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Full Winter Season Measurement of Snowpack
Height and Backscattering Coefficient Using
a 120-GHz Ultrawideband FMCW Radar

Victor Herrdiz-Lopez ™, Adridn Subias Martin™, Ifiigo Salinas™, Samuel T. Buisdn, and Rafael Alonso

Abstract— In this article, we present a 120-GHz ultrawideband
(3.3 GHz) frequency-modulated continuous wave (FMCW) radar,
designed using a millimeter-wave (mmWave) transceiver, and its
application to the measurement of snowpack height over two
full winter seasons. This system achieves 2 cm accuracy across
the diverse snowpack and environmental conditions encountered
during the winter season. Its main advantages over conventional
measurement techniques are good performance during heavy
snowfall, correct detection of fresh fallen snow, spatial averaging,
and low temperature dependence. Furthermore, our system is
able to measure the backscattering coefficient of the snowpack,
which is predominantly influenced by the liquid water content
(LWC) of its surface layer. This relationship is confirmed by
experimental measurements and numerical simulations, and
could enable noninvasive first layer LWC estimations. Hence,
we prove mmWave radar to be a reliable technology for snow-
pack monitoring under different environmental and snowpack
conditions, with a wide range of applications in hydrological
forecasting, avalanche risk assessment, and environmental mon-
itoring.

Index  Terms— Frequency-modulated continuous wave
(FMCW) radar, liquid water content (LWC), millimeter-
wave (mmWave), snow backscattering, snow height, snow
microstructure, snow thickness, snow wetness, thermal behavior,
ultrawideband (UWB) radar.

I. INTRODUCTION

NOW plays an important role in the hydrological cycle

in cold and mountainous areas, as well as in watersheds
where it has a notable impact. It serves as a natural water
reservoir during winter, gradually melting as temperatures rise,
thereby increasing liquid water reserves and contributing to
river flows [1], [2], [3], [4], [5]. Accurate assessment of snow
reserves is, therefore, essential for hydrological forecasting and
decision-making, not only in snow accumulation areas but also
in downstream regions affected by snowmelt [6]. Moreover,
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Fig. 1.
(42°45'41”"N 0°23/32”"W) at an elevation of 1800 m. This is the chosen
location for the full winter season validation of the FMCW radar.

AEMET-Formigal field laboratory, located in the Spanish Pyrenees

the distribution, characteristics, and temporal evolution of the
snowpack significantly impact various mountain processes and
can undergo rapid changes throughout the winter season [7],
[8], therefore requiring continuous, reliable, and real-time
remote monitoring. This information is crucial for hydrological
forecasting [9], environmental assessment [10], and avalanche
risk evaluation [11].

The snow-water equivalent (SWE), the amount of water
contained within the snow, is one of the most important
magnitudes for the characterization of the snowpack [12],
[13]. A common method for measuring the SWE involves
determining the snowpack height and its average density.
As the snowpack is a multilayered structure, this requires
the excavation of a snow pit deep enough to account for the
different possible densities [14]. However, this is a destructive
technique that needs human intervention and is not valid for
continuous monitoring of the SWE.

Among the noninvasive techniques, which generally allow
this continuous measurement, we can find several options, like
pressure and load cells, techniques relying on the changes of
the dielectric properties of the snowpack with density [15],
measurement of the attenuation of cosmic-ray neutrons by the
snowpack [16], radar techniques relying on the propagation of
electromagnetic radiation emitted by an active sensor above
the snowpack [17], [18], [19], and estimation of Global Posi-
tioning System (GPS) signals attenuation and time delay [20].

Regarding the measurement of snowpack height, the
simplest techniques involve conducting in situ manual mea-
surements requiring human intervention. However, there is
a limited variety of options for automated and noninvasive

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0009-0007-8481-0981
https://orcid.org/0000-0002-3813-6136
https://orcid.org/0000-0002-6144-7928
https://orcid.org/0000-0003-0775-4641

4302011

measurement of the snowpack height. Radar methods based
on the measurement of the time-of-flight (ToF) of a pulse
propagating from the snowpack surface to the ground are
sometimes employed [21], [22]. These techniques require
prior knowledge of the propagation speed of light within the
snowpack, which is strongly influenced by its density and
liquid water content (LWC) [23], [24], [25], [26], thus limiting
their potential accuracy. Consequently, many techniques rely
on the installation of a fixed structure housing a distance
measurement device to estimate the distance between the
device itself and the snow cover surface. By determining the
distance from the device to the ground, typically measured in
the absence of snow cover, the height of the snowpack can be
easily calculated [15].

