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6 [1] Recent satellite-borne observations of Antarctica’s ice
7 streams show sudden, spatially confined surface-elevation
8 changes that are interpreted as caused by subglacial water
9 movement. Using a numerical model of idealized ice-stream
10 flow coupled to various simple treatments of subglacial bed
11 conditions, we demonstrate that ice-stream flow dynamics
12 significantly modulates the surface-elevation expression of
13 processes taking place at the ice-stream bed. This
14 modulation means that observed surface-elevation changes
15 do not directly translate to basal-elevation changes, e.g.
16 inflation or deflation of subglacial water pockets, of equal
17 magnitude and shape. Thus, subglacial water volume
18 change is not directly proportional to the area integral of
19 surface-elevation changes. Model results show that
20 ambiguities in interpretation of surface elevation changes
21 can be overcome with additional measurements, such as of
22 surface velocity change, and through development of
23 methodology designed to understand transfer of basal
24 change to surface change. Citation: Sergienko, O. V., D. R.

25 MacAyeal, and R. A. Bindschadler (2007), Causes of sudden,

26 short-term changes in ice-stream surface elevation, Geophys. Res.

27 Lett., 34, XXXXXX, doi:10.1029/2007GL031775.

29 1. Introduction

30 [2] Recent discoveries of sudden, meter-scale changes in
31 surface elevation over spatially compact areas of Antarcti-
32 ca’s ice streams made possible by various satellite-borne
33 instruments suggest the presence of previously unknown
34 sub-ice-stream lakes capable of rapid volume changes [Gray
35 et al., 2005; Fricker et al., 2007]. This suggestion motivates
36 the present study which examines how changes in basal
37 conditions associated with sub-ice-stream lake development
38 and discharge may influence surface elevation and velocity
39 of the ice stream. As demonstrated in previous work [e.g.,
40 Gudmundsson, 2003; Raymond and Gudmundsson, 2005],
41 the transmission of basal variability to the surface is non-
42 linear and complex. The patterns of surface change seen in
43 SAR interferometry or ICESat surface altimetry [Gray et
44 al., 2005; Fricker et al., 2007] are thus not necessarily
45 translatable to simple changes in sub-ice-stream lake extent
46 and volume without consideration of how this translation is
47 also affected by ice-stream dynamics.
48 [3] The well-known stress balances of ice-stream flow
49 [Van der Veen, 1987; Whillans and Van der Veen, 1997]

50prescribe how basal resistance, ~t, and surface elevation, S,
51are related via the gravitational driving stress. For exam-
52ple, where basal resistance is reduced, faster ice flow and
53mass transport cause the flow to reduce ice thickness,
54thereby reducing driving stress toward a new balance.
55Accumulation of subglacial water is a well known means
56to alter basal resistance. Accumulation and discharge of
57subglacial lakes also adds another complexity: the vertical
58movement of the lake ‘‘roof’’. When considering the
59causes of surface-elevation changes revealed by recent
60observations, it is thus reasonable to expect that changing
61basal resistance and lake roof elevation will combine to
62produce superimposed effects on the ice-stream surface
63elevation.
64[4] To aid in the interpretation of recent ice-stream
65surface elevation changes, we study the effects of three
66phenomena that may influence ice streams as a result of
67subglacial water movement: (1) lowering of the ice-stream
68base in association with lake roof deflation, and (2)
69decrease and (3) increase of basal resistance independently
70of lake-volume changes. We use a time-dependant model
71of ice-stream flow and mass balance to examine these
72three phenomena in a simple, idealized ice-stream-flow
73geometry.

742. Model Description

75[5] Our analysis is based on a finite-element model
76(finite-element mesh used in this study is shown in Figure
77S1 of the auxiliary materials)1 of two-dimensional, vertical-
78ly integrated ice-stream flow set in an idealized, rectangular
79domain G in the horizontal x, y plane. The domain dimen-
80sions are 250 km along flow and 100 km across flow, and
81the bed of the ice stream is inclined along the long axis of
82the rectangular domain, with a slope of 1 � 10�3 (Figure 1).
83To represent a compact region over which changes in basal
84conditions will be modeled, a 10-km diameter circular
85subdomain, Gc, is introduced at a centered location 100
86km from the inflow boundary (x = 0 km) and 50 km from
87the side boundaries (y = 0, 100 km).
88[6] The variables which the model determines include the
89two horizontal velocity components, u(x, y, t) and v(x, y, t)
90in the x and y directions respectively, and the ice thickness
91and surface elevation H(x, y, t) and S(x, y, t) = H(x, y, t) +
92B(x, y, t), respectively. Following common practice [e.g.,
93MacAyeal, 1989], the horizontal velocities are assumed to
94be independent of the vertical coordinate, and the stress-
95balance is assumed to be quasistatic, and thus independent
96of time, t. The ice is also assumed to be incompressible and
97to obey Glen’s flow law, described in the present study by a
98strain-rate dependent effective ice viscosity. The governing
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99 stress-balance equations used to solve for u and v as a
100 function of H(x, y, t) and S(x, y, t) are:
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104 where r = 910 kg m�3 is ice density, g = 9.81 m s�2 is the
105 acceleration due to gravity, n is the effective, strain-rate
106 dependent ice viscosity representing Glen’s flow law given
107 by
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108 where D = 1.68 � 108 Pa s1/3 is a vertically-averaged ice
110 stiffness parameter, n = 3 is the power-law flow exponent,
111 and tu and tv are x and y components of the basal
112 resistance, defined by

