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Key Points:

e Along-river hydroacoustic spectra reveal fine-scale spatial variation in flow hydraulics as
well as complex cable-flow/bed interactions.

e Distributed acoustic sensing (DAS) data enables the use of array methods to interrogate
signal sources at high spatiotemporal resolution.

e Banded spatio-spectral gliding may be explained by distance-dependent lag between
impact-generated impulses.
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Abstract

Fluvially generated seismo-acoustic waves provide a novel means of investigating otherwise
hidden river processes. Unfortunately, signals from individual seismometers or hydrophones are
challenging to interpret due to environmental heterogeneity and the superposition of multiple
signal sources. Here we demonstrate the potential for fiber-optic distributed acoustic sensing
(DAS) arrays to revolutionize seismo-acoustic fluvial monitoring with the first results from an
in-stream DAS deployment. Meter-scale strain-rate measurements along ~160 m of cable
submerged in Clear Creek, Colorado, USA, provide a spatially continuous snapshot of the river’s
hydroacoustic and turbulent strain-rate spectrum. This unprecedented resolution enables clear
attribution of spectral features to flow hydraulics, with incoherent broadband signals associated
with turbulence and coherent spectral banding in more laminar reaches. Spectral data further
reveal banded spatio-spectral gliding, or shifting of frequency bands through space in several
regions, one of which is colocated with a series of quasiperiodic impulses that produce a distinct
“knocking” signal. We use a grid search over array arrival times to determine that this signal is
generated by cable-bed impacts due to flow-driven cable movement. Model results indicate that
the source of spatio-spectral gliding is most likely the spatially varying lags between impulse
signals along the array, suggesting that similar phenomena could be generated by bedload
impact-generated impulses during transport. Our observations highlight the opportunity for array
methods to identify and locate distinct signal sources in DAS data as well as the need for future
work to improve deployment techniques and address cable coupling in dynamic fluvial
environments.

Plain Language Summary

Monitoring or predicting the hidden movement of water and sediment in rivers is an important
challenge in many fields. Sound waves produced by rivers offer a new way of seeing beneath the
water’s surface, but individual recordings are difficult to interpret because river environments are
very complex. We use distributed acoustic sensing (DAS) to produce the first record of sound
waves and turbulent motion along a fiber optic cable submerged in a river. This record provides
a high-resolution snapshot of sound and motion from each point along a ~160 m stretch of Clear
Creek in Colorado, USA, allowing us to clearly identify the signatures of river features like pools
and rapids, and to examine how acoustic frequency or pitch changes along-stream. The detail in
the DAS recordings confirms that acoustic waves contain valuable information about the
riverbed and flow, reveals surprising patterns in acoustics, and allows us to locate the sources of
specific signals, including some generated by movement of the cable itself. This study
demonstrates that DAS technology can dramatically improve our ability to monitor rivers with
sound waves and also highlights some of the challenges that future work should address in the
development of this tool.

1 Introduction

Passive seismo-acoustic techniques are increasingly used to study surface processes and
materials that generate or modify elastic waves (Malehmir et al., 2016; Jerolmack and Daniels,
2019; Piégay et al., 2020; Cook and Dietze, 2022). In rivers, both in-stream (e.g., Geay et al.,
2020) and along-bank (e.g., Burtin et al., 2016) monitoring techniques show great promise for
continuous detection and monitoring of sediment transport and fluid hydrodynamics, which are
challenging to observe through other means.



63
64
65
66
67
68
69
70
71
72

73
74
75
76
77
78
79
80
81
82
&3
84
&5
86
87

38
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107

manuscript submitted to JGR — Earth Surface

In-stream hydrophones and geophones record fluvial soundscapes over frequencies from
Hz to tens of kHz (e.g., Geay et al., 2017) and have previously been used to record processes
informing fish habitat (e.g., Tonolla et al., 2011), sediment transport (e.g., Krein et al., 2008;
Rickenmann, 2017; Petrut et al., 2018), and hydrometry studies (e.g., Osborne et al., 2021).
Alternatively, seismometers and geophones deployed outside the stream channel integrate
diverse fluvial signals and attenuation effects over broader spatial scales (e.g., Larose et al.,
2015). Continuous archival seismic data are revealing new connections to environmental
forcings (e.g., Chao et al., 2015; Cook et al., 2018), whereas targeted deployments have provided
constraints on sediment transport (e.g., Schmandt et al., 2013, 2017; Misset et al., 2020) and
fluid hydrodynamics (e.g., Goodling et al., 2018).

