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SNOWSAMPLER: AN AUTONOMOUS UNCREWED AERIAL VEHICLE FOR
PENETRATION-BASED SNOW STRATIGRAPHY MEASUREMENTS ON STEEP
SLOPES
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ABSTRACT: Snow stratigraphy measurements provide important information for determining snowpack
stability. However, acquiring these measurements, especially on high-aspect slopes, remains a high-risk
task due to the exposure of the operator to the intrinsic avalanche hazard. Therefore, to date, little to no
snow stratigraphy measurements have ever been acquired on high-risk slopes. In this work, we propose a
novel solution that combines an autonomous aerial robotic system that can deploy an SMP-like measurement
device into steep slopes. We achieve this by using an adaptive landing leg that allows reliable autonomous
landing and taking off from steep slopes of up to 45 degrees. The vehicle uses a digital elevation map to
automatically orient the vehicle’s heading and landing gear. We evaluated our system on a deployment over
two snow-covered slopes located in Davos, Switzerland. We demonstrated that the vehicle can successfully

take snow stratigraphy measurements by landing on arbitrary locations on the terrain up to 38 degrees.
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1. INTRODUCTION

Snow stratigraphy, representing the hardness
of the internal layers of the snowpack, provides
crucial information on assessing avalanche risk
levels and the processes of avalanche forma-
tion (Greene et al., 2010). Measuring the spatial
and temporal evolution of how the weak layers
develop into an avalanche would greatly enhance
the understanding of avalanche formation. To
that end, snow stratigraphy measurements can
be acquired by penetration-based measurement
devices such as the Rammsonde and Snow
Micro Pen® (SMP) (Schneebeli et al., 1999), or
remote measurement devices such as ground
penetrating radar (GPR) (Vergnano et al., 2022).
However, measurements mainly have been relying
on penetration-based devices such as the SMP
due to its high accuracy profile measurements.
Remote measurement approaches such as GPR
result in low-depth resolution measurements po-
tentially missing thin hard layers (McCammon and
Schweizer, 2002; Frauenfelder et al., 2022) that are
crucial for avalanche risk assessment.

Despite the usefulness of snow stratigraphy mea-
surements, data on the evolution of the snow layers
toward avalanche formation is still rare. This is
mainly due to the time and risk required by the
observer to reach the measurement location. An
observer (who usually also is accompanied by
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Figure 1: Overview of the SnowSampler, a un-
manned aerial vehicle for penetration-based snow
stratigraphy measurements.

at least a second person) usually does not take
more than a few profiles per day. Previous studies
have investigated slope scale spatial variability
of snow mechanical properties (Schweizer and
Bellaire, 2009; Meloche et al., 2024). However,
measurement locations with high avalanche risk
are avoided, to minimize the risk the operator is
exposed to. However, given the variable distribution
of snow height across different slopes due to
different expositions to wind and sun, the chosen
measurement location might not be representative
for the whole slope of interest. Therefore, there is
a need for a method which allows acquiring high
spatial and temporal resolution snow stratigraphy
measurements in potentially dangerous slopes
without exposing the operator to the intrinsic risk of
accessing such locations.
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Recently, robotic systems are increasingly being
used as data-gathering tools for environment
monitoring (Dunbabin and Marques, 2012). In
particular, easily manageable uncrewed aerial
systems (UASs) have been deployed for various
applications to reach hard-to-access areas (Bircher
et al.,, 2016; Shah et al., 2020; Lim et al., 2024).
Using a UAS allows acquiring snow stratigraphy
measurements remotely, enabling measurements
at hard-to-access locations without exposing the
observer to high avalanche risk. Additionally, as the
system speeds up taking measurements, enabling
dense measurements across a single slope.

In this work, we propose an autonomous uncrewed
aerial systen (UAS) capable of taking off and land-
ing on steep snow-covered terrain for snow stratig-
raphy measurements (Fig. 1). This is achieved by
using an adaptive landing gear to safely land on
steep avalanche-risk slopes. After landing, the snow
stratigraphy sensor is used to penetrate the snow to
gather snow stratigraphy measurements. We auto-
mate the alignment process using a digital elevation
map (DEM), to ensure a safe and reliable landing
as well as offloading the operator workload by only
specifying the measurement position.

We demonstrate the system by deploying it on two
different snow-covered slopes inside the avalanche
hazard area in Davos, Switzerland. We show
that the system can reliably take off and land on
steep snow-covered terrain, as well as operate the
measurement device to gather data.

The key contribution of this work is as follows:

e Design of a fully integrated aerial robotics sys-
tem capable of landing on steep snow-covered

terrain.

