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Abstract. Anisotropic scattering and birefringence-induced
power extinction are two distinct mechanisms affecting the
azimuthal power response in radio-echo sounding (RES) of
ice sheets. While birefringence is directly related to the crys-
tal orientation fabric (COF), anisotropic scattering can, in
principle, have various origins. We use curve-fitting tech-
niques to evaluate the relative contributions of anisotropic
scattering and birefringence in quad-polarized ground-based
RES measurements from the Northeast Greenland Ice Stream
(NEGIS), identifying their dominance and orientation across
depths of 630-2500 m. We find that anisotropic scattering
clearly dominates the radar signal in most depths larger than
1200 m, while birefringence effects are most important in
shallower depths and particularly in the vicinity of the ice-
stream shear margins. We further find that the co-polarized
power difference follows the ice-sheet stratigraphy with a no-
table transition in strength and/or direction at the Wisconsin—
Holocene transition and in folded ice outside the ice stream,
possibly indicating disrupted stratigraphy in these folded
units. We conclude that small-scale fluctuations in the hor-
izontal COF eigenvalues are the most likely mechanism re-
sponsible for the anisotropic scattering observed in our sur-
vey area. Mapping the strength and orientation of scattering
in quad-polarized measurements thus has the potential to pro-
vide independent estimates of the COF orientation and distin-
guish ice units with different scattering properties, e.g. from
different climatic periods.

1 Introduction

Radio-echo sounding (RES) is widely used for studying ice
sheets, glaciers, and ice caps by sending electromagnetic
waves in the radio frequency range into the ice and measur-
ing the strength of the reflected signals as a function of time.
An important observation in RES measurements is the az-
imuthal dependency of the return power, where the strength
of the signal varies with the orientation of the polarization.
This dependency is influenced by two distinct mechanisms:
birefringence and anisotropic scattering (Fujita et al., 2006;
Matsuoka et al., 2009). Both mechanisms can be indicative
of ice properties critical to palaeoclimate and ice-dynamics
research, and, while they may appear independently, they fre-
quently coexist.

Birefringence is directly related to the preferred alignment
of ice crystals, commonly known as crystal orientation fab-
ric (COF) or lattice preferred orientation. Individual ice crys-
tals are transversely isotropic about the crystal axis (c axis),
with higher dielectric permittivity along the ¢ axis compared
to the basal plane. A systematic orientation of ice crystals
in the polycrystal results in anisotropic electromagnetic and
mechanical properties, along with birefringence. As elec-
tromagnetic waves propagate through ice, they decompose
into two orthogonal wave components, each polarized with a
principal COF axis (Hargreaves, 1977). For nadir wave prop-
agation (the standard setup in ice-sheet RES), these polariza-
tions lie in the horizontal plane, assuming that one eigen-

Published by Copernicus Publications on behalf of the European Geosciences Union.



1956 T. A. Gerber et al.: Anisotropic scattering in radio-echo sounding: insights from northeast Greenland

vector is vertical. Horizontal anisotropy causes wave speed
differences for these two wave components, which leads to
travel-time differences of reflected signals for radar polariza-
tion parallel and perpendicular to COF axes (Gerber et al.,
2021; Zeising et al., 2023). This effect can also manifest as
double reflections in radargrams that are misaligned with the
COF (Nymand et al., 2025). Additionally, interference be-
tween the two waves leads to power extinction nodes when
the phases are shifted by half a wavelength upon recep-
tion (Fujita et al., 2006). In radargrams, these appear with
a vertical spacing that depends on the strength of horizon-
tal anisotropy and radar frequency (Young et al., 2021; Ger-
ber et al., 2023) and with an azimuthal periodicity of 90°
in both co-polarized (transmit and receive polarizations are
parallel) and cross-polarized (transmit and receive polariza-
tions are perpendicular) measurements. In the absence of
anisotropic scattering, co-polarized power extinction (CoPE)
nodes emerge at an azimuth of 45° from the principal COF
axis, while cross-polarized power extinction (XPE) aligns
with COF axes (see, for example, Fig. 5 in Fujita et al., 2006,
for an illustrative overview). This effect persists with a 90°
azimuthal periodicity, even if none of the principal directions
of the COF are vertical (Rathmann et al., 2022).

Anisotropic scattering describes the directional depen-
dence of ice’s scattering properties, which causes variations
in signal intensity based on the orientation of the antenna.
Scattering of radio waves in ice sheets arises from two main
mechanisms: volume scattering, driven by small-scale inho-
mogeneities within the ice, and surface scattering, caused by
reflections at internal interfaces (e.g. Langley et al., 2009;
Drews et al., 2012). Volume scattering includes contributions
from air bubbles, dust, and impurities and shows anisotropic
characteristics when these scatterers are rotationally asym-
metric, such as elongated air bubbles or small-scale fluc-
tuations in horizontal permittivities related to COF (Drews
et al., 2012). Surface scattering, on the other hand, takes
place at reflection horizons typically linked to volcanic erup-
tions and climatic transitions (Paren and Robin, 1975; Fujita
et al., 1999; Hempel et al., 2000; Eisen et al., 2006); mate-
rial boundaries like water, air, or sediment inclusions (Robin
et al., 1969; Paren and Robin, 1975); or abrupt changes
in COF (Eisen et al., 2007). Anisotropic reflections may
emerge when these interfaces exhibit directional roughness
(e.g. van der Veen et al., 2009; Cooper et al., 2019; Eisen
et al., 2020) or involve transitions in COF with horizontal
anisotropy (Eisen et al., 2007). Importantly, anisotropic scat-
tering is distinguishable from birefringence by its azimuthal
periodicity of 180° in co-polarized return power, compared
to the 90° periodicity associated with birefringence (Fujita
et al., 20006).

