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Abstract The orientation of ice crystals within large ice masses has a strong influence on their mechanical
properties, but cannot be directly observed from the surface. The bulk birefringence of anisotropic ice allows us
to infer information about the crystal orientation fabric (COF) from polarized radar measurements. Here, we
show a new approach for determining the orientation and strength of horizontal COF anisotropy from two radar
reflections originating from the same physical layer in birefringent ice. We apply this method to data collected
as part of a ground-based radar survey of the North East Greenland Ice Stream. We observe a 12-degree
clockwise rotation of the fabric at the center of the ice stream, and a tendency toward a flow-aligned COF further
southeast. This asymmetry across the ice-stream centerline adds to growing evidence for a more variable ice
stream than previously assumed.

Plain Language Summary The ice in glaciers and ice sheets is composed of crystals, small pieces of
ice which can differ in shape and orientation. How ice crystals are arranged is closely linked to how ice sheets
move and behave, which is important for predicting changes in polar ice sheets and their impact on sea level rise.
Even though the arrangement of the crystals is not directly observable from the surface of ice sheets, we can use
specific types of radar measurements to extract general information about how the crystals are arranged. In this
study, we present a new approach for doing this. We test the method on data collected as part of a survey of the
North East Greenland Ice Stream, which drains 16% of the area of the Greenland Ice Sheet. Our results show that
the crystals are not aligned in the way we expected, suggesting that the flow pattern of the ice stream has
changed in the past and is not as stable as previously thought.

1. Introduction

The orientation of grains within polycrystalline ice, or crystal orientation fabric (COF), is a fundamental property
that governs ice flow. Ice is mechanically anisotropic (Duval et al., 1983), so good estimates of the COF in
dynamically interesting areas, such as ice streams, are crucial for constraining the directional viscosity of ice. If
ignored, directional hardening or softening caused by the COF can lead to errors when inferring basal conditions
(Rathmann & Lilien, 2022), modeling depth-age relationships at ice divides (Martin et al., 2009), or considering
the strength of shear margins (Grinsted et al., 2022; Minchew et al., 2018). Improved understanding of the COF
can thus contribute to more accurate modeling of ice stream behavior. Since flow variability causes half of the
Greenland ice sheet's annual mass loss (Shepherd et al., 2020), this understanding helps reduce uncertainties in
future sea level projections.

COF can be measured or inferred in multiple ways. The most direct is using ice cores to derive the orientation of
individual grains in the ice (Durand et al., 2006; Montagnat et al., 2014). However, except with highly resolved
layering, cores provide only point measurements and absolute orientation is usually lost (Westhoff et al., 2021).
Seismics offer an alternative to ice cores by utilizing the elastic anisotropy of ice (Picotti et al., 2015; Smith
et al., 2017) to estimate the COF. Another commonly used, and logistically simpler, method for estimating the
COF is with polarized radar measurements.

Radar sounding has long been used to recover information about the COF (Hargreaves, 1977). In glacial ice, the
dielectric anisotropy of individual ice crystals can alter the polarization state of the transmitted radar waves
(Jiracek, 1967). Anisotropic COFs inherit this property, which affects both the travel-time and polarization state
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of radar waves. It is common to approximate the COF using a second-order structure tensor, using its eigenvectors
and eigenvalues to describe the orientation and strength of the COF. The propagation of radar waves in ice is only
sensitive to the second-order structure tensor (Rathmann et al., 2022). In recent years, fully polarimetric radar
sounding, including both the co-polarized (transmitting and receiving at the same polarization) and the cross-
polarized (transmitting and receiving at orthogonal polarizations) orientations, has become a powerful tool in
deriving the horizontal eigenvectors and eigenvalues (Dall, 2020; Ershadi et al., 2022; Fujita et al., 2006; Jordan
et al., 2019) using simple radar models together with radar-derived coherence and power anomalies. A new and
simpler approach involves measuring the travel-time difference in reflections from the bed or internal layers
(Gerber et al., 2023; Zeising et al., 2023) between multiple co-polarized measurements. In anisotropic ice, radar
energy must be polarized along the principal axes of the COF, so if the transmitted wave is misaligned with the
COF it is split into two waves. These waves have slightly different propagation speeds (Fujita et al., 2006).

