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Abstract

Seismological observations provide a non-invasive and continuous means for indi-

rectly measuring fluvial bedload transport. A significant challenge remains in indepen-

dently characterising the seismic signature of bedload transport from other sources

such as turbulence. We present a unique dataset from an alluvial Scottish river, com-

bining seismic data and hydroacoustic measurements, to analyse bedload transport

during three high-flow events occurring within the same year. By studying three suc-

cessive events, we assess the consistency of bedload transport thresholds in

response to changing flow conditions and explore the presence of hysteresis in seis-

mic data versus water level as an indicator of coarse bedload transport. Through the

use of hydroacoustic data to independently characterise bedload transport, our find-

ings reveal that bedload transport occurred during all three events but that the

threshold for entrainment varied. These entrainment thresholds were influenced by

antecedent events, with a drop of 15%–20% of the threshold flow depth following

the largest of the three events. In agreement with recent studies, we also found that

hysteresis in the seismic versus water level data is not sufficient for identifying and

analysing bedload transport: Distinct hysteresis was only observed during the largest

of the three events despite all events experiencing bedload transport as observed

through the independent hydroacoustic data. Our work shows the value in combin-

ing independent datasets for long-term monitoring of bedload transport to under-

stand the evolution in the thresholds of bedload motion, providing crucial

information for effective river and land-use management in a changing climate with

potentially impacted high-flow events.
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1 | INTRODUCTION

Intensification of flood events linked to climate and land-use change

poses significant threats to both infrastructure and ecosystems in

many areas across the world. Climate change can drive increases

in flood frequency and intensity, leading to increased transport of

sediment and debris by rivers. Flooding and the transport of coarse

gravelly bedload can benefit aquatic ecosystems; however, increased

magnitude and frequency of flooding could have profound ecological

consequences, altering riverbed morphology, disturbing aquatic

habitats and negatively impacting aquatic species (Hauer et al., 2018).

The transport of bedload can also have significant impacts on infra-

structure such as bridges and dams causing erosion and scour

(Church, 2006; Roth et al., 2017; Turowski et al., 2011). Additionally,
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anthropogenic activities, including urban development, deforestation,

channelisation and re-naturalisation for river management purposes,

alter the patterns of bedload transport in rivers (Cox et al., 2021).

Therefore, monitoring and understanding the timing and characteris-

tics of coarse sediment mobilisation are crucial for predicting changes

in channel morphology. This knowledge is essential for various appli-

cations, including designing and maintaining infrastructure to resist

fluvial erosion, improving flood management, optimising sustainable

water resource use and preserving aquatic ecosystem health.

The dynamic and destructive nature of sediment movement in

rivers makes monitoring and measuring the transport of coarse

bedload challenging, particularly as rivers erode and aggrade their bed

and shift their course. One of the key challenges lies in accurately

measuring the onset of entrainment of bedload and the continuous

measurement of bedload transport in rivers. Variations in entrainment

thresholds are influenced by factors such as particle shape and size

distribution (Jain et al., 2021; Wilcock & Crowe, 2003), bedforms

(Church et al., 1998), sediment cohesion (Kothyari & Jain, 2008) and

changes in grain size between the bed surface and subsurface where

coarse sediment may act to armour the river bed (Jain et al., 2021;

Lisle & Madej, 1992). Tracer experiments that use pebbles loaded with

accelerometers have demonstrated the complexity of entrainment

thresholds with both clockwise and anticlockwise hysteresis between

seismic power and streamflow during floods (Pretzlav et al., 2020).

Using flume tank experiments, it has been demonstrated that varia-

tions in bedload transport entrainment respond to durations and fre-

quencies of moderate to peak discharge conditions, as a result of the

river bed surface becoming more or less stable (Luo et al., 2023;

Ockelford et al., 2019). The grain size distribution may be modified at

the bed surface by winnowing of finer grains, resulting in the forma-

tion of an armoured surface layer of coarser grains (Gomez &

Soar, 2022; Pitlick et al., 2009). This armouring modifies the onset of

bedload entrainment complicating the relationship between the mea-

sured grain size distribution and the entrainment threshold. A further

complication to the measurement of bedload transport is the hystere-

sis patterns, where sediment transport rates do not have a linear scal-

ing with the flow conditions (Bogen, 1980). Armouring is an example

of a process that could result in hysteresis in bedload transport as it

may increase the threshold for sediment motion on the bed, causing

the rising and falling limbs of a flood hydrograph to have different

threshold entrainment values. The mobilisation of coarse bedload can

also be influenced by the suspended sediment concentration at the

sediment water interface (An et al., 2018; Rickenmann, 1991).

Suspended sediment loads are commonly higher during the rising limb

of flood hydrographs that also results in different entrainment thresh-

olds on either side of a flood. Another potential driver of hysteresis

relates to the history of large events that reorganise the bed and

change the critical shear stress for subsequent events (Masteller

et al., 2019; Turowski et al., 2011). The range of variables that deter-

mine entrainment thresholds as outlined above are also reflected in

variations in dimensionless critical shear stress values of median grain

sizes synthesised from a range of settings (e.g. Buffington &

Montgomery, 1997).

Addressing the challenges of determining bedload entrainment

thresholds for a given location requires innovative site and reach-scale

measurement techniques. This facilitates a more comprehensive

understanding of bedload transport dynamics and the interplay

between sediments, flow dynamics and riverbed characteristics. How-

ever, since coarse bedload is mobilised when rivers are at high flow,

logistical challenges are introduced when using many commonly used

measurement techniques. Traditional methods of monitoring bedload

transport in rivers, such as sediment sampling, sediment traps, grain

size analysis and flow measurements, have typically relied on direct

field measurements and observations and have been successfully used

in a number of places, particularly in documenting the early motion

of small grain sizes (Bunte et al., 2004; Habersack et al., 2001;

Holmes, 2010; Reid et al., 1985). However, these approaches come

with several limitations: sediment sampling and flow measurements

can be labour intensive, time consuming and difficult at high flows,

while sediment traps (although continuous in measurement) are lim-

ited by the rapid filling of traps in high bedload transport rivers and

the upper limit of grain sizes that can be measured as a result of the

trap size. This limitation means they are less applicable to rivers with

high sediment transport rates of large cobble to boulder sized

bedload (Bunte & Abt, 2005; Bunte et al., 2004; Thorne, 2014). Non-

continuous traditional methods struggle to capture the full complexity

and natural dynamics of bedload transport, as they are typically per-

formed during modest hydrologic events, over short timescales and

during daylight hours. Although some studies have used bedload sam-

plers deployed across entire cross sections of rivers (e.g. Dietze

et al., 2019), these methods generally only measure at a single point in

space, while bedload transport occurs along cross-sections with

potentially variable transport at individual points in space. As a result,

they may not provide sufficiently representative data needed for

effective river management, infrastructure design or understanding

sediment transport patterns. Tracer grains have also enabled insight

into these processes (e.g. Pretzlav et al., 2020) but are again challeng-

ing when large-scale bedload movement is involved that disperses

and buries the tracers long distances downstream. Engineers often

use numerical models or empirical equations as alternatives to tradi-

tional methods for predicting bedload transport (Geay et al., 2020).

