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Abstract The Swiss plate geophone is a bed load surrogate monitoring system that had been calibrated
in several gravel bed streams through ﬁeld calibration measurements. Field calibration measurements are
generally expensive and time consuming, therefore we investigated the possibility to replace it by a ﬂumebased calibration approach. We applied impulse-diameter relations for the Swiss plate geophone obtained
from systematic ﬂume experiments to ﬁeld calibration measurements in four different gravel bed streams.
The ﬂume-based relations were successfully validated with direct bed load samples from ﬁeld measurements, by estimating the number of impulses based on observed bed load masses per grain-size class. We
estimated bed load transport mass by developing ﬂume-based and stream-dependent calibration procedures for the Swiss plate geophone system using an additional empirical function. The estimated masses
are on average in the range of 690% of measured bed load masses in the ﬁeld, but the accuracy is generally improved for larger transported bed load masses. We discuss the limitations of the presented ﬂumebased calibration approach.

1. Introduction
Sediment transport exhibits considerable spatial and temporal ﬂuctuations [Einstein, 1937; Gomez et al., 1989],
even under hydraulic steady state conditions [Ancey et al., 2015]. These ﬂuctuations are particularly strong in
mountain streams where sediment availability plays an important role in relation to bed load transport rates
[Lenzi et al., 2004]. For example, when applied to steep gravel bed rivers, empirically based bed load transport
formulae tend to overestimate bed load transport rates by one to three orders of magnitude [Rickenmann,
2001; Almedeij and Diplas, 2003; Barry et al., 2004; Nitsche et al., 2011; Schneider et al., 2015]. This overestimation is also often attributed to the ﬂow resistance produced by the presence of step-pool morphologies and
relatively immobile boulders, which can create plunging jets and skimming ﬂows in which energy is dissipated
in complex turbulent ﬂow interactions [Comiti and Mao, 2012; Nitsche et al., 2012; Monsalve et al., 2016].
Due to the lack of accurate estimations from empirically derived formulae, bed load transport rates in steep
gravel bed streams should ideally be measured directly, meaning that bed load is sampled from the natural
riverbed. Taking direct bed load samples from a river implies a considerable amount of human effort and
time investment, however. Although sophisticated devices able to continuously sample bed load over the
whole width of a river like conveyor belts exist [e.g., Emmett, 1980; Hayward, 1980], they are expensive and
their construction is technically challenging. More widely operated direct bed load samplers are mobile and
compact, like the Bunte bed load trap [Bunte et al., 2007] or the pressure-difference Helley-Smith sampler
[Helley and Smith, 1971; Emmett, 1980]. They are usually deployed by a person standing on or near the river
bed. However, often sampling is difﬁcult or too dangerous during moderate to high ﬂows. In most circumstances, well-designed bed load samplers can provide accurate bed load transport rate measurements,
nonetheless, they do not provide continuous measurements and they are generally not operational at high
ﬂow discharges, when most of the bed material is mobilized.
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To circumvent these limitations, so-called bed load surrogate monitoring techniques have been studied
and developed since the 1980s [Gray et al., 2010]. The aim of these newer surrogate monitoring techniques
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is not to physically sample transported bed load material, but to measure a byproduct of bed load transport
activity with the help of a sensor. Examples include the detection of the acoustic noise created by particle
inter-collisions under water [Thorne, 1985, 1986; Belleudy et al., 2010; Geay, 2013] or by measuring microseismic activity along a river reach [Burtin et al., 2011].
Field calibration of all bed load surrogate monitoring devices is, until now, necessary to obtain absolute
transport rates [Gray et al., 2010]. Indeed, particle size and shape as well as hydraulic conditions speciﬁc to
the ﬁeld site affect the signal registered by bed load surrogate monitoring technologies [Thorne, 1986; Etter,
1996; Bogen and Møen, 2003; Esbensen et al., 2007; Turowski and Rickenmann, 2009; Rickenmann et al., 2014;
Wyss et al., 2016a]. The signal registered by the sensor of bed load surrogate monitoring devices is typically
complex and contains a broad spectrum of information [Krein et al., 2008]. Consequently, to enhance our
understanding of the registered signal, characteristic signal values are usually computed. The monitoring
device can be calibrated if a signiﬁcant correlation is found between a computed signal characteristic value,
like the number of registered signal peaks or a characteristic signal frequency, and a physical property of
the transported bed load like its mass or its particle-size distribution.
Computing characteristic signal values involves signal processing methods that vary in complexity and
computational demand. The Japanese pipe hydrophone consists of a hollow steel pipe installed in the riverbed with a microphone monitoring air-pressure differences resulting from colliding bed load impacting on
the pipe. Mizuyama et al. [2010a] and Dell ’Agnese et al. [2014] calibrated the system with the registered
pulse rate (computed from the raw signal), which correlates with gravimetric bed load transport rate. However, the relation between the number of registered pulses and transported bed load mass varies for different ﬁeld sites [Mizuyama et al., 2010a]. The difference between ﬁeld sites can also be observed for other
surrogate monitoring systems and is attributed to site-speciﬁc hydraulic conditions like mean water ﬂow
velocity at the ﬁeld measuring site [Rickenmann et al., 2014], but also to particle size and shape [Turowski
and Rickenmann, 2009; Mizuyama et al., 2010b; Rickenmann et al., 2014; Barrière et al., 2015], bed load transport rate [Bogen and Møen, 2003; Turowski and Rickenmann, 2009; Rickenmann et al., 2012; Turowski et al.,
2015], and bed roughness [Wyss et al., 2016a].
Other examples of successfully calibrated bed load surrogate monitoring devices are seismometers installed
near a river channel. Burtin et al. [2008] showed that the seismic signal recorded in the vicinity of a stream is
affected both by ﬂowing water (hydrodynamic effects) and by bed load transport activity. They suggested
that bed load creep and pebble saltation are responsible for the recorded high frequencies. Their ﬁndings
agree well with the mechanistic model developed by Gimbert et al. [2014], in which seismic noise caused by
turbulent ﬂow and seismic noise caused by bed load transport are attributed to lower and higher induced
frequencies, respectively. More recently, Roth et al. (D. L. Roth, et al., Sediment transport inferred from seismic signals near a river, submitted to Journal of Geophysical Research, 2015) developed a model to estimate
bed load transport from a linear inversion of seismic spectra recorded near a steep gravel bed stream with
considerable accuracy, i.e., with coefﬁcient of determination R2 between measured and computed bed load
ﬂuxes of about 0.5.
A well-studied bed load surrogate monitoring device is the Swiss plate geophone system which has been
used to actively measure bed load transport over decades at the Erlenbach, a steep stream located in the
Swiss pre-alps [Rickenmann and Fritschi, 2010; Rickenmann et al., 2012]. It has also been calibrated in different steep gravel bed rivers to measure bed load transport rates [Rickenmann et al., 2012; Hilldale et al., 2014;
Rickenmann et al., 2014]. The applicability spectrum of the Swiss plate geophone spreads from investigating
the start and end of bed load transport [Turowski et al., 2011], estimating the thickness of the actively transported layer [Schneider et al., 2014], demonstrating tools and cover effects related to erosion processes in
the ﬁeld [Turowski and Rickenmann, 2009], quantifying the effect of particle size in the energy delivered to
the stream bed [Turowski et al., 2015] to determining bed load transport by particle-size fractions [Wyss
et al., 2014, 2016b].
Flume experiments are an ideal tool to quantify the effect of bed load transport determinant parameters on
the signal registered by bed load surrogate monitoring devices [Thorne, 1985; Etter, 1996; Bogen and Møen,
2003; Esbensen et al., 2007; Turowski and Rickenmann, 2009; Belleudy et al., 2010; Mizuyama et al., 2010b;
Tsakiris et al., 2014; Wyss et al., 2016a]. However, there are only few studies that attempt to compare the signal obtained in the laboratory to that in the ﬁeld [Krein et al., 2008; Downing, 2010; Beylich and Laute, 2014;

WYSS ET AL.

