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Abstract Measuring the radar backscatter characteristics of glacier ice at different frequencies and
incidence angles is fundamental to predicting the glacier mapping performance of a sensor. However, such
measurements at 94 GHz do not exist. To address this knowledge gap, we collected 94 GHz radar backscatter
data from the surface of Rhonegletscher in Switzerland using the All-Weather Volcano Topography Imaging
Sensor (AVTIS2) real-aperture Frequency Modulated Continuous Wave radar. We determine the mean
normalized radar cross section (o-glean) to be —9.9 dB. The distribution closely follows a log-normal distribution
with a high goodness of fit (R? = 0.99) which suggests that radar backscatter is diffuse and driven by surface
roughness. Further, we quantified the uncertainty of AVTIS2 3D point clouds to be 1.30-3.72 m, which is
smaller than other ground-based glacier surface mapping radars. These results demonstrate that glacier surfaces
are an efficient scattering target at 94 GHz, hence demonstrating the suitability of millimeter-wave radar for
glacier monitoring.

Plain Language Summary Radar sensors map glacier surfaces by transmitting a signal at a specific
frequency and measuring its return strength when reflected back. This returned signal strength, called radar
backscatter, is determined by the characteristics of the glacier surface and varies with radar frequency and
sensor viewing angle. Millimeter-wave radars operating at 94 GHz can acquire high resolution measurements
of glaciers in most weather conditions. However, there are currently no measurements of radar backscatter
from glacier surfaces at this frequency. We therefore acquired the first ever measurements of 94 GHz radar
backscatter from glacier ice. The results are consistent with those expected from randomly rough surfaces,
hence we conclude that the roughness of the glacier surface is the primary driver of 94 GHz radar backscatter.
We also show that 3D glacier surface mapping at this frequency is more accurate than other ground-based
radars that are employed to map glacier geometries. The results overall indicate that 94 GHz radar is an
effective tool for glacier monitoring and thus opens up new possibilities for studying glacier processes.

1. Introduction

High frequency radar, such as those operating at W-band (75-110 GHz), offer the ability to achieve high spatial
resolution mapping of glacier surfaces in most weather conditions using a practical field portable system. Addi-
tionally, they are highly sensitive to changes in surface conditions due to their shorter wavelength and hence
have the potential to detect changes over time (Harcourt, Robertson, Macfarlane, Rea, Spagnolo, Benn, &
James, 2023). For example, millimeter-scale roughness, which is at the same scale as 94 GHz radar (3.19 mm),
is a function of the ice crystals which form the glacier, diurnal to seasonal melting and refreezing on the glacier
surface, the transport and deposition of fine-grained sediment (e.g., windblown dust) and organic material such
as cryoconite, and local roughness variations. Further, glacier structures, such as foliation, folds, and faults (Benn
& Evans, 2010; Hambrey & Lawson, 2000; Hudleston, 2015; Jennings & Hambrey, 2021) become exposed at the
glacier surface in the ablation zone as a result of ice flow and surface melt. Surface melt may also form supragla-
cial streams which range in size from centimeters to tens of meters. Therefore, quantifying the radar backscatter
characteristics of glacier surfaces is important for: (a) predicting the glacier mapping performance of a radar
system and (b) evaluating how this information can be used to understand highly dynamic glaciological processes
such as iceberg calving, diurnal surface melting, glacial lake outburst floods.

Radar backscatter from natural surfaces varies with operating frequency and the incidence angle of the radar beam
to the surface (Rees, 1992; F. Ulaby et al., 2019). W-band radar backscatter measurements from glacier surfaces
are scarce and there are no measurements reported at 94 GHz. Foessel et al. (1999) showed that short-range
(<50 m) 77 GHz radar backscatter from blue ice terrain in Antarctica is driven by surface roughness features
such as ice cups that form through localized melting and sublimation. In comparison, W-band radar backscatter
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from snow surfaces have been widely reported (N. C. Currie et al., 1992; F. T. Ulaby et al., 1998; F. Ulaby
et al., 2019). W-band radar backscatter from snow reduces exponentially with increasing liquid water content
(Williams et al., 1988; N. Currie et al., 1988) and increases as the snow surface becomes more rough (F. T.
Ulaby et al., 1998). A refrozen snowpack, which most closely resembles a glacier surface, contains larger snow
grains than both wet and dry snowpacks which reduces the capacity of the snowpack to retain moisture (Chang
et al., 1996) and thus increases radar backscatter (N. C. Currie et al., 1992). Therefore, both dry and refrozen
snow may contain a volume scattering component which depends on snow density (Kuga et al., 1991; Williams
et al., 1988) but the presence of liquid moisture inhibits signal penetration and thus surface scattering dominates
from wet snow.

