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Abstract We use polarimetric radar sounding to investigate ice crystal orientation fabric and its impact

on ice viscosity within the near surface of Rutford Ice Stream, West Antarctica. The technique retrieves lateral
and depth variations in the horizontal components of ice fabric but no direct information on the vertical fabric
component. In the shallowest ice (depths 40—100 m), the fabric is consistent with flow-induced development
and correlates with the surface compression direction. Notably, toward the ice-stream margin, the horizontal
compression angle and azimuthal fabric orientation tend toward 45° relative to ice flow which is consistent
with the early stages of flow-induced fabric under simple shear. The fabric orientation in deeper ice (depths
100-300 m) is, in places, significantly misaligned with shallower ice and the surface compression direction

due to sharp depth transitions in orientation. We then use a rheological model to bound effective anisotropic
viscosities (directional hardness) of ice that are consistent with the radar measurements. Toward the shear
margin, we show that the shallow-ice fabric does not appreciably soften the ice to lateral shear although this
may happen in deeper ice. In the center of the ice stream, we show that lateral and depth variations in the fabric
alignment relative to ice flow result in corresponding changes in uniaxial ice viscosities relative to ice flow. Our
results indicate that spatial variability in the fabric translates to variability in viscosity that widely used isotropic
ice-flow models are unable to consider.

Plain Language Summary The viscosity of glacier ice is dependent on the direction in which ice
crystals are pointing relative to an applied load. This ice crystal orientation fabric also contains information
about past ice flow. Compared with the interior of ice sheets, the relationships between fabric, viscosity, and
ice flow are relatively unexplored in the ice streams and outlet glaciers which drain the Antarctic Ice Sheet. We
use a ground-based geophysical method to investigate how ice fabric varies spatially within Rutford Ice Stream
(West Antarctica) and then calculate the relative viscosity of ice for deformation in different directions. Our
results reveal rapidly varying fabric properties within the flow unit. In the shallowest ice, the fabric is consistent
with what would be expected from the surface deformation, whereas in deeper ice, this is not always true. We
then show that spatial variation in ice fabric translates to lateral and depth variations in directional ice viscosity.
This poses challenges for using ice-flow models to derive glacier bed conditions as they do not generally
account for directional viscosity.

1. Introduction

The flow of glacier ice is controlled by its rheology, which determines how ice deforms under an applied stress.
A range of rheological factors influence the effective viscosity of ice, including temperature, microstructural
properties, such as ice crystal orientation fabric and grain size, damage to the ice, and the character of the
underlying stress regime (Cuffey & Paterson, 2010). The ice crystal orientation fabric, from herein referred to as
“fabric,” describes the orientation distribution of ice crystals in relation to their crystallographic axes (c-axes).
The ice fabric is the primary control on anisotropic viscosity (i.e., when the viscosity of ice is softer or harder
for different stress components). In addition to influencing present-day deformation, the ice fabric encodes strain
history due to the rotation of the c-axes toward the compressive strain axis (direction of least extension) (Azuma
& Higashi, 1985; R. B. Alley, 1988; Wang et al., 2002).

To model the influence of fabric on ice flow, a range of anisotropic flow laws for polycrystalline ice have been
developed. These flow laws include a tensorial relationship for bulk ice viscosity (or its inverse, fluidity) derived
from the fabric state (Azuma & Goto-Azuma, 1996; Budd et al., 2013; Faria et al., 2014; Gagliardini et al., 2009;
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Gillet-Chaulet et al., 2005; Godert, 2003), scalar enhancement derived from the fabric state (Staroszczyk &
Morland, 2000), and empirical parameterization based on the stress field (Budd et al., 2013; Graham et al., 2018).
In both tensorial and scalar formulations, anisotropic flow laws demonstrate that the fabric can have a pronounced
effect on large-scale ice-sheet flow (Graham et al., 2018; Ma et al., 2010). However, primarily due to the scarcity
of measurements, it is often unclear how ice fabric and its spatial variability impact on ice flow and stability
across the ice sheets.

The effects of ice fabric and anisotropic viscosity on ice-sheet flow are best characterized at slow-flowing divides
and domes where there are often direct fabric measurements available fromice cores (e.g., Kluskiewicz et al., 2017,
Montagnat et al., 2014). At ice domes, deformation is dominated by vertical compression, which induces a fabric
where the c-axes cluster in the vertical direction, which is often referred to as a vertical pole or single maximum
fabric. A vertical pole fabric results in anisotropic ice being softer to horizontal shearing (vertical gradients
in horizontal velocity), and harder to vertical compression, than isotropic ice (Azuma & Goto-Azuma, 1996;
Thorsteinsson et al., 1997), the latter property impacting on the age-depth relationship (Martin et al., 2009; Pettit
et al., 2007). As horizontal shearing dominates the deformation of grounded ice, pole-like fabrics are predicted
to result in significant enhancement of ice flow across an ice sheet (Ma et al., 2010). At ice divides, where there
is horizontal extension present, vertical girdle fabrics (c-axes orientated in a plane perpendicular to the extension
direction) develop at moderate ice depths (Kluskiewicz et al., 2017; Montagnat et al., 2014; Wang et al., 2002).
Vertical girdle fabrics are predicted to harden ice to extension relative to isotropic ice (Ma et al., 2010).

In fast-flowing ice streams, there are fewer direct measurements of ice fabric available, and geophysical tech-
niques, including passive seismics (Smith et al., 2017), active seismics (Picotti et al., 2015), radar sounding
(Jordan, Schroeder, et al., 2020), provide an alternative means to measure fabrics. Taken together, ice stream
fabric measurements demonstrate distinct variability with fabrics that approximate single-pole, multiple-pole,
girdle, and random states all present in different geophysical surveys (Horgan et al., 2011; Jackson & Kamb, 1997,
Jordan, Schroeder, et al., 2020; Picotti et al., 2015; Smith et al., 2017). We typically expect lateral shear (hori-
zontal gradients in horizontal velocity) to dominate the near-surface deformation at ice stream margins with
along-flow extension becoming important in the center of the ice stream. However, this picture is an oversim-
plification and ice streams also exhibit “ice-flow complexity” with alternating bands of flow convergence and
divergence (Ng, 2015) and along-flow compression (Minchew et al., 2016) often present. In correspondence with
variable deformation behavior, anisotropic viscosity is also anticipated to vary within ice streams. For example,
Minchew et al. (2018) inferred that the ice fabric has a softening effect on lateral shear within the margins of
Rutford Ice Stream. Additionally, within the same ice stream, Smith et al. (2017) showed that a combination of
vertical and horizontal c-axis alignment, termed a “horizontal partial girdle,” leads to enhanced horizontal shear-
ing in a vertical plane aligned with the ice flow direction.

Here, we build upon the previous characterization of ice fabric and its impact on ice viscosity within Rutford Ice
Stream using polarimetric radar sounding. This technique is sensitive to crystallographic-preferred orientation in
the horizontal plane, perpendicular to the radar propagation direction, which we will refer to as “azimuthal fabric
anisotropy.” Specifically, we characterize how azimuthal fabric orientation and strength vary spatially within the
near surface of the ice stream (top 300 m) and compare with the ice-surface strain field. The fabric estimation
uses a recently developed polarimetric coherence (phase-based) method (Dall, 2010; Jordan et al., 2019; Jordan,
Schroeder, et al., 2020; Young, Martin, et al., 2021). This method exploits principles analogous to radar interfer-
ometry using the polarimetric phase difference to place precise constraints on the azimuthal fabric orientation and
azimuthal strength. Radar fabric estimates have typically been used to investigate ice-flow history (Brisbourne
et al., 2019; Fujita et al., 2006; K. Matsuoka et al., 2012), but have not been used to constrain anisotropic viscos-
ity. To address this deficiency, we develop a new framework where radar fabric measurements are used to param-
eterize a tensorial anisotropic flow law (Gillet-Chaulet et al., 2005; Godert, 2003; Martin et al., 2009) and thereby
constrain the anisotropic viscosity of ice.