However, simplification of these empirical equations relative to

complexities of natural bedload transport processes in rivers—and the

challenge of estimating grain size distribution, entrainment thresholds

and bed morphology, among other factors—results in considerable

uncertainties in the sediment transport predictions (Dey, 2014;

Downs et al., 2016).

New measurement techniques are increasingly being employed to

address these limitations and provide more precise insights into

bedload transport dynamics. Several recent studies have explored the

potential for seismic sensors (such as geophones) to monitor environ-

mental and geomorphic processes (e.g. Burtin et al., 2008; Dietze &

Gimbert, 2019; Lagarde et al., 2021; Roth et al., 2016). Geophones,

which are typically used for seismic studies, have important applica-

tions in the field of bedload transport monitoring. Previously, impact

plate geophones have been strategically deployed in riverbeds to

measure impacts on the bed (e.g. Downs et al., 2016; Rickenmann

et al., 2014; Rickenmann et al., 2022), and seismic geophones have

been deployed on river banks to capture the ground vibrations caused

by bedload particles interacting with the river bed (e.g. Barrière

et al., 2015; Burtin et al., 2008; Schmandt et al., 2013). These vibra-

tions can be analysed to estimate the timings, intensity and frequency

of bedload transport in rivers. This innovative use of geophones

provides a non-intrusive and continuous monitoring method that
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overcomes some limitations associated with traditional bedload

measurement techniques, facilitating the monitoring of bedload trans-

port under conditions that were previously not possible (Burtin

et al., 2010). Geophones record a range of environmental signals that

are filtered by their passage through the subsurface. The potential

sources for these signals include precipitation, wind, tides, traffic, tur-

bulent motion in rivers and the impact of bedload on riverbeds (Burtin

et al., 2008; Rindraharisaona et al., 2022; Wilcock et al., 1999). Previ-

ous studies have focused on the frequency characteristics of seismic

energy to discriminate different sources of seismic noise (Burtin

et al., 2008; Burtin et al., 2014; Gimbert et al., 2014). The key discrimi-

nation for river-induced seismic signals is between coarse bedload

transport and water turbulence. It has been suggested that

bedload transport induces broadband higher frequency seismic waves

than the continuous signal from river turbulence (Gimbert et al., 2014;

Schmandt et al., 2013; Vore et al., 2019). Tsai et al. (2012) and

Gimbert et al. (2014) developed a physical inversion model that

inverts recorded river seismic signals using field observations such as

ground seismic properties and grain size distributions to estimates of

bedload transport and water depth. Many studies have successfully

utilised and edited this model to provide these estimates in a range of

fluvial settings (e.g. Bakker et al., 2020; Dietze & Gimbert, 2019).

However, due to the overlap in bedload and turbulence frequency

bands observed in these studies, it makes it difficult to accurately

differentiate between the signal sources.

By correlating the bedload induced seismic data with river

discharge, crucial insights have been gained into the dynamics of

sediment transport and how it responds to variations in hydraulic char-

acteristics. Many studies found a hysteretic relationship between these

parameters that have been interpreted to be evidence of bedload

transport, as significant hysteresis is not expected in the relationship

between river stage and turbulence (Hsu et al., 2011; Roth et al., 2016;

Roth et al., 2017; Turowski et al., 2013). As outlined above, factors like

particle size, shape and bed structure can influence the initiation of

bedload transport on rivers, such that sediment entrainment thresh-

olds may vary relative to changes in flow conditions. Bedload transport

may even continue after the water level has decreased below the initial

entrainment threshold or may initiate and cease at different levels, due

to changes in the hydraulic characteristics of the channel as a result of

deposition upstream or the formation of new bars, which can also

affect the availability of sediment for mobilisation. This interpretation

of hysteresis has become a foundational assumption for many fluvial

seismic studies, with some studies reporting a clockwise pattern of

hysteresis where bedload transport peaks before the peak in water

level and some recording an anticlockwise pattern where the peak

in water level occurs prior to the peak in bedload transport.

Clockwise patterns are associated with readily available sediments

(Gaeuman, 2010; Hassan et al., 2006; Kuhnle, 1992; Mao, 2012; Mao

et al., 2014; Reid et al., 1985), while anticlockwise patterns are thought

to be caused by processes that increase sediment supply after a

flood peak (Kuhnle, 1992; Lee et al., 2004; Mao et al., 2014; Reid

et al., 1985). These previous seismic studies (e.g. Chao et al., 2015;

Hsu et al., 2011) have shed light on the invaluable use of geophones

for bedload monitoring purposes; however, they generally had little

independent data to constrain when bedload was being transported.

These uncertainties in the overlapping frequency bands of river-

induced seismic signals and the assumptions in interpreting bedload

transport processes using the relationship between seismic power and

water level make the interpretation of bedload transport occurrence

based on seismic data alone somewhat subjective. Therefore, it is ben-

eficial to have an independent measure of bedload transport to cross-

check with the seismic signals. To test some of the assumptions used

in interpreting geophone data, we combine geophones deployed on

riverbanks with acoustic hydrophones deployed in the water column

to independently classify when coarse bedload is transported. Hydro-

phones have been used to detect and record underwater sound,

making them particularly useful for applications in the fields of marine

biology, underwater communication and sonar systems (Ballance

et al., 2023; Bountourakis et al., 2023). Some previous bedload studies

(e.g. Rickenmann et al., 2022; Stark et al., 2024) have used hydro-

phones that are deployed in pipes to record the sound of particle

impacts with the instrument. However, in contrast to geophones, they

can also be suspended in the water column to record the full acoustic

signal of impacts between the particles and the bed as well as inter-

particle collisions. These suspended acoustic hydrophones, herein

referred to as acoustic hydrophones, are sensitive to even the interac-

tion of sand particles in low flow and can therefore record collisions

of the full range of particle sizes within the local river channel, making

them a potentially very useful method for grain size analysis. How-

ever, it is logistically difficult to deploy acoustic hydrophones routinely

as they have to be placed within a river water column for the duration

of the measurements, thus requiring careful methodological approach

and appropriate housing to protect the instrument during high-flow

events (Osborne et al., 2021). On an event-by-event basis, they can

provide independent data to critique the seismic bedload transport

information obtained from geophones and to test whether hysteresis

in the relationship between the fluvial seismic signal and water level is

in fact a fingerprint of bedload transport.