The distance measurement device typically employs either
a laser or an ultrasonic ToF sensor, both of which have
certain limitations. For example, the low acoustic impedance
of fresh snow [27], [28] can result in noisy measurements
from ultrasonic sensors. Additionally, these sensors are highly
sensitive to environmental conditions, which can hinder their
performance during intense snowfall and strong wind periods
[29]. In the case of laser sensors, their small spot size and
the snowpack heterogeneity require the use of mechanical
components to average the measurement of nearby points
[30]. Mechanical components increase the cost of the sensor
and complicate its maintenance, which is a major drawback
in remote inaccessible areas. In this context, the use of a
millimeter-wave (mmWave) radar sensor has been proposed
as an alternative to measure snowpack height [31], [32];
however, no systematic studies have yet been reported on
its performance under different snowpack and environmental
conditions.

The rapid advancement of mmWave technology in recent
years has led to the development of reliable, low-cost devices
capable of both generating and detecting this range of elec-
tromagnetic radiation [33], [34]. Given that the size of ice
crystals within the snowpack is comparable to the wavelength
of mmWave radiation, significant scattering occurs under most
snowpack conditions. Also, the field of view of mmWave
sensors can be adjusted using reflectors or dielectric lenses,
thus controlling the spot size as an averaging mechanism.
These kind of devices have low power requirements, and can
function even under harsh environmental conditions, as heavy
snowfall, and the propagation speed of mmWave radiation
in air is weakly affected by environmental factors. As a
result, mmWave technology could potentially solve many of
the problems of commercial snowpack height measurement
devices and complement their use in locations where its
advantages are valuable.

In this work, we will present a prototype snowpack height
sensor based on a low-cost 120-GHz in-phase and quadra-
ture (I/Q) transceiver chip, which enables the design of a
frequency-modulated continuous wave (FMCW) radar sensor
using low-cost electronics. We will demonstrate its viability
comparing data collected over two full winter seasons to
measurements from a laser gauging device and in situ manual
observations, validating its performance in a wide range of
environmental and snowpack conditions. We will also address
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the effect of snowpack features on radar performance, as this
understanding is essential for conducting a comprehensive
seasonal analysis. Once the mmWave-snowpack interaction
is understood, we will discuss the potential of the proposed
sensor for the inference of snowpack surface LWC.

Field measurements have been performed at the
AEMET-Formigal field laboratory (see Fig. 1), located
on a small plateau in the Spanish Pyrenees (42° 45" 41”N, 0°
23’ 32”W) at an elevation of 1800 m above sea level. This
site was the location established by the Spanish Meteorology
Agency (Agencia Estatal de Meteorologia, AEMET) to
participate in the World Meteorological Organization Solid
Precipitation Intercomparison Experiment (WMO-SPICE)
[35], [36], [37]. Snowfalls are frequent, with an average
maximum snowpack height of 1.7 m in recent years, and
peak accumulations exceeding 3 m during certain winter
seasons. The snow cover remains highly homogeneous in the
experimental area due to its low exposure to the wind. The
AEMET-Formigal field laboratory is an excellent location for
testing snowpack height sensors, as it provides a wide range
of environmental and snowpack conditions over the course of
a winter season.

The rest of the document is organized as follows.
In Section II, we present the radar system, including hard-
ware design, data processing and analysis, and laboratory
calibration. Section III contains the results of the continuous
measurement of the snowpack height during a full winter
season and their comparation to other measurement tech-
niques. Section IV includes the measurement of the snowpack
backscattering coefficient using the radar system and its poten-
tial application to the estimation of the snowpack surface
LWC. Finally, Section V lays down the main results and
conclusions from this work.

II. 120-GHzZ FMCW RADAR SYSTEM

The basis of a radar system is the use of electromagnetic
radiation to obtain information about the position, or speed,
of a certain object [38]. While pulsed radars are more com-
mon in long-range applications, short-range measurements
frequently use FMCW radars, which allow simultaneous mea-
surement of position and speed of multiple targets [39],
[40]. Our system is based on a mmWave transceiver man-
ufactured by Indie Semiconductor, and the I/Q transceiver
TRX_120_067 [41], as the core of a 120 —GHz (A = 2.5 mm)
FMCW radar. A schematic of the transceiver is included in
Fig. 2(a). It offers a maximum bandwidth of 6.3 GHz, an
output power of —3 dBm, low power consumption (380 mW
in continuous operating mode, supplied through a single 3.3 V
source), and performs up and down-conversion of both the
generated and detected signals. It is encapsulated in an 8 x
8 mm? package which contains, apart from the generation and
detection electronics, amplifying stages and the transmitting
(TX) and receiving (RX) antennas, with around 8 dBi gain
in the working frequency band. As the up/down-conversion
is performed at the transceiver, the system requires only low-
frequency (LF) electronics for the control of the frequency of
the generated signal and for signal detection. High-accuracy
range measurements under laboratory conditions have been
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Fig. 2.