This paper is organized as follows. In Section 2, we describe the survey region, data acquisition, and compu-
tation of the ice-surface strain field. In Section 3, we outline the tensor representation of ice fabric and show
how polarimetric radar measurements of azimuthal anisotropy can be used to bound fabric in both horizontal
and vertical directions. In Section 4, we present the polarimetric coherence method used to estimate the fabric,
detailing ongoing improvements to the technique. In Section 5, we show how the radar measurements can be used
to constrain effective anisotropic viscosities of ice (directional hardening). In Section 6, we present results for

JORDAN ET AL.

20f24

[umod ‘9 ‘20T ‘11066917

:sdpy woiy pap

ASULDI'T SUOWWO)) AANEAI) d[qearjdde ayy £q PauIdA0S a1e S3[ANIR V() SN JO SI[NI 10§ A1eIQIT UITUQ) AS[IAL UO (SUOTIPUOD-PUB-SULId}/ WO A3[1m A1eIqrjauruo//:sdny) suonipuoy) pue suLd | 9y 39S “[£207/40/20] U0 A1eiqr aurjuQ A[ip ‘Knsioarun piojuels £q €£9900412202/6201°01/10p/wod A[im"



~I1
A\-"Ul Journal of Geophysical Research: Earth Surface 10.1029/2022JF006673
AND SPACE SCIENCE
Table 1
Glossary of Key Symbols
Category Symbol Description
Ice motion D 3 X 3 strain-rate tensor
S 3 % 3 deviatoric stress tensor
0, Azimuthal angle tangential to ice flow in stereographic coordinates
0, in Azimuthal angle of principal compression in stereographic coordinates
Fabric a 3 % 3 second order orientation tensor
a,—a, Azimuthal strength of fabric measured by radar
0, Azimuthal angle of fabric (greatest horizontal c-axis alignment)
Rheology n 6 X 6 matrix representation of fourth-order viscosity tensor
Radar analysis S 2 X 2 scattering matrix
Chtw hhvv (polarimetric) coherence
Griow hhvv coherence phase (co-polarized phase difference)
Ae’ Ice crystal birefringence
( Mean (polarization averaged) permittivity
H YV Polarizations in quad-polarized (fixed) basis
h,v Polarizations in multi-polarized (rotating) basis
Coordinate systems X, X,, X5 Principal axes of a and i1: a; > a, > a,
X,Y, Z Principal axes of a and # referenced to ice sheet: x and y horizontal
with a, > a, and z vertical
z Scalar ice depth coordinate
t,n Local ice-flow coordinate axes (t: tangential to flow, n: normal to flow)
X, s Xinax Horizontal principal axes of D (x,,,: compression, X, : extension)
spatial development in ice fabric and associated directional hardening of ice to uniaxial strain and lateral shear
within the Rutford Ice Stream. In Section 7, we discuss the implications of the study. A summary of the key
parameters used in the study is provided in Table 1.
2. Survey Region, Data Acquisition, and Calculating Ice-Surface Strain
2.1. Survey Region
Rutford Ice Stream, West Antarctica, flows approximately southward into the Filchner-Ronne Ice Shelf and is
bounded by the Fletcher Promontory and Ellsworth Mountains to the east and west, respectively (Figure 1a). The
survey region (Figures 1b and 1c) is located between 40 and 80 km upstream of the grounding line where the ice
stream is approximately 25 km wide with ice-flow speed approximately 340 m a~! (Rignot et al., 2011, 2017).
The ice thickness within the survey region is approximately 2.2 km (E. C. King et al., 2016).
The ground-based radar survey consists of 20 discrete measurement sites along two separate transects. Transect
A, collected on 20 January 2017, is orientated perpendicular to the ice flow direction. It consists of 10 sites (labe-
led A1-A10 from west to east) between the center streamline and the ice-stream margin and is of total length
8.5 km with the inter-site spacing decreasing toward the ice-stream margin. Transect B, collected on 5 December
2019, is orientated parallel to the central flow line. It consists of 10 sites (labeled B1-B10 from south to north)
with the first site 4 km upstream of site Al and the inter-site distance spacing fixed at 4 km.
2.2. Polarimetric Data Acquisition
At each survey site, polarimetric radar-sounding measurements were made using an autonomous phase-sensitive
radio-echo sounder (ApRES), a frequency-modulated continuous-wave radar. The ApRES has a center frequency
JORDAN ET AL. 3of24
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Figure 1. Glaciological setting and radar measurement sites. (a) Location of Rutford Ice Stream and the survey region (red box). (b) Survey transects (thick black
lines), measurement sites (black circles), and ice-flow streamlines (thin black lines) underlain by ice surface speed, Ivl. (c) Zoom to Transect A (indicated by pink box in
(b)). The maps in (b) and (c) were generated using Antarctic Mapping Tools (Greene et al., 2017) and assume a reference meridian 83.8°W.

of 300 MHz and a bandwidth of 200 MHz, which results in a range resolution of approximately 40 cm in ice.
Further radar system details are provided by Brennan et al. (2014) and Nicholls et al. (2015).

The material anisotropy in the horizontal plane, perpendicular to vertical propagation of the radio wave, is deter-
mined from the differences in the returns from four sets of transmit and receive antenna orientations. These are
referred to as “quad-polarized” acquisitions and are obtained by sequentially rotating the transmit and receive
antennas (horizontally separated by ~8 m) by 90°. We notate the quad-polarized measurements in an HV basis,
where H and V notate that the polarization plane is parallel to true west/east and north/south, respectively. Data
were acquired with the antenna oriented with respect to magnetic north and subsequently corrected to geographic
coordinates by applying a declination of 40°E (assumed constant for the survey).

To range process the raw data, we follow Brennan et al. (2014) and obtain a set of four complex amplitudes s,
Sy Suv» Sy Where the first and second subscripts indicate the transmit and receive polarization states, respec-
tively. The complex amplitudes constitute the scattering matrix, Sy, = [Syy» Sys Sy Sy, Which relate the phase
and magnitude of the transmitted and received electric field for each polarization state (Boerner, 1992; Doake
et al., 2003).

2.3. Calculating the Ice-Surface Strain Field

Of interest in this study is the relationship between the horizontal part of the ice-surface strain-rate tensor, D, and
the fabric and viscosity estimates (also formulated as the horizontal part of their respective tensors). In the data
analysis, we express D in the principal coordinate system (the maximum and minimum strain axes, X, and X . )
and a local ice-flow coordinate system (t axis tangential and n axis normal to ice flow). The principal coordi-
nates are most appropriate to understand fabric development, and the ice-flow coordinates are most appropriate

to understand the effects of anisotropic viscosity on ice deformation.

D was initially computed in polar stereographic coordinates by differentiating horizontal ice-surface velocity
components from the MEaSUREs data product (Rignot et al., 2011, 2017), which is supplied at an approximately
440 m grid resolution. The velocity-derivative procedure follows Jordan, Schroeder, et al. (2020) and uses a
convolution derivative with Gaussian kernel and standard deviation ~ 1.8 km. The principal strain rates, D,
and D,
The strain rates in the ice-flow coordinates, D,, (uniaxial strain tangential to flow), D

corresponding to the strain along x___and x_. , were then obtained by solving the eigenvalue problem.

min?® ‘max 'min®

(uniaxial strain normal to

nn

flow), and D,, (lateral shear in the ice-flow coordinates) were obtained via an azimuthal rotation transform of D.

The strain-rate uncertainty was estimated via the propagation of the standard error on velocity components (Rignot
et al., 2011, 2017). This was done numerically by generating an ensemble of velocities normally distributed
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within their provided uncertainty and then computing spatial velocity derivatives. The strain-rate estimates and
their uncertainty were then derived from the mean and standard deviation of the velocity-derivative ensemble.

3. Representation of Ice Crystal Orientation Fabrics
3.1. The Second-Order Orientation Tensor

Following previous polarimetric radar-sounding studies (e.g., Fujita et al. (2006); K. Matsuoka et al. (2012);
Brisbourne et al. (2019); Jordan et al. (2019)), we model the c-axis orientation distribution using the second-order
orientation tensor, a (Woodcock, 1977). The tensor eigenvalues, a,, a,, and a, represent the relative c-axis concen-
tration along each principal coordinate direction X;, X,, X; (from herein referred to as “fabric eigenvalues” and
“fabric eigenvectors”). Geometrically, the eigenvalues are the axes length of an ellipsoid that best fits the grain
orientation distribution (Montagnat et al., 2014). The fabric eigenvalues have the properties a, + a, + a; = 1, and
a, > a, > a,. The principal coordinates correspond to a base system where the orientation tensor is diagonal and
therefore easier to interpret and are generally not aligned with ice flow.

