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Abstract

Microwave radars can be used to monitor the internal structure of the snowpack, delivering
real-time and non-destructive measurements. Recently, the working principle of an innovative
radar architecture able to identify some of the most important snowpack parameters, without
external aids, has been demonstrated. A key point of this new architecture is the use of two
independent receiving antennas, and one transmitting antenna. This paper presents a com-
parison between two different implementations, either based on one physical antenna miming
two receiving antennas, or based directly on two physical receiving antennas. The different
advantages and disadvantages of both solutions are discussed, highlighting the superior accur-
acy achieved by the implementation based on two physical receiving antennas. Then, this
paper also presents the field results achieved by this type of radar architecture, on the grounds
of a 5-day experimental campaign that took place in winter 2019 in the Italian Alps on dry
snow. The comparison between the radar measurements and the ground truth (manual snow-
pit analysis, in terms of snowpack depth, dielectric constant, bulk density, and snow water
equivalent) is provided. Overall, a root mean square error of around 3.5 cm, 0.05, 27 kg/m3,
and 2.5 cm is achieved, respectively.

Introduction

A typical snowpack can be characterized in terms of some physical parameters [1, 2]. Among
the others, the snowpack depth, the bulk density, liquid water content (LWC), and snow water
equivalent (SWE) can be important inputs for models used to determine the risk of avalanches
and floods, and to manage the hydrological resources [3–7]. Therefore, the possibility to moni-
tor these physical parameters is extremely useful. To accomplish this task, a number of tech-
niques exist. First, manual snowpits represent the golden standard [1]. Although very precise,
this analysis is time consuming and costly. For a single snowpit, it may take 1 or 2 h, and nor-
mally two qualified technicians. Moreover, it is applicable only to sites where reasonable safety
margins can be guaranteed for the involved staff. Thus, both the time and spatial resolution
and repetition of this technique are far from the optimum in several applications.

For these reasons, other solutions can be considered to complement and/or augment the
results given by manual snowpits. Among them, ground-based microwave radars exhibit sev-
eral advantages, including the reasonable cost, the fast and non-destructive measurement, and
the possibility of installation either above the ground, mainly for portable instruments, or bur-
ied, mainly for monitoring critical steep slopes along the avalanche path [8–10]. However,
when microwave radars are used to monitor the snowpack, the transformation from
the time domain (i.e. the time-of-flight recorded by the radar) and the space domain (i.e.
the target-radar distance, in this case, for example, the distance between the radar and the
snow–ground interface, thus the snowpack depth) is ill-posed. This is because, normally,
the wave speed in the snowpack is unknown. Traditionally, this aspect has been solved propos-
ing different approaches: a-priori assumptions on the density of the snowpack; measuring one
of the physical parameters, such as the snowpack depth or density, using additional instru-
ments or techniques to measure other parameters than the radar (e.g. ultrasonic or laser
gauges, GPS receivers, density probes during manual snowpits); applying complicated post-
processing techniques, based, for example, on inverse-scattering approaches or on the recon-
struction of the diffraction parabola [11–15]. However, all these solutions invariably exhibit
some flaws. A-priori assumptions can lead to large errors. Additional instruments or techni-
ques imply more complex systems and jeopardize the natural advantages of microwave radars
(e.g. manual snowpits mean slow and destructive measurements, additional devices most often
require fixed installation), which consequently become less suitable for portable applications
or for installation along avalanche paths. Post-processing techniques may require the
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movement of the radar along a dedicated path, and are prone to
problems such as local minima, artefacts, and so on.

To solve these limitations, a novel microwave radar architec-
ture has been proposed recently, and the working principle is
demonstrated experimentally [16]. One of the key points is the
use of one transmitting antenna and two receiving antennas, in
such a way that two independent radar profiles are collected,
and used in a joint mathematical system to determine, at the
same time, the snowpack depth and the wave speed into the
snowpack. Then, using formulations available from the literature,
this information is used to determine the physical parameters of
the snowpack [17].

