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Abstract: Ground-penetrating radar (GPR) is one of the most commonly used instruments to map
the Snow Water Equivalent (SWE) in mountainous regions. However, some areas may be difficult or
dangerous to access; besides, some surveys can be quite time-consuming. We test a new system to
fulfill the need to speed up the acquisition process for the analysis of the SWE and to access remote
or dangerous areas. A GPR antenna (900 MHz) is mounted on a drone prototype designed to carry
heavy instruments, fly safely at high altitudes, and avoid interference of the GPR signal. A survey
of two test sites of the Alpine region during winter 2020-2021 is presented, to check the prototype
performance for mapping the snow thickness at the catchment scale. We process the data according to
a standard flow-chart of radar processing and we pick both the travel times of the air-snow interface
and the snow-ground interface to compute the travel time difference and to estimate the snow depth.
The calibration of the radar snow depth is performed by comparing the radar travel times with
snow depth measurements at preselected stations. The main results show fairly good reliability and
performance in terms of data quality, accuracy, and spatial resolution in snow depth monitoring. We
tested the device in the condition of low snow density (<200 kg/m?) and this limits the detectability
of the air-snow interface. This is mainly caused by low values of the electrical permittivity of the dry
soft snow, providing a weak reflectivity of the snow surface. To overcome this critical aspect, we use
the data of the rangefinder to properly detect the travel time of the snow-air interface. This sensor
is already installed in our prototype and in most commercial drones for flight purposes. Based on
our experience with the prototype, various improvement strategies and limitations of drone-borne
GPR acquisition are discussed. In conclusion, the drone technology is found to be ready to support
GPR-based snow depth mapping applications at high altitudes, provided that the operators acquire
adequate knowledge of the devices, in order to effectively build, tune, use and maintain a reliable
acquisition system.
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1. Introduction

The ground-penetrating radar (GPR) is one of the most common geophysical tech-
niques in alpine environments, as it is frequently used to survey glaciers, snow cover depth,
to detect permafrost, and more generally to survey the internal morphology of debris
and sediments [1-3]. Measuring the snow thickness, along with its density, is a common
method to estimate the Snow Water Equivalent (SWE), commonly referred to as the amount
of water (in the form of snow) collected by a catchment basin during the winter. The
performance and the reliability of ground-based GPR to survey, at basin-catchment scale,
the snow cover is well documented by several authors. Godio and Rege [4] validated the
use of GPR at high altitudes to map the snow cover and the average density of snowpack.
They also demonstrated the reliability of GPR in detecting snow cover up to a depth of
6—7 m with high accuracy and resolution [5]. Thanks to the capability of estimating both
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the snow depth and the density, GPR offers a complete and valid tool to estimate the snow
thickness and therefore the SWE of catchment basins.

However, mountainous areas are not easily accessible, due to steep slopes, snow, ice,
and crevasses. Therefore, the use of flying vehicles, both manned and unmanned, may over-
come those difficulties in remote areas. While the use of aerial vehicles in geomatics is con-
solidated [6], airborne geophysical applications have been only recently developed [7-13].
Merz et al. highlighted the advantages of quickly exploring remote rock glaciers and
rugged mountainous terrains without ground-based geophysical equipment [14]. They
carried out helicopter GPR surveys on Alpine glaciers and found good reliability up to a
flight height of 20 m. The study produced a 3D model of a thin-skinned rock glacier, able
to display the occurrence and location of fracturing and deformation. Other authors have
finally consolidated the use of helicopter-borne GPR surveys for regional-scale surveys of
glacier ice thickness [15].

Such a technology suffers from greater signal attenuation compared to ground-coupled
surveys. The main reasons are the divergence of the signal due to the antenna elevation [14],
and the partial reflection at the air-ground (or air-ice, or air-snow) interface. Besides,
knowledge of advanced processing techniques may be required to deal with the electro-
magnetic noise induced by the helicopter and by other sources of uncertainty such as the
oscillation of the vehicle [16]. Helicopter-borne surveys are also expensive, and they are
more suitable and cost-effective for regional-scale assessments, for instance when multiple
glaciers are supposed to be covered during a single flight.

