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s u m m a r y

We explore the use of seismic noise produced by rivers to monitor the bed load transport in the case of a
low-discharge braided river in the French Alps: the ‘‘torrent de St Pierre’’. For this purpose, we deployed
two dedicated seismic networks during summers 2007 and 2008, for which the characteristics of the
recorded continuous signal are similar despite changes in the sensor locations. For dry weather condi-
tions, only melting of nearby glaciers controls the supply of water to the stream. In these conditions,
the river hydrology and the seismic energy in the 2–80 Hz frequency band both follow a diurnal fluctu-
ation similar to the thermal amplitude. In contrast during rainfall episodes, the temperature variation
fails to explain the hydrodynamic changes. Dense cloud covers reduce glacier melting and the recorded
seismic energy denotes bursts of high-frequency seismic noise well correlated with water level data.
Comparisons between the recorded seismic signals and the collected hydrological and sediment load data
indicate that a frequency band of 3–9 Hz best explains the water level changes and thus the seismic
waves coming from the flow turbulence. These analyses also reveal the presence of a seismic noise
threshold that might be linked to the water shear stress exerted by the flowing water. Using the seismic
energy in this frequency band as a proxy of the fluvial shear stress, the seismic–hydrologic relationship
may be sensitive to variations in bed load transport. The spectral content of the seismic energy shows
patterns consistent with the mobilization of sediment particles. From the interpretations of the seismic
wave attenuation of river sources, we finally propose that stations at a distance from the stream less than
50 m are able to record most sediment particles. Farther stations are still useful during extreme events
when largest grain sizes are mobilized. More generally this study demonstrates the feasibility of using
the river seismic signal to survey bed load transport in various river types from small braided mountain
rivers like the ‘‘torrent de St Pierre’’ to the large entrenched Himalayan rivers.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Sediment transport is a key process in the evolution of alluvial
channel patterns (e.g., Schumm, 1986; van den Berg, 1995). Over
the last decade many works have highlighted the strong influence
of bed load transport on bank erosion, slope failure hazards, river
profile evolution as well as on long term incision rate (e.g., Sklar
and Dietrich, 1998; Tucker and Whipple, 2002; Attal and Lavé,
2006; Turowski et al., 2007; Burtin et al., 2009). River abrasion is
a complex process that illustrates numerous feedbacks. For
instance river bed load has two antagonist effects: bed load
ll rights reserved.
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impacts are efficient tools to damage the river bedrock but a bed
load cover on the streambed is a relevant shield to river incision
(Sklar and Dietrich, 2001). Thus, in order to predict or even simply
to estimate erosion rate, an accurate monitoring of bed load avail-
ability is required. Therefore, monitoring bed load transport is a
primary challenge for the comprehension of orogenic erosion pro-
cesses. Continuous and spatially-dense measurements of river bed
load are nevertheless difficult or even impossible to assess with the
commonly used methods, which include sediment samplers, traps
or hydrophones (Eugene, 1951; Leopold and Emmett, 1976; Belle-
udy et al., 2010). Indeed, while most of the bed load mobilization
occurs during extreme floods, high river discharges prevent direct
in situ measurements. To overcome this major limitation, some
studies assume that the volume of the bed load is lower than
10% of the suspended sediment flux, a parameter much easier to
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estimate (e.g., Lane and Borland, 1951). However, studies in the
Himalayan Range indicate that this presumed ‘‘bed load to sus-
pended load’’ ratio underestimates the bed load fraction. This latter
may be as high as 50% of the total sediment load (Galy and France-
Lanord, 2001; Pratt-Sitaula et al., 2007).

The ability to record spatial and temporal variations is required
for bed load monitoring, and standard sediment sampling ap-
proaches do not meet these conditions. Therefore, in the past years,
several studies have discussed the use of remote sensors to achieve
such a monitoring (e.g., Bedeus and Ivicsics, 1964; Johnson and
Muir, 1969; Thorne, 1986). In most works, acoustic sensors were
employed to record the impact of sediment grains on the stream-
bed or steel plates and pipes (e.g., Thorne and Hanes, 2002; Bogen
and Møen, 2003; Froehlich, 2003). Some of these methods relate
the amplitude of the acoustic signal to an impact when it exceeds
a predefined threshold (Rickenmann and McArdell, 2007). This
strategy needs a calibration which depends on the site conditions,
like flow intensity and sediment properties (Rickenmann and
McArdell, 2008). More generally the spatial extent obtained with
acoustic sensors is limited. This approach implies therefore the
deployment of a very large number of sensors to cover a small
catchment.

Another remote sensing approach is offered by the ability for
seismic sensors to record ground vibrations produced by sediments
impacting the streambed. This technique brings some advantages
since there is no need to couple the instruments with steel plates
as for hydrophones or piezoelectric sensors. Furthermore in con-
trast to in situ techniques, the seismic stations are installed outside
the stream and are sheltered from the largest floods. Govi et al.
(1993) have shown the potential of seismic records to monitor the
bed load transport by comparing the average amplitude of the
raw signal with hydraulic and sediment observations. However,
the amplitude alone does not explore the full content and informa-
tion of such a monitoring. Thus, we have recently developed an
alternative approach in which the bed load transport is studied
through the spectral analysis of the high-frequency river seismic
noise (Burtin et al., 2008). With an array of seismic sensors, this
technique continuously records spatial and temporal variations in
bed load movement over a large region (Burtin et al., 2010).