Here, we use co-located acoustic hydrophones (https://

jezrileyfrench.co.uk/hydrophones.php) to evaluate the application of

geophone data in characterising the onset of coarse bedload transport

and critique assumptions that use hysteresis as a characteristic of

bedload transport from geophone data. Our study determines

bedload mobilisation thresholds and evaluates the influence of ante-

cedent events through independent seismic and hydroacoustic

characterisations through multiple flood cycles. By integrating seismic,

water level and hydroacoustic data, we aim to gain insights into

bedload transport thresholds, examine hysteresis patterns and shed

light on the intricate relationship between sediment transport and dis-

charge. Our analysis focuses on a relatively stable section of the

gravel-bed River Feshie in the Scottish Cairngorms (Figure 1) and ana-

lyses seismic signals from the three largest flow events in 2022. We

explore how hydrographic sequencing (Ockelford et al., 2019;

Ockelford & Haynes, 2013) at the River Feshie affects bedload

transport entrainment thresholds through the independent analysis of

seismic and hydroacoustic data.

2 | METHODS

2.1 | Field site: River Feshie

The River Feshie in Scotland is an alluvial tributary of the River Spey

and drains a catchment of �240 km2 with a maximum elevation of
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just over 1200 m (Figure 1) (Ferguson & Werritty, 1983). The

bedrock has low permeability, which results in a hydrograph that

is very responsive to rain and snowmelt events (Chełmicki &

Krzemień, 1999). The headwaters sit on the peat-rich plateau of the

Cairngorms (upstream of SG1 in Figure 1) and then flow downstream

through glacial outwash gravels (downstream of SG1 in Figure 1). The

Feshie is supplied largely by the erosion of glacial moraine and out-

wash channels, resulting in a broad, braided gravel-dominated river

(Brasington et al., 2000; Ferguson & Werritty, 1983). We focus on a

�500 m long (Figure 1b), single-thread reach just downstream of a

wide multi-thread braided section (Figures 1 and 2). Within the study

site, the channel width varies from 25 to 70 m and has a local slope of

�0.006. The bedrock is predominantly Moinian schist and granite,

which dominate the bedload (Ferguson & Werritty, 1983). The

average grain sizes in the bar adjacent to the geophone station

measured using the Wolman pebble count method (Wolman, 1954)

routinely before and after the 2022 events ranged from 5 to 194 mm

with specific grain size fractions: D16 = 14 mm, D50 = 35 mm and

D84 = 72 mm.

A stream gauge that is currently located approximately 12 km

downstream from our site at Feshiebridge (SG3 in Figure 1),

maintained by the Scottish Environment Protection Agency (SEPA),

records a variable flow regime with peak flows exceeding 100 m3s�1

and a maximum peak flow of 260 m3s�1 since recording began in

December 1992. From flow data over the last 7 years at Feshiebridge

(SG3) (Figure 3a), it can be seen that there are generally larger flows

occurring during winter and spring. Flow patterns of 2022 were

generally similar to previous years with low flows during summer and

larger peaked flows in spring, autumn and winter. Summer flows in

2022 were particularly low and were bounded by large events in early

spring and autumn. The largest event of 2022, which we use for this

analysis, peaked at around 138 m3s�1 at SG3 in September. Prior to

this, there had only been six other peaks that exceeded this level over

7 years (Figure 3a); the largest of these occurring in December 2015

as a result of Storm Frank that caused widespread flooding across

much of Scotland, Northern England and Wales (Barker et al., 2016).

Historically, in the late 1970s, a stream gauge was maintained in the

same stretch as our study site by Ferguson & Werritty (1983) and

recorded a mean flow of 3–4 m3s�1 with regular floods reaching

20–30 m3s�1 and the largest recorded floods exceeded 100 m3s�1.

2.2 | Data collection

2.2.1 | Stream gauge data

This study uses water level (stage) measurements recorded at three

stream gauge sites on the River Feshie. To measure water level at our

study site, we deployed a LiDAR (Light Detection and Ranging) water

level sensor on the remains of a footbridge at site SG2, which

F I GU R E 1 Maps of the River Feshie fieldsite at the (a) catchment scale showing the three stream gauge sites, (b) reach scale showing the
sites of instruments used in this study and (c) national scale. Photos of the field deployments can be found in Supporting Information S1. [Color
figure can be viewed at wileyonlinelibrary.com]
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measures the distance to the water surface every 5 min. The water

level data were corrected for the height of the sensor above the river-

bed to provide approximate water depth measurements, assuming the

river bed was fixed. Repeat measurements of the distance from

the sensor to the river bed confirmed that the bed was stable at this

location and the elevation of the bed remained constant during our

study period. Although we can convert to water discharge using these

data combined with channel geometry measurements, we do not have

good constraints to accurately undertake this conversion, which

would induce uncertainty and therefore have chosen to work with the

primary water level observations. We also have access to water level

and discharge data collected every 15 min at stream gauges SG1 and

SG3, located approximately 10 km upstream and downstream of our

site (Figure 1). These data are managed by Dr Andrew Black

(University of Dundee) and SEPA, respectively. We use the SEPA data

as the historic record, since our local sensor has only been operational

since the end of 2020.

