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Abstract—The SnowScat device, a fully-polarimetric scat-
terometer originally designed to measure the radar cross-section
of snow at a frequency range from 9.2 to 17.8 GHz (X-
band to Ku-band), has recently been extended towards a high-
resolution tomographic measurement mode. Such tomographic
profiling observations provide further insights into the complex
electromagnetic interaction within snowpacks, e.g., by revealing
different layers, such as melt-freeze crusts, inside the snowpack.

In this contribution, we report first results from an initial
tomographic measurement campaign carried out at a test site in
Davos, Switzerland, in winter 2014/2015.

Index Terms—SnowScat, microwave remote sensing, snow,
tomography, tomographic profiling, SAR tomography, scatterom-
eter, X-band, Ku-band, European Space Agency, ESA.

I. INTRODUCTION

The SnowScat device is a fully-polarimetric scatterometer
that has originally been designed to measure the radar cross-
section of snow at a frequency range from 9.2 to 17.8 GHz
(X-band to Ku-band) [1]-[4] (similar measurements using a
GB-SAR at X-band and Ku-band were also reported in [5]).

Recently, a modification of the measurement setup extend-
ing the capabilities of the SnowScat device towards fomo-
graphic profiling of snowpacks was implemented and tested.
This extension aims at enhancing the SnowScat device in order
to better respond to the ESAC recommendations which were
made on the deselected CoReH20 candidate following the user
consultation meeting in March 2013 for the 7th Earth Explorer
mission. Such new capability allows for performing high-
resolution tomographic profiling observations that may provide
further insights into the complex electromagnetic interaction
within snowpacks.

When operated in the tomographic profiling mode, the
SnowScat device is subsequently moved along a rail in
the direction orthogonal to the mean look direction of the
antennas. Thus, a synthetic aperture is formed in elevation
direction, which leads to the tomographic profiling capability.
The resolution in azimuth direction is determined by the
(frequency-dependent) beamwidth of the SnowScat antenna.
Consequently, the azimuth resolution also decreases as a func-
tion of the range distance. The new hardware setup, as shown
in Fig. 1, supports both modes, the original scatterometer
mode, and the new tomographic profiling mode. Thus, the
tomographic measurement concept of SnowScat is somewhat
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TABLE I
SYSTEM SPECIFICATIONS OF THE SNOWSCAT DEVICE AFTER THE SYSTEM
UPDATE FOR TOMOGRAPHIC PROFILING

SFCW from 9.2 to 17.8GHz
-40° to 110° (used: 45°)
Azimuth angle -180° to 180° (used: 0°)

Frequency
Incidence angle

Sampling spacing 0.04 m
Number of samples 50

Synth. aperture length  1.94 m

3dB res. (stripmap m.) 0.15 m

Power 230V, max ~ 60W
Weight ~ 40 kg

Temperature range -40°C to 40°C
Antennas Dual pol, < 10° (3dB)
Antenna cross-pol < -25dB

Polarization HH, HV, VV, VH

Dynamic range Receiver dynamic range > 80dB
with the 16bit ADC

< 0.5dB

Internal calibration,

calibration sphere (@ = 25cm)

Frequency blacklist

Signal bias
Gain characterization

RFI

different from a similar ground-based tomographic experiment,
reported in [6], [7], in the sense that no synthetic aperture is
formed in azimuth direction. Another tomographic profiling
approach akin to the SnowScat setup was presented in [8].

In this paper, we (1) describe the tomographic mode of the
SnowScat device including the experimental setup at the test
site in Davos, Switzerland, as well as the tomographic pro-
cessing approach. (2) First results are shown that validate the
tomographic measurement concept in snow-free conditions,
using a tomographic test target, as well as in presence of a
snowpack.