In small-scale surveys, some limitations are expected to be overcome by installing
GPR antennas on smaller, cheaper, and more controllable airborne vehicles: the quadcopter,
hexacopter, or octocopter drones [17]. In such a frame, a comparative study on ground-
borne vs. drone-borne GPR was presented by Cabrera and Bekic (2018) [18]. The study
pointed out that the resolving power of most GPR antennas is greatly affected by flight
altitude. The drones, compared to the helicopter, can enjoy a much lower flight altitude,
down to about 1 m according to our experience. The application of drone-borne GPR to
investigate glacier environments is a novelty in the literature and has only been addressed
by a few studies, such as Jenssen et al. (2018, 2020) [19,20]. Those works focus on the
development of an ultrawideband radar antenna, operating in a frequency band between
0.95 to 6 GHz, which can be mounted effectively on an octocopter drone. The high-
frequency range allowed the researchers to investigate the properties of the snow cover in
arctic areas, its stratifications, and its depth. The coupling between the GPR antenna and
the drone required accurate design choices to avoid interferences in the radar signal due to
the presence of the drone itself, its movement, and the propellers’ rotation.

The goal of this study is to test the capabilities of a commercial radar antenna mounted
on a specifically designed quadcopter drone to survey the snow-cover thickness in high-
altitude alpine environments. We have designed and developed a customized drone to
host a commercial radar system. For this application, a 900 MHz antenna was mounted
on the drone. Some preliminary tests have been conducted at low altitude test sites, to
optimize the flight procedure, test the flight-control devices, and analyze the effects of the
load on the stability of the drone.

Two test sites were selected at about 2150-2200 m above sea level (a.s.l.) and the sur-
veys were performed during the winter of 2020-2021. The first experiment was conducted
at the remote basin of Cheneil, Valle d’Aosta, Italy, an area of great importance for the
valley since it hosts the main sources of water that feed the local aqueduct. The drone-
borne acquisitions were calibrated and compared to ground-coupled GPR acquisitions
and manual snow-depth measurements. A second test was performed at the Gressoney
site, also located in Valle d’Aosta, Italy, to evaluate the reliability of the air-snow pickings,
sometimes uncertain in the first test site. During the second survey, we compared the GPR
air-snow picking to the data collected by the laser rangefinder, a sensor already part of
the drone’s setup. In both cases presented in this paper, the surveys were performed on
uncontaminated snow.
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2. Materials and Methods
2.1. Drone Coupled with GPR Antenna

The drone developed for this research is a prototype based on the Venture VFF_H01
model, with a size of about 80 cm (height) x 2 m (width). It is bulky enough to sustain
the weight of a GPR antenna and its related acquisition equipment. The GPR system is
situated in the lower part of the drone structure, under the propellers, the mainboard, and
the sensors of the vehicle. The devices for controlling the flight are situated at the top, as
shown in the scheme and the picture (Figures 1 and 2). The overall weight of the drone has
been limited to 11.5 kg.

[ Drone VENTURE }
VFF_HO1

Flight GPS

Gyroscopes,
accelerometers

GPR IDS K2 Unit

GPS for signal

Onboard Wi-Fi geolocalization
receiver-
transmitter GPR 900 MHz antenna
—d
Remote-control PC for —
radar control and flight \\j
telemetry

/ Ground-based Wi- Target

Fi Signal repeater

Figure 1. Scheme of the drone coupled with a 900 MHz antenna.

—

Figure 2. The drone deployed in the Cheneil survey area.
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The drone is equipped with a 2-channel GPR acquisition unit and a 900 MHz antenna
An onboard mini-PC allows the real-time control of the GPR acquisition system through
Wi-Fi. It also controls the drone autopilot (Pixhawk 2), via “Mavlink” connection through
Mission Planner software [21]. This allows the operator to check the telemetry (speed,
altitude, remaining battery, etc.) in real-time, and to plan a mission with automatic flight
mode. A second personal computer is the remote control of the onboard PC via LAN and
TeamViewer software [22] and is handled by an operator at the base station. A router acts
as a Wi-Fi signal bridge, creating the local area network needed by the PCs to communicate
with each other. The frequency band used is 5 GHz. The 2.4 GHz band was not used to
avoid interference with the radio controller.