Equipping the robotics system with an SMP-like
measurement device to gather autonomous in-
situ snow stratigraphy measurements.

Deployment and evaluation of the system in
real-world snow-covered terrain.

Demonstration of high spatial resolution in-situ
measurement of snow-covered terrain.

2. RELATED WORK

2.1 Snow Stratigraphy with UAS

Existing research on drone-based automatic snow
stratigraphy measurement can be divided mainly
into remote sensing methods and penetration-
based methods. Remote sensing methods use
GPR to measure the snow layers under the snow
cover by processing the reflections from the radar
without making contact with the snow. GPR have
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recently gained interest as it can rapidly provide
dense snow depth measurements over a large
area (Jenssen et al., 2019; Berg-densen, 2021;
Vergnano et al., 2022; Teisberg et al., 2022). How-
ever, GPR measurements lack the required depth
resolution, as the theoretical lower bound of the
measurement resolution is larger than the neces-
sary resolution to detect weak layers (McCammon
and Schweizer, 2002; Frauenfelder et al., 2022).

Penetration-based approaches use a measurement
probe which is pushed into the snowpack to mea-
sure the force required to penetrate the different
layers.  Penetration-based devices such as the
SMP (Schneebeli et al., 1999) are capable of de-
tecting thin snow layers, due to the highly accu-
rate depth measurement that can be associated with
the high-resolution force profile. Using penetration-
based measurement devices on an aerial vehicle
has been explored in (Sieber et al., 2023), which
uses a load cell to measure reaction forces while the
drone is airborne. However, due to the quadcopter’s
limited degrees of freedom, its not really feasible
to discard external disturbances like wind while at
the same time having its movement restricted by the
locked pole orientation.

In this work, we design an aerial system that op-
erates the penetration probe after the drone has
landed. This reduces the measurement noise orig-
inating from the drone. For our system, we use
the SnowSoundPen, a penetration based SMP-
like measurement device developed by Tiziano Di
Pietro.

2.2 Landing on steep slopes

The problem of landing a drone on a steep slope
has been a recurring topic for operating aerial
vehicles in mountainous environments. There have
been approaches with active and passive landing
legs on slopes up to 20° (Baker et al., 2013) (Stolz
et al., 2018). Some research present novel ideas of
using reverse thrust and friction shock absorbers,
with were able to achieve a safe landing on slopes
up to 60° inclination (Bass et al., 2022). For larger
systems, use of asymmetric landing skids have also
been studied (Kim et al., 2021) where landings of
up to 40° were achieved. Whereby the problem
with all existing approaches is for one, they rely on
friction between the feet and the surface to keep
the drone in place, and are not able to compensate
horizontal forces while landed. Something which we
will experience during our measurement process.
In this work, we design a single degree of freedom
landing gear that can adjust the angle of the landing
gear to safely land on steep terrain. We analyze
the static stability of the landing gear geometry
to ensure that the vehicle is stable during the
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penetration of the snow probe.

3. SYSTEM OVERVIEW

The system has two main requirements that need
to be taken into consideration. First, the vehicle
should be capable of landing on slopes steeper
than 30°, as avalanches form in such slopes. In
this work, we focus on landing on slopes of up to
45° as steeper slopes are less relevant for snow
stratigraphy. Second, the vehicle should remain
stable while the sensor penetrates the snow. We
assume the snow penetration probe generates
up to 30N normal force to the surface during a
measurement.

The system consists of an adaptive landing gear,
drone subsystem, and avionics. The adaptive land-
ing gear is the part that adjusts the landing legs and
where the sensor is mounted. The drone subsys-
tem is the mechanical part that is related to flying
the vehicle. The avionics control and stabilize sys-
tem, and handle communication with the operator.
The weight of the major components are listened in
Table 1, where we can see that the main contribu-
tors weights wise are the drone subsystem and the
batteries with 3.08 kg and 5.02 kg respectively.

3.1 Drone Subsystem

The drone subsystem is a multirotor vehicle in
a quadrotor configuration, where four motors are
placed on a plane. The rotors all point n the same
direction, maximizing the thrust in a single direc-
tion. This configuration minimizes the required mo-
tor thrust to take off, as it is the opposite of the di-
rection of gravity. The mass of the drone subsys-
tem is 8.1 kg including batteries, with a dimension of
56cm X 56 cm X 11 cm. For the propulsion T-Motor
U7-V2.0 420kv BLDC motors with T-Motor AIR 40A
ESCs and 17 x 6.5 propellers are used. The vehi-
cle uses two 23000 mAh 6S Lithium Polymer Batter-
ies. By separating the battery into two, the required
maximum current of the electrical power system is
divided. Considering the hover thrust power require-
ment, the vehicle is capable of continuously hover-
ing for 25 minutes with a hover thrust of 65%. Then
considering the total weight, this means we have an
maximum thrust of 15.6 kg.