tu ¼ �T
uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p ;

tv ¼ �T
vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p ;

ð4Þ

113 and where T is a basal-resistance constant. Except within the
115 subdomain Gc, T is specified to be 10 kPa uniformly
116 throughout the domain G, a value that roughly reproduces
117 characteristic basal shear stress under fast moving ice
118 streams in West Antarctica [Joughin et al., 2004]. Equations
119 (3) and (4) express basal resistance as plastic basal reology.
120 Experiments with viscous basal rheology produce results
121 similar to ones presented here.

122[7] The governing mass-balance equation is

@H

@t
þ ~r � ~vHð Þ ¼ _Aþ _B; ð5Þ

123where ~r is the two-dimensional divergence operator. In the
125present study we assume no net ablation/accumulation at the
126surface and melting/refreezing at the base, thus the right
127hand side of equation (5) is zero in all experiments.
128[8] Boundary conditions on horizontal borders of G are
129specified to introduce a channel like flow that is simple and
130representative of typical ice-stream conditions. At the two
131side boundaries, y = 0, 100 km (see Figure 1), u and v are
132set to 0. At the upstream and downstream boundaries, no-
133jump conditions are specified for the vertically integrated
134forces in the x and y directions. The mass-balance boundary
135conditions are specified as follows. The ice thickness at the
136upstream boundary is constant H(x = 0, y) = 1400 m, mass
137flux at the two side boundaries at y = 0, 100 km is zero, and
138at the downstream, outflow boundary mass flux has no
139jump.
140[9] All model experiments are transient. Their initial
141conditions are steady-state configurations obtained by joint
142iterative solution of the stress-balance and mass-balance
143equations with the term set to zero in equation (5). The full,
144time-dependant model equations are run for a 10-year
145period to produce the results of each model experiment. A
14610-year period is chosen because this time scale is consis-
147tent with the period over which observations are made by
148the various satellite missions.
149[10] Throughout the 10-year period and at its end, ice
150velocity and surface elevation are compared with their initial,
151steady-state values.We compare ice-stream surface elevation,
152DS(x, y, t > 0) = S(x, y, t)� S(x, y, 0), and velocity magnitude,

153DV =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u x; y; tð Þ2þv x; y; tð Þ2
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1543. Model Experiments

155[11] The goal of the study is to assess ambiguities in the
156interpretation of ice-stream surface elevation changes in the
157simplest, most direct manner possible. Three experiments,
158denoted A, B and C, are designed for this purpose.

1593.1. Experiment A: Draining Lake

160[12] Experiment A, the ‘‘draining lake experiment’’, aims
161to simulate surface elevation changes produced by gradual
162reduction in sub-ice-stream lake volume, represented by the
163gradual drop-down of the lake roof. In this experiment, the
164basal resistance parameter T within the circular subdomain
165Gc is maintained at 0 kPa to determine the steady-state
166initial condition, and kept at 0 kPa for the time-evolution of
167the ice stream over the 10-year duration of the experiment.
168The choice of T = 0, both in development of the initial
169condition and after the lake discharges, allows separation of
170the effects of lowering ice-stream basal elevation (lowering
171lake roof) from the effects of changing basal resistance. To
172simulate the changing volume of the lake, the basal eleva-
173tion B within Gc held at the large-scale inclined value during
174the calculation of the steady-state initial condition, is
175gradually reduced during t > 0 with a rate 2 m yr�1 during
176first 5 model years and then is kept constant during next 5
177model years. To avoid sharp discontinuities, the reduction of

Figure 1. Idealized ice-stream geometry. Flow is directed
along the inclination of the basal plane. Subdomain Gc 2 G,
represents the location of basal condition perturbations
associated with subglacial lake drainage or changes in basal
resistance.
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178 B is a polynomial function of x and y such that the center of
179 Gc experiences a drop of 10 m and the edges of Gc