Here, we demonstrate that travel-time and amplitude analysis of double reflections in co-polarized data offers a
way of inferring the horizontal anisotropy and orientation of the COF, assuming no rotation with depth. First, we
present the observations of double reflections, caused by birefringence, collected as part of a larger ground-based
radar survey of the North East Greenland Ice Stream (NEGIS), which form the basis of the analysis. Second, we
explain why double reflections arise and present a method to use them to infer information about the COF. Third,
we derive orientation and horizontal eigenvalue differences of the COF inside NEGIS by applying the new
method to the observed double reflections. Lastly, we compare our results to the ice core from the East Greenland
Ice Core Project (EastGRIP) (Westhoff et al., 2021; Zeising et al., 2023) and a fabric evolution model presented in
Gerber et al. (2023).

2. Data: Ground-Based UWB Polarized Radar

The data used in this study were recorded with a ground-based, ultra-wideband, quad-polarized radar system
developed by the University of Alabama (Li et al., 2020). Over the course of two weeks in June and July 2022, we
collected more than 500 line-km of radar at NEGIS (Figure 1). The radar operated at center frequency 330 MHz
with bandwidth 300 MHz. In this survey, the entire radar system was dragged behind a Skidoo at a speed of about
10 km/hr. The radar electronics and operator were towed inside an enclosed sled (PolyPod, Figure 2). The antenna
panels were dragged on an inflatable balloon behind the PolyPod.

The radar switched between four polarization modes (HH, HV, VV, VH), where V and H indicate along-track or
across-track polarization of the transmit and receive antennas, at a pulse repetition frequency of 5 kHz. Along with
the four polarization modes, we also alternated between two chirp lengths, 10 and 1 ps. We only use the 10 ps data
here as it penetrates deeper and, as we will show below, the separation between double reflections depends on the
integrated anisotropy of the ice through which the radar waves travel. The antenna is able to distinguish polar-
izations with a cross-polarization leakage of —30 dB or better for most of the frequency spectrum (Li, 2021).

Processing of the raw radar data was done using custom scripts and consists of coherent integration, pulse
compression, incoherent integration, channel integration and interpolation to a consistent grid.

2.1. Double Reflections

In connection with tracking layers, we noticed that layers sometimes split and merge, making the tracking
ambiguous. Because we could compare HH and VV, it became apparent that this was most likely an effect of
birefringence. This could potentially make the process of automated tracking very difficult, and complicate
matching layers between ice core conductivity or dielectric measurements and radar layers.

We interpret these split layers as single physical layers in the ice that reflect two orthogonally polarized waves,
split by the birefringence, and returning to the receiver at different times depending on the strength of the
birefringence. The partitioning of energy of the two waves, and thereby the recorded amplitudes, is determined by
the degree of alignment of the radar antennas and horizontal eigenvectors of the COF. An example of observed
double reflections is shown in Figure 2, together with a sketch of the ideas presented here.

Only a very small subset of the data convincingly show these double reflections, most likely due to insufficient
misalignment between horizontal eigenvectors of the COF and radar antennas, and most internal reflectors
disappear near shear margins where we might expect radar antennas to be misaligned with the COF.
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Figure 1. Overview of the 2022 ground-based radar campaign near the EastGRIP drill site, located in the interior,
southwestern region of North East Greenland Ice Stream (NEGIS). The black rectangle outlines the survey area. Black
dashed lines show the estimated location of the NEGIS shear margins. Black lines with arrowheads show the flow lines.
Velocity data was obtained from the NASAs MEaSUREs multi-year data set (Joughin et al., 2016, 2018).