Component Weight
Adaptive Landing Gear 0.72kg
Drone Subsystem Batteries  5.02kg

Avionics 3.08kg
Sensor Payload 1.34kg
Total 10.16 kg

Table 1: System components and weights
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(b) Ojeg = 45°

(c) Visualization of the movement at different leg angles.

Figure 2: Image of vehicle in flight with b) Level land-
ing gear (6 = 0°) b) Full tilt (8, = 45°). ¢) Vi-
sualization of the movement at different leg angles.
Neutral angle 9,eg is defined as when the CG of the
landing gear is below the CG of the drone subsys-
tem.

3.2 Adaptive Landing Gear

The adaptive landing gear consists of a rigid frame
made from carbon tubes. The measurement device
is rigidly attached to the landing gear frame (Fig. 1).
Four contact points are attached to the rigid frame,
which form a plane. As the measurement device is
rigidly mounted on the frame, this always orients
the sensor normal to the surface.

The frame is then attached to the drone, through a
pivot, to be able to adjust the angle of the landing
gear relative to the drone subsystem. A linear
actuator is used to adjust the relative angle 6,
which can be adjusted up to 45°. Fig. 2c shows the
range of movement of the adaptive landing gear
on the system. The advantage of adjusting the leg
angles is that after landing, the motors are kept
level, which reduces the required thrust to take off
from the surface.

Note that as the landing gear is actuated, the center
of gravity of the whole system shifts Fig. 2c. We
define the neutral angle as the landing gear angle
where the center of mass is centered below the
geometric center of the UAV. The neutral angle for
the landing leg was é,eg = 34.7°, whereby the full
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Figure 3: Foot design which allows taking off and
landing on snow

range of motion is [ 0°,45° ].

In order to distribute the load evenly during hover,
we adjust the landing gear to a neutral position
during navigation, and adjust the landing gear to
the desired angle for landing.

The landing feet are custom designed and are built
using ski pole tips with flexible baskets and minimize
the sinking into the snow surface (Fig. 3). The flexi-
ble basket consists of a flexible ring connected with
the center through strings. This allows the basket to
adapt to different slope angles, while avoiding get-
ting buried below the snow during landing. The feet
are connected to the frame through a hinge, where
a tensioned cord is connected to the fuselage of the
drone subsystem. These cords form a linkage sys-
tem, keeping the orientation of the feet fixed. This
maximizes the stability of the vehicle when landing.

3.3 Avionics

The avionics system consists of an onboard
computer and a flight management unit (FMU).
The onboard computer is used for operating the
drone subsystem, the active landing gear and
the measurement device. An Intel NUC with an
i7-7560U 3.5GHz processor is used as the onboard
computer.

The onboard computer sends the flight commands
coming from the ground station to the flight con-
troller and also controls the linear actuator and
measurement device. The communication between
the groundstation and onboard computer is done
via a cellular link, whereby an separate radio link
can be used as an fallback. The FMU handles
the low-level controls of the vehicle to stabilize the
drone. In an emergency, the safety pilot will be able
to control the vehicle without the onboard computer
by directly controlling an RC controller.

3.4 Static Stability and Landing Gear Geometry

The geometry of the landing gear plays a big role in
determining the stability of the vehicle. Therefore,
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Figure 4: Force diagram and landing gear geometry
for analyzing the static stability of the vehicle

we want to ensure that the vehicle can stay stati-
cally stable on the slope while operating the sensor.
The key design parameters can be considered as
D, L, @, which defines the geometry of the landing
gear (Fig. 4). The goal is to ensure that the used
geometry for the landing gear provides a static
stable condition of the drone while applying the
penetration force at any slope angle.

We consider the force and momentum balance
at some slope inclination 6 in the force diagram
(Fig. 4). We denote the penetration force F,.,s, and
the reaction forces on the feet as Fy, F;, the gravi-
tation force acting on the drone as F,. We further
decompose the feet reaction forces into a normal
component to the surface Fy, F», and parallel com-
ponents Fy, Fy. The static stability conditions can
be written as follows:

I_:)g'i‘l—:)sens‘"I:l“V‘F2:0 (

Fsens /sens + F2J_L = I_:)g /CoM (2)
|?senslsens + FlL(L - /sens) = |?g(LCOSG - /COM) (3)

For simplicity of notation, we denote /com(6)
Dcos(6 + «). As the contact force cannot hold the
feet in the normal direction of the surface, the con-
ditions in which the feet stay on the ground is when
the force normal to the surface is positive.

