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Shear heating and weakening of the margins of West Antarctic

ice streams

Thibaut Perol,1 James R. Rice1,2

Ice streams are fast flowing bands of ice separated from
stagnant ridges by shear margins. The mechanisms control-
ling the location of the margins remain unclear. We use pub-
lished ice deformation data and a simple one-dimensional
thermal model to show that West Antarctic ice stream
margins have temperate ice over a substantial fraction of
their thickness, a condition that may control their width.
The model predicts a triple-valued relation between the
thickness-averaged lateral shear stress and the lateral shear
strain rate. Observed strain rates at the margins imply that
they support slightly less lateral shear stress than adjacent
ice within the stream. This requires enhanced basal resis-
tance near the margin. We suggest, in agreement with the
limited observations, the presence of a channelized drainage
system at the margin that reduces the pore fluid pressure at
the ice-till interface, thus increasing the shear stress acting
on the yielding Coulomb-plastic bed.

1. Introduction

A complete collapse of the West Antarctic Ice Sheet would
raise the global sea level by approximatively three to five me-
ters [Bamber et al., 2009; Vaughan and Spouge, 2002]. The
West Antarctic ice streams (figure 1) are responsible for the
lost of a large portion of this ice reservoir. They drain the
ice into the Ross Ice Shelf at speeds of hundreds of meters
per year, which is approximatively 2 to 3 orders of magni-
tude higher than the surrounding ice in the ridges [Shab-
taie and Bentley , 1987]. While the width of ice streams
may control the ice flow rate [Van Der Veen and Whillans,
1996], the mechanisms that select the location of the mar-
gins, and possibly allow them to migrate, are still uncertain.
Since multi-decadal variations of their net mass flow rate,
shown by Joughin et al. [2005], may have significant e↵ects
on global sea level, we investigate mechanisms that could
control the location of ice stream margins.

The West Antarctic ice streams are about 1 km thick,
active along hundreds of kilometers, are typically 30 to 80
km wide and have low surface slopes (⇠ 1.3⇥10�3) [Joughin
et al., 2002]. The ice flow is driven by a relatively small grav-
itational driving stress (⇠ 10 kPa) that is equilibrated pri-
marily through basal drag and laterally shear stressed zones
at the margins [Whillans and Van Der Veen, 1993]. How-
ever, ice streams are underlain everywhere by a Coulomb-
plastic bed with an extremely low yield strength (⇠ 1 to 5
kPa) due to a pore pressure in bed sediments that nearly
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equals the ice overburden pressure [Tulaczyk et al., 2000;
Kamb, 2001]. Hence, side drag provides most of the resis-
tance to the driving stress [Joughin et al., 2004]. At the
margins of the ice streams, localized intense shear straining
results in chaotic crevassing at the surface over few kilome-
ters [Harrison et al., 1998].

Due to surface crevasses, shear margins are di�cult re-
gions to access [Harrison et al., 1998], and temperature mea-
surements at depth are scarce. However, Clarke et al. [2000]
conducted a radar survey at a abandoned shear margin in
the Unicorn ridge and found di↵ractors in the ice sheet ex-
isting over 230m above the bed, interpreting them as evi-
dence for temperate ice. Additionally, theoretical models of
margins show that the shear heating concentration at the
boundary between temperate and frozen conditions at the
bed induces onset of internal melting. That implies tem-
perate ice extending up to a few hundred meters height
and a few kilometers width [Jacobson and Raymond , 1998;
Schoof , 2012; Suckale et al., 2014]. Suckale et al. [2014]
focused on Dragon margin of Whillans ice stream B2, show-
ing that a close match to the downstream surface velocity
profile [Echelmeyer et al., 1994] could be achieved only in
simulations which developed a large temperate zone within
the margin. Here we investigate a large set of West Antarc-
tic ice stream margins (map in figure 1), for which limited
data is available [Joughin et al., 2002] only as an averaged
marginal strain rate over ⇠ 2 km. Our results support the
hypothesis that shear margins coincide with the develop-
ment of temperate ice conditions.

