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Abstract

The dynamic response of outlet glaciers on short (annual to decadal) timescales is af-
fected by various external forcings, such as basal or oceanic conditions. Understanding
the sensitivity of the dynamic response to such forcings can help assess more accu-
rate ice volume projections. In this work, we investigate the spatiotemporal sensitivity
of outlet glaciers to fast cyclical forcings using a one-dimensional depth and width-
averaged heuristic model. Our results indicate that even on such short timescales,
nonlinearities in ice dynamics may lead to an asymmetric response, despite the forc-
ing functions being symmetric around each reference value. Results also show that
such short-timescale effects become more pronounced as glaciers become closer to
flotation. While being qualitatively similar for both downsloping and upsloping bed ge-
ometries, the results indicate higher sensitivity for upsloping (“West Antarctica-like”)
beds. The range in asymmetric response for different configurations motivate parame-
terizing or including short-timescale effects in models while investigating the dynamic
behavior of outlet glaciers.

1 Introduction

Outlet glaciers and ice streams play an important role in sea-level changes by control-
ling a significant amount of ice flux from the Antarctic and Greenland ice sheets (e.g.,
Bamber et al., 2000; Rignot et al., 2011; Moon et al., 2012; Enderlin et al., 2014). Re-
cent observations show that outlet glaciers can respond to external forcings on short
(annual to decadal) timescales that can be driven by different environmental changes,
e.g., in basal conditions, oceanic forcing, climate variations or ice-front position (Zwally
et al., 2002; Holland et al., 2008; Howat et al., 2008, 2010; Amundson et al., 2010;
Podrasky et al., 2012; Joughin et al., 2012, 2014).

On the other hand, it is often hard to identify the individual contribution of each pro-
cess to these changes (e.g., Joughin et al., 2012), because the feedback mechanisms
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within ice dynamics can lead to complicated response (e.g., Schoof, 2010; Hoffman
et al., 2011). Several studies show that including external forcings on short timescales
can have prominent effect on modeling the dynamics of certain outlet glaciers (Howat
et al., 2010; Vieli and Nick, 2011; Joughin et al., 2012; Nick et al., 2013; Gladstone
et al., 2014; Habermann et al., 2013; Enderlin et al., 2013a, b). Therefore, understand-
ing the sensitivity of outlet glaciers to external forcing on these timescales can improve
ice-volume projections, and their contribution to sea-level changes.

The main objective of this work is to investigate whether explicitly including short-
timescale variations in certain model parameters, rather than simply applying fixed
time-averaged values, will yield significantly different fast outlet-glacier behavior. Rather
than the cause and effect of specific processes, we are interested in analyzing the
sensitivity to changes in certain parameters that can be directly or indirectly caused by
different processes. To this end, we simplify the problem by only considering variations
in basal friction, ice hardness, accumulation rate, and sub-shelf melting.

The basal friction coefficient is considered to be representative of all the basal
changes on the grounded ice that are thought to modify the basal resistance. Changes
in thermo-mechanical properties of the ice are considered through variations in ice
hardness. Net accumulation rate, which is the difference between the accumulation and
ablation rates, represents the net surface mass balance. Finally, changes in oceanic
forcing is considered by applying sub-shelf melting.

The timescale of these forcings can vary from sub-annual to decadal (e.g., Howat
et al., 2008), therefore we apply perturbations on both annual and decadal timescales.
We also consider cases where perturbations are applied both individually and in combi-
nation, because multiple perturbations are likely to affect ice dynamics simultaneously.

The effects of cyclical perturbations are analyzed by mainly focusing on the dynamics
of the grounding line. Grounding-line (GL) migration has received considerable atten-
tion, because it plays a key role in the stability and long-term behavior of ice sheets,
specifically as a fundamental component of marine ice sheet instability (e.g., Weert-
man, 1974; Hindmarsh, 1996; Schoof, 2007, 2012). Numerous studies have analyzed
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the sensitivity of GL dynamics to various external forcings, e.g., buttressing (Dupont
and Alley 2005), sedimentation (Alley et al., 2007), oceanic warming (Walker et al.,
2008), orbital-scale climate cycling (Parizek et al., 2010), pinning points (Favier et al.,
2012), viscosity (Pattyn et al., 2012), basal friction (Pattyn et al., 2013) and tidal flexure
(Christianson et al., 2013).