An important distinction must be made between horizon-
tally anisotropic COFs causing birefringence and COFs that
lead to anisotropic scattering. Horizontally anisotropic COFs
are characterized by a large difference in their horizontal
eigenvalues, causing strongly birefringent properties, and are
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typically found in dynamic areas of ice sheets. Examples of
COFs with strong horizontal anisotropy include vertical gir-
dles often found in flank flow (e.g. Fitzpatrick et al., 2014;
Stoll et al., 2024) or horizontal single maxima which develop
in shear zones (e.g. Thomas et al., 2021; Gerber et al., 2023).
The scattering property, however, seems to arise from varia-
tions in the directional relative permittivities (i.e. &/, s’y) and
not from the COF type itself. In other words, it is the noise
of the horizontal eigenvalue distribution rather than the COF
type that causes anisotropic scattering. For example, a hori-
zontal single maximum could in theory be highly anisotropic
without causing anisotropic scattering if it is perfectly con-
stant with depth, while a weak girdle can cause stronger
anisotropic scattering when the horizontal eigenvalues fluc-
tuate with depth.

Azimuthal power fluctuations have been observed in pre-
vious airborne and ground-based polarimetric experiments,
defined here as RES measurements including multiple po-
larization directions. Most of these studies have focused
on identifying the horizontal component and orientation of
electromagnetic anisotropy, typically associated with COF,
and therefore relevant for ice-flow mechanics (Duval et al.,
1983). This can be analysed using methods like CoPE
and XPE node analysis (Young et al., 2021; Gerber et al.,
2023), coherence phase analysis (Dall, 2010; Jordan et al.,
2019, 2022; Ershadi et al., 2022), or travel-time differences
(Gerber et al., 2023; Zeising et al., 2023). CoPE nodes, in
particular, can be valuable for estimating horizontal COF
anisotropy over large areas, as they can also be observed
in single-polarized radar measurements (Young et al., 2021;
Gerber et al., 2023), the most common type used for large-
scale airborne ice-sheet surveys. However, the presence of
anisotropic scattering complicates these analyses by influ-
encing the vertical elongation and azimuthal spacing of
CoPE nodes, as well as the angular width of dipole nodes
in coherence phase data (Fujita et al., 2006; Ershadi et al.,
2022). Therefore, understanding the role of anisotropic scat-
tering is crucial for accurately interpreting COF anisotropy
and birefringence signatures in radargrams.

In this study, we use ground-based quad-polarized (trans-
mit and receive polarizations are sequentially rotated by 90°,
resulting in two co-polarized and two cross-polarized modes)
ultra-wideband RES data to quantify the relative importance
of anisotropic scattering and birefringence effects in a dy-
namic region of the Greenland Ice Sheet (GrIS). Our study
site (see Fig. 1) is located in the onset region of the North-
east Greenland Ice Stream (NEGIS), near the East Greenland
Ice-core Project (EastGRIP) drill site. The NEGIS region is
of particular interest due to relatively fast ice flow (reach-
ing 55 ma~! at the drill site; Hvidberg et al., 2020) where
deformation-induced anisotropic scattering mechanisms can
be expected, and the COF is known to be highly anisotropic
in the ice-stream centre (Stoll et al., 2024). We synthesize the
full azimuthal response from quad-polarized measurements,
and then we use curve-fitting methods to determine the am-
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plitude and orientation of 90 and 180° periodic co-polarized
power fluctuations at different depths, with a spacing of 5 km
along the radar lines. Our results show that anisotropic scat-
tering dominates most of the survey area, especially within
the ice stream and in ice from the Wisconsin period. Addi-
tionally, the strength and orientation of anisotropic scattering
correlate with ice-sheet stratigraphy, with a sharp reversal in
directionality at the 11.4 ka isochrone, marking the transition
from Holocene to Wisconsin ice, at a depth of approximately
1300 m outside the shear margins. We propose that small-
scale vertical variations in the COF are the most probable
cause of the observed anisotropic scattering patterns, making
the scattering orientation a direct indicator of COF orienta-
tion.

2 Radio-echo sounding data and isochrone dating

The RES data used in this study were recorded in June/July
2022 with a quad-polarized ground-based system. The radar
operated at a centre frequency of 330 MHz with 300 MHz
bandwidth and a chirp length of 10 ps. Eight channels from
the digital system were divided into 10 amplifiers with peak
transmit power of 150-250 W per amplifier, feeding a 10x 10
element array. This setup formed a 2.7m x 2.7m antenna
resting on a balloon and was dragged over the snow sur-
face at an average speed of ~3ms~!. A high-power switch
coordinated the polarization of transmit and receive chan-
nels for quad-polarized recording (HH, HV, VV, and VH,
where V denotes along-track polarization). The receivers
were blocked during the 10 us transmit time, corresponding
to an approximate depth of 630 m for the first recorded re-
turns. A detailed description of the radar system can be found
in Yan et al. (2020).

The radar survey was conducted along the lines shown
in Fig. 1, which are mostly aligned parallel/perpendicular
to the general southwest to northeast surface ice-flow direc-
tion and cover a distance of approximately 450 km, spanning
the entire width of the ice stream. Figure 2 shows an exam-
ple radargram (profile A in Fig. 1) in the four polarization
modes HH, HV, VV, and VH. Additionally, a circular radar-
gram (turning circle) with an approximate radius of 50 m
was recorded near the EastGRIP camp for testing purposes
(Fig. 1c). Data processing followed a standard procedure in-
cluding coherent integration, pulse compression, incoherent
integration, channel integration, and interpolation to a con-
sistent grid (Nymand et al., 2025). While synthetic aperture
radar (SAR) focusing of the RES data could improve some
radargram sections, challenges related to irregular tracks and
high bandwidth complicated motion compensation, limiting
overall improvement. Consequently, SAR focusing was not
employed. The final trace spacing after processing is approx-
imately 25-30 m on average, while it is approximately 0.7 m
in the turning circle.