In the following, we provide the theoretical basis for double reflections and demonstrate how it can be used to
derive an estimate for the COF.

3. Theory

To explain these double reflections, we need to consider the electromagnetic properties of ice in the VHF to UHF
frequency range. In this frequency range, ice crystals are birefringent with permittivity ¢ and ¢, parallel and
perpendicular to their optical axis, respectively. However, the typical size of individual ice crystals is on the order
of 0.5-10 mm (Svensson et al., 2007; Thorsteinsson et al., 1997), which is around two orders of magnitude
smaller than the center wavelength of the radar system (~0.5 m in ice). It is therefore appropriate to describe the
ice by its bulk properties. For the following we assume that the COF has a vertical eigenvector, pointing along z,
and x and y define the two horizontal eigenvectors. The bulk permittivity of ice can be related to the permittivity of
a single ice crystal through the bulk permittivity tensor (Fujita et al., 2006),
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Figure 2. UWB radar and double reflections at North East Greenland Ice Stream. (a) Shows the radar as it was operated in 2022. (c), (d) Show the driving direction of the
radar relative to the local flow vector. (e), (f) Is a side by side comparison of HH and VV radargrams collected along the wide pink line on the velocity map in (b),
zoomed in on a double reflection (B/ - B”). (k, 1) Show the HV and VH radargrams. (g)—(j) Show a sketch of double reflections.

e, + Ael, 0 0
€, = 0 £, + Ael, 0 , 1)
0 0 €, + Ael,
where Ae = ¢ — €, A, 4, and 4 express the normalized eigenvalues of the COF, within the eigenframe of the

COF, (x,y,z). We assume the commonly used values Ae = 0.034 and ¢, = 3.15 (Fujita et al., 2000).

In the case that 1, # 4, and the radar waves propagate vertically, the electrical fields are polarized according to the
horizontal principal axes of the permittivity tensor (Fujita et al., 2006), and differently polarized waves will be
split. In other words, when the polarization of a radar wave is not aligned with the horizontal eigenvectors, the
bulk birefringence of the ice splits the wave into two waves, polarized along x and y. The two waves have different
propagation speeds, due to the difference in permittivity. As a result we see two reflections at different travel
times from the same layer in the ice.
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3.1. Travel Time Difference

If the travel-time difference exceeds the range resolution of the radar we can use it to derive the horizontal
eigenvalue difference, Al = A, — A,, where we define 4, > 4,. The two way travel-time (TWT) for polarizations
along the two horizontal principal axes, x and y, can be expressed as,

t(d) = %\/Q + Ael,, t(d) = %, [e1 + Ael,, 2
c c

where d is the depth measured from the surface of the ice and c is the speed of light in vacuum. These relations can
be rearranged to derive A4 given the observed travel times,

c)2t§—t§_tx—ty4é Cl(t+t) 3)
y T )

- =228 ford =
2d) “he o+t he O TG4

Ad=dy—Ay = (
where we define 4, >4, and & = %e 1+ %e” (permittivity of isotropic ice). The error in A4 from assuming
isotropic travel speeds for estimating d is small compared to the uncertainty from estimating ¢, and z,,.

3.2. Relative Amplitude of Double Reflections

The initial relative amplitude of the two downward-propagating waves is determined by ¢. For the H wave the
amplitudes of the two waves, H, and H,, can be related to the amplitude of the transmitted wave, Hy, as,

H, = Hy cos ¢, H, = Hr sin ¢. 4)

The components of the V wave are computed analogously. As these waves travel through the ice column, each
encounters reflectors that reflects a fraction of the wave back toward the surface. If the travel-time difference and
amplitudes are large enough, they will appear as two separate reflections to an antenna not aligned with the
principal axes. At the surface, the waves will have decreased in amplitude, which we parameterize by two pre-
factors, L, and L,, which might differ due to anisotropic scattering. The returned amplitudes of the two waves
are then L, H, and L,H,,. For a co-polarized measurement, the recorded amplitudes are L.H, cos ¢ and L H, sin ¢.