We investigate whether ice dynamics exhibit asymmetries under advance and retreat
which can lead to a bias in GL migration, similar to the longer timescale behavior shown
by Parizek et al. (2010). We compare the time-averaged GL positions under cyclical
forcings to the reference configurations where the same parameter is kept constant
at the average value. We also analyze the change in volume above flotation which is
closely related to GL position, but directly affects the sea level.

Ice streams can have complicated bedrock geometries with downsloping and up-
sloping regions (e.g., Morlighem et al., 2014). Our purpose is not to model a specific
region, but to understand the effects of cyclical perturbations on systems with these
fundamentally different bedrock geometries, therefore we consider both downsloping
and upsloping bedrock geometries. Schoof (2007) has shown that in the absence of lat-
eral drag and lateral variations, marine ice sheets should have only discrete equilibrium
points on downsloping beds, and no stable equilibrium points on upsloping beds. Nu-
merical experiments by various models also confirmed this result in Marine Ice Sheet
Model Intercomparison (MISMIP) experiments (Pattyn et al., 2012). On the other hand,
when lateral drag (Dupont and Alley, 2005; Goldberg et al., 2009) or lateral variations
(Gudmundsson, 2013; Gudmundsson et al., 2012) are included, stable configurations
can be obtained. In this work we use a width-averaged parameterization of lateral drag
that would be present in a plan view or higher dimensional model (Dupont, 2004). For
both downsloping and upsloping cases, we choose our reference parameter values to
yield a steady-state, and then focus on the sensitivity of the GL positions to cyclical
perturbations around these reference configurations.
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2 Model description
2.1 Stress and mass balance equations

The fast-flowing outlet glacier dynamics are modeled using a one-dimensional width-
averaged version of the depth-integrated shallow-shelf stress-equilibrium equations
(MacAyeal, 1989; Morland, 1987), which are appropriate for sliding-dominant motion,
and given by

0, (4hvd,u) = 1, + 1, + p;gh0, . (1)

In Eq. (1) v is the velocity in the x-direction, A is the ice-thickness, and z; is the
surface elevation. Viscosity is given by

B 1-n
V= Elaxul " (2)

where B is the depth-averaged ice hardness parameter which is related to ice softness

by B = A’%, and where the Glen’s flow-law exponent is set to the commonly adopted
value of n = 3 (Cuffey and Paterson, 2010). A nonlinear basal drag is adopted on the
grounded part of the ice sheet, (e.g., Pattyn et al., 2012),

17, = Cpu'/™, where m = 3.

The lateral drag, is parameterized by half-width, W, and the lateral drag coefficient C,
(e.g., Dupont, 2004), such that

h
T = WCSU1/"

The mass balance is given by

0;h=-0,(uh)+a+b 3)
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where a is the net surface mass balance, which is the difference between the accumu-
lation and ablation rates, and b represents the sub-shelf melt rate.

At the upstream boundary, x =0, a fixed amount of flux is defined at all times
g(0,1) = qo- The ice thickness and velocity are allowed to vary accordingly. The stress-
equilibrium equations are solved at each time instant using the Dirichlet boundary con-
dition at the upstream boundary, u, = go/h(0,t), where h(x,t) represents the current
ice thickness at a point x and time £. At the downstream end, x = L, longitudinal stress
balance is prescribed by the depth-integrated ice-ocean pressure imbalance

4hvaxu=%(1 -&) W, x=L. (4)
2 w
The ice front position is fixed at x = L at all times, thereby neglecting variations in ice-
front positions which have been observed to markedly affect the ice dynamics (e.g.,
Vieli and Nick, 2011; Podrasky et al., 2012; Joughin et al., 2012).