Up to now this seismic/spectral analysis strategy of bed load
estimates has only been applied in central Nepal along the Trisuli
River, which is a steep slope and entrenched river with a straight
to meandering channel pattern and typical water discharges of
500–2000 m3/s (Lavé and Avouac, 2001). Here, using a dedicated
passive seismological experiment we extend our approach to
braided river patterns with lower water discharges (�1–5 m3/s).
During summers 2007 and 2008, we have deployed a seismic array
along the ‘‘torrent de St Pierre’’, a proglacial gravel-bed river in the
‘‘Pré de Madame Carle’’ located in the ‘‘Massif des Écrins’’ (French
Alps; Fig. 1). This site has been selected since the river has a regular
and high variability in the water discharge and sediment load. Fur-
thermore, the stream has already been studied by a couple of
hydrological experiments (Meunier et al., 2006; Stott and Mount,
2007). In summer season, both studies noticed a daily fluctuation
of the river hydrology, which is associated with the melting of
snow and ice from two upstream glaciers: the ‘‘Glacier Blanc’’
and the ‘‘Glacier Noir’’ (Fig. 1). Thus, during the ablation season
and when no rainfall episode occurs, the water supply is mostly
correlated to the diurnal fluctuation of temperature.

The purpose of this study is to investigate the potential of seis-
mometers to record bed load motions associated with rapid
changes of water discharge in a braided river. Our approach is
based on a wide dataset including hydrological, river sediment
load and high-frequency seismic noise measurements that have
been jointly acquired during summers 2007 and 2008. After a brief
description of the deployed seismological network and the
measured hydrological parameters, we proceed to their detailed
analyses. Next, we investigate the possible relationship between
the seismic noise and the hydrodynamics of the studied river. Fi-
nally, we show that the seismic monitoring of river sediment
transport, initially developed for a Himalayan entrenched river,
could be applied to various alluvial channel patterns with different
stream powers and grain size distributions.
2. Experiment descriptions

2.1. Seismic monitoring

During summers 2007 and 2008, we carried out two distinct
seismic experiments. For the first one (hereafter named phase 1),
we deployed a passive seismological network of eleven stations
from July to the early September of 2007 (Julian day 190–247).
The second experiment (hereafter named phase 2) consisted of
three seismological stations that recorded data during September
2008, from Julian day 245 to 248. For both arrays, the seismic
instruments were installed at distances of 15–200 m from the
stream and with an overall geometrical aperture of 5 km (Fig. 1).
We used intermediate-band seismometers (velocity-meters) Gur-
alp CMG-40T and short-period seismometers Sercel L22. We
employed two types of 24-bit recording systems: the Reftek
RT130 and the Nanometrics TAURUS acquisition system. We set
the sampling rate to 200 samples per second. This value allows
us to monitor seismic signals up to frequencies of 80 Hz, once we
take into account the Nyquist frequency and the anti-alias low-
pass filter. We buried the seismological sensors in holes of
0.5–1 m depth and the power was supplied by batteries and solar
panels (Fig. 1). During phase 1, we settled the seismological sta-
tions to assess the seismic noise related to the various features of
the ‘‘torrent de St Pierre’’. We installed the instruments (denoted
by BOL##) along the ‘‘torrent du Glacier Blanc’’, the ‘‘torrent du
Glacier Noir’’, in the braided plain and at the outlet of the ‘‘Pré
de Madame Carle’’ where the stream becomes highly turbulent
due to an increase of the river gradient. To discriminate high-fre-
quency human seismic noise from natural sources, we installed
the station BOL02 in the vicinity of the road that borders the
braided plain and which stands for the main source of human
activity (Fig. 1). During phase 2, we set all stations (denoted by
ECR0#) in the braided plain far from human disturbances along a
profile perpendicular to the river. We used this geometry to inves-
tigate the attenuation properties of the potential river seismic
sources. With these two geometrical settings, we built dedicated
seismological arrays to monitor the hydrology of the river and to
survey the bed load transport.
2.2. Stream monitoring

Concurrently with the river seismic monitoring, we performed
bed load and hydrological measurements (water level and flow
velocity), and we used available rainfall and temperature data.
During phase 1, we conducted three campaigns of measurements
during the three maintenance services of the seismic stations: from
the 8th to 10th of July, from the 1st to 2nd of August and on the
2nd of September. During the four days of phase 2, we monitored
the hydrology of the stream as often as possible to assess the tem-
poral variations of bed load transport associated with river dis-
charge changes. For both phases, we measured the flow velocity
with a propeller current meter OTT along a river section with a ver-
tical and a horizontal sampling rate of 0.1 and 1 m, respectively. At
each bottom point of the river section, we performed a bed load
estimate with a Helley–Smith sampler with a 0.15 � 0.15 m
entrance and 0.25 � 10�3 m mesh sample bag (Helley and Smith,