The ratio of the amplitudes for the co-polarized measurements can be written as

L L
Ryy = —cot> ¢, Ryy = —tan? ¢. (5)
L, L,
For an illustration of the relative amplitudes at transmit and receive, see Figure S1 in Supporting Information S1.

Amplitudes are usually presented on a logarithmic scale defined by Pyz(a) = 10log,y|al’, where a is the
amplitude of the recorded signal and P,z is a measure of the power of the recorded signal expressed in dB. We
therefore use a rewritten version of Equation 5,

L
APy = 20log, <L—x) — 401og,(tan ¢)
©)
L
APyy = 20log, (L—X) + 401og,(tan ¢),

where APy and APyy is the power difference in dB between the second and first reflection in HH and VV mode,
respectively (Figure 2).

Cross-polarized measurements can be used to eliminate the term depending on L, and L. Following the deri-

vation of Equation 6, the power differences for cross-polarized measurements are,

L
APHV = APVH =20 loglo (f). (7)
y
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If cross-polarized measurements were not available, APy; — APyy could be used to derive ¢ independent of L,
and L,. If only one co-polarized measurement were available, cross points might be used to eliminate the first term

in Equation 6.

4. Methods

We now apply this theory to the data collected at NEGIS to derive ¢ and AA. First, we trace pairs of reflections.
The travel-time difference of the reflections allows us to derive the eigenvalue difference using Equation 3. For
lines without double reflections the eigenvalue differences is derived by comparing travel-times for layers in HH
and VV, similar to cross-point analysis (Gerber et al., 2023).

Determining the fabric orientation from the amplitude of the reflections is more complicated. First, the amplitude
is calculated as the maximum value in a 5 sample window centered around the picked reflection. We use the mean
and standard deviation of the signal amplitude between the two reflections to define the noise level. Locations
where the amplitude of either picked reflector does not exceed the noise level by at least 4 dB are discarded. A
schematic of the workflow can be found in the Figure S2 in Supporting Information S1.

We use the cross-polarized data to calculate a corrected power difference,

- 1
APyy = APyy — E(APHv + APyy) = —401log; (tan ¢)

(®)
— 1
APVV = APVV - E(APHV + APVH) =40 loglo(tan ¢)
can then be estimated independently for an rearrangin uation 8 to get
hen b i d independently for HH and VV by ging Equation 8 to g
|rm| = arctan(lo_ﬁﬁﬁ/‘m)
)

[pyy| = arCtan(loﬁvaO),

where ¢y and ¢y, are independent estimates of ¢ derived from the HH and VV radargrams, respectively.

Equation 9 has two solutions; the sign of ¢ is ambiguous without additional information. Minor fluctuations in the
driving direction, and consequently in radar orientation during data collection, allow the sign to be determined. If
we assume that the orientation of the COF changes over much greater distances than the radar orientation, we can
determine the sign of ¢ by cross-correlating the along-track gradient of the power difference with the along-track
gradient of |¢|. For the HH case,

AP
¢> O, if sign M — —SigIl M
ds Os

(10)
¢<O, if slgn(w> — +Slgn<a|¢HH|)
ds ds

where s represents the along-track coordinate. For VV we just flip the signs of Equation 10. To determine the COF
orientation, we thus calculate two estimates of ¢, each following Equation 9 to get |¢| and Equation 10 to find

sign(¢).