Reference numerical values and description of parameters used in the experiments
are given in Table 1. Steady-state configurations corresponding to these values are
shown in Fig. 1. A finite-element model is implemented to solve the stress-equilibrium
and mass-balance equations using linear basis functions. GL position is determined
within a partially-grounded element using a linear interpolation of the hydrostatic-
balance equation for flotation. Basal friction is applied on the grounded portion, and
sub-shelf melting is applied on the floating portion of the partially-grounded element.
In all the experiments a fixed time step is used that is smaller than CFL condition and
allows stable integration of dynamics.

Although the sub-elemental parameterization of the GL improves the numerical per-
formance (Seroussi et al., 2014), numerous studies show that numerical difficulties
may still arise in implementing GL dynamics using a fixed grid (e.g., Vieli and Payne,
2005; Durand et al., 2009; Goldberg et al., 2009; Gladstone et al., 2010; Docquier
et al., 2011; Pattyn et al., 2012, 2013). To minimize the effects of such numerical is-
sues, we use uniformly-fine finite elements of length 0.25km. To illustrate that the GL

228

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

TCD
9, 223-250, 2015

A sensitivity study of
fast outlet glaciers

E. Aykutlug and
T. K. Dupont

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/223/2015/tcd-9-223-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/223/2015/tcd-9-223-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

behavior is robust to perturbations for the reference values chosen in this study, we
perturb the ice thickness £50 m from the reference steady-state positions, and let the
system approach steady state from less and more grounded positions. As shown in
Fig. 1, for both downsloping and upsloping geometries, the model is able to converge
to the same GL positions within an accuracy of less than 1073 km. (Please, also see
Sect. 2.2 for further comments on the selection of reference parameters.).

In this preliminary work, we only consider spatially-uniform perturbations on selected
parameters, neglecting spatially-varying transient forcing, (e.g., Enderlin et al., 2013b).
We also hold the ice-front position fixed, thereby neglecting variations in ice-front po-
sitions which have been observed to markedly affect the ice dynamics (e.g., Podrasky
et al., 2012; Joughin et al., 2012; Vieli and Nick, 2011). We leave an analysis which
includes such perturbations for future work.

2.2 Cyclical perturbations

In this section we explain the details on how the perturbations in basal friction coef-
ficient (Cy), ice hardness (B), net accumulation rate (4) and sub-shelf melting (b) are
applied. Although perturbations can be of various shapes, amplitudes and sizes, to
simplify the analysis we implement cyclical perturbations as a sinusoidal forcing func-
tion, for which the variations average out to zero around the mean. Each parameter
under consideration, Cy, B, a, and b, experiences a periodic perturbation around its

reference value by use of a sinusoidal function of the form

Prmax — Pmin sin z—ﬂt, (5)

t) = p°
plt)=p~ +a 5 T

where po, Pmin» Pmax> @nd p(t) represents the reference, minimum, maximum and the

current value of the parameter p respectively. The period, T, is set to either 7 =1

or T = 10years. The coefficient a is 1.57 so that the average effect of the sinusoidal

function over half a period is equal to that of a constant (square wave) perturbation of

magnitude (Pmax — Pmin)/2 Over the same period, as shown in Fig. 2a. In the remainder
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of this paper, when we refer to a percentage cyclical perturbation, we would be referring
to the average effect of that perturbation over a half period.

The magnitude of perturbation applied is selected differently on each parameter.
Various studies show that seasonal velocity changes in ice streams in Greenland can
range from 5% over the inland ice up to 20-40 % near the ice front (e.g., Hoffman
et al., 2011; Joughin et al., 2012). In some cases higher changes can be observed
(e.g. Joughin et al., 2014). We have chosen to apply a +£10% annual perturbation of
the basal friction coefficient,which leads to approximately 56 % and 36 % variations of
the ice-front velocity for the the downsloping and upsloping geometries respectively on
annual timescale. When same amount of perturbation is applied on decadal timescale,
the ice-front velocity changes are 48% and 28% respectively (Fig. 3). Applying the
same amount of perturbation on C, everywhere on the domain is likely to produce
variations on surface velocity larger than expected for the inland ice. Taking these two
considerations into account, the results on these perturbations could be taken as upper
bounds. Future work should address spatially non-uniform variations such that pertur-
bations vary from downstream to upstream.

