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What is ice fabric? 

The	c-axis	of	a		
single	ice	crystal	

Ice	fabric:	c-axes	of		
many	ice	crystals	

x3	

x1	

x2	

•  Ice	fabric	represents	the	collective	
orientations	of	ice	crystals		

•  COF	(radar,	ice	cores)	v.	CPO	(seismics)		

•  Represented	by	a	2nd	order	orientation	
tensor	with	eigenvalues	a	along	
eigenvectors	x:	

	a1	+	a2	+	a3	=	1	

	a1	<	a2	<	a3	(radar,	seismics)	

	a1	>	a2	>	a3	(ice	cores)			
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❄︎	The	orientation	of	a	
single	 ice	 crystal	 is	
d e s c r i b ed	 b y	 t h e	
direction	of	its	c-axis.		

❄ ︎The	 a g g r e g r a t e	
orientation	 of	 the	 c-
axes	 o f	 many	 i ce	
crystals	 represents	 the	
overall	ice	fabric.		

❄ ︎Orientation	 of	 the	
fabric	 c-axes	 can	 be	
represented	 by	 a	 2nd	
o r de r	 o r i en t a t i on	
tensor.	

❄︎The	 eigenvalues	 (a)	
describe	 the	 relative	
concentration	of	c-axes	
projected	along	each	of	
the	 three	 eigenvectors	
(x).	

❄ ︎Higher	 eigenvalues	
i n d i c a t e	 g r e a t e r	
concentrations	 than	
lower	eigenvalues.	

❄︎	 The	 nomenclature,	
while	 similar	 between	
radar	 and	 seismics,	
differs	 from	 that	 used	
in	ice	core	studies.	
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❄︎	Fabrics	evolve	as	a	
result	of	their	
deformation	history	
because	the	c-axes	tend	
to	rotate	towards	the	
direction	of	max.	
compression.	

❄︎A	complex	flow	
history	leads	to	a	
complex	fabric.		

❄ ︎In	 general,	 minimal	
deformation	produces	a	
near-isotropic	 fabric,	
such	 as	 those	 observed	
in	 young	 ice	 near	 the	
ice	surface.		

❄︎At	 ice	 divides,	 lateral	
t ens i on	 w i th	 f l ow	
divergence	 produces	
vertical	girdle	fabrics.	

❄ ︎	 Nea r	 t he	 bed ,	
resistance	 from	 basal	
friction	 causes	 planar	
shearing	 that	 causes	
vertical	clustering.	

❄ ︎Similar	 processes	
occur	 at	 shear	 margins	
that	 separate	 stagnant	
from	streaming	 ice,	but	
t h e 	 c l u s t e r 	 i s	
orthogonally	oriented.	
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Fabric anisotropy 
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•  Fabric	represents	the	deformation	history	of	glacier	ice	

•  “Complex	history	à	complex	fabric”	

Isotropic	(near-random)	
a1	≈	a2	≈	a3	≈	1/3	

Near-surface	firn/ice	
Uniform	deformation	

Vertical	girdle	
a1	<<	a2	≈	a3	

Centre	of	glacier	
Uniaxial	compression,	
longitudinal	extension	

Vertical	cluster	
a1	≈	a2	<<	a3	
Near-bed	ice	

Planar	simple	shear	

Horizontal	cluster	
a1	≈	a2	<<	a3	

Glacier	shear	margin	
Lateral	simple	shear	

*	Shown	are	general	examples	(deviations	occur!)	

Further	reading	

Azuma	&	Higashi	(1985)	AoG	
Alley	(1988)	Nature	
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❄︎	 Polar	 ice	 is	 known	
to	 be	 birefringent	 at	
radar	frequencies.	

❄︎	 Waves	 undergoing	
b i r e f r i n g en ce	 a r e	
decomposed	 into	 two	
orthogonally-oriented	
waves	 that	 travel	 at	
s l i g h t l y	 d i f f e r e n t	
s p e e d s 	 d u e 	 t o	
differences	 in	 their	
d i e l e c t r i c	
permittivities.			

❄	 Radar	 antennas	 are	
l i nea r l y -po l a r i s ed ,	
which	 means	 that	 it	
only	 captures	 a	 single	
polarisation	plane.	

❄ ︎ T h e	 o b s e r v e d	
birefringence	 in	 the	
antenna	 plane	 can	 be	
expressed	 in	 terms	 of	
t h e	 p e r m i t t i v i t y	
difference.	