While [16] is focused on the demonstration of the working
principle, this paper presents the aspects related to the physical
implementation of this novel radar architecture. An earlier ver-
sion of this paper was presented at the 13th European
Conference on Antennas and Propagation (EuCAP 2019) [18].
First, a comparison between two different schemas is discussed,
either using only one physical receiving antenna to mime the vir-
tual presence of the required two receiving antennas, or using two
physical receiving antennas. Second, the implementation with two
physical receiving antennas is verified experimentally with a dedi-
cated extensive campaign (5 days, approximately 30 comparisons
between radar measurements and ground truth, the latter by
means of manual snowpit analysis), assessing the radar perform-
ance. Third, the impact of the non-flatness of the terrain is dis-
cussed, along with a mitigation strategy. This paper is organized
as follows. “Radar architecture” section summarizes the most
important aspect of the radar architecture, while “Radar imple-
mentation” section describes the two possible implementations,
addressing advantages and disadvantages. Finally, “Experimental
validation” section presents the experimental results.

Radar architecture

The details of the radar architecture are described in [16], but for
the sake of completeness, the key points are summarized as fol-
lows. The general schema comprises one transmitting antenna
“tx” and two receiving antennas, “rx1” and “rx2”, as shown in
Fig. 1. This creates two independent radar paths, from “tx” to
“rx1”, and from “tx” to “rx2”. The horizontal separation between
“tx” and “rx1” and “rx2” is s1 and s2, respectively. The signal col-
lected by each receiving antenna is processed according to the
standard frequency modulated continuous wave (FMCW) radar
scheme. This delivers the time-of-flight T1 and T2 from the trans-
mitting to the receiving antennas, following a path described by a
distance d1 and d2 for the receiving antennas “rx1” and “rx2”,
respectively. The times-of-flight are proportional to the snowpack
depth D, in accordance with the wave speed v in the snowpack.
Overall, thanks to the presence of two independent radar paths,
it is possible to have a well-posed mathematical system, with
two independent equations and two unknowns, the snowpack
depth D and the wave speed v in the snowpack. Then, for dry
snow, the wave speed v can be directly translated into the real
part of the relative dielectric permittivity (ϵ’) of the snowpack,
and in turn into the snowpack density (ρ), using the following
equation [17]:

1′ = 1 + 1.83 10−3 r, (1)

where ρ is measured in kg/m3.

Radar implementation

One receiving antenna

The physical modifications that transform the snowpack structure
normally occur according to a time scale, a few hours, much
slower compared to the time required by the microwave signal
to travel from the transmitting to the receiving antenna, in the
order of a few nanoseconds for normal snowpacks. Even consid-
ering the entire process of obtaining a FMCW radar measurement
of a snowpack, which may include, for example, the sweep across
the frequency spectrum used to generate the FMCW radar signal,
this is strongly dependent upon the hardware implementation
(e.g. the intermediate frequency and the number of frequency
points), but in any case normally does not exceed 1 s.
Therefore, this aspect can be used to simplify the radar imple-
mentation with respect to the schema reported in Fig. 1, as
shown in Fig. 2.

In particular, just one receiving antenna is physically present.
This antenna is first positioned at a pre-determined distance s1
from the transmitting antenna, and the radar signal is collected.
This mimes the receiving antenna “rx1”. Then, the antenna is
moved to the second pre-determined distance s2 from the trans-
mitting antenna, and the radar signal is collected again. This
mimes the receiving antenna “rx2”. Since the entire process is
expected to take not more than 1 or 2 min, in the meantime
the snowpack properties (e.g. density and depth) are unchanged.

Fig. 1. Schema of the radar architecture.

Fig. 2. Schema of the radar architecture for the implementation A.
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The complete setup is shown in Fig. 3. It comprises a vector
network analyzer (VNA) from Keysight (FieldFox
N9916A, Santa Rosa, CA, USA) used to generate the transmit sig-
nal and to receive the backscattered echo, two open-ended
WR340 waveguide antennas, working in S band (2–3.5 GHz),
and two coaxial cables to connect the antennas with the VNA,
2 m long each. The antennas are mounted on a metal rail, to
ease the movement of the receiving antenna from the first to
the second position. The processing of the signal is performed
on a standard laptop set.