The second-order orientation tensor is a simplified representation of the fabric that, in general, can be represented
as an expansion of even-order orientation tensors (Gillet-Chaulet et al., 2005). Only the second-order orientation
tensor can be measured by radar as the dielectric tensor, which represents the material anisotropy experienced
by the radio wave and maps to the orientation tensor, is second order (Fujita et al., 2006; Hargreaves, 1978).
This means that higher-order features (e.g., multiple poles) cannot be discriminated. Under the second-order
tensor representation, ice fabrics can be categorized using the following end-members: “random/isotropic”

1 . ‘. !
<a1 Ra) N ay R ;), “single-pole” (a, = a, ~ 0, a, ~ 1) and “girdle” (al ~0,00 ~ a3~ 5).

3.2. Assumptions About Fabric Orientation Within Radar Sounding

In downward-looking radar sounding (with antenna approximately colocated), the radio wave polarizations are
parallel to the ice surface. Consequently, as the polarizations are sensitive to material properties in the direction
which they oscillate, the technique detects fabric anisotropy, at a given depth, in a horizontal plane parallel to the
ice surface, which we will refer to as “azimuthal fabric anisotropy.” The retrieval of azimuthal fabric anisotropy
from the polarimetric backscatter model (Fujita et al., 2006; Jordan et al., 2019) makes the assumption that one
of the fabric eigenvectors is aligned with the vertical. Under this assumption, the radar is used to estimate the
azimuthal orientation of the horizontal eigenvectors and the horizontal eigenvalue difference (often referred to as
“azimuthal strength” or “asymmetry”). Modeling radio propagation where one of the fabric eigenvectors is not
aligned with the vertical is considerably more complex (Jordan, Besson, et al., 2020; K. Matsuoka et al., 2009)
and is not considered in this study. Rathmann et al. (2022) demonstrate that vertical incidence radar measure-
ments are insensitive to a non-vertical principal axis direction and highlight the need for oblique measurements
to constrain the full second-order structure tensor, requiring wide-angle radar measurements that are not available
in this study.

Previous radar-sounding studies have assumed that the x; axis (direction of greatest c-axis alignment) is vertical
with the x; and x, axes in the horizontal plane (e.g., Fujita et al. (2006); K. Matsuoka et al. (2012); Brisbourne
et al. (2019); Jordan et al. (2019)). This assumption is likely to be valid in slow-flow regions, such as ice divides
and domes, where vertical compression is the dominant stress component, and also within the trunk of an ice
stream (Lilien et al., 2021). In parts of fast-flowing ice-streams where horizontal stresses are dominant, that is
toward the shear margins, the fabric is consistent with either the x, or x, axis being approximated as vertical
(Lilien et al., 2021). We note that a previous study utilizing seismic shear-wave splitting over central Rutford Ice
Stream (Smith et al., 2017) indicated a column-averaged bulk fabric with x, horizontal.

In this study, we consider three model permutations of the principal axis relative to the ice-sheet coordinates,
which we refer to as “x; vertical” (x, and x, horizontal), “x, vertical” (x, and x, horizontal), and “x, vertical”
(x, and x; horizontal). These permutations represent end-members for the orientation of a that can be inter-
preted in the radar analysis. To simplify the notation, all three model permutations use x and y to notate the
horizontal eigenvectors and z to notate the vertical eigenvector with the corresponding fabric eigenvalues a,,
a,, and a, respectively. The convention a, > a, is assumed and therefore y represents the direction of greatest
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Figure 2. Bounding fabric eigenvalues from the radar measurement of the horizontal eigenvalue difference, a, - a,. (a)
Vertical eigenvalue. (b) Largest horizontal eigenvalue. (c) Smallest horizontal eigenvalue. Eigenvalues consistent with

the bounds for each principal orientation model are indicated by the different colors. Visual examples of the fabric orientation
tensor ellipsoid are shown in the bottom row and are indicated in the eigenvalue plots. The limiting fabric states are indicated
by black circles in each subplot.

horizontal c-axis alignment. The horizontal eigenvalue difference measured by the radar is interpreted as either:
a,—a,=a, — a, (x, vertical), a, — a, = a; — a, (x, vertical), and a, — a, = a; — a, (x, vertical).

3.3. Bounding Three-Dimensional Fabric From Radar Sounding

To parameterize the anisotropic flow-law (viscosity tensor) knowledge of all three fabric eigenvalues is required.
Within each principal orientation model, the constraints a, > a, > a, > 0 and a, + a, + a, = 1 enable bounds
on possible values of a,, a, and a, for each measured value of a, —a, to be derived. The model bounds for
each eigenvalue are shown by the shaded regions in Figure 2 with limiting fabric states indicated (Isotropic (I):
a;=ay=ay = %, Vertical girdle (VG): a; = a, = %, a, = 0, Vertical pole (VP): a, = 1, a,=a, = 0, Horizontal
girdle (HG): a,=0, ay = a, = %, and Horizontal pole (HP): a, = a, =0, a,= 1). Visual examples of the orien-
tation tensor ellipsoid are also included. The eigenvalue bounds on each orientation model can be interpreted
as maximizing or minimizing the vertical eigenvalue (a,) as shown in Figure 2a and are used to calculate corre-
sponding bounds on the viscosity tensor elements in Section 5.

The fabric eigenvalues are better constrained as a, - a, increases (in particular, the limiting case of a horizon-
tal pole when a, - a, = 1). In this study, and to the best of our knowledge, all previous radar fabric studies, the
measured values of a, — a, are always less than 0.5. However, the region a, — a, > 0.5 is included in Figure 2 for
completeness if future studies may measure greater values of a, — a,.

4. Polarimetric Data Analysis
4.1. Overview of the Polarimetric Coherence Method

The procedure to estimate ice fabric from the polarimetric radar data is based on a previously developed polari-
metric coherence method (Dall, 2009; 2010; Jordan et al., 2019; Jordan, Schroeder, et al., 2020; Young, Martin,
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Figure 3. (a) Orientation convention for radar polarization planes in quad-
(HV) and multi-polarized (hv) bases. The data analysis is performed in
stereographic coordinates by applying a prior magnetic declination correction
of 40°E. The azimuthal angle, 6, is by convention measured positive in a
counterclockwise direction from true east. (b) Orientation convention for

(b) Fabric orientation et al., 2021). The method exploits the fact that azimuthal fabric anisotropy
North results in a bulk ice birefringence; a dielectric material property that results

X in the radio wave phase velocity being a function of polarization. The term

y /~‘ “polarimetric coherence” refers to a phase-correlation method that is then

¥ Q% o, used to measure the polarimetric phase difference. The measured form of the

< e » East polarimetric phase difference, the hhvy coherence phase (¢,,,,,), is analogous
/ \'\A to the interferometric phase in radar interferometry, but relates to material

K. anisotropy due to the fabric rather than a physical displacement. The polari-

metric coherence method reduces ambiguities that are introduced when using
radar power to estimate ice fabric and better enables measurement uncer-
tainty to be incorporated (Jordan et al., 2019; Jordan, Schroeder, et al., 2020).

In Section 4.2, we outline the key principles in the coherence data analysis.
In Section 4.3, we describe new method development that improves auto-

horizontal fabric eigenvectors, where y and x represent the direction of greatest mation of the fabric estimates from previous studies (Jordan et al., 2019;
and least horizontal c-axis alignment, respectively, with 6, and 6, = 6, — 90° Jordan, Schroeder, et al., 2020). The coherence method is underpinned by a

the corresponding azimuthal angles.

polarimetric backscatter model of the ice sheet, which relates the ice fabric

parameters to the measured scattering matrix and derived quantities (Fujita

et al., 2006; Jordan et al., 2019). A reader requiring a full electromagnetic
treatment of the backscatter model is referred to Fujita et al. (2006). A reader requiring a presentation of how the
coherence methodology relates to the backscatter model is referred to Jordan et al. (2019), adaptation to quad-pol
data described by Young, Martin, et al. (2021), and initial proof-of-concept of the technique by Dall (2009);
Dall (2010).