❄︎	 Radar	 can	 directly	
r e s o l v e	 o n l y	 t h e	
horizontal	 components	
of	 fabric	 asymmetry	
(a1,	 a2),	 but	 not	 the	
vertical	 component	
(a3).	
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Birefringence in ice 

=

⎡

⎣

ε⊥ + a1∆ε
′ 0 0

0 ε⊥ + a2∆ε
′ 0

0 0 ε⊥ + a3∆ε
′

⎤

⎦

ε =

⎡

⎣

εx 0 0

0 εy 0

0 0 εz

⎤

⎦

∆ε = εy − εx = (a2 − a1)∆ε
′

Radar	is	able	to	detect	the	horizontal	components	of	
fabric	anisotropy	due	to	the	birefringence	of	ice	as	an	
effective	medium	

This	equation	relates	the	bulk	
(macroscopic)	birefringence	Δε	to	the	
microscopic	(crystal)	birefringence	Δε’	

Further	reading	

Hargreaves	(1978)	JGlac	
Doake	(1981)	GJI	

Fujita	et	al.	(2006)	JGlac	
Young	et	al.	(accepted)	JGR	

I	can’t	release	this	yet,	but	
please	contact	me	if	you	
would	like	a	draft!		
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❄︎	 Polarisation	 of	 the	
radar	 signal	 can	 be	
m o d e l l e d	 b y	
a c c umu l a t i n g	 t h e	
b i re f r ingence ,	 the	
polar imetr ic	 phase	
shift,	 and	 the	 fabric	
strength	and	observing	
the	 signal	 orientation	
dependence	 at	 each	
depth	step.	

❄ ︎	 The	 backscatter	
model	 applies	 basis	
t ransforms	 to	 the	
s i g n a l 	 ( R ) 	 a s 	 i t	
propagates	downwards	
from	 the	 transmitted	
antenna	(T),	scatters	at	
boundaries	 (Γ),	 and	
reflects	 back	 towards	
the	received	antenna.		

❄	 Transmission	 is	
anisotropic	 due	 to	
differences	 in	x-	and	y-
pe rmi t t i v i t i e s	 and	
conductivities.	

❄	 Reflection	 is	 also	
a n i s o t r o p i c , 	 t h e	
amount	 depends	 on	
the	 properties	 of	 the	
scattering	interface.		
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Polarimetric backscatter model 

the waves is a function of the radar antenna footprint through depth. The birefringence of an individual ice crystal and its COF

are related to the bulk dielectric properties of anisotropic polar ice (Appendix of Fujita et al., 2006):

"(z) =

2

664

"? +�"E1 0 0

0 "? +�"E2 0

0 0 "? +�"E3

3

775 (1)

where "(z) is the bulk birefringence tensor, �"= "k � "? is the crystal (microscopic) birefringence with "k and "? the100

dielectric permittivities for polarisation planes parallel and perpendicular to the crystallographic (c)-axis. Across the spectrum

of ice-penetrating radar frequencies and ice temperatures, "k and "? vary within a narrow band of 3.16–3.18 and 3.12–3.14

respectively (Fujita et al., 2000). In this study, following Jordan et al. (2020b), we assign "k = 3.169 and "? = 3.134, with

�"= 0.035.

The tensor eigenvalue E describes the relative concentration of c-axes aligned with each principal coordinate eigenvector,105

with E1 +E2 +E3 = 1 and E3 >E2 >E1 following conventional radar notation, which is opposite to conventions normally

in ice core studies (E1 >E2 >E3). The relative proportions of E can be used to describe different fabric patterns, including

(i) random (isotropic) fabrics (E1 ⇡ E2 ⇡ E3 ⇡ 1/3); (ii) cluster fabrics (E1 ⇡ E2 ⌧ E3); and (iii) vertical girdle fabrics

(E1 ⌧ E2 ⇡ E3). When ice deforms solely by vertical uniaxial compression, such as at the centre of an ice dome, the c-axes

rotates towards the vertical and forms a cluster fabric; where lateral tension exists from flow extension, such as at an ice110

divide, the c-axes orient in a vertical girdle distribution orthogonal to the direction of strain extension (Alley, 1988). Following

previous studies (Fujita et al., 2006; Drews et al., 2012; Brisbourne et al., 2019; Jordan et al., 2019, 2020b), we assume that

the E3 eigenvector is aligned in the vertical direction, and the E1 and E2 eigenvectors are parallel to the horizontal plane.

The direction of the greatest horizontal c-axis concentration reflects the orientation of horizontal strain extension (Brisbourne

et al., 2019; Matsuoka et al., 2012) and corresponds with E2 in our notation (Jordan et al., 2020b). The E1 eigenvector is115

orthogonally oriented to both E2 and E3, and represents the symmetry axis, which is normal to the girdle plane (Brisbourne

et al., 2019).

In the horizontal plane, Equation 1 simplifies to "(z) =�"(E2 �E1), where the horizontal eigenvalue difference E2 �E1

quantifies the horizontal asymmetry of the ice fabric (i.e. strength of the vertical girdle). Equation 1 directly relates both

the macro- and microscopic ice fabric anisotropy to dielectric anisotropy, which serves as the basis for the radar processing120

methods that follow.

3.2 Modelling radio-wave signal propagation

The matrix-based formulation calculates the backscatter that is transmitted, reflected, and received at the antennas for each

depth step and azimuthal orientation:

S (✓) =


exp(jk0z)

4⇡z

�2
·
"

NY

i=1

(RTR0
)✓,",N+1�i

#
· [R�R0

]✓,�,N ·
"

NY

i=1

(RTR0
)✓,",i

#
(2)125

5

free-space		
propagation	

received	(upward)	propagation	 transmitted	(downward)		
propagation	

boundary	scattering	

T =

[

Tx 0

0 Ty

]

Γ =

[

r 0

0 1

]

R =

[

cos θ sin θ

− sin θ cos θ

]

Further	reading	

Fujita	et	al.	(2006)	JGlac	
Young	et	al.	(2020)	TCD	
Ershadi	et	al.	(2021)	TCD	

Young	et	al.	(accepted)	JGR	

Transmission	 Rotation	 Reflection	

(full	equation	in	Eqs.	5-7	in	
Fujita	et	al.	2006	JGlac)	
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❄︎	The	resulting	depth-
azimuth	plot	shows	the	
l o c a t i o n	 o f 	 “ c o -
polarised	nodes”.		

