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The dynamic mass loss of ice sheets constitutes one of the biggest uncer-
tainties in projections of ice-sheet evolution. One central, understudied aspect
of ice flow is how the bulk orientation of the crystal orientation fabric trans-
lates to themechanical anisotropy of ice. Herewe show the spatial distribution
of the depth-averaged horizontal anisotropy and corresponding directional
flow-enhancement factors covering a large area of theNortheast Greenland Ice
Stream onset. Our results are based on airborne and ground-based radar
surveys, ice-core observations, and numerical ice-flowmodelling. They show a
strong spatial variability of the horizontal anisotropy and a rapid crystal
reorganisation on the order of hundreds of years coinciding with the ice-
stream geometry. Compared to isotropic ice, parts of the ice stream are found
to be more than one order of magnitude harder for along-flow extension/
compression while the shear margins are potentially softened by a factor of
two for horizontal-shear deformation.

The orientation of the crystals that comprise glacier ice exerts an
important physical control over its bulkmechanical properties1,2. In the
absence of strain, the crystal orientation fabric (COF) of snow and ice
tends to be close to isotropic, so the c-axes point in randomdirections.
In many parts of ice sheets, however, deformation causes an apparent
rotation of c-axes towards the maximum shortening direction3,4,
resulting in an anisotropic COF that can be overprinted by subsequent
deformation events5. In other words, the COF reflects past ice defor-
mation while simultaneously affecting the present-day mechanical
properties.

Most state-of-the-art large-scale ice-flowmodels either ignore the
mechanical anisotropy of ice entirely6 or infer isotropic enhancement
factors that subsume some effect of anisotropy7,8. These enhancement
factors are often tuned asmodel parameters or based on experimental
values. In both cases, a physical understanding of the spatial and
temporal variation of COF anisotropy is missing8. Anisotropy may
explain some of the major discrepancies between modelled and
observed surface velocities in highly dynamic areas such as ice
streams9,10 since the commonly used isotropic flow law is no longer
validwhen theCOF is anisotropic. The resultingmechanical anisotropy
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potentially introduces errors of unknown magnitude in modelled
strain rates and, thus, bias in basal sliding velocities obtained by
inversion methods7.

Ice streams are the primary source of dynamic ice mass loss and
are hence of great importance in the stability of ice sheets11–13.
Accordingly, it is crucial to accurately reproduce ice stream dynamics
in prognostic ice-sheet models to reduce uncertainties in estimates of
future ice-sheet evolution and sea-level rise. In regions of fast flow
(> 10ma−1) with lateral compression and along-flow extension through
flow acceleration, the development of strong, spatially variable COFs is
expected and might facilitate streaming ice14. A number of ice-flow
models capable of simulating COF evolution or its effects on ice
deformation15 as well as combining these two mechanisms16,17 were
already developed more than a decade ago. However, both the appli-
cation of these models to ice streams and spatially extensive in-situ
observations of the COF in these dynamic regions remain rare.

Direct observations of COFs in ice cores are limited to point
measurements and by the unknown orientation of the core. Further-
more, most deep ice cores are drilled at ice domes or at ice divides,
where the ice tends to flow slowly, and the COF is primarily a result of
uniaxial or confined vertical compression18. These sites are unrepre-
sentative of the COF in more dynamic areas, such as ice streams and
their immediate surroundingwhere the strain history ismore complex.

Radio-echo-sounding (RES) surveys are widely used in glaciology
for mapping ice thicknesses, basal properties, and internal strati-
graphy with electromagnetic waves19–22. Single ice crystals show
dielectric anisotropydue to their uniaxial birefringent property, i.e. the
relative dielectric permittivity is larger in the direction of their c-axis
than in the direction of their basal plane. TheCOFof polycrystalline ice
determines its bulk relative dielectric permittivity and affects the
speed of electromagnetic wave propagation. Horizontal anisotropy
modulates RES signals23,24 such that the propagation speed of elec-
tromagnetic waves depends on their polarisation relative to the pre-
ferred orientation of the c-axes and techniques have recently been