If significant deformation-induced meltwater is generated
at the margin, a basal channelized drainage operating a
low water pressure [Röthlisberger , 1972; Weertman, 1972]
may develop. Such channel lowers the pore fluid pressure at
the base of the ice sheet in its vicinity. This increases the
yield strength of the plastically deforming bed in the mar-
gin, which can limit ice stream widening as shown by Schoof
[2004, 2012].

2. Model set up

Here we develop a model that leads us to infer temperate
ice at the margins of nearly all West Antarctic ice streams.
We apply our model to the margins of the sixteen trans-
verse velocity profiles for ice streams reported by Joughin
et al. [2002] and located in figure 1. Profiles beginning with
the letter T are made at the tributaries of ice streams. For
each profile, Joughin et al. [2002] provide the ice sheet thick-
ness H, as extracted from a Digital Elevation Model [Lythe
and Vaughan, 2001] and reported in table 1, as well as a
thickness-averaged lateral shear stress. From the creep pa-
rameter they used, we invert for the shear strain rates �̇lat
(transverse derivative of the downstream velocity) that were
measured at the margins, as averaged over ⇠ 2 km width
(see table 1).

We consider an ice stream cross-section perpendicular to
the direction of downstream flow. The ice stream is flow-
ing in the downstream direction x, y is transverse to the
flow and positive outward from the stream center, and z is
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Figure 1. Surface velocity of West Antarctic ice streams, modified from Le Brocq et al. [2009]. Velocity contours shown
are 25 m.yr�1 (thin line) and 250 m.yr�1 (thick line). Joughin et al. [2002] made profiles represented by brown lines and
named in the brown ovals. The black star indicates the location of a borehole made at one shear margin of Kamb IS
by Vogel et al. [2005].

the vertical coordinate, positive upward from the base of
the ice (figure 2). The velocity components aligned with the
(x, y, z) coordinates are (u, v, w). We define the lateral shear
stress on vertical planes through the ice sheet oriented par-
allel to the flow as ⌧lat = �⌧xy and the basal shear stress as
⌧base = ⌧xz. This ice stream is driven by a gravitational driv-
ing stress ⌧grav = ⇢icegH sin↵ where ⇢ice is the ice density,
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Figure 2. Sketch of the geometry assumed in this paper.

g the gravitational acceleration, H is the ice sheet thickness,
and the surface slope sin↵ measures the downward inclina-
tion of the slab. We consider a laterally constant thickness
H and neglect any variation in net axial force in the sheet
(see Whillans and Van der Veen [1997]). A force balance at
a distance y from the center of an ice stream shows that the
thickness-averaged ⌧̄lat increases with distance y from the
center, ⌧̄lat(y)H = (⌧grav � ⌧̄base) y, where ⌧̄base is the basal
resistive stress averaged over the width y. The lateral strain
rate �̇lat transverse to the downslope direction, as predicted
by Glen’s law (�̇lat = 2A⌧̄3

lat where the “engineering” shear
strain rate is �̇lat = �2✏̇xy), increases as ⌧̄3

lat. Hence �̇lat
scales as y3 when we consider ⌧base to be uniform. Then,
the heating work rate ⌧̄lat�̇lat associated with the lateral
deformation increases as ⌧̄4

lat, and hence, is roughly propor-
tionally to y4. With increasing y that becomes a significant
heat source within the ice sheet and must ultimately induce
internal melting (i.e., temperate ice) far from the center of
the stream, if some process does not limit stream expansion.

