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ABSTRACT. Assessment of the effect of the Antarctic ice sheet on sea level requires an
accurate determination of its current state of balance. This is usually done by comparing
the ice net accumulation for an area with the net outward flow of the ice. To obtain the net
outward flux to better than 20% accuracy the relationship between the column-integrated
ice flux and measurements of ice-sheet thickness and surface velocity must be considered.
That relationship is summarised by the ratio of depth-averaged velocity V to surface
velocity V; In areas where ice sliding can be neglected, this ratio strongly reflects the rheo-
logical properties of the ice and depends on the shear strain-rate profile through the ice
column, which is influenced by profiles of stress, temperature and ice-crystal fabric,

We present calculations of V'/V from a flowline model of a hy pothetical large ice sheet
to demonstrate how development of an anisotropic ice-crystal fabric can influence the
depth profile of horizontal velocity. The temperature dependence of ice rheology, com-
bined with typical ice-sheet temperature profiles, yields a more block-like velocity profile
with V/V} increasing to values in the range 0.89-0.96 from the isothermal rheology value
of 0.8. Our results show that the onset of enhanced shear flow with increasing shear strain,
as a consequence of anisotropy, and then a reduction of enhancement nearer the bedrock,
can modify the velocity profile, giving V/V; values typically in the range 0.86-0.91.
Smaller values than these may also occur for rougher bedrock or thinner ice.

INTRODUCTION remote sensing, and with more accurate measurements of
surface velocities, the ratio A becomes one of the major re-
maining uncertainties in comparing balance fluxes with ac-
tual fluxes. For example, in the study by Budd and Warner
(1996), comparison of balance fluxes based on topography
derived from satellite radar altimetry (Bamber, 1994) with
observations for coastal regions of Wilkes Land, East Ant-
arctica (Hamley and others, 1985), implies a 9% positive im-
balance for A = 0.87, or balance for A = 0.95.

In regions where ice flows by internal deformation, the

Antarctic mass balance is one of the most important compo-
nents controlling global sea level. The assessment of the
effect of the ice sheet on sea level requires an accurate deter-
mination of its current state of balance, which requires esti-
mates of ice-accumulation rates and observations of ice flow.
Balance fluxes, representing the ice flow that would corres-
pond to a steady-state ice sheet, can be calculated easily
from ice-accumulation distributions and ice-sheet surface ) : : S
topography (Budd and Warner, 1996). To decide if the ice ratio A reflects the CDmPllC&lCd I'hEOlOgY of'ice, and is influ-
sheet is locally in a state of positive or negative mass budget,
these balance fluxes must be compared with actual ice
fluxes. The accurate determination of the actual flux

Fy = AV,D (1)

Table 1. Ratios of depth-averaged velocities to surface
velocities from boreholes on Law Dome, East Antarctica,
and from Dye 3 borehole in Greenland

involves measurements of ice thickness (D) and ice-surface
velocity (V5), and an estimate of the ratio (A) of depth-aver-

aged velocity (V) to surface velocity. Direct measurements fce core A Lee thickness — Height above bedrack of
of A or V are not usually available. Examples of A from the Yol S et
logging of several boreholes from Law Dome, East Antarc- m m

tica, and from Dye 3, Greenland, are presented in Table 1.

The value for Dome Summit South (DSS) is from Morgan DSS 074 1200 180

and others (1998), and the other values are calculated from SGF 0.67 385 140
published velocity profiles: SGF from Russell-Head and BHC-| 0.78 804 76

Budd (1979), BHC-1 and BHC-2 from Etheridge (1989) and g - P o

Dye 3 from Hansen and Gundestrup (1988).
As the representation of Antarctic ice accumulation con- ) . ) o )
tinues o improve L ground coverage and Notes: At the ]_.).‘:b borehole there is a sharp spike in strain rate as well as a
3 s o . . broad maximum; see Morgan and others (1998) for details. For BHC-1
from hlgher-resolutlon atmospherlc circulation models, and BHC-2, where there is basal sliding, the ratio V/V; is presented for
with improved ice-surface topography based on satellite just the deformation part of the velocity profile.
https://doiﬁjaﬂ 0.3189/1998A0G27-1-194-200 Published online by Cambridge University Press



https://doi.org/10.3189/1998AoG27-1-194-200

Wang and Warner: Ice rheology, velocity profiles and ice-sheet mass balance

enced by the depth profiles of stress, temperature and ice-
crystal fabric,

The present work is part of a long-term project to incor-
porate into ice-sheet models the enhanced ice flow which
arises from the development of anisotropic ice-crystal fab-
rics compatible with the flow conditions.