F1L>O and F2L>O (4)

Therefore, given the geometry of the landing gear,
the static stability condition is fulfilled when Eq. (4)
holds. Inferring Eq. (4) on Eq. (2) and Eq. (3) results
in Eq. (5) and Eq. (6)
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Parameters | Values

a 23.43°

L 102.5cm

D 77.8cm
Isens 59.5cm

Table 2: Landing gear geometry that satisfies the
static stability condition.

IFgravillcom(0)
Fsens
_ NIFglI(L cos(6) — Icom(6))
Fsens

()

/sens

> L

Isens

(6)

Note that as long as the above condition holds, the
height of the CG does not influence the stability of
the vehicle. Therefore, the height was designed to
ensure that there is enough clearance (5.9 cm) be-
tween the rotors and the slope.

Since the momentum balance imposes a stricter
constraint on the minimum weight, we decided to
design the length of the tube connecting the lower
feet to the drone body so as to achieve a balance
between a larger footprint, which enhances stability
when landed, and positioning it closer to the center
of mass to reduce both the moment of inertia and
overall weight (See section 3.2).

4. SYSTEM OPERATION

The operation of the vehicle consists of two phases.
Prior to the flight, the operator uses the adaptive
sampling strategy to generate a sequence of
sample locations around the region of interest
(ROI). The adaptive sampling approach generates
sampling points that would most efficiently map the
ROI with minimum uncertainty.

In the second phase, (see Fig. 5) the operator sets
the location of the target sampling position from the
planned sample locations. The onboard computer
then utilizes the DEM to obtain the surface normal
at the target location and calculates the landing leg
angle and heading. When the operator commands
a takeoff and Go-To, the system flies to the target
location and adjust its heading to align with the ter-
rain. Upon receiving the landing command, the sys-
tem adjusts the landing legs to match the slope in-
clination and lands on the surface. Once landed, the
operator can command a measurement, after which
the entire cycle can be repeated for the next sam-
ple location. At the moment all these transitions are,
for safety reasons, commanded by the operator, but
they can be automated without much effort.

User Input

Land
Take Measurement

Adaptive Sampling
Strategy

Set Goal Coordinates

\Gruund Station ) Set Target

Yaw & Leg-angle

Get Surface Normal
D n
A

Execution
During Mission

Calculate Slope
spect & Inclinatio

Onboard

igital Elevatiol
N )Computer

Model

Planning
Before Mission }

Figure 5: Flowchart showing the sampling process
before and during an sampling mission.

4.1 Adaptive Sampling
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Prior to the flight, we plan for which positions the
measurements should be taken. As the system
can navigate to arbitrary sample locations, spatially
dense measurement locations can be taken along
the surface. As the sampling locations are sparse,
the resulting uncertainty of the slope-wise measure-
ment will influence how the uncertainty distributes
over the slope. However, determining where to
sample that results in the best estimate over the
whole slope can be a challenging problem. There-
fore, we employ an adaptive sampling strategy,
in which the sampling locations are optimized to
minimize the uncertainty of the whole slope (Krause
et al., 2008).

We first define a ROI, which we are interested in
surveying. The ROl is defined by a polygon outline.
Since the first sample is equally informative, we
sample a random position inside the ROI as the
first sampling location. Then we sequentially find
the next-best-sample position, which maximizes the
mutual information of the region inside the ROI. The
next-best-sample is found by randomly sampling
locations on the terrain and picking the sample
location that maximizes the mutual information.
The sequence is repeated until the target sample
locations have been reached. Once all sampling
locations are determined, the sequence of sam-
pling locations is optimized by solving a traveling
salesman problem.

Note that the mutual information-based adaptive
sampling scheme does not depend on the measure-
ment. Therefore, the sample locations can be pre-
planned before the flight test.

4.2 Landing on Steep Slopes

To land the vehicle in sloped terrain, the surface nor-
mal n € R3 and sampling position ps € R3 is trans-
lated to the landing leg angle 6, and heading y.
The calculation can be done as Egq. (7), where the
subscripts represent the x, y, z components of the
normal vector n.
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Figure 6: Flight path executed during flight tests in two different field tests (a) Fluelatal (b) Bramabdiel. The
altitude is colored with altitude. (swisstopo, 2024)
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Additionally, during navigation, the vehicle keeps the
landing leg at a neutral angle 6., which places
the center of gravity directly below the drone sub-
system’s center. This minimizes the unbalance in- o
troduced by the torque from an offset CoM, which
can result in a load of motors not being evenly dis-
tributed. This can be important for long-duration
flights where motor failures can occur due to ther-
mal stress if there is an imbalanced actuation of the
motors.