We consider depth-averaged variations in B only due to changes in surface tem-
perature. In a three-dimensional model or a two-dimensional flow-line model, these
changes would be restricted to the layer near the surface. Because, we use a depth-
averaged model, this effect is (integrated) averaged in the vertical direction.Variations
of the surface temperature decrease exponentially with the depth in ice, (e.g., Eq. (9.8)
in Cuffey and Paterson, 2010). The seasonal temperature variations are around 20—
40°C in Antarctica and Greenland (e.g., Wexler, 1959; Comiso, 2000; Hall et al., 2013).
We use the solution to a simple heat diffusion problem for a 1000 m thick slab of ice to
find the depth-integrated average effect of +10° temperature variation on ice hardness.
Such a variation can be shown to lead to a roughly 0.15 % depth-averaged change in B
for a period of one year, and approximately 0.4 % change in B for a period of 10years.
Motivated by this fact, we apply £0.15 and +£0.4 % perturbation on B on annual and
decadal timescales respectively.
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The perturbations on accumulation rate is expected to vary significantly on short
timescales. Therefore, we apply £50 % perturbation on the net accumulation rate. Fi-
nally, changes in sub-shelf melting has shown to affect ice dynamics significantly (e.g.,
Dutrieux et al., 2014; Rignot et al., 2010). We use a relatively modest melt rate of
-1 myr‘1 (Rignot et al., 2013; Walker et al., 2008) and consider £50 % perturbation
around this reference value. We chose this melt rate to insure that the GL is robust
to perturbations and do not suffer from numerical issues from using a fixed grid, as
illustrated in Fig. 1. For example, when a reference configuration with a melt rate of
-2 myr‘1 for the upsloping geometry in Fig. 1b, the difference in GL positions that are
reached from more and less grounded positions are more than an element size when
the thickness is perturbed £50 m. Therefore, for a wider selection of parameters, future
work should either use higher order models or adaptive grid refinements.

3 Results and discussion

We start by applying cyclical perturbations on C,, B, a, and b annually. The results
show that although the forcing function in Eq. (5) is symmetric around the reference
value of each parameter, the GL migration need not be. Table 2 summarizes the de-
viations from the reference values of GL position and volume above flotation, as well
as the oscillations around the reference values. The reference values are compared
to the yearly-averaged values under cyclical forcing. The magnitude of deviations from
the reference configurations depend both on the parameter and the amplitude of the
perturbation applied.

When basal friction, C,, experiences +10 % perturbation on annual timescale, the
yearly-averaged GL position retreats over 0.4 km for downsloping geometry, and 1.0 km
for the upsloping geometry. On the other hand, when ice hardness, B, is perturbed
+0.15% on an annual timescale, the average GL retreat from the reference position is
negligible (in the order of 1073 km for both downsloping and upsloping geometries). The
deviations from the reference configuration are also negligible when sub-shelf melting,
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b, or net accumulation rate, a, experience annual perturbations. The perturbations on
& are similar to the ones in b, therefore from this point on, we will only focus on the
results from b.

The deviations for both B, and b lead to negligible perturbations, but for different
reasons. The perturbations on b did not lead to a significant bias from the reference
configuration even though the perturbations were large, £50 %. This implies that even
though the changes in sub-shelf melting has an important effect (e.g., Dutrieux et al.,
2014; Rignot et al., 2010), the modeled dynamics are not sensitive to fast oscillations
around the mean value of this parameter. On the other hand, the perturbations on ice
hardness, B, did not lead to a significant bias mainly because the amplitude of the
perturbations were small. If ice hardness were to experience a percent perturbation
similar in size to that of basal friction, the bias would also be of similar extent, but such
large perturbations on B would first need justification. In this paper, we only consider
changes in B due to atmospheric temperature changes. Including other physical pro-
cesses, e.g. damage (Borstad et al., 2013), could change this amount of perturbation
on B.