The steady state temperature distribution T within an
ice sheet is governed by

⇢iceCi (~v ·r)T = r · (KrT ) + 2⌧E ✏̇E , (1)

where the ice specific heat is Ci, the ice velocity vector is ~v,
the thermal conductivity is K, the e↵ective shear stress ⌧E
is defined as the second invariant of the deviatoric stress
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tensor ⌧2
E = ⌧ij⌧ij/2, the e↵ective shear strain rate ✏̇E

is equal to the second invariant of the strain rate tensor
✏̇2E = ✏̇ij ✏̇ij/2. At the margin, the in-plane strain rate com-
ponents are two orders of magnitude lower than the anti-
plane strain rates [Echelmeyer and Harrison, 1999]. There-
fore the shear heating 2⌧E ✏̇E reduces to the work associated
with anti-plane deformation of the ice ⌧lat�̇lat. Rewriting
in a one-dimensional (1D) approximation, T = T (z), the
equation governing the vertical temperature distribution in
a column of ice at the margin is

d
dz

⇣
K

dT
dz

⌘
� ⇢iceCiw

dT
dz

+ ⌧lat�̇lat = 0, (2)

where w is the vertical (z direction) component of ~v. The
1D approximation ignores lateral heat flux in the ice col-
umn. We discuss the role of transverse influx of colder ice
from the ridge zone and margin migration (observed by Har-
rison et al. [1998] and Echelmeyer and Harrison [1999] at
Dragon margin) in the discussion section.

We assume that the strain rate is uniform over
depth [Echelmeyer et al., 1994; Scambos et al., 1994]. This is
untenable where the ice sheet is frozen to the bed but a more
acceptable assumption within the shear margin. Therefore
the local volumetric rate of internal heat production in the
ice column is

⌧lat(�̇lat, T ) �̇lat = 2A(T )�1/3
⇣
�̇lat
2

⌘4/3

. (3)

The temperature dependence of the creep parameter, ther-
mal conductivity K and specific heat Ci are treated explic-
itly using the functions proposed by Cu↵ey and Paterson
[2010] that follow results from field analyses and laboratory
experiments. We adopt the vertical linear advection profile
w(z) = �a z/H, where a is the accumulation rate at the top
of the ice sheet. This was suggested by Zotikov [1986] and
is commonly used in the glaciology literature (e.g., Joughin
et al. [2002, 2004]; Jacobson and Raymond [1998]; Suckale
et al. [2014]). A reasonable range in the region studied here
is a = 0.1 to 0.2m.yr�1 [Giovinetto and Zwally , 2000; Spikes
et al., 2004].

The governing equation of our 1D thermal model becomes

d
dz

⇣
K(T )

dT
dz

⌘
+ ⇢iceCi(T )

az

H

dT
dz

+ 2A(T )�1/3
⇣
�̇lat
2

⌘4/3

= 0.

(4)

We assume a bed temperature at the pressure-dependent
melting point Tmelt following Hooke [2005], and a represen-
tative annual average atmospheric temperature Tatm = �26
�C at the surface [Giovinetto and Zwally , 2000].

Evaluating the creep parameter A and the thermal prop-
erties K and Ci at an ‘average’ column temperature Tavg =
(Tmelt+Tatm)/2 we find an analytical solution for the verti-
cal temperature profile (derivation in the supporting infor-
mation),

T (z) = Tmelt + (Tatm � Tmelt)
erf

hp
Pe/2 (z/H)

i

erf
hp

Pe/2
i (5)

�⌧lat�̇latH
2(K Pe)�1

"Z 1

0

⇥
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�
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�⇤
⇥
2�

p
1� �
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�
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⌘

erf
⇣p

Pe/2
⌘

Z 1

0

[1� exp (��Pe/2)]⇥
2�

p
1� �

⇤ d�

#
,

with the Péclet number Pe = aH/[K/(⇢iceCi)]. This re-
duces to the solution already found by Zotikov [1986] when
ignoring the shear heating rate ⌧lat�̇lat. Unlike Zotikov
[1986], equation (5) predicts temperatures in excess of melt-
ing at the base of ice stream margins due to the heat induced
by shear (see supporting information).