FLUME EXPERIMENTS WITH THE SWISS PLATE GEOPHONE: VALIDATION

7761

Water Resources Research

10.1002/2016WR019283

Barrière et al., 2015; Mao et al., 2016]. For example, for a system consisting of an impact plate with an accelerometer, Beylich and Laute [2014] used their ﬁndings from laboratory ﬂume experiments to interpret the
signal registered by an uncalibrated device installed in the ﬁeld. They were able to determine the smallest
particle size detectable with their system and to explain some bed load transport dynamics features in two
gravel bed rivers. However, lacking ﬁeld calibration data it is difﬁcult to discuss how well their ﬂume-based
calibration can be applied to ﬁeld conditions.
Using another impact plate system, Barrière et al. [2015] performed both ﬂume experiments and ﬁeld measurements. Based on the ﬂume experiments, they developed a calibration relation to determine the median
particle size D50 by combining amplitude and frequency information computed from a portion of the signal
corresponding to a single particle impact. The range of investigated D50 values covered about one and a
half order of magnitudes from 2 to 50 mm. When this relation was applied to the ﬁeld measurements for a
ﬂood with bed load transport it predicted a reasonable variation of D50 values with changing water
discharge.
Recently, data obtained from laboratory ﬂume experiments with the Japanese pipe hydrophone was systematically compared to ﬁeld calibration measurements [Mao et al., 2016]. They were able to establish a reasonable ﬂume calibration of the system, with an R2 of 0.88 between measured and estimated bed load
transport rates. From their ﬂume experiments, they exploited the fact that larger particles trigger larger
amplitudes registered by the system [Mizuyama et al., 2010b]. Analogous to the packet counts for different
amplitude classes with the Swiss plate geophone system used by Wyss et al. [2016b], Mao et al. [2016] analyzed data from different channels registered by the Japanese pipe hydrophone and developed a calibrated
relation to estimate D50 of the transported bed load material. When they applied this relation to ﬁeld measurements, it resulted in a R2 50:43 between predicted and measured median particle size D50 of the bed
load samples.
In this second of two companion papers, we ﬁrst validate the ﬂume-based relations for the Swiss plate geophone. These relations were obtained in part I of the study [Wyss et al., 2016a], in which we determined the
number of geophone impulses normalized by bed load mass per grain-size class primarily as a function of
particle size and mean water ﬂow velocity. The ﬂume-based relations are validated by comparing the estimated number of impulses with those recorded in the ﬁeld. This concerns ﬁeld calibration measurements
which were performed earlier in four gravel bed streams: Erlenbach (CH), Navisence (CH), Fischbach (AT),
and Ruetz (AT). To do so, the measured bed load masses by grain-size class are combined with the ﬂumebased relations. We then develop two ﬂume-based calibration methods, one site-dependent and one siteindependent, that can be used to quantify transported bed load mass in the ﬁeld for a situation with measured geophone impulses but unknown partitioning of the total bed load into fractions by grain-size class.

2. Methods
2.1. The Swiss Plate Geophone: Signal Characteristics
The Swiss plate geophone is a widely used bed load surrogate monitoring system. It is a robust device that
provides accurate bed load transport rate measurements after successful calibration in the ﬁeld [Rickenmann et al., 2012, 2014]. It consists of a steel plate of dimensions 360 mm length, 496 mm width, and
15 mm thickness, horizontally installed over the streambed against which moving bed load particles impact.
A geophone sensor (GS-20DX manufactured by Geospace Technologies, Houston, Texas) continuously measures the vibrations of the steel plate at a sampling rate fs of 10 kHz.
There were digital storage capacity limitations in the ﬁeld bed load monitoring stations with the Swiss plate
geophones when they were installed. Therefore, for regular ﬁeld measurements, characteristic signal values
computed over a given time interval Dt;comp (1–15 mi depending on the station) were stored instead of the
whole raw signal. For ﬁeld calibration measurements, Dt;comp is typically set to 1 s. So far, only for the Erlenbach stream the raw signal was recorded during the calibration measurements.
The following characteristic signal values are continuously stored at the ﬁeld stations: The number of impulses
I recorded over a predeﬁned amplitude-threshold which is related to the number of particle impacts and
therefore to the transported bed load mass [Rickenmann et al., 2012, 2014]; the maximum positive amplitude
during the sampling period maxA, which is related to the size of the largest transported particle [Etter, 1996;
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Rickenmann et al., 2014; Wyss et al., 2016b].
Other summary values are also continuously
stored [Rickenmann et al., 2014], but are not
further discussed here because they were
not used in this study.
2.2. Field Sites and Field Calibration
Measurements
About 20 ﬁeld sites primarily in Europe, one
in Israel, and one in the USA are equipped
with Swiss plate geophones. In this study
(part II of two companion papers), the
Figure 1. Location of the four streams used in this study for the validation
ﬂume-based calibration of the Swiss plate
of the ﬂume-based calibration curves for the Swiss plate geophone system.
geophone obtained in part I [Wyss et al.,
2016a] are validated with ﬁeld calibration measurements from the streams given in section 1 (Figure 1).
Catchment and channel characteristics of the streams as well as hydraulic and bed load transport properties
during the calibration measurements are summarized in Table 1. At the Erlenbach direct bed load samples
were taken with automated metal basket samplers with a mesh size of 10 mm and a basket opening of
100 cm by 100 cm, covering the width of two Swiss plate geophones [Rickenmann et al., 2012]. At the Navisence, a metal basket with a mesh size of 8 mm and an aperture of the steel frame of the sampler of 50 cm
by 50 cm was stabilized directly downstream of one of the 12 geophone plates with the weight of an operator standing on the basket [Ancey et al., 2014; Travaglini et al., 2014]. At the Fischbach and the Ruetz, bed
load samples were taken by deploying a 10 mm mesh-sized basket with an aperture of the steel frame of
the sampler of 50 cm by 50 cm stabilized trough a streamlined metal pillar 50 cm downstream of one of the
18 geophone plates [Rickenmann et al., 2014]. For comparison purposes, only bed load material from all bed
load samples retained by a 10 mm square-spaced sieve is considered in this study.
2.3. Application of Flume-Based Calibration Relations to Field Measurements
A calibration relation is deﬁned here as a function that relates a characteristic signal value dv registered by
the Swiss plate geophone to bed load particle size D (Figure 2). From our ﬂume experiments performed in
near real-scale prototype conditions [Wyss et al., 2016a], we obtained different ﬂume-based calibration relations by varying mean ﬂow velocity VW , bed load material properties (particle shape f), and ﬂume-bed sand
roughness ks . Our results show how dv varies in relation to these parameters:
dv 5f ðD; VW ; f; ks Þ :

(1)