Fig. 1. Location of the experiment in the ‘‘Massif des Écrins’’, French Alps. Central map presents an aerial picture of the ‘‘Pré de Madame Carle’’ from the Institut Géographique
National. Yellow and green flags display the location of stations during the two summers of experiment in 2007 and 2008, respectively. The station name is indicated in the
vicinity of each flag. Red circles indicate the two locations of the hydrologic monitoring. The red edge photograph illustrates one of these sites at the outlet of the braided plain
(purple area). The yellow edge photographs show two seismic stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Grain size distribution of the braided plain computed with 1075 samples
collected along the banks and of the bed load material collected over all the study
river sections. We present the obtained minimum, median and maximum diameter
for the river bank and the bed load size distribution. Results from Meunier et al.
(2006) correspond to ‘‘Bank 2002’’ and ‘‘Bedload 2002’’.
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1971). The sampling time set to 120 s was sometimes reduced to
60 and 30 s when the discharge was too high to perform a safe
measurement. In addition, at each point, we recorded the water le-
vel to evaluate the shape of the river section. A complete character-
ization was carried out in 45–90 min which prevents large
variations within the assessed river section. We reproduced such
a procedure 1–5 times a day. During phase 2 and in addition to
the river section monitoring, we performed a continuous measure-
ment of the water level at a fixed point. The sampling time of less
than 15 min during the day provides a well-recorded fluctuation of
the water level. However, with the occurrence of a strong rain
storm in the night of the 3rd–4th of September, the induced turbu-
lence of the stream destroyed our water gauge height. We replaced
it by a second one at the same location but it does not allow us to
observe a continuous record of the water level during phase 2. All
these hydrological parameters were obtained at the outlet of the
braided plain (Fig. 1), upstream of the bridge in order to avoid flow
perturbations due to the concrete building. Following Wolman
(1954), the grain size distribution of river bed material was also
estimated by direct measurements. We collected 1075 samples
along 1 m interval profiles for which we measured the minimum,
the median and the maximum axis of each sediment particle. We
also took advantage of the hourly precipitation rates monitored
by Électricité De France (EDF), 6 km south-east of the ‘‘Pré de
Madame Carle’’ during both seismic experiments. Finally, the tem-
perature changes were estimated from the temperature sensor that
equipped the digital acquisition system of each seismological sta-
tion. This temperature data can only be interpreted in relative
since each acquisition system was installed in a plastic box with
a given insolation exposure. By averaging the temperature data
at stations, we retrieve an estimate of the temperature variations.

3. Data analyses

3.1. Bed load distribution

The grain size distribution is estimated after sampling a large
amount of sediment particles along the river banks (1075
samples). We obtain a minimum, median and maximum D90 of
6.2, 9.1 and 12.4 cm, respectively (Fig. 2). Except slight discrepan-
cies for fine grains (D = 0.2–2 cm), these results are in agreement
with the median diameter distribution and the D90 of 9 cm esti-
mated by Meunier et al. (2006). The bed load sampled during the
two experiments gives a median diameter D90 of 0.2 cm and a grain
distribution consistent with the one obtained in 2002 ((Meunier
et al., 2006), Fig. 2). Despite a time-spacing of 6 years and a differ-
ent location for the bed load sampling of about 10 m, data collected
using Wolman’s method along the river banks and the Helley–
Smith sampler for bed load estimate give similar grain size distri-
butions. The bed load distribution exhibits large discrepancies with
the distribution in the braided plain. These differences can result
from several factors. First, the number of bed load samples is sig-
nificantly lower than the river bank samples and thus the bed load
data might not be representative. Second, the sampled bed load is
dependent on the transport capacity of the river. During these
experiments, the hydrological conditions may have prevented the
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motions of largest particles. More data integrated over space and
time might be necessary for both curves to match. Finally, the
observed differences could also denote an over-sampling of small
grains by the Helley–Smith instrument. Despite these eventual dis-
turbances, the grain size distribution of bed load shows that most
of the transported particles are of the order of millimetres. During
high water flow the mobilization of a larger grain fraction is sus-
pected, involving particles up to a few tens of centimetres, the typ-
ical size of the largest pebbles available along stream. In any case,
this transported grain fraction appears to be at least one order of
magnitude smaller than along Himalayan rivers, where a D90 great-
er than 60 cm is observed (Mezaki and Yabiku, 1984). Thus, the rel-
evance of a bed load survey with seismic stations installed up to
200 m is risen and the proper conditions of investigation have to
be studied.
 (b)

(c)

Fig. 3. Compilation of the mean water discharges (grey) and sediment transport
rates (black) estimated for the river section studied during the two summers of
experiment.
3.2. Temporal evolution of sediment transport

Following Meunier et al. (2006), we study the evolution of the
water discharge and sediment transport rate estimated across
some river sections that we assessed during both campaigns.
Unsurprisingly our results suggest a relationship between sedi-
ment transport rate and water discharge: higher discharges lead
to higher sediment transport rate (Fig. 3). This result is consistent
with the study of Meunier and colleagues. However, the ampli-
tudes of both water discharge and sediment load are lower in
2007 and 2008 than in 2002. These discrepancies may result from
several elements, including the location of the sampling area or the
interannual variability of the total water discharge. In July 2002,
the sampling area was downstream of the bridge at the output of
the braided plain whereas in this study, we sampled the main sec-
tion of the river located upstream of the bridge (Fig. 1). An alterna-
tive explanation can be found in the thermal amplitude of the
summer ablation season. Stott and Mount (2007) have shown large
differences in water discharges and suspended loads between
summers 2003 and 2004, corresponding to exceptionally warm
and cold summers, respectively (e.g., Beniston, 2004). In 2003, a
water discharge three times higher induces a sediment transport
four times larger than in 2004. These results illustrate how the
fluctuations of the stream hydrodynamics could influence the sed-
iment transport rate that we collect in the ‘‘torrent de St Pierre’’.