II. METHODS

A. Experimental setup at the test site Davos

The experimental setup implemented at the test site in
Davos, Switzerland, is shown in Fig. 1. The SnowScat device
is attached to a rail on a triangular truss, which again is
mounted onto a scaffold (see Fig. 1(a)). The SnowScat device



Fig. 1. Experimental setup for initial tests of the tomographic profiling mode at the SLF-hosted test site in Davos Gadenstatt, Switzerland, in January, 2015.
When operated in tomographic profiling mode, the SnowScat device is subsequently shifted along the rail, spanning a maximal synthetic aperture of 2220
mm (1940 mm in this experiment). The rail, tilted by 45 degree, is attached to a triangular truss, which again, is mounted onto a scaffold, such that the upper
edge of the truss is approximately 10m above ground. The pointing direction of the SnowScat antennas is adjustable in elevation and azimuth. Three artificial
targets were placed on the ground: A slightly tilted (15 deg) target for vertical profiling on the left, a tomographic target with its vertical array of spheres in
the middle, as well as an additional calibration sphere on the right. (a) Close-up of the SnowScat device while acquiring data in the tomographic profiling
mode. (b) Overview of the entire measurement setup. (c) Close-up of the SnowScat tomographic test target.
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Fig. 2. Sketch of tomographic acquisition scenario of the SnowScat device
for probing a snow layer. The sketch shows a ray path (and its associated
defining geometric parameters) between an antenna position along the rail and
a specific position on the 3-D reconstruction grid for the simplified condition
where both the snow layer and the atmosphere are homogenous; i.e. refraction
only occurs at the air-snow interface. This condition is assumed as an initial
state for the iterative solution of the focusing problem where other refractive
layers may be identified.

can be moved along this rail (tilted by 45 degree) within
a maximal total synthetic aperture length of 2.22m (1.94m
in the experiment presented here). In addition, the antenna
pointing direction can be adjusted in elevation and azimuth (as
in the original SnowScat design). The results presented in this
paper were acquired at an incidence angle of 45 degree, and
0 degree azimuth angle (i.e. within the nadir/elevation plane).
The centre of the synthetic aperture is located approximately
7.5m above ground. At this central position the SnowScat
device is pointing at the centre of the tomographic target,
assuming an incidence angle of 45 degree. Table I summarizes
the system parameters of the SnowScat device.

B. Tomographic test target

A tomographic test target—an array of eight spheres verti-
cally aligned on a carbon tube—has been placed in the field
of view of the SnowScat device. The tomographic test target
has been used to characterise the focusing performance of the
aperture synthesis. In addition, it also serves as a reference
for the data acquisition under snow conditions. Fig. 1(b) gives
an overview of the measurement setup under snow conditions.
Fig. 1(c) shows a close-up view of the tomographic test target.

C. TDBP-based tomographic profiling

The vertical snow profiles are obtained by a time-domain
back-projection (TDBP) approach [9], [10], i.e. basically,
through aperture synthesis along the elevation direction.

The TDBP processing employed, so far, is essentially a ray-
tracing approach that takes into account a simplified refraction
model assuming one homogeneous snow layer with refraction
occurring at the air/snow interface. The calculation of the point
of entry at the air/snow interface is based on the trigonometric
relationships as depicted in Fig. 2. A virtual range distance R,
is obtained iteratively based on the incidence angle 6, the angle
of refraction g, the refractive index n, and the different phase
velocities ¢ (in air) and vg (in the snow volume). The TDBP
aperture synthesis along the elevation direction can then be
written as:

M
(7)) = Y gu[Ro (i, Ty )] - expli dm /ARy (73, i,y )]