Because the ice temperature cannot be greater than the
melting point, we refine the thermal model capping the tem-
perature at the melting point,

d
dz

⇣
K(T )

dT
dz

⌘
+ ⇢iceCi(T )

az

H

dT
dz

(6)

+
⇥
1� Ĥ(T � Tmelt)

⇤
2A(T )�1/3

⇣
�̇lat
2

⌘4/3

= 0,

with Ĥ ⌘ Heaviside function, like in the formulation
by Suckale et al. [2014]. Equation (6) assumes that all
the shear heating generated in temperate ice is absorbed
as latent heat to produce meltwater that is steadily evac-
uated. Mathematically, this problem takes the form of a
free boundary problem in one dimension. The equation is
solved subject to boundary conditions T (z = H) = Tatm

and T (z = 0) = Tmelt. We denote by H 0 the thickness
of temperate ice. We solve this model numerically using
Runge-Kutta methods and shooting techniques to calculate
the fraction of the ice sheet that is temperate, H 0/H.

3. Temperate ice at the margins of West

Antarctic ice streams

We find that six margins of the seven active ice streams
(excluding the inactive Kamb) are at a level of strain rate
at which internal melting occurs (see ratio H 0/H in ta-
ble 1). The temperature profiles predicted by equation (6)
are shown in figure 3. The strain rate level measured at
Bindschadler ice stream (0.058 yr�1 at the margins of pro-
file D) is not enough to melt a portion of the 888m ice
thickness, although our model predicts onset of melting (i.e.,
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Figure 3. Temperature profiles at the margins of the ice
stream profiles located in figure 1 and found by solving
numerically equation (6) with temperature-dependent ice
properties. Most of them imply a substantial thickness
of temperate ice adjoining the bed.
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Table 1. Ice sheet thickness H and shear strain rates �̇lat at the margins of the profiles located in figure 1 [Joughin et al., 2002].
Temperate ice height fractions H0/H are predicted by our 1D thermal model, equation (6), for a = 0, 0.1, and 0.2m.yr�1.

Ice Stream Profile H (m) �̇lat (10�2.yr�1) H0/H (%) H0/H (%) H0/H (%)
a = 0m.yr�1 a = 0.1m.yr�1 a = 0.2m.yr�1

Mercer A 1242 4.2 23 9 0

Whillans WB1 1205 7.0 43 39 32
WB2 985 9.5 43 39 34

W Narrows 846 13.5 47 45 42
W Plain 735 5.1 0 0 0
TWB1 2188 3.8 54 50 43
TWB2 1538 4.0 36 26 10

Kamb C 1805 1.0 0 0 0
TC1 1802 1.4 0 0 0
TC2 2196 0.9 0 0 0

Bindschadler D 888 5.8 11 0 0
TD1 1952 2.5 32 16 0
TD2 1412 5.4 43 37 29
TD3 1126 2.2 0 0 0

MacAyeal E 916 8.1 32 26 16
TE 1177 5.5 32 23 10

H 0/H = 0+) for a 5% increase in strain rate to 0.061 yr�1.
In fact the upper confidence limit of strain rate measured
by Joughin et al. [2002] corresponds to H 0/H = 7%. Also,
the maximum strain rate observed at the southern shear
zone increases by ⇠ 280% to 0.16 yr�1 only 30 km down-
stream [Scambos et al., 1994]. For a comparable ice thickness
to what has been measured at profile D, that level of strain
rate would melt 53% of the ice sheet thickness according to
our model. The margins of profile W Plain, located further
downstream than any other profile on Whillans ice stream,
are not predicted to be temperate. However, at this location,
the ice stream is extremely flat and wide, possibly making
its characteristics di↵erent from other West Antarctic ice
streams [Bindschadler et al., 2005].

We find that five margins of the six active ice stream
tributaries (excluding the dormant Kamb) reach the melt-
ing point so that H 0/H � 0 (table 1). The model does not
predict temperate ice at the margins of Kamb ice stream
tributaries. This is not surprising since the ice flow does not
have the characteristics of streaming flow (e.g., it has a low
marginal strain rate, approximately 0.01 yr�1).

We conducted a sensitivity analysis of the model. We dis-
play H 0/H in table 1 in the case of zero vertical advection
– corresponding to when the downslope stretching matches
the transverse compression – and for a doubled accumula-
tion rate, a = 0.2 m.yr�1. Predictions of temperate ice at
the margins are found for the range of accumulation rates
considered.