The three events analysed in this study occurred on the 11–14

March 2022 (three successive peaks with a maximum water level of

1.27 m at SG2), 30 September–1 October 2022 (one peak with a max-

imum water level of 1.69 m at SG2, a roughly once-in-a-year event)

and 2–3 November 2022 (one peak with a maximum water level of

1.30 m at SG2). These events are herein referred to as the ‘March

event’, the ‘September–October event’ and the ‘November event’,

respectively. The March event followed a series of snowmelt cycles

that caused three repeated peaks in water level, resulting from rainfall

on snow combined with snowmelt and peaked at 84 m3s�1 at the

SEPA station SG3. The larger September–October event was of a

shorter duration and occurred following intense precipitation in the

catchment that coincided with the tailend of Hurricane Fiona that hit

Canada in mid-late September 2022, resulting in peak discharge of

138 m3s�1 at SG3. The November event was an early winter storm

with similar magnitude to the March event; however, it occurred as a

result of high rainfall alone, reaching peak discharge at 90 m3s�1. The

three peaks in the first event allow us to test the consistency of

the onset of bedload, the second event allows us to explore the

impact of a large event on these thresholds of motion, and the third

event allows us to explore the new behaviour of the river after a large

event. Thus, combining data from successive high-flow events, with

only a few small scale peaks occurring in between (Figure 3b), demon-

strates how the technique can be used to make inferences about the

effects of antecedent events on the mobilisation of bedload.

2.2.2 | Seismic and hydroacoustic data

This study integrates seismic and hydroacoustic data to study the

mobilisation and transport of bedload along a short (�100 m) stretch

F I GU R E 2 Photos from the River Feshie fieldsite looking upstream and downstream from SG2 during high flow and low flows. Images are
taken from February and March 2021 as these had the clearest conditions and are representative of general high and low flows at the site. During
the low-flow event, the SEPA stream gauge at SG3 measured a water level of 0.76 m and the high-flow event photographed here peaked at
2.15 m at SG3. [Color figure can be viewed at wileyonlinelibrary.com]
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of the River Feshie (Figure 1). We use the co-located stream gauge

sensor (SG2) to analyse the dependence of the seismic and

hydroacoustic data on water level.

We compare data from two three-component PE6B (4.5 Hz) geo-

phones connected to Digos Data-Cube loggers recording at a sam-

pling rate of 200 Hz. The geophone data were continuously recorded.

The geophones were buried in soil at approximately 10 cm depth

(base of instrument to surface), levelled and oriented with the north–

south (horizontal) component aligned along the downstream river

direction. The geophone at site W_07 was located within approxi-

mately 5 m of the river and 1 m above the base flow water surface. It

was well sited to record a strong river signal as the small source-

to-sensor distance minimises the attenuation of high frequencies,

which is important for this study as we are wanting to resolve fre-

quencies of bedload transport (Figure 1). The geophone at site E_06

was located approximately 300 m from the river as a control site to

characterise other sources of environmental noise, such as precipita-

tion and wind as the impact of rain on the ground and the movement

of vegetation by wind can be recorded by geophones (Dean, 2018;

Rindraharisaona et al., 2022). Both sites have similar geology with

high-velocity Moinian schist bedrock overlain by low-velocity glacial

till (Ferguson & Werritty, 1983). Signals are common to both W_07

and E_06 we identified as non-river environmental noise, and this

approach allowed us to confirm that the relatively high broadband

noise level prior to the water rising is due to hydrometeorological

noise. Generally, seismic bedload studies have used the vertical com-

ponent of seismic waves as, due to the impact direction of bedload

on the river bed, it was assumed that the emitted seismic waves

would be best represented by Rayleigh waves with strong vertical

displacements (Dietze et al., 2019; Tsai et al., 2012). Here, we present

the analysis of the stream-parallel component. This was chosen

because, although using the vertical and the stream-perpendicular

components for the analysis gave similar results, the vertical compo-

nent tended to be noisier due to its susceptibility to rain interference

(see Supporting Information S1) and theoretically the stream-parallel

component should give the strongest river-related signal (Roth

et al., 2016). The area is anthropogenically very quiet with little traffic

on the estate roads, so there is minimal interference from these

sources. The geophones are expected to record both the interaction

of turbulence in the water with the bed and direct collisions of parti-

cles with the bed. It has previously been found that seismic waves

emitted from bedload collisions resulted in higher frequencies than

those from turbulence, with bedload generally found to occur in the

range of 30–60 Hz and turbulence around 1–20 Hz (Dietze &

Gimbert, 2019; Gimbert et al., 2014; Tsai et al., 2012). However,

studies by Schmandt et al. (2013) and Schmandt et al. (2017) found

that the bedload signals could be recorded in a range of frequencies

from 15 to 100 Hz.

F I GU R E 3 (a) Stage measurements from SEPA stream gauge at SG3 from 27 October 2015 to 31 December 2022. Red stars mark the three
largest events in 2022 that are analysed in this study. Red line marks the water level of the largest event in 2022, with peaks that have previously
exceeded this value also marked in red. (b) Stage measurements from local stream gauge sensor at SG2 from March through November 2022,
showing the three largest events with the red stars. [Color figure can be viewed at wileyonlinelibrary.com]
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To independently characterise bedload motion recorded within

the study site, we deployed a hydrophone (Jez Riley French D-series;

https://jezrileyfrench.co.uk/hydrophones.php) within the river at site

H1 connected to our own Raspberry Pi logger to record the

hydroacoustic signal of turbulence and bedload motion. In previous

hydroacoustic studies, hydrophones have been deployed in metal

pipes or attached to metal plates embedded in the river bed (Barrière

et al., 2015), attached to the bottom of boats or river surveying

equipment such as river boards (Geay et al., 2020) or attached to

man-made infrastructure, such as bridges or metal frames (Belleudy

et al., 2010); however, this was logistically not an option in our study

site. Instead, the hydrophone was mounted within a roughly 40 kg

(0.4 � 0.3 � 0.3 m) granite block with a hollow cylindrical core of

diameter 0.2 m in order to protect it from damage by direct impacts

from mobile material (see Supporting Information S1). The hydro-

phone block was located approximately 5 m downstream of the geo-

phone at site W_07 and 40 cm from the river bank (Figure 1). The

recording system was built using a Pi Zero, a Witty Pi for scheduling

and a HiFiBerry DAC + ADC Pro sound card (sampling at 44.1 kHz);

due to the size of the datafiles, we recorded a 30-s sample every

15 min. Data were recorded at two different gains of 30 and 40 dB to

manage potential issues of data quality. In addition to measuring

collisions between particles and the bed, like geophones, acoustic

hydrophones have the potential to record collisions of particles in

suspension. The hydroacoustic data provide independent evidence of

bedload motion within the channel. It was used as a complementary

data set to the seismic data to confirm the occurrence and timing of

bedload motion, which is challenging using seismic data alone due to

the overlapping frequencies of bedload and turbulence signals, as well

as other environmental noise.