https://doi.org/10.5194/tc-19-1955-2025

Isochrones were traced manually for profiles A and B
(Fig. 7) and dated following Gerber et al. (2021). In doing
so, the travel times were converted to depth using a velocity
profile inferred from the relative dielectric permittivity ob-
tained from dielectric profiling (DEP) of the EastGRIP core
(Mojtabavi et al., 2022). The DEP complex-valued, ordinary
relative dielectric permittivity, £, was measured at 250 kHz at
a resolution of 5 mm, starting at a depth of 13.7 m. We used
a smoothed version of the real part of the dielectric record,
¢'(z), to estimate the velocity profile in the upper 183 m by
extrapolating to a surface value of ¢, = 1.55. Below the tran-
sition into pure ice at a depth of 183 m, we assume a constant
relative permittivity in ice of &/ = 3.15. The velocity profile
is then obtained with

€0

C=To

, ey

where &'(z) is the relative dielectric permittivity and cg is
the speed of light. The age uncertainties generally increase
with depth due to the timescale maximum counting error and
because the existing timescale does not extend to the deep-
est layer traced here (see Gerber et al., 2021, for discussion
of uncertainties). The deepest traced isochrone (74.7 ka; see
Fig. 7) has an additional uncertainty from the layer tracing
across the shear margin in profile B, particularly since the
bottom part from 20 km and onward is heavily folded, caus-
ing ambiguity in matching the deepest isochrone inside and
outside the shear margin.

3 Azimuthal response — model and observations at
EastGRIP

The effects of anisotropic scattering and birefringence can
be distinguished by their periodicity of co-polarized power
anomalies, dPyy (for definition, see Sect. S1 in the Supple-
ment or Ershadi et al., 2022). These patterns differ because
the two mechanisms are governed by distinct symmetries.

Amplitude variations due to anisotropic scattering origi-
nate from variations in scattering properties within the ice
that have a two-fold symmetry. This means that the returned
signal is strongest in two opposite directions, resulting in a
180° periodicity when co-polarized antennas are rotated.

In contrast, birefringence splits the transmitted radar wave
into two orthogonal components that travel at different
speeds through anisotropic ice. The relative amplitude of
these two wave components depends on the orientation of the
antennas relative to the COF axes, while the phase difference
depends solely on the degree of anisotropy but is indepen-
dent of the antenna orientation. Interference between the two
wave components modulates the return power. A 90° rota-
tion of co-polarized antennas flips the amplitudes of the two
components, but the interference pattern remains unchanged.
Therefore, birefringence creates a 90° periodicity in the co-
polarized signal (Hargreaves, 1977).
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Figure 1. (a) Overview of the radar survey near the EastGRIP ice core site located in the Northeast Greenland Ice Stream (NEGIS), indicated
by the enhanced surface flow velocities (Joughin et al., 2018). (b) Polarimetric RES lines are shown as black solid lines with two example
radargrams (profiles A and B shown in Fig. 7) highlighted in blue and red, respectively. A1, Ay, etc. indicate reference points of changing
driving direction in Figs. 2 and 7, and dots along profiles A (6a—6j) and B (7a—7j) mark analysis points in Figs. 4 and 5. Thick dashed lines
indicate the position of the shear margins, and white lines indicate the streamlines derived from surface velocities. (¢) Location of the turning
circle near the EastGRIP drill site. The colour scale in panel (b) also applies to (a) and (c).
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Figure 2. Example radargram (profile A in Fig. 1) recorded with the quad-polarized radar. Co-polarized profiles are shown in panel (a)
(HH - cross-track) and (b) (VV — along-track). Panels (c¢) and (d) show cross-polarized profiles (HV and VH, where the first and last
letters indicate transmit and receive polarization, respectively). Sections Aj—Aj and A3—Ay are flow-parallel, while Ay—A3 and A4—end are
flow-perpendicular.
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Both mechanisms exhibit 90° periodicity in cross-
polarized anomalies, dPyy, because the transformation of the
polarization state, whether through scattering or birefringent
phase shifts, inherently alternates every quarter-wave (90°),
driven by the geometry of the polarization ellipse.

The full co- and cross-polarized angular response was
measured by the radar in a turning circle with approximate
diameter of 50m in the vicinity of EastGRIP (Fig. 1c). Al-
ternatively, this response can be synthesized from a single
quad-polarization measurement using the method described
in Eq. (11) of Ershadi et al. (2022), which shows good
agreement with the turning circle measurements (details in
Sect. S2 in the Supplement). To assess the relationship be-
tween COF, birefringence, and anisotropic scattering, we
compared power anomalies from a wave-propagation model
(Fujita et al., 2006), which uses the COF record from the
nearby EastGRIP ice core, with both the turning circle data
and the synthesized azimuthal response from a single quad-
polarized measurement near the turning circle. In the model,
we assumed that anisotropic scattering arises solely from ver-
tical fluctuations in horizontal eigenvalues, and birefringence
is defined by the observed eigenvalue differences (Sect. S1).

To quantitatively estimate the relative importance of
anisotropic scattering (180° dPyy periodicity) and birefrin-
gence (90° dPyy periodicity), we then fit the sum of 90°-
and 180°-periodic sinusoidal signals to dPyy as a function
of azimuth 6:

f(0) = A180sin(20 + @180) + Agg sin(46 + @gp). 2

Figure 3 shows the average azimuthal co-polarized power
fluctuations with the fitted function and the contributions of
each component at five depth intervals. The relative impor-
tance of anisotropic scattering and birefringence is given by
the fitted amplitudes A1go and Ag, respectively, which are
displayed on top of each panel in Fig. 3, and scattering direc-
tion is given by the fitted phases @139 and ¢gg. For all three
datasets, anisotropic scattering becomes increasingly impor-
tant relative to birefringence with increasing depth, as the
% ratio increases for all depth increments except between
panels (g) and (j). Birefringence is only dominant in shallow
depths, notably in the 0-500 m interval of the model output
(panel a) and the 500-1000 m interval of the turning circle
(panel b). Amplitudes of anisotropic scattering are generally
higher in the model compared to radar observations, possi-
bly because the relatively low sampling rate of COF mea-
surements with depth may fail to capture a smoother, more
continuous COF-depth function as it may occur in reality.