❄ ︎	 The	 a z imu tha l	
separation	 of	 these	
nodes	 is	dependent	on	
the	 amount	 of	 bulk	
anisotropic	 scattering	
present	in	the	ice.		

❄	 T h e 	 d e p t h	
separation	 of	 these	
nodes	 is	dependent	on	
the	 radar	 frequency,	
crystal	 birefringence,	
and	 fabric	 asymmetry	
t h r o u g h 	 b u l k	
birefringence.		

❄	 B e c a u s e 	 t h e	
frequency	 is	 known	
from	the	radar	system,	
a n d 	 t h e 	 c r y s t a l	
birefringence	 is	 largely	
c o n s t r a i n e d	 f r om	
previous	 studies,	 we	
can	 then	 d i r e c t l y	
quantify	 the	 horizontal	
difference	 in	 fabric	
asymmetry.		
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Polarimetric backscatter model 

Node	depth	wavelength	(ϕ)	dependent	on:		
•  frequency	(fc),	
•  bulk	birefringence	(Δε(z))	
•  crystal	birefringence	(through	ε)	

Node	azimuth	separation	dependent	
on	anisotropic	scattering	(r)	

D
ep

th
 (z

) 
manuscript submitted to JGR: Earth Surface

of received power (Pr) (Equations 9-12 in Fujita et al., 2006) to the radar received power269

equation (Equation 2) as a combination of anisotropic scattering (R) and birefringence270

(B), the former as a scalar parameter that modulates the inequality in the scattering ma-271

trix (Equation 8 in Fujita et al., 2006) and the latter as ↵ (Equation 1). Specifically, the272

polarimetric phase shift through depth is related to B and ↵ by (Equation 12 in Jordan273

et al., 2019):274

� =
4⇡fc
c

Z z

z0

�" (z)

2
p
"̄

dz (4)275

Equation (4) reveals the two-way phase shift � to be proportional to the central276

radar frequency fc and the bulk (macroscopic) birefringence �" between depths z and277

z0 (where z0 is an initial depth). Additionally, "̄ represents the mean (polarization-averaged)278

dielectric permittivity of ice, and c is the speed of light in vacuum. The theoretically-279

predicted depth-averaged distance between successive birefringent minima over phase cy-280

cles of 2⇡ radians can then be determined through Equations (1) and (4) within the po-281

larimetric backscatter model as a function of horizontal fabric asymmetry (↵). Because282

there also exists an inverse relationship between this periodicity and the radar center fre-283

quency (fc) (Figure S2b), higher frequency radars are better suited to detect weaker ice284

fabric anisotropy than deep-penetrating radars (Figure 6 in Fujita et al., 2006).285

Using the same polarimetric backscatter model, Fujita et al. (2006) (their Figure286

5) determined that, for co-polarized antennas, extinction of the received signal occurs287

when the ice optic axis is aligned either parallel or perpendicular to the antenna polar-288

ization plane, and that periodic local power minima located o↵-axis are present symmet-289

ric about the antenna’s polarization plane (referred to in their paper as “co-polari[z]ation290

nodes”). These results are replicated in Figure 4a-c with the antenna polarization plane291

centered at ✓ = 0° and using a radar central frequency of 750MHz, which corresponds292

to the central frequency of the Accumulation-C radar. Additionally, Figure 4 reveals that293

the amount of prescribed anisotropic reflectivity perturbs the amplitude of theoretical294

birefringence loss, as well as on the azimuth of the ice optic axis relative to the antenna295

array polarization plane (the relative azimuth). The detectability of birefringence-induced296

power minima in our study are inherently dependent on this specific relationship. In the297

case where the ice medium reflects isotropically (Figure 4a), birefringence-induced power298

loss will be most pronounced when the ice optic axis is at 45° from the principal axes299

–15–

(d)

β  ε(z)

Figure 3. Modelled WDC (a) co-polarised power anomaly, (b) co-polarised phase difference, and (c) quad-polarised (hhvv) phase angle,

corresponding to Fig. 2b, d, and e respectively. (d) Model input parameters for anisotropy (�), and birefringence ("(z)) through depth,

the former estimated through 2-D optimisation from Fig. 2b, and the latter using eigenvalues from the WDC that specify the bulk COF

(Fitzpatrick et al., 2014). Value ranges for � (white to dark green) and "(z) (white to dark purple) are [1 5] and
⇥
0 1.5⇥ 10�2

⇤
respectively.