(a) Block diagram of the FMCW radar sensor including the mmWave transceiver, the analog input and output conditioning stages, and the main signal

processing steps. (b) (Top) Layer of the radar PCB, with the 120 GHz transceiver in the center of the board and the IAs. (Diameter: 70 mm). (c) (Bottom)
Layer of the PCB, with the input and output filtering stages and the supply circuits. (d) FMCW radar sensor with the dielectric lens mounted on an aluminum

plate.

reported in recent years using these kind of modules [42],
[43], [44], [45], [46]. In this study, the FMCW radar uses a
frequency chirp with a span of B = 3.3 GHz centered at a
frequency of 122.5 GHz. Each measurement consists on the
average of 300 chirps of a duration ¢z, = 10.24 ms, separated
by 5 ms pauses. Since the snowpack is a static object, the total
duration of the measurement and of each chirp is not a critical
parameter.

Fig. 2(b) and (c) shows the printed circuit board (PCB)
designed to hold the mmWave transceiver and the supply and
signal conditioning stages, which are detailed in Fig. 2(a).
The control and data acquisition (DAQ) are performed using a
DAQ system from National Instruments (DAQ NI USB-6212
OEM). The carrier frequency is controlled inside the mmWave
transceiver by a voltage-controlled oscillator (VCO), whose
nonlinear dependence is compensated at the DAQ stage. The
frequency-controlling signal is filtered by a second-order low-
pass RC filter (LPF) [43], [46] with a cut-off frequency of
50 kHz to reduce its noise. The I/Q components generated by
the transceiver are bandpass filtered using a second-order RC
filter (BPF, cut-off frequencies of 2.2 and 16 kHz). Then, they
are amplified using an instrumentation amplifier (IA) with a
gain of G = 100, ensuring optimal use of the input range
of the DAQ system. To increase the measurement range and
control, the sensor field of view we have employed an Indie
Semiconductor dielectric collimator lens [Fig. 2(d)] which
provides about 40 dB emission and detection gains [47].

The analog to digital conversion of the down-converted
input signals is performed using a sampling frequency of
200 kHz, resulting in 2048 samples for each chirp period.
As the radar will deal with static objects, we can select a rel-
atively slow chirp time to measure the snowpack height, thus
improving the signal-to-noise ratio (SNR). Using 300 chirps
averaging also improves the SNR by reducing the random
noise. Multitarget resolution increases with chirp bandwidth,
so the selected bandwidth will be the maximum possible one
without causing linearity issues. The cut-off frequencies of the
bandpass filters are chosen to filter out signals from distances
smaller than 1 m and over 7.5 m. The pause time between
chirps ensures the complete relaxation of the RC filter.

Fig. 3. (Bottom left) FMCW radar sensor installed at the AEMET-Formigal
field laboratory. The sensor is housed within a protective plastic radome.

The radar system formed by the PCB, the DAQ, and a
Windows-based computer (LattePanda Alpha) is mounted on
an aluminum plate protected by plastic radomes. In Fig. 2(a)
we show a block diagram of the FMCW radar sensor, detailing
its analog filtering and amplifying stages, and an schematic
of the digital data processing, which will be detailed in the
following section.

Fig. 2(d) shows the aluminum plate holding the complete
radar system. We have developed protective radomes, crafted
by 3-D printing with PLA, then waterproofed and painted for
enhanced durability. These radomes allow the FMCW radar
to operate under harsh environmental conditions, as heavy
snowfall periods. Fig. 3 shows the prototype, with the plastic
radomes, installed at the AEMET-Formigal field laboratory.
The introduction of the radomes produces a reflection of the
radar signal close to the source and thus a LF component in
the FMCW trace, which will be rejected by the bandpass filter.
This results in an additional 8 dB of attenuation for the signal
from the snowpack. The final SNR of the system with the
radome is approximately 40 dB.

A. Radar System Calibration

We validated the correct operation under laboratory con-
ditions of the radar sensor using a metal reflector placed at
different distances. The measurements presented here are the
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average of 50 consecutive chirps, separated by 5 ms pauses.
In the field experiments, the averaging was performed over
300 chirps.

The signal Z(t) = I1(¢)+ j Q(t) produced by a single target
at a distance R can be expressed as [48]

Z(1) = Zo(1) + AMa(R) exp[27j (fot — for)] (1)

where f, = 2BR/(ct.) is the beat frequency, a(R) accounts
for the reflection properties of the object and the attenuation in
the round-trip, fy is the starting frequency of the chirp pulse,
T = 2R/c, and c is the speed of light in vacuum. Z(¢) is the
background signal (which includes clutter due to the radome
and the direct coupling between the antennas) and A(f) is
a time modulation produced by the transmitter and receiver
dependence on frequency. Equation (1) does not account for
spectral components at negative frequencies, caused by 1Q
imbalance in the transceiver [42], nor for multiple reflections
between the snowpack and the measurement device, as these
effects will be eliminated on the digital filtering stage.

Measuring the background signal Zy(¢) in the absence of
any object and using a reference measurement, Z.(¢) taken
with the metal reflector located at a known distance R,
according to [48] we define our signal of interest as [see
Fig. 2(a)]

_ Z0) — Zo()
Z(t) — Zo(t)

This established calibration procedure improves the accuracy
of short-range FMCW radar systems [49], [50], compensating
the effects of clutter and time modulation. As a side effect, this
definition produces a frequency shift that can even generate
negative frequency components. However, this shift can be
calibrated, as performed in Fig. 4, and does not affect the
accuracy of the measurements.