4. Triple-valued lateral shear stress law

Now we examine the lateral shear stress carried by a mar-
gin that is temperate and describe a hypothesis for the role
of marginal temperate ice on ice stream dynamics. The av-
erage lateral shear stress over the ice sheet thickness ⌧̄lat,
neglecting any porosity e↵ect on strength in the temperate
region, is

⌧̄lat =
1
H

Z H

0

A(T (z))�1/3dz
⇣
�̇lat
2

⌘1/3

. (7)

Our thermal model sets the temperature profile T (z). For a
givenH, equation (7) implies a triple-valued relationship be-
tween ⌧̄lat and �̇lat. In a certain range of shear stress, three
values of shear strain rate correspond to the same value of

shear stress (figure 4). The shear stress increases with in-
creasing strain rate before onset of melting. Once the work
associated with lateral deformation of ice is su�cient to melt
the ice at the base (H 0/H > 0), ⌧̄lat decreases due to ther-
mal softening. For larger strain rates, strain rate hardening
becomes dominant and ⌧̄lat then increases with �̇lat. We find
such a triple-valued law for H > 300m with an accumula-
tion rate of 0.1m.yr�1 and H > 200m with a = 0.2m.yr�1.
Since H > 800m for all West Antarctic ice streams, we ex-
pect a triple-valued law in general. We perform simulations
using the thicknesses listed in table 1 and display nine of
the sixteen profiles such that the thicknesses used for the
simulations span the entire range of H (figure 4). Most of
the West Antarctic ice stream margins experience a level of
straining at which we predict the side drag to sit in the re-
gion of locally reduced shear stress due to thermal softening.
When entering the margin the column of ice supports lower
stresses than at the peak stress associated with onset of a
temperate zone.

A force balance of an ice stream that ignores transverse
variation of ice thickness and variation in net axial force in
the sheet [Whillans and Van Der Veen, 1993] gives

⌧grav � ⌧base = H
d⌧̄lat
dy

= H
d⌧̄lat
d�̇lat

d�̇lat
dy

. (8)

The gravitational driving stress is assumed uniform. Data
for profiles D [Scambos et al., 1994] and WB2 [Echelmeyer
et al., 1994] show that d�̇lat/dy is strongly positive over 4
km bands near the margin whereas d⌧̄lat/d�̇lat < 0 (fig-
ure 4) over some of that �̇lat range. That implies a local
basal strengthening (with ⌧base > ⌧grav locally). For a lo-
cally uniform ⌧base, integration of equation (8) over y shows
that a lateral shear stress drop of �⌧̄lat = �2 to �5 kPa
over a distance � ⇡ H in the margin corresponds to a high
basal shear stress ⌧base = ⌧grav ��⌧̄lat H/� ⇡ 12 to 15 kPa,
assuming a typical gravitational driving stress of 10 kPa for
West Antarctic ice streams [Joughin et al., 2002].

We hypothesize that bed strengthening in the margin is
related to the development of a channelized drainage oper-
ating at low water pressure [Röthlisberger , 1972; Weertman,
1972]. Such is supported by the observation of a 1.6m water-
filled cavity [Vogel et al., 2005] between the bottom of the
ice sheet and the bed at the margin of Kamb ice stream
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Figure 4. Triple-valued lateral shear stress (solid line) and temperate fraction of the ice sheet thickness (dashed line)
versus shear strain rate. Simulations are performed for the profiles listed in table 1 using their corresponding thicknesses
(ordered by increasing H here). We also indicate the shear strain rate measured by Joughin et al. [2002] at the margins
(black crosses with error bars).

(borehole location indicated by a star in figure 1), and is
a plausible consequence of liquid production in the deform-
ing temperate regions predicted here. The reduced pore
pressure, due to the presence of a channelized drainage, in-
creases the shear strength ⌧base of the till in its vicinity and
provides a local strengthening of the bed consistent with the
enhanced ⌧base implied by equation (8).