The identified symmetry axis orientation does not azimuthally migrate through the observed depth range to 1500 m, equivalent

to a depth age of 7400 years (Sigl et al., 2016). Though we similarly observe no azimuthal migration beyond 1500 m, we do

not extend our findings further due to the limited depth samples with sufficient SNR available within this range. Our estimate

of the principal axis aligns exactly with the nearest strain configuration (~5 km southwest) as estimated by Matsuoka et al.

(2012), and is +14
� from the direction of flow as estimated by Conway and Rasmussen (2009) (Fig 2f). We note that there220

may be additional unquantified azimuthal error from human inaccuracy in establishing the orientation of the measurement axis

during data collection.

The backscatter and phase patterns in the co-polarised measurements, as well as in the hhvv coherence phase (�hhvv), all

show variation with depth, which indicate changes in either or a combination of birefringence and anisotropy. To better under-

stand what drives these changes, we modelled the azimuth and phase dependence of these three measurements (Fig. 3) through225

the matrix-based backscatter model (Eq. 2), which predicts the combined polarimetric effect of birefringent propagation and

anisotropic scattering at each depth and azimuth step (1 m and 1
� in the model). The birefringence in the models was estimated

through Eq. 1 by directly using eigenvalue estimates from the WAIS Divide Deep Ice Core (WDC; Fitzpatrick et al., 2014) to

calculate the horizontal asymmetry E2�E1, and linearly interpolating between each defined fabric measurement depth. The

10

https://doi.org/10.5194/tc-2020-264
Preprint. Discussion started: 28 September 2020
c� Author(s) 2020. CC BY 4.0 License.

Further	reading	

Fujita	et	al.	(2006)	JGlac	
Young	et	al.	(2020)	TCD	

Young	et	al.	(accepted)	JGR	

∆ε = (a2 − a1)∆ε
′

Signal	extinction	at	0°,	90°	
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β    ε(z)

Figure 5. Modelled WDC (a) co-polarised power anomaly, (b) co-polarised phase difference, and (c) quad-polarised (hhvv) phase angle,

corresponding to Fig. 4a, c, and e respectively. (d) Model input parameters for the ratio of anisotropic scattering (�), and birefringence ("(z))

through depth, the former estimated through 2-D optimisation from Fig. 4b, and the latter using eigenvalues from the WDC that specify the

bulk COF (Fitzpatrick et al., 2014; Voigt et al., 2015). Value ranges for � (white to dark green) and "(z) (white to dark purple) are [0 15] dB

and
⇥
0 1.5⇥ 10�2

⇤
respectively. The orientation of the E1 (dark green) and E2 (dark yellow) eigenvectors were prescribed depth-invariant

at 90� and 0� respectively following measured observations.

insufficient, we rely on the azimuthal range (width) of the alternating phase signatures in the hhvv phase angle in Fig. 4e to275

make these estimates.

The model outputs for the co-polarised power anomaly and phase difference, as well as the hhvv phase angle cases are

shown in Fig. 5, and reinforces the observations of Brisbourne et al. (2019), where characteristic “node pairs” in the minima

of the power anomaly (Fig. 5a) are coincident with the four-quadrant vertical pair centres in the co-polarised phase difference

(Fig. 5b). These centres are also coincident with the width of the asymptotic zone of similarly alternating positive and negative280

phase gradients in the hhvv coherence phase plot (Fig. 5c) (Jordan et al., 2019). Additionally, in Fig. 5a, cruciate-shaped zones

of power minima link each node pair diagonally. In all three panels, the nodes and inflexion points are either reflectionally

(Fig. 5a,c) or rotationally symmetric (Fig. 5b) around the 90
� principal axis. The azimuthal distance of these nodes, centres,

and the width of the asymptotic zones from the principal axis are a function of the ratio of anisotropic scattering (Fig. 5d) that

we do not consider in this study, the reasons behind elaborated in the Discussion (Section 5). The depth-periodicity of pattern285

repetition is a function of birefringence, interpreted in past observations (e.g., Brisbourne et al., 2019; Drews et al., 2012) as a

13
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❄ ︎	 In	 practice,	 we	 can	
r e c o n s t r u c t 	 t h e	
polarimetric	 backscatter	
using	 a	 fully-polarimetric	
dataset	 composed	 of	 four	
antenna	 combinations	 of	
orthogonal	orientations.		

❄ ︎	 Quad-po la r imet ry	
produces	 essentially	 the	
same	 output	 as	 if	 the	
antenna	 were	 circularly	
rotated.		

❄︎	 The	 use	 of	 the	 cross-
polarised	 (VH)	 power	
anomaly	 can	 give	 a	 rough	
indication	 of	 the	 fabric	
e igenvectors	 without	
distinguishing	 between	
the	two.		

❄	 Because	 fabric	 orients	
i t se l f	 i n	 re la t ion	 to	
d e f o r m a t i o n , 	 t h e	
orientation	of	the	x1	and	x2	
e i g e n v e c t o r s 	 g i v e s	
directions	 of	 principal	
strain	(if	a	vertical	girdle	is	
modelled).	 To	 distinguish	
between	the	two,	we	have	
to	rely	on	the	HHVV	signal	
(next	slide).		