4.2. Polarimetric Coherence: Key Principles

The polarimetric coherence analysis is formulated in a “multi-polarization plane” basis (co-polarized complex
amplitude data as a function of azimuthal angle). Following Jordan et al. (2019), the multi-polarization data are
notated by & and v where the orientation of 4 and v is a function of the bearing angle 6, measured in a counter-
clockwise direction from true east (Figure 3a). When € = 0° and 180°,  is aligned with H (true east/west) and v
is aligned with V (true north/south). To generate the multi-polarization data from the quad-polarized acquisition,
a rotation basis transformation was applied to the scattering matrix (Young, Martin, et al., 2021) and validated
by checking for conserved quantities (Boerner, 1992). Due to the use of the rotation transformation, the set of
quad-pol measurements can be made with respect to any reference azimuth. The technique is generally limited
by the power signal-to-noise-ratio (SNR) of HV and VH terms as these have lower power SNR than the HH and
VV terms. In this study, we always have sufficiently high SNR as we focus on shallower ice. The azimuthal angle
of the fabric is referenced to the polarizations in Figure 3b where ¢, is defined as the angle of greatest horizontal
c-axis alignment.

The polarimetric (hhvv) coherence is calculated as a function of azimuthal angle and ice depth, z, by windowing
data in the range direction using

ZN Shnj.8*
j=1 2R =Sy

s
N N
\/Zj:l |shh,j |2\/2j=1 |Suv,j |2

where j is the range bin index and represents a depth, N is the number of independent range pixels, and * indicates

Chnww(0, z) =

ey

complex conjugate. In the data analysis, we assume a sliding range window of 40 m, corresponding to N = 96
(refer to the, Figures S7 and S8 in Supporting Information S1, for sensitivity experiments). ¢, is a complex
number where the magnitude, Ic,,, |, describes the correlation between s,, and s, and ranges from zero to unity.
lc,,,| 1s impacted by the power SNR and is higher when there are flat and ordered radar layers present in the ice
sheet, such as at ice divides (Jordan et al., 2019) or ice domes (Ershadi et al., 2021). The complex argument,

arg (Chiow) = Ohhov = Gri — buo, (2)
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referred to as the hhvv coherence phase, defines the relative polarimetric phase shift between co-polarized acqui-
sitions that are offset by 90° azimuth to each other. The Cramer-Rao bound (Touzi & Lopes, 1999) can be used
to estimate the phase error from I, | via

- L1 1 = |ennos|?
¢'hhvv |chhvu| 2N *

3

The central equation that connects ¢, to the ice fabric is given by

(d¢hhul) > — +47[fc Ae’ (ay B ax) (4)
dz. J4po € Ve ’

where f, is the radar center frequency, c is the radio wave speed, « is the mean (polarization averaged) permittivity,
Ae’ = (¢ — €,,) is the birefringence of an ice crystal with €. and €, . the permittivity parallel and perpendic-
ular to the c axis, respectively. As described in Section 3, the horizontal eigenvalue difference, a, — a,, can be
interpreted as either a, — a, (x; assumed vertical), a, — a, (x, assumed vertical), or a; — a, (X, assumed vertical).
The temperature and frequency dependence of the ice permittivity is summarized by Fujita et al. (2000), T.
Matsuoka et al. (1996), and Fujita et al. (2006). Here, we assume commonly used values within radar-sounding
of A¢’ = 0.034 and « = 3.15. A negative phase gradient, dd""'“ < 0, occurs when 8 = 0, as the h polarization
is aligned with a higher permittivity than the v polarlzatlon and therefore has a lower phase velocity. In turn,
¢thL was

the higher permittivity is associated with a greater azimuthal c-axis alignment. In the data analysis,
computed using a convolution derivative (analogous to the surface strain derivative in Section 2.3) w1th the
Gaussian kernel standard deviation size matching the coherence bin size.

Following Jordan, Schroeder, et al. (2020), we take into account the effects of phase de-ramping in the ApRES
processing (Brennan et al., 2014) by taking the complex conjugate of ¢, , but do not notate this explicitly in the
data analysis.

4.3. Automated Extraction of Ice Fabric

To demonstrate how the fabric estimation is automated, we input synthetic data (depth profiles for 8,(z) and
(a, — a,)(z)) into the polarimetric backscatter model (Fujita et al., 2006; Jordan et al., 2019) and compare with
the retrieved fabric estimates. In the fitting, we incorporate two sources of uncertainty. First, we incorporate
uncertainty in the antenna/polarization plane alignment by assuming an alignment uncertainty of +5° for each HV
acquisition pair. Second, we incorporate uncertainty due to phase decoherence (Ic,,,,| < 1) by evaluating Equa-
tion 3 for measured values of Ic,,, |. Further details of how this uncertainty is propagated within the processing
chain are given in the Supporting Information (Figure S1 in Supporting Information S1).

We illustrate the approach using three examples of increasing complexity. In the synthetic examples, I, | is
modeled using a linearly decreasing ramp function with ice depth, which approximates the decoherence of the
ice-stream data in Section 6.2. The first example (Figure 4a) considers a depth-invariant fabric orientation but
increasing azimuthal fabric strength with depth. The second example (Figure 4b) considers 90° azimuthal rota-
tion within the ice column. The third example (Figure 4c) considers a gradual (non-90°) azimuthal fabric rotation
with depth. Estimation of fabrics that approximate Case 1 has been validated using ice core fabric data and
comparative analyses between different radar systems (Dall, 2010; Jordan et al., 2019; Li et al., 2018).

The fabric estimation procedure first solves for 6,(z) then (a, — a,)(2). To fit for 0,(2), we exploit the fact that =22 dd””‘“’

has either exact (Figures 4a and 4b) or appr0x1mate (Figure 4c) the azimuthal reflection symmetry about 6,. T0
implement the constraint and solve for 6 (z) numerically, we minimized a cost function at each depth (see Section

1 in Supporting Information S1). Once 0),(1) is established, (a, — a,)(z) is obtained by substituting | (% ) |
) z H:Hy

into Equation 4 and rearranging.

The examples in Figures 4a and 4b illustrate agreement between the true (synthetic) and retrieved (fitted) values
of .. In the deeper ice, the accuracy of the estimates decreases with Ic,, | due to the related coherence phase
erro}, Equation 3. Additionally, at the depth when 0, rotates by 90° in Figure 4b, the estimates for (a, — a,)(z)
are impacted by the assumed 40-m window size. The third example illustrates that non-90° rotations can result
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Figure 4. Illustration of fabric estimation using the polarimetric backscatter model with synthetic data. (a) Case 1: Depth-invariant fabric orientation. (b) Case 2: Sharp
(90°) azimuthal rotation. (c) Case 3: Gradual azimuthal rotation. In the plot legends, “True value” refers to input synthetic fabric data and “Retrieved value” refers

to fabric estimates using a symmetry constraint (see Section 1 in Supporting Information S1). 6, corresponds to the azimuthal angle of the y axis (angle of greatest
horizontal c-axis alignment). The true and retrieved values for 6, (angle of least horizontal c-axis alignment) are indicated by the dashed yellow and solid red lines,

respectively.

in biases in the data fits. The sense of rotation is, however, correctly accounted for. The examples show that the
fits for (a, — a,)(z) are generally less robust than 6, in the presence of phase decoherence. In the data analysis,
Section 6.2, we demonstrate that the fabric is well-approximated by the first and second examples, and example
3 is intended to guide method development that may be required in future studies.