180 experiences a drop that is smoothed to 0 at the edge of Gc

181 (Figure 2b).
182 [13] Results of Experiment A, are presented in Figure 2.
183 In this experiment ice speed experiences little variations.
184 Maximum values of DV are 
0.9% (3.5 m yr�1) of the
185 initial velocity magnitude. As Figures 2d–2f show, the ice
186 surface mimics the ice base during first years of lake
187 drainage, but with a smaller rate of change. As the exper-
188 iment proceeds, the surface lowering rate decreases with
189 time. After two years of lake drainage, a dipole-like struc-
190 ture starts to develop, with zones of reduced elevation
191 upstream and increased elevation downstream of the sub-
192 domain Gc, respectively. This pattern continues to develop
193 over the 10-year duration of the experiment. This structure
194 in surface elevation change develops in response to changes
195 in slope at the upstream and downstream boundaries of Gc.
196 At the upstream end, where the ice bed has an additional
197 negative slope due to the initial drop of the lake’s roof, ice
198 starts to flow faster due to increased driving stress. As a
199 result of the local increase in mass transport, ice becomes
200 thinner and a depression is developed. An opposite situation
201 occurs at the downstream end: the initial ice bed change has

202a positive, downstream slope, that reduces local driving
203stress, makes the ice flow slower and induces an increase in
204the surface elevation to develop downstream of Gc (Figure
2052c). The characteristic pattern of ice-velocity changes is a
206dipole with increased velocity upstream and decreased
207velocity downstream. After the lake discharge is complete
208(at t = 5 years), the ice-stream surface reverses its change
209and starts to relax toward its initial state and eventually
210reaches it in 
20 years. It is noteworthy, that the maximum
211drop of surface elevation is 3.8 m, while the roof of the lake
212drops by 10 m. This difference serves as a reminder that it is
213impossible to estimate of water-volume loss from area
214integrals of the surface elevation change without consider-
215ation of ice flow effects.
216[14] Select cross-sections of DS both along and across
217the direction of ice flow (Figures 2d–2f) are used to
218simulate air-borne altimetry observations which sample
219ice-stream surface elevation along tracks. The experimental
220results show that analysis of only cross-sections B-B0 and C-
221C0 does not allow an accurate assessment of the spatial
222pattern of DS. This highlights the fact that limited sampling
223of DS patterns in the altimetry observations can yield
224misleading or inaccurate estimates of sub-ice-stream lake
225volume changes.

Figure 2. Experiment A: Ice-stream response to lowering ice base in the subdomain Gc, (a) DS (m) after 10 years; (b) ice
base profile at the end of the run; (c) DV (m yr�1) after 2 years; (d) DS (m) along the A-A0 cross section; (e) DS (m) along
the B-B0 cross section; (f) DS (m) along the C-C0 cross section. Cross-sections in Figures 2d–2f are shown every half of a
year, red curves are the first 5 years, blue curves are the second 5 years. Vertical lines outline the extent of Gc.
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226 3.2. Experiment B: Reduction of Basal Resistance

227 [15] Reduction in basal resistance is simulated by chang-
228 ing the basal resistance parameter T within the subdomain
229 Gc from an initial value of 10 kPa at t = 0 to 0 kPa for 0 < t
230 � 10 years. The initial condition is the steady-state config-
231 uration of the ice stream with the uniform basal resistance
232 parameter T = 10 kPa.
233 [16] Results of this experiment are shown in Figure 3. A
234 dipole with lower surface elevation upstream, and a higher
235 surface elevation downstream of Gc develops in response to
236 reduction of the basal resistance within Gc. The ice flowing
237 into Gc experiences less friction, flows faster (Figure 3b)
238 and increases mass transport, causing thinning and DS < 0
239 on the upstream side of Gc. At the downstream side of Gc,
240 the situation is the opposite: bed resistance is stronger, the
241 ice flows slower and mass transport is reduced. This results
242 in ice thickening, which produces DS > 0.
243 [17] Figures 3c–3e show surface elevation changes along
244 various lines during the 10-year model simulation. Cross-
245 sections taken along ice flow (Figure 3c) show development
246 of the dipole structure described above. Cross-sections
247 taken across ice flow show development of the surface-
248 elevation deflation (Figure 3d) upstream, and of the surface-
249 elevation inflation (Figure 3e) downstream of Gc. Magni-

250tudes of the surface elevation changes strongly depend on a
251magnitude of the basal resistance reduction. To assess
252sensitivity of the surface elevation to the magnitude of basal
253resistance reduction, we have performed a set of experi-
254ments with various background basal resistances �30, 10
255(present experiment), 1, 0.1 and 0.05 kPa, respectively. The
256corresponding maxima of surface elevation changes are
25712.4, 5.6, 2.3, 0.8 and 0.02 m, respectively.
258[18] Increase of the ice velocity magnitude is produced
259both immediately over the area with reduced basal resis-
260tance as well as over a much larger area both upstream and
261downstream of the subdomain Gc (Figure 3b). The maxi-
262mum ice-flow increase, DV, is produced over the subdo-
263main Gc, and is more then 50 m yr�1 (
15%) of the initial
264velocity magnitude (340 m yr�1).