The main flight control devices that compose the electronics of the drone are controlled
by a Pixhawk autopilot, representing the central processing unit of the drone. It accesses and
elaborates the data from various sources: the barometric sensor and the laser rangefinder
for calculating the flight altitude, the gyroscopes, 3-axes accelerometers, and the GPS
module for defining pitch, roll and yaw and adjusting the best flight trajectory. It receives
inputs from the onboard PC, especially regarding the flight parameters, and from the radio
remote control held by the pilot.

The structure of the drone is designed to allow flight at high altitudes, e.g., thanks to
long propellers (wingspan = 780 mm). Where possible, such as in the propellers and the
lower part of the drone, carbon fiber parts are dropped in favor of high-quality plastics to
reduce radar-wave absorption by carbon fiber [23]. We observed more noise when a GPR
antenna is mounted on not-specifically designed drones, as in some of our (unpublished)
tests with commercial drones.

The main technical specifications of our prototype are described in Table 1.

2.2. GPR Data Processing and Data Information

The raw GPR data are postprocessed using Reflexw software [24]. First, a filter for
background removal is applied. Each radargram is subtracted from an “average radargram”
built up from selected radargrams in which no reflection is evident or expected. Then, the
low frequencies due to instrumental electromagnetic disturbances are cut: each radargram is
subtracted from its moving average (“dewow”). After a second low-pass filter, two different
gain functions are applied, intrinsic attenuation recovery and geometric dispersion recovery
(“divergence compensation”). In the end, stacking of traces is performed to improve the
signal-to-noise ratio.

The sections are then displayed after subtracting the travel time corresponding to the
flight altitude, retrieved from manual picking of the air-snow interface or from the laser
rangefinder sensor.

The analysis of the electromagnetic wave velocity in the snow is required to convert
the time scale signal into a depth section. The vertical velocity profile of the snowpack has
been estimated by using different approaches [5,25,26]. In this paper, the GPR data are
compared with manual acquisitions to tune the correct electromagnetic velocity for the
Cheneil test site. For the Gressoney test site, the snow density value is available, because of
some samples collected in a fenced area. We apply Looyenga’s equation to estimate the
electromagnetic wave velocity; the snow is considered as a mixture of ice and air [27-29]
and the velocity is computed from the electromagnetic properties of each component.

In some parts of the GPR sections, the air-snow interface is not properly detected.
Therefore, for the Gressoney test site, GPR data are compared to laser rangefinder data, to
evaluate the quality of air-snow interface pickings. The laser rangefinder, or laser altimeter,
is a sensor that measures continuously the vertical distance from the ground, and all drones
are equipped with it. The autopilot records and stores all sensor data for further analysis.

All computations are carried out with R [30] or Octave/Matlab [31] software.

Gressoney data are available and described in the Supplementary Materials.
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Table 1. Main features of the drone Venture VFF_H01 prototype.
Weight and Dimensions
Max take-off weight 12 kg (estimated)
Max payload (including batteries) 7 kg
Min container size 500 x 500 x 500 mm (to be adapted to the size of
the GPR antenna)
Height 80 cm
Max width 2m
Flight equipment
Central body Carbon/ CNC machined light-alloy
Propellers (4x) 28" (diameter) x 9.2 (pitch), foldable
Engines (4 x) Brushless, Heavy-duty IP35

Li-Po Very high energy density, 6s 5p

Batteries (2x) 2 x 9000 mAh (safe use: 7000 mAh)

Pixhawk2 with triple redundancy IMU system +

Autopilot embedded Raspberry companion computer
Laser altimeter Range 100 m, resolution 1 cm
Telemetry Microhard P2400, range 20 km, 1 W
Radio control Yeti DS24 Hall effect Joystick, configured on LAN
Protection for internal electronic components Against dust and water splashes

Flight performances

Flight duration without payload with
two batteries (15% remaining charge, sea 50 min
level, stationary flight without wind)

Flight duration with 6000 g payload with
two batteries (15% remaining charge, sea 15 min
level, stationary flight without wind)

Max cruise speed 12m/s
Max wind for safe conditions 8m/s
Flight modes Automatic

GPS-related manual

Constant height (>1 m) laser-assisted

Acquisition devices

GPR acquisition unit + GPR antenna
900 MHz

Onboard mini PC GPS

Frontal camera

3. Test Sites
3.1. Cheneil Test Site

Cheneil is a little remote village in Valle d’Aosta, Italy, not reachable by car. The
relatively large valley floor makes the site suitable for snow-cover mapping tests.