Furthermore and as previously mentioned (Meunier et al.,
2006; Stott and Mount, 2007), our dataset of Julian day 246 sup-
ports a good correlation between temperature and water level
changes in time (Fig. 4). The water supply appears to follow a trend
similar to the temperature variation with a time lag of about 2 h.
This time lag is related to the daily melting of snow and ice from
the two upstream glaciers. However the next day, this correlation
is disrupted with the occurrence of rainfall episodes. Although the
increase in water level in the morning coincides with a tempera-
ture increase, in the afternoon discharge continues to increase
despite a decline in temperature coinciding with the onset of pre-
cipitation (Fig. 4). The temperature decrease and its low level in the
following days are associated with a dense cloud cover that
reduced the duration of insolation and thus the glacier melting.
On Julian day 248, a variation of 0.56 m in the water level coincides
with some insignificant temperature fluctuation and large precipi-
tation rates (Fig. 4). During these meteorological events, the supply
of water to the stream is dominated by rainfalls.

Altogether, the relationships ‘‘bed load – water discharge’’ and
‘‘water level – temperature’’ suggest that temperature can be used
as a proxy of the bed load transport during dry weather periods.
Since temperature is measured continuously such a relationship
will be very useful to interpret seismic noise in terms of river dis-
charge changes.
3.3. Spectral analysis of seismic noise

The analysis of the continuous seismic signal consists in calcu-
lating the spectral energy radiated in frequency. To do so, we pro-
ceed to the computation of the Power Spectral Density (PSD) with a
multitaper method (Thomson, 1982; Percival and Walden, 1993).
For each station, the continuous signals are cut in windows of
10 min length with 50% of overlap on which we calculate a PSD.
Then, we compile the PSD estimates into a spectrogram, as illus-
trated in Fig. 5. The spectrograms at BOL01, BOL05 and BOL07
(see Fig. 1 for station locations) depict a 24 h fluctuation of the
seismic energy in the frequency range 2–40 Hz with a maximum
in the afternoon. Some spatial variations are also noticed since
the level of seismic noise is larger at BOL05 and BOL07 than
BOL01 which is located at the outlet of the braided plain. Superim-
posed on the daily cyclicity, we notice a trend in the signal with
longer periods of 5–10 days, especially between 40 and 60 Hz at
BOL05 and BOL07. These long period trends are interrupted by
strong bursts of high-frequency seismic noise that are well
revealed at BOL07. These sudden increases of seismic noise are
spread over the entire 2–90 Hz frequency band (Fig. 5c). At
BOL05, these bursts of seismic energy are seen but the extension
to very high frequencies (>60 Hz) is missing (Fig. 5b).
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Fig. 4. (a) Comparison of the temperature variation (black) with the measured
water level in cm (circle) during the second experiment. Water ‘‘Level 1’’ and ‘‘Level
2’’ stand for the data measured with the first and the second water gauge height,
respectively. (b) Precipitation rate (mm/h) measured at the EDF station of
‘‘Pelvoux–Les Claux’’, 6 km south-east of the ‘‘Pré de Madame Carle’’ (black bars)
and the cumulative rain in mm (grey line) during phase 2.

(a)

(b)

(c)

Fig. 5. Spectrograms of vertical seismograms at BOL01 (a), BOL05 (b) and BOL07 (c).
The seismic energy is given in decibel (dB) in relative to the velocity. Red and blue
colours stand for high and low amplitudes, respectively. A similar scale is used for
all the spectrograms. Note the daily periodicity of the spectral activity and the
appearance of a longer period signal (highlighted with white lines on BOL05)
between 40 and 60 Hz at BOL05 and BOL07. These long period signals are cut by
transient events of high-frequency seismic noise. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

A. Burtin et al. / Journal of Hydrology 408 (2011) 43–53 47
In the case of BOL02, the 24 h periodicity shows a different
behaviour which may be linked to human activity since the station
is located close to the road (Fig. 6). We illustrate this discrepancy in
a daily spectrogram averaged over a period of 7 days where no
rainfall is reported (from Julian day 207 to 213; Fig. 7d). By exclud-
ing days with precipitation, we simplify the number of contribu-
tors for the seismic noise generation. We limit here the water
supply of the ‘‘torrent de St Pierre’’ to the melting of glaciers. The
comparison between BOL02 and BOL05 signals reveals: (1) a time
delay of about 4 h for the increase of high-frequency seismic
energy at BOL05, (2) a similar time at 3 p.m. (U.T.) for the maxi-
mum of energy and (3) a more persistent band of excited frequen-
cies (10–30 Hz) at BOL05 than at BOL02. The mean noise level in a
2–60 Hz frequency band for both daily spectrograms highlights
these observations (Fig. 6c). The energy variation at BOL05 and
the temperature changes follow a similar pattern for the same per-
iod of time. In contrast, at BOL02 the variation of the seismic noise
level exhibits a shape close to a step function with a maximum
during the day which is typical of human-made seismic noise
(McNamara and Buland, 2004). Another discriminator is the
time-signature of the contributor to high-frequency seismic noise.
At BOL02, it is induced by discontinuous, short (�20 s) and high-
amplitude signals generated by traffic on the road while the signal
at BOL05 is continuous and homogeneous in amplitude. Together
these observations are useful to discriminate between human
and natural sources in the high-frequency seismic noise and sup-
port that except BOL02, all stations are actually not disturbed by
anthropogenic activities.

