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1 | INTRODUCTION

Abstract

Bank erosion impacts sediment transport and river morphology, both important pro-
cesses for river managers. Some important factors, such as timing and causes of bank
erosion, are difficult to assess with established techniques. We explore the capability
of smart sensors, actually developed for the agricultural sector, to measure soil mois-
ture and temperature as well as movement in real time on banks of northern rivers in
different geographical, climatological and landscape settings. Soil movement and its
timing were easy to identify from the measurements, and in many cases, the reason
for the onset of movement could be inferred. The sensors automatically upload data
with a high temporal resolution for a long period of time, while only minimally dis-
turbing the bank itself. However, the sensor approach has a low spatial resolution
(point measurements), and therefore, complementing the measurements with
approaches with a high spatial resolution, such as spatially continuous digital eleva-
tion models of differencing techniques or seismic sensors, is advised. Overall, the
measurement approach using new agricultural sensors has several unique advantages
and disadvantages and can be a good tool for the monitoring of river bank erosion

and could lead to new insights.
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Injection of eroded bank material into the stream affects sediment
transport and river morphology (e.g. Kronvang et al., 1997; Neal &

If you frequently walk along a river with high banks consisting of
erodible material, you will notice that those banks constantly change.
They collapse and retreat. These dynamics, inherent to active rivers
and a necessary part of self-adjustment of the fluvial system, can have
impacts on human societies (Best, 2019; Hutton & Haque, 2004).

Anders, 2015; Sekely et al., 2002). In turn, sediment transport and
river morphology are of major importance for river managers as they
can affect the channel capacity and flood risk (Nones, 2019), the
amount of nutrients in rivers (e.g. Green et al, 1999; Kronvang
et al, 1997; Sekely et al, 2002) and lotic habitats (Rachelly
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et al,, 2021; Staentzel et al., 2020; van Rooijen et al., 2022), among
others. Therefore, it is important to know the amount and timing of
sediment supplied to the river. The timing may for example impact flu-
vial habitats (van Rooijen et al., 2022), or the management of hydraulic
structures (Zhang et al., 2017). Monitoring and further modelling of
bank erosion are thus crucial.

In recent years, the development of digital twins, virtual represen-
tations of physical systems (such as rivers) that help improve decision-
making through real-time data acquisition and modelling, has gained
research interest (Tao et al., 2022). More recently, this interest has
also spilled over into the field of fluvial hydraulics and river manage-
ment (Moteki et al., 2022; Spreitzer et al., 2022). In essence, this is an
extension of the modelling that has historically been carried out to
better assess river systems (c.f. Pedersen et al., 2021), including bank
erosion (e.g. Darby et al., 2007; Langendoen & Simon, 2008; Osman &
Thorne, 1988; Rinaldi et al., 2008; Simon et al., 2000). In order to ade-
quately model bank erosion, empirical data on the amount and espe-
cially the timing of bank erosion are crucial (Lawler, 2005, 2008) to
obtain calibration and validation data. Additionally, soil moisture
(Casagli et al., 1999; Wynn et al., 2008; Yumoto et al., 2006) and tem-
perature (Lawler, 1986; Wynn et al., 2008; Yumoto et al., 2006) have
to be measured with sufficiently high temporal and three-dimensional
spatial resolution (Lawler, 2005) and are, together with fluvial parame-
ters (e.g. shear stress), the basis of bank erosion processes (Couper &
Maddock, 2001).

In cold climatic regions, such as in northern high latitudes, bank
erosion is more complex because of the snow- and ice-covered win-
ter season. Freeze-thaw processes are more common, which can
cause bank erosion directly or make other erosional processes occur
more easily (Chassiot et al., 2020; Frauenfeld et al., 2007), and also,
the effect of river ice cover and breakup should be considered
(Chassiot et al., 2020; Vandermause et al., 2021). At the same time,
climate change affects these areas more than other areas
(IPCC, 2022).

Multiple measurement approaches have been developed in the
past to measure bank erosion and its forcing parameters, such as
(photo electronic) erosion pins, digital elevation model (DEM) of
differencing approaches, repeated cross profiling, marked pebbles,
tension-piezometers, various sensors with dataloggers, lateral flow
collection flumes, electrical resistivity tomography (ERT), markers and
manual measurements (for details, see Table 1). Note that in Table 1,
only the methodologies for short to intermediate timescales are
shown (timescale of interest up to several decades and a resolution of
1 year or higher); other methods for longer timescales have also been
applied (see Lawler, 1993). Furthermore, some of the approaches can
be subdivided into multiple approaches, such as the Comparison of
Digital Terrain Models (DTMs), which can be subdivided into the mul-
tiple different approaches in which the DTM is obtained, or the sen-
sors with data loggers, where many different parameters can be
measured (see, e.g. Matsuoka, 1994, 1996, 2001, 2005), although sen-
sors other than those for soil moisture and temperature have rarely
been used in river banks (but see, e.g. Yumoto et al., 2006). It must
also be noted that even more approaches exist that can measure hill-
slope erosion or its forcing parameters (Lekshmi et al, 2014;
Stroosnijder, 2005), but these have not yet been used in river bank
erosion studies. Seismic sensors are another approach to measuring

riverbank erosion, although they have not yet been applied as such
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(but see Feng et al., 2019). They can sense ground motion caused by

meteorological and Earth surface processes, like rain drop impacts,
pebble impacts on the riverbed during sediment transport events and
gravitational mass wasting events on hillslopes (Cook & Dietze, 2022).
Seismic sensors can be installed at a safe distance and sense hillslope
activity as well as trigger processes at a sub-second temporal resolu-
tion (e.g. Dietze et al., 2020).

Often several of these measurement approaches are combined
(e.g. Casagli et al., 1999; Fox et al., 2007; Prosser et al., 2000; Veihe
et al., 2011), which allows the investigator to combine the advantages
of different approaches. However, many current measurement
approaches (Table 1) have important limitations in terms of parame-
ters measured together, temporal resolution, maintenance cycles and
data access and impact on the measured bank during deployment and
operation. In addition, none of the approaches have been used in a
real-time monitoring campaign, which would have benefits for river
managers and scientists alike (c.f. Meyer et al., 2019). Thus, measuring
bank erosion along with its forcing parameters in real-time, at high-
temporal resolution, while minimizing the bank impact, and with long
maintenance cycles, could significantly advance our understanding of
bank-stream interaction in river systems and complement the existing
measurement approaches.