k=1

(D
where 77 is the 3-D pos. vector of the target location for which
the tomographic inversion is performed, 7}, is the 3-D pos.
vector of the antenna phase centre at position k£ within the
synthetic aperture, gi(...) is the range-compressed signal at
antenna position k, A is the wavelength of the carrier signal,
R, (7;, 7, ns) is the (virtual) range distance between antenna
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Fig. 3. Excerpt from a series of tomographic profiles of the situation including the test target with its 8 aluminium spheres at the test site in Davos, Switzerland,
during winter 2014/2015. Top row, left: Intensity plot of the HH channel of the reference case under snow-free condition, acquisition date: 14. Nov. 2014.
Only the surface of the meadow and the backscattering of the metal spheres of the tomographic test target are visible. Each 1-look image was obtained from
50 measurements along the rail. Aperture synthesis was performed by a time-domain back-projection approach taking into account a simple refraction model.
Top row, right: Phase of the complex polarimetric coherence between the co-polar channels HH and V'V, displayed in combination with the HH intensity in a
HSV colour scheme. Hue: phase of the complex polarimetric coherence. Saturation: is unaltered and set to full saturation. Value: brightness varies according
to the measured intensity in decibel. Middle row: Intensity plot of the HH channel (left) and phase of the complex polarimetric coherence over intensity
under snow condition (right). Acquisition date : 03. March 2015, acquisition time: 21:01h - 23:43h, snow height measured (at SLF2 station): 60-65 cm, air
temperature: -4° - -3° (below melting point). Bottom row: On the left, a vertical profile of mean intensity averaged over 1 m horizontally (blue rectangle)
is shown. The 1-D vertical profile is also compared to in-situ snow profile measurements taken a day earlier, shown on the right-hand side. Two of the three
main melt-freeze crusts/ice layers, and also the ground level can be identified in the tomographic snow profile.

position k and the location 7; using the simple refraction the tomographic test target with its 8 aluminium spheres, the
model, and v(7;) is the focused signal at location 7. ground surface, and a snowpack were taken at the test site in

1. RESULTS Davos, Switzerland.

In Fig. 3, tomographic profiles obtained by TDBP-focusing On the left, 1-look tomographic profiles (HH channel) of
of 50 SnowScat radar echoes are shown: Measurements of the situation are shown under snow-free and snow-covered
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Fig. 4. Special case: data acquisition under melted snow surface condition. Acquisition date: 15. Feb. 2015, acquisition time: 11:15h - 15:05h, snow height
measured (at SLF2 station): 45-50 cm, air temperature: 4.3° - 10°. Virtually no penetration into the snow is observed. Instead, double bounce (at the air/snow
interface) and triple bounce (snow surface, sphere, snow surface) scattering artefacts (“ghost targets” below the ground) are present. The phase values of the
polarimetric coherence of the co-polar channels HH and VV at the location of the double bounce and the triple bounce ghost targets, confirm this observation,

as shown in the plot on the right-hand side.

condition. Aperture synthesis was performed by a TDBP
approach as described in Section II-C. On the right, the phase
of the complex polarimetric coherence of the co-polar channels
HH and VYV, displayed in combination with the HH intensity
in a HSV colour scheme, are shown (see Fig. caption for
details). A distinct (non-zero) phase difference between the
co-polar channels is observed for both, back-scattering from
the pasture (snow-free condition) and also for back-scattering
under snow-conditions. For the data acquisition under snow
condition (03. March 2015) a vertical profile of mean intensity
averaged over 1 m horizontally is also given. In addition, in-
situ snow profile measurements were taken on 02. March 2015
(see Fig. 3 bottom right)).

In Fig. 4, a special case is shown: the data was acquired
under melted snow surface condition. Virtually no penetration
into the snow is observed. Instead, “ghost targets” are visible
due to double bounce and triple bounce scattering. The phase
values of the polarimetric coherence of the co-polar channels
HH and VV at the location of the ghost targets confirm this
observation.

IV. DISCUSSION

The basic measurement concept for the SnowScat tomo-
graphic profiling mode was successfully verified: The 8§ metal
spheres are well focused and can easily be distinguished in the
tomogram under snow-free conditions. In addition, substantial
backscattering signal is also obtained from the base of the
test target as well as from the ground. Both features appear
well-focused and are well-distinguishable in the tomogram.

A comparison of the tomographic profiles under snow
conditions with the in-situ snow profiles indicates that two
of the three main melt-freeze crusts/ice layers, and also the
ground level can be identified in the tomographic snow profile.

The phase plots of the polarimetric coherence show distinct
non-zero phase that reveal polarisation-dependent scattering
for both the grass land and the snow-volume above grass
land. This, so far rather qualitative, confirmation of anisotropic
scattering is one of the major points requiring further analysis.
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