The survey was performed on 11 February 2021, on a hectare-wide gentle slope, as
shown in Figure 2.

The map in Figure 3 shows the GPS-referenced locations of the aerial survey, ground-
coupled surveys, and manual measurements. While the area of investigation is about
1 hectare, the total length of the aerial survey is above 2 km, allowing us to investigate the
site with a relatively dense grid. The grid is not equally spaced, because the flight trajectory



Remote Sens. 2022, 14, 1763 6 of 17

was manually controlled. The implementation of automatic flight mode, which improves
the reliability and efficiency of the survey, has been upgraded after the tests.

Figure 3. Cheneil survey map: aerial survey, ground survey, manual measurements. The blue line
refers to the aerial section compared, in the results section, to the nearby ground-based section.
Contour lines every 2 m. Map rendering with QGIS [32]. Base map: 2012 Ortophoto by Aosta Valley
regional service geoCartoSCT.

In the same area, we carried out two ground-based GPR survey lines, and we man-
ually measured the snow depth at some stations along the profile, for calibration and
comparison purposes.

3.2. Gressoney lest Site

Gressoney test site, Aosta Valley, Italy, is in a ski-resort area; the test site was selected
because logistically convenient (ski lifts).Snow density and depth measurements had been
performed during the test in a specific fenced area, as shown in Figure 4. The snow
thickness was measured to be about 1 m, and the density ranged from 150 to 220 kg/m?.

Figure 4. Gressoney test site. The monitored area with snow thickness and density measurements is
delimited by rods and ropes.



Remote Sens. 2022, 14, 1763

7 of 17

The drone surveyed an area of about 0.4 hectares, flying inside and outside the
monitored area, as in Figure 5. The pilot manually controlled the flight, maintaining the
vehicle at about 3 m of height.

/

j— Aer4a|(_'3§/ey

Monitorigg Area
BT / GPR secti nsshown Frgure

16/*v 3

8

Figure 5. Gressoney survey map: the path of the aerial survey is painted in white. The white circle
represents the small monitoring area where density and snow depth measurements are available.
Contour lines every 1 m. Letters from a to d indicate GPR sections shown in the results section. Map
rendering with QGIS [32]. Base map: 2012 Ortophoto by Aosta Valley regional service geoCartoSCT.

4. Results
4.1. Cheneil Test Site: Calibration

A first ground-based GPR acquisition and manual measurements of snow depth were
performed to retrieve an estimate of snow velocity, and to have a solid reference to compare
with GPR data acquired from the drone.

The main bang of the GPR signal is observed at the travel times of 2 ns, while the
reflection event due to the snow—terrain interface is well depicted in the travel times range
between 6 and 9 ns. The overall quality of the sections is rather good, allowing accurate
picking of the main bang and the reflection of the terrain.

The ground-based survey along the two selected sections was calibrated by manual
and punctual measurements of the snow depth by using a graduated rod. This calibration
allowed us to estimate the average wave velocity by comparing the travel times of the GPR
signals and the punctual snow depth measurements. The best-fitting between the two data
sets is obtained for a wave velocity of about 0.26 +/— 0.005 m/ns, as reported in Figure 6.

4.2. Cheneil Test Site: Sections from Drone

Some selected sections are given as examples in this paragraph. Two sections (line 3
and line 4 of the dataset) are clearest and are depicted in Figures 7 and 8; the other sections
are qualitatively similar.

The section of Figure 8 shows the reflection event of the snow-air interface, at travel
times around 26-28 ns in the first part of the transect. An abrupt change of the flight
altitude, caused by a sudden variation on the slope of the terrain at the relative coordinate
of 120 m of the section, is also well depicted.

The section of Figure 7 shows the effect on the GPR data by changing again the altitude
of the flight; the acquisition during the landing is also shown at the end of the section
itself. The overall quality of the data acquisition appears satisfactory also for high flight
altitudes, as pointed out in the center of the section. At coordinates between 50 and 60 m,
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Time (ns)

the snow-air interface is picked up at the travel times of about 50-55 ns, corresponding to
a flight elevation of about 7.5-8.0 m.