;\
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Figure 7: Test locations, whereby blue is
Bramabdiehl, and red is Flielatal (swisstopo, 2024)

sampling method, as explained in section 4.1. Dur-

4.3 Navigating in Steep Alpine Terrain ing the experiments, the operator commands high-

The vehicle needs to be able to fly to the sample level commands such as take-off, initiation of go to
location without colliding with the terrain. To this and landing, as well as the sensor measurements.
end, the vehicle flies in a straight line between the Whereby the rest is handled by the avionics stack.
sample locations with additional clearance altitude The aim of these experiments was to validate the
of 30 m. performance of the System in the field, verify slope

orientations and validate the hardware design.
This approach has shown to be sufficient for

navigating through a slope. However, this may be 5.2 Results

insufficient in case the vehicle is operating over  Fig. 6 shows the flight path of the vehicle during the
rugged terrain or ridges. We leave this for future field experiments. It can be seen that the vehicle
work, as planning in cluttered environments is a can successfully reach various points on the snow-
well-established problem (Lim et al., 2024). covered terrain. whereby, we landed autonomously

on slopes up to 38° and tested the measurement
device on slopes up to 45° during which the vehicle

5. FIELD TEST RESULTS remained stable during the whole sampling process.

m In Fig. 9, we see the relationship between angular
We test our system in realistic steep alpine terrain, error and surface inclination during the system’s
in two locations in Davos, Switzerland where we de- autonomous landings on snow. The plot shows that
note Fluelatal and Brdmabuel. For both environ- angular error increases with steeper inclinations,
ments, we define a region of interest and the mea- highlighting a limitation in the system’s reliance
surement points are planned through the adaptive on Digital Elevation Models (DEMs) for estimating
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Figure 8: Onboard camera view after a successful
landing in Brdmabliel, Switzerland
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Figure 9: Angular error of the system after landing
using a DEM surface orientation estimation

surface normals. Outliers at lower inclinations may
also occur where snow drift fills in areas of high
curvature. To improve the reliability of the system
it might be beneficial to integrate depth cameras
or multi-pixel LiDARs, as they can provide more
accurate surface orientation data than DEMs alone.

6. DISCUSSION

In this work, we were able to show that the system
can reliably take off and land on steep snow-
covered slopes. The System performed well during
all the tests conducted, whereby there is room
for improvement regarding the size and weight of
the system, as well as its software architecture.
Currently, The vehicle automatically adjusts the
adaptive landing gear by estimating the slope
through the DEM. However, due to snow accumula-
tion, the slope inclination might not be identical to
the inclination of the DEM. While it has been shown
that it is accurate enough for safe landings (Fig. 9),
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inaccurate estimation of the slope inclination may
result in a failure to land safely. More importantly,
DEMSs does not include trees or obstacles, which
can potentially result in the vehicle landing in unsafe
locations. With the current system, the operator
is responsible for making sure that the landing
location is safe.

The current adaptive sampling approach plans the
sampling locations prior to the flight. This is due
to the fact that the uncertainty formulation used in
this paper does not depend on the measurement.
However, if the vehicle can access the snow
stratigraphy measurement data during the mission,
it could be used to incrementally plan the next
sampling locations. For example, if we are trying
to estimate the shape of a weak layer, we can
formulate the problem as a segmentation problem
using Gaussian process regression to incrementally
plan the next sampling point. This would have a
bigger impact on the information-gathering process,
as the vehicle would be able to make a more
informed-decision on where the information rich
regions are for measurements.

This system has the potential to greatly reduce the
associated cost and risk of taking snow stratigraphy
measurements while increasing the spatial resolu-
tion of the measurements across the slope.

7. CONCLUSION

In this work, we proposed a novel mobile aerial
sensor system that can safely land on steep moun-
tainous slopes for deploying penetration-based
snow stratigraphy measurement sensors. We
achieve this by designing an adaptive landing gear,
which can be actuated to match the inclination of
the slope. We have analyzed the stability conditions
the vehicle should satisfy for stable deployment.
The system was demonstrated in avalanche risk
slopes in Davos, Switzerland.

We expect this work to have a great impact on
acquiring high-quality snow stratigraphy data,
with high spatial resolution (multiple points on the
slope) and high temporal resolution (multiple mea-
surements within a day) to understand avalanche
formation. The system will undergo further de-
velopment to make the system more reliable and
increase its autonomy.
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