Considering this, the goal of this paper is to explore a new mea-
surement approach that can detect both the timing of erosion as
well as the forcing parameters, and which requires less frequent field
visits than existing approaches. We are specifically interested in novel
sensors developed for the agricultural industry, which have been
refitted with a digital accelerometer as well. Of course, the sensor
approach can also be used for other types of banks besides river
banks.

The aim of this paper is not to supplant the current measurement
and analysis approaches but rather to supplement them with novel
techniques to enhance measurement and monitoring campaigns. We
installed the sensors at three different sites with different geographi-
cal, climatological and landscape settings in Finland to obtain a repre-
sentative view of how these sensors work in different environments.
We discuss the performance, installation requirements and emerging
system insights that such sensors inhere. We compare the sensors
with independent measurements of river bank change detection:
(1) amount of erosion from UAV-based DEMs of difference (DoD),
(2) detection of timing of erosion from time-lapse pictures and videos,
(3) geophysical event detection from geophones and (4) a traditional
soil sensor approach for detecting moisture and temperature

parameters.

2 | FIELD SITES

We test the sensors at three river bank sites in different geographical,
climatological and landscape settings in Finland: the Pulmanki,
Oulanka and Vantaa rivers (Figure 1). In addition, one collapsing palsa
mire (a peat mound with permanently frozen core [Verdonen
et al., 2023]) bank was considered in one of the river systems. These
sites are the major test study sites of the Fresh Water Competence
Centre (FWCC, https://www.freshwatercompetencecentre.com/) in
Finland, where research infrastructure and new measurement solu-

tions are developed to create digital twins of freshwater environments
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and to further their application. FWCC was inaugurated in 2022 by
the University of Turku, Aalto University, University of Oulu, Finnish
Environmental Institute and Finnish Geospatial Research Institute of
the National Land Survey of Finland.

The subarctic Pulmanki site (Figure 1e) in the far north of Finland
is a well-studied meandering river with high outer banks (Lotsari
et al., 2014, 2019, 2020). The investigated bank is approximately

Legend

@ Soil scout (1st batch)
@ Soil scout (2nd batch)

@Geophone

Q Time-lapse camera

[ Base- or echostation/!

300 m long and 18 m high and has a slope of about 36°, close to the
friction angle of the soil material (Lotsari et al., 2020). It is strongly ero-
sional, exceeding retreat rates of 1 m/a at times. Erosion is concen-
trated at the downstream part of the bank (Lotsari et al., 2014, 2020),
where groundwater seepage is abundant (Lotsari et al., 2020). Shrubs
and alpine birch are present on top of the bank (Lotsari et al., 2014),
but the bank itself is bare soil, with occasional tufts of grass. The top
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FIGURE 1 Overview of the field sites in this study. (a) Map of Finland with the locations of the field sites marked. (b) Overview of the Vantaa
river bank field site. (c) Overview of the locations of the palsa and Pulmanki bank site with their base and echo locations. (d) Overview of the
palsa field site at Pulmanki river watershed. (e) Overview of the Pulmanki river bank field site, including the camera locations and the location of
the geophone. (f) Overview of the Oulanka river bank field site. The coloured markers indicate the locations where soil sensors are installed, the
colours of which match the colours in Figures 3-6. The circular markers were the first to be installed, followed by the diamonds. [Color figure can

be viewed at wileyonlinelibrary.com]
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1.5 m of the bank consists of loose sand, which lies on top of 15 m of
laminated fine sandy silt and clayey silt (Lotsari et al., 2020). The sur-
rounding area is used for reindeer herding, and approximately 1 km
upstream starts the Kaldoaivi Wilderness Area. As such, the bank is
occasionally disturbed by reindeer (evidenced by hoofprints). For more
information about the investigated bank and its composition, see
Lotsari et al. (2020). In addition to this bank, we also investigated a col-
lapsing palsa mire close to the Pulmanki river channel (Figure 1d). We
specifically investigated the movement of the bank of its approximately
1.5 m deep thermokarst pond (Figure 1d). These thermokarst ponds
are common in circumpolar regions and thus affect the hydrology of
river systems (Bouchard et al., 2016). The movement of the bank of a
thermokarst pond is more continuous than the event-based bank col-
lapses. Thus, it gives important knowledge on the sensor system's abil-
ity to monitor different types of bank collapses.

The Oulanka site (Figure 1f) is a 1350-m-long meandering reach
in the strongly vegetated Oulanka National Park in the North-East
of Finland, right next to the Kiutakéngas meteorological station. The
terrain is uneven, with undulating, hilly topography and slopes of up
to 40°. The soil consists of moraine overlain with a thin layer
(<10 cm) of topsoil (Vesa-Matti Kleemola, research engineer at
Oulanka research station, personal communication, 9/11/2022).
Groundwater flow is present at the downstream area of the field
site (H. Marttila, Prof. at University of Oulu, personal communica-
tion, 25/8/2022).

The Vantaa river (Figure 1b) is in the south of Finland and flows
through the Helsinki metropolitan area. The investigated bank is just
upstream from the urban areas in an agricultural area approximately
2.5 km from Helsinki-Vantaa airport. The bank is strongly vegetated,
is approximately 200 m long and has a mild slope (approximately 22°).
The river is straight with strong anthropological influences

(e.g. agriculture).

3 | METHODS

At the different field sites, we deployed beta versions of a telemet-

ric sensor system developed by a company called Soil Scout (based

(a)

Underground single-ended

Case houses the battery,
monopole antenna

thermometer and rotary
position sensor

Pins measure soil
moisture and salinity X

EHI-WILEYL2®

in Finland), mainly for application in the agricultural industry. The
system consists of a base station with a telemetry unit and a vary-
ing number of individual sensors (from here on called ‘soil scouts’)
that connect to the base station via an underground single-ended
monopole antenna (USEMA; Figure 2) over the 869-MHz radio
frequency (Tiusanen, 2013). The base station uploads the arriving
sensor data packages over the mobile phone network to a cloud
storage service, from where it can be downloaded at regular
intervals.