To highlight the reflection event caused by the interfaces between the air and the
snow, and between the snow and the ground, we have included in the data processing
flow-chart the radargram-staking to enhance the signal-to-noise ratio. We stacked about
9-11 radargrams for each transect. This leads to an average distance between two adjacent
radar radargrams along each transect of about 20-25 cm.
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Figure 6. Calibration of the snow velocity from pickings of ground-based GPR survey (blue line)
and manually measured points (in red) along the transect #1. The best-fitting is obtained for
velocity = 0.26 m/ns.
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Figure 7. Example of GPR section acquired from the drone (line #4).
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Figure 8. Zoom on the interfaces depicted by a drone GPR section (line #3).

The depicted sections demonstrate the capability of the prototype to image the snow
thickness, even if the flight altitude is over 5 m. However, the system is not able to perfectly
detect the air-snow interface, and one may misplace the interface position by a few tens of
centimeters in some areas when performing the manual picking. For example, see Figure 7
at the relative coordinate of 4-6 m of the section.

The last processing step of the GPR sections acquired from the drone is to subtract the
flight altitude, retrieved from the manual picking of the air-snow interface. In this way,
the resulting sections become very similar to those acquired during a ground-based GPR
survey. A comparison between the ground-based and drone-based GPR sections is shown

in Figure 9.
Distance (m)
0 10 20 30 40 50 60 70 80 90 100
0 0.0
10 &
10 B
3
2.0
20
Distance (m)
0 10 20 30 40 50 60 70 80 90 100
0 0.0
10 &
10 B
3
2.0

20

Figure 9. Comparison between drone-based (a) and ground-based (b) GPR sections over the same
path. Paths are shown in Figure 3, and the ground-based profile was cut to match the beginning of the
drone-based one. Three hyperbolas show the same (unidentified) targets under the snow. Comparing
the hyperbolas positions, the match is good but suffers from the drone’s curvilinear path.
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The mismatch in the position of the hyperbolas in Figure 9a,b is similar, mainly due to
the curvilinear path followed by the drone, as shown in the map in Figure 3. This issue
does not affect the snow thickness 2D mapping, since every radargram is geolocalized. We
can also point out that the drone-based section suffers from a loss of resolution compared
to the ground-based one. We explain this difference because of optimum coupling between
the antenna with snow for the snow-based survey, which cannot obviously be replicated in
the drone base survey.

4.3. Cheneil Test Site: Mapping

The mapping of the snow depth has been performed after picking the differences in
travel times between the air-snow interface reflection and the snow—ground reflection. The
travel times have been converted to snow depth according to the velocity value estimated
during the calibration step (0.26 m/ns).

We interpolated on a regular grid the snow depth the scattered GPR data. The grid
nodes are represented by pixels of 0.5 m x 0.5 m. The maps of the distribution of the snow
dept are reported in Figure 10.

5.07984 -

5.07983

3.9488

J: 1 1 e 1 1 1 ti 0.4
3.949 3.9492 3.9494 3.9496 3.9498 3.95 3.9502 3.9504
UTME (m) «10°

Figure 10. Snow depth distribution calculated from aerial survey data and ground-coupled survey data.
Values in the colour scale are expressed in meters. Data are slightly smoothed for better visualization.

4.4. Gressoney Test Site

In the Gressoney test site, the section pictures were of poorer quality compared to
the Cheneil test, in particular regarding the air-snow interface. We speculate that the
density of the snow, quite low in both sites, causes a low reflection of the signal at the
interface (dielectric permittivity of Gressoney snow ¢ = 1.3 and air ¢ = 1). Therefore, we
checked the accuracy of the manual picking of the air-snow interface, comparing the results
with rangefinder data acquired simultaneously by the drone telemetry system. Indeed,
we selected the best section available, to compare rangefinder and GPR and evaluate the
accuracy of the latter. It was acquired over the area in Figure 5, and it is shown in Figure 11.
In some parts, the air-snow interface is difficult to see even after post-processing.