Two receiving antennas

In this case, two receiving antennas are physically present. This
means that the schema shown in Fig. 1 is replicated, and the
radar signals at the first and second pre-determined distances s1
and s2 are collected almost simultaneously, as shown in Fig. 4.

The complete setup is shown in Fig. 5. Also in this case, it com-
prises a VNA from Keysight (FieldFox N9916A) used to generate
the transmit signal and to receive the backscattered echo. This
time, three open-ended WR340 waveguide antennas, working in
S band (2–3.5 GHz), and three coaxial cables to connect the
antennas with the VNA, 2 m long each, are used. The antennas
are mounted on a different wooden rail, to stabilize as much as
possible the antenna placement. To let the three antennas com-
municate with the two-port VNA, a manual switch is used.
Actually, the manual switch is the only element that prevents a
perfect simultaneous collection of the two radar signals. Indeed,
first the signal is collected at the receiving antenna “rx1”, then
the switch is operated, and the signal is collected at the receiving
antenna “rx2”. The temporal distance between the two measure-
ments is in the order of a few seconds. In this case, the processing
of the signal is performed on a dedicated Raspberry Pi equipped
with a touch screen (referred to as a tablet in Fig. 5).

Comparison between the two implementations

From a theoretical perspective, both implementations are theoretic-
ally correct. They both refer to a downward-looking scenario, where
themicrowave radar is placed above the snowpack pack, at the snow–
air interface. Thus, this mimes portable applications, as described in
the “Introduction” section. Nevertheless, the same radar architecture
can be used according to an upward-looking scenario, where the
microwave radar is placed under the snowpack, close to the snow–
ground interface, to address fixed-point buried applications.

When the experimental setup is very well controlled (e.g. a
laboratory setup where the snowpack is mimed using stratification
of cork and polystyrene [19]), and all fine movements can be
accomplished with extreme care, the accuracy of the results is
comparable. Instead, for real field tests, the two implementations
exhibit their own advantages and disadvantages.

Implementation A is lighter and less cumbersome, because the
number of antennas is at the minimum, and the metal rail can be
easily dismounted for transportation. On the other hand, even if
the rail is designed to let the antennas sliding on it to be moved
along the different receiving positions, it is very difficult to main-
tain a perfect stability of the overall setup when it lays on a rela-
tively soft medium, such as snow. In practical terms, an error
better than 2–3 mm for the antenna positioning is challenging
to achieve. Implementation B comprises one antenna more, and
a different wooden rail, heavier and more cumbersome with
respect to the previous case. This is a disadvantage during trans-
portation, an aspect that cannot be underestimated for a portable
device. On the other hand, the physical presence of three anten-
nas, which do not require movements other than the selector of
the switch, allows for using a rail with pre-determined antenna
locations, in such a way that a practically near-to-perfect place-
ment can be achieved. In fact, for implementation B, the real
limit is given by the mechanical switch.

To understand its impact, a complete characterization of the
transmission coefficient from the VNA port to the first output
port and from the VNA port to the second output port is per-
formed. Figure 6 shows the difference between the two output
channels in terms of magnitude (ΔM) and phase (ΔP), and in
terms of equivalent virtual displacement (ΔD). The latter is calcu-
lated as:

DD = DP l / 2p, (2)

Fig. 3. Photograph of the implementation A, with one receiving antenna.

Fig. 4. Schema of the radar architecture for the implementation B.
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where λ is the operating wavelength. It can be appreciated that a
maximum difference of 0.05 dB, 3.8 degrees, and 0.9 mm is mea-
sured for the magnitude (ΔM), phase (ΔP), and equivalent virtual
displacement (ΔD), respectively. For this reason (a virtual error on
the antenna placement two/three times better than the physical
error on the antenna placement for the case of one physical
receiving antenna), for the experimental validation presented in
“Experimental validation”, the configuration employing two
physical receiving antennas is preferred.