2.3 | Data processing and analysis

We pre-process the seismic data by removing the instrument

response through ObsPy using information provided by Digos on the

specific instrument used. We then apply a bandpass filter in the fre-

quency domain (between 4.5 and 99 Hz) to the data prior to

deconvolution to remove the frequencies most affected by the instru-

ment. The data is then detrended to remove the mean trend of the

signal using ObsPy. We computed the power spectral density (PSD)

using Welch’s method (Welch, 1967) with a 1-min window and no

overlap to quantify the variation in seismic power as a function of

time and frequency, which we compare to water level. In order to iso-

late the bedload signal, the standard methodology is to then average

the PSD over the relevant frequency bands (Bakker et al., 2020;

Lagarde et al., 2021; Tsai et al., 2012). This frequency range is

typically around 30–60 Hz with turbulence found to be approximately

1–20 Hz (Dietze & Gimbert, 2019; Gimbert et al., 2014; Tsai

et al., 2012). This approach allows us to compute the PSD for the seis-

mic energy recorded within the frequency range commonly associated

with the occurrence of bedload transport. The data are plotted as a

visual representation of the frequencies of the signal over time as

a spectrogram and then as a time-varying PSD plot to show the tem-

poral change in seismic power over the chosen frequency bands.

Here, we do not use the models developed by Tsai et al. (2012)

and Gimbert et al. (2014) for our analysis as we wanted to take a

data-driven approach. Although these models have been successfully

used in other studies and calibrated with field and flume measure-

ments (Bakker et al., 2020; Lagarde et al., 2021), we wanted to focus

on the real data rather than applying a model to interpret our data

and integrating assumptions into the analysis based on the model out-

puts. The structure of our data is more complicated than the models

can handle and thus we believe it is important to interpret the

real data.

The raw hydroacoustic data contain considerable information

about the processes occurring in the river. There is a distinct audible

signal from turbulence (gurgling), smaller grain sizes being transported

(tinkling and tapping) and larger grain sizes being transported

(thudding and knocking), which can be used to manually classify the

dominant process (see Audio S2,S3,S4). For the duration of each of

the three high-flow events considered here, the 30-s hydroacoustic

recordings taken every 15 min were manually categorised by whether

bedload was being transported. The recordings were categorised as

‘Bedload Transport’ if they were dominated by moving pebbles with

more than 10 pebble hits over a 5-s window; however, if there was

only the occasional pebble movement (<10 per 5 s), and it was domi-

nated by turbulence noises the files were classified as ‘No Bedload

Transport’. The categorisation into the larger and smaller grains being

transported is more ambiguous as it relied on an audible identification

of a change in frequency; more could be done to look at the fre-

quency characteristics of the hydroacoustic data, but this was not car-

ried out for this work. For this work, we have categorised the smaller

grains as ‘Bedload Transport (phase 1)’ and the larger grains as

‘Bedload Transport (phase 2)’. It was assumed that the condition

remained constant between each recording within a single transport

phase, and therefore, the phases were assumed constant. The same

researcher processed all the hydroacoustic data to minimise errors in

the categorisation. At low water levels (�0.6 m), the hydrophones are

exposed and therefore do not record any river-related signals so

are excluded from our analysis. Categorising the hydroacoustic data

provides independent evidence when bedload transport took place

that can be overlain on the seismic analysis to test the thresholds of

entrainment for coarse bedload. It also provides a reliable indepen-

dent measurement of bedload transport occurrence which is required

to interpret hysteretic patterns observed in PSD versus water

level data.

All stream gauge data, including those accessed from gauges SG1

and SG3, were linearly interpolated and resampled to 1-min intervals

so that they could be combined with the geophone data analysed in

minute long windows. Although the water level hydrographs during a

high-flow event are fairly smooth and it is easy to interpolate between

the 15-min samples, there may be some very small variability that is

missed, particularly at base flows. However, 1-min interpolated data

does not mask any of the 15-min recorded data. This also provided a

richer database, as resampling the geophone data to 15-min intervals

to match the original stream gauge data sample rate would potentially

miss important information from the propagating flood waves.

3 | RESULTS

The results compare the co-located geophone and hydrophone data

at site W_07 and H1, respectively, and geophone data collected at a
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control site approximately 300 m from the river (E_06). This compara-

tive analysis is supported by locally measured stream gauge data at

SG2 (Figure 1c). The results describe the river-induced seismic signals

at the two geophone sites, the observed transport thresholds over

three successive high-flow events and the robustness of using hyster-

esis as a fingerprint of bedload transport.

3.1 | Comparison of the river site with the non-
fluvial control site

First, we compare and contrast the geophone data recorded beside

the river (W_07) and at the control site (E_06) in order to discriminate

background environmental signals from those sourced from the river

channel.

The water level time series and spectrograms derived from the

geophone data at each site are plotted in Figure 4 for two different

events. The November event is not shown because the control site

geophone E_06 was not recording at this time. Prior to the water

rising, all the spectrograms show vertical broadband streaks of high

amplitude (approximately �140 to �145 dB), which correspond to

the periods of rain that preceded the water level rises as we observed

no snowmelt-only hydrological events (Figure 4c–f). Similarly, when

the water level drops, it is likely that there will be less rain at the site,

and fewer vertical streaks on the spectrogram, as the water level

would not be dropping if there was still significant rain across the

catchment. This assumption does not necessarily hold true for large

catchments as local conditions may vary from catchment wide condi-

tions, such as rainfall patterns; however, our interpretation makes this

assumption due to the relatively small catchment size. Some of these

streaky broadband signals could also be a result of wind, but it is diffi-

cult to differentiate the two without further meteorological data as

they tend to have similar characteristics and occupy similar frequency

bands (Rindraharisaona et al., 2022).

In contrast to the control site, we see that the PSD time series

measured at the river bank station, W_07, evolves as the water level

changes. During periods of base level flow, when the water is low, the

greatest power is recorded within a frequency range of approximately

5–35 Hz and is continuous, even during low flows prior to and follow-

ing the large events. There is a sudden onset of higher frequency

(30–80 Hz) high power seismic signals at W_07 recorded during the

peak of the flood waves. During the highest water levels, these high

power bands extend to higher frequencies, up to around 85 Hz, but

once the river level drops towards base levels, these higher frequency

signals become less dominant. These high-power, high-frequency

signals are absent from the control site.