Remote Sens. 2022, 14, 1763

11 of 17

TIME [ns]

10

100

DISTANCE [METER]
200 300 400 500 600

Figure 11. Section of the entire Gressoney survey (after the post-processing described in the Methods
section, not corrected for the flight altitude). The accuracy in the detection of the air-snow interface is
very poor in some parts, e.g., at 250-300 m of relative coordinates, and at 420-480 m.

4.5. Gressoney Test Site: Calibration GPR-Rangefinder

The graph in Figure 12 shows the pickings of the two reflection events: in red, the
air-snow interface by GPR; in blue, the snow-ground interface by GPR; in black, the
air-snow interface by rangefinder. An accurate evaluation of the synchronism of the
two different instruments was needed. Besides, it was important to accurately estimate
the main bang time (7.75 ns +/— 0.025 ns) and to measure the relative position of the
GPR antenna and the rangefinder (the latter is 7 cm above the base of the antenna, in this
prototype configuration).

Distance from drone to targets (m)
4
!

T T T T T T
0 5,000 10,000 15,000 20,000 25,000

Number of GPR traces

Figure 12. Data was extracted from Figure 11 by manually picking the air-snow interface (in red)
and the snow-ground interface (in blue). The black line was retrieved by the rangefinder sensor
log, appropriately synchronized with the GPR data. In some zones, the unclear reflection made the
picking underestimate the flight altitude by 10-20 cm, up to 50 cm at a point indicated by an arrow.

After subtracting the flight altitude from the radargrams, the GPR sections become
more familiar, similar to the ground-based ones. Four parallel sections are shown in
Figure 13, and their position is highlighted in Figure 5. The electromagnetic wave velocity
was estimated with Looyenga’s equation [27-29] to be about 0.26 m/ns, considering an
average snow density of 180 kg/m?, since manual measurements reported values from 150
to 210 kg/m?.
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Figure 13. Four parallel sections of the Gressoney test sites after subtracting the flight altitude (letters
(a—d) correspond to the 4 GPR sections indicated in the bottom left of Figure 5).

4.6. Gressoney Test Site: Mapping

A georeferenced map of the area was drawn in Figure 14, with similar interpolation
processing to Figure 10. The snow depth was calculated using the GPR pickings for the
snow—ground interface and the rangefinder data for the air-snow interface, estimated
to be more precise than the manual GPR pickings. The time-depth conversion, with the
velocity estimated with Looyenga’s equation, was successfully verified: in the monitored
fenced area, highlighted in Figure 14 with a white circle, the GPR depth and the manually
measured depth (about 1 m) were coincident.

6
5.0786 <10

5.07858 |-

5.07856 [

5.07854 -

UTM N (m)

5.07852 -

5.0785 -

5.07848 - ! .
4.07 4.0701 4.0702 4.0703 4.0704 4.0705 4.0706 4.0707 4.0708 4.0709 4.071

UTM E (m) x10°
Figure 14. Snow depth distribution of Gressoney test site calculated from GPR pickings of snow—
ground interface and data from rangefinder for the air-snow interface. Values in the colour scale
are expressed in meters. The circle in the map highlights the monitoring area, where a manual
measurement recorded 1 m depth (consistently with the mapped values). Data are slightly smoothed

for better visualization.
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5. Discussion

The two surveys, performed with a drone-borne GPR setup, allowed to map the
snow-cover thickness of the surveyed area. The snow depth is usually estimated using a
ground-based GPR survey or manual measurements by using a graduate stick. The main
advantage, compared to the standard investigation, is the speed of the data acquisition:
the Gressoney acquisition lasted less than 10 min, whereas carrying a GPR over the same
path using ground-based radar, on the soft snow, would require more time and effort for
the operators.

The test sites were both safe conditions for a ground-based GPR survey. However, it
was evident how the drone could rapidly acquire data on nearby slopes, rocks, or other
unstable features, where the human intervention could pose the operator at risk. This
solution can therefore open new possibilities to map the SWE in poorly accessible basins.

5.1. Resolution

One limitation of the setup was the inability to display the inner features of the snow
stratigraphy. A better vertical resolving power could be achieved by adopting higher
frequency antennas: a customized release of the commercial antennas up to 2 GHz could
be easily implemented in our system, allowing us to double the vertical resolution. Recent
research tested a specifically built antenna for airborne GPR surveys, designing a specific
unambiguous range, range resolution, and frequency bandwidth [20]. Their results on the
snow cover test point out that airborne surveys can reach good accuracy and resolution with
an adequate design. However, such detailed resolution is not always required. For these
cases, our work demonstrated that also standard commercial systems such as 2-channel
GPR devices and 900 MHz antennae can provide adequate output.

