Columbia Glacier main flowline (x) between 1970 and 2100.
Colorbars saturate at �100m a�1 and 2000m a�1, respectively.
The black line denotes the ensemble mean terminus position over
the period.

only a fraction of the total ice-covered area of the Columbia
Glacier complex (⇠ 260 of⇠ 910 km2; McNabb et al., 2012),
these numbers are gross underestimates of the absolute val-
ues of the sea level contribution of the entire ice complex
(which was 160 km3 over the 1957–2007 period; McNabb et
al., 2012). They do, however, illustrate that the majority of
the response of Columbia Glacier to the terminus perturba-
tion initiated c. 1983 has been completed. While this exercise
is similar to the concept of “committed sea level rise” (Price
et al., 2011), it differs slightly by maintaining a climate forc-
ing throughout the entire transient simulation.

5 Summary remarks

We apply a 1-D (depth-integrated) flowline model to
Columbia Glacier that incorporates longitudinal coupling
stresses and statistical parameterizations for basal sliding and

Fig. 13. Modelled (grey lines with ensemble mean in black) and
observed or inferred (points; Mayo, 1984; Tangborn, 1997; Krim-
mel, 2001; Rasmussen et al., 2011; O’Neel, 2012) time-series of
equilibrium line altitude (zela; A), terminus position (xterm; B), ice
surface velocity at km 50 (u50s ; C) and inferred calving flux (D; D)
at Columbia Glacier over the 1850 to 2100 period.

iceberg calving. A computationally efficient implementation
allows Monte Carlo simulations to be executed over a wide
parameter space to produce robust histories and projections
of variables of interest, as well as assess the cumulative ef-
fect of both parameter and forcing uncertainty. Ensemble se-
lection filters are imposed at: (i) the conclusion of spin-up, to
ensure an accurate reproduction of pre-retreat glacier geome-
try, and (ii) 100 yr into the forcing period, to ensure terminus
retreat has initiated. The resultant twice selected ensemble of
simulations reproduces several observed datasets within the
uncertainty envelope defined by the ensemble range. Inferred
iceberg calving rate is not well reproduced in the vicinity of
the K-GN bedrock constriction at km 53. A 2-D (plan-view)
model is required to resolve the complexities of ice flow in
this region. It is not clear, however, how the issue of signif-
icant glacier density transience, if indeed occurring, may be
resolved with a modeling approach predicated on a contin-
uum mechanics momentum balance (i.e. the assumption that
ice does not become discontinuous at any time or place).
The ensemble mean projection suggests that Columbia

Glacier will achieve a new stable ice geometry c. 2020, by
which time iceberg calving rate will have decreased to a
dynamic equilibrium value much lower than that observed
during the highly transient 1990s and 2000s. Comparison
of the pre-retreat (1957) and 2007 glacier geometries with
the projected 2100 glacier geometry suggests that, by 2007,
Columbia Glacier had already discharged⇠ 82% of the total
sea level rise contribution expected by 2100. As the model
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Colgan et al. (TC, 2012) Monte 
Carlo ice flow modeling 
projects a new stable 
configuration for Columbia 
Glacier, Alaska, c. 2020  
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Thank you 
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External forcing 

•  Surface melt 

•  Ocean melt 

•  Sea-ice 

 

 

•  Dynamic response coupled to forcing  

 

Surface melt 
Acceleration 

Reduced 
sea ice 

Calving  
 

Retreat 

Basal lubrication 

Ocean melt 

Thinning 

Grounding 
line retreat .

Tair 

Tocean 
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Summary: terminus/upstream dynamics 

•  Terminus dynamics determines upstream dynamics 
–  thinning, acceleration, mass loss 

•  Inland propagation ✓


•  Strong dependence on calving model/parametrization  

•  Influence of channel topography 
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 Ocean melt forcing and calving 
Grounded terminus (instead of floating) 
•  Oversteepen/weaken calving front            

è enhance calving 

Numerical modelling issues 
•  Ocean forcing records: temperature/

salinity 
•  Coupling of ocean melt to ice models 
•  Difficult to implement at vertical ice front 

Hansbreen Svalbard 
(Vieli et al 2002) 

Store Gletscher (Greenland), 
J. Box, GEUS  melt 

Glacier 

Ocean 
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A minimal fully dynamic flowline model (1D) 
•  Dynamic treatment of calving: front 

position criteria – 

Explore/illustrate 

Mostly confined in trough/fjord: 1D-
flowline/band 
•  Couple forcing to dynamic response 

•  Role of terminus dynamics/calving on 
upstream dynamics 

•  Basal, lateral and longitudinal stresses 
•  Moving grounding line/front – 

stretching grid 
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External forcing: ocean melt 

Surface 
elevation 

Experiment: 
•  prescribed ocean melt pattern 
•  20% enhanced melt (+1oC ) 

•  Dynamic calving criteria 
(crevasse depth model) 

Observed flow speed (m/y) 

Modelled surface  

Modelled flow speed (m/y) 

Ocean melt pattern  