4 Orientation and strength of scattering and
birefringence across NEGIS

We now investigate the strength and orientation of
anisotropic scattering on larger spatial scales by calculating
the synthesized co- and cross-polarized power anomalies and
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coherence phase difference at intervals of 5 km along the re-
maining radargrams. We use the same curve-fitting proce-
dure as in Fig. 3 to determine the orientation and strength
of anisotropic scattering and birefringence effects for dif-
ferent depths. The synthesized response is calculated from
an average over ~ 100 m distance to improve signal-to-noise
level, since the driving direction at the analysis points is rea-
sonably constant and the subsurface properties are not ex-
pected to change significantly over the corresponding dis-
tance. The curve fitting was done at every 20 m depth on the
synthesized angular response averaged over a 0.2 ps interval
or ~ 16 m depth. Figures 4 and 5 show the co- and cross-
polarized power anomalies and coherence phase, as well as
the 90 and 180° amplitude—depth profile at every other anal-
ysis point (10 km spacing) for two example lines correspond-
ing to profiles A and B in Fig. 1, respectively. The 90°- and
180°-periodic signal components of the fitted curves are dis-
played at 800, 1000, 1500, and 2000 m depth in the dPyy
panels. Isochrone depths, corresponding to those traced in
Fig. 7, are indicated in blue in the other panels.

The periodicity in the CoPE indicates whether anisotropic
scattering or birefringence is dominating the radar response.
Among all analysed points and depths, 80 % are dominated
by anisotropic scattering, and at 57 % of these points, the
180° periodicity is twice as strong as the 90° periodicity.
The lowest scattering dominance is found close to the shear
margins and at intermediate depths (~ 630-1500 m), where
59 % of the analyses within less than 3km from the shear
margins are dominated by a 180° periodicity. However, de-
riving strength and orientation of anisotropic scattering and
birefringence in the vicinity of the shear margins is particu-
larly difficult due to the overall decreased radar return power
related to strongly folded layers. Abrupt changes in the scat-
tering amplitudes often, but not always, coincide with the
11.4ka isochrone depth indicating the Wisconsin—Holocene
transition that is , for example, visible in the amplitude—depth
profiles in Figs. 4a and f-i and 5d-h.

The orientation of the XPE in the cross-polarized power
anomalies can indicate COF rotations (Ershadi et al., 2022).
A notable azimuth rotation occurs at a depth of 1200-1400 m
between 55 and 75 km in profile A (Fig. 4f and h), where the
XPE is rotated by up to 45°. XPE azimuth rotations also ap-
pear particularly pronounced in profile B at 35km and 55—
65 km at depths between 1000 and 1300 m, possibly indicat-
ing a COF rotation (Fig. 5d, f, and g). Notably, the depths
where these XPE rotations occur coincide with the depth of
the 11.4ka isochrone for all these examples, and in profile B
they go along with an additional change in scattering orien-
tation at the Wisconsin—Holocene transition.

The coherence phase reveals 90°-periodic dipole nodes,
which, unlike CoPE nodes in dPyy, remain distinguishable
as individual features even in the presence of anisotropic
scattering. Anisotropic scattering primarily reduces the angu-
lar width of these nodes, providing an alternative indication
of scatter strength (Ershadi et al., 2022). Anisotropic scat-
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true north (Hvidberg et al., 2020).

tering appears, for instance, particularly strong at 5-55 km,
95km in profile A (Fig. 4a—f and j), and 35-55km in pro-
file B (Fig. 5d-f). The vertical spacing between coherence
phase nodes further visually indicates the degree of hori-
zontal COF anisotropy in the survey area, corresponding to
differences in horizontal eigenvalues. The integrated phase
difference can in theory be used to derive horizontal eigen-
value differences, a method which works reliably in low-
anisotropy areas (e.g. Jordan et al., 2022; Young et al., 2021).
However, for strong COF anisotropy the depth differences
between reflections of opposite polarization directions ex-
ceed the radar’s range resolution, leading to loss of coherence
(Zeising et al., 2024). Although the phase coherence method
could not be applied successfully to our dataset for deriving
COF eigenvalues, reprocessing the data to reduce radar band-
width might improve its applicability in future efforts, albeit
at the cost of signal strength (Zeising et al., 2024).

The Cryosphere, 19, 1955-1971, 2025

Figure 6 shows the orientation of the 180° periodic signal
at depths of 800, 1000, 1500, and 2000 m, along with the
apparent horizontal eigenvalue difference. The eigenvalue
difference was determined using an automated process that
measures the travel-time difference between the HH and VV
traces. Specifically, the cross-correlation of each trace pair
was calculated within a 20 m sliding window to estimate the
time delay between signals. Linear regression was then ap-
plied to correlated reflections to obtain the depth-averaged
apparent eigenvalue difference (for method details, see Ger-
ber et al., 2023). The uncertainty of this method increases
when only shallow reflections are available or when the num-
ber of reflections is low. To ensure reliability, we only in-
cluded results where at least 10 internal reflections could be
correlated with a correlation coefficient above 0.6 and where
at least one reflection lies below 1200 m depth. Results were
discarded where these criteria were not met, particularly in
areas with steeply dipping internal layers near shear margins.
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Figure 4. Synthesized azimuthal radar response for profile A: top panels show the co-polarized power anomaly dPyy with the fitted 90°-
and 180°-periodic sine curve shown as dotted and solid lines, respectively, at depths of 800, 1000, 1500, and 2000 m. Middle panels show the
cross-polarized power anomaly dPyy and coherence phase difference ¢ggyv. The x axis on each panel in the upper three rows shows the
azimuth rotating clockwise from true north. Bottom panels show the amplitudes (in decibel) of the 90 and 180° periodic signal component
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The scattering direction in the ice-stream centre is oriented
between 95 and 105° clockwise from the surface flow direc-
tion at depths of 1000-1500 m where scattering is strongest.
Near the shear margins, scattering becomes less dominant
and the orientation rotates, which is particularly visible in
profile A, following close to the southwestern shear margin
in Fig. 6. This rotation of scattering direction coincides with
and explains the apparent reduction in horizontal anisotropy
derived from travel-time differences, as HH and VV wave
speed differences are maximized when aligned with the COF
and minimized when misaligned. Outside the shear margins,
the scattering orientation is close to flow-parallel at shallow
depths (Fig. 6a) but rotates by approximately 90° for larger
depths (Fig. 6b and c), notably in profile B in the northwest-
ern corner of Figs. 6 and 5 at 35-75 km.
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This reversal of scattering direction is also visible in the
HH-VV power difference of the radargrams, demonstrated
for profiles A and B in Fig. 7, which shows that the power
difference clearly follows the ice-sheet stratigraphy. Positive
(blue) values indicate increasing return power perpendicu-
lar to the driving direction, while negative (red) values in-
dicate increased power parallel to the driving direction. For
along-flow profile sections inside the ice stream (e.g. Al—
A2, B1-B2, B4-B5), power differences tend to be positive
in most parts of the ice column, indicating that the power
return approximately perpendicular to ice flow (HH) is up
to 10dB stronger. Profile parts that were recorded perpen-
dicular to ice flow (e.g. A2—A3, B2—shear-margin, B7-B1)
show a negative power difference, confirming that more en-
ergy is scattered in the direction perpendicular to the flow

