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Coherent backscatter enhancement in bistatic Ku-/X-band radar
observations of dry snow

Marcel Stefko!”, Silvan Leinss'>**, Othmar Frey'*, and Irena Hajnsek!**

'ETH Zurich, Institute of Environmental Engineering, 8093 Zurich, Switzerland
2Université Savoie Mont Blanc, LISTIC, 74000 Annecy, France

3Gamma Remote Sensing, 3073 Giimligen, Switzerland

4German Aerospace Center, Microwaves and Radar Institute, 82234 Wessling, Germany
“These authors contributed equally to this work.

Correspondence: Marcel Stefko (stefko@ifu.baug.ethz.ch) and Silvan Leinss (leinss @ gamma-rs.ch)

Abstract. The coherent backscatter opposition effect (CBOE) enhances the backscatter intensity of electromagnetic waves by
up to a factor of two in a very narrow cone around the direct return direction when multiple scattering occurs in a weakly
absorbing, disordered medium. So far, this effect has not been investigated in terrestrial snow in the microwave spectrum. It
has also received little attention in scattering models. We present the first characterization of the CBOE in dry snow using
ground-based and space-borne bistatic radar systems. For a seasonal snow pack in Ku-band (17.2 GHz), we found backscatter
enhancement of 50-60% (+1.8-2.0 dB) at zero bistatic angle and a peak half-width-at-half-maximum (HWHM) of 0.25°. In
X-band (9.65 GHz), we found backscatter enhancement of at least 35% (+1.3 dB) and an estimated HWHM of 0.12° in the
accumulation areas of glaciers in the Jungfrau-Aletsch region, Switzerland. Sampling of the peak shape at different bistatic
angles allows estimating the scattering and absorption mean free paths, A7 and A 4. In the VV polarization, we obtained
Ar=0.4+0.1mand A4 = 194+12m at Ku-band, and Az =2.1+0.4m, A 4 = 21.84+2.7m at X-band, assuming an optically
thick medium. The HH polarization yielded similar results. The observed backscatter enhancement is thus significant enough
to require consideration in backscatter models describing monostatic and bistatic radar experiments. Enhanced backscattering
beyond the Earth, on the surface of solar system bodies, has been interpreted as being caused by the presence of water ice. In
agreement with this interpretation, our results confirm the presence of the CBOE at X- and Ku-band frequencies in terrestrial

Snow.

1 Introduction

The scattering of electromagnetic waves in any type of medium can be used to characterize some of its structural properties. In
radar remote sensing, the scattering characteristics of snow have been intensely studied to derive properties of the snowpack.
However, an important effect, the coherent backscatter opposition effect (CBOE), can enhance the radar backscatter return by
up to a factor of two. This effect has rarely been considered in descriptions of the backscatter return from snow in monostatic

radar experiments (where the transmitter and the receiver are co-located), because even though the CBOE is present, its mag-
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nitude cannot be quantified without a bistatic reference measurement (where the transmitter and the receiver are at separate

locations). To fully characterize the CBOE, bistatic radar experiments need to be performed.

1.1 Opposition effects in random media

non

An opposition effect (also referred to as "opposition peak”, "opposition surge", "enhanced backscattering", "hot spot", and
similar) is any phenomenon in which electromagnetic (EM) radiation scattered from a particular medium exhibits an increase
in intensity in the direct return direction and its vicinity. Opposition effects occur at a variety of wavelengths and scattering
media, and are caused by a variety of underlying physical phenomena (Hapke, 2012).