Experimental validation

A dedicated field campaign was performed to experimentally
assess the performance of the novel radar architecture. Indeed,
even if the working principle was experimentally demonstrated
in the previous works [16], an extensive field campaign is required
to determine the precision and accuracy of the proposed radar
architecture against different field conditions. For example, the
flatness of the snow–ground interface, as schematically depicted
in Fig. 4, is important for the correct timing of the two
times-of-flight between the transmitter and the receivers.
However, real field conditions impose unavoidable, and unknown,
irregularities of the terrain, which are translated into irregularities
of the snow–ground interface, as shown in Fig. 7. For typical con-
figurations of the radar architecture (s1 in the order of 30–40 cm,
s2 in the order of 70–80 cm) and typical snowpacks with dry snow
(snowpack depth in the order of 100 cm, and bulk density in the
order 250–300 kg/m3), the difference between d1 and d2 is in the
order of 10 cm.

This means that irregularities of the terrain in the order of 1 cm
along the central part of the footprint of the radar, which is the
part of the terrain between points P and Q in Fig. 7 (e.g. when
s1 = 30 cm and s2 = 70 cm, the two ideal points P and Q in Fig. 7
are separated by a distance of 20 cm), may be responsible for errors
in the measurement of the times-of-flight in the order of 10%. It is
also worth noting that this aspect is peculiar of the

downward-looking cases, as for the other case of upward-looking
radars, for most of the snowpacks, the snow–air interface can be
considered practically flat. Nevertheless, for portable applications,
working in downward-looking configuration, this is a relevant
aspect, which must be accounted for to determine the potential per-
formance of the radar architecture for real applications. Fortunately,
the irregularities of the terrain can be considered randomly distrib-
uted. Therefore, these are partially compensated repeating the radar
measurements a number of times (for the results presented in this
paper, logistics aspects normally dictated five or six times), slightly
changing the position of the radar at the snow–air interface, and
averaging the results, as exemplified in Fig. 8. It is interesting to
observe that the proposed radar architecture, which is completely
self-standing, as outlined in “Introduction” and “Radar architec-
ture” sections, provides a natural execution for this repeated meas-
urement, as the entire radar measurement is simply repeated at
different places of the snow–air interface in just a few minutes.
This is well in line with the portable applications, where an operator
is supposed to rapidly take multiple measurements at different loca-
tions of interest. To highlight the effects of this important step, the
following results are presented both individually for each single
radar measurement, and averaged.

The field campaign took place at an altitude of around 2500 m
above sea level, in the Italian Alps (45°40′10′′N, 7°18′30′′E), for
five consecutive days from 4 February to 8 February 2019. The
selected slope exhibits a North orientation, with no direct sunlight
during measurements. During the entire campaign, the snow was
dry. To validate the radar measurements, these were compared
with manual snowpits. Thus, the snowpack under each site
selected for a radar measurement was analyzed after the radar
measurement digging the snowpack itself to the ground and per-
forming a manual snowpit analysis, according to standard proce-
dures [1].

In particular, the snowpack depth D and bulk density ρ are
manually measured. The former is measured with a precision
outdoor ruler, the latter using a density cutter with a volume of

Fig. 5. Photograph of the implementation B with two
receiving antennas, general view and (inset) magnified
view on the switch.
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198 cm3 and sampling the snowpack with a vertical resolution of
10 cm, averaging all the measurements for obtaining the bulk
density. Then, the SWE is a by-product that can be calculated
as [2]:

SWE = D r /rw, (3)

where ρw is the density of water, 1000 kg/cm3. Concerning the real
part of the dielectric permittivity (for simplicity, dielectric con-
stant), also in this case, for the manual snowpit analysis, this is
a by-product, which is calculated using (1), once the bulk density
is measured.

Instead, as briefly summarized in “Radar architecture” sec-
tion and reported in detail in [16], the radar measurements dir-
ectly provide the snowpack depth and dielectric constant. Then,
for the radar, the bulk density is a by-product, which is calcu-
lated using (1), once the dielectric constant is measured. For
the SWE, this is calculated also for the radar measurements
using (3).