Ice sheets are likely to experience different external forcings simultaneously, there-
fore we next consider applying two perturbations in combination with various phase
lags (Fig. 2b). We apply eight different perturbations with phase lag of 7/4°, ranging
from 0 to 27, between C,, and other parameters. We only report the two cases that give
the lower and upper limits of GL bias as shown in Table 2. When +0.15 % perturbation
on B is applied in combination with the £10% perturbation on C,,, the average GL re-
treat is still the same, over 0.4 km, for the downsloping geometry. On the other hand,
for the upsloping geometry, when two perturbations are applied together, the average
GL retreat can change from 1.04 to 1.02 km or to 1.05 km depending on the phase lag.
Even though these changes are quite small, the effect of applying two perturbations
(C, and B) in combination is more than the linear sum of the individual effects (e.g.,
Parizek et al., 2013). Similarly, we applied perturbations on b with phase lags of 7 /4,
and report the values that give upper and lower limits in Table 2.
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The volume-above flotation (VAF) is closely related to the GL position, but the
changes in VAF directly reflect an outlet system’s contribution to sea-level change.
The changes in VAF under cyclical forcings are similar to the ones for GL. In Table 2
we compare the yearly-averaged VAF under cyclical forcing to the reference values.
Similar to the changes in GL position, the net amount of reduction in VAF depends
on the parameter and the perturbation applied. The nonlinearities in ice dynamics also
lead to nonlinear changes in VAF when the perturbations are applied in combination,
as shown in Table 2.

Table 3 summarizes the results when the perturbations are applied on decadal
timescale. While the results are qualitatively similar to those of annual experiments,
there are two main differences. First, the oscillations in decadal experiments are larger
because the perturbations are applied for 5years above and below the reference val-
ues, instead of 0.5 year. Second, the average amount of GL retreat and change in VAF
from the reference configuration is smaller compared to the annual results. The velocity
changes over one period at the ice front also shows smaller variation. These results
motivate that when considering perturbations not only the amplitude of the oscillations,
but also the timescale they are applied can play a role.

4 Sensitivity analysis of ice streams with different lengths and initial volume
above flotation

In the previous section, we have seen that only the cyclical perturbations on basal fric-
tion coefficient lead to a significant bias from the reference configurations. Therefore, in
this section we will only focus on these perturbations. We investigate how the sensitiv-
ity to a cyclical perturbation changes as an ice stream becomes closer to flotation, and
the perturbations are applied on longer ice streams. The values of the parameters used
for these experiments are listed in Table 4. For each reference configuration, we are
able to converge to the same GL position with an accuracy of +1072km when a £50m
perturbation was applied to the ice thickness and then subsequently removed.
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First, we consider whether ice streams of different lengths are affected similarly when
basal friction coefficient, C,, experiences cyclical perturbation. We consider three dif-
ferent ice stream lengths, L = 150, 175, 200 km. We start by selecting an influx value
for each L, such that the grounded part of the ice stream is approximately 100 km.
Therefore, the area that are affected by the the cyclical perturbations are approxi-
mately the same. Analyzing the deviations of the average GL positions, and percent
change in VAF, Fig. 5, show that, for longer ice streams, the cyclical effects are more
pronounced. For both downsloping and upsloping geometries the average GL retreat
and the decrease in VAF increases with L.

For downsloping geometry, the average GL retreat does not change significantly for
each case, where L is 150 km, 175 or 200 km. On the other hand, for the upsloping ge-
ometry, the average GL retreat increases to 1.9 and 3.4 km when L is 175 and 200 km
respectively, which shows greater sensitivity for upsloping beds.