The backscatter model simulations in Figure 4 all assume isotropic specular reflection from the englacial layers.
However, due to preserved azimuthal symmetry properties (Jordan et al., 2019), the fitting approach also gener-
alizes to anisotropic reflectors. Isotropic reflection encompasses reflection from conductivity, density, and some
classes of fabric reflectors, whereas anisotropic specular reflection arises purely from fabric reflectors (Fujita
et al., 1999).
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5. Radar Characterization of Anisotropic Ice Viscosity
5.1. Overview of Anisotropic Flow Law and Viscosity Tensor

The aim of this section is to provide a scheme to input the radar fabric measurements into an anisotropic
flow law using the GOLF (general linear orthotropic flow law) model (Castelnau et al., 1996; Gillet-Chaulet
et al., 2005, 2006). This model is formulated in terms of the effective viscosity tensor, which quantifies how the
fabric results in directional hardening of ice for different stress components. The ice is assumed to behave as a
linearly viscous orthotropic material, a class of anisotropic material where the mechanical properties are symmet-
rical with respect to three orthogonal planes (Gagliardini & Meyssonnier, 1999; Gillet-Chaulet et al., 2005;
Martin et al., 2009). The new contribution here is to consider how the azimuthal cross section of the fabric
that is measured by the radar, expressed as an azimuthal orientation relative to ice flow, 8, — 6, and azimuthal
strength, a, — a,, bound the effective viscosity tensor elements (following the eigenvalue bounds in Figure 2). For
completenéss, we consider a full range of possible fabric states that can be measured by the radar, which extends
beyond the data set in this paper.

We follow the presentation of the flow law in the appendix of Martin et al. (2009), based on Gillet-Chaulet
et al. (2005) and Gagliardini and Meyssonnier (1999). In the orthotropic reference frame the strain, D, and
deviatoric stress, S, tensors can be written as 6-component vectors, which are connected via the matrix equation

XX nXX.XX nXny nXXZZ O 0 0 DXX
_yy Mxxyy ~ Myyyy  Myyzz 0 0 0 Dy,
Szz Nxxzz  Myyzz  Hzzzz 0 0 0 D;,
S : )
Xy 0 0 0 Nxyxy 0 0 ny
_XZ O O 0 O nXZXZ O DXZ
S'yz 0 0 0 0 0 Nyzyz D,.

where 7 is the matrix representation of the fourth-order effective viscosity tensor and 7, is a constant. The
elements of 5 represent the relative hardness of each deformation mode with respect to an isotropic fabric,
whereby values greater than one indicate anisotropic ice that is harder than isotropic ice to an applied stress
component. In this study, we focus on constraining 57, . #7,, .. and 77, with the radar method as these are the
viscosity components that can best be related to the surface strain rates. ., and 7, represent the directional
hardness of ice to uniaxial strain (compression or extension) along the x and y axes (directions of least and
greatest horizontal c-axis alignment) and 7, represents the hardness to lateral shear. For convenience, we
sometimes refer to effective viscosity as viscosity.

Anisotropy in the effective viscosity arises due to a combination of mechanical anisotropy at a crystal scale
(assumed model parameters) and how the grain-scale anisotropy translates to a larger-scale fabric (radar meas-
urements). The crystal-scale anisotropy is parameterized via two ratios: (a) “the viscosity of the grain for shear
parallel to the basal plane to that in the basal plane,” f, and (b) “the ratio of the viscosity in compression or
tension along the c-axis to that in the basal plane,” y. To estimate the effective viscosity tensor 7, we use the
GOLF model (Castelnau et al., 1996; Gillet-Chaulet et al., 2005, 2006) as provided by the AIFlow Solver within
Elmerlce (Gagliardini et al., 2013). The model searches a parameter space for a given second-order orientation
tensor, a, that has been tabulated using different viscosity models and crystal-scale parameters. In this paper, we
assume that § = 0.04, y = 1, and that the model used for tabulation is a viscoplastic self-consistent model.

The viscosity elements in the principal coordinates (Equation 5) serve as bounding cases but can be better related
to ice dynamics in the ice-flow coordinates: t (tangential/along-flow) and n (normal/across-flow). In the AIFlow
Solver, the rotation transform applies to the input a tensor (estimated from radar following the bounds in Figure 2)
and uses a standard two-dimensional rotation matrix. The rotation angle is defined such that when 6, — 6, =0°y
is aligned with t (i.e., the fabric is aligned with ice flow). )

A nonlinear extension of Equation 5 is considered by Martin et al. (2009) and Ma et al. (2010), which mimics the
third-power dependence of the commonly used Glen's flow-law (Glen, 1954). Consequently, while we focus on a
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Viscosity tensor elements in principal coordinates
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Figure 5. Bounds on the horizontal elements of viscosity tensor that follow from radar measurement of a, - a,. Top row
(principal coordinates): (a) 7,,,, (equivalent to 7,,,, when 6, - 6, = 0°), (b) 1, (equivalent to 7, when 6, - 6, = 0°), and (¢)
1y (equivalent to n,,,, when 6, - 6, = 0°). Bottom row (fabric orientated at 45° to ice flow): (d) n,,, (6, — 6,=45°) =1,
(6, — 6,=45°) and (e) 1,,,,, (6, — 6, = 45°). Viscosity values greater or less than one indicate that anisotropic ice is harder or
softer than isotropic ice, respectively. An overlap between end-member orientation models occurs in panels (a), (b), and (d).

linear anisotropic viscosity in this study, the radar measurements could also be used to parameterize a nonlinear
anisotropic flow law.

5.2. Bounding the Effective Viscosity Tensor Elements From the Radar Fabric Measurements

We focus on illustrating how radar can constrain the horizontal viscosity tensor elements as these can best be
compared with the horizontal ice-surface strain rates. We first show results in the principal coordinates (top
row of Figure 5). As is the case for the fabric eigenvalues (Figure 2), the viscosity tensor elements are better
constrained with increasing a, - a,. The limiting fabric states are indicated in Figure 2 and we now discuss these
cases using the terminology “hard” and “soft” for effective viscosity elements greater or less than one, which is
the viscosity for isotropic ice (I). A vertical pole (VP) fabric results in ice being equally hard to the horizontal
uniaxial strain in the x and y directions and to lateral shear. A vertical girdle (VG) fabric results in ice being hard
to the uniaxial strain in the x and y directions with the ice hardest in the x direction. A vertical girdle (VG) fabric
also results in ice being slightly soft to lateral shear. A horizontal pole (HP) fabric results in ice being equally
hard to the uniaxial strain in both x and y directions but very soft to lateral shear. A horizontal girdle (HG) fabric
results in ice being equally hard to the uniaxial strain in both the x and y directions but slightly soft to lateral shear.
o @nd Moy We did not consider these viscosity
components as they are less directly comparable with the surface strain rates.

Similar constraints to Figure 5 can also be obtained on 7.,

We later show that the ice fabric near the margin of Rutford Ice Stream tends toward 45° relative to ice flow.
To contextualize this result, viscosity elements in the ice-flow coordinates when 6, — 0, = 45° are shown in the
bottom row of Figure 5. By symmetry, when 6, — 6, = 45° n,,, = n,,,,,,, and the ice is generally softer to uniaxial
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strain than in the principal coordinates. However, when 6, — 6, = 45°, ice generally becomes harder to lateral
shear than in the principal coordinates. This hardening effect due to rotation is particularly pronounced for the HP
fabric where there is approximately an order of magnitude increase in the effective viscosity of ice to lateral shear.

6. Results

6.1. Characterization of the Ice-Surface Strain Field of Rutford Ice Stream

To place the ice fabric measurements in the context of ice deformation, we first characterize the ice-surface strain
field of Rutford Ice Stream. The strain rates in the ice-flow coordinates, D,, D,,, D,,,

In Figure 6d, the log-ratio, log,, %, is used to quantify the magnitude of along-flow strain to lateral shear

- are shown in Figures 6a—6c.
strain. Lateral shear dominates over horizontal uniaxial strain toward the ice-stream margin, whereas toward the
center of the ice stream, along-flow uniaxial strain typically dominates over lateral shear. In the center of the ice
stream, there is a spatial transition between compression and extension directions. Specifically, the “downstream
central region” (sites A1-A3 and sites B1-B2) corresponds to weak along-flow compression/across-flow exten-
sion, whereas the “upstream central region” (sites B6-B10) corresponds to across-flow compression/along-flow
extension.