We present calculations of A from an idealised flowline
model of a large ice sheet to demonstrate the effect of aniso-
tropic rheology on strain-rate and velocity profiles. We have
incorporated anisotropic rheology into a steady-state ice-
sheet flow model via an enhancement factor for shear flow.
This enhancement factor depends on the strain history of
the ice. It is based on laboratory studies of ice deformation,
together with ice-core studies, and is determined in the
model by iteratively calculating shear and compression
strains along ice-flow trajectories and feeding these back
into the anisotropic ice-flow law.

ANISOTROPIC ICE FLOW

The basic ingredients of an ice-sheet model include pre-
scriptions for the viscous creep flow of ice by internal defor-
mation, and for the sliding of the ice sheet over the bedrock
if basal temperatures permit it. In the present study, we ne-
glect the role of sliding and consider only flow by internal
deformation, for which the fundamental relationship is the
rheological flow law for ice, i.e. the relation of strain rate to
the stress that produces it. Most ice-sheet models use a form
of Glen’s (1958) flow law for isotropic ice, which incorporates
a power-law dependence of the components of the strain-
rate tensor (€;;) on deviatoric stresses (7;;), and a coeflicient
A(T) which depends on the ice temperature. This may be
expressed as

& = A(T) (77 , (2)

where I5(7) is the second invariant of the deviatoric stress

tensor,
Iz(T)=ZZﬁjTji- (3)
J

2
This gives the components of the strain-rate tensor a homo-
geneous cubic polynomial dependence on the components
of the deviatoric stress tensor.

This flow law is based on the assumption that ice consists
of fine-grained randomly oriented crystals forming a statis-
tically homogeneous and isotropic material.

In large ice sheets the assumption of isotropy holds only
to shallow depths, typically less than several hundred
metres. The large amounts of deeper ice have highly aniso-
tropic crystal structures which are the result of continuous
deformation to large strains involving several processes such
as crystal rotation, recrystallisation and crystal growth
(Steinemann, 1954; Budd, 1972; Alley, 1992).

A number of field and laboratory studies of ice deforma-
tion have indicated that the crystallographic anisotropy
plays an important role in the flow of ice. The anisotropy
due to flow-induced crystal orientations has the most signif-
icant effect on ice-flow rate (e.g. Russell-Head and Budd,
1979; Shoji and Langway, 1988). The work of Russell-Head
and Budd (1979), relating Antarctic borehole shear measure-
ments to long-term shear experiments on anisotropic ice
samples from the ice cores obtained from those boreholes,
demonstrated the existence of enhanced flow at deeper
levels in the ice sheet. Deformation tests on polycrystalline
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ice with a developed crystal-orientation fabric have shown
that creep rate is enhanced when the preferred orientation
fabric is compatible with the stress configuration. For
example, a single maximum pattern is compatible with a
shear-stress configuration where the shear stress is applied
across the plane normal to the maximum, and a small-circle
girdle pattern is compatible with a symmetrical axial com-
pressive-stress configuration. Furthermore, both field and
laboratory studies have shown that compatible orientation
fabrics are induced by the flow situation (e.g. Russell-Head
and Budd, 1979; Bouchez and Duval, 1982; Herron and
Langway, 1982; Budd and Jacka, 1989).

Laboratory ice-creep tests on initially randomly orien-
tated polycrystalline ice subjected to constant stress indicate
that the minimum strain rate is attained at about 1% octa-
hedral shear strain. Beyond this, and associated with the de-
velopment of the anisotropic fabric in the ice sample, the
strain rate increases. This can be considered an enhance-
ment of strain ratc above the minimum strain rate as a func-
tion of strain, and is observed over a range of stresses and
temperatures. The enhanced strain rate approaches an
asymptote beyond about 10-20% octahedral shear strain,
with an enhancement factor of about 3 for uniaxial com-
pression and about 10 for simple shear (Budd and Jacka,
1989; Li Jun and others, 1996). The experiments show that
accumulated strain provides a natural parameter to
describe the development of the enhancement factor from 1
at 1% strain to 10 beyond 10-20% strain for shear flow.