The reference signal Z.(¢) is a measurement of a metal
reflector at a distance of 1.464 m. It has been filtered, after the
subtraction of Zy(¢), using a bandpass finite impulse response
(FIR) filter with cut-off frequencies of 1.7 and 4.4 kHz. As
the distance range from the sensor to the snow cover in the
field location is known, we can also filter the signal on the
numerator of (2) using another bandpass FIR filter with cut-off
frequencies of 1 and 9 kHz.

Fig. 4(a) shows the spectrum, G(f) = FT[Z(¢)], of the
measurements of a metal reflector placed at different distances
from the radar. The frequency of the maximum peak, fp,
is related to the position of the metal reflector. In Fig. 4(b),
we confirm the expected linear relation between the peak
frequency and the distance between sensor and reflector. The
linear fit of these measurements allows us to calculate the
real bandwidth of the chirp as 3.3 GHz. Although we are
not using the complete bandwidth offered by the mmWave
transceiver due to limitations introduced by the filtering stages
(both analogical and digital), the drawback is only a smaller
multitarget accuracy, which is not critical for our application.

Sub-millimetric accuracy has been reported under laboratory
conditions using mmWave radar technologies (see, e.g., [51]).
However, the accuracy of our radar sensor will be reduced on
site due to noise and temperature drifts, resulting in centimetric

Z(1) 2
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Fig. 5. (a) Thermal behavior of the peak frequency of the corrected spectrum.
(b) Thermal behavior of the amplitude at the maximum of the corrected
spectrum. Both magnitudes are referenced to the value at 0 °C.

precision. Nevertheless, this level of precision is sufficient for
measuring snowpack height, as its surface roughness is often
on the order of centimeters.

B. Thermal Behavior

To analyze the influence of the working temperature, the
radar system has been characterized using a thermal chamber.
Placing a single object in the field of view of the radar at
a distance of about 55 cm, we can measure the dependence
of the frequency and amplitude of the FMCW signal with
temperature. In Fig. 5, we show the variation in the amplitude
and frequency of the main spectral component of the corrected
signals. At each temperature, we performed 100 different
measurements consisting on the average of 300 consecutive
chirps.

Fig. 5(a) shows a frequency shift of 69 Hz across a
temperature range of 55 °C, which is caused by an increase
of the effective bandwidth as temperature increases. Using the
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Fig. 6.  Sketch of the microstructure model for the computation of the
scattering and absorption properties of the snowpack. The spherical ice grains
and the ellipsoidal water inclusions are surrounded by air.

calibration from Fig. 4 without compensation, the apparent
position shift is 3.2 cm across the whole temperature range.

Fig. 5(b) shows a change of —4.1 dB in the amplitude of
the detected signal over the 55 °C tested range. It is caused
by a variation not only in the power emitted by the mmWave
transceiver [41], but also in the receiver efficiency. As the radar
system gets warmer, it emits less power, but also the standard
deviation of the different measurements increases.

In Section III, these temperature effects in the measurement
of snowpack height will not be compensated, as the accuracy
obtained is good enough. However, in Section IV, they will be
taken into account, as the amplitude of the spectral components
is key to the study of the snowpack backscattering.

C. mmWave Interaction With the Snowpack

Understanding the mmWave-snowpack interaction is crucial
to the design and calibration of the radar sensor. Scattering
plays an important role in this interaction, as the mmWave
wavelength is comparable to the size of the ice crystals in
snow. Hence, we will need to take into account not only
the electromagnetic properties of the snowpack constituents
(mainly ice, liquid water, and air), but also its microstructure,
as it plays a critical role in the scattering phenomena.

The electromagnetic properties of ice and water will be
based on the models presented in [52, Ch. 4]. The electro-
magnetic behavior of water in its solid and liquid phases
differs significantly at 120 GHz, as shown by their respective
penetration depth values (the distance at which the intensity
of a propagating wave is decreased by a factor 1/e). This
depth is 6.4 cm for pure ice and 0.15 mm for liquid water
[52, Ch. 4]. This difference arises due to the existence of a
rotational mode in the water molecule, which increases the
absorption of mmWaves by liquid water compared to ice (and
the absorption by wet snow compared to dry snow).

The microstructure of snow will be described using a model
common in both microwave and mmWave remote sensing [52],
[53], [54], which is outlined in Fig. 6. We consider snow to
be formed by air and ice spheres, which mainly determine
the scattering behavior, and smaller ellipsoidal water inclu-
sions, which do not produce significant scattering but play an
important role in the absorption properties. This model is thus
determined by the radius of the ice spheres and the volumetric
fractions of ice and liquid water.