Because the energy is split between two waves, we need strong reflectors for the signal to rise above the noise.
Across different radar lines, we found three reflectors that were consistently well suited to carry out the analysis.
They are approximately 2 km deep at EastGRIP and have been found all over Greenland (Dahl-Jensen et al., 2003;
Gerber et al., 2021; Jacobel & Hodge, 1995; NEEM Community Members, 2013). Because they are strong re-
flectors and lie in an otherwise relatively echo-free zone, they are easily picked and rise well above the noise.
They are also deep enough for the travel-time difference to be significant at the COF strength around NEGIS. We
thus obtain up to six independent estimates of the fabric strength and orientation (two polarizations times three
layers) at every radar trace.
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This method relies on these reflections originating from one physical layer, not two closely spaced, orthogonally
scattering layers that mimic the relative amplitudes of double reflections. Having multiple layers showing the
same pattern can help distinguish between these possibilities. The HV or VH data can also reveal if the layers are
subject to strong anisotropic scattering.

5. Results

Across the center of the ice stream, we observe a small increase in the rotation of the COF with respect to flow
as we move from B” toward the center at B' and a constant rotation of 12 + 5° from the center at A” to A"
This is followed by a generally increasing eigenvalue difference from A4 = 0.42 at B" to Al =07atA.
Unlike most glacier settings, this implies that c-axes are primarily horizontal, associated with flow convergence
and lateral compression. Upstream with increasing proximity to the southeastern shear margin (" t0 C), we
find a more flow-aligned COF that tends to counterclockwise rotation of the COF at C'. The signal-to-noise
ratio generally decreases from C’ to c’, decreasing confidence in the orientation estimates toward c”. Our
uncertainty estimates do not fully capture this variation (see Text S1 and Figure S8 in Supporting Informa-
tion S1 for details). At the northwestern shear margin (D’ to D"), we find a constant clockwise rotation of the
COF of about 40° with a small increase in the eigenvalue difference from A1 = 0.65 to A4l = 0.75 toward D".
Figure 3b includes flow parallel and perpendicular lines with no observed double reflections. Eigenvalue
differences for these lines were derived by comparing travel times between the HH- and VV-radargrams for the
same three layers used to analyze double reflections. Comparison of HH and VV travel time indicates nearly
constant eigenvalue difference along the ice-stream center. The across flow line is asymmetric about the ice-
stream center, with a general increase from the southeast to the northwest. Results derived for radar lines 2022/
06/27 and 2022/07/05 in Figure 1, are omitted due to overlap with 2022/06/28 and 2022/06/30, respectively.
The overlapping lines agree within their respective uncertainties, and detailed results can be found in Figures
S4-S8 in Supporting Information S1.

6. Discussion

Our results suggest that the eigenframe of the COF is rotated about 12° relative to flow close to the center of the
ice stream. This seemingly contrasts with the reconstruction based on visual stratigraphy of the EastGRIP ice core
(Westhoff et al., 2021), which finds that the COF is generally aligned with flow. However, a 12-degree rotation is
small compared to the spread of reconstructed c-axis azimuths (Westhoff et al., 2021, Figure 10c3). The COF
above 1,375 m, where the ice core orientation has been reconstructed, may be rotated relative to the COF below,
though the radar only records a cumulative effect. Only the top 1,714 m of the ice-core eigenvalues have been
published (Weikusat et al., 2022; Zeising et al., 2023), and assuming a constant COF below 1,714 m and isotropic
at the surface, the depth-averaged horizontal eigenvalue difference from the ice core is A4 = 0.53 =+ 0.01 at the
depth of the three radar layers. This is in near-perfect agreement with our closest estimate to EastGRIP (A”) which
gives Al = 0.52 £ 0.01, which is also in good agreement with the results derived from ApRES (Zeising
et al., 2023).

