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Abstract

Recently, the SnowScat hardware—a tower-mounted fully-polarimetric scatterometer at X-/Ku-band—has been en-
hanced to also provide a tomographic profiling mode which allows to obtain high-resolution 2-D vertical profiles that
may provide further insights into the electromagnetic interaction within layered snowpacks. In winter 2014/2015, a
first test campaign was carried out yielding a successful proof of concept of the hardware, tomographic measurement,
and basic processing concept. As a follow-up, in Nov/Dec 2015, the SnowScat device was installed at a test site on
1700m altitude close to the Grimsel pass in Switzerland. Since then it has been acquiring a time series of tomographic

profiles of a snow pack. In this paper, we present and discuss first results of this new time series.

1 Introduction

Table 1: List of variables

s horiz. pos. of antenna phase center
The . Snovacat system, a tower-mounted fully- 2 height of antenna phase center (APC)
polarimetric scatterometer at X-band up to Ku-band above ground level
[1, 2], was recently enhanced with an additional high- Tp horizontal position of target
resolution tomographic profiling mode with the aim to Zp height of target pos. above ground
Zs depth of snow layer

facilitate non-destructive high-resolution measurements
of the stratification of snow and to investigate the com-
plex electromagnetic interaction within snowpacks. A
first field campaign carried out with the SnowScat sys-
tem operated in tomographic profiling mode was car-
ried out during winter 2014/2015. Within this campaign

do = 2r — 2s
ds =25 — 2p

da/s = Zs — Zp

— /g 2 2
= dﬂ +da/s

vert. distance between APC

and top of snow layer

vertical distance between top of snow
layer and target position

horiz. distance between APC

and target position

Ta slant range between APC
the proof of concept was demonstrated and first tomo- and point of entry at air-snow interface
graphic profiles were obtained and compared to in-situ dp = xp — T horizontal distance between APC
measurements of the stratification of the snowpack. We and target position
have presented first results of that campaign in [3, 4]. s = slant range between point of entry
Similar ground-based tomographic experiments with dif- (dp = dass)” +ds® | at air-snow interface and target
ferent hardware and configuration were also reported Za ;Zgizzzz lgg:ﬁ g; fllormog o
in [5, 6, 7, 8]. In the past winter season 2015/2016, ° layer (assumed as initial c;)ndition)
a more comprehensive field campaign has been taking Ca propagation velocity in air
place during which an extended time series of tomo- cs propagation velocity in homog.
graphic profiles and accompanying in-situ measurements — ;’:r’l‘z lazzr f;szil;ﬁg;ni)merface b
of a snowpack has been acquired with typically two to afs = solve;ipfor.each APC-target pos. pair)
three tomographic profiles acquired with the SnowScat 0 angle of incidence in air
device per day. First results obtained from processing and at the air/snow interface

0s angle of incidence in the

analysing excerpts this new time series of tomographic
profiles of a snowpack are presented in this paper.

2 Methods

We start by introducing the methodology for tomographic
processing, which has been applied so far and which is
the basis for further refinements of the processing that
may be required in the presence of larger snow depths
and multiple snow layers. To improve the readability of
this section we provide a list of variables (see Table 1).
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snow at the air/snow interface

2.1 Tomographic processing

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

The calculation of the point of entry is based on the fol-
lowing trigonometric relationships:
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Figure 1: Sketch of simplified acquisition scenario for
tomographic profiling of a snowpack with the SnowScat
device.
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The TDBP processing employed is essentially a ray-
tracing approach that takes into account a simplified re-
fraction 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. 1. A virtual range distance R, that corresponds to
the actual time delay in the radar echo can be expressed
follows (using the terms given in Fig. 1 and Table 1):

Ry = nay [ ), + 2+ ny[(dy — dy ) + 2. ()

In a more general form, the TDBP aperture synthesis
along the elevation direction can then be written as:

M
() =Y gr[Ro (7%, 7, )] - expli 4/ ARy (7, 7, ms)]

k=1

)
where 7 is the 3-D position vector of the target location
for which the tomographic inversion is performed, 7 is
the 3-D position vector of the antenna phase centre at po-
sition k within the synthetic aperture, gi(...) is the range-
compressed signal at antenna position k, A is the wave-
length of the carrier signal, R, (7;, 7, ns) is the (virtual)
range distance between antenna position k£ and the loca-
tion 7; using the simple refraction model, and v(7;) is the
focused signal at location 77.
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Table 2: System specifications of the SnowScat device in
tomographic profiling mode during the SnowLab experi-
ment at the testsite Gerstenegg, winter 2015/2016

Frequency SFCW from 9.2 to 17.8GHz
Incidence angle -40° to 110°

Azimuth angle -180° to 180°
Sampling spacing 0.04 m

Number of samples 50

Synth. aperture length  1.94 m

3dB res. (stripmap m.) 0.15m

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 (@ = 255mm)

RFI Frequency blacklist

Signal bias
Gain characterization

2.2 Experimental setup for tomographic
profiling

Fig. 2 (a) and (b) show the hardware setup in tomographic
profiling mode as implemented at the test site Gerstenegg
on 1700m altitude close to the Grimsel pass in the Swiss
Alps, in January 2015. In Table 2 the system parame-
ters of the enhanced SnowScat device are provided. The
SnowScat device is attached to a rail on a triangular truss,
which again is mounted onto a scaffold (see Fig. 2(a)).
In tomographic profiling mode, the SnowScat is subse-
quently moved along this rail within a total synthetic
aperture length of about 2 m. The tomographic test target
(Fig. 2(b) ) is used as a reference target in snow-free as
well as under snow condition.