The Cryosphere, 19, 1955-1971, 2025
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(in this case VV). A notable change occurs at the 11.4ka
isochrone, marking the Wisconsin—Holocene climatic transi-
tion. Inside the ice stream (e.g. the 0—40km section of pro-
file A and the 0—10km section of profile B), this transition
is marked by an increasing HH-VV power difference, while
outside the shear margins (20-70 km of profile B) the sign of
the power difference is reversed. In this same section of pro-
file B, a folded unit between the 65.8 and 74.7 ka isochrones
is also characterized by different scattering properties and a
reversed scattering direction compared to the overlying ice
layers. Sections A3—-A4, B2-B3, and B5-B6 show alternat-
ing signatures of positive and negative power difference, par-
ticularly pronounced in Holocene ice, which is a result of
birefringence-induced beat signatures: birefringence causes
arotation of the polarization ellipsoid in and out of the profile

The Cryosphere, 19, 1955-1971, 2025

plane, so the power alternates between being higher parallel
(VV) and perpendicular (HH) to the profile direction. These
birefringence-induced beat signatures are indicative of the
misalignment of radar antennas and COF principal axes. The
fact that strong beat signatures are mostly visible at shallow
depths might be due to the loss of coherence at larger depths.
In both profiles there is an approximately 200 m thick basal
echo-free zone.

5 Discussion
We observe the presence of both anisotropic scattering and

birefringence effects at EastGRIP and in radar lines recorded
within a radius of 50km from the EastGRIP drill site, ex-
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tending over the entire ice-stream width and beyond the shear
margins. Notably, birefringence is most pronounced near the
shear margins and at shallow depths but is often superim-
posed by anisotropic scattering which clearly dominates the
azimuthal response in the ice-stream interior and exterior,
particularly in ice units dating back to the Wisconsin period.
In the following, we first discuss the origin of anisotropic
scattering, then examine the relationship between observed
backscatter properties and climate-induced ice characteris-
tics, and finally explore the implications of our findings for
inferring COF type and orientation.

5.1 Origin of anisotropic scattering

Three potential mechanisms have previously been identified
as being most likely causes for anisotropic scattering (Drews
et al., 2012): (1) elongated air bubbles, (2) directional inter-
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face roughness, and (3) small-scale variations in COF with
depth. We next discuss each process separately.

5.1.1 Air bubbles

Air bubbles form near the ice-sheet surface during the trans-
formation of firn into ice. As they are buried under additional
snow and ice layers, they compress, causing a reduction in
their diameter with depth and deformation under a devia-
toric stress regime. The number, size, and shape of bubbles
vary between layers deposited under different atmospheric
conditions (Svensson et al., 2005), leading to stratification
on larger scales. Eventually, bubbles transform into clathrate
hydrates (e.g. Miller, 1969; Ohno et al., 2004), a transition
that occurs in the range of 500 to 1000 m depth in the East-
GRIP ice core (Stoll et al., 2021), and exhibit only minimal
variation across the Greenland Ice Sheet (Pauer et al., 1999;
Kipfstuhl et al., 2001; Neff, 2014).

The Cryosphere, 19, 1955-1971, 2025
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of labelled age. Profile B is missing some data at ~ 65 km.

Bubbles generally elongate in the direction of dilatational
strain (Hudleston, 1977) and can therefore serve as proxies
for local strain rates (Alley and Fitzpatrick, 1999). Highly
elongated bubbles are usually found in rapidly shearing lay-
ers with orientation parallel to the shear zone (Hudleston,
1977; Russell-head and Budd, 1979). Smaller bubbles are
generally more spherical than larger ones, so bubble elon-
gation tends to decrease with depth (Alley and Fitzpatrick,
1999). In central NEGIS, the flow regime is characterized by
along-flow extension due to acceleration and flow-transverse
compression from lateral inflow, while shearing dominates
at the shear margins (Stoll et al., 2024; Westhoff et al., 2021;
Gerber et al., 2023). Although direct studies of bubble shape
in the EastGRIP ice core are still ongoing, bubbles in the
ice-stream centre are expected to be slightly elongated in the
flow direction, becoming most elongated in and parallel to
the shear margins.

The Cryosphere, 19, 1955-1971, 2025

Previous studies (Drews et al., 2012) suggest that elon-
gated air bubbles can cause anisotropic scattering, with in-
creased return power in the direction of bubble elongation.
In our survey area, this would imply higher return power
along the flow direction and parallel to the shear margins.
If bubbles were the sole cause of scattering, we would ex-
pect decreasing anisotropy with depth until the clathrate
transition at ~ 1000m, along with a slight rotation and
stronger anisotropic scattering near the margins, and weaker
anisotropic scattering outside the ice stream.