As far as the horizontal resolution is concerned, we distinguish between the resolution
in-line (along the transect) and off-line. The latter is a matter of the coverage density; this
can be planned by designing an automatic-flight grid survey. In this case, the line spacing
can vary from 1 m, or even below, to tens of meters, according to the resolution required
and the time available. The in-line resolution is instead related to the performance of the
radar system (repetition rate of the pulse and stacking option) and the flight velocity. The
installed GPR was able to collect about 50 radargrams per second, which means an average
distance between radargrams of 2 cm, at a flight speed of 1 m/s. The need to perform
the horizontal averaging of the radargrams (stacking) to provide a readable final section
reduces the theoretical lateral resolution to some decimeters. In case of need for more
resolution, the simplest solution is to reduce the flight speed.

5.2. Accuracy

Accuracy in the snow depth estimate depends on the reliability in picking the travel
times of the two events: the reflection at the snow—air interface and the reflection at the
snow—terrain interface. The first event is not always well depicted in the GPR sections;
this is due to the low reflection coefficient between the soft snow and the air. The reflected
signal from the second interface (snow—-ground) is usually of sufficient amplitude to make
it possible for an accurate picking. The accuracy in picking the true snow—ground interface
is also affected by the presence of a thin and sometimes iced layer covering the ground,
because of frozen and melting cycles that typically occur at the snow—ground interface,
particularly at the beginning of the winter season. This effect could determine the under-
estimation of the travel times making the interpretation of the snow cover less accurate,
even if this issue is not strictly related to the use of the drone. According to our previous
experiences in similar frames, this effect can introduce errors up to 10%.

A possible solution for detecting more accurately the air-snow interface was developed
in the data post-processing and can be considered for future drone-based GPR setups. Since
all drones are equipped with a rangefinder to detect the flight altitude, it is possible to
use rangefinder data instead of GPR pickings of the air-snow interface, as in the graph
in Figure 12. If properly automated, the joint processing of the GPR and the rangefinder
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data can be a useful tool to lower the subjectivity of the section interpretation. This task
demonstrated that, since the drone is equipped with sensors for flight control, their data
log can enhance GPR interpretation reliability. An excellent example found in literature is
the use of pitch, roll, and yaw measurements on a helicopter-based GPR system, to deal
with the uncertainties related to the flight oscillations [16].

5.3. Flight Altitude

In our tests, the flight altitude did not greatly affect the data quality, as instead reported
by other authors (e.g., [18]). This is well depicted in Figure 7, where a maximum flight
altitude of about 7.5 m was reached; the two reflection events, the snow-air interface and
the snow—terrain interface can be properly depicted and picked up. However, even if the
effect of the flight altitude does not apparently affect the quality of the radar section, the
impact on the resolution could be relevant as the radiation footprint of the antenna (related
to the Fresnel zone) is strictly related to the source-to-target distance. By increasing the
distance, the geometrical spreading increase, and the footprint of the radiated energy on
the snow increases as well, with an overall reduction in the transmitted energy into the
snow. This effect could be greater at greater snow depths. When planning automatic-flight
surveys; therefore, it is advisable to control the flight altitude in the range between 1-2 m
from the snow surface. Our prototype was not already tuned to perform an automatic flight
survey, but adding this option is quite straightforward with the current drone technology,
and tests at low altitudes have already been performed after the surveys presented in
this paper.

5.4. System Setup

The choice of the GPR antenna can also affect the readability of the sections. For
ground-based surveys, the antenna choice is often based on frequency, which drives a com-
promise between penetration depth and resolution. For drone-based surveys, other aspects
must be taken into account. One is the shielding of the antenna, which for commercial GPRs
is not so easy to quantify without tests. For example, we found by preliminary tests that a
400 MHz antenna shows a much better signal-to-noise ratio, so it could be preferred to the
900 MHz antenna for some snow-mapping applications, even if the resolution is certainly
worse. Besides, not all antennas can be mounted on a drone, due to payload limitations.
According to our experience, long-shaped antennae such as the Subecho 70 MHz can be
mounted on such drones, and their weight distribution is not an obstacle to a smooth flight,
provided that flight parameters on the autopilot are properly tuned.