❄	 Measured	 results	 with	
an	 ApRES	 system	 at	WAIS	
Divide	 compare	 well	 to	
modelled	 results	 using	
measurements	 from	 the	
WAIS	Divide	ice	core.		
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Polarimetric radar sounding 
Application	to	radar	sounding	using	linearly-
polarised	antennas	can	detect	azimuthal	(x-y)	
fabric	asymmetry	

Quad-pol	setup	

Azimuthal	rotation	setup	

Modelled	HH	 Measured	HH	

Further	reading	

Brisbourne	et	al.	(2019)	JGR	
Young	et	al.	(2020)	TCD	

WAIS	Divide	orientation	

8.00	m	

Tx	 Rx	
ApRES	

h	|	v	

v	|	v	

v	|	h	

h	|	h	

with those used in previous polarimetric ApRES studies of ice fabric (Jordan et al., 2019, 2020c, b; Ershadi et al., 2021) with165

the exception of Brisbourne et al. (2019), which reverses the two assignments (i.e. h in our study corresponds to v in their

study, and v in our study corresponds to h in their study).

3.4 Radar data processing

Data were pre-processed and range-processed following procedures detailed in Stewart et al. (2019). Specifically, for each

of the four bursts, the 20 noisiest chirps were culled and the remaining chirps averaged. Each resulting burst-mean was then170

weighted with a Blackman window, zero-padded, time-shifted to align the phase centre with the start of the signal, and Fourier-

transformed. The resulting complex-valued spectra (referred to as their “complex amplitudes”) store the amplitude and the

phase of the signal as the magnitude and the angle of the spectra respectively.

Using the four processed quad-polarised complex amplitudes, the 2⇥ 2 integrated scattering matrix S (Eq. 2) in the frame

of reference can be constructed as (Doake et al., 2003):175

S =

2

4shh shv

svh svv

3

5 (3)

Equation 3 is often referred to as the Sinclair matrix. From here, we can reconstruct the ApRES received signal S from any

transmission angle through the application of an azimuthal (rotational) shift of principal axes at the transmitting and receiving

antennas (e.g., Mott, 2006):

S (✓) =

2

4cos✓ �sin✓

sin✓ cos✓

3

5

2

4shh shv

svh svv

3

5

2

4 cos✓ sin✓

�sin✓ cos✓

3

5180

=

2

4shh cos
2 ✓� (svh + shv)sin✓ cos✓+ svv sin

2 ✓ shv cos2 ✓+(shh � svv)sin✓ cos✓� svh sin
2 ✓

svh cos2 ✓+(shh � svv)sin✓ cos✓� shv sin
2 ✓ svv cos2 ✓+(svh + shv)sin✓ cos✓+ shh sin

2 ✓

3

5 (4)

In Eq. 4, the cross-polarised measurements obtained from the ApRES are in theory geometrically congruent by the Lorentz

Reciprocity Theorem (i.e. svh = shv) and therefore the two measurements should be identical. In practice, there will be small

differences including (but not limited to): (i) manufactured differences in the beam pattern between the transmitting and re-

ceiving antenna aerials; (ii) random clutter within the transmitted media; and (iii) human error in antenna positioning (Stumpf,185

2018). In our datasets, we observe minimal difference between svh and shv , although there is some additional variability seen

at the near-surface (Fig. 3). Additionally, in our analyses, as well as those reported in Brisbourne et al. (2019), we find that

svh =�shv , for reasons we have yet to identify.

Because the complex amplitudes retrieved from the ApRES (Eq. 4) are phasors representing the radar return signal, the

phase of the signal at a given depth is simply the argument of the complex number. To avoid the typical problems of working190

with phase—that is, employing phase unwrapping methods for sampled data within [0,2⇡]—we calculate the phase difference

with respect to azimuth:

��✓,z = arg

⇣
s✓+�✓/2,z · s⇤✓��✓/2,z

⌘
(5)

8
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❄ ︎	 A p p l i c a t i o n	 o f	
polarimetric	 coherence	
to	 the	 effective	 medium	
model	 quantifies	 the	
amount	 of	 azimuthal	
fabric	asymmetry.		

❄ ︎	 The	 quad-polarised	
derivative	 of	 the	 phase	
angle	 through	 depth	
( d ϕ h h v v / d z ) 	 i s	
proport ional	 to	 the	
amount	 of	 azimuthal	
fabric	asymmetry.		

❄︎	The	polarity	of	dϕhhvv/
dzdistinguishes	 between	
x1	 (negative)	 and	 x2	
(positive).		

❄	Comparisons	of	radar-
redived	 estimates	 of	
azimuthal	 fabric	 strength	
w i t h 	 s i m i l a r	
measurements	 from	 ice	
cores	 at	 WAIS	 Divide	
show	good	agreement.		

❄	 Signal	 strength	 limits	
coherence	 deeper	 into	
the	ice	column.			

