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Abstract

Ephemeral streams prone to sediment laden flash floods are key to understand the modes of
long term landscape evolution in semi-arid areas, pose a significant hazard to infrastructure and
people and are requisite to model the stability of main stem rivers to which they deliver
sediment. Key parameters of fluid and bedload dynamics are difficult to measure directly during
events unless an extensive measurement infrastructure is installed in the channel. Even then,
bedload samplers and pressure transducers provide spatially localised and temporally discrete
data that require interpolation to gain representative information about a flash flood event.

Seismometers are potentially valuable alternatives to in-stream devices. Installed at the stream
bank, they are safe from damage, continuously record high resolution data, incorporate the
average behaviour of a given footprint, and record proxy signals of a series of key parameters. In
order to develop these sensors as established devices for monitoring bedload transporting flows,
we need to understand what they tell us by unmixing the superimposed signals of the
parameters of interest. This requires comparison of data generated by seismic sensors with
independent records of established devices.

In this study we exploit the excellent infrastructure of the newly activated Arroyo de los Pinos
sediment research facility. We make use of seismic signals of a large flash flood event recorded
by a broadband seismometer station. We model the seismic spectra due to bedload and flowing
water, explicitly taking into account input parameter uncertainty, and compare the results with
independent measurements.

Introduction

Understanding the boundary conditions and operational modes of ephemeral streams is
essential from a process geomorphology and long term landscape evolution perspective.
Ephemeral streams are specifically prone to flash floods, rapidly occurring inundations due to
heavy rain. Under such rapid and massive flood conditions, the stream mobilises very high



amounts of bedload (Reid & Laronne, 1995). These flow and transport mechanisms are
important to better understand the geomorphic effects of such systems but also to estimate and
mitigate effects on infrastructure.

Accordingly, there has been significant effort in collecting instrumental data on key parameters
inherent to flow conditions and the boundary conditions determining the dynamics of flash
flood events. Classic approaches involve the construction of massive concrete supported
infrastructure inside the stream bed. This is necessary to maintain operation under the harsh
conditions during events. Typical in-stream instrumentation to constrain flow conditions
include pressure gauges, temperature sensors, and turbidity sensors. Bedload dynamics are
monitored with time resolving slot samplers and acoustic sensors such as hydrophones and
plate geophones (e.g., Cohen & Laronne, 2005; Rickenmann et al., 2014).

Most of these sensors, delivering direct and indirect data on the target parameters, provide point
measurements or can at best be regarded as cross sectional lines of sensors. Furthermore, the in
stream instrumentation approach requires careful planning of suitable deployment sites as a
massive investment is involved and a characteristic reach needs to be identified. The
maintenance effort is significant.

In recent years, a valuable alternative and complementary approach has gained increasing
attention: out-of-stream instrumentation with seismic sensors (Burtin et al., 2008; Barrierére et
al., 2015; Schmandt et al., 2017). Such sensors are installed at a safe distance to the stream and
record the ground motion due to stream dynamics, along with a series of further seismic
sources. Modern seismic stations can be deployed easily under rugged conditions and are able to
operate autonomously for months without maintenance; some systems are even capable of near
real time data telemetry. They provide continuous high resolution (> 200 Hz) time series that
carry information averaging over a given footprint of tens to thousands of metres. Thus, seismic
stations may provide near real time high quality proxy data of key parameters otherwise hard to
obtain.

Physical models were suggested to predict the seismic frequency spectra caused by earth surface
dynamics, such as turbulent fluid flow (Gimbert et al., 2014) and river bedload transport (Tsai et
al., 2012; Gimbert et al., 2018). In order to make appropriate use of such models, it is important
to explore robust ways to apply them inversely, i.e., to invert flow bedload and flux properties
from the measured seismic data.

We make use of the excellent infrastructure of the Arroyo de los Pifios sediment research facility
(Varyu et al., —this issue). We explore to which extent physically based model results (Tsai et al.,
2012; Gimbert et al., 2018) are consistent with seismic signals recorded next to the
instrumented stream.