developed to derive information on the horizontal component of
the COF from RES25–28. In areas where a horizontally anisotropic COF
prevails, two different effects are observed in radargrams that can
be related to the strength of horizontal anisotropy: (1) Interference
of wave components travelling at different speeds leads to nodes
of maximum/minimum radar return power23 termed here as
birefringence-induced beat signature (Fig. 1c, d) and (2) travel-time
differences, Δt, for waves reflected off the same internal layers under
orthogonal antenna polarisations due to differences in propagation
speed (Fig. 1e, f)28. The techniques used to derive the horizontal ani-
sotropy from these two effects are detailed in the Supplementary
Information Sections 1.1 and 1.3.

In this study, we use the characteristic radar signals induced by
the COF to determine the distribution of the horizontal anisotropy at
the onset of the Northeast Greenland ice stream (NEGIS), the largest
ice stream in Greenland. Using an extensive data set of radar mea-
surements with various radar systems and a combination of indepen-
dent methods, we determine the distribution of anisotropy in the
horizontal plane. Previous studies25,27,28 have used similar methods in
isolation to infer the horizontal COF anisotropy of ice streams from
radar data. The application of suchmethodson a large spatial scale and
the comparison between different radar methods, COF-evolution
modelling, and ice-core data allows us to obtain a robust under-
standing of the COF distribution and to constrain mechanical aniso-
tropy by calculating directional flow-enhancement factors. Our results
show a spatially variable horizontal COF anisotropy that considerably
affects the ice stiffness in the NEGIS onset depending on the defor-
mationmechanism and its direction relative to the COF principal axes.

Results
We analysed the birefringence-induced beat signature and travel-time
differences of radar waves using a composite of different radio-
glaciological data sets. Our survey region covers an area of approxi-
mately 24,000 km2 and encompasses the fast-flowing central part as

Fig. 1 | Overview of the study area and radar methods. a Surface ice-flow velo-
cities of the Greenland ice sheet64 with the locations of deep ice-core drill sites and
the outline of the study area.bOnset region of the Northeast Greenland ice stream
(NEGIS) and collected data. c Example of an airborne radargram crossing the ice
stream near the EGRIP (East Greenland ice-core project) ice coring site, showing
internal birefringence-induced extinction node lines particularly pronounced near

the shear margins. As illustrated in panel d, the birefringence power extinction
nodes arise in horizontally anisotropic ice through the interference of two ortho-
gonal radar wave components travelling at slightly different wave speeds. e Two
intersecting radar profiles, and f schematic example of travel-time differences of
internal reflections.
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well as the shear margins of the NEGIS onset (Fig. 1a, b). The data
comprise an extensive airborne ultra-wideband radar survey29, a
ground-based radar profile across the northwestern shearmargin near
the East Greenland ice-core project (EGRIP) deep ice-core site, as well
as polarimetric phase-sensitive radio-echo-sounding (pRES) measure-
ments at six distinct locations (Fig. 1b). We derived the horizontal
anisotropy from travel-time differences in polarimetric pRES mea-
surements (Fig. 2c) and at airborne radar crosspoints with approxi-
mately orthogonal antenna polarisations (Fig. 2a), as well as by
analysing the frequency of the beat signature in airborne and ground-
based radar profiles (Fig. 2b). By combining these radar data sets and
complementing methods, we obtain a spatially extensive, high-
resolution and robust understanding of the distribution of the
depth-averaged anisotropy in the horizontal plane in an active ice

stream. For a comprehensive interpretation and validation of our
methods, we compare these observation-derived results with those
obtained from two different COF-evolution models (Elmer/Ice14 and
Specfab30, detailed in the Supplementary Information Section 2.1 and
2.2, respectively) and to direct ice-core observations from EGRIP in the
ice-stream centre31 and from a shallow ice core (S5) retrieved at the
southeastern shear margin (Fig. 2d, e and legend).