To assess the river effect in the natural sources of noise, we ana-
lyze the temporal variations of the mean seismic energy recorded
at BOL01, BOL05 and BOL07 in the 2–60 Hz frequency band
(Fig. 7). These fluctuations are compared with the temperature var-
iation for the same period of time. First, the daily and the long per-
iod evolution of about 10 days of the seismic energy are coherent
from one station to another (Fig. 7). Besides, the comparison with
the temperature variation reveals a good agreement for both time
scales. Thus during summer 2007, peaks of temperature are asso-
ciated with large seismic energies and the lowest high-frequency
noise happens for cold days (Fig. 7). These observations suggest a
strong link between the recorded seismic noise and the hydrology
of the stream for which the water supply is mainly controlled by
melting. Nevertheless for some days (grey shaded areas in Fig. 7),
we record larger amplitudes of seismic noise than if temperature
was the only key parameter of the stream hydrology. These anom-
alies of seismic energy actually occur while bursts of seismic noise
are well detected at BOL07. These transient events always happen
for days with a weak diurnal thermal fluctuation. The comparison
with precipitation rates indicates that these particularly ‘‘noisy’’
days are generated by large rainfall events. The cloud cover reduces
the daily thermal amplitudes and the melting of glaciers. However,
the amount of water brought by rains may fill and exceed the lack
of water from melting since the highest peaks of seismic noise are
during rainy days at BOL07 (Fig. 7). Finally, the relative amplitudes
of these peaks, over the entire time-series, are larger at BOL07 than
at BOL05 and than at BOL01. This spatial pattern suggests a domi-
nant effect of these transient events with an increasing distance
from the outlet of the braided plain.

During phase 2, both dry and wet climatic conditions are
encountered. On one hand, during Julian days 245 and 246 the
melting of glaciers is the only source of water (Fig. 4b). On the
other hand, over Julian days 247 and 248 strong rainfalls occur
with a peak rate of 13 mm/h and a total cumulative rain of almost
60 mm, when only 80 mm were recorded during the two months
of phase 1 (Fig. 7d). The spectrograms calculated at ECR01,
ECR03 and ECR04 display spectral features and temporal evolution
of the seismic noise like we had observed one year before (Fig. 8).



(a) (b) (c)
Fig. 6. Mean daily spectrograms computed over a period of 7 dry days (Julian day 207–213) at BOL02 (a) and BOL05 (b). The seismic energy is given in decibel (dB) in relative
to the velocity. Red and blue colours stand for high and low amplitudes, respectively. A similar scale is used for both spectrograms. (c) Mean daily variation of the temperature
(red) and mean seismic noise level in the 2–60 Hz frequency band at BOL02 (grey) and BOL05 (black) for the same period of time. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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As expected during the two first days of recordings, the spectral
activity shows a daily fluctuation consistent with temperature
and water level changes. In addition one can note a systematic
decay of the energy and a shift of the maximum energy towards
lower frequencies with the distance from the stream (see Fig. 1
for station locations). Such a pattern may reflect the strong atten-
uation of the highest frequencies of the seismic waves propagating
in the unconsolidated sediments that compose the braided plain.
Another feature is the occurrence of a more persistent frequency
band at 2–10 Hz. This dominant frequency band was also noticed
at phase 1 stations like BOL01, BOL05 and BOL07 (Fig. 5).

During the last two days of phase 2, intense rainfalls affect the
daily fluctuation of the seismic energy. The spectral energy is dis-
tributed over a broad range of frequencies. The highest seismic
noise levels are no longer coherent with the temperature variations
(Figs. 4a and 8) but are still consistent with the water level
changes (Fig. 9). The highest water fluctuations on Julian day 248
correspond with the largest seismic energy recorded at stations.
Moreover for the largest rain episode (Julian day 247–248), one
can notice at ECR04 a high level of seismic noise in the 60–90 Hz
frequency band. It may indicate a different source origin for this
specific high-frequency noise. This one could be induced by the
rain falling on rock debris that are more distributed close to the
steep slopes surrounding the braided plain.

Therefore, the data collected during summers 2007 and 2008
suggest that the river hydrology mainly controls the variations of
seismic noise level. In the following section, we will discuss in
details the relationship between the measured seismic noise and
the hydrodynamic parameters of the ‘‘torrent de St Pierre’’.
4. Seismic monitoring of hydrology and sediment transport

4.1. Water level – seismic noise relationship

As detailed in the previous section, the daily variation of the
seismic noise is coherent with the diurnal increase of both water
discharge and sediment transport (Meunier et al., 2006; Stott and
Mount, 2007). Furthermore, we have also mentioned specific spec-
tral energy contents for some stations, like the sudden bursts of
high-frequency seismic noise observed at BOL07, ECR01, ECR03
and ECR04 during rainstorms (Figs. 5c and 8). We suspect that
these seismic noise features are generated by the joint effect of
flowing water and bed load motions. To test this hypothesis, we
carefully compare seismic observations with hydrological mea-
surements. Here, we take advantage of the high sampling rate
hydrological data, collected during phase 2, to perform a detailed
comparison with the continuous seismic signals showing time
and spectral content variations. We proceed to the calculation of
the mean noise level around a given frequency f0 and for a
restricted band-width of 1 Hz. Using a least square minimization,
we then determine the best linear relationship between the mea-
sured water level and the estimated seismic energy. The misfit in
frequency of this hydrologic-seismic relationship is presented on
Fig. 10.