The sensors (Figure 2) have dimensions of 13 x 6 x 3 cm. On
one end of the sensor is the USEMA and on the other a 3-prong
integrated capacitive (moisture content) and resistive (electrical con-
ductivity/salinity) sensor, whereas, in the middle, the battery and a
temperature sensor are placed. After deployment by shallow burial in
the ground, they require no field maintenance during their antici-
pated lifetime. Most of the time, the sensor is ‘hibernating’, and once
every 20 min, it wakes up, takes a measurement, transmits it and
goes back into hibernation mode. The data are automatically trans-
mitted to the base station at 20-min intervals. Standard versions
measure soil moisture, temperature and salinity, with accuracies of
2%, 0.1°C and 0.2 dS/m, respectively (Soil Scout, 2022). The temper-
ature’s resolution depends on the temperature and ranges between
0.25°C between —10°C and 10°C and 1.0°C at temperatures below
—10°C.

The radio signal is transmitted in the plane around the x-axis (see
Figure 2a) and is transmitted through the soil and air; at the soil-air
interface, the signal refracts (Tiusanen, 2005, 2013). This signal is
picked up by either an echo, which repeats the data package, or a base
station. The echo and base stations were installed on poles less than
300 m from the soil scouts. The echo and base stations can either run
on the built-in solar panel, a lead-acid battery, or be plugged into the
electrical grid.

In this work, we used beta-versions of new soil scouts which
are equipped with an additional digital accelerometer (accuracy
0.004 g). It measures the angular positions around the x-, y- and z-
axes (Figure 2a). This sensor allows the detection of soil movement,
assuming that the soil scout will only move if the soil around it

moves.

FIGURE 2 Example of a soil scout. (a) A soil scout with indication of its parts and the axes of rotation for the digital accelerometer. (b) A soil
scout during installation in the bank. [Color figure can be viewed at wileyonlinelibrary.com]
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Installation procedure of the soil scouts

First, the base stations and potential echo stations were installed.
Then, as part of the installation procedure, sediment samples were
collected from the locations of each sensor, for bulk density and grain
size analyses purposes, which are discussed elsewhere, by pushing a
pipe with an inner diameter of 7 cm into the ground, digging it out,
measuring the soil volume and packing, sealing and saving the soil in a
plastic bag for later analysis in the laboratory. The hole was then
deepened or filled in so that it was approximately 10-20 cm deep,
which is the ideal installation depth. The soil scout was then placed
horizontally into the hole, with the antenna pointing to the nearest
echo or base station. Finally, the hole was filled in using surrounding
soil. During the filling process, care was taken to maintain a potential
layering of the soil if it was present.

At the Pulmanki site, 10 sensors were installed (Figure 1e) on
19 May 2022. The base station was set up on top of a hill, which is
the location with the best mobile phone connection in the area. Four
sensors were installed at the foot of the bank close to the water level
in visually different soils. The other six sensors were installed close to
the top and in the middle of the bank approximately above three of
the installed sensors at the bottom. Only locations that could be safely
reached were considered, and care was taken to disturb the bank as
little as possible during installation. An echo was installed on another
hill, located close to the palsa mire, and three sensors were installed at
the palsa mire site (Figure 1d), in an area where soil movement was
expected.

At the Vantaa site, seven sensors were installed (Figure 1b) on
22 June 2022. The base station was set up at the opposite side of
the bank. Because of the large amount of vegetation, roots
prevented the installation at many locations. As such, sensor loca-
tions were determined based on the locations where it was possible
to dig holes.

At the Oulanka field site, 10 sensors were installed (Figure 1f) on
10 July 2022. The base station was plugged into an outlet and an
echo was placed on top of a hill. After the installation of the sensors,
it was found that the data packages of some sensors were not always
received and uploaded to the cloud storage; therefore, an additional
echo station was installed. The dense vegetation (tree roots) and
underlying soil type (moraine) made it difficult to dig holes, and loca-
tions were chosen based on both expected groundwater effects and
ease of digging.

During these initial tests, fine-tuning of the sensors was
needed before reaching the final state for long-term measurements.
Because of initial software malfunction, soil moisture and salinity
data were not properly transmitted by the sensors (e.g. only tem-
perature and angle measurements were properly received). There-
fore, it was decided that at the Vantaa and Oulanka sites,
‘standard’ soils scout sensors measuring soil moisture content, tem-
perature and salinity would be installed next to (e.g. 10-20 cm
away from) the adapted soils scout sensors. Additionally, on
7 September 2022, 27 September 2022, 28 September 2022 and
4 October 2022, additional beta-version sensors with correct soft-
ware were installed at the Vantaa, Pulmanki bank and palsa and
Oulanka field sites, respectively. At each site, at least one soil scout
was installed close to one installed previously (Figure 1). This way

there was data from old and new versions for verifying the

similarities. Others were installed at different locations to increase
the spatial coverage of the measurements.

Directly after installation, the soil scout started sending data.
Because the base and echo stations were installed first, it was possible
to see if the individual sensors were connecting properly to the base
station within 20 min after installation in the ground on a smartphone
in the field. With exception of sensors 20727, 20740 and 20741, all
sensors connected, although for some a reduced number of data
packages arrived. All of these sensors were in the Oulanka field site,
as the topography of the region was more difficult for orienting the
sensors directly towards the echo or base. One additional echo was
installed at the Oulanka field site to ensure proper connection of soil
scouts 20740 and 20741.

3.2 | Soil data analysis from the sensors

The sensors provide direct information on temperature, salinity and
moisture in the soil, as well as inclination of the sensors. However, net
erosion of the overburden material can also be accessed indirectly.
Following the approach of Hautala and Tiusanen (2007), we exploited
the phase shift information of the temperature time series. Because
the downward propagation of the surface temperature signal is a dif-
fusive process, one can interpret a phase shift as increasing or
decreasing depth of the soil scout relative to the surface, hence depo-
sition or erosion of the overburden material. Instead of identifying the
phase shifts between air temperature and all soil scout temperature
curves, we calculated the mean timing of the highest as well as the
lowest daily soil temperatures across all soil scouts as reference for
our phase shift analysis. This increases the robustness of the data,
because air temperature can have multiple peaks per day, whereas soil
temperature usually only has one peak. The results are reported after
a 9-day running average was applied to smooth the results for ease of

interpretation.