In light of the preceding discussion, this study has three key aims:

1. Quantify the relationship between incidence angle and radar backscatter for alpine glacier ice at 94 GHz.
2. Determine drivers of 94 GHz radar backscatter from alpine glacier surfaces.
3. Assess the accuracy of 94 GHz radar measurements of glacier topography.

2. Materials and Methods
2.1. Data Collection

Radar backscatter data were collected from the terminal portion of Rhonegletscher in Switzerland (Figure 1) on 3
and 4 September 2019 using the second generation All-Weather Volcano Topography Imaging Sensor (AVTIS2)
94 GHz Frequency Modulated Continuous Wave radar (Harcourt, Macfarlane, & Robertson, 2023; Macfarlane
et al., 2013). AVTIS2 transmits a circular beam pattern with a two-way beamwidth of 0.35° and V'V polarisation.
Rhonegletscher is a polythermal, alpine glacier that terminates in an ice-contact lake and whose south-eastern
terminus is partially covered by tarpaulin to locally reduce surface ablation. Two lateral moraines consisting of
unconsolidated sediment are present on both sides of the glacier, whilst polished bedrock is exposed on the west-
ern margin (Figure 1). AVTIS2 was positioned ~250 m from the glacier terminus at an elevation of 2,314 m a.s.1
(Figure 1) and deployed on both days with a range resolution of 0.75 m and a maximum range of ~6 km. Mete-
orological data was acquired from the Grimsel Hospiz Weather Station (1,980 m a.s.l) located on the western
side of Gérstenhorner and ~3 km west of the Rhonegletscher snout (Figure 1). The average air temperature was
10.1°C on day 1 and 12.4°C day 2, with clear skies throughout, whilst average water vapor density was 6.7 g/m?
on day 1 and 7.3 g/m? on day 2.

2.2. 3D Point Cloud Accuracy Assessment

AVTIS2 mechanically scans across a target landscape and produces a 3D data cube of radar backscatter at each
range bin, azimuth angle and elevation angle (R, 6, ¢). Radar data acquisition lasted ~2.5 hr on 3 September and
~5.75 hr on 4 September. 3D point clouds were extracted from the data cubes measured on both days following
the methodology described by Harcourt, Macfarlane, and Robertson (2023): (a) average neighboring Line of
Sight (LoS) waveforms, (b) convert to Signal-to-Noise Ratio (SNR), (c) extract the maximum SNR along each
LoS (single-point) or the range to all SNR targets larger than 2X the standard deviation of the SNR range profile
(multiple-point), and (d) remove low SNR points and spatially isolated point cloud outliers. The resulting 3D
point clouds are georeferenced to an Earth-Centered Earth-Fixed (ECEF) cartesian coordinate system using the
(x, y, z) dGPS position of Ground Control Points (GCPs) measured on 4 September (see Figure 1 for locations).
GCPs were deployed on the glacier surface and not on the surrounding bedrock to ensure dominant scattering
targets such as boulders did not obstruct the returned signal from the trihedral reflector. This resulted in a poor
angular spread of the GCPs with a small bias toward the western margin of the glacier (Figure 1). The value of z
for each GCP is measured relative to the WGS84 Earth surface ellipsoid model, hence it was converted to height
above sea level (a.s.l) by differencing the EGM96 Geopotential Model geoid from point cloud heights. The aver-
age correction was ~50 m.