The error distribution in the high-frequency band (>1 Hz) gives
a similar pattern for all stations. We obtained a better fit for
decreasing frequencies. From this error analysis and assuming that
a linear relation exists between water level and seismic noise, it
appears that the 3–9 Hz frequency band is best related to the water
level (Fig. 11). The three stations give a similar result, especially for
seismic noise amplitude lower than �126 (at ECR01) and �128 dB
(at both ECR03 and ECR04) where the slope of this linear regression
is equivalent. Since we observe a good agreement between these
data, and because both water gauge heights were installed on
the same exact location where only the base level had changed,
we can assume that a similar seismic energy should refer to an
equivalent water level. This assumption allows us to reconstruct
a continuous water level time-series using 12 tie points within
the seismic noise range of �130 and �127 dB (Fig. 11). Above the
seismic noise values of �126 dB for ECR01 and �128 dB for
ECR03 and ECR04, the statistical relationships between noise and
water level exhibit a threshold. This feature may be related to
the classical concept of critical shear stress used to describe the
river transport capacity (e.g., du Boys, 1879; Shields, 1936). If the
stress of the flowing water on a stream bed is less than a critical
shear stress, particles within the river will remain motionless.
Movements will be observed only if the stress exerted by the flow-
ing water exceeds this critical shear stress. The fluvial shear stress
s exerted by the flowing water is defined as

s ¼ qgSR; ð1Þ

where q is the fluid density, g is the gravity, S is the water surface
slope, and R is the hydraulic radius, the ratio of the area of section
flow to the wetted perimeter. Assuming a cross-sectional profile of
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Fig. 7. Mean seismic noise level in the 2–60 Hz frequency band (black) at BOL01 (a),
BOL05 (b) and BOL07 (c). The temperature variation for the same period is also
indicated in grey. (d) Precipitation rate (mm/h) measured at the EDF station of
‘‘Pelvoux–Les Claux’’, 6 km south-east of the ‘‘Pré de Madame Carle’’ (black bars)
and the cumulative rain in mm (grey line) during the same period. On each figure, a
grey area marks a strong episode of rain.

(a)

(b)

(c)

Fig. 8. Spectrograms of vertical seismograms at ECR01 (a), ECR03 (b) and ECR04 (c).
The seismic energy is given in decibel (dB) in relative to the velocity. Red and blue
colours stand for high and low amplitudes, respectively. A similar scale is used for
all the spectrograms. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 9. Mean seismic noise level in the frequency band 2–80 Hz for the phase 2 at
ECR01 (black), ECR03 (grey) and ECR04 (black dash). We also report on this figure
both water level variations which are normalised to their maximum amplitude
(Fig. 4).
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a typical braid with a channel bounded by wide and nearly flat bars
(Fig. 12a), R increases with water level until a critical value Hc asso-
ciated with the flattening of the stream profile (Fig. 12b). This sug-
gests that the observed threshold in seismic noise energy in the
frequency band 3–9 Hz can be related to the geometry of the
braided river itself which leads to a reduction in the basal shear
stress during channel overflow.

4.2. Sediment transport – seismic noise relationship

The previous result reveals that the measured water level is
poorly related to the seismic energy estimated for frequencies
above 40 Hz. At these frequencies the seismic noise may be
induced by other contributors like the sediment transport. To test
this eventuality, following a similar approach as the one described
in Section 4.1, we try to link the seismic energy with the bed load
measurements through a linear relationship. For this purpose, we
use the data collected along the seven river cross-sectional profiles
acquired during phase 2 (Fig. 3c). The result of this analysis reveals
a complex pattern of the error distribution at all stations (Fig. 13).
Nevertheless at low frequencies a unique pattern is observed and
displays a decrease of the misfit function from 15 to 40 Hz. Above
40 Hz only ECR01, the closest station to the stream, exhibits a sim-
ilar decrease of the error with an increasing frequency. These com-
plex relationships underline our difficulties to define the most
appropriate frequency band for a seismic monitoring of bed load.
However, at ECR01 the frequencies that best explain the bed load
measurements are the ones that most poorly describe the seismic
noise of the water. In addition, the specific location of ECR01 (only
15 m away from the main channel) may play a dominant role in



Fig. 10. Misfit function in frequency for the linear regression of a relationship
between seismic noise and water level at ECR01 (black circle), ECR03 (grey square)
and ECR04 (grey triangle). The black line corresponds to the mean misfit function at
these three stations. The grey shaded area represents the best frequency band to
express this linear relationship.