In order to develop further understanding of the subsequent,

more detailed results (see below), we make some initial, first-order

F I GU R E 4 Data for two distinct high-flow events in March and September–October 2022, one in each column. Included in this plot are (a,b)
the time series of the water level at SG2, (c,d) the spectrograms of the geophone data (in 1-min windows) at the control site to highlight
environmental noise such as wind and rain and (e,f) the spectrograms of the geophones at the river site, which is dominated by signals of

turbulence and sediment transport. [Color figure can be viewed at wileyonlinelibrary.com]
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interpretations of the signals listed above. We interpret the constant

seismic signal during low flows to be the background river signal (tur-

bulence); this feature is absent at the control site. The frequency

values we observe for this signal is slightly higher than those found in

previous studies but is most likely a result of site characteristics. The

band of higher frequency seismic noise during the event peaks sug-

gests that there is a separate signal in addition to that derived from

turbulence, which is not present when the water levels return back to

base levels. The absence of these signals at the control site enforces

the interpretation that these are river related signals to be determined

by the hydroacoustic data. These comparisons allow us to identify the

seismic signals that are induced by river-related processes, and specif-

ically those induced by bedload transport, which are then used

throughout the rest of this study to analyse transport thresholds and

patterns.

Having documented the fingerprints of different physical pro-

cesses within the time-frequency domain (Figure 4), we simplify the

analysis by focusing on the 30–80 Hz band, as previous studies

(e.g. Burtin et al., 2008; Roth et al., 2016; Turowski et al., 2015) have

found that bedload transport produces signals at higher frequencies

than turbulence, which going by our interpretation from Figure 4

would be >30 Hz. Specifically, in minute long windows shown in the

spectrogram, we average the values of the power over the 50–60 Hz

range for three distinct high-flow events to calculate a single scalar

value at each time, which we refer to as the average power spectral

density (aPSD) in the plots (see Section 2). This narrower frequency

range was chosen as there was less influence from meteorological and

turbulence seismic signals, making the bedload transport the strongest

signal observed for those frequencies.

The aPSDs calculated using the selected 50–60 Hz frequency

band highlight the use of site E_06 as a control site and the strength

of the river-induced seismic signals recorded at W_07. At the control

site, the PSD is dominated by the contributions from the broadband

intermittent meteorological (wind and rain) signals. Consequently, the

aPSD shows large scatter that is independent of the water level

(Figure 5a,b). In contrast, the aPSD at the site beside the river, W_07,

mirrors the variations in water level for all three events, showing a

close parallel between the two (Figure 5c–e). The meteorological

noise is still visible at site W_07 prior to the hydrological peaks, but

the river-induced seismic noise is dominant above base water levels

(�0.90–1.10 m) as turbulence increases and bedload begins to be

mobilised.

3.2 | Analysis across three successive high-flow
events

3.2.1 | Entrainment thresholds of coarse bedload

Using the hydrophone data, we classify whether bedload is being

transported at site W_07, independent of the geophone data, and

include this information on the water level and the concomitant

aPSD plot (Figure 5c–e). The salmon and red-shaded regions in

Figure 5c–e indicate when bedload is being transported, with the

blue shading highlighting when only turbulence was observed and

white regions when the hydrophone was exposed out of the water

and therefore not recording any sound. All three of the high-flow

events recorded the mobilisation of bedload during the peaks in

water level, with the salmon colour, labelled ‘Bedload transport

(phase 1)’ indicating the movement of bedload material. During the

largest of the three events (the September–October event), there

was also an audible shift in frequency of the recordings at the

highest water level (>�1.50–1.60 m), which is shown in the reddish

colour and labelled ‘Bedload transport (phase 2)’ in Figure 5d at the

peak of the event, which lasted approximately 135 min. Recordings

during the two transport phases and the only turbulence phase of

the September–October event (Audio S1–S3) highlight the audible

changes during these processes. This audible frequency drop in the

hydroacoustic data from ‘Bedload transport (phase 1)’ to ‘Bedload
transport (phase 2)’ from 13:15 to 15:30 on 30 September 2022

coincides with a shift to lower frequencies in the geophone data

(Figure 4f and Supporting Information S2), where the lower fre-

quency end of the high-amplitude seismic power dips from about

40 Hz to around 30 Hz at the same time as the peak of the hydro-

graph (30th September 14:00) and then rises back up following the

peak. The gaps between the hydroacoustic categorisations in

Figure 5c–h are due to the 15-min hydroacoustic sampling interval,

resulting in a range of water levels at which mobilisation of coarse

bedload starts. Here, this water level range is greater during the

rising limb than the falling limb (Figure 5f–h) due to the rapid rate of

increase in water level relative to the quarter-hourly hydrophone

recordings compared to the gradually waning falling limb. Similar

features would be observed in a rapidly decreasing flow; however,

this was not the case in the events analysed here.

We compare the timing of onset of bedload transport with the

time-equivalent water level to explore systematic changes in

the threshold for initiation and arrest of motion across the three

events. Figures 5 and 6 reveal that bedload mobilisation during the

moderate March event consistently starts and stops at a water level

of �1.00 m. This is the case across all three daily peaks, labelled 1–3

in Figures 5c and 6b,c. However, during the largest September–

October event, coarse bedload transport initiates at between 0.95

and 1.08 m, accounting for the uncertainty in the sampling period of

the hydroacoustic data. The previously mentioned audible drop in fre-

quency of the hydroacoustic data occurs between 1.50 and 1.59 m

and continues throughout the peak (at 1.69 m) and falling limb and

stops at around 1.39–1.44 m, labelled ‘Bedload transport (phase 2)’ in
Figures 5 and 6. At this point on the falling limb, the audible frequency

of the hydroacoustic recordings increases to a level similar to that of

the initial mobilisation; bedload transport is sustained until the water

level drops to �0.87 m. The September–October event therefore had

coarse bedload mobilisation initiating at �1.00 m on the rising limb

and ceasing at �0.87 m on the falling limb. The third event in

November is much like the early March event in that the mobilisation

of bedload starts and stops at the same level on the rising and falling

limb of the hydrograph. However, for this event, the entrainment

threshold is now similar to that at the end of sediment transport in

the September event at �0.79–0.87 m.

3.2.2 | Hysteresis patterns

Consider the water level versus aPSD plots in Figure 5f–h and

Figure 6a. These allow us to test the validity of the assumption that
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hysteresis in the water level versus PSD is a reliable indicator of

bedload transport processes.