Distribution of horizontal anisotropy in the ice-stream onset
Our analysis of the travel-time differences at airborne radar cross-
points, the beat signature observed in airborne and ground-based
radar profiles, and pRES travel-timedifferences (Fig. 2a–c) consistently
show that the depth-averaged difference of eigenvalues in the hor-
izontal plane (Δλ; henceforth called horizontal anisotropy) is generally

Fig. 2 | Spatial distribution of horizontal crystal orientation fabric (COF) ani-
sotropy. Depth-averaged difference in horizontal eigenvalues (Δλ) inferred by
a radar crosspoint travel-time analysis, b radar beat-signature analysis, c phase-
sensitive radio-echo-sounding (pRES) travel-time analysis, andmodelledby adCOF
evolution model implemented in Elmer/Ice, and e Specfab COF evolution model

along a flow line. Both the travel-time analysis of airborne and pRES radar aswell as
the beat-signature approach, are sensitive to the COF orientation relative to the
antenna orientation and should thus be regarded as lower-bound limits, while the
results obtained from COF evolution models can be regarded as absolute values.
The background shows the satellite-based surface flow velocities64.
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high in the ice-stream centre in the upstream part of the NEGIS, sug-
gesting the development of a COF with a pronounced horizontal ani-
sotropy. Downstream of EGRIP, the horizontal anisotropy disappears
within a distance of roughly 60 km, particularly evident in the results
from the travel-time analysis (Fig. 2a, c), indicating the transition into a
vertically symmetric COF (understood as cylindrical symmetry along
the vertical axis). The beat-signature analyses show generally weaker
horizontal anisotropy (Fig. 2b), which may be related to the averaging
nature of the approach and the usage of multi-spectral radar signals
subject to slightly dispersive attenuation. The beat signatures are best
visibleoutside the ice stream in the vicinity of the shearmargins,where
the radar polarisation seems favourably oriented relative to the COF
principal axes and where the COF changes over short horizontal dis-
tances, leading to power extinction nodes that are dipping down-
wards, away from the ice stream (see Supplementary Figs. 4–6). The
region outside the southeastern shear margin in the centre of the
survey area (c” end of the profile in Fig. 1c) is characterised by heavy
folds of deep ice units. These features cause a partial loss of the radar
return signal due to steep layer inclination and are, according to our
understanding, mainly responsible for the weaker appearance of the
beat signature outside the southeastern than the northwestern shear
margin in profile c’–c”. Radar profiles crossing the ice stream 20 km
further downstream and beyond show beat signatures of similar
strength around both shear margins.

Inside the ice stream, the beat signature is more difficult to
recognise, presumably because of unfavourable radar-COF alignment
and horizontally oriented signatures that are difficult to distinguish
from the internal stratigraphy. The data gap in the vicinity of the shear
zones is a consequence of strongly folded internal stratigraphy at the
shear margins29 over a width of 5–10 km and throughout the entire ice
column but the top ~10% (Fig. 1c). The resulting loss of radar return
power related to steeply inclined layers32 prevents us from obtaining
robust results in these regions. Outside the ice stream, the beat-
signature analyses show the strongest anisotropic effects near the
shear margins, which gradually decrease over distances of less than
five ice thicknesses (for better visibility, see Supplementary Figs. 4–6).
The travel-time analysis of the pRES measurement outside the shear
margin shows clearly notable, but weaker horizontal anisotropy than
inside the upstream part of the ice stream, while no notable effects of
horizontal anisotropy can be detected with the travel-time analysis of
airborne crosspoints in most places outside the ice stream.

The differences in the strength of horizontal anisotropy between
the travel-time and beat-signature analyses can be explained by the
polarisation angles under which each method performs best: The
strongest effect of horizontal anisotropy from travel-time differences
is obtained for waves polarised parallel to the COF’s principal axes,
while the obtained horizontal anisotropy seemsweaker formisaligned
wave polarisations, and no effect is observable for angles of 45∘. The
beat signatures, on the other hand, appear strongest for waves polar-
ised around 45∘ to the COF axes and are non-visible for wave polar-
isations aligned with the COF (assuming the absence of anisotropic
scattering). Both methods, in that sense, provide apparent horizontal
anisotropies that are lower-bound estimates and complement
each other.