3.3 | Reference data

The obtained soil scout data were compared with four independent
control data sets: DoD, time-lapse imagery, geophone survey of mass
wasting activity, and further moisture and temperature measurements.
These data sets were not all obtained during the same time period.
DoD analysis provides precise information on the location and volume
of failed material but leaves a large uncertainty as to when those fail-
ures have happened. The DEMs used in the DoD analysis were gener-
ated from UAV-based RGB-photogrammetric Structure from Motion
analyses. UAV surveys were undertaken within the same week as the
installation of the soil scouts and the additional soil scouts. At the Van-
taa field site, UAV flights were not allowed because of the proximity to
Finland's largest airport, Helsinki-Vantaa. The aerial photos were post-
processed using Agisoft Metashape Professional V1.8.4 (following the
approach of Over et al., 2021), and based on ground control points
(measured using a Trimble R10 RTK-GNSS) and the RTK-GNSS loca-
tion of each photo (drone had connection to Trimnet Virtual reference
station), to obtain DEMs for the banks. Errors of these DEMs are less
than the accuracy of the ground control points (5 cm), which were

not used in the calibration of the DEM. Elevations for the underwater
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portion of the field site were not resolved. For more information on
the DoD analysis, see the Supporting Information.

Time-lapse cameras (Burrel, Finland, #810017, 12MP images)
were located on the opposite side of the river from the Pulmanki bank
site (Figure 1e). These cameras were installed in 2013 and have con-
tinuously gathered photos with 20-min intervals since at least 2015
(Lotsari et al., 2019). The analysis of the data is limited to the period
until 26 September 2022, when the data from the cameras were
downloaded. The area visible on the cameras covers the most down-
stream area of the bank (sensors 20712, 20713, 20717 and 20716;
e.g. blue, black, grey and yellow in Figure 1e, respectively).

A seismometer station was deployed at the Pulmanki site for
108 days in 2018. The main goal was to increase the temporal infor-
mation on bank activity as constrained by the time-lapse imagery, not
to detect bank failures, a nevertheless possible application if more
than a single station would be used. The geophone (SENSOR, the
Netherlands, PE6/B 4.5 Hz 3-component sensor, sensitivity: 28.8
Vs/m) was installed oriented to the North on top of the bank
(Figure 1e), in a 50-cm-deep hand-dug pit. The ground motion signals
were registered by a Digos DataCube®ext data logger, recording at
200 Hz with a signal preamplification factor of 32. The logger was
powered by a 12-V lead battery, allowing for a continuous record
span of 108 days. After recovery of the station, the logger data were
used to compute a spectrogram (Welch method with 20-min-long
non-overlapping windows) for the entire deployment period, using
the R package eseis v. 0.7.2 (Dietze, 2018), to check the complete-
ness and validity of the data. To analyse bank failure events, we
imported the seismic data for the period between two camera shots
that witnessed a bank surface change and inspected the spectro-
grams for typical signatures of hillslope activity: emergent signals
that last between 5 and 20 s, that show a cigar shape indicative of
an emerging granular flow of unconsolidated material, with a typical
broadband frequency signature, and whose seismic waveforms are
absent of characteristic distinct P- and S-wave phases indicative of
earthquakes, or series of short pulses of ground motion indicative of
footsteps or impulsive impacts (Cook & Dietze, 2022; Hibert
et al., 2011).

The data from the soil scouts are compared with the data
obtained from two traditional soil moisture (Decagon Devices,
United States, ECH,0 ECS5, accuracy: £3.1%) and temperature sensors
(Onset, United States, S-TMB-MO002, accuracy: +0.2°C) attached to a
HOBO datalogger (HOBO, United States, #H21-002) first installed in
the Pulmanki field site in spring 2017 (Lotsari et al., 2020). Tempera-
ture data can be compared with the soil scout temperature data
installed at the Pulmanki site, between 19 May 2022 and
28 September 2022 (installation of soil scouts and last chance to
offload data from hobo, respectively). Soil moisture data cannot be
directly compared with the soil scout soil moisture data because of

the aforementioned software issue of the soil scouts.

4 | RESULTS
4.1 | Data obtained with the soil scouts

The soil scout data suggests that movement of the banks has

occurred at all field sites during the investigation period

-WILEYL*®

(Figures 3-6). Rotation of the sensors predominantly occurred
around the x- and y-axes, and little movement occurred around the
z-axis. Especially at the Pulmanki site, soil movements were frequent
(Figure 5c-e), and one sensor was even lost shortly after installation
(soil scout 20713 on 25 May 2022; Figure 5c-€); just before it was
lost, soil movement was measured. The timing of loss coincided with
a high water event (spring snow-melt flood). Most sensors were sta-
tionary for the majority of the time, with a few sudden movements.
At the Pulmanki site, two soil scouts however also showed a pro-
longed movement pattern just after installation (Figure 5c-e), and at
the palsa site, all installed soil scouts were continuously moving
(Figure 4c-e).

At all sites, the measured temperature shows both the seasonal
as well as the diurnal nature of the temperature fluctuations
(Figures 3b-6b). When zooming in to a short time span, we can see
that temperatures are slightly different between soil scouts (Figure 7).
Comparing the temperature to the air temperature, we can see that
peaks in the temperature occur later in the day than for air tempera-
ture and temperature amplitude is lower than that of the air tempera-
ture (Figure 7).

Soil moisture has a clear pattern, with spikes during strong precip-
itation events followed by a gradual lowering (Figures 3a-6a). In areas
where there is a known influence of groundwater (Figure 5a, soil
scouts 21164 and 21159; Figure 3a, soil scouts 20727/21153 and
20728/21152), the soil moisture shows higher values (Lotsari
et al, 2020; H. Marttila, personal communication, 25/8/2022). At
some locations, the soil moisture reacted much more strongly to pre-
cipitation events than at other locations (Figures 3a, 5a and 6a), and
some soil scouts even did not see any rise in soil moisture. Soil mois-
ture at some soil scout locations only reacted to some precipitation
events. The change in soil moisture can thus be highly location depen-
dent and might partly be influenced by installation depth
(c.f. Hautala & Tiusanen, 2007).