As noted above, bedload transport occurred during all three

events, which was independently evidenced through the

hydroacoustic data. Looking at the water level versus aPSD plots, it

is clear that both the March and November events have similar seis-

mic signals on the rising and falling limbs of the hydrograph and

show minimal signs of hysteresis despite independent evidence from

the hydroacoustic data that bedload was actively being transported.

There is slight clockwise hysteresis seen for the largest peak of the

March event and for only the largest water levels (above

approximately 1.10 m) in the November event; however, there is no

hysteresis for water levels below this despite there being evidence

from the hydroacoustic data of bedload transport occurring from

approximately 1.00 m in the March event and 0.79–0.87 m for the

November event. The two events also show very similar aPSD

values to each other on the rising and falling limbs, suggesting that

the nature of coarse bedload transport may be comparable in both

events.

In contrast, the aPSD analysed over the 50–60 Hz range in the

larger September–October event does exhibit some anticlockwise

hysteresis, but only between �1.00 m and 1.40 m (Figure 5g). Until

F I GU R E 5 Plots summarising the time series of the water level (blue line) and seismic power averaged over the frequency range of 50–60 Hz
(points coloured by time) for the three largest flow events in 2022. Each column displays a different event showing (a,b) the aPSD and water level
time series for the control site highlighting the environmental noise around the water level peaks, (c–e) the aPSD time series for the river site
layered on top of the independent classification of bedload transport activity using the hydroacoustic data (white shading shows gaps in the data
or when the hydrophone was exposed; blue shows periods where the hydrophone records only turbulence; salmon shows when bedload
transport starts (phase 1); and red shows when there is an audible shift to lower frequencies on the hydrophone interpreted to be mobilisation of
larger grains during bedload transport (phase 2)) and (f,g,h) the PSD versus stage relationship with the hydrophone bedload transport
classifications shown as bars for the rising and falling limbs of the hydrological peaks. Numbers 1, 2 and 3 in (c) and (f) are separate labels for each
of the peaks in the March event. Red stars in (d) show the timings of the hydrophone recordings included in Audio S1–S3, labelled A1, A2 and A3.
[Color figure can be viewed at wileyonlinelibrary.com]
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around 12:00 on September 30 (at water levels <1.00 m), the aPSD is

relatively constant at around �160 dB for this event while the rainfall

dominates the seismic signal, as evidenced in Figure 5 d and discussed

above in Section 3.1. Once the water level reaches �1.00–1.10 m, the

aPSD during the rising limb in Figure 5g appears to increase linearly

until around 1.4 m at �148 dB where it levels off slightly until the

peak of the event. During the falling limb, the decrease in aPSD is less

steep until �1.15 m, resulting in a sustained high aPSD, which can

also be seen on Figure 5d where the aPSD remains close to peak

levels for a short time after the peak even once the water level has

begun to decrease. The largest variation in aPSD value between the

rising and falling limb occurs at a water level of 1.2 m with the aPSD

on the falling limb measuring approximately 7 dB higher than that on

the rising limb. Below �1.15 m the value of aPSD falls much more

rapidly. The overlap of the aPSD at water levels greater than 1.4 m on

the rising and falling limb coincides with the transport of ‘Bedload
transport (phase 2)’ from the hydroacoustic data. These water levels

exceed the levels of the March and November events, and so, this

behaviour is not visible on Figure 5f,h.

In summary, the initial entrainment threshold water depth that

was observed in March 2022 dropped by about 15%–20% (�1.00 m

to �0.80–0.85 m) following the September–October event peak, and

this new lower threshold was maintained for the subsequent

November high-flow event. The March and November events show

very little hysteresis, especially at lower water levels, whereas the

larger September–October event shows a larger degree of anticlock-

wise hysteresis for water levels between �1.00 m and 1.40 m (when

bedload transport is observed to initiate) and then behaves linearly at

water levels above 1.40 m. Due to the noise from meteorological sig-

nals at the initial stages of the high-flow events, it is difficult to iden-

tify any features in the seismic data that would indicate the initial

transport of the coarse bedload, which is why the hydroacoustic data

have proven very useful in this analysis.

4 | DISCUSSION

Due to the hazards and risks derived from the transport of coarse

bedload, it is important to be able to monitor when and where the

transport occurs within rivers. The seismic and hydroacoustic mea-

surements at our field site in the alluvial River Feshie, recorded infor-

mation on the mobilisation of coarse bedload. One of the strengths of

our study is using three successive bedload transport events to assess

the variations in thresholds of bedload entrainment and the water

level versus seismic power hysteresis pattern variations through suc-

cessive events.

F I G U R E 6 (a) Superposition of the
PSD versus water level relationships for
three distinct high-flow events to enable a
clearer comparison of the similarities and
differences between each event.
(b) Bedload activity transitions from
independent interpretation of
hydroacoustic data that occurred on the
rising limbs of flood peaks for all three
events; note that for the March and
September events, bedload started being
transported at a water level of �1.00–
1.10 m, while transport during the
November event initiated at a water level
of �0.80 m. (c) Bedload activity transitions
from independent interpretation of
hydroacoustic data that occurred on the
falling limbs flood peaks for all three
events; note that for the March event,
bedload stopped being transported at a
water level of �1.00 m, while the arrest of
bedload transport occurred at �0.85 m for
the September and November events.

[Color figure can be viewed at
wileyonlinelibrary.com]
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We see the coarse bedload transport threshold changes following

the largest of the three events suggesting that there is a dependence

on the recent history of larger discharge events. Without evidence of

dramatic changes in channel profile and bed structure, we speculate

that there may have been a change to grain organisation and sorting

on the bed following the largest event observed in 2022, which

reduces the shear stress needed to entrain coarse bedload therefore

allowing it to be more easily re-mobilised in a subsequent event (Jain

et al., 2021). This could be a result of the very rapid fall in water level

during the largest event compared to the March and November

events inhibiting the bed to find a stable form (Luo et al., 2023;

Masteller et al., 2019; Turowski et al., 2011). Since there were three

other smaller water level peaks that only just exceeded the threshold

of entrainment for the March event, it is possible these caused local

reorganisation and strengthening of the bed up until the September–

October event, at which point the significantly increased discharge

could have cause a break in the local armour layer, leading to a deposi-

tion of unsorted material during the falling limb. The new 0.8 m

threshold is exceeded a number of times between the September–

October and November events and most likely resulted in movement

of only the smallest grain sizes. This was therefore unlikely to contrib-

ute to the development of an armour layer, which would have caused

an increase to the threshold for the November event, which is not

observed in the data.