5.5. Logistical Issues

If one would like to estimate the reliability of upscaling of the method at the scale
of the basin, we analyze a possible application to a real case. Our tests, while useful
to understand eventual criticalities in drone-borne GPR surveys, did not reproduce the
real-case conditions in which such systems may shine. For example, in surveys of relatively
large areas, the resolution is not crucial, as often are the real cases of SWE measurements.
First, an automatic flight plan could be planned in advance, based on satellite images, and
loaded on the drone autopilot.

Once on the site, the preliminary preparation of the survey (inspection of the area
and check-up of the devices) could require no more than 30 min. The flight speed can
be set up to 5 m/s (in our prototype), and it should be fine with the in-line resolution
required. A boustrophedon path with 10 m spacing could be performed, with stops every
15 min for battery replacement (which takes no more than 5 min). At least 6 battery pit-
stops are required in our fictional example. Bringing enough batteries and a portable
power generator is suggested, such that batteries can be charged while the drone is flying.
According to these assumptions, an area of 25 hectares could be covered in about 3 h.

One aspect not yet investigated in this research is the reliability of the system for
acquiring accurate data on high-slope terrain. Our test sites did not exceed 20° of slope,
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and we found no critical issue in the acquisition. However, critical problems should be
addressed when flying on much higher slopes. First, flight safety can be compromised. The
current setup has only one sensor measuring the distance from the ground vertically; thus,
horizontal sensors should be added to control and maintain a safe distance from the nearby
rock walls or obstacles. Then, the GPR sections could become difficult to read, because the
transmitted signal has a conical shape, and therefore does not interact optimally with the
topography. A system that tilts the antenna according to the slope could address this issue,
requiring prior knowledge about the topography (i.e., a Digital Elevation Model), but the
design and implementation could be difficult and expensive.

6. Conclusions

Our research discussed the methodology of drone-borne GPR acquisition for snow
cover mapping in alpine environments. In particular, we tested a commercial antenna
(900 MHz) not specifically designed for air-coupled applications. The study was able to
identify the air-snow interface and the snow-ground interface, although the air-snow inter-
face was not always easy to distinguish, due to the slight impedance mismatch between air
and soft snow. The results were compared to ground-coupled GPR sections, while manual
measurements served as wave-speed calibration. Since the results did not deviate from real
values over 10%, we found the technology to be reliable in this context. Additionally, as
demonstrated in the Gressoney test, the rangefinder sensor can be used when the small
reflections from the air-snow interface are difficult to display.

This research, even if it is just a preliminary test, extends the experience of the geo-
physical community in the use of drones for glaciological applications. Drone-borne GPR
technology is found to have advantages compared to ground-based surveys, especially
in terms of speed and operator safety. In terms of resolution, the obstacles can be reason-
ably handled in flat or gently sloped terrain, if accuracy and precision requirements are
not critical.

One limitation was the poor vertical resolution, which prevented detailed information
about snow stratigraphy from being detected. This was due to the choice of using a
commercial radar antenna, which many geoscientists already use, and although previous
research has improved resolution, it requires a specific antenna design, which is costly and
difficult to obtain. Future work could improve clarity and reliability in data collection by
the setup of an automatic flight mode, which can survey large areas at a fixed height over
the ground surface, and with a regular grid. Moreover, survey capabilities can be extended
further by using different GPR antennas or different sets of GPR antennas, carried by the
drone. Our future research will involve the study of a lower-frequency antenna (400 MHz),
which has been found to display clear sections in preliminary tests.

At this stage of the development of the prototype, the main critical issue, a limitation
that could limit the diffusion of the technology, is the amount of initial effort to tune a
production-ready system based on drone-borne GPR. Additionally, the operators, from the
manufacturer to the pilot to the data analyst, have to acquire solid experience in handling
the system, to constantly achieve satisfying results.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs14071763/s1, Dataset: Drone-borne GPR data for snow-thickness
mapping, at Gressoney (Italy).
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