We reject the hypothesis that bubbles are the major cause
for anisotropic scattering observed in this study based on
three key reasons. First, the spatial distribution of scatter-
ing directions and amplitudes does not align with expected
scattering caused by bubble elongation in the corresponding
strain regimes, although this conclusion is limited by the lack
of direct observations. Second, if air bubbles were the domi-
nant cause of anisotropic scattering, we would expect a grad-
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ual change in anisotropy with depth, which we do not ob-
serve. Finally, while anisotropic scattering occurs through-
out most of the ice column, its strength and direction fol-
low the internal stratigraphy of the ice sheet. Although bub-
ble size and shape might correlate with stratigraphy due to
differences in climatic properties, bubbles cannot be the pri-
mary cause of scattering at depth because they mainly exist
in the upper 1000 m and turn into clathrates at around the
same depth range, regardless of ice age.

5.1.2 Interface roughness

Evidence for azimuthal-dependent roughness is observed in
the visual stratigraphy of the EastGRIP ice core (Westhoff
et al., 2021), which shows roughness amplitudes in the order
of centimetres or less. Although folding amplitudes are lim-
ited by the ice-core diameter, larger folds relevant for radar
wavelengths have been shown to prevail (Jansen et al., 2024).
The visual record at EastGRIP shows higher interface rough-
ness perpendicular to the surface flow field (Westhoff et al.,
2021), with folding axes aligned parallel to ice flow due to
transverse flow compression and along-flow extension in the
ice-stream centre. Folding amplitudes increase toward the
shear margin and remain parallel to the margin (Jansen et al.,
2024).

The effect of directional interface roughness on radar re-
turn power is complex. Interface roughness can transition
radar signals from specular reflection to more diffuse scatter-
ing and wave depolarization when roughness amplitudes are
comparable to the radar wavelength (Peters et al., 2005; Gi-
annopoulos and Diamanti, 2008). Studies with side-looking
radars have shown that higher backscatter occurs perpen-
dicular to the folding axis, as folds act as corner reflectors
(Bateson and Woodhouse, 2004; Bartalis et al., 2006). How-
ever, for a nadir-looking radar system with a much narrower
beamwidth, this anisotropic scattering mechanism may not
operate in the same way. Instead, stronger co-polarized scat-
tering might occur parallel to the folding axis, depending on
fold size and radar characteristics (Scanlan et al., 2022).

Despite the unclear relationship between folds and
anisotropic scattering, we can rule out directional interface
roughness as the major source of anisotropic scattering for
the following reasons. First, if directional interface rough-
ness results from ice dynamics, particularly lateral strain, we
would expect layers outside the ice stream to be smoother,
with less pronounced anisotropic scattering. Indeed, the scat-
tering amplitude is generally slightly higher inside the ice
stream than outside (Fig. 6). However, this pattern is not con-
sistent. For example, scattering amplitudes outside NEGIS
in profile B exceed the amplitudes in the ice-stream inte-
rior, particularly downstream of EastGRIP and in profiles
which are not in the ice-stream centre (Fig. 6a—c). Although
roughness outside the current ice stream might be a rem-
nant of previous ice-dynamics configurations, the spacial dis-
tribution of scattering amplitudes is difficult to explain by
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roughness alone, particularly the lower amplitudes toward
ice-stream margins where folding amplitudes are known to
increase (Jansen et al., 2024). Second, while scattering differ-
ences between ice from different climate periods could stem
from variations in folding amplitudes associated with vis-
cosity differences, the reversed directionality of anisotropic
scattering between Holocene and Wisconsin ice north of
the NW shear margin would imply an exceptionally distinct
strain history between these ice units if attributed to ice-flow-
induced interface roughness, which is unrealistic.

5.1.3 Small-scale vertical variation of COF

After ruling out the above mechanisms as the primary origin
of anisotropic scattering, we propose that small-scale fluc-
tuations in COF with depth are the most likely cause of the
anisotropic scattering observed in our survey area, consistent
with Drews et al. (2012) suggesting a similar explanation for
anisotropic scattering in other regions. Figure 8 provides a
conceptual sketch illustrating how COF variations could ex-
plain these observations.

Panel (a) depicts the scenario within the ice stream, where
COF characteristics are well-constrained by the EastGRIP
core (Stoll et al., 2024). Across most depths relevant to the
radar, a vertical girdle dominates, with eigenvalues primarily
distributed in a plane perpendicular to the flow direction. The
flow-parallel eigenvalues remain near zero and show only mi-
nor variations with depth. Consequently, the flow-parallel di-
electric permittivity remains relatively constant with depth.
In contrast, the flow-perpendicular eigenvalues are generally
larger and exhibit greater fluctuations with depth, impacting
the flow-perpendicular permittivity toward larger variations.
These eigenvalue fluctuations lead to a reflection coefficient
of up to 15dB (Sect. S1) and anisotropic scattering with in-
creased return power perpendicular to ice flow, which is in
agreement with the observed HH-VV power difference of
roughly 10 dB in the ice-stream interior. We hypothesize that
the discrepancy between the COF-derived scattering coeffi-
cient and radar-measured values could stem from the rela-
tively large measurement intervals of the COF (5-15m).