In ice-sheet models, the common use of the shallow-ice
approximation at leading order (Hutter, 1983; Morland,
1984) in studying the dynamics of grounded ice leaves only
the horizontal shear component of the flow law,

é.rz = A(T)T‘_,.;S (4)

where €. is the horizontal shear strain rate and 7, is the
horizontal shear stress. In an attempt to improve agreement
between simulations and observed ice sheets an “enhance-
ment factor” is sometimes applied to the relationship
between stress and strain rate measured in the laboratory
as a constant rescaling throughout the ice sheet. Some
efforts have been made to describe the anisotropic ice flow
by modifying the flow law via factors (e.g. enhancement
factor) which depend on various parameters intended to
characterise the extent of anisotropy in the crystal fabric
(e.g. Lile, 1978; Dahl-Jensen, 1985; Shoji and Langway, 1988;
Jacka and Budd, 1989; Azuma and Goto-Azuma, 1996; Li
Jun and others, 1996). These approaches require knowledge
of the variation of those parameters throughout the ice
sheet. There has also been some work on the complementary
task of modelling the development of crystal fabrics in flow-
ing ice (Azuma, 1994; Castelnau and Duval, 1994; Van der
Veen and Whillans, 1994; Castelnau and others, 1996). Some
models have been outlined (Meyssonnier and Philip, 1996;
Svendsen and Hutter, 1996) which aim at a simultaneous
evolution of a parameterisation of the crystal fabric via an
orientation distribution function and calculation of the
corresponding variables describing the mechanical defor-
mation of the ice. Applications have been made for trans-
verse isotropic fabrics in simple configurations of uniaxial
tension and compression (Meyssonnier and Philip, 1996)
and simple shear (Svendsen and Hutter, 1996), with qualita-
tively encouraging results. Instead of treating the details of
the twin questions of the evolution of crystal orientations
and the response of the resulting polycrystalline material
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Table 2. Temperature parameter, A( T ), for the anisotropic-ice flow-law equation (3). The data are based on laboratory experi-
ment resulls for minimum creep rates at an octahedral shear stress of 0.1 MPa ( Budd and FJacka, 1989, table 3)

Temperature 0 2l = =B =10 =20 =30 —40 =30
il i
A 294 x 107" 143 x 107" 862 x 102 315 x 107 109 xW0? 270 x10° 757 x10* 168 x10* 315 x 10°

(bar *a™!)

to stresses at such a microscopic level, we explore here the
use of a more direct and simple way to parameterise empiri-
cally the strength of enhancement as it develops in shear
flow, based on the laboratory observations of the process,
and the comparison with observed shear strain rate and
ice-fabric profiles from boreholes in ice sheets and the
corresponding ice cores. We draw upon the physical para-
digm of evolving crystal fabrics, in relation to laboratory de-
formation experiments, and to observations correlating ice-
core fabrics and borehole inclinations, in developing our
simple parameterisation of the enhancement of horizontal
shear flow, but the aim of this paper is not to model the
details of fabric evolution. The purpose of this paper is to
examine the influence of enhanced horizontal shear flow at
depth in ice sheets on velocity profiles and consequently on
ice-flux measurements.

The flow law for anisotropic ice used in our model in-
cludes an enhancement factor £ which is a function of the
shear and compression strains accumulated in the ice,

€r: = El€xs, fzz)A(T)T;rzS (5)
with the temperature-dependent coefficient A(7") describ-
ing the flow relationship at the minimum creep rate for iso-
tropic ice. A(T') is interpolated from Table 2, which is based
on laboratory experiments (corresponding to the octahe-
dral shear stress of 0.1 MPa) summarised by Budd and Jacka
(1989).

APPLICATION TO A FLOWLINE MODEL

For initially isotropic ice the developing enhancement under
continued constant shear stress is easily described as a func-
tion of the cumulative strain as discussed above. A slightly
more complicated situation arises in ice sheets.

The ice deformation in the upper part of an ice sheet is
dominated by vertical compression, while in the deeper
parts the deformation is dominated by steadily increasing
shear as depicted in Figure 1. Even though the ice-sheet-
model dynamics neglects compressive stresses and is driven
by horizontal shear stress (7,.), the dependence of crystal
fabrics on the stress configuration and strain history must
be taken into account, varying from development towards
a fabric compatible with compression in the upper regions
to development towards a fabric compatible with shear as
the ice flows downwards and outwards.