Next, we examine how an ice stream responds to cyclical perurbations of C,, as
it becomes closer to flotation. For each case, L =150, 175 and 200 km, we chose
three different in-flux values, shown in Table 4, and apply cyclical perturbations starting
from the corresponding reference configurations. Figure 6a shows that for each L, the
effects of cyclical perturbations are more pronounced for smaller in-flux values, i.e.,
for ice streams that are closer to flotation. In each case, the change in GL and VAF
are measured relative to the initial values of the corresponding reference configuration.
For all three different lengths of ice streams, as the in-flux values decrease, both the
relative GL retreats and the relative decrease in VAF increases. Similar to the previous
results, upsloping geometry shows higher sensitivity.

Finally, to briefly investigate how the results scale with the size of perturbations on
C,, We repeated the experiments in Fig. 6a where basal friction coefficient experiences
5% perturbation instead of 10 %. Comparing the results in Fig. 6a to Fig. 6b, shows
that doubling the perturbations in C,, leads to approximately three to four times larger
changes in the average VAF retreat for these test cases.
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5 Conclusions

This paper analyzes the sensitivity of outlet glaciers to annual and decadal variations
of select parameters. We investigate whether there would be a bias in the ice dynam-
ics, despite the forcing function being symmetric around the reference values. Using
a heuristic finite-element model, our results qualitatively show that these fast variations
can have a non-negligible effect on ice dynamics under certain conditions. On shorter
timescales GL dynamics may exhibit asymmetric response, similar to the long (orbital)
timescale behavior shown by Parizek et al. (2010)

Consistent with previous studies, our results indicate that including variations in basal
conditions can lead to a difference in modeling the behavior of outlet glaciers and ice
streams. We also show that the effects are more pronounced for regions with upslop-
ing bedrock geometries compared to the downsloping beds. Finally, the results also
indicate that such short-timescale effects become more pronounced as ice streams
become closer to flotation.

Future work should consider parameterizing such short timescale variations, and
include a broader range of parameters, such as spatial variations (e.g., Enderlin et al.,
2013b), higher oceanic forcings (e.g, Walker et al., 2008; Rignot et al., 2010; Vieli and
Nick, 2011; Walsh et al., 2012), or changes in ice-front positions (e.g., Vieli and Nick,
2011; Podrasky et al., 2012; Joughin et al., 2012; Nick et al., 2013), which have been
shown to have prominent effects on ice dynamics.
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Table 1. Explanation and numerical values of nominal parameters for downsloping and upslop-
ing bedrock geometries.

1000

Parameter Description Value Units
0; ice density 917 kgm™®
O sea water density 1028 kgm™®
g gravitational acceleration 9.81 ms~2

L domain length 150 km
w domain half width 20 km
n Glen’s flow law exponent 3
m basal friction exponent 3
A nominal ice softness 33x107% Pa3s™"
downsloping bed 6 1o
Cs nominal lateral drag coefficient W . Ping 1.65x 106 Pam™3s3
upsloping bed 2.60x 10
) . downsloping bed 1.40 x 10° 11
Cy nominal basal drag coefficient ) s Pam73s3
upsloping bed 1.50x 10
. . . downsloping bed 0.20 1
a nominal net accumulation rate . ma
upsloping bed 0.02
. d loping bed _
b nominal sub-shelf melt rate owns.oplng © 1.0 ma™"
upsloping bed -1.0
d loping bed -2
do in flux rate owns.oplng © 55x 10_2 m2a"
upsloping bed 7.1x10
d loping bed —-400 — 3%
Zhed bedrock elevation owns.oplng © 1900 m
upsloping bed -1200 + 2%
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Table 2. Deviations from the reference steady-state grounding-line position after 3000 years,
when a parameter experiences an annual perturbation. The cyclical values, AGL, and AVAF,

are yearly averaged.