5. Discussion

Surface crevassing at ice stream margins provides a fur-
ther link between deformation and internal heating. Harri-
son et al. [1998] used thermistors frozen into boreholes to
measure ice temperature in the upper half of the ice sheet
at ten locations in the vicinity of the southern margin of
Dragon margin. They showed that the cold winter air pool-
ing in the crevasses makes the margin ⇠ 10�C colder than
the adjacent uncrevassed ridge and stream over the first
thirty meters depth. The temperature-depth profiles show
that at intermediate depths the ice temperature is no longer
influenced by surface crevassing, and below a depth of 150m
the ice temperature within the margin is higher than the
temperature in the ridge.

Cold air cools the top of the ice sheet and hence, strength-
ens the ice. However, a heavily crevassed margin supports
lower lateral stresses at the surface. A cracked material is
mechanically softer and forces the lower portion of the mar-
gin to support larger stresses. Shear heating focuses in the
lower portion of the margin and raises the temperature pro-
file predicted by our thermal model. Future work will be

needed to address the e↵ect of crevasses on the margin tem-
peratures.

While our model operates at steady state, which requires
time for the ice to warm due to shear heating, there are infer-
ences of migration of Dragon margin [Echelmeyer and Har-
rison, 1999] based on repeated measurements of the surface
velocity profile. Although their study does not consider the
e↵ect of the gradual opening and rotation of the crevasses
on the time evolution of the velocity profile, Echelmeyer
and Harrison [1999] estimated a migration rate of approxi-
mately ten meters per year. In addition, they showed obser-
vations of lateral inflow of ice from both the stream and
the ridge into the margin. A simplified scaling analysis
gives an ice resident time at the margin of approximately
tres = ⇢iceCiH

2/K = 104 yr while Harrison et al. [1998]
argued more likely for half a century. Both the steady state
assumption and the lack of lateral heat flux are restrictions
of our 1D thermal model that may overestimate the thick-
ness of temperate ice. Our model, however, has reasonable
agreement with the 2D model developed by Suckale et al.
[2014] (see their figure 7 for a comparison) that includes
lateral heat flow. However, if the migration is at first out-
ward and then inward the resident time of the ice inside the
shear margin would become more important and our esti-
mated temperature profiles more realistic. This is consis-
tent with the observation of a complex deformation history
that occurred over the last few hundred years at Dragon
margin [Clarke et al., 2000]. Furthermore, Suckale et al.
[2014] found it impossible to closely match the ice deforma-
tion data when incorporating significant lateral advection of
ice in their model.
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6. Conclusion

We present simple thermo-mechanical models of the West
Antarctic ice streams that suggest that their margins coin-
cide with the development of temperate ice conditions within
the ice sheet. We show that when the ice deformation-
heating work at the margins is incorporated in a 1D ver-
tical heat transfer analysis (as in Zotikov [1986]), the re-
sult typically predicts temperatures in excess of the melting
temperature. We, thus, produce a still 1D, but more re-
fined thermal model of the margins, with a full temperature
dependence of ice properties and allowing for a temperate
zone adjoining the bed. Using published ice sheet deforma-
tion and thickness data [Joughin et al., 2002], this model
predicts that most margins of the active West Antarctic ice
streams are in a state of partial melt, with temperate ice
being present over a fraction of the ice height.

Our thermal model of the margins implies a triple-valued
relationship between the average lateral shear stress sup-
ported by a column of ice and the lateral shear strain rate.
A temperate margin supports less lateral shear stress than
the adjacent, not yet temperate, ice of the more rapidly
moving stream and, hence, the basal resistance is enhanced
near the margin. We suggest that the subglacial drainage
system at the margin increases the basal shear strength and
may be a primary factor limiting lateral expansion of the
stream.
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Introduction This Supporting Information includes the mathematical derivation of the

analytical solution to the 1D thermal model considering temperature-independent ice

properties and the temperature profiles of the West Antarctic ice stream margins predicted

by this solution.
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Analytical solution of 1D thermal model for temperature-independent ice

properties

To solve

K
d2T

dz2
+ ⇢iceCi

az

H

dT

dz
+ ⌧lat�̇lat = 0, (1)

we define G = (dT/dz), ⌘ = (z/H)2, S = ⌧lat�̇lat and Pe = ⇢iceCiaH/K, the Péclet

number. Then, the previous equation reduces to,

2K
dG

d⌘
+ ⇢iceCiaHG = �SH

p
⌘
, (2)

and integration gives,

G = G
0

exp(�Pe z2/2H2)