Validation of the ﬂume-based calibration of the Swiss plate geophone is done solely by applying the
impulse-diameter relations obtained in the laboratory [Wyss et al., 2016a] to the ﬁeld calibration measurements, without any further calibration step. Rickenmann et al. [2014] used the maximum amplitude maxA
registered over the duration of the calibration measurements Dt;sampling , to estimate the size of the largest
transported bed load particle Dmax . In general, the recorded maxA values depend on the sampling time or
recording interval. In contrast, due to its cumulative nature, the information contained in the number of registered impulses I is independent of Dt;comp , as long as the time interval Dt;comp is greater than the duration
of an impulse Dt;I which in the case of the signal registered by the Swiss plate geophone ranges roughly
from 0.3 to 3 ms. This makes I an ideal summary value to measure bed load transport rates and to use it for
the comparison of the registered geophone signal from different ﬁeld sites with different Dt;comp and
Dt;sampling (Table 1).
The laboratory impulse-diameter relation is validated by comparing the impulses registered in the ﬁeld with
the ones computed. To do so, we used ﬁeld sieved bed load masses per grain-size class from ﬁeld calibration measurements together with the laboratory impulse-diameter curves (method A).
We additionally developed two purely ﬂume-based approaches that required an additional calibration step
and that can be applied in the ﬁeld for a situation with measured geophone impulses but unknown partitioning of the total bed load into fractions by grain-size class. The ﬁrst (method B1) requires a streamspeciﬁc ﬂume calibration relation, whereas the second (method B2) represents a generalized streamindependent calibration.
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Table 1. Catchment and Hydraulic Characteristics at the Field Sites, Partly Summarized From Rickenmann et al. [2014]
Stream
Parameter
Catchment drainage area
Station elevation
Glacier area
Bed surface D50
Bed surface D84
Channel width at geophone site
Geology
Particle shape fc
Stream gradient upstream of site
Threshold for impulse count
Field calibration measurements
Dt;comp e
Discharge Qf

Unit discharge qf

Sampled bed load massf

Unit solid transport rate qb f

Mean ﬂow velocity VW h

Water depth hW

Froude number Fr

Units
2

km
m
%
mm
mm
m

%
V

min.
avg.
max.
min.
avg.
max.
min.
avg.
max.
min.
avg.
max.
min.
avg.
max.
min.
avg.
max.
min.
avg.
max.

s
m3 /s

m2 /s

kg

g/s m

m/s

m

Erlenbach

Navisence

Fischbach

Ruetz

0.7
1 110
0
70
290
1.5a
Flysh
Bladed, angular
16
0.1
80
1
0.2
0.67
1.53
0.13
0.45
1.02
0.17g
108g
352g
0.27g
625g
6 623g
4.8
5
6.5i
0.08j
0.10j
0.15j

82
1 650
25
102
228
6.0
Gneiss
Bladed, angular
3
0.1
96
60
2.6
6.1
8.9
0.42
1.02
1.48
0.06g
1.76g
9.4g
0.38g
16.8g
100g
1.8
2.4
2.8
0.24
0.41
0.57
1.03
1.21
1.26

71
1 540
17
86
206
9.0
Paragneisb
Bladed, round
2
0.07d
28
1
4.8
9.5
17.2
0.54
1.06
1.91
1.50g
65.6g
431.4g
4.99g
528.5g
7 200g
1.5
2.2
2.8
0.39
0.53
0.72
0.72
0.86
0.99

28
1 684
22
98
279
9.0
Paragneisb
Bladed, round
5.5
0.07d
17
1
3.7
4.9
8.7
0.41
0.54
0.97
3.8g
23.4g
128.2g
5.94g
50g
213g
1
1.3
1.9
0.36
0.4
0.52
0.61
0.66
0.82

6.1

a

An approximated width of 1.5 m was estimated from ﬁeld observations at the Erlenbach.
The geological overview map also shows a minor presence of orthogneis.
Particle shape f was attributed by measuring the three axis of at least 460 bed load particles of each stream [Wyss et al., 2016a] (supporting information). Particle angularity was attributed by comparison with the description from pebbles photographs in Turowski and
Rickenmann [2009].
d
Before the impulse count, the raw signal is damped by 30% in these stations.
e
Interval for computation of signal characteristics.
f
Values according to those measured during calibration measurements from previously calibrated stage-discharge relationships.
g
For particle size D > 10 mm.
h
Computed from the continuity equation VW 5Q=A, where A is the wetted surface area over the cross section where the geophone
plates are installed. At the Erlenbach, A is computed from continuous ﬂow-depth measurements with a 2-D laser sensor TiM551 by SICK
C installed in spring 2014 [Wyss et al., 2016b]. At the Navisence, Fischbach, and Ruetz, A is computed from the known geometry and
AGV
the ﬂow-depth measurements provided by the water-stage at the measuring cross section, together with the calibrated discharge data
i
The maximum mean ﬂow velocity corresponding to the maximum discharge was estimated by a rough interpolation from smaller
discharge ranges, i.e., 0.2–1 m3 /s, for which the 2-D laser proﬁle measurements of the water surface provide accurate velocity estimates
at the Erlenbach [Wyss et al., 2016b]. Above 1 m3 /s, rainfall starts to have a refracting effect on the laser measurements which makes
the determination of A unreliable. Note that the VW estimated by Rickenmann et al. [2014] are inaccurate because 2-D laser proﬁle measurements are available only from May 2014 until September 2015.
j
Measured with a 2D rotating laser sensor [Wyss et al., 2016b].
b
c

2.3.1. Method A: Validation of Flume-Based Calibration Relations With Sieved Field Bed Load
Samples
In this approach, validation is done by comparing the number of impulses registered in the ﬁeld Iﬁeld with
the number of impulses computed with the laboratory impulse-diameter relations Iﬂume based on the
measured bed load masses by grain-size class in the ﬁeld. From our ﬂume experiments [Wyss et al.,
2016a], we determined a calibration relation for the parameter kbj , deﬁned as the number of registered
impulses divided by the transported mass for particles of a deﬁned grain-size fraction j (Figure 2). These
experiments were performed with a wired mesh as bed roughness with an estimated effective sand
roughness ks of 1 mm.
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The values of kbj as a function of Dm
for the ﬂume experiments could are
well ﬁtted with a generalized Frechet
distribution [Wyss et al., 2016a]. The
advantage in ﬁtting a curve is that it
allows for the computation of impulses
Iﬂume independently of the size of
the sieved bed load fractions j in the
ﬁeld as:
Iflume 5

n
X

kbj;flume  Mj;field ;

(2)

j51

Figure 2. Illustration of an impulse-diameter relation established from laboratory
experiments [Wyss et al., 2016a] ﬁtted with a generalized Frechet distribution
curve FC.