Study site

The United States Bureau of Reclamation identified the Arroyo de los Pifios as a prime
candidate to improve Rio Grande sediment dynamics modeling. Work began on a world-class
sediment monitoring station on the Pifios with construction being completed in early 2018. The
catchment size is 32 km?; as tributary of the Rio Grande, the Pinos is typical of many systems
found in the southwestern United States. Flash floods carry sediment directly into the Rio
Grande causing a localized influx at the point of confluence. The Pifios is located at the northern



extent of the Chihuahuan Desert; characterized by violent monsoonal storms during the
summer months. Most of the runoff observed in the Pinos to date comes from these monsoonal
storms.

Materials and methods

Instrumentation and seismic setup

A 9.1 m wide cross section of the Arroyo de los Pifios has been turned into a sediment dynamics
research facility by installing a concrete lined sill. Into its concrete floor a series of in stream
sensors have been embedded. For details see Varyu et al. (this issue).

In addition, a Nanometrics Trillium Compact TC120s broadband seismometer has been installed
on the bank, 6 m away from the stream margin. The sensor was inserted into a 50 cm deep hand
dug pit, oriented to the North and levelled horizontally, mantled with sand and the pit was
closed again. The ground motion signals are recorded by a Nanometrics Centaur data logger,
operating at a recording frequency of 1000 Hz, with a dynamic range of 10 Vpp (gain = 4).

Data analysis

The analysis focuses on the largest flash flood event in 2018 (Figures 1, 2). The measured seismic
data were prepared and analysed with the R package ‘eseis’ (Dietze, 2018). The continuous time
series were imported for the flood event duration, and their means and linear trends were
removed. The instrument response was removed, also accounting for the dynamic range of the
logger, and the data was high pass filtered with a lower cut-off frequency of 1 Hz to remove the
ocean signal content. Spectrograms were calculated from the tapered time series (taper size 0.5
% of the total time series length) using the sub window averaging approach (Welch, 1967) on
periodogram-based spectra, each calculated from 80 % overlapping data snippets with window
sizes of 40 and 20 s, respectively.

Seismic models

During flash flood events, the seismic signal at the Arroyo de los Pinos facility is expected to be
dominated by the effects of turbulent fluid flow and/or the seismic wave scape due to particles
impacting the bed. Secondary effects may be caused by rainfall at the site, but more severely by
road traffic and people walking past the sensor. A further source of seismic signals can be other
rivers, such as the Rio Grande, some 250 m westwards. During this event operators arrived at
the site too late to cross the river toward the station; hence, noise due to persons or vehicles was
probably absent.

To explore the potential effect of fluid flow and bedload transport, we calculated seismic spectra
based on the models of Gimbert et al. (2014) and Tsai et al. (2012), respectively. Both models are
physically based representations of first order processes that cause ground motion as recorded
by seismic stations. The two models are part of the R package ‘eseis’, rewritten from the original
publications and validated against the corresponding Matlab script outputs. The models require
a range of parameters (Table 1) to be set or estimated, in order to account for properties of the
fluid, the transported sediment particles, the bed characteristics and the properties of the
medium through which the seismic waves travel toward the sensor.



Since several of these parameters remain unknown or can only be provided with an associated
uncertainty, we have to account for different model realisations, i.e., propagating the input
parameter uncertainties through the modelling process into the model output. For such highly
complex, non-linear and partly approximating models, there is no straightforward analytic
approach to uncertainty implementation. Thus, we use a Monte Carlo approach (cf. Dietze,
2018). We run both models multiple times (10,000 in our case), each time with slightly different
parameter values. The values are drawn from uniform random distributions. Each model output
is stored and the resulting assemblage of data is used to generate average seismic model spectra
and confidence intervals (quartile ranges). The spectra were calculated for different potential
stages of the flood and bedload fluxes. Table 1 summarizes the model parameters along with
their ranges of possible values. The parameter ranges are based on empirical field data, results
of studies under comparable landscape configurations, and best knowledge estimates, as
indicated in Table 1.

Table 1. Parameters and estimated uncertainty ranges for physically based models to predict the seismic spectra due
to turbulent water flow and bedload sediment transport (s.d. means dimensionless).