4.2 | Interpretation of temperature lag

Differences between the air and soil temperature regime can be
explained by the soil temperature lagging behind the air temperature
(Hautala & Tiusanen, 2007), the amount of lag depending on the soil
type and depth of the sensor. For example, soil scout 20739 measures
a peak in temperature earlier than soil scout 20726. This lag can be
quantified (Figure 8) and used to identify increases and decreases in
the depth of the soil scouts, giving an additional metric to identify soil
movement. Figure 8 for example shows that just after installation, the
temperature phase at sensor 20714 decreased with respect to the
other sensors at the field site, indicating that the soil scout was get-
ting closer to the surface. At the same time, soil scout 20720 moved
further away from the surface. These matched the movements seen
from the digital accelerometer (c.f. Figure 5c,d). Between 15 June
2022 and 1 July 2022, the temperature phase at soil scout 20721
increased (Figure 8). No movement during this period was identified
(c.f. Figure 5d,e), which insinuates that soil was deposited above the
soil scout without moving the soil layer in which it was buried. Fur-
thermore, soil scout 20717 shows a decrease in temperature phase
shift (and thus depth) around 2 July, when it also moved
(c.f. Figure 5c,d). Between 24 May 2022 and 29 May 2022, the data
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FIGURE 3 Dataobtained at the Oulanka field site. (a) Soil moisture and rain intensity from the Kiutakongis meteorological station

(b) Measured soil temperature and air temperature from the Kiutakdngas meteorological station. (c-e) Orientation of the x-, y- and z-axes. The
vertical dashed line indicates the date that additional sensors were installed. Dots indicate the end or start of a data gap (defined as no received
data points for at least 4 h). [Color figure can be viewed at wileyonlinelibrary.com]

packages of soil scout 20712 were not received, during which time its
temperature phase decreased, indicating that some soil above it was
eroded.

4.3 | Interpretation of data: correlation between
soil movement and forcing parameters

The identified soil movements often occurred during or shortly

after a precipitation event. At the Oulanka field site, soil scouts

20741 (16 July 2022) and 21144 (14 October 2022) showed this
pattern. At the Vantaa field site, soil scout 20732 moved on 16 July
2022 also just after a precipitation event. However, this sensor
was the only one at the site without a measured increase in soil
moisture. Furthermore, during and after several days of rain around
15 September 2022, multiple soil scouts (21137, 21142, 20730,
20735 and 20736) moved. At all these locations, the soil moisture
content increased, although only marginally at the location of scout
20735, which already had a high soil moisture content before the

rain event began.
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Because of the lack of soil moisture data at the Pulmanki field
site, it is not possible to link soil movement events to increases in soil
moisture. Based on meteorological data, it is still possible to deduce
that some of the movements at the Pulmanki field site occurred dur-
ing or shortly after (several hours) precipitation events (soil scouts
20719 and 20714 on 4 June 2022 and 26 July 2022, respectively).
Furthermore, it was found that soil scout 20713 was lost during a high
water event (26 May 2022); 1 day later, soil scout 20715, also
installed close to the water level, moved, which can be attributed to
the same high water event. Soil scout 20717 moved six times
between 2 July and 3 August 2022, indicating that after the first

movement, the soil remained unstable; the first movement occurred

after a small precipitation event (Figure 5a). Soil scout 20721 moved
on 2 July 2022, likely after an aggradation event several days prior
(Figure 8) left the bank less stable.

At the palsa site, continuous movement was identified, and the
onset of this movement could therefore not be identified. The few
sudden movements of soil scouts 20722 and 20723 are likely the
result of the bank becoming unstable because of the continuous
movement. At palsa mire, the melting of the permafrost core during
the summer months causes the movement of the palsa mound and its
edges to collapse into the thermokarst pond.

For several soil scouts, the reason or onset of movement remains

unclear. So far, temperature seems to not yet have caused soil

9sud0IT suowwo)) dAnear)) ajqesrjdde o) £q pouIdA0S oIe SI[INIR Y (SN JO SI[NI 10J ATRIqIT duI[UQ AJ[IA\ UO (SUOIPUOD-PUB-SULID}/WO0" AA[1M"ATRIqI[ouT[uo//:sdny) suonipuo)) pue swd ], oy 39S ‘[£70z/01/L1] uo AreiqiT auruQ Kopip ‘Knsioarun oiey Aq 0$95°dse/z001°01/10p/wod Kaim Krerqiiourfuo//:sdiy woiy papeojumo( ‘€1 ‘€707 ‘L£869601


http://wileyonlinelibrary.com

VAN ROOLJEN ET AL.

2% | Wi LEY-TE3IN

5~
< <
X 0.4 ZOE
S o] e A [
o —
% 15_@
R o
80.2 10%
3 , ramy e B
ob e I P =
’ 1 k. ik hoi i ikl i L D di a4 P | ER )

w
S
il

Temperature (°C)

20712
20713
20714
20715

20716
20717
20718
20719
20720
20721
21160

21161

21162

-0.1

21163
21164

-0.2

21165
21154

21155
21156
21157
21158

21159

> 0.0

21151
—e— HOBO bottom

-0.1

-0.2

—e— HOBO top

-+ rain

_air
temperature

1.00

0.95

Ly YLLK TICETRITL CTER EYAFS elledens okl 2 s g A

om0 b v bl

0.90

0.85

PRIy By Sy TP

T AYY T YT VYRY YE S A

0.80

06-01 06-15 07-01 07-15 08-01

08-15

09-15 10-01

09-01 10-15

Date (year=2022)
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movement to occur. This may change in winter when temperatures
will drop and freezing and thawing of soil will occur. This is a topic of
a later study, when there is longer term seasonal data available.