Additional differences between panels a–c in Fig. 2 might arise
due to the depth-averaging nature of our results. The travel-time dif-
ference analysis from the airborne data is averaged across the manu-
ally picked reflections as deep as possible, though the deepest internal
reflections were not visible at each crosspoint and the bed reflections
are often unclear. The results from the automatic analysis of the beat
signature are representative of approximately the upper 1700mof the
ice sheet, while reflections in the pRESmeasurementswere only usable
in the upper 1500m of the ice column. Both the travel-time and the
beat-signature analyses, in theory, allow determining the COF varia-
tions with depth. However, the vertical resolution of the airborne data

is not high enough to resolve vertical COF variations from travel-time
differences and the automatic method for deriving the horizontal
anisotropy frombeat signatures is averaging the horizontal anisotropy
across depth using spectrogram analysis. Depth-varying horizontal
COF anisotropy could be derived from the travel-time differences in
pRES measurements (Supplementary Fig. 8) and from manually pick-
ing the beat signature (Supplementary Figs. 4, 5).

The COF evolution was modelled along flow tubes with the full-
Stokes ice-flow model Elmer/Ice33,34 coupled with a COF-evolution
model accounting for lattice rotation14,16 assuming a steady-state ice-
stream geometry. The values of Δλ vary between 0–0.9, with 95% of
values in the range 0–0.67 (Fig. 2d). The very high values (Δλ >0.6)
imply a horizontal singlemaximum, intermediate values (Δλ ≈0.3–0.6)
generally indicate a vertical girdle, and low values provide little infor-
mation (vertical single maxima, weak vertical girdles, and isotropy all
have weak horizontal anisotropy). COFs are constrained to be uni-
versally isotropic close to the surface, and are generally vertical single
maxima near the bed, though in some regions, the basal COF is part-
way between a vertical girdle and vertical single maximum.

Horizontal shear causes rotation of the horizontal eigenvectors
away from the flow direction (Supplementary Fig. 11c), and generally
leads to a horizontal single maximum near the ice-stream shear mar-
gins. The singlemaximum is stronger in the northwestmargin than the
southeast one, despite the northern margin being more diffuse.
However, since the COF results from the integrated strain history, this
difference is unsurprising; due to residence times in the margin, the
total horizontal shear experienced by a flow line is larger in the
northwestern shearmargin, which is consistent with present-day strain
rates observed in the vicinity of EGRIP35.

Because of stability constraints related to high ice-flow velocities
at the model boundaries, the model domain of Elmer/Ice does not
cover the entire survey region and does not capture our observations
of decreasing horizontal anisotropy in the downstream area. We
instead use the Specfab COF evolution model30 to simulate the COF
development for an idealised ice parcel (large enough to statistically
represent the COF), initialised with a vertical girdle of the type
observed in the EGRIP ice core31, experiencing the deformation along a
downstream flow line. In contrast to Elmer/Ice, Specfab solely simu-
lates the COF development as a response to accumulated strain with-
out being coupled to an ice-flow or temperature model. The COF
evolution obtained by this simpler simulation shows a gradual
decrease of the horizontal anisotropy, as the COF transitions from a
vertical girdle to a vertical single maximum roughly 50 km down-
stream of EGRIP as a consequence of flow-transverse extension and
decreased along-flow acceleration (Fig. 2e). At around 115 km down-
stream of EGRIP the ice-stream width is nearly constant but flow
accelerates again and the COF turns into a vertical girdle again,
although in a weaker form than at EGRIP (see Supplementary Figs. 12,
13). Vertical shear is ignored in this simulation since it cannot be
inferred from the surface velocities directly, but it could potentially
lead to a stronger vertical singlemaximumCOF if vertical shear is non-
negligible.