Parameter Average AGL, [km] Seasonal G.L. position AVAF %
Perturbation oscillations [km]
down. up. down. up. down. up.
only C, +10% -041 -1.04 0.22 0.50 -2.79 -4.31
only B +0.15% -0.00 -0.00 0.00 0.00 -0.0 -0.0
only a +50 % 0.00 -0.00 0.01 0.00 -0.0 -0.0
only b +50 % -0.00 -0.00 0.00 0.01 -0.0 -0.0
C,&B phase -041 -1.02 0.22 0.50 -279 -4.28
lag=0
C,&B phase -042 -1.05 0.23 0.51 -2.79 -4.33
lag=m
Cp,&b phase -041 -1.02 0.22 0.50 -2.78 -4.28
lag=3m/4
Cp &b phase -041 -1.05 0.22 0.51 -279 -434
lag=7m/4
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Table 3. Deviations from the reference steady-state grounding-line position after 3000 years,
when a parameter experiences a decadal perturbation. The cyclical values, AGL, and AVAF,

are decadally averaged.

Parameter Average AGL, [km] Decadal G.L. position AVAF %
Perturbation oscillations [km]

down. up. down. up. down. up.

only Cy, +10% -040 -0.77 1.89 3.84 -2.63 -3.18

only B +0.4 % -0.00 0.00 0.06 0.10 -0.00 0.01

only b +50 % -0.00 0.00 0.01 0.03 -0.00 0.00

only & +50 % -0.00 0.00 0.06 0.01 -0.00 0.00

C,&B phase -041 -0.82 1.84 3.90 -2.64 -3.23
lag=2m/4

C,&B phase -0.39 -0.73 1.94 3.81 -2.63 -3.10
lag=67/4

Co &b phase -0.40 -0.75 1.91 3.89 -2.63 -3.11
lag=2m/4

Co &b phase -040 -0.79 1.88 3.82 -2.64 -3.18
lag=67m/4
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Figure 1. Steady-state ice thickness and geometry in (a) downsloping, and (b) upsloping
bedrock geometry, when nominal (reference) values of parameters listed in Table 1 are used.
The cyclical experiments are initialized with these steady states. Grounding-line position af-
ter the ice thickness is perturbed £50m from the reference configuration, in (a) downsloping,
(b) upsloping geometry. In each case, the grounding line converges back to the same position

after perturbations are removed.
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Figure 2. (a) The sinusoidal perturbation applied on a parameter p, and the square-wave func-
tion that has the same cumulative perturbation each half of the period (7 =1 or T = 10 years).
(b) Normalized periodic perturbations in C,, and B applied with various phase lags applied in
combined perturbations. In phase (phase lag = 0°) and out of phase (phase lag = 180°) pertur-
bations are plotted in black solid and black dashed lines respectively.
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Figure 3. Ice-front velocity variations during cyclical perturbations applied on basal friction co-
efficient. The time axis is scaled by the period of perturbations. T represents 1 and 10 years for
the annual and decadal perturbations respectively. The plots are shown for both (a) downslop-
ing and (b) upsloping geometries. (a) The maximum to minimum velocity ratios are 56.6 %
and 48 % for the downsloping geometry under annual and decadal perturbations respectvely.
(b) Similarly for the upsloping geometry the change in velocity is 36 % and 28 % for annual and
decadal perturbations respectively.
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Figure 5. Changes in yearly averaged GL positions and volume above flotations are plotted for
(a) downsloping (b) upsloping bedrock geometries. For each case, a reference in-flux value is
chosen such that the initial grounded area approximately covers 100 km of grounded ice. As the
ice stream length increases, both the retreat in yearly averaged GL position, and the decrease

in VAF increases.
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Figure 6. Change in yearly averaged VAF are plotted for different influx values. The results
are shown for both (a) 10 % and (b) 5 % annual perturbation in C,,. For both the downsloping
and the upsloping geometries, as the in-flux values are reduced, i.e., the ice-stream becomes
closer to flotation, the relative decrease in VAF increases. The in-flux values that correspond to
different ice stream lengths are separated by dashed lines and marked by the corresponding Back
ice stream lengths.
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