The coherent backscatter opposition effect (CBOE), also referred to as coherent backscatter enhancement or weak localiza-
tion of electromagnetic radiation, occurs when coherent EM radiation is scattered two or more times within a weakly absorbing,
disordered medium. In the direct return direction, where wave vectors of the incident and scattered wave are parallel, the EM
waves, travelling through the medium along each possible scattering path, interfere constructively with their time-reversed
counterparts (Kuga and Ishimaru, 1984; Tsang and Ishimaru, 1984; Akkermans et al., 1988; Aegerter and Maret, 2009; Hapke,
2012). This constructive interference enhances the backscatter intensity within a very narrow cone of about 0.01-1 degree width
by up to a factor of two, whereas transmission is reduced. In all other directions, scattered waves sum up incoherently and form
the incoherent background scatter signal. The angular half-width at half-maximum (HWHM) of the CBOE peak is proportional
to the ratio of the free space wavelength A and the scattering mean free path Ar (Hapke, 2012, Eq. 9.42). The peak tip can
be very sharp when high orders of scattering contribute. The peak becomes rounder, wider and less intense when absorption
and finite sample thickness limit the contribution of multiple scattering (Akkermans et al. (1988, Fig. 7), Van Der Mark et al.
(1988, Fig. 20)).

The CBOE can occur together with the shadow hiding opposition effect (SHOE). However, the SHOE requires particles to
be large enough to cast sharp shadows within a porous medium (fine dust, vegetation canopy). Particles can then hide their own
shadow in the direct return direction (Hapke, 1986; Hapke et al., 1996). In contrast to the CBOE, the SHOE is caused by single
scattering while multiple scattering weakens the SHOE; absorption is not critical. The HWHM of the SHOE peak is given by
the ratio of particle radius and particle-to-shadow distance or extinction length in the medium (Hapke, 2012, Eq. 9.24). For
the surface of the Moon, acting as a prototype for virtually all solar system objects with exposed surfaces, both the CBOE and
the SHOE contribute with similar parts to the scattered light in the visible spectrum in the direct return direction (Hapke et al.,
1998).

1.2 Observations of the CBOE

Most quantitative measurements of the CBOE that characterize the whole angular width of the peak have been carried out at
visible-light wavelengths through laboratory experiments which are easier to realize than radio-frequency field- and planetary
experiments (Montgomery and Kohl, 1980; Kuga and Ishimaru, 1984; Wolf and Maret, 1985; Van Albada and Lagendijk, 1985;
Hapke, 1986; Akkermans et al., 1986; Wolf et al., 1988; Van Albada et al., 1988; Van Albada et al., 1990; Hapke et al., 1996;
Mishchenko et al., 2000). In the context of the Earth’s cryosphere, Kaasalainen et al. (2006) investigated and confirmed the



55

60

65

70

75

80

presence of 10-60% backscatter enhancement in snow at optical wavelengths (632.8 nm) and interpreted the observed narrow
angular peak width of 0.1-1 degree at HWHM as dominated by the CBOE.

In the radio-frequency spectrum, the CBOE is mostly discussed in connection with snow and ice deposits where microwave
absorption is weak (Warren and Brandt, 2008; Mitzler and Wegmiiller, 1987a, b). In planetary science, the CBOE was proposed
as an explanation for the unusually high radar cross-sections of surfaces of various solar system bodies (Muhleman et al.,
1991; Black et al., 2001; Hapke et al., 1993). The CBOE was also discussed as a potential cause of the unusual radar echoes
from the Greenland ice sheet (Rignot et al., 1993), although internal reflections were proposed as an alternative explanation
(Rignot, 1995). In both of these contexts, additional measurements at small but nonzero bistatic angles were desired (but not
feasible), as they would have provided a way to more easily and robustly characterize the effect (Hapke, 1990; Rignot, 1995).
Bistatic radar measurements of surfaces of solar system bodies are possible by using an orbiting spacecraft in combination with
the deep space network receivers on Earth (Simpson, 1993; Palmer et al., 2017). However, such experiments require a very
specific geometric alignment of the spacecraft’s orbit with respect to the Earth and are thus not common. Nevertheless, several
experiments were carried out with the Moon as the target (Yushkova et al., 2018): the Clementine bistatic radar experiment
observed an opposition peak in certain areas of the lunar surface. This peak was suggested to be attributable to the CBOE,
implying the existence of ice deposits on the surface (Nozette et al., 1996), though other work called the interpretation of the
Clementine data into question (Simpson and Tyler, 1999). More recently, the Mini-RF instrument of the Lunar Reconnaissance
Orbiter, in concert with the Arecibo Observatory’s radio telescope acting as transmitter, detected the opposition surge in certain
areas of the lunar surface, again attributed to the presence of near-surface deposits of water ice (Patterson et al., 2017).