Io address this complication, we take the enhancement
factor E(e;., €..) to be a function of the ratio of shear strain
to compressive strain,’ = €,,/¢.., rather than a function of
the shear strain alone, as might be appropriate for a labora-
tory shear experiment starting with isotropic ice. This en-
ables us to ensure that the enhancement factor is kept at
unity until shear strain overtakes vertical compressive
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Fig. 1. Flow trajectories and a typical profile of horizontal
veloeity (V) for an ice-sheel flowline, together with indica-
tions of the two different stress regimes which influence the
development of anisotropic ice-crystal fabrics, moving from
the predominant vertical compressive stress (o) near the sur-
Jface to predominantly horizontal shear (T ) nearer the bed.

strain. In ice sheets this occurs at depths where the shear
strain greatly exceeds 1 %, and while shear strain thereafter
increases rapidly with depth, vertical compressive strain
changes only slowly. Using the ratio of strains thus provides
a convenient way to rescale the dependence on shear strain
to ensure that the developing enhancement of ice flow under
sustained shear comes into play only once the shear com-
patible fabric has overwritten any compressive fabrics. (In
the absence of laboratory data on the shear deformation of
ice with a fully developed small-circle girdle fabric, we
assume that the shear flow of this ice proceeds at the second-
ary minimum creep rate for isotropic ice under shear)

In this initial study we have used the simple parameter-
isation for the enhancement factor £ displayed in Table 3.
The enhancement factor E is increased from 1 to a maxi-
mum of 10 (adopted from laboratory results for shear) as
the ratio of shear strain to compressive strain increases from
1 to 3, and is kept unchanged until the strain ratio r reaches
100. Russell-Head and Budd (1979) observed that very near
the base of the ice sheet the shear strain rate fell to low
values. This decline may owe something to disruption of
shear-compatible fabrics due to the influence of varying
longitudinal stresses, but may also involve a decrease in
shear stress and not be solely due to crystallographic effects.
It may reflect relatively stagnant ice below the highest shear
zone, which may be related to the large-scale bedrock rough-
ness. Accordingly, in our model we do not want to carry the
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Table 5. Enhancement factor E(e,., €..) as a function of the
ratio €, / €. of horizontal shear strain to vertical compressive
strain

Strain ratio Enhancement factor
(C-I':/€=-'-) (E)
<1 |
1
] ~3 (E.r':/fz::)m
3 ~ 100 10
100 ~ 1000 1000/ (€12 /€22
>1000 I

enhancement of shear flow all the way to the bedrock, and
for the results presented here a reduction in the enhance-
ment factor commences once the strain ratio exceeds 100,
and enhancement is progressively returned to unity as the
strain ratio increases {rom 100 to 1000. This prescription is
somewhat arbitrary but is motivated by the idea that a high
shear layer may form some distance above the bedrock in
real ice sheets, perhaps due to the influence of irregular bed-
rock topography and the corresponding induced longitudi-
nal stresses on the flow. As we show below, the major effects
of this treatment of enhancement are a rapid increase in
strain rate where enhancement sets in, and then nearer the
bedrock a competition between decreasing enhancement
and the rising influence of higher temperatures. In other
studies, we have also investigated parameterising the reduc-
tion of enhancement near the base of the ice sheet as a func-
tion of distance from the bedrock. The vertical length scale
for such a reduction in enhancement (perhaps as a proxy for
reducing shear stress) should presumably be characteristic of
the amplitude of those bedrock undulations which occur
within a horizontal distance corresponding to the assump-
tions of the shallow-ice approximation, rather like a smooth-
ing envelope over the bedrock bumps with a length scale of
several ice thicknesses.

Our model studies reveal that for temperature-depen-
dent ice rheology the shear strain overtakes the compressive
strain at strains which are often in excess of 50%. With the
benefit of hindsight, it may be that in such circumstances full
enhancement would be reached even more rapidly than our
present parameterisation describes (Table 3). Our model
already shows that enhancement develops over a relatively
narrow transition zone, indicating that even a conservative
estimate of the shear needed to establish a fully developed
compatible anisotropic crystal fabric produces striking
modifications to strain-rate profiles.