The minimum horizontal strain rate (principal compression), D_. , increases in magnitude toward the ice-stream

-0

t

min’
margins (Figure 6¢). The angle at which this principal compression acts is referenced to ice flow using 6, .
where 6, and 6, are azimuthal bearing angles of the compression and ice-flow axes, respectively (Figure 6f).
(An upstream convention is assumed so that 0 < 8, < 180°.) 8, — 6, = 0° corresponds to along-flow compression
(approximately the case for the downstream region in the ice-stream center) and 6, — 6, = +£90° corresponds
to across-flow compression (approximately the case for the upstream region). When the ice flow is dominated

by lateral shear, it is a general result that 16 ; — 6| — 45°. This tendency can be understood from evaluating the

min

principal (Mohr) angle formula

1 2Dy,
Omin = —arctan <7) R 6
2 (D — Do) ©

when 2| Dy,| >> | Dy — Dyl

The uncertainty and fractional uncertainty on the minimum principal strain, D_. , are shown in Figures 6g

min®
and 6h with the fractional uncertainty being appreciable (>0.5) in the central region of Transect A and down-
stream region of Transect B. The uncertainty on 6,
The strain-rate magnitudes in Figure 6 are of order 1073 a~! and are of comparable magnitude to other Antarctic

ice streams (K. E. Alley et al., 2018).

— 0, is also highest (%30°) in these regions (Figure 6i).

6.2. Ice Fabric Estimates

Polarimetric data analyses for three measurement sites along Transect A are shown in Figure 7 (refer Figures
S2 and S3 in Supporting Information S1, for additional sites). A consistent feature is a band of high coher-
ence magnitude, Ic,, |, in shallower ice, which extends to z ~ 160 m in the center of the ice stream (site Al)
and z ~ 80 m toward the ice-stream margin (site A9). Therefore, to compare fabric estimates between sites we
focus on 40 < z < 80 m, which we refer to as unit U1, indicated in Figure 7c. Within U1, ¢, and d¢,, /dz are
well-approximated by the backscatter simulation for depth-invariant principal axes (Figure 4a). A relative coun-
terclockwise rotation of Hy occurs between the center of the ice stream (Site Al: Q ~ 85°in Ul) and closest to
the ice-stream margin (Site A9: 6, ~ 140° in Ul). The azimuthal fabric strength generally increases toward the
ice-stream margin, which is illustrated by the increasingly shallow depths of the first half-phase cycle (¢, = 7).
Atsite Al (Figure 7a), there is evidence for azimuthal fabric rotation within the ice column with 6, in deeper ice
rotated in a clockwise direction relative to shallower ice.

Polarimetric data analyses for three measurement sites along Transect B are shown in Figure 8 (refer Figures S4
and S5 in Supporting Information S1, for additional sites). The high-coherence band along Transect B generally
extends to greater depth than along the majority of Transect A and extends to z &~ 160 m or greater at all measure-
ment sites. For z < 160 m, sites B1-B6 are qualitatively similar to site A1l (directly downstream along the center
streamline) and approximate the backscatter simulations for depth-invariant principal axes (Figure 4a).
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Figure 6. Characterization of the ice-surface strain field of Rutford Ice Stream. (a) Uniaxial strain rate tangential to ice flow (also called along-flow). (b) Uniaxial
strain rate normal to ice flow (also called across-flow). (c) Lateral shear strain rate in ice-flow coordinates. (d) Flow-tangential to lateral shear strain log-ratio. (e)
Minimum principal strain rate (horizontal compression). (f) Azimuthal angle of minimum strain (horizontal compression) relative to ice flow. (g) Uncertainty on
minimum strain rate. (h) Fractional uncertainty on minimum strain rate. (i) Uncertainty on minimum strain angle relative to ice flow. Schematics for the ice-flow

coordinates (, n) and the principal strain coordinates (x;

) are shown. Panel (a) notates the measurement transects A and B.

min> max

By contrast, sites B8-B10 show two distinct subunits within the high coherence band (e.g., Figure 8c). These
three sites all approximate the backscatter simulations for a 90° azimuthal rotation in ice fabric within the ice
column (Figure 4b). The transition between the two units is at approximately 100 m depth. To compare fabric esti-
mates between sites, we focus on two layers: 40 < z < 80 m (U1, as defined for Transect A) and 120 < z < 160 m
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Figure 7. Polarimetric data analyses at three measurement sites along Transect A. (a) Site A1, (b) site A6, and (c) site A9. The depth profiles for the fabric estimates,
0,(2) and (a, — a,)(z) are shown in the center right and far right columns. A filtering step is applied such that fabric estimates require Ic,,,, (6, 2)l > 0.5. The depth
interval used to assess horizontal variation in ice fabric, U1, is shown in (c). The distance of each site along Transect A is indicated.

(U2). The gap between U1 and U2 is set to the coherence window size of 40 m so as not to bias the azimuthal
fabric strength estimates. Within U1, there is evidence for a decrease in fabric strength toward the center of Tran-
sect B. Notably, Site B6 has a slower vertical phase cycle, which is further decreased at site B7 (see Supporting
Information S1).

In general, the coherence magnitude is too low for the estimation of continuous ice fabric profiles for z > 300 m.
The likely physical explanation for the transition from higher to lower coherence with ice depth is a depth transi-
tion from flatter to more buckled radar layers (E. King, 2009). The exception is a band of high coherence in deeper
ice (z > 1,400 m), where the hhvv phase gradient is negligible (see Figure S6 in Supporting Information S1). We
do not focus on this deeper-ice fabric in our data analysis as there is no azimuthal anisotropy present to constrain
with radar sounding. However, due to general predictions of an increase in the vertical eigenvalue with ice depth,
this deeper fabric is consistent with the presence of an azimuthally symmetric vertical cluster. Sites A10 and B1
were not included in the data analysis as fabric estimates could not be obtained within the unit depth intervals.
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Figure 8. Polarimetric data analysis at three measurement sites along Transect B. (a) Site B2, (b) site B6, and (c) site B10. The depth profiles for the fabric estimates,
6,(2) and (a, — a,)(z), are shown in the center right and far right columns. A filtering step is applied such that fabric estimates require Ic,,,,, (6,, 2)I > 0.5. The black and
gray arrows in (c) indicate the two units U1 and U2. The distance of each site along Transect B is indicated.

6.3. Spatial Variation in Ice Crystal Orientation Fabric Within Rutford Ice Stream

The azimuthal orientation of the fabric, 6, - 6,, and principal compression, 6 . - 6, relative to ice flow are shown
for unit U1 in Transect A (Figure 9a). The comparison is made to test the hypothesis that the fabric nearer the
ice surface is consistent with strain-induced development that matches the local ice flow. The compression angle
rotates counterclockwise from along-flow in the center of the ice stream (site Al) to 45° to flow toward the
ice-stream margin (site A9). The fabric orientation is closely correlated with the compression angle, rotating
counterclockwise by approximately 55° between sites Al and A9. There is, however, a small systematic offset
between the fabric and the compression angle (typically &~ —10°). The azimuthal fabric strength within U1 ranges
froma, —a, = 0.2 at Al to a, — a, ~ 0.35 at A9 and generally increases as the compressive strain rate, D,

decreases (or equivalently ID_;, | increases) (Figure 9b).

min’

Fabric estimates for units Ul and U2 in Transect B are shown in Figures 10a and 10b. In general, 6, — 6, is better
correlated with 6, — €, in U1 than U2. Notably, at the upstream sites B8—-B10, the fabric and compression axes
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(a) Azimuthal fabric orientation in relation to ice flow and compression axes
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Figure 9. Spatial variation of ice fabric for unit U1 in Transect A in relation to ice-surface strain. (a) Azimuthal fabric
orientation and horizontal compression axis relative to the ice-flow direction. (b) Azimuthal fabric strength and principal
compression magnitude. The fabric estimates in Ul are depth-averaged over 40 < z < 80 m.

are both orientated across-flow, whereas at the downstream site B2, the fabric and compression axes are both
orientated along-flow. However, both 8, — 6, and a, — a, are less well correlated with D_; than along Transect A,
particularly when ID_, | is low at sites B3-B7. In unit U2, 6, and a, — a, are relatively constant along the entire
length of Transect B with the fabric orientated along-flow and a, - a,~ 0.2-0.25.

6.4. Spatial Variation in the Anisotropic Viscosity of Ice

The effective viscosity tensor elements (directional hardening of ice) in the ice-flow coordinates along Transect
A (shallower ice: Unit 1) are shown in Figures 11a—11c. Similar to Figure 5, we show the three orientation
models simultaneously, and the plot therefore represents the full range of viscosity that is consistent with the
radar measurements.