44 | Comparison with reference data sets

441 | DOD-based erosion locations

Figure 9 shows the DEM of difference for the period between
17 May 2022 and 26 September 2022 for the Pulmanki field site. Ero-
sion is more prominent than aggradation at this bank site and is not

spread evenly over the area, with more erosion close to the top of the
bank and close to the waterline. The erosion at the top of the bank
may however be an artifact, because snow was still present during the
drone flight on 17 May 2022, as such the elevation change at the
top of the bank is likely caused by snow melt rather than bank ero-
sion. Additionally, Figure 9 shows that at several locations, part of the
bank collapsed, the material of which was deposited lower on
the bank.

The soil sensor that was lost (20713) was in an area that was
highly erosional in this period. Because of the moment that this soil
scout was lost, and based on time-lapse camera data we know that

this area has eroded on 25 May 2022. The other soil scouts are in
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areas with much less elevational change (Figure 9). Most are in areas
with minor erosion, but soil scouts 20718 and 20721 are in areas that
might be slightly aggradational. The aggradation measured by the
DEM of difference at the location of soil scout 20718 is not related to
bank erosion, however. Soil scout 20718 is located under a tree over-
hanging the bank, and therefore, the DEM of difference at this loca-
tion is measuring vegetation growth rather than aggradational
processes. The aggradation at the location of soil scout 20721 is in
agreement with the change in temperature phase (Figure 8). Some of
the other soil scouts showed movement, even when located in areas
where no elevation change was measured, indicating that even with-
out a change in elevation, the bank is not stable and erosional pro-
cesses are occurring. In contrast, soil scout 20714 did not show any
movement, but at its location, erosion has occurred, showing that ero-
sion does not necessarily cause soil movement at even modest
depths.

442 | Timing of the bank erosion based on time-
lapse cameras

The imagery captured by the time-lapse cameras (Supporting Informa-
tion) shows that erosion occurred at the location of sensor 20713
because of fluvial erosion during the rising stage of the spring flood.
At the same time, the data packages from sensor 20712 were no lon-
ger received, which is likely caused by the water hampering the radio
signal. Sensor 20717 was the sensor that had the most moving
events; the cameras did not capture any soil movement for most of
them. For the last two movement events (on 2 and 3 August), close to
the location of the buried soil scout, an item resembling vegetation
from on top of the bank fell onto the bank (2 August), which was later
removed (3 August). These changes coincided with the measured soil
movement and are the likely cause. The time-lapse cameras also show

that just before the erosional event on 2 August reindeer were
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present on the bank (see Supporting Information). Finally, the move-
ment of soil at the location of sensor 20716 could be seen around the
time this sensor had a movement event (12 July).

443 | Seismically detected bank erosion

During the 2-h-long window of time lapse-based bank failure activity
starting on 2018-07-22 at 22:00 UTC, the seismic record depicts
three distinct brief periods of seismic energy release (Figure 10)
between frequencies of 5 to 60 Hz: 22:32, 22:42 and 23:08 UTC.

That frequency range and seismic power distribution are distinct from
the other seismic patterns, during that period of interest (Figure 10b)
and the data set as a whole (Figure 10a). The first of the three pulses
consists of a single energy release, and the subsequent two each
exhibit two slightly delayed energy release events (Figure 10c). Each
of these events has a subtle onset but rapidly gains amplitude only to
start decreasing slowly after reaching peak ground motion values. The
in total five events last between 8 and 15 s. Apart from those brief
pulses of activity, the sensor has also recorded a high-frequency
(about 20-70 Hz) signal prolonged in time, starting around 22:00 UTC
and ending around 23:15 UTC.
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444 | Interpretation of the seismic data
During the entire deployment period of 108 days (Figure 10a), the
geophone has yielded a complete record at 0.005-s temporal resolu-
tion. During times when time-lapse imagery detected a bank failure
(Figure 10b,d,e), some 35 m south-southwest of the geophone sensor,
the seismic data can be used to provide a detailed anatomy of this
process (Figure 10c). The cameras are capable of narrowing down the
time of occurrence to a 2-h interval at best, that is if weather condi-
tions were favourable. With the geophone, the onset time can be
determined with sub-second resolution. Moreover, the entire evolu-
tion of a compound mass-wasting event can be quantified in terms of
the number of single-release events, duration and relative seismic
power, indicative of relative magnitude of an event. Thus, when com-
bining these two survey techniques, one can get a detailed comple-
mentary picture of geomorphic activity important to a fluvial system.
Moreover, the seismometer was also sensitive to a likely trigger
of the mass-wasting event itself. The 20- to 70-Hz signal during the
time when the five granular flow events happened (Figure 10b) is typi-
cally attributed to rain, that is the multitude of drops pounding on the
surface (c.f. Cook & Dietze, 2022; Dietze et al., 2017), which is coin-
ciding with what the time-lapse pictures show (Figure 10d,e). Hence,
geophones can shed detailed light onto the time-lagged, mechanistic

coupling of drivers, triggers and events.

A next step forward would be to improve the geophysical station
into a small network of sensors. This would allow to also seismically
detect and locate bank failure events, to determine their released seis-
mic energy (Le Roy et al., 2019) and inspect the effect of, for example
sediment input into the stream for bedload transport activation
thresholds.

44,5 | HOBO soil and temperature logger
comparison

In Figure 5b, the temperature measured using a HOBO temperature
logger is shown. Two separate temperature loggers were attached to
the HOBO logger buried at two different depths. The location of this
logger was close to soil scout 20716. The HOBO logger shows lower
temperatures and amplitudes in the temperature profile as soil scout
20716. This is because both temperature sensors were installed
deeper than the soil scout. The same general pattern emerges,
however.

Soil moisture cannot be directly compared with the soil moisture
measurements of the soil scouts not only because of the fact that the
first batch of soil scouts did not operate as required but also because
of the fact that the HOBO-based soil moisture data were incomplete
because of technical problems. The pattern in the soil moisture data
of the HOBO logger (Figure 5a) is broadly similar to the patterns
obtained with the soil scouts, for example sudden increases during
precipitation events with a continuous decreasing soil moisture in

between precipitation events.