Notably, scattering amplitudes increase slightly at the
Wisconsin—Holocene transition within the NEGIS. Stoll et al.
(2024) document that at this transition in the EastGRIP
core (1230-1394 m) the vertical girdle develops into a gir-
dle with an asymmetrical two-maxima COF. Afterwards, an
additional horizontal maximum component arises together
with the girdle and prevails down to 2500 m with vary-
ing strength. These observations clearly show COF changes
at the Wisconsin—Holocene transition, and even though the
overall COF type and horizontal eigenvalue differences re-
main nearly the same, the increased scattering amplitude in
Wisconsin ice can be explained by higher permittivity fluc-
tuations due to the varying strength of the single maximum.
Additionally, Stoll et al. (2024) observe that below 2500 m
ice crystals grow significantly larger due to elevated temper-
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blue indicates backscatter in the flow-parallel direction. The anisotropic scattering arises not from the COF type itself but from its vertical
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increased flow-perpendicular scattering. In (b), the COF type is unknown, but travel-time differences suggest types with minimal horizontal
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climatic transitions — for instance, a vertical single maximum with slight elongation toward the flow-parallel or flow-perpendicular directions
in different ice units. In both scenarios, a basal echo-free zone is observed, characterized by very large crystals with multi-maxima COF. This
likely accounts for the absence of both anisotropic scattering and radar echoes in this layer.

atures and organize into a multi-maxima COF with predom-
inantly vertical orientation. This aligns well with the echo-
free zone and explains why anisotropic scattering is only ob-
served above this layer.

Panel (b) in Fig. 8 represents the situation in the folded
units north of NEGIS. Here, no direct COF observations
are available from ice cores, so the permittivity profile and
stereoplots in panel (b) are speculative. Apparent eigenvalue
differences derived from travel times are small, suggest-
ing either low horizontal anisotropy or a misalignment of
the COF with radar polarization. Assuming that strain out-
side NEGIS is dominated by vertical compression, a verti-
cal single-maximum COF is the most likely configuration,
resulting in low horizontal eigenvalue differences. Never-
theless, anisotropic scattering could still arise from such
a COF if the ¢ axis distribution (and thus the dielectric
permittivity) varies more in the flow direction within the
upper Holocene ice unit. This pattern could then shift to
greater flow-perpendicular permittivity variation in the Wis-
consin ice. This COF rotation would also explain the az-
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imuth change in XPE, which coincides with the Wisconsin—
Holocene transition in Fig. 5.

5.2 Relation between anisotropic signatures and
climate- and strain-induced properties of the ice

We find that scattering strongly follows the ice-sheet stratig-
raphy, as highlighted by the HH-VV power difference in
Fig. 7, which reveals ice units with distinct scattering proper-
ties. The reversal in scattering orientation between Holocene
and Wisconsin ice in the folded ice north of NEGIS is partic-
ularly striking, but similar observations have been reported
elsewhere. For example, Horgan et al. (2008) identified a
distinct seismic reflectivity boundary at Sermeq Kujalleq
(Jakobshavn Glacier or Jakobshavn Isbra in Danish), inter-
preted as the transition between Holocene and Wisconsin ice.
Likewise, Wang et al. (2018) observed layers in Antarctica
with different seismic scattering properties that correspond
to distinct climatic periods.

A similar reversal in scattering orientation is observed in
the folded ice between the 65.8 and 74.7 ka isochrones in pro-
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file B (Fig. 7). This unit is characterized by intact and contin-
uous internal reflection horizons and weaker anisotropic scat-
tering with the same directionality as Holocene ice. In con-
trast, the overlying Wisconsin layers and folding axes exhibit
reversed scattering orientation. The age of this folded unit
remains uncertain, as ambiguities in tracing deep isochrones,
particularly the 74.7ka isochrone, across the shear margin
complicate age estimates. If the reversal in scattering ori-
entation here results from mechanisms similar to those at
the Wisconsin—Holocene transition, it is plausible that the
folded ice originates from the last warm period, the Eemian.
If so, this ice is considerably older (> 120ka) than the old-
est isochrone we traced, suggesting disrupted and possibly
inverted stratigraphy caused by folding — a phenomenon also
observed in other regions of the Greenland Ice Sheet (e.g.
Suwa et al., 2006; NEEM Community members, 2013).

In Fig. 8, we proposed a potential mechanism for the re-
versed scattering pattern, though we do not claim to fully ex-
plain the formation of these COF differences. Ice from colder
periods, like the Wisconsin, tends to have a higher impu-
rity content and smaller crystals, promoting easier deforma-
tion compared to ice from warmer periods like the Holocene
and Eemian (Paterson, 1991; Cuffey et al., 2000; Faria et al.,
2014b, a). The folding of ice itself does not inherently pro-
duce a 90° rotation of COF needed to invert the scattering
signature. However, changes in the regional ice dynamics
could have altered the local strain regime to which the COF
adjusts accordingly. The rate and manner of this adjustment
may differ between ice units, with Wisconsin ice, having gen-
erally higher impurity content and smaller grains, potentially
adjusting more rapidly or distinctly than Holocene ice, which
could explain the observed scattering differences.

Our findings have significant implications for glacio-
logical research and palaeoclimate reconstruction. Quad-
polarized radar data that distinguish ice units based on scat-
tering properties enhance our understanding of ice-sheet dy-
namics and structure. For instance, identifying ice units with
varying micro-scale properties, such as basal shear zones,
could improve ice-sheet models by incorporating depth-
dependent variations in mechanical properties — an aspect
often assumed constant throughout the ice column. Addition-
ally, scattering properties aligned with ice-sheet stratigraphy
could aid automated routines for tracing internal horizons.
If scattering properties can be linked to climate-induced mi-
crostructure, quad-polarized radars could also help identify
ages of ice units and detect inverted stratigraphy, which
is critical for palacoclimate studies and selecting ice-core
drilling sites. It remains for future studies to investigate how
anisotropic scattering relates to climatic transitions in other
regions of ice sheets and to explore the reliability of using
these scattering properties to map ice extent and microstruc-
tural characteristics across different climatic periods.
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5.3 Implications on inferring COF type and orientation

In addition to COF type and strength, its orientation is crucial
in order to understand bulk effects on ice dynamics. Cross-
polarized power anomalies (dPgvy) can indicate COF orien-
tation, in particular in combination with the phase coherence
gradient (Jordan et al., 2019) but can be challenging when the
COF rotates with depth (Ershadi et al., 2022). In our analy-
sis, the rotation of XPE in some parts (Figs. 4 and 5) suggests
some sort of COF rotation. However, the interpretation is not
straightforward due to integrated path effects (Zeising et al.,
2023), as a rotation of, say, 45° does not necessarily imply a
45° rotation of the COF axes.