Paramater (unit) Symbol Value range/fixed Justification
Ds bedload grain diameter (m) ds 0.007-0.009 field sample measurements
Grain diameter standard deviation S s 0.5-0.9 field sample measurements
(log m)
Bedload sediment flux (m?%/s) qs see figure 4 observatory data result
Sediment density (kg/m?) rs 2600-2700 average rock density
Fluid density (kg/m?) r w 1000-1200 density of water with suspended load
Water depth (m) h w see figure 4 observatory data
Channel width (m) W W 9-10 observatory data
Channel slope (radians) aw 0.016-0.020 observatory data
Distance river to station (m) r0 6 observatory data
Reference frequency (Hz) fo 1 Tsai et al. (2012), Gimbert et al. (2014)
Material quality factor at f; (s.d.) q0 1020 Tsai et al. (2012), Gimbert et al. (2014)
Rayleigh wave phase velocity at fy v 0 400-600 estimate based on Dietze (2018)
Variation coefficient for vy p O 0.6-0.7 Tsai et al. (2012), Gimbert et al. (2014)
Q increase with frequency (s.d.) e 0 0.0-0.2 Tsai et al. (2012), Gimbert et al. (2014)
Greens function displacement n 0 0.6-0.8, Lagarde et al. (unpublished)
amplitude coefficients (s.d.) 0.8-0.9

Results

Empirical data

The largest sediment laden flash flood event of 2018 was caused by 30 mm precipitation in the
upstream section of the catchment around 10 am on 26 July, preceded and succeeded by smaller
precipitation events. Moving southward, the main storm also caused precipitation affecting
adjacent catchments and the trunk stream, the Rio Grande. Flow was recorded at the
monitoring station over 5.5 hours (22:06—03:30 local time, 04:06—9:30 UTC time — UTC time
unit used hereafter). Within one hour the stage rose to peak at 1.61 m and then receded during
4.5 hours (Figure 1). With the onset of flow, the bedload samplers started filling, most
pronounced in the left and central device. These filled within a few minutes while the right
sampler collected bedload for a few more minutes. Thus, data from these devices cannot be used
for the entire flood event and have been truncated in figure 1. However, the pipe microphones,
collecting surrogate data of bedload particle impacts were in operation throughout the event.
The two sensors show significantly differing time series.
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Figure 1. Sensor time series of the sediment laden flash flood in the Arroyo de los Pifios. The hydrograph (black line)
shows a rapid stage rise just after 4 am (UTC time) with recession lasting until 10 am on July 27 2018. Bedload flux
was massive enough to fill all three Reid type basket samplers. The pipe microphone count data (left sensor dotted
line, right sensor dashed line, average solid bold line), show bedload movement for about five hours.

The seismic perspective on this flash flood event (Figure 2a) shows the preceding conditions and
the seismic background signals superimposed on the actual target processes. The rain events
appear as vertical bands due to their broad band frequency character (Dietze et al., 2017). A 2-8
Hz frequency band is continuously present (horizontal green line in Figure 2a). The most
prominent feature in the spectrogram is the flood event (Figure 2b). Its onset at 4:10 am is
recorded as a sudden increase in seismic energy across almost the entire frequency space,
followed by the emergence of another, even more energetic pulse around 4:20 am. Most seismic
energy is carried by frequencies in the range 4—12 Hz with a gliding upward trend as the flood
progresses.
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Figure 2. Seismic spectrograms (time-frequency plots) of the investigated flash flood event. a) overview including
preceding phase with multiple rain events (vertical broad frequency bands) and the continuous 2-8 Hz frequency
band signal generated by another continuous source (horizontal band). b) close-up of the flood event, dominated by
frequencies between 4 and 30 Hz. The white bands in b) denote frequency ranges used to generate time series of
seismic activity in Figure 3, assumed to be dominated by turbulent flow in the Arroyo de los Pifios (fiv..) and bedload
impacts (foedioad)-