In dense media, where scattering centers occupy an appre-
ciable fraction of the total volume, the radiative transfer
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equation (RTE) is commonly used to explain the scattering
of electromagnetic radiation. The scalar RTE is given by
dI(7,3)

:_K61(7,§)+// W (5, 8)1(F,s')d2 ()
ds 4

where I(7,§) is the intensity of the electromagnetic wave
propagating in the direction of § at a point 7, k. is the
extinction coefficient, and W (5, s") describes how the radiation
propagating in the direction §’ is scattered into the direction
5. Both k. and W(§,$") are determined by the scattering
properties of the snowpack (which generally vary along the
vertical profile). As the scattering ice particles are considered
spherical and we will assume incidence normal to the snow-
pack, we can employ the scalar RTE. Although the use of the
RTE for the snowpack with mmWave coherent emitters may
seem inappropriate, it is widely spread and the comparison
to experimental measurements is satisfactory [54], [55], [56],
[57], due to the fact that ice particles are, approximately,
randomly located.

The extinction coefficient from (3) describes the exponential
decay suffered by a beam propagating through a scattering
and/or absorbent medium. It is directly related to the penetra-
tion depth of the radiation §,

5p = 1/ke . )

As will be shown in Section IV, the penetration depth of the
120 GHz electromagnetic radiation in wet snow is limited to
a few millimeters due to absorption. However, in dry snow
conditions, this depth can increase to several centimeters. Also,
the penetration depth of snow is smaller than that of ice,
mainly because of scattering.

III. FIELD MEASUREMENTS OF THE SNOWPACK HEIGHT
DURING THE 2023-2024 AND 2024-2025
WINTER SEASONS

We performed a continuous measurement of the snowpack
height in the AEMET-Formigal field laboratory during two
consecutive winter seasons. In the 2023-2024 season, the
measurements started in February, when snow started accumu-
lating in the region after the complete melting of the previous
snow cover, untili May, when the snow cover completely
disappeared from the experimental area. The measurement
interval was 5 min, except for periods of intense snowfall when
it was reduced to 3 min. The total number of measurements
during this winter season was 26972. After discarding the
measurements with too low SNR, the final number was 22 726.
Using the process described in Section II, we can obtain the
distance between the radar and the snowpack surface with the
maximum of the FMCW spectrum. As the distance between
the radar and the soil surface is known, we can then easily
obtain the snowpack height, following the same procedure of
laser and ultrasonic sensors.

In the 2024-2025 winter, the measurements expand from
December to May in 10 min intervals. The intervals were
longer this time, as the accuracy obtained was comparable.
In total, there are 17731 measurements, and 15229 after
discarding those with low SNR.
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Fig. 7. Snowpack height in the experimental area measured by our FMCW

radar, a laser sensor Lufft SHM 31 (installed at a slightly different location,
causing the approximately constant height difference), and an avalanche probe
(in situ manual measurements taken directly beneath the radar sensor).

In Fig. 7, we show the measured snowpack height using the
FMCW radar sensor, smoothed with local linear regression to
reduce noise in the time series. The local linear regression
is performed over a 5-h window centered on the point under
consideration for the 2023-2024 winter season, and over a
10-h window for the 2024-2025 winter season. The time
window has been changed to preserve the number of measure-
ments included in the linear regression. These measurements
are compared to the snowpack height in the experimental
area as reported by a laser sensor (Lufft SHM 31) placed at
a distance of 5 m from our radar sensor. We also include
several in situ manual measurements performed at the same
location of the radar using an avalanche probe. The periods
during which no measurements are available in the 2023-2024
season were caused by interruptions in the power supply of
the experimental test-site, but are not related to the mmWave
sensor itself. We consider the distance between radar and soil
surface as the average of the measurements from May first in
2023-2024 winter season, as the snow cover had completely
disappeared of the experimental area by then.

The radar and laser sensor measurements follow the same
trend, confirming that our system is capable of measuring the
snowpack height under different snowpack and environmental
conditions, including extremely severe conditions as heavy
snowfalls. However, there is a roughly constant offset between
the two time series. It is caused by the roughness of the
soil surface, which causes differences in the snowpack height
under each sensor, as they are horizontally separated. This is
reinforced by the manual measurements performed under the
radar sensor, which confirm its the accuracy. The accuracy of
the laser sensor was also verified separately.

Fig. 7 presents the main result of this article, demonstrat-
ing the feasibility of measuring the snowpack height in the
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different conditions found along two separate full winter
seasons. We estimate the precision of the measurement in
around 2 cm using the standard deviation of the measurements
from May first in the 2023-2024 winter season, when the snow
cover had already disappeared and the measured distance was
that of the soil surface. Precision is mainly limited by the ther-
mal drift of the mmWave transceiver presented in Fig. 5, so it
could be increased by correcting this. However, centimeter-
level precision is sufficient for most practical purposes when
measuring snow depth, as the snowpack surface roughness is
typically in the same order of magnitude.