We hypothesise that, in the absence of a further large flow event

like the September–October 2022 event, over cycles of moderate

scale events, such as snow melt cycles or moderate rainfall events like

the March and November events, the bed will progressively regain its

strength as the clasts locally reorganise, bedforms stabilise, and the

water level threshold for mobility will again rise to a higher value (Luo

et al., 2023; Ockelford et al., 2019). This hypothesis is supported by

the observation that in the initial March event, the daily rainfall plus

snowmelt cycles were just sufficient to initiate the motion of bedload

at their peak, suggesting that these moderate events have helped the

system find a more stable configuration over time. Since events of a

similar size to the March and November events are expected to hap-

pen approximately once every 5–6 months (Figure 3), there is poten-

tial for the river to undergo somewhat frequent local sorting of

material before a large (approximately one in 1 year) event like the

September–October event breaks through the sorted material and

causes large amounts of resorting.

Prior to this study, hysteresis in the water level versus seismic

PSD plot was viewed as an indicator of bedload transport processes,

with a purely turbulence signal expected to have a distinct lack of hys-

teresis (Burtin et al., 2008; Hsu et al., 2011; Turowski et al., 2015). In

our study, bedload was transported in all three events, as evidenced

with the hydroacoustic data, but distinct hysteresis in the high-

frequency seismic signal only occurred in the largest event when using

co-located geophone and stream gauge data from SG2; thus,

using hysteresis in the water level versus seismic data alone as an indi-

cator of bedload transport processes is insufficient to analyse bedload

transport events. Although a small degree of hysteresis was observed

for the March and November events, it only occurred for the largest

peak of the March event and only at water levels above approximately

1.10–1.20 m in the November event. During the smaller two peaks of

the March event and the lower water levels of the November event,

there were no hysteresis patterns observed despite the independent

evidence from the hydroacoustic data that bedload transport did

occur. This shows that hysteresis does not systematically correlate

with the transport of bedload as evidenced from the independent

hydroacoustic data.

Our findings are in agreement with Roth et al. (2017), who found

that hysteresis may not be an effective measure of bedload transport

as they identified that the seismic power tracks more closely to the

changing water levels than the sediment transport rates measured

using impact plate geophones. In addition to the general variation in

PSD during the rising and falling limb of the September–October

event, we also see a levelling off of the PSD for water levels above

1.40 m. One possible cause for a levelling off like this could be due to

clipping of the waveforms when the amplitude of the recorded signal

exceeds the upper limit of the geophones recording range, resulting in

a loss of data. However, this is not the case here, and the observed

behaviour is real (see Supporting Information S1). We speculate this

levelling off in PSD to be most likely caused by the presence of a

sheet flow of granular material, which would make it difficult to

increase the frequency and magnitude of collisions with the bed

(Palucis et al., 2018), thus reducing the seismic power measured in the

high frequencies with increasing water level. Although there may be a

limit on the grain-to-bed interactions during granular sheet flow, there

will likely be increased grain-to-grain interaction, which is possible to

record with the hydroacoustics. Further analysis into the frequency

characteristics of hydroacoustic data would potentially shed some

light on this.

In conjunction with the expected hysteresis at high frequencies,

previous studies have suggested that analysing the low frequency

band (<�1–30 Hz; e.g. Dietze & Gimbert, 2019; Chao et al., 2015;

Burtin et al., 2008) can effectively isolate the turbulence signal. By

focusing on this frequency range, it was suggested that a lack of hys-

teresis would be observed in the water level versus PSD plot (Tsai

et al., 2012). However, findings from this study challenge these

assumptions, especially in relation to the largest event analysed. Con-

trary to expectations, hysteresis is also observed in the lower fre-

quency range that was interpreted to be the turbulence signal from

the data in Figure 4, as shown in Supporting Information S1. This anal-

ysis may be complicated by the fact that bedload and turbulence can

occupy overlapping frequency ranges, and therefore, discrimination of

the frequency bands of interest is very important.

Looking forwards, long-term monitoring on this reach will allow

observing a series of successive events with varying durations. This

will provide a more comprehensive understanding of the factors

influencing the threshold for bedload mobilisation. In particular, we

can assess whether the bedload mobilisation threshold is primarily

influenced by the magnitude of high-flow events, the duration of indi-

vidual events or the periods between events. Furthermore, we can

explore the relationship between these dynamics, the arrangement of

the riverbed structure and the calculation of the entrainment thresh-

old parameter, that is, the Shields stress.

5 | CONCLUSIONS

Developing a clear, robust methodology for understanding and

digitally monitoring bedload transport and fluxes is fundamental for

informing engineering and flood risk models, particularly with the
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concerns regarding the increased magnitude and frequency of flood

events as a result of climate change. The use of seismic sensors is a

key step forward and provides the opportunity to monitor bedload

transport in previously inaccessible conditions. Combining seismic

data with other measurement techniques, such as hydroacoustic data

as done in this study, allows for the independent interpretation of

bedload mobilisation. This cross-checking of complementary methods

increases confidence in identifying bedload transport. By studying

three successive bedload transport events, we test for variations in

the flow conditions in an alluvial river that characterise the onset and

termination of particle entrainment, thereby exploring the presence of

hysteresis in seismic data as a fingerprint of coarse bedload transport.

Through the use of hydroacoustic data to independently characterise

bedload transport, our study found that bedload transport occurred

during all three events but that mobilisation initiated and terminated

at different water levels. Notably, these entrainment thresholds were

influenced by preceding events, with a discernible drop in the thresh-

old flow depth of approximately 15%–20% following the largest of

the three events. Our study also reveals that while hysteresis in seis-

mic data, in relation to water level, can sometimes be indicative of

bedload transport processes, the degree of hysteresis is dependent on

the magnitude of the event and is not a definitive requirement. Being

able to accurately distinguish between distinct seismic signals associ-

ated with bedload transport and water turbulence is crucial and will

enable us to improve our ability to estimate bedload transport fluxes

and gain deeper insights into the complex dynamics of alluvial rivers

impacted by climate change. Our study shows the value in combining

seismic and hydroacoustic data for long-term digital monitoring of

bedload transport and suggests the possibility that this combination

of data will allow us to identify different granular flow regimes in the

field. Routine monitoring with such digital systems enables us to

understand the systematic evolution in the onset of bedload transport

and will be of direct use in calibrating widely used flood and bedload

transport engineering models.
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