6.1. Method Limitations

Our new method leverages characteristics of the study site and radar to overcome limitations that may prove
problematic when attempting to apply the method in other settings. The method assumes that the orientation of
the eigenvectors remains constant throughout the illuminated ice column. This is partly supported by the ice-
core reconstruction, which does not suggest a changing eigenframe in the interval 1,375 m—2120 m (Westhoff
et al., 2021). The method works best at relatively large misalignment with the eigenvectors, approximately
45° + 15°, to produce sufficient amplitude differences to estimate orientation. A radar with cross-pol leakage
comparable to the amplitude difference (~5-10 dB) may not observe power differences between the two layers,
and thus might be confined to estimating AA but not orientation. Radars with low range resolution or low
transmit power might struggle to produce strong double reflections at a depth where the travel-time difference
exceeds the range resolution. The eigenvalue difference resolvable for a given bandwidth, B, can be
expressed as,

NYMAND ET AL.

7 of 11

85U9017 SUOWIWIOD SAITE1D B|dedldde au) Ag peusanof ae sopile YO ‘8sN JO Sa|ni oy ArIqiT 8UljuO 8|1 UO (SUOTIPUOD-pUe-SLLIB)ALI0D A8 | 1M ARe1q1jpU1 UO//:SANY) SUONIPUOD pue Swie | 8L 885 *[6202/20/60] Uo Aeiqiauliuo A(in ‘eb1pBuoy 18a Aq ESK0TT 19Y202/620T 0T/I0p/W0d A 1M Aleid 1 jpuljuo sgndnBe;/:sdiy woj pspeojumoq '€ ‘SZ0Z ‘L008VY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL110453

E= Double reflections
‘ EastGRIP ice core

——— Flow lines
=== Shear margin

Surface vel. (m/yr)
10 20 60

— |

45
i —45
s HH-VV derived
I Vs

Figure 3. Orientation and strength of COF, derived from double reflections, plotted on top of panel (a) surface velocity map
of North East Greenland Ice Stream (Joughin et al., 2016) and (b)—(c) modeled fabric from (Gerber et al., 2023). (a) The black
and gray arrows show the horizontal principal components of the COF, x and y respectively, as derived from the amplitude

differences. Arrows show mean values with depth (i.e., across three layers) and distance for sections of each radar line

(thirds). The white arrows are the local flow directions, and the white number is the angle between the flow vector and the
smallest eigenvalue. Explanation of orientation uncertainty can be found in Text S1 in Supporting Information S1. Gray solid
lines show flow lines. The yellow-blue colors of the wide lines show the depth-averaged horizontal eigenvalue difference
derived from the travel-time difference of the double reflections. (b) Shows eigenvalue differences from double reflections,
as well as flow parallel and perpendicular lines with no observed double reflections, plotted on top of the depth averaged
modeled horizontal eigenvalue difference. (c) Shows the orientation derived from the double reflections plotted on top of the
modeled orientations, where yp,,, is the angle between flow and y. Primed and double primed letters with arrow show the

traveling direction from the start to the end of the double reflection lines, respectively.

0.26 for: B=30MHz, z=2km

¢ \/'g: 0.09 for: B=85MHz, z=2km

" T BAeT | 004 for: B=200MHz z=2km
0.026 for: B=300MHz, z="2km

(11)
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Figure 4. Detailed overview of results from line B in Figure 3. (a) HH-radargram where visible double reflections have been
picked in pairs (0, 1), (2, 3), and (4, 5), with the corrected amplitude differences plotted below in panel (b) for each layer,
blue, orange and green. (c) Calculated orientations of the smallest eigenvalue relative to flow for each layer with a smoothed
mean plotted on top in black. (d) Horizontal eigenvalue difference based on the travel-time difference of the reflection pairs
picked in panel (a). (e)—(h) as in panels (a)—(d), but for VV.

where the range resolution of a radar system with bandwidth B is 236\/5 (Skolnik, 2001). Figure S3 in Supporting

Information S1 shows a radargram from the MCoRDS radar (Paden et al., 2014), which has been flown for
thousands of kilometers over Greenland and Antarctica, with probable double reflections. For radar data with
double reflections, every sample is a superposition of scattering events of the two wave components, making
interpretation difficult except for bright isolated layers. The layers that we have used (see Figure 4) are found all
over Greenland, and are located in an otherwise relatively echo free zone (Dahl-Jensen et al., 2003; Gerber
etal., 2021; Jacobel & Hodge, 1995; NEEM Community Members, 2013), suggesting that the method might work
in other sections of the ice sheet with strong horizontal anisotropy. We encourage future studies using ice
penetrating radar data to consider how double reflections may influence their interpretations.