� S

K

Z z

0

exp
h
�Pe(z2 � z̃2)/2H2

i
dz̃, (3)

with G
0

= (dT/dz)z=0

. We integrate the latter relation using T (z = 0) = Tmelt and find

T (z) = Tmelt +
r

⇡

2Pe
HGo erf

0

@

q
Pe/2 z

H

1

A

� S

K

Z z

0

Z ẑ

0

exp
h
Pe(z̃2 � ẑ2)/2H2

i
dz̃dẑ. (4)

Using polar coordinates in the integrations in the ẑ, z̃ plane, the analytical temperature

distribution along the z-axis is

T (z) = Tmelt +
r

⇡

2Pe
HGo erf

0

@

q
Pe/2 z

H

1

A

� SH2

K Pe

Z ⇡/4

0

1� exp
⇣
�Pe cos(2✓)

2 cos

2
(✓)

z2

H2

⌘

cos(2✓)
d✓. (5)

Rewriting the latter integral, the temperature profile along the z-axis is

T (z) = Tmelt +
r

⇡

2Pe
HG

0

erf
✓q

Pe/2
z

H

◆
� SH2

K Pe

Z
1

0

1� exp (��Pez2/2H2)

2�
p
1� �

d� (6)
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and G
0

is found matching the second boundary condition T (z = H) = Tatm,

G
0

=
2
q
Pe/2

p
⇡H erf

⇣q
Pe/2

⌘

 

Tatm � Tmelt

+
SH2

K Pe

Z
1

0

1� exp (��Pe/2)

2�
p
1� �

d�

!

(7)

This gives the solution written in equation (5) of the main paper

T (z) = Tmelt + (Tatm � Tmelt) erf
q

Pe/2 (z/H)
�
/ erf

q
Pe/2

�
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2(K Pe)�1
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1

0
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d� (8)
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◆
/ erf
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◆ Z
1

0

[1� exp (��Pe/2)] /
h
2�

p
1� �

i
d�

#

.

Temperature profiles at the margins of West Antarctic ice streams predicted

by the analytical solution for temperature-independent ice properties

We consider a set of six active ice stream profiles (A, WB1, WB2, W Narrows, D, E).

Using a value of 0.1 m.yr1 for the accumulation rate [Giovinetto and Zwally , 2000; Spikes

et al., 2004], and the ice sheet thickness H and shear strain rate �̇lat from table 1 of

the main paper we find that the lower part of the temperature profiles at the margins

predicted by equation (8) have temperatures in excess of the melting point (see figure 1).

References

Giovinetto, M., and H. Zwally, Spatial distribution of net surface accumulation on the

antarctic ice sheet, Ann. Glaciol., 31, 2000.

Spikes, V. B., G. S. Hamilton, S. A. Arcone, S. Kaspari, and P. A. Mayewski, Variability

in accumulation rates from GPR profiling on the West Antarctic plateau, Ann. Glaciol.,

39, 2004.

D R A F T March 29, 2015, 4:28pm D R A F T



PEROL ADN RICE: THERMAL WEAKENING OF ICE STREAM MARGINS X - 5

−20 −10 0 10 200

200

400

600

800

1000

1200

H
ei

gh
t (

m
)

Temperature (°C)

A
WB1

WB2

E
D

W Nar.

a=0.1 m/yr

Unrealistic 
temperatures

Figure 1. Analytically predicted (equation (8)) temperature profiles for temperature-

independent ice properties at the margins of ice streams, showing unacceptable T > Tmelt. The

parameters for each profile are in table 1 of the main manuscript.
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