2653.3. Experiment C: Increase of Basal Resistance

266[19] Experiment C simulates a circumstance opposite to
267Experiment B - a sudden increase in basal traction in a
268limited area - to emphasize the fact that DS of one sign
269observed in a limited region can be generated by either basal
270resistance change scenario. Real-world analogs for this
271simplified simulation can include melt-water refreezing to
272the ice base thereby hardening the underlying subglacial till.

Figure 3. Experiment B: Ice-stream response to a sudden reduction of basal resistance in the subdomain Gc, (a) DS (m)
after 10 years; (b) DV (m yr�1) after 2 years; (c) DS along the A-A0 cross section in Figure 3a; (d) DS along the B-B0 cross
section; (e) DS along the C-C0 cross section. In Figures 3c–3e cross sections are shown every half year and vertical lines
outline the extent of Gc.
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273 [20] In this experiment, the basal resistance parameter T
274 in the subdomain Gc is changed from an initial value of 10
275 kPa at t = 0 to 20 kPa for t > 0. As Figures 4a, 4c, and 4d
276 show, a dipolar structure inDS develops in response to such
277 a basal resistance variation. It is similar to that of Experi-
278 ment B but with opposite polarity: an uplifting zone
279 upstream and lowering zone downstream of Gc. As in the
280 experiment with reduced basal resistance, significant
281 change (reduction) in ice velocity magnitude is observed
282 over a large area (Figure 4b), with maximum change
283 associated with the subdomain Gc (where DV is 
50 m
284 yr�1(15%)).
285 [21] Results of a ‘‘real world’’ lake drainage experiment -
286 lowering of the lake roof followed by increase of its basal
287 resistance (combination of Experiments A and C) are
288 presented in Figure S2 of the auxiliary material. Surface
289 elevation response to the combined forcing is complex and
290 does not allow for making any conclusions about magni-
291 tudes of either the sub-ice-stream lake volume change or
292 basal resistance change.

293 3.4. Conclusions

294 [22] Surface elevation changes observed in all experi-
295 ments demonstrate the importance of ice-stream dynamics

296in defining the complexity of ice stream response to
297changing basal conditions. Three major conclusions can
298be drawn from this study. First, surface elevation changes
299could be caused by variations in basal traction as well as by
300changes in sub-ice-stream lake volume. Second, ice surface
301response to any of such changes is complex and does not
302directly inform an observer about either the nature or
303magnitude of those changes. Third, simultaneous measure-
304ment of surface velocity would help to distinguish between
305surface elevation changes due to basal traction effects and
306those due to subglacial lake volume changes.
307[23] Cross-sections of surface elevation changes obtained
308from the model experiments are designed to mimic the way
309ice-stream-surface elevation has been observed in satellite
310data. These cross-sections show that observed surface
311change [e.g., Gray et al., 2005; Fricker et al., 2007] is
312not a direct measure of the changing elevation of sub-ice-
313stream lake roof elevation. It is thus possible to misinterpret,
314for example, an observation of DS < 0 as signifying a
315reduction in lake volume, when in reality the observation
316may indicate a change (of either sign) of basal resistance.
317[24] One possible means of differentiating between lake-
318drainage events and events associated with changing basal
319resistance is to simultaneously observe ice velocity changes.

Figure 4. Experiment C: Ice-stream response to doubled basal resistance in the subdomain Gc. (a) surface elevation
change (m) after 10 years; (b) DV (m yr�1) after 2 years; (c) DS along the A-A0 cross section in Figure 4; (d) DS along the
B-B0 cross section; (e) DS along the C-C0 cross section. In Figures 4c–4e cross sections are shown every half year and
vertical lines outline the extent of Gc.
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320 There are clear differences in the spatial pattern of velocity
321 change in response to these two kinds of basal forcing. In
322 the case of a lake volume change, there is a dipole structure
323 of velocity change over the lake. In the case of the basal
324 resistance change, the velocity change is of one sign and is
325 distributed over an area that is significantly larger than the
326 area of basal change. Another distinctive feature is magni-
327 tude of velocity changes. In the case of lowering ice base it
328 is small (
0.9% of initial velocity). In the case of the
329 variations in basal resistance it is much larger (
15%) and
330 would be easily detected in repeated velocity measurements.
331
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