(a)

(b)

(c)

Fig. 11. Best fits for the linear relationship of the seismic noise in the 3–9 Hz
frequency band and the water level for gauge 1 (black) and for gauge 2 (dash line) at
ECR01 (a), ECR03 (b) and ECR04 (c). The retained frequencies are previously
determined from the error analysis (Fig. 10).
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these observations. The impossibility to define a well constrained
linear relationship between sediment load and seismic noise may
have multiple origins. (1) Such a relationship could actually be
non-linear. (2) The available bed load estimates are not sufficient.
(3) The spatial variability of the sediment transport rate affects the
seismic monitoring at the scale of the braided plain. During phase
2, the seismic stations and the bed load sampling site were
obtained more than 500 m apart (Fig. 1). Thus, our bed load dataset
might not be representative of the sediment transport over the
‘‘Pré de Madame Carle’’. (4) There is no unique frequency band that
describes the bed load transport. Some or all of these points pre-
vent us from defining a proper relationship.

Following Eq. (1), the expression of the fluvial shear stress s has
a linear dependency on the hydraulic radius R. Since we notice a
similar evolution of the water level with both the seismic noise
level at 3–9 Hz and the hydraulic radius, we assume that the seis-
mic energy in this frequency band is a proxy of s. With such a
proxy, we can compare this continuous monitoring of the stream
hydrology with the seismic energy recorded at higher frequency
bands to explore some potential observation of bed load transport.
Fig. 14a shows the variation of the seismic noise level recorded at
ECR01 for three frequency bands as a function of the assumed flu-
vial shear stress. The selected bands sample low (9–15 Hz), inter-
mediate (21–27 Hz) and high (45–51 Hz) frequencies. Since our
proxy of the fluvial shear stress imposes a linear relationship for
the fluctuation of seismic noise at 3–9 Hz, we introduce a bias in
the study of the variation of the seismic energy. To discard this
artefact, we remove the observed linear trend that is the seismic
energy at 3–9 Hz from each frequency band. After this correction,
the variation of the seismic energy in the 3–9 Hz band is equal to
zero with an increase of s. Thus, in the following, we only look
for variations of seismic noise related to changes in our proxy of
the fluvial shear stress. For low shear stress and for all frequency
bands, an increase of s implies no significant variation of seismic
noise (Fig. 14a). In contrast for higher shear stress our results
reveal a threshold behaviour, which depends on the assumed fre-
quency band: higher is the frequency band, lower is the critical
shear stress.

Based on a natural experiment in a river channel, Huang et al.
(2007) have shown a frequency signature of the ground vibrations
produced by single particle impacts with the grain size. The
authors observed that the motions of large particles generate a
peak of energy at lower frequencies than for smaller grains. The
evolution pattern we notice in the activation of lower frequencies
with an increased s confirms their results. The variations of seismic
energy in this selected frequency band exhibit a second interesting
feature. In the 45–51 Hz frequency band, with a continuous
increase of the fluvial shear stress and the overpass of a second
threshold scSat, we notice a constant seismic noise level
(Fig. 14a). Meanwhile, none of the two lower frequency bands
(9–15 Hz and 21–27 Hz) describes this feature. Since the frequency
content may reflect the size of particles that are mobilized, such an
amplitude threshold could indicate the influence of a transport
capacity. Indeed, all the particles that affect the 41–45 Hz
frequency band are probably already in motion and a continuous
increase of s does not affect these grain sizes anymore.



(a)

(b)

Fig. 12. (a) Cross-sectional river profile of a typical braid with a channel bounded
by wide and nearly flat bars. (b) Variation of the hydraulic radius R with the water
level H associated with the profile displays in (a). Hc is the critical water level.

Fig. 13. Misfit function in frequency for the linear regression of a relationship
between seismic noise and sediment transport rates at ECR01 (black circle), ECR03
(grey square) and ECR04 (grey triangle). The black line corresponds to the mean
misfit function at these three stations. Note that only ECR01 shows a constant trend
with lower error values for higher frequencies.

(a)

(b)

Fig. 14. (a) Variations of the seismic energy in the 9–15 Hz (blue), 21–27 Hz (green)
and 45–51 Hz (red) frequency bands as a function of a proxy of the fluvial shear
stress. The linear trend induced by the seismic energy at 3–9 Hz is removed from
the bands displayed, according to the methodology described in the text. As a
consequence, both axes refer to a variation of seismic noise given in dB. Note the
progressive activation of lower frequency bands with an increasing fluvial shear
stress (sc1 < sc2 < sc3). scSat represents a threshold beyond which the 45–51 Hz
seismic energy remains constant despite an increasing fluvial shear stress. (b)
Contour levels of the seismic energy recorded at ECR01 in the night of Julian day
247–248. White line highlights the spectral pattern that we discuss in Section 4.2
and that suggests the influence of bed load transport. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Furthermore, the hydrological conditions are not efficient to mobi-
lize a wide range of particle sizes since the lowest frequency bands
are not affected by such a saturation threshold (Fig. 14a).

In addition to these observations, the spectrograms of the seis-
mic recordings during a flood episode also reveal a frequency con-
tent that varies with the hydrological conditions. During the night
of Julian day 247–248 (Fig. 14b), with the occurrence of a large
rainstorm (Fig. 4b), we initially record a seismic energy at high fre-
quencies that shifts to lower ones following an increase of the
water discharge. As a consequence, a constant level of seismic
energy displays some delay to activate low frequencies (Fig. 14b).
Afterwards with the ending of precipitation, we notice the extinc-
tion of the lowest frequencies before the highest ones while water
discharge decreases. These observations suggest again a link
between the frequency content and the transport capacity of the
river.