Following suggestions from the literature (e.g., Gimbert et al., 2014; Cook et al., 2018) we extract
average seismic power time series from the spectral data in the two discrete frequency bands 5—
8 Hz and 35-40 Hz, which supposedly are characteristic of river turbulence and bedload
impacts, respectively. The resulting surrogate time series (Figure 3) show the general co-
evolution of the two supposed sources of seismic energy. However, they also show that the



portion of signal caused by bedload impact behaves differently during recession than the fluvial
signal source. Both time series are similar to the evolution of the independently measured data
sets. The hydrograph and the 5—8 Hz band both rise from the onset of the flood at 4:06 am, peak
around 5 am and fall to background values by 10 am. However, the peak of the seismic time
series is broader and the falling limb shows another, secondary maximum between 6:10 and
7:00 am, which is not visible in the pressure gauge data. Seismic power characteristic for
bedload flux appears to rise steeper and less uniform than the other seismic time series before it
also peaks around 5 am. Overall, the data shows greater differences from the averaged pipe
microphone time series, most notable it does not show the plateau-like evolution in the rising
part.
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Figure 3. Seismic power time series, supposed to be characteristic for turbulent fluid flow (5—8 Hz, blue lines) and
bedload particle impacts (35—40 Hz, brown lines), corresponding to the annotations in Figure 2b. The plot shows the
raw seismic data (solid thin lines) and their one standard deviation ranges (polygons) as well as 200 sample wide
running averages (thick lines) in dB, i.e., 10 - log,,(m2/s2/Hz2). The independently measured time series of water
stage (thin blue line) and bedload impact related average pipe microphone (thin brown line) are given for
comparison.

Seismic models

Turbulence signatures (after Gimbert et al., 2014) were calculated for flow depths from 0.05 to 2
m (Figure 4a), with relevant model parameters being allowed to range freely within meaningful
limits (cf. Table 1). This range in depth covers most of the independently measured values (0—
1.61 m) and the corresponding spectra span the majority of the energy levels of spectra
measured by the broadband station (grey curves in Figure 4a). However, the shape of the
modelled turbulence spectra is obviously different from the empirical one; most prominently
below 20 Hz and above 60 Hz.

Bedload models (after Tsai et al., 2012) cover seven orders of magnitude, from 0.1 g/sm to 100
kg/sm. The lower value was set after exploring which flux best matches the lowest empirical
spectrum. The highest value was set based on scaling the Reid type sampler values by the pipe
microphone data (about 60 kg/sm). Here as well, the resulting spectra represent the range of the
empirical data (grey curves in Figure 4b) but deviate significantly from those, predominantly,
below 40 Hz.

Both model spectra overlap significantly and have their highest values in frequency bands
different from the bands denoted in Figure 2 (5—8 Hz and 35—40 Hz). This underlines the
ambiguities with separating the two sources of seismic signals by simply isolating these two



frequency bands. The overlap is caused not only by the range of individual spectra as a result of
input parameter uncertainty and scatter, but also by the overall shape of the two model outputs.
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Figure 4. Modelled seismic spectra caused by a) water turbulence and b) bedload transport. Shaded polygon area
depicts inter quartile range of model solutions due to input parameter uncertainty. Grey curves in the background
depict empirical spectra as measured by the broadband seismometer over the duration of the flash flood (i.e.,
corresponding to the vertical dimension of the spectrogram in figure 2).

Discussion

Clearly, there is a relation between the seismic record and fluvial dynamics. But this relation is
far from straightforward. The temporal evolution of the seismic frequency bands, supposed to
represent turbulence and bedload transport, deviates significantly from independently
measured proxy data. Deviation may at least for the bedload proxy data be due to cross-sectional
differing pipe microphone impact rates (dashed vs. dotted lines in Figure 1), caused by spatially
non-uniform particle flux or cover and dampening effects. This highlights the need for a
spatially averaging technique if the goal is to infer the general flow and flux characteristics, not
only in a cross-sectional dimension but also along stream.

During this significant flood, two of the three Reid type basket samplers filled by a small fraction
of the transported bedload. Furthermore, the pit samplers also show a spatially non-uniform
evolution. These results also argue for the need of an additional, continuous and spatially
averaging monitoring technique to better constrain the general event characteristics.

The seismic data indicate convolution of at least three sources of seismic signals. Although the
Rio Grande would be able to cause seismic signals in the 2—8 Hz range (Cook et al., 2018), which
is clearly visible before and after the flood event, it is unlikely to be the cause of the low
frequency peak in the spectra as it cannot reach beyond -160 dB even under enormous flow
conditions (model results not shown, based on 250 m distance to station, 80 m width, 3 m
depth, coarse sand D;,). Thus, it is likely that other tributary channels or continuously operating
seismic sources are responsible for the contamination of the data in this frequency band. The 5-
8 Hz band as proxy for channel flow activity starts at a higher energy level than after the flood.
This is most likely due to energy leaking from the 2—8 Hz seismic source into the 5-8 Hz
frequency band. This tendency is visible in Figure 2a, where the persistent frequency band is
active also hours before and after the flood event.