In the central region of the ice stream (defined as sites A1-A3), uniaxial strain is either comparable to or greater in
magnitude than shear strain (Figure 11d). Assuming the x, vertical model applies as is likely (Lilien et al., 2021),
the ice tends to be softer in the along-flow direction (where there is along-flow compression, D,, < 0) than the
across-flow direction (where there is across-flow extension, D,, > 0). This result can be related to Figure 5b since
the t axis is approximately aligned with the y axis, which is always the softer direction for the observed fabric
strengths (for the case of x, and x, vertical models). It is to be noted, however, that #,,, can be greater than 7,
for the lower a, bound of the x, vertical model (i.e., no crystals aligned in the horizontal plane) but this is thought
to be an unlikely scenario in the central ice stream.

Along the entire length of Transect A, the softness of ice to lateral shear is dependent primarily on the choice of
orientation model (Figure 11c) with the x, vertical model resulting in ice being harder than isotropic ice to lateral
shear and the x, vertical model being softer than isotropic ice to lateral shear. In the marginal region (defined as
sites A6—A9), lateral shear strain dominates over uniaxial strain (Figure 11d). In this marginal region, all three
orientation models predict that ice locally hardens to lateral shear (i.e., 7,,,, increases between sites A6 and A9),
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Figure 10. Spatial variation of ice fabric for unit Ul and U2 in Transect B in relation to ice-surface strain. (a) Azimuthal
fabric orientation and horizontal compression axis relative to the ice-flow direction. (b) Azimuthal fabric strength

and principal compression magnitude. The fabric estimates in Ul and U2 are depth-averaged over 40 < z < 80 m and
120 < z < 160 m, respectively.

so we highlight this as a key result that can be inferred from the radar. This local hardening relates to the rotation
of the fabric away from the along-flow direction, and the result that 7, is generally harder than isotropic ice to
shear at 45° degrees to ice flow (Figure 5e).

For Transect B, we describe the uniaxial viscosities for the two depth units (Figures 12a—12d) and the corre-
sponding uniaxial surface strain rates (Figure 12¢). As for the central region of Transect A, we assume that the x,
vertical model is most likely to apply. In shallower ice (Unit U1), there is an increase in 7,,, (relative hardening to
along-flow uniaxial strain) moving upstream from site B2 to B10. On the other hand, there is a decrease in 17,,,,,,,
(relative softening to across-flow uniaxial strain) moving upstream. These results both relate to the rotation of
the fabric relative to the ice-flow direction with the downstream region having the fabric (the softer y direction in
Figure 5b) approximately aligned with ice flow and the upstream region having the fabric approximately perpen-
dicular to ice flow. These results also correlate with the transition from weak along-flow compression (D, < 0)
at site B2 to relatively strong across-flow compression at site B10 (D,, < 0).

At sites B8-10, where the fabric has an order 90° rotation with ice depth (Figure 10), there is predicted to be a
sharp transition in the anisotropic viscosities with depth. Specifically, #,,, decreases between units Ul and U2
(ice softens to along-flow strain) and #,,,,, increases between units Ul and U2 (ice hardens to across-flow strain).
These viscosity contrasts are most pronounced for the x, vertical model, followed by the x, vertical model. It is
our expectation that the fabric can be represented between these two models in fast-flowing areas based on mode-
ling results (Lilien et al., 2021) and seismic observations (Smith et al., 2017).

In the viscosity analysis, we also propagated the measurement uncertainties of fabric strength and orientation
using an ensemble approach. This resulted in less than 5% fractional uncertainty for the viscosity bounds of each
principal orientation model (the discrete points in Figures 11 and 12). We do not display this uncertainty graphi-
cally as it is small compared to possible viscosity range of the three models.
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Figure 11. Effective viscosity tensor elements (directional hardening of ice) for Transect A. (a) Viscosity for uniaxial strain tangential to ice flow (also called
along-flow) #,,,. (b) Viscosity for uniaxial strain normal to ice flow #,,,, (also called across-flow). (c) Viscosity for lateral shear #,,,,. (d) Surface strain rates in ice-flow
coordinates. In (a)—(c), viscosities >1 indicate ice that is harder than isotropic ice.

7. Discussion
7.1. Flow-Induced Fabric Development in Ice Streams

An alignment between the principal compression direction and c-axis orientation is predicted for flow-induced
fabric (also known as strain- or dynamically induced fabric) (Azuma & Higashi, 1985; R. B. Alley, 1988; van
der Veen & Whillans, 1994). This relationship has been observed in various flow regimes across the ice sheets
(e.g., Thorsteinsson et al., 1997; Wang et al., 2002), including in polarimetric radar-sounding studies (Brisbourne
et al., 2019; Jordan, Schroeder, et al., 2020; K. Matsuoka et al., 2012). However, deviations from the simple
relationship between compression and c-axis alignment are predicted for ice undergoing simple shear (Fujita &
Mae, 1994; Llorens et al., 2016), which are supported by laboratory experiments (Qi et al., 2019). Specifically,
for the case of an ideal horizontal pole, the c-axes are predicted to migrate toward being perpendicular to the
shear plane due to an additional rigid body rotation, which results in fabric orientation deviating by 45° from the
principal compression angle for the case of infinite strain (Fujita & Mae, 1994).

The fabric estimates in shallow ice within Rutford Ice Stream (unit U1) generally show a good correlation between
crystal c-axis-preferred orientations and the compressive strain direction (Figures 9a and 10a). Notably, Transect
A illustrates that the principal compression direction and fabric orientation both azimuthally rotate away from
the flow direction (approaching 35° relative to ice flow near the ice-stream margin, Figure 9a). Transect A there-
fore illustrates that the predicted deviation from alignment with compression due to rigid body rotation (Azuma
& Higashi, 1985; Fujita & Mae, 1994) is relatively small in the shallowest ice layer near the shear margin. An
explanation for this discrepancy is that the shallow-ice fabric in U1 is in a transient state and still developing with
ice depth. This interpretation is supported by the modeling in Llorens et al. (2016) where the c-axis orientation
develops perpendicular to the direction of maximum finite shortening, which is initially 45° to the shear plane in
simple shear and subsequently rotates toward perpendicular to the shear plane.

Inferred ice fabric orientation near to the eastern shear margin of Thwaites Glacier (Young, Schroeder, et al., 2021)
is also consistent with the shear-margin fabric orientation results in this study. Specifically, birefringence loss
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Figure 12. Effective viscosity tensor elements (directional hardening of ice) for Transect B. (a) Viscosity for uniaxial strain tangential to ice flow (along-flow) in
shallower ice (unit Ul). (b) Viscosity for uniaxial strain normal to ice flow (across-flow) in shallower ice (unit U1). (c) Viscosity for uniaxial strain tangential to ice
flow (along-flow) in deeper ice (unit U2). (d) Viscosity for uniaxial strain normal to ice flow (across-flow) in deeper ice (unit U2). (e) Surface strain rates in ice-flow
coordinates. In (a)—(d), viscosities >1 indicate ice that is harder than isotropic ice.

modulation of airborne radargrams indicates that the fabric near the margin is significantly weaker than a hori-
zontal pole fabric and not orientated perpendicular or parallel to flow.

The correlation between the orientation of the shallow-ice fabric and the compression angle generally increases
with the compressive strain rate as does the azimuthal strength of the fabric (Figures 9 and 10). These observa-
tions suggest that larger strain rates result in a faster rate of fabric development. However, the relatively coarse
resolution of the strain field (limited by the filter width in the spatial derivative) impedes a refined estimation of
the length- and time scales for fabric development.

An important caveat when interpreting our results is that, due to bed topography, the downstream region of the
central ice stream (sites A1-A3 and B2) is an atypical deformation regime for an ice stream. Specifically, this
region corresponds to relatively weak along-flow compression and across-flow extension (Figure 6). By contrast,
the upstream region of Transect B is likely to be more representative with along-flow extension and across-flow
compression present.
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7.2. Azimuthal Fabric Rotation Within the Ice Column

A particularly striking result is the azimuthal rotation of nearly 90° within the ice column between units U1 and
U2 at the upstream region of Transect B (Figure 8c.) A consequence of this rotation is that the fabric orientation
in deeper ice (unit U2, fabric orientation along-flow) is significantly misaligned with the across-flow surface
compression axis (Figure 10). Analogous behavior (i.e., better alignment between surface compression and fabric
in shallower ice than deeper ice) has been noted in other polarimetric radar-sounding studies at ice divides (K.
Matsuoka et al., 2012), ice rises (Brisbourne et al., 2019), and within Whillans Ice Stream (Jordan, Schroeder,
et al., 2020).