In many of these experiments, observation of a backscatter enhancement peak at radio-frequencies was interpreted as the
CBOE. This interpretation was then used to infer the possible existence of water ice (presumably with a porous or disordered
structure so as to elicit the effect) on the surface of the corresponding solar system bodies. Other works considered the CBOE
in microwave scattering models of terrestrial snow (Tan et al., 2015) but could not analyze the peak shape of the CBOE. In this
work we demonstrate that the existence of snow on the Earth can indeed cause a CBOE. We present a sampling of the peak

shape at Ku- and X-band radio wavelengths with ground-based and space-borne imaging radars.

2 Methods

To characterize the angular peak of backscatter enhancement effects in the radio-frequency spectrum, we used two bistatic
radar systems, the ground-based system KAPRI and the space-borne satellite formation TanDEM-X. For both systems, the
transmitter and receiver are placed on independent platforms and thus the bistatic angle can be varied. The bistatic angle 3 is
defined as the angle between the transmitter, the observed location, and the bistatic receiver. In the exact direct return direction,

the bistatic angle is zero and the scattering alignment is called the monostatic configuration.
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Figure 1. Map of the ground-based bistatic radar experiment. The position of the xed transmitter (red dot) and the different receiver positions
(green dots) are marked in upper left corner and form the bistatic bageliihe green triangle marks the3 dB antenna beamwidth df2°

of the receiver device. The antennas are oriented towards the snow covered north-west face of the mountain Rinerhorn, Switzerland. The
region of interest (ROI) for the winter and summer seasons is shown in blue and red respectively. Their overlap is shown in purple. C is a
reference point for the orientation of the bistatic receiver (see Fig. 4). The hollow line slicing through the ROI masks out metallic beams
from a ski-lift on the slope. Satellite imagery data: Sentinel-2 on 20 February 2021. Modi ed Copernicus Sentinel data 2021/Sentinel Hub.

2.1 Ground-based observations - KAPRI

KAPRI is a polarimetric radar system based on the GPRI, developed by Gamma Remote Sensing (Werner et al., 2012; Baf-
felli et al., 2017). It is a ground-based Ku-band FMCW real-aperture radar system, capable of performing fully-polarimetric,
bistatic measurements. In the bistatic con guration comprised of two synchronized radar instruments with different antenna
con gurations, the bistatic system offers coverage of areas hundreds of meters wide at a range of several kilometers. The in-
struments operate at a central frequenc§©2 GHz ( = 1:74cm), with 200 MHz bandwidth. The bistatic con guration and

the processing pipeline to generate bistatic single look complex (SLC) data are detailed in (Stefko et al., 2022). A description
of the antenna con guration while using a cable synchronization setup can be found in (Stefko et al., 2021, Fig. 2).

2.1.1 Observation site: Rinerhorn, Davos

For the ground-based experiment (map shown in Fig. 1), the observed region of interest (ROI) was located on the north-
western face of Rinerhorn peak near Davos, Switzerland. Both devices were located on the valley side opposite the peak, a
46.763 N, 9.788 E (Fig. 1). The radar location features a straight and relatively at segment of road approx2dataly
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Figure 2. Snow temperature and grain size in the study area close to point C in Fig. 1 on 18 February 2021. Snow heightis 1.55m.

long with unobstructed view of Rinerhorn. The devices were placed at approximately 1620 m altitude, while the ROI altitude
spans from 2050 m to 2270 m. With this upward-looking observation geometry the vast majority of the ROI area is observed
under a shallow local incidence angle larger tii@h Problems with multipath interference arising from the upward-looking
observation geometry while employing a fan-beam radar system (Lucas et al., 2017) are avoided by placing the instruments on
the opposing side of the valley.