IV. SNOWPACK BACKSCATTERING COEFFICIENT:
INFLUENCE OF THE SURFACE LWC

In the previous section, we have shown the possibility of
measuring the snowpack height using the frequency of the
major component of the FMCW signal spectrum. From the
amplitude of that spectral component, we can also obtain
information about the electromagnetic intensity of the wave
backscattered from the snowpack. As the backscattering prop-
erties of mmWaves in the snowpack mainly depend on the
physical properties of its surface, this measurement could be
very useful for extracting information about these properties.

The snowpack is a distributed target, so we will define its
backscattering coefficient (backscattering cross section per unit
area) as [52, Ch. 5]

o’ =4n Rzll 1

ZI A

where Z; is the intensity of the electromagnetic wave incident

at the object position, Zp is the intensity of the backscattered

wave at the radar position, R is the distance between snowpack

surface and radar, and A is the transverse section illuminated
by the radar.

In this section, we will show that the mmWave backscatter-
ing coefficient is strongly affected by the snowpack surface
properties. We will present a method for obtaining the
backscattering coefficient from experimental FMCW radar
measurements and from numerical simulation of the physical
snowpack parameters, solving the RTE, (3). The intercompari-
son of measurements and electromagnetic simulation will help
us understand the effect of the different snowpack parameters
on the scattering coefficient, paving the way for the use of
the radar sensor to measure snowpack surface properties,
in addition to its geometrical height.

We will restrict our analysis of the backscattering coefficient
to the period of time between March 17 and March 23 of the
2023-2024 winter season, during which the snowpack height
gradually decreased after an intense snowfall period, as can
be seen in Fig. 7. This height reduction was favored by warm
temperatures and an intense solar radiation, as can be seen
in Fig. 8(a) and (b), which also caused the appearance of
liquid water in the upper layers of the snowpack. We have
chosen this period of time because it is the largest in which
the moderate temperatures and the absence of snowfalls result
in the existence of liquid water in the snowpack surface. The
major effect of the increase in the LWC is a much higher
absorption of the electromagnetic radiation, thus decreasing

&)
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the penetration depth to the order of 1 mm. Additionally, the
increase in LWC also reduces the single-scattering albedo,
0 < a < 1, which accounts for the relative importance of
the scattering and absorption phenomena in the snowpack.
If a ~ 0, scattering is negligible compared to absorption,
whereas for a &~ 1, scattering dominates. The combination
of both effects allow us to simplify the resolution of the RTE.

A. Experimental Measurement of the Backscattering
Coefficient

We can obtain the backscattering coefficient of the snow-
pack from the FMCW radar measurements by applying (5)
after some considerations about the involved magnitudes. The
illuminated area will depend on the distance between the
snowpack and the radar as A o< R?, with the proportionality
constant fixed by the field of view of the sensor. Accord-
ing to basic radar equations, the incident intensity follows
I, « Ki(T)R™2, where K(T) is a temperature-dependent
function which accounts for variations in the amplitude of
the emitted electric field caused by temperature [41] and
the proportionality constant depends on the TX antenna and
dielectric lens gains, among other factors.

Additionally, we can express the backscattered electric field
at the RX antenna, after using the signal-correcting procedure
described in Section II, as

Ep(1) o< Re[Ka(T) Z(1)e¥™ 9] ©)

where ¢ (t) = fot + Bt? /(2t.) is the phase of the transmitted
FMCW signal, K»(T) is a temperature-dependent function
which accounts for the variations in the detection efficiency
caused by temperature and Re() denotes the real part of a
complex quantity. For K{(T') and K,(T), we have to consider
the operating temperature of the chip. Although their values
have not been measured separately, their combined effect
was measured in the thermal characterization of Section II.
The backscattered intensity Zg, measured at the RX antenna,

is then given by
K2 T 1o
20 Cizotar
c 0

(7

Ip o« (E5(0)) x K3(T){(IZ(0)*) =

which using Parseval’s Theorem can be expressed as

~+00
Zp < K3(T) / IG(HI1Pdf . (8)

Hence, using the corrected spectrum and the distance between
the radar and the snow surface, we can compute the backscat-
tering coefficient of the snowpack as
0 o KID)
K3(T)
The temperature dependence of the efficiency factor can be
obtained from Fig. 5, as K2(T)/K(T) o 1/A|G(fp)|*. The
ambient temperature in the field laboratory and the temperature
inside another setup placed next to the radar sensor were
constantly monitored during the winter season. This setup
temperature is more appropriate to estimate the operating
temperature of the radar, as it accounts for warming caused
by solar radiance on the radome.

—+00
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Fig. 8. Environmental variables measured at the field laboratory. (a) Snow-
pack surface and air temperatures and (b) incident shortwave radiation.
Physical properties of the uppermost layer of the snowpack simulated using
the software SNOWPACK. (c) Density and (d) LWC. Propagation properties
of this snowpack layer, computed using the microstructure model of the
snowpack. (e) Penetration depth and (f) single-scattering albedo.