For this study we considered, for simplicity, an ice-sheet
profile over a flat bedrock, in equilibrium with an accumu-
lation distribution, M (x), used in ice-sheet model intercom-
parison tests (Huybrechts and others, 1996),

M(x) = min[my, s(zy — )] (6)

where the central ice-accumulation rate mg = 0.Oma I, the
slope of the accumulation function s = 10 ‘ma 'km ], T 1s
the distance from the ice divide in km, and the accumula-
tion changes from positive to negative at g = 450 km. Our
model resolution is 1km in the horizontal, and divides the
ice thickness into 30 evenly spaced bands. The correspond-
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ing equilibrium ice-surface profile, H(z), was calculated for
isothermal 1sotropic ice rheology. We retained this profile
shape when incorporating temperature dependence and
anisotropic effects in the flow law. This is sufficient for our
present purpose, which is to demonstrate the influence of
anisotropic ice flow on the A values involved in mass-
balance studies. We used a prescribed surface temperature,
Tiwi(x), from the same model Intercomparison studies:

Touwt(z) =To — yH(x) (7)
where Ty = 270 K, and the lapse rate v = 10°Km ',

The influence of temperature on the ice flow was incor-
porated through an iterative process. For a given velocity
distribution we calculated the steady-state temperature dis-
tribution, considering deformation heating, geothermal
heat flux, horizontal and vertical advection and vertical dif-
fusion, and including the temperature dependence of the
various thermal properties of ice. This temperature distri-
bution was then used to calculate new shear strain rates
and so update the velocities. As our interest is in A values
rather than the actual speed of the ice flow, we rescaled the
strain rates independently in each column (by applying a
common factor at each level) to maintain the depth-aver-
aged velocity at each location and preserve the steady-state
character of the ice-sheet profile.

The enhancement factor E was incorporated by an ana-
logous iterative process. This involved the additional task of
integrating strain rates along flow trajectories to find the
cumulative horizontal shear and wvertical compressive
strains, the calculation of an updated enhancement-factor
distribution based on the ratio of shear and vertical com-
pressive strains, and the calculation of new shear strain rates
and velocities. As the inclusion of anisotropic effects altered
the vertical profiles of shear strain rate, which affects the de-
formation heating, the iterative refinement of the tempera-
ture distribution was repeated after the inclusion of
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Fig. 2. The flowline ice-sheel profile of the present study. The
contowrs show the distribution of the ratio of horizontal shear
strain lo vertical compressive strain, T = €. [ €2, for the lem-
perature-dependent anisotropic-ice flow-law equation (5),
after iterations of both temperature and strain distributions.
The onset of enhanced shear flow is comparatively abrupt,
commencing al v = 1, and reaches the enhancement factor
E =10 at v = 5. 1l remains al this value over the band
3 < v < 100, and then declines again to unity over the band
100 < r < 1000.
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enhancement to produce a self-consistent final pattern of
temperature and enhancement-factor distributions.

The ice-sheet profile displayed in Figure 2 shows the final
distribution of the ratio of horizontal shear strain to vertical
compressive strain, while Figure 3 shows the corresponding
temperature distribution. The bold contours in Figure 2
delineate the different domains of the enhancement factor
corresponding to Table 3.
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Fig. 3. The steady-state temperature (°C) distribution corres-
ponding to the iterated system depicted in Figure 2.

DISCUSSION

We have calculated A, the ratio of the column average
velocity to the surface velocity, for the flowline represented
by the profile displayed in Figure 2 for various choices of
rheology. For isothermal isotropic ice using the cubic flow-
law equation (5) with A(7") = 1 and E' = 1, it is an analytic
result (see Paterson 1994, p.251-52) that A = 0.8. In addi-
tion to the combination of temperature effects via A(T)
and enhancement via E(e,., €..), which yields the distribu-
tions of enhancement and temperature illustrated in Figures
2 and 3, we have calculated A for temperature-dependent
isotropic ice flow (E = 1), and we have applied the treat-
ment of enhancement to the isothermal rheology. Results
from these calculations are presented in Figure 4. As one
would expect, the incorporation of temperature-dependent
rheology alone (curve B) increases A values to 0.89-0.96,
giving results similar to the calculations of Budd and others
(1971) for the interior of the Antarctic ice sheet (A = 0.85

0.92), and to the estimate used by Hamley and others (1985)
(A =0.89) in comparisons of balance velocities and field
observations in Wilkes Land.

The inclusion of our shear enhancement model (curve
(), with maximum enhancement at some distance above
the bedrock, reduces the tendency towards more block-like
flow, giving lower A values, in the range 0.86-0.91. For the
enhanced isothermal rheology (curve D) the changes in A
are more marked. This is partly because the band of en-
hancement, including its lower margin, occurs higher in
the ice sheet than in the case of temperature-dependent
rheology, and partly because the decreasing enhancement
near the bedrock is competing only with the increasing
stress and not with the rapidly increasing effects of higher
ice temperatures.
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It appears that the most common case is for A to be
somewhat reduced by the inclusion of anisotropic rheology
when the maximum enhancement occurs at some appreci-
able distance above the bedrock.