We performed two experiments: in summer (05 August 2020), the ROI was covered by low grass. In winter (18 February
2021), the area was completely covered by approximately 1.5 m of seasonal snow. Each measurement began at approximatel
08:00 local time, and the total duration of the observations3&blours in summer, angt5 hours in winter. In winter, a snow
pit revealed snow temperatures of0°C at the snow surface and0:2°C at the bottom of the snowpack (Fig. 2, left). The
traditional snow grain size, measured as the mean maximum extent of snow crystals (Fierz et al., 20D@hwdk.3mm
at the surface antt5mm at the base (Fig. 2, right).

To select the ROI, a mask ful lling the following three conditions was applied for each season: 1) Include only terrain higher
than the tree line &2050 maltitude. 2) Exclude areas containing man-made structures (metallic support beams, metal ropes,
buildings, corner re ectors). 3) Exclude areas affected by radar shadow and exclude areas outside of the main beam of the
secondary antennas — these areas were detected by applying a threshold on the magnitude of the single-pass interferometr
coherence of the secondary receiver in the VV channel. In every acquisition in the summer dataset, pixelswit85
were masked out, in the winter dataset pixels with 0:80 were masked out. A sliding window & 3 (range azimuth)

pixels was used for coherence estimation. The winter threshold is lower due to lower overall coherence as opposed to summer
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The masks de ning the ROI for each season are shown in Fig. 1. They cover practically the same region of the hillside. The
acquired calibrated SLC datasets were spatially multi-looked ustngzwindow to obtain the intensity images, and analyzed
in the radar polar geometry (rangeazimuth angle). The intensity valu¥ ) (the hat symbof indicates it's a measured
quantity) was computed for every acquisition by averaging the measured intensities of all pixels within the ROI. We analyzed
only acquisitions with VV and HH polarization as the cross-polarized signal was too close to the noise oor to provide reliable
data.

2.1.2 Device con guration and measurement procedure

The primary (monostatic) transmitter-receiver remained stationary during the experiment (Fig. 3, top) and performed azimuthal
sweep acquisitions of the observed area at a range of approximately 2.5 km. The secondary device (bistatic receiver) was move:
step-wise to sample bistatic angles between Gfd 1.92. In winter, the secondary device was mounted on a large sledge
(Hornschlitten, Fig. 3, middle). In summer, a wheeled cart was used as a movable radar platform (Fig. 3, bottom). The trajectory
of the secondary device is visualized in Fig. 4.

The bistatic angle was calculated for each position of the secondary receiver S as

=arctan L: Q)

dpc
The length of the bistatic baselitds given by the length of the vector between the primary and secondary radar's positions,
after projecting it into the plane orthogonal to the line of sight. The line of sight is the vector between the primary radar P and
the reference point C in the ROI (see Fig. 4). Its lengtiiis= 2500 m.

To ensure optimal overlap of the antenna patterns in the ROI, the secondary device was leveled and oriented manually in
each position. The pitch and roll angles of the mobile platform with respect to the true vertical direction were measured with a
digital spirit level at each measurement point, and did not ex2egdeither direction. In azimuth, the device was oriented with
a compass and optical view nder using a reference point in the center of the ROI (Point C in Fig. 1). The estimated precision
is 1°.

The transmit antennas on the primary KAPRI device have a physical horizontal length of 2m (Fig. 3, top), and thus the
bistatic angle ag:5km range differs by 0:05° between the two edges of the transmit antenna. This imposes a practical limit
on the resolution of the sampling of the intensity curve: any variation of intensity within bistatic angles of le8)ttamill
be smeared out by the non-zero size of the transmit antennas.

2.1.3 KAPRI: radiometric precision

Three main factors were identi ed which can affect the radiometric precision of the measurements: temporal drift of the
scattering properties in the ROI, the radiometric stability of the bistatic KAPRI system, and the pointing precision of the
secondary receiver's antennas.

The trajectory of the bistatic receiver (Fig. 4) was designed to repeatedly increase and decrease the absolute value of the
bistatic baseline. This allows detection of any temporal drift of the scattering intensity over the course of the measurement (i.e.