where Mj;field is the bed load mass of
particle size fraction j of a given ﬁeld
sample and kbj;flume is the calibration
parameter derived from the ﬂume experiments. There is a strong dependency of kbj;flume on the size of
the transported particles Dm (Figure 2), which is computed as the geometric mean of the upper and the
lower sieve sizes. Hence, comparing Iﬂume with the number of registered impulses in the ﬁeld Iﬁeld for
every calibration measurement reveals the accuracy or validity of the established ﬂume-based calibration
curve.
2.3.2. Method B1: Development of Purely Flume-Based Calibration Procedure, for Each Stream
This approach consists of the development of a stream-speciﬁc procedure, and a ﬁnal equation, established
without any direct knowledge of the transported bed load particle size fraction mass Mj .
The number of impulses registered by the Swiss plate geophone normalized by unit transport mass (kb values) are mainly affected by two key parameters: the size of the transported particles D and the velocity at
which they are transported Vp . Although Vp is difﬁcult to estimate in the ﬁeld, we assume that it is related
to the mean water ﬂow velocity VW [Julien and Bounvilay, 2013]. For our ﬁeld sites, we determined VW based
on ﬂow depth hw or discharge Q, the cross section geometry, and available stage-discharge relations
(Table 1).
We further use the information about the largest transported particle size Dmax estimated from the maximum
amplitude maxA registered during ﬁeld calibration measurements for each stream [cf. Rickenmann et al.,
2014]. The estimated value Dmax;est is then used as upper integration limit of the ﬁtted Frechet curve FC:
Xn
Ifield 5kb  Mtot 5

k
 Mj;field
j51 bj;flume
Xn
M
j51 j;field

 Mtot 5Cs;i  Mtot

ð D5Dmax;est
FC dD ;

(3)

D50

where Cs;i is a parameterX
to be calibrated and i is the number of the ﬁeld calibration measurement for a givn
en stream s. Given that
M
5Mtot , equation (3) can be rewritten as:
j51 j;field
Xn
Cs;i 5

k
 Mj;field
j51 bj;field
ð D5Dmax;est

kb;field
5 ð D5Dmax;est
:
FC dD
FC dD

Mtot 

D50

(4)

D50

The stream-speciﬁc coefﬁcient kb;flume;stream [1/kg] is computed by integrating the particle-size dependent
ﬂume-based calibration relation from D 5 0 to D5Dmax;est :
ð D5Dmax;est
kb;flume;stream 5Cs ðMtot Þ
FC dD ;
(5)
D50

where FC5f ðD; VW Þ is the generalized Frechet distribution ﬁtted to the ﬂume-based stream-dependent calibration relation (Figure 2), determined with the closest mean ﬂow velocity VW to the one estimated in the
ﬁeld (Table 1). The calibration parameter Cs is obtained from an empirical relation ﬁtted to the data of Cs;i
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and Mtot for each stream. Total transported bed load mass Mtot;est can ﬁnally be calculated by an alternative
form of equation (3):
Mtot;est 5

Ifield
:
kb;flume;stream

(6)

2.3.3. Method B2: Development of Purely Flume-Based Calibration Procedure, Generalized for All
Streams
This approach is analogous to B1, but generalized in the sense that it consists of the development of a
stream-independent procedure. The ﬁrst step is to generalize the Frechet distributions characterizing the calibration curves FC5f ðDj Þ, which were obtained for bed material from four streams and for different mean
ﬂow velocities VW . To this end, the parameters deﬁning the ﬁtted Frechet distributions are parametrized as a
function of the mean ﬂow velocity VW . This allows to proceed exactly as in approach B1, but with an impulse
calibration coefﬁcient kb;flume;gen generalized for all streams, in which VW is the single independent variable:
ð D5Dmax;est
kb;flume;gen 5Cgen ðMtot Þ
FC dD ;
(7)
D50

where Cgen is, in contrast to method B1, a single empirical relation ﬁtted to the data of Cs;i and Mtot for all
four streams. Total transported bed load mass Mtot;est can ﬁnally be calculated with:
Mtot;est 5

Ifield
:
kb;flume;gen

(8)

3. Results
3.1. Method A
We compare here the number of impulses registered in the ﬁeld Iﬁeld, which is directly related to the transported bed load mass [Rickenmann et al., 2012, 2014], with the number of impulses obtained from the
laboratory-based relation for kbj;flume by applying equation (2). For the comparison, we computed the discrepancy ratio rI for each ﬁeld calibration measurement as:
rI 5

Iflume
:
Ifield

(9)

For each of the four streams, Iﬂume was estimated with the ﬂume-based calibration relations for all VW values
for which ﬂume experiments were performed. The results of this comparison are shown in Figure 3 only for
the nearest mean ﬂow velocity (between ﬂume and ﬁeld) and in Table 2 for all mean ﬂow velocities investigated in the laboratory. If we consider the ﬂume conditions closest to the mean ﬂow velocity in the ﬁeld,
the relative standard error of the estimated impulses is in the range of 655% to 125% for the four streams.
On average, the relative standard error is about 680%. The variability of the discrepancy ratio is further illustrated by box-plots in Figure 3, highlighting a relatively poorer prediction of impulses for the Navisence and
Ruetz streams than for the Erlenbach and Fischbach.
3.2. Method B1
Rickenmann et al. [2014] showed that the number of impulses registered by the Swiss plate geophone varies
between ﬁeld sites for the same amount of transported bed load material (Figure 4). From ﬁeld measurements they determined the calibration coefﬁcient kb;field linking total transported mass Mtot to the number
of registered impulses:
Ifield 5kb;field  Mtot ;

(10)

where Iﬁeld is the number of registered impulses counted above the threshold voltage during the whole
sampling time.
Our ﬂume experiments showed that the number of impulses registered by the Swiss plate geophone is
highly dependent on the size of the transported particles [Wyss et al., 2016a]. Therefore, to compute a calibration coefﬁcient kb;flume derived from the ﬂume-based calibration curves, some information about the size
of the transported particles is necessary. We estimated the size of the largest transported particle Dmax;est
from the maximum registered amplitude maxA as in Rickenmann et al. [2014]. The relation between the
maximum registered amplitude by the Swiss plate geophone over the entire sampling period maxA and the
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Figure 3. Method A: Ratio of ﬂume-computed to ﬁeld-measured impulses rI (equation (9)) for all ﬁeld calibration measurements, shown as
a function of total sampled bed load mass Mtot . Here, we show rI computed with the ﬂume-based calibration relations obtained with the
nearest mean ﬂow velocity VW to that in the ﬁeld (Table 2). The solid line indicates a perfect agreement. On the right, the boxplots cover
the interquartile range IQR and the whiskers the range of 61:5 IQR from the medians. One data point of the Erlenbach and the Fischbach
streams and seven data points of the Navisence have an rI value smaller than 1021 [–]. These data were left out of this ﬁgure to better visualize the considerable scatter around the perfect agreement.

size of the largest measured transported bed load particle Dmax is reasonably consistent between different
ﬁeld sites [see also Rickenmann et al., 2014] (Figure 5). A power law equation describing the increase in Dmax as
a function of maxA for the ﬁeld calibration measurements at the four sites is used to compute the estimated
Dmax as:
Dmax;est 5aF  maxAbF :

(11)

With the coefﬁcient aF 585:5 [mm/V] and exponent bF 50:41 [–], equation (11) has a coefﬁcient of determination R2 of 0.61.
The ﬁrst step is to calibrate Cs;i using equation (4). A further analysis showed that Cs;i values decrease
with increasing Mtot (Figure 6), and an estimated value Cs can be obtained from a power law regression
of the data as:
Table 2. Mean Discrepancy Ratio r I (Equation (9)) for all Calibration Measurements Per Stream Obtained for Different Mean Flow Velocities VW in
the Flume [Wyss et al., 2016a] and Its Corresponding Relative Standard
Error re;I a
b

VW;field (m/s)

VW;flume (m/s)

r I (–)

re;I (–)