❄	 These	 techniques	 are	
e s t a b l i s h e d 	 i n	
po lar imetr ic	 remote	
sensing,	 but	 are	 nascent	
in	radioglaciology.		
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Polarimetric coherence 

Using the four processed quad-polarised complex amplitudes, the 2⇥ 2 integrated scattering matrix S (Eq. 2) in the frame

of reference can be constructed as (Doake et al., 2003):

S =

2

4shh svh

shv svv

3

5 (3)160

Equation 3 is often referred to as the Sinclair matrix. From here, we can reconstruct the ApRES received signal S from any

transmission angle through the application of an azimuthal (rotational) shift of principal axes at the transmitting and receiving

antennas (e.g., Mott, 2006):

S (✓) =

2

4 cos✓ sin✓

�sin✓ cos✓

3

5

2

4shh svh

shv svv

3

5

2

4cos✓ �sin✓

sin✓ cos✓

3

5

=

2

4shh cos
2 ✓+(svh + shv)sin✓ cos✓+ svv sin

2 ✓ shv cos2 ✓+(svv � shh)sin✓ cos✓� svh sin
2 ✓

svh cos2 ✓+(svv � shh)sin✓ cos✓� shv sin
2 ✓ svv cos2 ✓� (svh + shv)sin✓ cos✓+ shh sin

2 ✓

3

5 (4)165

Note that in Eq. 4 the cross-polarised measurements obtained from the ApRES are geometrically congruent by the Lorentz

Reciprocity Theorem (i.e. svh = shv) and therefore the two measurements should be identical, with any deviations being the

result of performance variations between the transmitting and receiving antennas and/or error in orienting the antennas along

the acquisition geometry axes (Doake et al., 2003).

Because the complex amplitudes retrieved from the ApRES (Eq. 4) are phasors representing the radar return signal, the170

phase of the signal at a given depth is simply the argument of the complex number. To avoid the typical problems of working

with phase—that is, employing phase unwrapping methods for sampled data within [0,2⇡]—we calculate the phase difference

with respect to azimuth:

��✓,z = arg

⇣
s✓+�✓/2,z · s⇤✓��✓/2,z

⌘
(5)

where the asterisk represents the complex conjugate of its respective phasor.175

The shift in phase also results in the modulation of received power as a function of azimuth. This can be visualised by

calculating the power anomaly from the resulting multipolarisation data (e.g. Eq. 7 in Matsuoka et al., 2003).

The polarimetric coherence and its corresponding phase is computed over a local window via the discrete approximation

(Eq. 1 in Dall, 2010):

c?hhvv =

PN
i=1 shh,i · s⇤vv,iqPN

i=1 |shh,i|
2
qPN

i=1 |svv,i|
2

(6a)180

�?
hhvv = arg(chhvv) (6b)

where the superscript stars in Eq. 6 account for the use of the deramped phase stored by the ApRES rather than the original

received signal phase (hereafter we do not notate this explicitly) (Jordan et al., 2020b). From Eq. 6b, we can then estimate the

7

Application	of	polarimetric	coherence	to	the	
effective	medium	model	quantifies	the	
azimuthal	fabric	asymmetry	 a2 − a1 =

c

4πfc

2
√

ε̄

f(ν)∆ε′

∣

∣

∣

∣

dφhhvv

dz

∣

∣

∣

∣

a2 – a1 

Radar 
Ice core 

(d)

β    ε(z)

Figure 5. Modelled WDC (a) co-polarised power anomaly, (b) co-polarised phase difference, and (c) quad-polarised (hhvv) phase angle,

corresponding to Fig. 4a, c, and e respectively. (d) Model input parameters for the ratio of anisotropic scattering (�), and birefringence ("(z))

through depth, the former estimated through 2-D optimisation from Fig. 4b, and the latter using eigenvalues from the WDC that specify the

bulk COF (Fitzpatrick et al., 2014; Voigt et al., 2015). Value ranges for � (white to dark green) and "(z) (white to dark purple) are [0 15] dB

and
⇥
0 1.5⇥ 10�2

⇤
respectively. The orientation of the E1 (dark green) and E2 (dark yellow) eigenvectors were prescribed depth-invariant

at 90� and 0� respectively following measured observations.

insufficient, we rely on the azimuthal range (width) of the alternating phase signatures in the hhvv phase angle in Fig. 4e to275

make these estimates.

The model outputs for the co-polarised power anomaly and phase difference, as well as the hhvv phase angle cases are

shown in Fig. 5, and reinforces the observations of Brisbourne et al. (2019), where characteristic “node pairs” in the minima

of the power anomaly (Fig. 5a) are coincident with the four-quadrant vertical pair centres in the co-polarised phase difference

(Fig. 5b). These centres are also coincident with the width of the asymptotic zone of similarly alternating positive and negative280

phase gradients in the hhvv coherence phase plot (Fig. 5c) (Jordan et al., 2019). Additionally, in Fig. 5a, cruciate-shaped zones

of power minima link each node pair diagonally. In all three panels, the nodes and inflexion points are either reflectionally

(Fig. 5a,c) or rotationally symmetric (Fig. 5b) around the 90
� principal axis. The azimuthal distance of these nodes, centres,

and the width of the asymptotic zones from the principal axis are a function of the ratio of anisotropic scattering (Fig. 5d) that

we do not consider in this study, the reasons behind elaborated in the Discussion (Section 5). The depth-periodicity of pattern285

repetition is a function of birefringence, interpreted in past observations (e.g., Brisbourne et al., 2019; Drews et al., 2012) as a

13

Measured	Modelled	

Further	reading:	Jordan	et	al.	(2019)	IEEE;	Young	et	al.	(2020)	TCD	
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❄︎	Birefringence	causes	
periodic	 power	 loss	
that	can	be	visualised	if	
the	 antenna	 plane	 is	
neither	 parallel	 nor	
perpendicular	 to	 the	
fabric	orientation.		