The accuracy of the AVTIS2 3D point clouds was quantified through a comparison with a 50 cm Digital
Elevation Model (DEM) extracted from aerial photogrammetry acquired ~1 week before this field study
(© swisstopo). This DEM does not contain a published error estimate, although photogrammetry errors are
usually on the order of a few millimeters (James et al., 2017). The comparison was computed using the
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Figure 1. The location of (a) Rhonegletscher and (b) the Grimsel Hospiz weather station. (c) Annotated aerial photo of
Rhonegletscher. At each site, a trihedral corner reflector was positioned for georeferencing and range autofocusing, whilst
notes and pictures of ice properties were also recorded (notice coins or rulers for scale). Aerial imagery was acquired in 2020
from © swisstopo.

Cloud-to-Mesh (C2M) technique which compares the height difference between each point in the AVTIS2
point cloud with the height of a pixel in the DEM (Girardeau-Montaut et al., 2005; Lague et al., 2013). The
positional uncertainty of the AVTIS2 point cloud is then estimated as the standard deviation (c42) of these
distance measurements:

ey

OA2 =

where [, is an individual C2M measurement, 1 is the mean of [ 2> and N is the total number of points in the point
cloud. The value of [ indicates the existence of systematic errors associated with the AVTIS2 measurements,
whilst 6, is a measure of point cloud precision.
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Figure 2. (a) Predicted radar received power (P,) as a function of range for a 20 dBsm trihedral radar reflector. The dashed
line represents P, with atmospheric attenuation predicted directly from the ITU model (ITU-R, 2013, ITU-R676-10) using
measurements of air temperature (12.4°C), atmospheric pressure (80,788 Pa), and water vapor density (7.3 g/m3) on day 2.
The solid black line represents P, with the 1.4 dB/km atmospheric attenuation to account for an increase water vapor density
over the glacier surface. (b) Radar geometry, variables described in text.

2.3. Radar Calibration

AVTIS2 radar received power (P,) was calibrated by measuring P, of four trihedral corner reflectors with a radar
cross section (¢) of 20 dBsm at multiple distances from the radar and comparing it to the received power predicted
by the radar range equation (Nathanson et al., 1999):

_ PG} Gelo &
" (47 R*QLo)Ly

here, P, is transmit power (16.4 dBm), G, is antenna gain (51.4 dBi), G, is the Intermediate Frequency (IF) gain

rec
(see Supporting Information S1), 4 is the radar wavelength (3.19 mm), R is range, and L, represents losses within
the radar receiver chain (~8.7 dB). The two-way atmospheric attenuation parameter (2L, ) was estimated from the
International Telecommunication Union (ITU) Signal Attenuation Model for atmospheric gases (ITU-R, 2013,
ITU-R676-10) using the daily average meteorological data from Grimsel Hospiz as input (Figure 2). These values
of L, (0.35 dB/km on day 1, 0.38 dB/km on day 2) are unrealistic for radar signals propagating across a glacier
surface where water vapor density is expected to be higher as a result of locally enhanced surface melting (van
den Broeke, 1997). Therefore, a higher attenuation factor of 1.4 dB/km is used on both days, which better fits the

received power from a 20 dBsm trihedral reflector at different ranges (Figure 2).

The Normalized Radar Cross Section (o-“) is the quantity of interest for distributed terrain clutter such as glacier
surfaces and is given by:

s = P (4’ R¥(2L4y) L.  cosdy
" PG GeA2  6:AR

ant

3

here, AR is the size of the range bin (0.75 m), P, is the locally averaged radar received power from the single-point
methodology (Harcourt, Macfarlane, & Robertson, 2023), 6, is the two-way radar beamwidth in azimuth (0.33°),
and &, is the local incidence angle in elevation (Figure 2b). Both 6, and 6, are in radians. For each terrain point,
a set of neighboring points (cyn (6, ¢p)) was extracted within an angular radius of 0.26° (i.e., half the AVTIS2
one-way beamwidth) and limited in range by +10 m. The local surface slope in the elevation direction (5,) was
then estimated using the following:

Op = Yy + arctan( ) “)

|
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here, z/R (a, in Figure 2b) represents the surface slope of ¢, whilst , is the radar grazing angle and is equal to

nn’
the elevation angle (¢) associated with each point in the point cloud. Values of ¢° are reported in terms of inci-

dence angle (y;):
wi =90 — 6y (5)

which follows previous convention (F. Ulaby et al., 2019). Glacier and non-glacier terrain were extracted using
the 2019 Rhonegletscher outlines from the Global Land and Ice Measurements from Space (GLIMS) (Paul
et al., 2015), which was edited to remove non-glacier features such as the tarpaulin cover.