Erlenbach

5.0

Navisence

2.4

Fischbach

2.2

Ruetz

1.3

1.5
2.5
3.5
4.7
1.6
2.0
3.0
1.0
2.0
3.0
1.0
2.0
3.0

1.82
0.99
0.75
1.28
0.98
0.75
0.61
1.78
0.97
0.85
2.25
1.62
1.09

1.34
0.40
0.30
0.55
0.78
0.67
0.66
0.57
0.71
0.86
1.25
0.88
0.72

Stream

a
The values in italics refer to ﬂume conditions which are closest to the
mean ﬂow velocity in the ﬁeld.
b
re;I computed as the standard deviation of the difference between
Iﬂume and Iﬁeld, divided by the average number of impulses registered in
the ﬁeld I field for each stream individually.
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Cs 5aC  MbtotC :

(12)

The coefﬁcient aC [1/kg mm] and exponent
bC [–] in equation (12) vary with bed load
material properties and are summarized in
Table 3.
Although the correlation between Cs;i
and Mtot is rather weak (Table 3) a power
law function seems reasonable to ﬁt
each stream independently (Figure 6 and
Table 3).
To estimate Cs , equation (12) was applied
using as initial value Mtot calculated with
the number of impulses and an average
coefﬁcient kb;field;avg 512:6 1/kg (Figure 4)
for all four streams (Figure 4). The total
transported bed load mass Mtot;est was
then calculated using equations (5) and (6),
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together with estimates of the largest transported particles Dmax from the amplitude of
the signal (equation (11)). Using the value
Mtot;est the calculation procedure was repeated iteratively, starting with equation (12),
and using equations (5) and (6). The calculation procedure was found to converge sufﬁciently precisely after 10 iteration steps, with
an average difference of the Mtot;est values of
the last steps of less than 0.1%.
As a measure of prediction accuracy, rM is
deﬁned as the discrepancy ratio of Mtot;est , to
the measured bed load mass Mtot :
rM 5

Figure 4. Number of registered impulses in the ﬁeld Iﬁeld as a function of
total transported bed load mass Mtot (D > 10 mm). The properties of the
calibration measurements are summarized in Table 1. The solid line represents an averaged linear relation between Mtot and Iﬁeld for all four
streams, i.e., kb;field;avg 512:6 1/kg. Adapted from Rickenmann et al. [2014].

Mtot;est
:
Mtot

(13)

Its performance is illustrated in Figure 7 as a
function of Mtot . The performance of this
method is further compared to method B2
through the relative standard error calculated between Mtot;est and Mtot for the ﬁeld calibration measurements (Table 4).

The use of method B1 (Table 4) to estimate
total transported bed load mass tends to produce more accurate results for larger transported bed load
masses (Figure 7). The discrepancy between estimated measured values appears to be particularly reduced
for Mtot values larger than about 30 kg. On average, the computed ﬂume-based calibration coefﬁcient
kb;flume;stream is in the range of 630% of the calibration coefﬁcient measured the ﬁeld kb;field (Table 4), but
the uncertainty is considerably larger for the data from the Navisence with relatively small Mtot values
(Figure 7).
3.3. Method B2
The four parameters deﬁning the ﬁtted generalized Frechet distribution describing the impulse-diameter
relation of the Swiss plate geophone for bed load material from all four streams were found to vary with
the mean ﬂow velocity VW [Wyss et al., 2016a]. As a result, a generalized impulse-diameter relation
FC5f ðDm Þ was established using VW as additional variable (Figure 8). The equation and parameters of the
generalized Frechet distribution are reported in Wyss et al. [2016a].

Figure 5. Dmax as a function of maxA for the ﬁeld calibration measurements. Data from 236 ﬁeld calibration measurements were used to
obtain the power law ﬁt. The red curves indicate the 95% conﬁdence interval CI. To compensate the damping of the geophone signal at
the Fischbach and the Ruetz, maxA values were multiplied by a factor of 1.3 as in Rickenmann et al. [2014].
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In this method, a general ﬁt for the
data Cs;i 5f ðMtot Þ for the four streams
(Figure 6) was obtained applying an
equation in the form of:
ag
c :
Cgen 5 
log10 ðMtot 1bg Þ g

(14)

Parameters ag 50:013; bg 51:28, and
cg 50:98 with the respective R2 50:21
in equation (14) were determined
using a nonlinear least square optimization procedure. The optimization
procedure was performed with ﬁve
equally log-spaced binned data of
each stream, such that, even if the
streams differ in the number of ﬁeld
Figure 6. The calibrated parameter Cs (from equation (4)) is shown as a function
measurements (data points) they are
of Mtot . Cs appears to vary also with bed load material properties (Table 3). The
equally weighted before ﬁtting equasolid black line is a general ﬁt obtained with the data from all streams (equation
(14)) and the red curves indicate its 95% conﬁdence interval CI.
tion (14). By doing so, a general calibration coefﬁcient kb;flume;gen can be
computed with equation (7). The values of the integral in equation (5) with the stream-dependent parameter FC (B1) and in equation (7) with the stream-independent parameter FC (B2) derived from the ﬂume calibration measurements are comparable (Figure 9). Note that for the Navisence and the Fischbach the values
of the integral in equation (7) are very similar in method B2 (Figure 9b), because they were computed with
the generalized impulse-diameter relation (Figure 8) with a similar VW value measured in the ﬁeld (Table 1).
The total transported bed load mass was computed using the generalized stream-independent calibration
coefﬁcient kb;flume;gen in equation (8) (Figure 10). Results obtained with methods B1 and B2 are summarized
quantitatively in Table 4.
The use of approach B2 (Table 4) to estimate total transported bed load mass tends to produce more accurate results for larger bed load masses (Figure 10). The discrepancy between estimated measured values
appears to be particularly reduced for Mtot values larger than about 30 kg. On average, the relative standard
error between the estimated and the measured bed load masses in the ﬁeld is of order 3 (Table 4). However,
this average value of uncertainty is considerably inﬂuenced by the relatively poor performance of the method B2 in the case of the Fischbach with a value of 5.54 (Table 4), for which the Cs;i values tend to be generally underestimated using equation (14) (Figure 6), resulting in an overestimation of the measured bed load
masses in the ﬁeld (Figure 10).
3.4. The Effect of Bed Roughness
The validation calculations presented in section 3.1 were done with ﬂume-based calibration curves performed over a rough ﬂume bed with a sand roughness ks 51 mm upstream of the geophone. At the Erlenbach and the Navisence streams, the Swiss plate geophones are installed in an artiﬁcial concrete bed
where the presence of cemented boulder riprap creates some artiﬁcial roughness. At the Fischbach and
the Ruetz streams, the Swiss plate geophones are mounted in a sill installed across the natural stream
bed. Flume experiments with a smooth bed (ks 5531022 mm) were performed additionally with bed
material from the Erlenbach. Here we illustrate the effect of bed roughness on the predicted number of
impulses by validating the ﬁeld measurements using impulse-diameter curves
obtained with a smooth bed, i.e., a PVC plate
Table 3. Coefﬁcient aC and Exponent bC in Equation (12) With Respecupstream of the Swiss plate geophone in
tive Coefﬁcient of Determination R2 for the Different Streams
the ﬂume [Wyss et al., 2016a]. As in section
Stream
aC (1/mm)
bC (–)
R2 (–)
3.1, equation (9) was used to compute the
Erlenbach
0.010
20.165
0.25
Navisence
0.032
20.558
0.43
number of impulses with the ﬂume-based
Fischbach
0.022
20.149
0.16
calibration relations, obtained both with a
Ruetz
0.017
20.301
0.19
rough and a smooth ﬂume bed (Figure 11).
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Figure 7. Method B1: Ratio rM of estimated to measured bed load mass as a function of measured bed load mass Mtot . Mtot;est was estimated with equations (5) and (6) and the stream-speciﬁc relations Cs 5f ðMtot Þ. On the right, the boxplots cover the interquartile range IQR and
the whiskers the range of 61:5 IQR from the median. Three data points of the Erlenbach and seven data points of the Navisence have an
rI value either larger than 101 [–] or smaller than 1021 [–]. These data were left out of this ﬁgure to better visualize the considerable scatter
around the perfect agreement.