The direction of anisotropic scattering can give an inde-
pendent indication of the COF orientation when scattering
origins other than COF can be ruled out. The 180° periodic
signal in the ice-stream centre is rotated clockwise from the
flow direction by 95-105°, suggesting that the eigenvectors
are not perfectly aligned with the surface flow as has been
commonly assumed (Westhoff et al., 2021; Gerber et al.,
2023), a conclusion which was also reached by Nymand
et al. (2025) using double reflections to derive COF orien-
tation from the same dataset as this study. A notable rotation
of the scattering direction is also shown in the second-half
of profile A (55-100km in Figs. 4 and 6), located in the
vicinity of the shear margin, where the scattering axes are
rotated 20-70° clockwise, with a tendency toward stronger
rotation at larger depths. Here again, Nymand et al. (2025)
found similar results. The COF rotation here explains the ap-
parent decrease in horizontal anisotropy derived from travel-
time differences, which does not represent the true anisotropy
in case of misalignment of COF axis and radar wave polar-
ization. The agreement between scattering COF orientation
derived by Nymand et al. (2025) further supports our con-
clusion that scattering can be attributed to COF orientation,
which has the advantage of being independent of depth and
strength of anisotropy and observable at any orientation of
the quad-polarized measurement.

It is worth noting that care should be taken in areas of
strongly folded internal stratigraphy, particularly in our study
area in the vicinity of the shear margins. Here, the overall
return power is decreased because of steep internal layers.
Hence the smaller scattering amplitudes do not necessarily
imply smaller COF fluctuations with depth but may simply
reflect the overall decreased return power. Although birefrin-
gence effects are mostly found to be dominant near the shear
margins and at relatively shallow depths, anisotropic scatter-
ing still dominates in most of the analysed cases.

While scattering orientation can act as an independent
measure for the orientation of COF principal axes when other
scattering sources can be ruled out, it can also complicate ef-
forts to derive COF strength from RES measurements. Pre-
vious studies used airborne RES surveys with a standard
co-polarized antenna configuration to derive the horizon-
tal eigenvalue difference from the vertical spacing of CoPE
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nodes (Young et al., 2021; Gerber et al., 2023). The pres-
ence of strong anisotropic scattering expands CoPE nodes
in the vertical (e.g. Ershadi et al., 2022), which makes the
identification of individual nodes challenging while also af-
fecting the azimuth angle at which CoPE appears strongest.
Anisotropic scattering could be one reason why this method
proved to be difficult inside the NEGIS (Gerber et al., 2023),
with another reason being the loss of coherence for larger
depths due to strong anisotropy. Similar challenges appear in
analyses of CoPE in polarimetric RES measurements. Hor-
izontal eigenvectors and differences in horizontal eigenval-
ues can also be derived from the coherence phase, which
is more robust to anisotropic scattering but is limited in its
ability to detect abrupt COF changes (Jordan et al., 2019)
and strong fabric anisotropy with high bandwidths (Zeising
et al., 2023). Ultimately, inverse methods as suggested by Er-
shadi et al. (2022) are a valuable tool to approximate the full
orientation tensor of the COF. However, well-defined initial
conditions are crucial, and the inversion is challenging when
COF rotation with depth is significant. Decomposing the co-
polarized power anomalies into its 180- and 90°-periodic
components can help with constraining the initial conditions
in both scattering magnitude and the presence of COF rota-
tion with depth for such inversion efforts in the future.

6 Conclusions

We used curve-fitting methods to analyse the relative im-
portance of anisotropic scattering and birefringence on the
azimuthal power response in ground-based quad-polarized
RES data collected in the NEGIS onset region. We found
that the 180° periodic effect of anisotropic scattering dom-
inates the co-polarized power anomaly in 80 % of the anal-
ysed locations and depths, while the 90° periodic signal of
birefringence tends to be only dominant at depths of less
than 1000 m and near the shear margins. We conclude that
small-scale COF fluctuations, i.e. its variance or noise, with
depth is the most likely cause of anisotropic scattering and
that the scattering direction is likely aligned with one hori-
zontal eigenvector. Scattering properties strongly follow the
ice-sheet stratigraphy, indicating the potential to use quad-
polarized measurements to identify ice units with different
scattering properties, e.g. basal zones or ice from cold/warm
climatic periods.

Our results are in agreement with previous studies which
found anisotropic scattering being dominant over birefrin-
gence in highly dynamic areas, while the opposite is ob-
served in slow-moving locations of ice sheets. This leads
to challenges in deciphering the COF strength and direction
from co- and cross-polarized extinction, and we leave a full
inversion of quad-polarimetric data as proposed by Ershadi
et al. (2022) for future work. While we are confident that
anisotropic scattering is mostly related to COF here, it re-
mains unclear how other physical parameters like impurity
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content and crystal size affect these scattering mechanisms
in different ice units and different areas of ice sheets. Contin-
uous high-resolution COF measurements of ice cores as well
as larger-scale airborne polarimetric RES surveys would be
beneficial for understanding the scattering properties of cli-
matic transitions and mapping their distribution in ice sheets.

Code and data availability. Codes used for data analysis can be
found here: https://doi.org/10.5281/zenodo.14823653  (Ger-
ber, 2025a). The radar data published by Nymand et al.
(2025) are available on the Electronic Research Data Archive
(ERDA): https://doi.org/10.17894/ucph.89b622d6-{62f-43d5-
b754-7a40748120b1 (Nymand and Dahl-Jensen, 2024). Synthe-
sized radar responses and fitted signal, as well as shape files
for scattering orientation and apparent horizontal anisotropy, are
available here: https://doi.org/10.5281/zenodo.14631015 (Gerber,
2025b).
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