Figure 9 reports the comparison, measurement by measure-
ment, between the results obtained using the radar and the results
obtained from the manual snowpit analysis (ground truth).
Overall, 28 different tests can be observed. Figure 10 reports the
comparison, day-by-day, between the results obtained using the
radar and the results obtained from the manual snowpit analysis
(ground truth). Overall, five different tests can be observed. As
explained in this same section, each day-based radar measure-
ment is obtained averaging a defined number (normally five or
six) of single measurement presented in Fig. 9, slightly changing
the position of the radar at the snow–air interface (Fig. 8), with
the aim of averaging out the effect of the non-flatness of the ter-
rain. Overall, the results are summarized in Table 1 in terms of
root mean square error (RMSE) and in terms of relative disper-
sion with respect to the mean of each parameter.

First, it can be appreciated that in all cases, better results are
achieved for snowpack depth and dielectric constant. This is in
line with the working principle of the radar architecture, which
measures directly these two parameters. Then, as explained
above, the by-product parameters for the radar measurement,
i.e. density and SWE, naturally exhibit a larger RMSE because

Fig. 6. Transmission coefficient of the switch. Difference between the channel from
the VNA port to the first output port and from the VNA port the second output
port: (a) magnitude; (b) phase; (c) equivalent virtual displacement.

Fig. 7. Schema of the radar architecture for the implementation B, exemplifying the
non-flatness of the terrain.

Fig. 8. Example of multiple placing of the radar at the top of the snowpack.
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Fig. 9. Single-based comparison between the radar measurement (white dots) and the manual snowpit analysis (dashed line): (a) depth; (b) dielectric constant; (c)
density; (d) SWE.

Fig. 10. Day-based comparison between the radar measurement (white dots) and the manual snowpit analysis (dashed line): (a) depth; (b) dielectric constant; (c)
density; (d) SWE.
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of equations (1) and (3), respectively, used to calculate them start-
ing from the snowpack depth and dielectric constant. In particu-
lar, the RMSE on the dielectric constant is enlarged by the
inversion of (1), while the RMSE of both depth and density com-
bine themselves in (3).

Second, it can be appreciated for the improvement provided
by the averaging procedure described above. It is worth noting
that either single-based or day-based approaches can be used,
according to the application. In particular, if a specific site
shall be monitored with best accuracy, then the averaging pro-
cedure will be very effective, at the cost of longer measurement
times during the repetition. In this case (i.e. specific site), par-
ticular attention should be paid to those situations where the
measures can be jeopardized by external factors. A typical case
is when the non-flatness of the terrain is particularly pro-
nounced (e.g. because of a large rock on the ground). Another
issue can arise when the internal stratigraphy of the snowpack
returns strong, multiple echoes masking the main reflection
from the snow–ground interface (e.g. an ice layer at half-depth
in the snowpack, whose multiple reflections could coincide
with the full-depth reflection from the ground). Finally, in
some cases, the snow–ground interface may be relatively
smooth, generating a weak reflection, which can be difficult to
identify and/or not particularly sharp, thus complicating the
identification of the correct time-of-flight.

Instead, if the radar is used to monitor an entire mountain
catchment, for example, to determine the total amount of equiva-
lent water, then a large number of single-based radar measure-
ments, done at several different locations along the mountain
catchment itself, will provide a reasonable compromise between
rapidity and accuracy.

Conclusion

This paper presented the statistical validation for a novel type of
radar architecture designed for snowpack monitoring.
Experimental measurement during a 5-day campaign in winter
2019 in the Italian Alps, on dry snow, are discussed, with particu-
lar attention to an operative strategy that can be applied to miti-
gate the effects caused by the non-flatness of the terrain. Two
different practical implementations of the radar were outlined,
either based on one physical antenna to mime the virtual presence
of two receiving antennas (more compact), or based on two phys-
ical receiving antennas (more precise).

The latter showed RMSEs, calculated against the ground truth
(manual snowpit analysis) of around 3.5 cm, 0.05, 27 kg/m3, and
2.5 cm for the determined snowpack depth, dielectric constant,
bulk density, and SWE, respectively. This translated into relative
errors better than 5% for the depth and the dielectric constant,

and approximately 10% for the bulk density and the SWE.
Overall, this proved the practical applicability of this new radar
architecture, which is capable of determining several different
physical parameters of the snowpack without any complementary
device or technique.
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