5 | DISCUSSION

5.1 | Advantages of the soil scout approach

Soil scouts yield data with a high temporal resolution (every 20 min)
for a long period of time (10 years). Temporal resolution of a monitor-
ing technique used in bank erosion studies is typically around 1%-
10% of the timescale of interest (Lawler, 1993), whereas for soil
scouts, this is closer to 0.0004%, thus giving a much higher temporal
resolution for the investigated period than is typical for other moni-
toring techniques (Table 1).

Data loss due to sensor loss is a realistic problem for measure-
ment equipment that is present at the field site for extended periods
of time such as erosion pins, PEEP sensors and sensors with
dataloggers (e.g. Thorne, 1981). This might for instance happen
because of vandalism, theft or high-water events. An advantage of
the soil scout approach is that data are not lost upon sensor loss,
because data are uploaded directly to the internet. For example, sen-
sor 20713 was lost shortly after installation, but because data were
sent just before the sensor was removed entirely, it was possible to
deduce what had happened to the sensor and when. Of course, after
sensor loss, subsequent erosion at this location could not be mea-
sured, until a new sensor was installed.

The automatic uploading of data to the cloud storage also limits
the number of field visits that are required. This makes the approach
useful in places that are far away or are difficult to reach, especially

compared with approaches that require an investigator to be present
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to take the measurement (e.g. erosion pins, comparison of DTMs,
repeated cross-profiling, marked pebbles, lateral flow collection
flumes, manual measurements and markers: c.f. Table 1; Barker et al.,
1997; Bernatchez & Dubois, 2008; Durd et al., 2018; Fox et al., 2007;
Hamshaw et al., 2019; Kaczmarek et al., 2021; Midgley et al., 2013;
Prosser et al, 2000; Thoma et al, 2005; Thorne, 1978; Veihe
et al,, 2011; Wilson et al., 2007; Yumoto et al., 2006) or ones that
require regular downloading of the data (e.g. PEEP sensors,
tensiometers-piezometers and sensors with dataloggers: c.f. Table 1;
Casagli et al., 1999; Lawler, 1993, 2005; Rinaldi et al., 2004). How-
ever, note that the base station must be in an area where there is
mobile phone connection, in order to upload the data to the cloud.
This may limit the applicability of the approach in some remote areas.
However, mobile phone networks are improving worldwide, and we
were already able to utilize the approach in a remote area (Pulmanki
field site), by placing the base station on a hill where the mobile phone
connection is sufficient. If mobile phone connection is not available
close enough to the field site, it is also possible to place the base sta-
tion further away in an area with mobile phone connection and place
one or more echo stations in between, so as to close the gap between

the base and the sensors.

The addition of the digital accelerometer within soil scouts
allowed for the monitoring of soil movement. The temporal resolution
of the sensor system is high enough that the timing of soil movement
can be assessed as well, and it was possible to discern between sud-
den and continuous movement. This makes the used approach unique,
as few approaches can make this distinction (out of all approaches in
Table 1, only the PEEP sensors). Furthermore, the fact that one sensor
measures both the soil movement as well as the important parameters
for bank erosion allows for the identification of the cause of erosion
for individual events. So far, no approach is available with this
capability.

5.2 | Disadvantages and limitations of the soil
scout approach

At the Pulmanki and Vantaa sites, all installed sensors connected with-
out fail. However, at the Oulanka field site, connection problems were
more frequent. The vegetated state of the Oulanka field site partly
contributed to this; the vegetation can block the radio signal that

transfers the data from the soil scout to the base or echo station.
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Furthermore, the topography of the region, including the direction of
the slope in which the sensor is installed with respect to the echo or
base, can have a major impact on the chance that a data package can
be received successfully. This is due to the radio signal refracting at
the soil-air interface (Tiusanen, 2005, 2013). A slope facing the echo
or base station will have better connections, whereas a slope facing
away from an echo or base station will greatly reduce the chance of
successful transmission. At both the Pulmanki and Vantaa sites, the
base station is on the opposite side of the river, ensuring that the
slope is always optimally oriented, whereas at the Oulanka field site,
the slope orientation is more variable. We therefore recommend that
in future studies into bank erosion where soil scouts are used, the
base or echo station is to be installed on the opposite side of the river,
to ensure optimal transmission of the data packages. Finally, the dis-
tance to the water can be of influence. Soil scouts can be installed
under the water level, but the radio signal range will be reduced.
Because of this, data packages from soil scout 20717 did not arrive
for several days during a high water event just after installation. From
Figure 8, we can infer that this was caused by the high water and not
by additional soil piling on top of the soil scout, because erosion
occurred at this location, not deposition. Care should thus be taken
with regard to the location and positioning of the sensors, which adds
a layer of complexity, which other measurement approaches do
not have.

Likewise, the location of installation influenced the ease of instal-
lation. Although the installation was generally easy and no heavy
equipment was required, installation speed varied and increased with
experience. In good conditions, less than 10 min per soil scout was
required for installation. Vegetation, type of subsoil and/or steepness
of the bank could complicate installation.

The sensors are installed into the river bank in order to measure
erosion. As a result, when erosion occurs, they move. After some
time, the exact location of the sensor may become unclear, which
could hinder the analysis of the data. When retrieving the additional
‘standard’ soil scouts, some had moved from the documented loca-
tion. Especially for long-term studies in very active sites, this could
present a challenge. With exception of marked pebbles, of which
also the location may become unknown if they cannot be found
again, no other measurement approaches have the problem that the
measurement device’s location could become unknown. In a similar
fashion, the soil movement due to erosion may reorient the soil
scout or bury it deeper into the bank, both of which could poten-
tially cause the radio signal the soil scout uses to send its data pack-
ages to the base station to not be strong enough, leading to
potential loss of data. This may be uncommon however, because
movement around the z-axis (Figure 2a) is rare (Figures 3e-6e);
movement around the z-axis would most quickly lead to a new ori-
entation of the radio signal.