The level of accuracy is illustrated by the discrepancy ratio between computed and measured number of impulses
rI (equation (9)) and the relative standard error re;I (Table 5). This comparison mainly indicates that with a smooth
bed the ﬂume-based calibration results in a considerable underestimation of the number of impulses measured in
the ﬁeld.

4. Discussion
4.1. Comparability of Signal Response Between Field and Laboratory Systems
To enable a direct comparison between the signal response in the laboratory and in the ﬁeld, a projectile
ball was dropped from different heights over the center of the Swiss plate geophone installed in the laboratory ﬂume and at the Erlenbach stream. The ball has a mass of 144 g and is made of a hard rubber with a
steel center and has previously been used to determine the energy transfer to the geophone plate [Turowski and Rickenmann, 2009; Turowski et al., 2013]. The ball was dropped 5 times from 10, 30, 50, 100, 250, 500,
and 1000 mm height above the plate’s center and recovered after the ﬁrst bounce. The complete signal
response of Swiss plate geophone following a single impact is assumed to be contained within a packet
[Wyss et al., 2016a]. The maximum positive amplitude within a packet Amax;P registered at the different drop
heights is a metric that can be compared for the Swiss plate geophones installed in the laboratory ﬂume
and in the ﬁeld at the Erlenbach. It was not possible to perform drop tests over the Swiss plate geophones
at the other sites, because in contrast to the Erlenbach there is a minimum water discharge during the
entire year that continuously covers the plates. The comparison of the signal response reveals that there is
some systematic deviation between the maximum amplitude recorded in the ﬁeld Amax;P;field and in the laboratory ﬂume Amax;P;flume , as determined from the drop tests (Figure 12):

Table 4. Field-Measured and Flume-Based Mean Calibration Coefﬁcients kb;field ; kb;flume;stream , and kb;flume;gen a
Stream
Erlenbach
Navisence
Fischbach
Ruetz
Together

kb;field (1/kg)

re;Mtot ;kb;field (–)

kb;flume;stream b (1/kg)

re;Mtot ;kb;flume;stream b (–)

kb;flume;gen c (1/kg)

re;Mtot ;kb;flume;gen c (–)

3.41
15.28
19.13
12.67

0.24
0.96
0.41
0.80
0.39

2.99
20.15
19.45
13.71

0.53
2.39
0.82
0.93
0.83

5.68
22.79
10.42
23.15

0.91
1.01
5.54
0.69
3.01

a
The relative standard error re;Mtot was computed as the standard deviation of the difference between Mtot;est and Mtot , divided by
the average bed load mass Mtot for each stream individually. The relative standard error computed with ﬁeld measurements re;Mtot ;kb;field
and method B1 re;Mtot ;kb;flume;stream and B2 re;Mtot ;kb;flume;gen are an indicator of the method’s accuracy. Data points exceeding 10 times the
standard deviation of the ratio between estimated and measured bed load masses rM were considered as outliers (Figures 7 and 10)
and were discarded for the computation of the mean calibration coefﬁcients.
b
Computed with method B1.
c
Computed with method B2.
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medianðAmax;P;field Þ5aA
 medianðAmax;P;lab ÞbA :

(15)

With aA 51:06 and bA 50:79, equation (15)
has a coefﬁcient of determination R2 50:996.
Up to about 1 V, the Swiss plate geophone
system in the ﬁeld (Erlenbach) registers
higher amplitudes than in the laboratory
ﬂume. The reasons for this discrepancy in
signal response are not known. In principle, a
standard design of the Swiss plate geophone
Figure 8. Generalized impulse-diameter calibration FC5f ðDm Þ plotted for
system is used at all sites: the same or very
different mean ﬂow velocities VW .
similar dimensions of the stainless steel
plates, the same rubber elements for the
acoustic isolation, and very similar systems to screw the plates onto a metal framework. This latter part, the
metal framework, is not exactly the same at each ﬁeld site: It is identical in the Fischbach and Ruetz streams,
but slightly different in the Erlenbach and the Navisence stream. The system used in the ﬂume is more comparable to those in the Erlenbach and Navisence than to those in the Fischbach and Ruetz. In addition, the
number of plates screwed to the same metal framework differs somewhat from stream to stream, and in
the ﬂume the metal framework holds only one single plate. Finally, the strength of the screw ﬁxing is
unknown at most sites. At the moment we can only speculate that some of these latter factors may be
responsible for the different signal response as documented between the Erlenbach and the ﬂume system
used in this study.
A power law function describes the increase of the largest transported bed load particle Dmax as a function of the
maximum registered amplitude maxA in the ﬁeld (Figure 5). The exponent of this function (equation (11)) is in
agreement with the one obtained from ﬂume experiments performed with bed load material from the same
four streams [Wyss et al., 2016a] (0.41 and 0.40, respectively). The coefﬁcient in equation (11) for ﬁeld data is in
average, however, about 25% larger than the one obtained from ﬂume experiments (85.5 and 67.5, respectively).
This is possibly due to the systematic deviation in signal response between laboratory
and ﬁeld systems, for which we showed
above that at least at the Erlenbach, the registered amplitudes below 1 V are higher in
the ﬁeld that in the laboratory ﬂume for the
same triggering mass (Figure 12).
4.2. More Detailed Analysis Considering
Grain-Size Classes
Wyss et al. [2016b] deﬁned a parameter ap
as the number of registered packets within
a given amplitude range divided by the
number of transported particles in the corresponding particle size class, which was
included in a procedure to determine bed
load transport by grain-size fraction at the
Erlenbach stream. The ap parameter for
the ﬁeld data can only be computed for
the Erlenbach because at the other ﬁeld
sites used in this study, the raw signal was
not registered during ﬁeld calibration
measurements.
Figure 9. Value of the (a) integral in equation (5) computed with the laboratory impulse-diameter relation for every stream independently (method B1)
and (b) the integral in equation (7) computed with the generalized streamindependent laboratory impulse-diameter relation (method B2).
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Using the procedure described in Wyss
et al. [2016a], it is possible to compute
equivalent ap from the ﬂume experiments,
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Figure 10. Method B2: Ratio rM of estimated to measured bed load mass as a function of measured bed load mass Mtot . Mtot;est was estimated with equations (5) and (6) and the stream-independent relation Cgen 5f ðMtot Þ. On the right, the boxplots cover the interquartile
range IQR and the whiskers the range of 61:5 IQR from the median. Five data points of the Erlenbach and seven data points of the Navisence have an rI value either larger than 101 [–] or smaller than 1021 [–]. These data were left out of this ﬁgure to better visualize the considerable scatter around the perfect agreement.