Near the EGRIP drill site, the Elmer/Ice-modelled (Δλ ≈0.66) and
the radar-derived horizontal anisotropy, in particular with the travel-
time method applied on pRES and airborne crosspoint data
(Δλ ≈0.4–0.55), agrees well with a vertical girdle observed over large
depths in the EGRIP ice core (Δλ ≈0.6)31. The results of our radar-based
analyses and the Specfab COF evolution modelling consistently indi-
cate a decreasing horizontal anisotropy in the downstream part of the
NEGIS. The Elmer/Ice-modelled horizontal anisotropy (Δλ ≈0.48) is
much smaller than observed at the southeastern shear margin in the
S5 shallow core (Δλ ≈0.85), while in the northwestern shear margin,
the simulations indicate the development of a horizontal single max-
imumcomparable to the observations in the S5 core. Due to the lackof
signal return power across large depths of the shear margins, the COF
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distribution within the shear margins cannot be confirmed indepen-
dently by radar-based analyses. Outside the NEGIS, the pRES mea-
surement indicates a decreased horizontal anisotropy compared to
inside the ice stream, which agrees with the results from the beat-
signature analyses and the Elmer/Ice model at the corresponding
location.

Both the measured and modelled results suggest that the COF
rapidly adjusts to changing strain-rate regimes, confirming findings
obtained from COF-evolution modelling studies5,14. A vertical girdle
develops inside the NEGIS in the upstream and central part of our
survey area, where the ice experiences lateral compression, vertical
thinning and along-flow extension. Downstream of EGRIP, the flow-
transverseextension leads to the removal of lateral compression,while
the along-flow extension decreases due to a relatively constant flow
velocity. As a result of the cumulative strain related to the slightly
divergent flow and the vertical compression, the c-axes rotate into a
vertical single maximum over a transition time of approximately 800
years (at modern flow velocities), corresponding to a distance of
around 50 km (Supplementary Figs. 12, 13). Further downstream, a
weak vertical girdle seems to develop again as a consequence of
increasing along-flow extension due to ice-flow acceleration. Increas-
ing flow velocities, convergence, and horizontal simple shear in the
shear margins lead to a COF evolution from a putative vertical single
maximumoutside the NEGIS to a strong horizontal singlemaximum in
the shear margins.

Soft or hard ice: a question of crystal orientation fabric and
deformation type
The local deformation rate of glacier ice depends on its effective
viscosity, which is predominantly controlled by temperature and the
COF,while other factors such as grain size distribution, impurities, and
water content playa notable butminor role36–39. StrongCOFshave long
been known to change the directional viscosity of ice by several orders
of magnitude compared to isotropic ice40,41. We evaluate the effect of
the COF-induced directional viscosities over NEGIS by calculating bulk
directional enhancement factors (see Supplementary Information
Section 3 and ref. 7 and ref. 30) based on themodel- and radar-derived
horizontal anisotropy. The enhancement factors are defined as the
longitudinal and shear strain rates with respect to the principal COF
axes, divided by the expected strain-rate magnitude assuming iso-
tropic ice. An enhancement factor of one is, by definition, identical to
the viscosity of isotropic ice under otherwise identical conditions (e.g.
temperature and impurity content). Enhancement factors below or
above one imply a decrease or increase in susceptibility towards the
corresponding deformation and strain orientation, respectively.

The in situ strain-rate enhancements depend on the alignment
between the principal strain direction andCOForientation40.While the
former can partially be estimated from surface velocities, the latter
cannot be inferred from direct radar-based observations on large
spatial scales, so is limited to model results in our analysis. The
enhancement factors presented here are therefore calculated
assuming the strain-rate tensor is oriented in alignment with the COF
principal frame. In this sense, our method estimates the eigen-
enhancements, understood as themaximal effect that COF anisotropy
can have on flow under favourable conditions where the strain-rate
tensor is aligned with the COF (i.e. an upper-bound estimate). While
this is likely to be true for both the ice-stream interior and outside,
considerable strain–COF misalignment is expected and modelled in
the shear margins (Supplementary Fig. 11). The term ‘along-flow’ thus
represents the direction of the smallest horizontal eigenvalue, which in
most places is close to the true flowdirectionwith the exception of the
shear margins and their vicinity.