The observed spectra (Figure 4, grey background lines) can be explained in major parts (i.e.,
frequencies > 20 Hz) by a combination of the two seismic models (Tsai et al., 2012; Gimbert et



al., 2014). However, the dominant low frequency part (2—8 Hz) is not reproduced by any of the
models. It may be related to local effects, such as the concrete reinforced cross section,
resonating in its characteristic frequency. More investigations are needed to explore this effect,
either by modelling the characteristic frequency of such a concrete body or by conducting
dedicated seismic sensing of this structure. Likewise, the low power spectra, before the flood
starts and just after it ended (i.e., low power spectra lines in Figure 4), only follow the flat -160
dB shape of typical “environmental noise” spectra above 40 Hz, while seismic power steadily
rises below this frequency.

The convolution of channel flow turbulence and bedload flux signal is obvious when considering
the Monte Carlo based seismic spectra models (Figure 4). While the turbulence spectra match
the frequency range 20—60 Hz and the bedload spectra better describe the frequency range 60—
100 Hz, both estimates overlap. Except for the extreme periods in water stage (1.61 m) and
bedload flux (perhaps 20 kg/sm) — for which there is indeed agreement of empirical and
modelled spectra — the number of potential combinations of similar likely spectra due to the two
sources is high. This makes simple frequency band time series as proxies for water stage and
bedload flux questionable, at least under the current setting of this observatory.

Accordingly, a more robust approach should explicitly account for the combined effect of at least
two different seismic sources, thereby taking into account a wide range of frequencies along with
the shape of the modelled spectra. Furthermore, uncertainty in the model parameter space
should feed into the robust approach to develop a realistic estimate not only of the most likely
values for key flood event metrics, but also their uncertainties. Thus, a Monte Carlo based
inversion of physically based seismic models appears a prosperous approach to this problem.

Conclusion

In this ongoing study we used a seismic instrument as a high resolution, non-invasive sensor to
continuously survey the spatially averaged characteristics of a sediment laden flash flood event
at safe distance to the channel and its devastating effects. We compared the seismic ground
motion data with other, independently constrained flood proxy data, and explored to which
extent existing physically based seismic model results agree with the empirical data.

The spectral information in the seismic data (figure 2) show a distinct evolution of the signals
contained in different frequency bands (figure 3), which is in general consistent with
expectations from theory. While it would be appealing to extract key flood parameters by
conveniently deploying a state of the art seismic station, there are several shortcomings
adherent to this approach. The seismic data are by no means straightforward to interpret. The
spectra emitted by at least three temporally distinct sources overlap significantly, whereby the
source of a low frequency (2—8 Hz) signal is not yet resolved, but may perhaps be related to the
characteristic frequency of the concrete structure of the observatory. Furthermore, the seismic
station is subject to the influence of further seismic sources such as wind, rain, anthropogenic
activity (though not in this particular case) and other river systems. Existing physically based
model predictions fall well into the range of empirically determined data but overlap to a
significant degree. Accordingly, it is vital to develop a manner to handle this mixed nature of the
signals we record.

In addition, and in the light of the expected lifetime of the observatory, it might be valuable to
reconfigure the seismic station components. The seismic data show that there is no need to work
with broadband instrument data, as most of the signals of interest are > 1 Hz, whereas the



currently used sensor is ideal for frequencies between 0.008 and 200 Hz. Likewise, none of the
models is designed for other than the vertical component data. Thus, it would be an option to
replace the one three-component broadband sensor by three single-component geophones.
These can be arranged in a triangular geometry with two sensors along stream and one sensor
ca. 40—70 m away. Such a setup would allow for more profound insight into streamwise changes
in hydraulic and sediment transport dynamics, but also allow a more robust inversion by adding
a further data set at another distance to the channel, with other expected spectral properties to
include to the inversion approach.
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