by connecting the signals obtained for different particle sizes, so that the ﬁnal concatenated signal corresponds to that of an averaged bed load sample at the Erlenbach stream. As expected, the relative number of
registered packets decreases with increasing ﬂow velocity, up to a mean particle size of about 80 mm. Similarly to the results from the ﬁeld calibration measurements at the Erlenbach [Wyss et al., 2016b], the ap values
increase with increasing particle size Dm for the ﬂume experiments. However, ap computed from the ﬂume
experiments is clearly larger than the values computed from ﬁeld calibration measurements (Figure 13). This
result cannot be explained with help of the performed drop tests (Figure 12) since one would expect that a
smaller number of packets per transported particles ap should be detected in the lab, especially for particles
smaller than about 80 mm which roughly correspond to an amplitude of 1 V (Figure 5) in the ﬁeld. This
might indicate that the wired mesh used as bed roughness for the ﬂume experiments in the lab by Wyss
et al. [2016a] is not sufﬁciently adequate to simulate ﬁeld bed roughness. A smaller aP value in the ﬁeld (Figure 13) than in the laboratory, together with the fact that the amplitude of the signal in the ﬁeld is generally
higher than in the laboratory (Figure 12), can be interpreted such that on average, less particles collide
against the Swiss plate geophone in the ﬁeld than in the laboratory. The high mean ﬂow velocities VW measured at the Erlenbach might generate high turbulent intensities and ﬂow structures different from those
that were present in the laboratory, which might be responsible for this effect.

Figure 11. Ratio of computed impulses ﬂume to ﬁeld-measured impulses rI (equation (9)) for all ﬁeld calibration measurements at the
Erlenbach, as a function of total sampled bed load mass Mtot . Computed impulses are based on ﬂume experiments with both a smooth and a
rough bed, and two different mean ﬂow velocities. On the right, the boxplots cover the interquartile range IQR and the whiskers the range of
61:5 IQR from the median. One data point of rough 2.5 m/s, 3 of rough 4.7 m/s, 4 of smooth 2.5 m/s, and 21 of smooth 4.7 m/s have an rI
value smaller than 1021 [–]. These data were left out of this ﬁgure to better visualize the considerable scatter around the perfect agreement.
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It is evident from Figure 13 that there
is a systematic overestimation of the
number of packets as determined
Flume Bed
r I (–)
VW;flume (m/s)
Roughness
re;I a (–)
Stream
VW;field (m/s)
from the ﬂume experiments when
compared to the ﬁeld calibration
Erlenbach
5.0
2.5
Rough
1.13
0.88
4.7
1.40
0.90
measurements. This is in quantitative
2.5
Smooth
0.37
0.89
agreement with the result from the
4.7
0.20
0.78
validation of the ﬂume experiments
a
re;I computed as the standard deviation of the difference between Iﬂume
for the Erlenbach bed load material
and Iﬁeld, divided by the average number of impulses registered in the ﬁeld I field .
(for a mean ﬂow velocity of 4.7 m/s),
in which case the number of impulses
are overestimated on average by a factor of 1.28 when compared to the number of impulses recorded during the ﬁeld calibration measurements in the Erlenbach (Table 2).
Table 5. Mean Discrepancy Ration r I (Equation (9)) Obtained With a Rough and
a Smooth Flume Bed

4.3. Fluid and Particle Velocity Effects
Particle size D, shape f, and mean ﬂow velocity VW have an effect on the signal registered by the Swiss plate
geophone system [Turowski and Rickenmann, 2009; Rickenmann et al., 2014; Wyss et al., 2014, 2016b; Rickenmann et al., 2014]. In this study, ﬂume experiments were performed:with natural bed load particles from
each stream (D and f) and by replicating prototype values of the mean ﬂow velocity VW in the laboratory
ﬂume.
By doing so, we established ﬂume-based relations of the system, in terms of I5f ðD; Vw Þ. Our validation
results (section 3.1) show that the ﬂume-based estimations of impulses are on average within a factor of
about two of the ﬁeld measurements, with a standard error of 55–125% (Table 2). Some systematic divergence in the registered amplitude between ﬁeld and laboratory systems discussed above can partly explain
this discrepancy. However, our ﬂume experiments [Wyss et al., 2016a] show that bed roughness ks affects
the geophone signal and has an important effect on the number of registered impulses I per transported
unit bed load mass (Figure 11). This suggests that in future, a more precise replication of the ﬁeld site
dependent ks value and of the hydraulic conditions in the ﬂume could increase the validity of laboratory
ﬂume-based calibration approaches when applied to ﬁeld sites.
For example, bed load particle velocity Vp , and not VW , is expected to be the governing parameter affecting
the number of registered impulses by the Swiss plate geophone system, as it determines particle motion,
together with near-bed turbulence conditions. Bed
load particles traveling in a ﬂuid are always slower
than the surrounding ﬂuid’s velocity termed as slip.
The slip on planar beds is thus much smaller compared to alluvial bed data where both particle
deposition and entrainment phases may intermittently occur [e.g., Ancey et al., 2003; Lajeunesse et al.,
2010]. Indeed, Chatanantavet et al. [2013] found
that Vp of saltating bed load particles are 20–40%
lower than VW on planar and alluvial beds.