3. Results and Discussion
3.1. 3D Glacier Topography

Figure 3a shows the photogrammetry DEM (©® swisstopo) and Figure 3b shows, to the authors' knowledge, the
first ever 3D point cloud of a glacier acquired using millimeter-wave radar at 94 GHz. Data from both days were
combined to form a point cloud containing 283,742 points (single-point) and 563,601 points (multiple-point),
respectively. The point cloud density is range dependent and varied from 16.4 points per m? at the glacier snout
to 1.15 points per km? across the mountain peaks. Averaging the glacier and non-glacier uncertainties (caz)
(See Supporting Information S1) shows that ¢,, over glacier ice was +2.75 m and over non-glacier terrain was
+3.66 m, which is a difference of 0.91 m (33%). The lower point cloud uncertainty over the glacier surface may
in part be due to the more gradual surface slope of Rhonegletscher compared to the more irregular topography of

the surrounding bedrock and moraine deposits (Figure 3a). The mean error (7) over glacier terrain was —1.03 m

which is larger than the radar range resolution (0.75 m) but smaller than the uncertainty of both the single-point
(+1.30 m) and multiple-point (+3.19 m) point clouds. Annual ice elevation change at Rhonegletscher was up to
20 m yr~! (Huss et al., 2021) which corresponds to up to 0.4 m over the 1 week between the photogrammetry and
AVTIS2 data acquisitions. Therefore, the larger error may be due to a combination of both surface drawdown
due to melting and an under-estimation of glacier surface elevation resulting from a poor angular spread of GCPs
across the glacier.

The results presented here demonstrate that millimeter-wave radar point clouds acquired over alpine glacier
surfaces are of sufficient quality for glaciological studies. The quoted uncertainty values are lower than those
published for other close-range radar sensors which have been previously used in glaciological studies. The
uncertainty of DEMs extracted from interferometric measurements using the GAMMA Portable Radar Interfer-
ometer have been estimated to be ~5 m below 9 km range over stable terrain in Greenland (Wang et al., 2022).
Similarly, errors from DEM extraction using GB-SAR interferometric measurements across Belvedere Glacier in
the Italian Alps were estimated to be >10 m (Noferini et al., 2009). Using radar interferometry to extract glacier
topography yields larger errors and uncertainties compared to AVTIS2 due to the sensitivity of phase-based
measurements to atmospheric variability, which is in agreement with previous studies (Harcourt, Macfarlane,
& Robertson, 2023). Therefore, using real-beam millimeter-wave radar to map the 3D shape of glacier surfaces
leads to more accurate results compared to both lower frequency radars and those using interferometry, and can
be used to achieve higher angular resolution. This provides justification for using millimeter-wave radar in glaci-
ological studies.

3.2. ¢° of Glacier Terrain at 94 GHz

The ¢° distribution for glacier terrain extracted from data collected on 4 September is shown in Figure 4a. The mean

0

value of 6° (69

)is —=9.9 dB. The minimum and maximum values of the distribution are taken to be the 5th (¢J, )
and 95th (0'35% ) percentiles and are calculated for glacier terrain as —17.0 and —3.4 dB, respectively (Figure 4a).
Using the region between the 5th and 95th percentiles as the distribution limits, ¢° for alpine glacier terrain at
94 GHz can be stated as: —17.0 < ¢° < =3.4; 6%, = —9.9 dB. The angular response of ¢° between incidence
angles 50° and 90°, which were the only observable angles in the field of view, is shown in Figure 4b, where the
error bars represent the 5th and 95th percentiles. Using the mean values of ¢° between 50° and 90° at 10° incre-
ments as shown in Figure 4b, ¢° for alpine glacier terrain at 94 GHz is given as —17.2 < ¢° < 4.4;6%,,, = 7.0