❄︎	 We	 show	 example	
he re	 o f	 wha t	 we	
b e l i e v e 	 t o 	 b e	
birefringence-induced	
power	loss	at	2	sites	in	
Antarctica	 and	 1	 in	
Greenland.	

❄	 These	 radargrams	
are	 produced	 from	 co-
linear	 antennas	 (i.e.	 a	
“ r e g u l a r ” 	 n o n -
polarimetric	setup).	

❄ ︎	 These	 radargrams	
were	 all	 open-access,	
and	 there	 exists	 many	
other	 radargrams	 with	
s im i l a r	 imp r i n t ed	
phenomena.		

❄	We	argue	that	these	
s i g n a l s 	 a t 	 s h e a r	
margins	 represent	 the	
shear	 state	 of	 i ts	
deformational	regime.		
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Birefringence  
in ice 
•  In	radargrams,	

periodic	patterns	
appear	as	a	result	
of	birefringence	

•  Antennas	must	be	
angled	off-parallel	
and	off-
perpendicular	to	
fabric	axes!		

Further	reading:		

Young	et	al.	(accepted)	JGR	
Franke	et	al.	(2021)	ESSD	Discussions	
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❄ ︎	 Although	 these	
birefringence	 traces	
are	 often	 treated	 as	
‘artifacts’,	 we	 show	
that	these	patterns	can	
i n d i c a t e 	 s p a t i a l	
changes	 i n	 f ab r i c	
strength.		

❄ ︎	 We	 re la te	 the	
wavelength	 of	 the	
observed	 per iod i c	
power	 loss	 to	 fabric	
strength	 by	 inverting	
the	 effective	 medium	
model.		

❄ ︎	 The	 presence	 of	
birefringence	 loss	 also	
indicates	 that	 the	
fabric	axes	are	oriented	
neither	 parallel	 nor	
perpendicular	 to	 the	
antenna	 planes,	 which	
g i v e s 	 u s 	 s o m e	
indication	 as	 to	 the	
fabric	orientation.		
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Application: Thwaites Glacier  

?	

	

Effective	medium	
model	

(Fujita	et	al.	2006)	
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Further	reading	

Young	et	al.	(accepted)	JGR	
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❄︎	 Here,	 we	 show	 the	
c h a n g e	 i n	 f a b r i c	
s t r e n g t h 	 w i t h i n	
r a d a r g r a m s	
orthogonally	 crossing	
the	 Thwaites	 Glacier	
Eastern	Shear	Margin.		

❄ ︎	 Fabric	 strength	
peaks	at	the	location	of	
maximum	 shear,	 and	
relaxes	 both	 inwards	
and	 outwards	 of	 the	
shear	margin	centre.		

❄︎	 The	 shape	 of	 these	
patterns	 is	 a	 reflection	
of	 the	physical	state	of	
flow-induced	 fabric	
induced	through	lateral	
simple	shear.	

❄︎	 The	 bump	 on	 the	
outward	 side	 (e)	 may	
indicate	 relic	 shear	 or	
historical	flow.		
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Application: Thwaites Glacier  

Further	reading:	Young	et	al.	(accepted)	JGR	
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❄︎	 Surface	 strain	 axes	
are	 all	 observed	 to	 be	
neither	 parallel	 nor	
p e r p e n d i c u l a r	 t o	
t r a n s e c t 	 l i n e s ,	
therefore	birefringence	
loss	is	expressed.		

❄︎	 Note	 that	 surface	
strain	 axes	 may	 vary	
through	 depth	 (to	 be	
covered	in	later	slides).		

❄ ︎	 B e c a u s e 	 t h e	
morphology	 of	 the	
o b s e r v e d	 f a b r i c	
variations	 represent	 its	
s h e a r	 s t a t e , 	 t h e	
d e t e c t i o n 	 o f	
birefringent	 periodicity	
may	 help	 constrain	
lateral	 variations	 in	
fabric	 strength,	 and	
locate	past	and	present	
shear	margins.	
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Application: Thwaites Glacier  

Further	reading:	Young	et	al.	(accepted)	JGR	



Background	 Methods	 Results	 Future	work	Study	Site	
	

❄ ︎	 W h e r e	 i c e	 i s	
stagnant,	 fabric	 should	
be	 near-isotropic.	 The	
fabric	 strengths	 should	
be	very	weak,	with	any	
anisotropy	 a	 result	 of	
asymmetric	 strain,	 no	
matter	how	minimal.		

❄ ︎	 W h e r e	 i c e	 i s	
s t r e am i n g ,	 f a b r i c	
should	 resemble	 more	
of	a	vertical	girdle	with	
m o d e r a t e	 f a b r i c	
s t reng th .	 Because	
there	 may	 still	 exist	
some	 shearing,	 some	
in-column	rotation	may	
be	evident.	