Figure 12. The maximum amplitude of the signal registered at
the Erlenbach Amax;P;field versus the maximum amplitude of the
signal registered in the Laboratory ﬂume Amax;P;flume from drop
tests performed over 10, 30, 50, 100, 250, 500, and 1000 mm
height. Increasing amplitude values correspond to increasing
drop heights. The error bars indicate the standard deviation. The
solid line indicates a perfect agreement.
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For this study, we used VW as a proxy of Vp . The
ﬂume experiments indicated a general decrease in
registered impulses with increasing VW values. This
is (at least) in qualitative agreement with an earlier
analysis of the ﬁeld calibration measurements with
the geophone system [Rickenmann et al., 2014].
This is convenient, because VW can easily be estimated both in the laboratory and in the ﬁeld. Due
to technical limitations, the ﬂow depths hW used in
the ﬂume experiments were about 10 cm [Wyss
et al., 2016a]. In contrast, with the exception of the
Erlenbach, hW was considerably larger in the ﬁeld
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during the calibration measurements,
ranging from 40 to 50 cm at the three
other considered ﬁeld sites (Table 1).
For non highly turbulent ﬂow conditions in which a smooth vertical logarithmic velocity proﬁle is expected to
develop, differences in particle relative
submergence between the ﬂume and
the ﬁeld are translated into different
resulting Vp . Vertical velocity proﬁles
are unknown both in the laboratory
and ﬁeld, making it difﬁcult to quantify
the potential effect of relative submergence on Vp .
4.4. Impact Location and Particle
Size Effects
Figure 13. Number of registered packets ap within a deﬁned particle size class
Figure 6 shows considerable scatter
(corresponding to an amplitude range for the ﬁeld data) divided by the number
of particles in the corresponding particle size class computed for ﬁeld calibration
between Cs and Mtot for all streams.
measurements at the Erlenbach and for the ﬂume experiments of Wyss et al.
This is also reﬂected by the variance in
[2016a]. The error bars indicate the interquartile range computed from 46 ﬁeld
calibration measurements [Wyss et al., 2016b]. Flume data lacks of error bars
the impulse-based ﬁeld calibration for
because ap was computed from an artiﬁcial signal obtained by concatenating
total transported bed load mass Mtot
individual particle-size speciﬁc signals [Wyss et al., 2016a] to simulate one
(Figure 4), and the variance in the estiaveraged bed load sample at the Erlenbach.
mation of the largest transported particle Dmax;est from maxA (Figure 5),
which are both used to compute Cs (equation (4)). We suggest that this variance is due to particle impact
location on the geophone plate [Turowski et al., 2013] as well as particle size and shape [Turowski and Rickenmann, 2009; Wyss et al., 2016a] and particle transport mode [Wyss et al., 2016a], all having an effect on
the number of impulses and the maximum amplitude registered by the Swiss plate geophone system. Variance due to the size of the intake’s opening of the samplers (section 2.2) is uncertain. An estimated size of
the largest transported particle Dmax;est within each calibration sample is used as a calibration parameter in
methods B1 and B2 (equations (5) and (7), respectively). We presume that the effect of the sampler’s intake
size is limited due to: (i) only for 4 of the 231 considered samples, the measured Dmax was larger than one
third of the intake’s opening; (ii) the trend between sampled Dmax and maxA is consistent between ﬂume
experiments and ﬁeld data (see also section 4.1).
According to equations (12) and (14), the estimated kb;flume values tend to decrease for larger bed load
masses. The reason for this is probably that the right-hand part of the Frechet-curve function in Figure 2
becomes more important for larger proportions of coarser transported particles. This tendency is also in
agreement with the empirical evidence from the Erlenbach, where somewhat smaller kb;field values were
found from the analysis based on the sediment retention basin surveys, as compared to the analysis based
on the moving basket samples [Rickenmann et al., 2012]. Our ﬂume-based method B1 appears to partly
explain the difference between the moving basket calibration and the retention basin calibration at the
Erlenbach (Figure 14), supporting the validity of our ﬂume-based analysis.
4.5. Potential Improvements of Study Setup
Based on the ﬁndings of our study, we propose to consider the following elements to further improve a
transfer of a ﬂume-based calibration procedure of the Swiss plate geophone system to ﬁeld conditions: ﬁrst,
future ﬂume experiments should be performed under (real) prototype conditions, i.e., using the same bed
material or bed roughness and the same (range of) ﬂow depths and (similar) vertical velocity proﬁles as at
the ﬁeld sites (apart from using the same particles as in the ﬁeld). Second, for future ﬁeld calibration measurements the raw signal should be recorded, to allow for a more sophisticated data analysis and comparison with the ﬂume measurements [cf., Wyss et al., 2016b] (section 4.2). Third, systematic tests should be
designed and performed to compare the signal response at the different sites and to systematically quantify
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differences from plate to plate (sensor to sensor), not only between ﬁeld and ﬂume sites, but also for multiple plates at a given ﬁeld site.
There is one study that successfully compared independent calibration relations for an acoustic bed load
measuring technique based on both ﬂume and ﬁeld measurements. For the Japanese pipe hydrophone system, Mao et al. [2016] found that using pulses recorded by the channel with the lowest sensitivity, similar
calibration relations resulted between pulses and bed load transport rates from both the ﬂume and ﬁeld
data. However, when applying a calibrated procedure to estimate D50 of the transported bed load material
derived from the ﬂume measurements to the ﬁeld, this resulted in relatively poor estimates of the D50
observed in the ﬁeld.

5. Conclusions and Outlook
In this second of two companion papers, we compared and validated ﬂume-based calibration relations
between impulse and grain diameter for the Swiss plate geophone system with ﬁeld calibration measurements. The ﬂume-based relations were obtained in part I of this study [Wyss et al., 2016a].
Our results indicate that a ﬂume-based calibration procedure for the Swiss plate geophone is possible. We
applied the ﬂume-based calibration procedures to four ﬁeld sites with geophone measurements in gravel
bed streams. The presented stream-speciﬁc predictions of bed load masses are associated with an accuracy
in the range of a factor of two of the measured bed load masses (method B1). Given that bed load transport
formula can overestimate bed load transport rates by one to three orders of magnitude in (steep) gravel
bed streams [Rickenmann, 2001; Almedeij and Diplas, 2003; Barry et al., 2004; Nitsche et al., 2011; Schneider
et al., 2015], this is considered to be a useful step forward. Our ﬂume-based and generalized stream-

Figure 14. Number of registered impulses as a function of total transported bed load mass (D > 10 mm) at the Erlenbach. The dashed
blue line indicates a linear ﬁt (Ifield 53:27  Mtot ) for the ﬁeld calibration measurements performed with automated basket samplers [Rickenmann et al., 2012]. The red circles represent back-calculated bed load masses with method B1, using 10 min interval geophone data
(impulses and maxima). The green diamonds are observed bed load masses of particles larger than 10 mm determined from the sediment
deposit surveys in the retention basin and measured geophone impulses during the same period. The red squares represent estimated
bed load masses for the same survey periods, calculated with method B1 using the geophone data. For large values of Mtot , an extrapolation of the linear ﬁt obtained from the basket samples (dashed blue line) result in a considerable underestimation of the transported mass.
The calculated masses with method B1, however, are in better agreement with the observed sediment deposits.
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independent calibration (method B2) can also be applied to uncalibrated ﬁeld sites, where only impulses
and maximum amplitude are recorded, but with a reduced accuracy of about a factor of three relative to
the measured bed load masses.
The true potential of a ﬂume-based calibration procedure is to completely replace expensive and exhaustive
ﬁeld calibration measurements. This would make the installation of the Swiss plate geophone system more
attractive for scientists and for stakeholders having to deal with strategies concerning sediment management, like hydropower companies and governmental authorities responsible for ﬂood protection. Our study
revealed some limitations regarding the transfer of ﬁndings from the ﬂume to ﬁeld conditions. To improve
the accuracy of a ﬂume-based calibration procedure for the Swiss plate geophone system, we propose to
perform further experiments using real prototype ﬂow conditions including bed roughness, record the raw
signal for future ﬁeld calibration measurements, and test systematically the signal response for plates
installed at different sites.

Notation
Amax;P;field maximum packet amplitude registered in the ﬁeld (Erlenbach).
Amax;P;flume
maximum packet amplitude registered in the ﬂume.
ap
number of registered packets per transported number particles.
D
particle size.
Dmax
largest measured particle size.
Dmax;est
largest estimated particle size.
Dt;comp
time interval for computation of signal characteristics.
Dt;I
duration of an impulse.
dv
characteristic signal value.
Fr
Froude number.
hw
water depth.
Iﬁeld
impulses registered in the ﬁeld.
Iﬂume
impulses registered in the ﬂume.
kb;field
ﬁeld impulse-based calibration coefﬁcient.
kb;flume;gen
ﬂume impulse-based and site-independent calibration coefﬁcient.
kb;flume;stream ﬂume impulse-based and site-dependent calibration coefﬁcient.
ks
bed roughness.
maxA
maximum recorded amplitude within a ﬁeld calibration measurement.
Mtot
total transported bed load mass.
Q
discharge.
Qs
bed load transport rate.
q
unit discharge.
qb
unit bed load transport rate. rM: discrepancy ratio between estimated and measured bed
load masses.
VW
mean ﬂow velocity. f: particle shape.
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