Some interpretations clearly depend on the assumption of our
proxy of the fluvial shear stress. Unfortunately, the amount of
bed load data collected during the experiment is not sufficient to
support such a hypothesis. Besides, the saturation of seismic noise
level in the 3–9 Hz frequency band with the increased water level
could have other explanations, like the different site locations of
the water gauge height and the seismic stations. The water level
data documents the water discharge of a unique channel at the
output of the ‘‘Pré de Madame Carle’’. However in the braided plain
where seismometers are located, the increase of water level could
reveal some overflow in secondary distant channels. The threshold
of seismic energy could represent an altered sensitivity to record
the seismic signal from flowing water and sediment transport in
these secondary channels. Nevertheless in regards to our field
experience, this latter explanation should only affect a minor part
of the recorded seismic energy. During our two seismic experi-
ments the main channel of the braided plain was clearly dominant
for the development of hydrologic and geomorphic processes. In
addition for the lowest frequency bands (<30 Hz), the spectral pat-
tern induced from the relationship of the seismic noise with our
proxy of fluvial shear stress is also noticed at stations ECR03 and



Fig. 15. Mean daily seismic energy in the 3–9 Hz frequency band as a function of
the distance ‘‘river seismic stations’’ (black dots). Daily seismic energy is normalised
to the maximum recorded at each station. The grey and black curves stand for the fit
of the geometric attenuation of body (1/d2) and surface waves (1/d), respectively.
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ECR04. If the distance to other channels influenced the seismic
recordings, we would already expect to observe some perturba-
tions with the monitoring of the main channel.

4.3. Effect of distance between river and stations

The spectrograms obtained during phase 2 reveal clear
variations in the amplitude as well as in the spectral content of
the seismic noise between stations (Fig. 8). This is related to the
well-known geometric attenuation of the seismic waves with the
distance d from a source. d has a major effect on seismic noise
amplitude for stations that are located close to the river
(d < 50 m; Fig. 15). In addition to this effect on the amplitude, a
seismic wave that has broad frequency content will strongly atten-
uate the highest frequencies along the travelled path. This is well-
observed in our spectrograms (Fig. 8) and confirmed by the spec-
tral pattern induced from the relationship between the seismic
noise and the proxy of fluvial shear stress. This latter is best
expressed at low-frequency (<30 Hz) if the river-station distance
increases. Hence, the seismic sensor of a station far from the
stream may not record the highest frequencies. It should be more
sensitive to the low-frequency content produced by the ground
vibrations of the largest boulders. As a consequence, there is a crit-
ical distance that might preclude observing the motions of bed
load, at least for the smallest particles. In a moderate alpine river
like the ‘‘torrent de St Pierre’’, it may be necessary for stations to
be located close to the stream, as in the case of ECR01, in order
to record the whole characteristics of the sediment transport.

5. Conclusions

This study illustrates the strong potential of the spectral analy-
sis of river seismic signal to survey the bed load transport. Initially
presented along a meandering and entrenched river in the Himala-
yas (Burtin et al., 2008), we show that the approach is relevant in
the case of a braided river with a modest discharge (1–5 m3/s vs.
500–2000 m3/s for the Trisuli River), and smaller bed load grain
sizes (D90 � 0.1 m vs. >0.6 m in the Himalayas; (Mezaki and
Yabiku, 1984)). During summers 2007 and 2008, our measure-
ments indicate a similar content of the high-frequency seismic
energy. For days without rainfall, the spectral energy in the
2–60 Hz frequency band occurs with a 24 h periodicity that follows
a trend imposed by the daily melting of glaciers due to the diurnal
temperature variation. During rainfall events that lead to a sudden
increase of the water discharge, we notice a similar increase in the
seismic noise energy over a broad range of high frequencies, up to
80 Hz at some stations. This result points out the key control of the
water supply in the seismic noise measurements. The comparison
of water level and sediment transport data with the amplitude and
frequency content of the seismic signal confirms the possibility to
survey bed load motions. We show that the commonly used con-
cept of critical shear stress could explain both the increase and
the threshold behaviour of the seismic noise energy with water le-
vel. Using the seismic energy in the 3–9 Hz frequency band as a
proxy of the fluvial shear stress, we show that an increase (de-
crease) of water supply leads to an enhanced (reduced) transport
capacity of the stream that mobilises (stops) the largest particles.
Hence, the spectrograms exhibit a frequency content that shifts
to lower (higher) frequencies, and agree with a relationship be-
tween the frequency content of the ground vibrations and the grain
size of bed load. Finally, we discuss the use of near-field dedicated
(<50 m) seismic network to assess the spatial and temporal varia-
tions of the main sediment transport features for rivers with low to
intermediate water discharges.

Altogether, the seismic experiments along the powerful trans-
Himalayan Trisuli River (Burtin et al., 2008; Burtin et al., 2010)
and the small braided river presented in this study suggest that
bed load monitoring could be undertaken by the analysis of
high-frequency seismic noise in a wide range of hydrological con-
ditions. This technique appears complementary to others, present-
ing many advantages. It is a non-invasive approach with no risk of
damages that will allow a continuous monitoring of the sediment
transport along rivers. Further measurements focused on well-doc-
umented rivers are now required to deepen our understanding of
the seismic signal generated by bed load, in particular the effect
of the particle grain size. These improvements will help to translate
seismic observations into geomorphic estimates.
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