dB for 50° < y; < 90° (N.B. the large negative error at 65° is ignored). Because the mean values at 55° and 65°
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Figure 3. (a) Hillshade of the Rhonegletscher surface derived from an aerial photogrammetry DEM. Source: FOEN/swisstopo, provided by the VAR Glaciology Group
and Glacier Monitoring in Switzerland groups. (b) AVTIS2 94 GHz point cloud over Rhonegletscher using the multiple-point methodology (563,601 points). The

glacier (blue) was differentiated from non-

glacier terrain (black) using the GLIMS glacier outlines (Paul et al., 2015). (c) Aerial image of the Rhonegletscher snout. (d)

2D 94 GHz ¢° map of the Rhonegletscher snout with key features of the surface annotated. Note that because the AVTIS2 image is not georeferenced the alignment

between panels (c¢) and (d) is not perfect.

contain a smaller number of samples, the range and mean of 6° using the distribution in Figure 4a is considered
more accurate.

The ¢° distribution in Figure 4a fits a Gaussian Probability Distribution Function (PDF) in dB (i.e., a Log-Normal
distribution) with a high goodness of fit (R? = 0.99). This is considered reasonable given that the shorter wave-
length of 94 GHz radar (3.19 mm) leads to a mostly random diffuse scattering pattern (N. C. Currie et al., 1992;
F. Ulaby et al., 2019) and is primarily driven by surface roughness. Textural variations on the ice surface, driven
by crevasses, debris cover, and supraglacial hydrology, further enhances the log-normal relationship. The consist-
ency of ¢ over high and medium incidence angles (50°-90°), which represents the “shadow” region where the
radar beam is close to parallel with the ice surface, is also characteristic of terrain with a high surface roughness
(F. Ulaby et al., 2019). Using measurements of ice crystal sizes (Figure 1) as an approximation for surface rough-
ness (s), the wavelength-dependent roughness can be calculated using 2zs/A, where A is the radar wavelength. Ice
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Figure 4. (a) The distribution of ¢° values (blue dots) for glacier terrain fit with a Log-Normal Probability Distribution Function (PDF) (R? = 0.99). Also plotted is the
distribution mean (69, ). the 5th percentile (6%, ), and the 95th percentile (J;,, ). (b) Raw data points (gray) and 3., in 10° increments from 55° to 95° (red). The error
bars for these mean values represent the Sth and 95th percentile values.

crystal sizes ranged between 1 and 5 cm, which translates to a surface roughness of 19.7 and 98.5, respectively,
which is well above the threshold of 1.0 set by F. Ulaby et al. (2019) for a surface to be considered very rough.
Therefore, a reasonable conclusion from this study is that the roughness of the glacier surface is a dominant factor
controlling 94 GHz radar backscatter from glacier ice.

Measurements of ¢° versus incidence angle of glacier terrain for different radar frequencies are absent from
the literature. Instead, we compare our measurements to radar backscatter measurements of multi-year sea
ice at X-band, Ku-band, and Ka-band where there is negligible ice penetration (Hensley et al., 2016; Langley
et al., 2007, 2009; Rignot et al., 2001; Scott et al., 2006; Wessel et al., 2016) and the surface roughness is similar
to alpine glaciers. At X-band, o9,

Dean 18 approximately —13.0 dB for multi-year sea ice but varies between —15.0

and —10.1 dB (Johansson et al., 2017). For snow-covered multi-year sea ice at low incidence angles (0°-50°),
600 Was estimated to be —6 dB at Ka-band, varying between —11 and 1 dB, whilst ¢2,, was estimated to be
—10.5 dB at Ku-band, varying more widely between —20 dB and —1 dB (Stroeve et al., 2020). Therefore, 94 GHz
(W-band) ¢ from glacier ice is expected to be larger than radars operating at Ku-band and lower frequencies,

but may have a similar magnitude to radars operating at Ka-band. Comparison to literature values of 69, for