Fig. 2(c) shows an overview of the new test site Ger-
stenegg (2015/2016 campaign) with the tower (scaffold-
ing), the local meteo station, the area for the SnowScat
tomographic profiling of the snow volume, and the adja-
cent area for accompanying in-situ snow profile measure-
ments. The test site also hosts a weather station to pro-
vide in-situ measurements of temperature, wind speed,
humidity, solar radiation and snow height.

A time-series of tomographic measurements over almost
an entire snow season (January until end of March) has
been built up as part of the SnowLab experiment: typi-
cally, two to three tomographic measurement cycles were
performed with the SnowScat device, per day.

3 Results

In Fig. 3, tomographic profiles obtained by TDBP-
focusing of 50 SnowScat radar echoes (HH-channel) are
shown: Measurements of the tomographic test target with
its 8 aluminium spheres are given in different snow pack
conditions at three different dates Feb. 23, Mar. 11,
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Figure 2: (a) and (b): SnowLab experimental setup at the testsite Gerstenegg, Switzerland, in January, 2016. For
tomographic profiling measurements, the SnowScat device is moved along the rail taking 50 measurements at inter-
vals of 4cm). A tomographic target is used (see close-up view) with its vertical array of eight spheres. The synthetic
aperture in elevation direction is formed by taking subsequent measurements at different positions along the rail. The
upper edge of the truss to which the rail is attached is situated approximately 10m above ground. The pointing di-
rection of the SnowScat antennas is adjustable in elevation and azimuth. (a) Close-up of the SnowScat device during
tomographic data acquisition. (b) Overview of the entire measurement setup with a close-up of the tomographic test
target. (c) Overview of the new test site Gerstenegg (2015/2016 campaign) with the tower (scaffolding), the local meteo
station, the area for the SnowScat tomographic profiling of the snow volume, and the adjacent area for accompanying

in-situ snow profile measurements.

and Mar. 18, 2016. All data sets were acquired at the
SnowLab test site Gerstenegg (1700 m.s.1.), Switzerland.

In the left column of Fig. 3 focused tomographic profiles
without considering refraction are shown. In the mid-
left column, the focused tomographic profiles of the same
data sets are depicted, however with a first order correc-
tion of the refraction applied during focusing. Fig. 3 also
contains (1) the respective close-ups of the tomographic
test target, which give a good estimate of the actual in-
situ snow height, and (2) snow profiles taken nearby on
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the test site at the same day as the SnowScat measure-
ments.

4 Discussion & Outlook

The first acquisition (2016-02-23) shows a situation with
virtually no penetration into the snow pack. Underlying
structures can therefore not be detected. The acquisi-
tions from 2016-03-11 and 2016-03-18 show situations
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Figure 3: Left column (a), (e), (i): focused tomographic profiles with nominal focusing (no refraction considered).
Each profile is obtained from 50 SnowScat measurements taken along the rail. The data sets were acquired at the test
site Gerstenegg (1700 m.s.1.), Switzerland, three different dates (2016-02-23, 2016-03-11, and 2016-03-18).

Mid-left column (b), (f), (j): the same focused tomographic profiles when applying a first order correction of the re-

fraction during focusing.

Mid-right column (c), (g), (k): close-up of the tomographic test target indicating the actual in-situ snow height.
Right column (d), (h), (1): snow profiles taken nearby on the test site at the same day as the SnowScat measurements.

with snow depths of about 1m to 1.2m and a complete
penetration into the snow volume down to the ground.
Several horizontal layers with pronounced backscatter-
ing can be observed. It is also interesting to note that the
lower layers and the ground that are visible in these tomo-
graphic profiles were already visible in tomographic pro-
files taken previously in January and early February; they
were then temporarily hidden, as expected, when melt-
ing occurred at the snow surface (the situation shown on
2016-02-23). A first comparison of the tomographic pro-
files and the in-situ profiles taken at this test site indicate
that, depending on the snow condition and the spatial het-
erogeneity of the snow cover, a direct validation of the
tomographic profiles with in-situ snow profiles may be
difficult (the spatial heterogeneity of the snow depth at
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the test site was also confirmed by additional close-range
photogrammetry-based DEM differencing).

Since, as of today, the SnowScat device has been still ac-
quiring data the analysis of the complete time-series is
still ongoing.
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