❄︎	At	the	shear	margin,	
fabric	 should	 tend	
towards	 a	 horizontal	
pole,	aligned	oblique	to	
the	 shear	 plane.	 The	
detected	 fabr ic	 i s	
strong	 due	 to	 high	
horizontal	asymmetry.		

❄︎	Shown	here	are	end	
members,	 actual	 fabric	
i s 	 l i k e l y 	 t o 	 b e	
intermediate	 between	
the	three	bounds.		
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❄ ︎	 Shown	 here	 are	
PRELIMINARY	RESULTS.		

❄︎	 Observations	 (here,	
made	using	a	quad-pol	
ApRES)	 are	 always	
more	complicated	than	
theory.	

❄ ︎	 W h e r e	 i c e	 i s	
stagnant,	 there	 exists	
low	 variation	 in	 hhvv	
phase	angle.	The	depth	
of	 the	 shallowest	 co-
polarised	 node	 at	 650	
m	 indicates	 low	 fabric	
strength.	

❄︎	 A	 gradual	 rotation	
o f 	 t h e 	 f a b r i c	
eigenvectors	 through	
depth	 may	 indicate	
d e p t h - d e p e n d e n t	
shear,	 or	 gradual	 flow	
reorientation	 (or	 other	
y e t - i d e n t i f i e d	
mechanism).		
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❄ ︎	 Shown	 here	 are	
PRELIMINARY	RESULTS.		

❄︎	 Observations	 (here,	
made	using	a	quad-pol	
ApRES)	 are	 always	
more	complicated	than	
theory.	

❄ ︎	 At	 the	 point	 of	
m a x i m um	 s h e a r ,	
graphical	 output	 is	
difficult	to	analyse,	but	
the	 depth	 of	 the	 co-
polarised	 nodes	 at	
multiples	 of	 100	 m,	
w i t h 	 i n c r e a s i n g	
periodicity	 through	
depth,	 suggests	 high	
fabric	strength.	

❄ ︎	 T h e	 c a u s e	 o f	
u n c o n s t r a i n e d	
e i g e n v e c t o r	
orientations	at	200-500	
m	 is	 unknown,	 but	 we	
believe	 it	 to	 indicate	
physical	 properties	
relating	 to	 its	 shear	
state.		
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❄ ︎	 Shown	 here	 are	
PRELIMINARY	RESULTS.		

❄︎	 Observations	 (here,	
made	using	a	quad-pol	
ApRES)	 are	 always	
more	complicated	than	
theory.	

❄ ︎	 Inside	 the	 shear	
margin	 in	fast	flow,	we	
observe	complex	fabric	
separated	 in	 three	
vertical	sections.		

❄ ︎	 The	 top	 section	
(<100	 m)	 shows	 rapid	
in-column	 rotation	
c o n s i s t e n t 	 w i t h	
p r e v i o u s	 r e s u l t s	
( J o r d a n	 e t	 a l .	 i n	
review).	 The	 rate	 of	
rotation	 is	 thought	 to	
increase	 with	 amount	
of	shear	strain.		

❄ ︎	 A b r u p t 	 j u m p	
dislocations	 in	 fabric	
orientation	 between	
the	middle	(100-650	m)	
and	 lower	 (>650	 m)	
sections	is	puzzling,	but	
could	indicate	different	
properties	 between	
the	two	sections.		
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❄︎	 Preliminary	 results	
show	 complex	 fabric	
that	 is	 likely	 to	 be	 a	
combination	 of	 one	 or	
more	 of	 the	 proposed	
mechanisms.	 It	 will	 be	
a 	 c h a l l e n g e 	 t o	
d i s en tang l e	 these	
mechanisms	 to	 reveal	
the	stories	lying	behind	
the	observations.		

❄︎	 Although	 there	 are	
physical	 limitations	 on	
how	 far	 radar	 can	
r e s o l v e 	 f a b r i c	
observations,	our	work	
is	 part	 of	 a	 larger	
project	 (TIME,	 within	
the	 ITGC)	 that	 tackles	
the	 question	 of	 shear	
margin	stability	using	a	
v a r i e t y 	 o f	
observa t iona l	 and	
modelling	 methods.	
TIME	 hopes	 to	 reveal	
the	 stability	 of	 the	
T hw a i t e s	 G l a c i e r	
Eastern	 Shear	 Margin	
and	its	role	in	potential	
rapid	 retreat	 of	 the	
West	 Antarctic	 Ice	
Sheet.		
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Still to come… 
•  Forward	modelling	to	deduce	theoretical	fabric	

response	to	varying	shear	scenarios	
•  Combination	of	(non-polarimetric)	airborne	and	

(polarimetric)	ground-based	observations	to	
parameterise	ice	flow	enhancement	

•  Relate	possible	flow	regimes	that	could	give	rise	to	
observed	fabric	through	anisotropic	modelling		

•  Use	all	outputs	in	conjunction	with	TIME	and	ITGC	to	
investigate	the	historical	stability	of	the	Eastern	
Shear	Margin		

tjy22@cam.ac.uk		 tjy511	

Thanks for viewing! I 
hope you found this work 

as exciting as I did!  