6.2. Comparison With a Fabric Development Model

Comparison between our results and the horizontal anisotropy predicted by a fabric development model offers
potential insight into the glaciological conditions at NEGIS (Figures 3b and 3c). We compare our results to a
model that simulated COF development under the assumptions that flow has been steady for the past ~10k years
and COF develops solely by lattice rotation. In contrast to the observations, which show symmetry of the
orientation and horizontal eigenvalue difference across a plane parallel to but southeast of the current ice-stream
centerline, the model predicts symmetry across the ice-stream centerline. That two independently observed pa-
rameters, the horizontal eigenvalue difference and orientation, disagree with the model results for the southeastern
part of the ice stream suggests that model assumptions do not hold. While there is some uncertainty in the
robustness of the modeled eigenvalue difference due to recrystallization (Richards et al., 2023), the lack of
rotation of the COF relative to flow is tied to the fundamental physics of COF development and the assumption of
steady flow. Since the modern centerline does not cross a shear margin, the ice does not experience shear or
rotation, so current understanding of COF development under lattice rotation or recrystallization suggests that if
flow has been steady there should be symmetry about the ice-stream centerline. We thus suggest that the
assumption of steady-state flow is mainly responsible for the disagreement between model and observations.
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The widening of the shear margins observed in Grinsted et al. (2022) suggests a variable ice stream rather than one
in steady state. Franke et al. (2022) observed relic ice streams north of present day NEGIS that were likely active
during the Holocene. Jansen et al. (2024) found that the current shear margins of NEGIS were fully formed only
2000 years ago. These three independent lines of evidence all support recent flow changes in or around NEGIS.
Conversely, the model results from Gerber et al. (2023) assumed steady flow in the past, so mismatch between
model and data could suggest that the COF has not yet adjusted to the new flow configuration. For example, a
recent northward migration of the ice stream could explain why the COF is rotated relative to modern flow. Thus,
the mismatch between our results and the model could be evidence of an ice stream with a more variable past than
commonly assumed.

7. Conclusion

Using double reflections recorded at NEGIS with a new, high-resolution radar system, we have derived infor-
mation about the COF, namely the orientation of the horizontal eigenframe and the horizontal eigenvalue dif-
ference. This new method may enable simpler radar systems with a single, linearly polarized antenna to estimate
COF along a radar line, subject to the conditions that A4 is large enough and the radar has sufficient power and
sensitivity to sound layers deep enough that travel-time differences exceed the range resolution of the radar. We
find a strong asymmetry in both the orientation and eigenvalue differences across the modern center of NEGIS.
This contrasts with a fabric development model (Gerber et al., 2023), which shows approximate symmetry across
the center of the ice stream under the assumption that ice flow has remained steady for the last ~10 kyr; the
model/data mismatch likely stems from that assumption. Together with recent studies about the age and present-
day widening of the NEGIS shear margins (Grinsted et al., 2022; Jansen et al., 2024), as well as the discovery of
relic ice streams in northern Greenland (Franke et al., 2022), this work is another piece of evidence for a more
variable NEGIS than previously assumed.

Data Availability Statement

Radar data, horizontal eigenvalue differences, COF orientations and code are available at Nymand and Dahl-
Jensen (2024). Greenland surface velocity data are available at Joughin et al. (2016). ImpDAR Software used for
picking layers in radargrams are available at Lilien et al. (2020). EastGRIP ice core eigenvalues down to 1714 m
are available at Weikusat et al. (2022).
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