B. Electromagnetic Simulation of the Backscattering
Coefficient

Given the physical properties of the snowpack, the
microstructure model from [52, Ch. 11], sketched in Fig. 6,
allows the calculation of the propagation and scattering param-
eters required by the RTE. However, a general analytical
solution to the RTE does not exist, and solving it numerically
generally becomes a difficult task [53], [54], [56]. This is the
main reason why we have restricted the calculations to the
period from March 17 to March 23, when an approximate
solution of the RTE can be applied. A penetration depth in
the millimeter range makes it possible to consider the snow-
pack as a semi-infinite medium with homogeneous properties,
simplifying the spatial dependence in the RTE. Additionally,
when the single-scattering albedo is weak enough, that is
a < 0.3 [52, Ch. 11], we can solve the RTE using an iterative
method.

In Fig. 8(c) and (d), we show the density and LWC of
the upper layer of the snowpack during the analyzed period,
calculated using the SNOWPACK software, developed by the
Swiss Federal Institute for Snow and Avalanche Research
(SLF) [58], [59]. We used SNOWPACK to simulate the
physical properties of the snowpack during the complete
winter season in the experimental area. This allows us to
evaluate different properties of the snow along its vertical
profile, as its density, LWC, grain type, or temperature.
SNOWPACK performs a simulation of the evolution of the
snowpack physical parameters, modeling it as a 1-D lay-
ered system and using meteorological data (air temperature,
relative humidity, wind speed, incoming short- and long-wave
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radiation, reflected short wave radiation, snowpack surface
temperature, precipitation, and soil temperature). Apart from
density and LWC simulated by SNOWPACK, we have con-
sidered a constant ice grain diameter of 1 mm, justified by the
absence of snowfall during the analyzed interval. This causes
the snowpack surface to be formed by melt form grains [12]
which undergo melting-refreezing cycles. A constant grain
size has already been considered in previous studies, such as
in [60].

From those three physical parameters, we can compute the
scattering and propagation properties of the uppermost layer
of the snowpack using the microstructure model. Fig. 8(e)
shows the evolution of the penetration depth, which remains
roughly constant at about 1 mm. Because of this millimeter
penetration depth, the snowpack can be considered as a
semi-infinite medium with homogeneous properties (equal to
the properties of the uppermost layer). This is not possible
under dry snow conditions, when the penetration depth can
reach some centimeters. Fig. 8(f) shows the simulated single-
scattering albedo of the uppermost layer, which meets the
a < 0.3 criterion [52, Ch. 6] for the use of the iterative solution
of the RTE in the semi-infinite medium. We can clearly see
that the single-scattering albedo is strongly influenced by the
day—night cycles predicted by SNOWPACK in the LWC of
the snowpack surface (melting—refreezing cycles).

Although the density of the snowpack surface is also
affected by day-night cycles, the shape of the variations is
slightly different from that observed in the LWC and single-
scattering albedo. The absence of clear day—night cycles in the
penetration depth is due to it being affected by two opposing
effects: during the day, the LWC increases, which produces
higher absorption of radiation but reduces scattering. These
effects partially counteract each other, resulting in a roughly
constant penetration depth.

The aim of the simulation of the backscattering coefficient
is to evaluate how it is affected by the different physical
parameters of the snowpack. Hence, we do not seek to
accurately solve the RTE but to obtain an intuitive and
simple approximate solution to understand the measurements.
It is in this context where we have decided to approx-
imately solve the RTE using the single-scattering model,
including only the first order of the iterative solution of the
RTE. Under this approximation, the backscattering coefficient
of the snowpack at normal incidence can be computed as
[52, Ch. 11]

Kb
o=
2K

(10)
where «. and k;, are, respectively, the extinction and backscat-
tering coefficients of the snowpack. Both can be obtained with
the microstructure model in Fig. 6. We have not considered the
scattering produced by the roughness of the snowpack surface,
as it is negligible compared to the volumetric contribution.
In Fig. 9, we show the simulated backscattering coefficient,
computed using (10), which is mainly influenced by the
day—night cycles in the LWC and single-scattering albedo (see
Fig. 8).
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Fig. 9. Measured and simulated backscattering coefficient of the snowpack
during the analyzed period. Measurements have been corrected according to
the thermal behavior of the radar system.

C. Comparison of Measured and Simulated Values of the
Backscattering Coefficient

Fig. 9 shows the intercomparison between the measured and
simulated backscattering coefficient of the snowpack. Both
time series have been normalized using its first value as a
reference (0 dB). We can see the appearance of day-night
cycles in the backscattering cross-section evolution. This had
been previously reported at other frequency ranges both for
the snowpack scattering properties and for its brightness
temperature [55], [57], [60].