mean
other terrain at 94 GHz (see Supporting Information S1) shows that glacier surfaces (—9.9 dB) are most similar
to wet soil (—10.3 dB) and wet snow (—10.6 dB) (Nashashibi et al., 1996; F. Ulaby et al., 2019). Further, we
observed widespread melting across the surface of Rhonegletscher during our study which acts to reduce radar
backscatter from the glacier surface as water is highly attenuating at 94 GHz. However, the presence of debris
on the ice surface causes spatially variable rates of melting and subsequently creates a randomly rough surface
that enhances radar backscatter. This effect is known to increase radar backscatter at high incidence angles in wet
snow and soil (Nashashibi et al., 1996; F. Ulaby et al., 2019) and explains the gradual increase in glacier ice ¢°

from high (70-90°) to medium (30-70°) incidence angles (Figure 4).

3.3. Evaluating Glacier Processes

We can generate 2D images of the Rhonegletscher surface by extracting the maximum ¢° at each range bin and
azimuth angle as shown in Figure 3d—the aerial image acquired in 2020 from © swisstopo is shown in Figure 3¢
for context. The ¢° image in Figure 3d maps the speckle pattern across the scene and results from constructive
and destructive interference of glacier surface clutter elements. Surface fractures can be observed when they
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are larger than the range resolution (0.75 m) and also follow near-linear paths, whilst icebergs in the proglacial
lake can be clearly demarcated due to the high contrast in radar backscatter between water and ice. Locations
where ¢° > —10 dB, such as near the ice terminus, represent regions where the local incidence angle is smaller
or the terrain is near to medium incidence angles (55°). Beneath the tarpaulin cover (see Figure 1 for location),
surface crevasses have been preserved due to the local reduction in surface melting, but critically 94 GHz radar
can penetrate the tarpaulin cover and hence map these linear crevasse features. Values of 6° on the eastern side of
the glacier (right side of Figure 3d) are lower than the western (left) side which may be attributed to an increase
in surface debris in this region given its negative impact on 94 GHz radar backscatter. The calibrated/validated

o°

maps have great potential for understanding glaciological and cryospheric processes. For example, glacier
velocities could be extracted from the 2D speckle patterns using feature-tracking algorithms (Joughin, 2002).
Further, changes in ¢° may provide insights into the conditions of the ice surface such as the diurnal cycle of melt
and refreezing, the accumulation and redistribution of snow, and aerodynamic roughness (Chambers et al., 2021;

Dachauer et al., 2021; Smith et al., 2016) which impacts glacier surface melt.

4. Conclusions

This study has demonstrated that glacier ice is an effective scattering target at 94 GHz and therefore can be used to
accurately map and monitor glaciers at high resolution. To do this, we quantified the distribution of ¢° at 94 GHz
across glacier terrain between 50° and 90° incidence angles. The associated range of 6° values were found to
be —17.0 < 6° < =3.4;60,.,, = —9.9 dB where the upper and lower bounds were calculated from the 5th (62, )
and 95th (0-85% ) percentile limits, respectively. The distribution closely follows a log-normal distribution and the
transition between high and medium incidence angles is not distinct, both of which suggests surface roughness is
the primary driver of glacier ice radar backscatter at 94 GHz. Further, the 3D shape of Rhonegletscher was meas-
ured using the AVTIS2 94 GHz radar and a comparison to a high-resolution DEM obtained by photogrammetry
shows good agreement, with average uncertainties (o4, ) ranging from 1.30 to 3.72 m. Future research should seek
to acquire new 94 GHz ¢° data across a variety of ice surface types, whilst co-located measurements of glacier
terrain using multiple radar frequencies would enable direct comparisons of how glacier surface features impact
radar backscatter. Algorithms for classifying different terrain types (e.g., snow, ice, debris) could also be devel-
oped given the theoretical differences between terrain types.

Data Availability Statement

The Normalised Radar Cross Section (o-") data (Figure 4) and the Rhonegletscher point cloud extracted from
AVTIS2 data (Figure 3b) are available at the zenodo repository via https://zenodo.org/record/8044935 and are
fully open access (Harcourt, Robertson, Macfarlane, Rea, & Spagnolo, 2023). Additional details on data process-
ing and data summaries can be found in Supporting Information S1.
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