It is worth remarking that Morgan and others (1998) re-
port that at the DSS borehole on Law Dome, East Antarc-
tica, A = 0.74. This probably also involves the reduced basal
shear stresses discussed by Russell-Head and Budd (1979)
and is complicated by the added questions of flow within a
few ice thicknesses of a dome summit and the influence of
quite rough bedrock topography upstream of the drilling
site (Morgan and others, 1997). The strain-rate profile (see
Morgan and others, 1998, fig. 1) shows the presence of a
broad maximum shear band about 180 m above the bed
which is apparently not simply related to depth and tem-
perature changes. Strain-rate profiles showing transitions
into localised bands of higher horizontal shear have also
been observed in other borehole measurements from Law
Dome (Russell-Head and Budd, 1979; Etheridge and
McCray, 1985; Etheridge, 1989; see Table 1).

Figure 5a shows the depth profiles of horizontal velocity
at a point 200 km from the divide of our model ice sheet, to
illustrate the alterations corresponding to the various A
values. Recall that the velocities are normalised to give the
same depth-averaged velocity denoted V. Without en-
hancement effects the temperature-dependent profile
(curve B) is more block-like than for the isothermal case
(curve A), which makes A increase from 0.8 for the iso-
thermal case to 0.92 for the temperature-dependent case. In-
clusion of enhancement (with maximum enhancement
above the bedrock) (curve C) reduces this tendency to-

0.75}

0.7t

0.651

0.6 : - :
0 200 400 600
Distance (km)

Fig. 4. The ratio ( \) of column-averaged velocity V. to surface
veloeity Vs, for the flowline ice-sheet profile of Figures 2 and 3.
The X values are displayed for various rheologies: (A) tem-
perature-independent, isotropic fabric, (B) temperature-de-
pendent, isotropic fabric, (C) lemperature-dependent,
anisotropic fabric, and (D) lemperature-independent, aniso-
(ropic fabric. Note that in the case of the temperature-indepen-
dent rheology the band of enhanced flow occurs higher up in the
ice sheet than in the case depicted in Figure 2, and the enhanced
Slow band outcrops in the ablation zone, leading to a reduced
influence on X\ for distances from the summit grealer than

450 km.
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Fig. 5. Depth profiles of (a) horizontal velocities (with an indication of the fixed depth-averaged velocity V . for this column))
and ('b) the corresponding shear strain rates, at the location 200 km from the summit, for the four cases presented in Figure 4.

wards a block flow profile, at least near the base of the ice
sheet, and thereby brings A down to 0.87 for the combined
case. These alterations in the velocity profiles are high-
lighted in the corresponding strain-rate profiles shown in
Figure 5b. The rapid increase in strain rate with depth as
enhancement commences (curve C) can be seen clearly, as
can the effect of reduced enhancement nearer the base of the
ice sheet (curves C and D).

CONCLUSION

The case treated here is an idealised example, chosen to
illustrate the principles and demonstrate our model, and
our studies to date are not extensive enough to draw detailed
conclusions about the magnitude of the influence of aniso-
tropic rheology on V/V; over the range of situations present
in the Antarctic ice sheet. Even in our idealised situation,
the values of A vary significantly with location, and at this
stage it would appear necessary to evaluate them on a site-
by-site basis. From the results presented we can see directly
that for thick ice, smooth bedrock and high basal tempera-
ture gradients, A can be relatively high, but we can also infer
that for thin ice, rough bedrock and low basal temperature
gradients, A may be much smaller. The concept of a loca-
lised onset of enhanced shear flow reproduces some features
of the strain-rate profiles seen in several borehole studies,
but it is clear that bedrock roughness and the treatment of
the enhancement factor in the region near the bedrock is
important and requires further study.

The present study shows that, in regions where the ice
flows predominantly by deformation, deviations from the
relative simplicity of isotropic temperature-dependent
rheology appreciably influence the value of V/V;. Accord-
ingly, anisotropic rheology plays a role in the accurate com-
parison of balance fluxes with fluxes based on field
measurements of surface velocity and ice thickness. This
study also serves as a more general caution that the compli-
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cated character of ice flow near the base of ice sheets,
revealed by a few borehole measurements and perhaps im-
plicit in the layer features revealed in radar-echo sounding,
is a source of uncertainty affecting our ability to assess accu-
rately the state of Antarctic mass balance and its contribu-
tion to sea-level change.
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