Comparing the temporal dependence in Figs. 8 and 9,
we can see that the simulated backscattering coefficient is
mainly influenced by the LWC, in the same way as the
single-scattering albedo is. During the day, the increasing
temperatures and the solar radiance produce the partial melting
of ice crystals in the snowpack uppermost layer, increasing its
LWC. The increase in the amount of liquid water intensifies the
absorption of mmWaves by the snowpack and reduces its scat-
tering (as the dielectric constant of the effective background
medium from the microstructure model increases), resulting in
a smaller backscattered intensity. On the contrary, the absence
of solar radiance and lower temperature during the night cause
the partial disappearance of liquid water, increasing again
the backscattering coefficient of the snowpack, which usually
reaches its daily maximum before sunrise.

Fig. 9 shows that those day—night cycles predicted by
the numerical simulation are also observed in the FMCW
radar measurements. The experimental measurements have
been corrected using the temperature measured in a setup
placed next to it using a Campbell datalogger model CR-300.
However, the daily variation of the backscattering coefficient
is larger in the experiment than in the simulation, and this
difference cannot be explained by inaccuracies in the operating
temperature estimation.

This difference can be caused by multiple factors, first
among them the use of an approximate solution of the RTE.
The single-scattering model does not account for processes
consisting on consecutive scattering events contributing to
the total backscattering, thus underestimating the backscatter-
ing coefficient. The single-scattering approximation becomes
more precise as the albedo diminishes during the day, because
the a < 0.3 criterion [52, Ch. 6] is met with a greater margin.
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Additionally, the accuracy of the numerical simulation of the
snowpack parameters can have a significant impact on the
values for the simulated backscattering coefficient.

Although the single-scattering model does not provide accu-
rate values, as expected due to the use of an approximate
method for the solution of the RTE, it does confirm the tempo-
ral variation of the backscattering coefficient of the snowpack
and its origin on the variation of the LWC in the uppermost
snowpack layer. However, the numerical prediction of the
backscattering coefficient could be improved by using a more
complex microstructure model and a more precise solution
for the RTE, as in [57]. This could eventually lead to the
prediction of the backscattering coefficient from the physical
snowpack properties with much greater accuracy, as already
reported in other frequency ranges [55], [57]. Inverting this
relation, we could even obtain a good approximation for the
LWC of the uppermost snowpack layer from its backscatter-
ing coefficient, as the LWC is the variable with the largest
influence on the scattering properties. This would open the
possibility of employing a low-cost radar not only as a height
sensor, but also as a nonperturbative measurement system for
the LWC of the snowpack surface.

V. CONCLUSION

We have developed a prototype of a snowpack height
sensor using a 120-GHz FMCW radar, proving the possibility
of achieving centimeter accuracy during a full winter sea-
son, under different snowpack and environmental conditions,
as heavy snowfall. The mmWave technology presents some
advantages compared to current commercial devices, as a
reliable signal under fresh snow conditions, the possibility
of modifying its field of view and a smaller temperature
dependence. Additionally, its low hardware requirements (only
the generation and detection of LF signals is needed) would
allow for the use of low-cost electronics for future versions
of the prototype, and the design of a cost-effective snow-
pack height sensor using mmWave radar technology. The
achieved centimeter precision could be improved by calibrat-
ing the temperature dependence of the prototype, although the
intercomparison with laser and manual measurements shows
enough accuracy for most practical purposes.

We have also studied the scattering mmWave-snowpack
interaction, concluding that the radar backscattering is mainly
affected by the surface properties of the snowpack. We have
experimentally found day—night cycles in the intensity of the
backscattered radiation, which are caused by variations on
the LWC of the uppermost snowpack layer, as demonstrated
using numerical simulations. Thus, our measurements and
simulations prove that the snowpack surface LWC is the most
influential variable on mmWave backscattering properties. Our
results are in agreement with the day-night cycles found in
the backscattering properties at other frequency ranges and in
measurements of brightness temperature of the snowpack [55],
[57], [60]. Therefore, we propose the use of the radar sensor
not only as an snowpack height sensor, but as a nonperturbative
method for measuring the surface LWC.

The microstructure model and the approximate solution
of the RTE that we used here to simulate the snowpack
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backscattering properties were chosen because of their sim-
plicity and ability to qualitatively describe the evolution of the
snowpack parameters. However, in order to accurately measure
the LWC of the snowpack surface, it will be necessary to
introduce more complex models of the snow microstructure
and more accurate solving methods for the RTE. Solutions to
this problems are already implemented using computationally
efficient techniques like the snow microwave radiative transfer
(SMRT) model [61].

We have thus shown the possibility of performing long-term
measurements of snowpack height and its backscattering coef-
ficient using cost-effective mmWave radar technology. This
measurement technology could supplement the currently com-
mercially available technologies. The main strengths of this
setup, such as its capability to operate during environmental
conditions like heavy snowfall and wind, and the absence of
mechanical components complicating maintenance, make the
mmWave technology an alternative for the measurement of the
snowpack height in remote regions affected by harsh environ-
mental conditions. Therefore, this technology could improve
the assessment of snow reserves, thereby supporting more
effective hydrological planning, avalanche risk forecasting,
and environmental monitoring. Some of its weaknesses, as its
slight thermal dependence, could be corrected by calibration
and a more complex data processing.
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