Although the soil scouts can directly measure the timing of soil
movement, their ability to measure the amount of erosion is limited.
However, erosion and sedimentation can, at least theoretically, be
inferred from the temperature phase analysis, although more research
is needed for this. Regardless, this will only yield information on the
amount of bank-level change at a point location. Therefore, especially
when the quantity of bank material supplied to the stream is of inter-
est, other approaches such as erosion pins, PEEP sensors or compari-

son of DTMs may be more suitable.
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Soil moisture and temperature often change with depth. Soil
movement through creep is also likely to change with depth, for
example the top layer of soil may move, whereas the underlying layers
remain stationary. Soil scouts are only able to obtain data at the depth
they are installed. Although soil scouts can be buried at different
depths, burying multiple sensors above one another is not possible
since radio signals can interfere, leading to one of the sensors not
connecting. Soil scouts may thus be ineffective when the vertical pro-
file of erosional parameters in a river bank has to be monitored. How-
ever, soil scouts can be buried at different depths several decimetres
apart from one another if this information is required. If the variation
over depth at one specific location is required, the HOBO loggers as
used in this work or tensiometer-piezometers may be a more effective
alternative (c.f. Table 1; Casagli et al., 1999; Rinaldi et al., 2004;
Yumoto et al., 2006). Note, however, that no other approach from
Table 1 is able to monitor subsurface soil movement.

Finally, although soil scouts impact the bank minimally, they do
still influence the bank. These are concentrated around the time of
installation. For example, some soil scouts show small movements
directly after installation, which do not follow the normal movement
pattern at the field site (e.g. Figure 5c,d, soil scouts 20714 and
20720). These movements are likely the result of the soil above the
soil scout compacting, slightly moving the soil scout. Another exam-
ple can be found in the soil moisture. At the Vantaa field site, it was
not possible to retrieve one of the ‘standard’ soil scouts used to
measure the soil moisture (Figure 6a, indicated with soil scout
20735). When a new soil scout was placed close to it (soil scout
21139), it initially measured a lower soil moisture content. After a
precipitation event, the soil moisture measured by both soil scouts
was virtually identical (Figure 6a). The soil moisture in the area where
a hole was dug is thus affected until the first precipitation event after
installation.

The soil scouts minimally disturb the bank itself. The small size,
lack of wire or rod that extends to the bank surface or into the bank
and no requirement to revisit installed sensors all contribute to the
minimal disturbance compared with other approaches (such as erosion
pins, PEEP sensors, repeated cross-profiling, marked pebbles, sensors
with dataloggers and markers; also see Thorne, 1981; Veihe
et al., 2011). The bank is only disturbed during the sensor installation
by the walking and digging by the investigators. However, there are
also some approaches, such as comparison of DTMs, that do not dis-
turb the measured bank at all.

53 | Outlook

The used soil sensors are unique in supplying high-frequency soil
moisture and temperature data at the same locations where soil
movement is monitored. Additionally, they can be placed over a large
area. However, they take point measurements; thus, even though the
temporal resolution is high and the spatial and temporal extent are
large, the spatial resolution is low. Combining the soil scouts with
approaches with a high spatial resolution, such as spatially continuous
data sets, could therefore be especially fruitful. Both geophones and
the comparison of DEMs could fill this role for erosion data. For
example, the DoD approach has a high spatial resolution and can give

detailed information on the location and extent of geographical
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change (Barker et al., 1997; Brasington et al., 2000; Durd et al., 2018;
Hamshaw et al., 2019; Leyland et al., 2017; Sekely et al., 2002; Thoma

et al., 2005). It however lacks in temporal resolution. This can be fur-

ther complemented by geophones, which are also able to estimate the
location of geographical change (if at least three stations are used),
while also improving the temporal frequency even further (Cook &
Dietze, 2022; Dietze et al., 2020). Similarly, time-lapse imagery can
be used to infer the spatial extent of movement identified by soil
scouts.

For temperature and soil moisture, only few approaches are avail-
able to directly measure these at high spatial resolutions (fibre optic
cables and electrical resistivity tomography; Banks et al., 2022; Jodry
et al., 2019). Obtaining high spatial data on temperature or soil mois-
ture might require modelling that has also seen successes
(e.g. Kimiaghalam et al., 2015; Rinaldi et al, 2004), although the
models do often need detailed information about the subsoil or point
measurements. Further research into how the soil scout data can be
used to model banks may prove particularly useful and would also
bring us closer to developing digital twins of river systems. Ultimately,
the combination of approaches will always depend on the research or
monitoring goal, but complementing the soil scout measurements with
other measurement approaches has great potential.

It is possible to obtain more information from the soil scout data
itself. Using the temperature phase to identify the depth of the soil
scouts and from that infer erosion and aggradation of the soil above
the sensor shows potential. However, currently, exact changes in
depth cannot be identified, and the meteorological day-to-day
changes make it difficult to identify small changes in temperature
phase. More research is needed to identify the effect of soil type,
bank angle and bank orientation on the temperature profile in river
banks and accuracy of the methodology. This could ultimately be used
to quantify erosion and deposition at high frequencies at the point
locations the soil scouts are buried. Nevertheless, Figure 8 shows that
it is already possible to identify increases in depth (suggesting deposi-
tion or movement) and decreases in depth (suggesting erosion or
movement). Comparing these data with the movement data can show
if soil above the soil scout moved without moving the soil layer in

which the soil scout is buried.

6 | CONCLUSIONS

In this work, novel sensors (soil scouts) developed for the agricultural
industry were tested for application in the monitoring of riverbank
erosion. The soil scout approach has several unique advantages over
existing approaches for the measuring and monitoring of river banks.
They yield very high-resolution data on both soil movement as well as
the forcing parameters at the same location for an extended period of
time. This allows the timing of soil erosion to be identified. Further-
more, very limited attention by the investigator is required once the
system has been installed because data are automatically uploaded to
a cloud storage. This also makes the approach suitable for long-term
monitoring.

However, the soil scout approach to measuring bank erosion is
not perfect. Measuring the parameters over a depth profile is not pos-
sible. The movement of the bank in which the sensors are installed

may also make the exact location of measurements unclear after the

sensor has identified movement several times. Monitoring river bank
erosion using the soil scout approach may also yield an insufficient
spatial resolution.

Overall, soil scouts have several unique advantages and disadvan-
tages and can be a good tool for the monitoring of river bank erosion
and topographical changes. Combining soil scouts with other monitor-
ing approaches that have different strengths, such as a high spatial
resolution, could enhance river bank modelling and lead to new

insights.
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