Our radar-based measurements provide information about the
horizontal anisotropy, but a full COF description of the second- and
fourth-order structure tensors is necessary for the calculation of

enhancement factors30. Estimating the second-order structure tensor
from the horizontal eigenvalue difference requires prior knowledge
about the COF type, which we derive from the Elmer/Ice-modelling
results and the information from the EGRIP and S5 ice cores.We divide
the survey region into three regimes: ice-stream interior, shearmargin
zone of 4 km width, and the region outside the NEGIS. Inside the ice
stream, we assume that the eigenvalue pointing in the flow direction is
zero, while outside the NEGIS, it is assumed to be 0.1. The horizontal
single-maximum observed in the S5 core and the Elmer/Ice-modelling
results lead to the assumption that within the shear zone, one hor-
izontal eigenvalue is of similar size as the vertical eigenvalue. Once the
second-order structure tensor is known, the fourth-order structure
tensor can be derived by modelling the correlation between the sec-
ond and fourth-order spectral coefficients for symmetrical COFs for
unconfined compression/extension with Specfab, details of which are
described in the Supplementary Information, Section 3.2.

Under the assumptionsmade, the enhancement factors for along-
flow compression/extension (pure shear; Exx) derived from the radar
data (Fig. 3a, b) inside the ice stream suggest that the ice is 1–2 orders
of magnitude harder for pure-shear deformation in flow direction
compared to isotropy, andbetween 5 and25 timesharder compared to
the ice outside the NEGIS. Beat-signature and travel-time analysis show
a trend towards softer ice downstream of EGRIP (Exx≈0.1) compared
to further upstream (Exx ≈0.02). Enhancement factors based on
modelling results (Fig. 3c), which in contrast to those derived from the
radar, are not affected by the above-mentioned assumptions, indicate
that the ice inside the ice stream is up to ten times harder than iso-
tropic ice for pure-shear deformation. Outside the ice stream, pure-
shear enhancement factors from radar methods range from 0.4–0.6,
while Elmer/Ice shows an increasing hardening towards the ice stream
with enhancement values between 0.4–0.84. These results are
consistent with other work showing that differential strain grows
during pure-shear deformation, leading to stiffening for further
deformation42. The shear margins in Fig. 3b stand out as seemingly
softer compared to the surrounding ice, which is, however, not con-
firmed by Elmer/Ice or the S5 core, indicating that the assumptions
made to infer the fabric do not hold in the case of the shear zone for
the beat-signature anisotropy.

Compared to isotropic ice, the COF makes the ice slightly harder
for horizontal shear along flow (simple shear; Exy) outside the ice
stream, with radar-derived enhancement factors ranging from 0.3–0.7
(travel-time analysis; Fig. 3d) and 0.7–0.9 (beat-signature analysis;
Fig. 3e), respectively. Enhancement factors from Elmer/Ice outside the
ice stream generally are smaller in the outer flow tubes (0.3–0.5) than
in the central ones (0.8–1.4), and increase within the individual model
domains towards the shear margins (Fig. 3f). In the ice-stream centre
upstream of EGRIP, the ice becomes softer for horizontal shear,
although this effect is found to be stronger for the modelled results
(Exy ≈ 1.2–2.0, Fig. 3f) than for the travel-time analysis (Exy ≈ 1.0–1.4,
Fig. 3d), while not observed in the beat-signature analysis (Fig. 3e).
Both radar-based flow enhancements suggest that the ice upstream of
EGRIP is easier to shear horizontally than downstream (Fig. 3d, e). This
is also observed in the central flow line of Elmer/Ice as far as themodel
domain extends (Fig. 3f).

Radar-based methods provide only limited information on the
shear margin viscosity but indicate a slight softening near the shear
zones (Exy ≈ 1.0–1.2 for beat-signature and Exy≈ 1.3–1.7 for travel-time
analysis). Unsurprisingly, Elmer/Ice shows the strongest shear
enhancements in the shear margins, indicating that they are soft for
horizontal shear deformation. Themodelled shear-margin softening in
Fig. 3f is more pronounced in the northwestern shear margin
(Exy ≈ 1.7–2.3) than in the southeasternmargin (Exy ≈ 1.1–1.7) becauseof
the higher residence time in the shear zone of the modelled flow lines.
The enhancement factor calculated from the S5 core (displayed
in the bottom of Fig. 3), however, suggests that a similarly strong
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