For consistency with flow-induced fabric development, the fabric orientation in unit U2 implies that the ice is
undergoing (or has undergone) along-flow compression. This assertion is supported by the presence of along-flow
compression in the surface ice ~20-30 km upstream of site B10 (Figure 6). Specifically, this observation is
consistent with the fabric in U2 developing upstream in the near surface, then being advected horizontally and
buried vertically to its current location. Alternatively, temporal changes in the surface strain field could contribute
to the observed difference between the surface strain and unit U2. On a related note, the systematic offset between
the fabric orientation and the compression axis for Transect A (Figure 9) is likely to be explained by advection
although temporal changes in the surface strain field cannot be excluded.

7.3. The Impact of Ice Fabric on Anisotropic Viscosity

The clear limitation in deriving anisotropic viscosity from radar-sounding fabric measurements is that the vertical
component of the orientation tensor is unknown. In turn, this results in a range of anisotropic viscosities that are
consistent with each radar fabric measurement (shown for the general case in Figure 5, and for the measurements
in Rutford Ice Stream in Figures 11 and 12). Despite these limitations, we propose that the radar measure-
ments can be used to interpret local changes in effective viscosity, particularly, as variation in the vertical fabric
component should be small relative to the horizontal component when assessing lateral variation along the radar
transects.

A seemingly counterintuitive result is that the rotation of the near-surface fabric toward the compression axis near
the shear margin (sites A6—A9) results in local hardening of the ice to lateral shear (Figure 11c). This finding
differs from Minchew et al. (2018) who, via a model-based approach, inferred that the fabric has a softening effect
on lateral shear in the margins of Rutford Ice Stream, consistent with the shear-margin fabric being a horizontal
pole where the c-axes are aligned with ice flow (Figure 5c). (It is to be noted that the softening of ice to shear
is normally discussed for the analogous scenario of ice being soft to horizontal shearing within the ice column
due to a vertical pole; Azuma & Goto-Azuma, 1996; Ma et al., 2010). Therefore, to reconcile our results with
Minchew et al. (2018), we propose that fabric and viscosity of the shallow-ice layer near the shear margin are
likely to be unrepresentative of the majority of the ice column, and the fabric that enhances lateral shear could
conceivably be present in deeper ice.

A general result is that ice has lower effective viscosity to uniaxial strain in the direction of horizontal c-axis
in Figure 5). This
result can be used to interpret both lateral and depth variations in the uniaxial viscosities. Regarding lateral vari-

alignment than in the orthogonal horizontal direction (represented by the fact thatn,  <n,, .
ation of viscosity, a key result is the spatial transition from ice being softer to across-flow strain in the upstream
region (sites B8—B10) to ice being softer to along-flow strain in the downstream region (site B2).

An important consequence of azimuthal fabric rotation within the ice column is that it results in a depth-transition
in the anisotropic effective viscosity of ice. Specifically, upstream at sites B8-B10, shallower ice (U1) is harder
for along-flow strain than across flow whereas deeper ice (U2) is harder for across-flow strain than along-flow
(Figure 12). This result has particular significance for studies that use ice-surface strain information within
inverse ice-sheet modeling (Goldberg, 2011; Hindmarsh, 2004; MacAyeal, 1992; Schoof & Hindmarsh, 2010).
In particular, fabric changes with ice depth are associated with anisotropic viscosity changes with ice depth, and
isotropic models generally do not account for that when deriving basal conditions.
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7.4. Comparison With Previous Seismic Measurements of Fabric Within Rutford Ice Stream

Previous studies of ice column fabric within Rutford Ice Stream, utilizing seismic shear-wave splitting observa-
tions (Harland et al., 2013; Smith et al., 2017), observe both vertical and azimuthal anisotropy. Both studies used
icequakes from the bed of the ice stream (z > 2,000 m) recorded at surface stations over a 7-km-wide section of
the central ice stream in the vicinity of sites Al and B2. The more comprehensive study of Smith et al. (2017)
synthesized splitting observations with an average ice-column fabric combining an azimuthally symmetric
vertical cluster and an azimuthally anisotropic “horizontal partial girdle” (HPG), similar in form to the fabrics
presented here. The vertical cluster component, which relates to the strength of the vertical fabric eigenvalue,
cannot be directly characterized with radar sounding. However, the deeper-ice data (see Figure S6 in Supporting
Information S1) support that the cluster dominates at ice depth z > 1,400 m as there is no evidence for significant
azimuthal anisotropy over this depth range.

The shear-wave splitting method samples a column-averaged fabric between the ice stream bed and the surface.
Under certain conditions, the method can be used to discriminate layered fabric structures. However, Smith
et al. (2017) were unable to detect discrete layering in their observations and assumed a homogeneous aniso-
tropic diffuse medium throughout the ice column. Both radar and seismic data sets indicate azimuthal anisotropy
although there are differing orientations for the direction of greatest horizontal c-axis alignment. Specifically, in
unit U2 of this study (the deepest ice considered from 120-160 m), the fabric (greatest horizontal c-axis align-
ment) is aligned approximately parallel to flow. However, in the seismic interpretation of the full ice column by
Smith et al. (2017), the fabric of the bulk ice column is perpendicular to flow. Although we are unable to directly
explain these discrepancies, it is likely that a combination of the inherent spatial- and depth-averaging nature
of the seismic method and a lower sensitivity to thin layers results in the smaller-scale structure presented here
being subsumed into a bulk fabric interpretation. We can, however, conclude that it is unlikely that unit U2 is
representative of the rest of the ice column, and a fabric more similar to that presented by Smith et al. (2017) is
likely to dominate in deeper ice.

8. Summary and Conclusions

In this study, we used polarimetric radar sounding to investigate controls on the spatial development of ice crystal
orientation fabric within the near surface (top 40-300 m) of Rutford Ice Stream. We then used the radar fabric
estimates to parameterize an anisotropic flow law and assess the impact of the fabric on the anisotropic viscosity
(directional hardening) of ice. Our study revealed pronounced lateral and depth variations in both fabric and
anisotropic viscosity within the flow unit with clear relationships to the ice-surface strain field present.

The main conclusions are:

1. Fabric in the shallowest ice within ice streams is generally well aligned with surface compression. The radar
characterization of azimuthal fabric anisotropy in the shallowest ice (top 40—-100 m) is consistent with fabric
resulting from finite strain and flow-induced development. This finding confirms expected behavior (i.e.,
correlation between the horizontal compression axis and direction of greatest horizontal c-axis alignment) and
highlights that the fabric responds to locally variable (<5 km scale) changes in the horizontal compression
direction. Of particular note, at the ice-stream margins, there is a tendency for the horizontal compression axis
and the fabric to be oriented toward 45° to the ice-flow direction, which is consistent with the early stages of
fabric development under simple shear.

2. Deeper ice-stream fabric can be significantly misaligned from the surface compression due to azimuthal
rotation of fabric. The radar measurements in the center of the ice stream show that in deeper ice (greater than
100 m), the fabric can be azimuthally rotated from the surface compression direction (including a misalign-
ment of ~90° in extreme cases). Due to misalignment with the local strain field and better alignment with
the upstream strain field, our results suggest that ice-stream fabric is induced near the surface and preserved
during downstream transport.

3. Spatial variation in ice fabric translates to lateral and depth variations in the anisotropic viscosity of ice.
We showed that despite being limited to measuring horizontal fabric properties, radar-sounding can be used
to constrain local changes in anisotropic viscosity. Toward the shear margin (where we could only interpret
the top 100 m of ice), we did not find evidence for fabric softening ice to lateral shear. In the center of the
ice stream, we showed that depth-transitions in ice fabric are associated with depth changes in anisotropic
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