Despite these advances, the inability to robustly connect seismo-acoustic signals to
specific processes limits the utility of in-stream and bankside monitoring efforts alike (e.g., Roth
et al., 2017). In-stream hydrophones are able to capture the high-frequency signals generated by
both water turbulence and sediment transport, and in some cases these processes have been
associated with distinct frequency bands in the tens of Hz to tens of kHz range (e.g., Belleudy et
al., 2010; Krein et al., 2016). Because these high frequencies attenuate rapidly, however,
hydrophones are highly sensitive to both the distance from a signal source and the local
hydraulic conditions controlling turbulent power. Quantitative analysis of hydroacoustic wave
fields therefore requires highly site-specific calibration (e.g., Tonolla et al., 2010, 2011) and
cannot distinguish between the effects of signal source proximity versus strength. Quantifying
bedload flux would therefore require independent methods of constraining the signal source
location (Geay et al., 2017). In-stream instruments can also be expensive and logistically
challenging to install, are at risk of damage or loss at high flows, and can produce their own
turbulent noise due to the footprint of instruments and mounting infrastructure in the flow (e.g.,
Belleudy et al., 2010).

Seismic deployments outside the flow can avoid these issues, but face their own
challenges due to the lack of constraints on a wider range of source signals combined with near-
field attenuation through heterogeneous fluvial substrates (e.g., Roth et al., 2017). Theoretical
models (Tsai et al., 2012) and observations from alluvial channels (e.g., Roth et al., 2016)
indicate nearly complete attenuation of river-generated seismic power above ~100-200 Hz. The
high frequency signals that are lost before reaching along-bank seismometers contain valuable
information detectable on hydrophones, for example, about bedload particle sizes (e.g., Belleudy
et al., 2010). Theoretical seismic models for sediment transport (Tsai et al., 2012) and turbulence
(Gimbert et al., 2014) show promise but remain largely unvalidated in real settings due to
reliance on model parameters requiring site-specific calibration (Dietze et al., 2018). Broader
applicability of these models and tools calls for more controlled studies across diverse conditions
(e.g., Bakker et al., 2020; Lagarde et al., 2021; Osborne et al., 2022).

Distributed acoustic sensing (DAS) may provide an observational solution to these
logistical and scientific challenges. DAS systems inject laser pulses into fiber optic cables and
use optical phase shifts and return times of back-scattered light to measure along-fiber
distributed dynamic strain rates (Lindsey and Martin, 2021). DAS records are comparable to
large-N geophone arrays, but offer unprecedented spatial and temporal resolution: cables can be
tens of kilometers long with spatial resolution of meters and can resolve frequencies from
millihertz to kilohertz. Power and data logging are centralized through a single interrogator unit,
reducing field logistics and pre-processing relative to multi-node arrays. Military-grade fiber
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optic cables are rugged and streamlined, making DAS easier to deploy both in-stream and along-
bank, and produce a narrower footprint in the flow than hydrophones. DAS has recently been
used to examine slope failure (Michlmayr et al., 2017), groundwater dynamics (Ajo-Franklin et
al., 2019; Gao et al., 2020; Rodriguez Tribaldos et al., 2021), hydrofracturing (Becker et al.,
2020), shallow seismic velocities (Yang et al. 2022a), glacial icequakes (Walter et al., 2020),
glacial crystal fabric and subglacial sediment properties (Booth et al., 2020), ocean flow
dynamics and subsurface structure (Lindsey et al., 2019; Cheng et al., 2021) and the songs of
baleen whales (Bouffaut et al., 2022). In fluvial systems, DAS offers to merge the unique
advantages of high frequency in-stream hydrophone monitoring with the broad spatial extent and
array methods of seismic and geophone deployments. To date, however, this potential has not yet
been explored.

Here, we present the first results of an in-stream DAS deployment in Clear Creek,
Colorado, USA. The meter-resolution DAS data allow clear discrimination of river morphology
associated with strain rate and spectral features generated by both acoustic waves and direct
interaction between the cable and flow. These features are broadly consistent with previous,
lower resolution seismic and hydroacoustic observations, but provide an additional level of detail
due to the spatial continuity of measurements along the DAS cable. The multichannel data
enables the use of array methods to locate and identify the source of recurring impulse signals
associated with cable-bed interaction, providing a useful analogy to bedload impacts. We also
document several novel phenomena including unanchored cable motion, along-cable wave
transmission and impulse-generated spatio-spectral gliding. Our results demonstrate the potential
for DAS arrays to provide new insights into turbulence- or bedload-generated hydroacoustics and
highlight needs and challenges relevant to future DAS deployments in dynamic geomorphic
settings.

2 Study Site

Clear Creek is located in Golden, CO, USA (Figure 1a), with mean annual discharge of
5.4 m¥/s and peak flows (~35 m?/s) fed by seasonal snowmelt, with stormflow in summer.
Within the ~160 m alluvial, gravel, and cobble bed test section, the bankfull channel width is ~27
m and the mean channel bed gradient is ~0.003. The stream transitions from a pool-riffle or run-
riffle morphology upstream to an engineered step-pool morphology with cement-reinforced
rapids and deeper pools downstream (Figure 1a). The bed is a coarse, cobbly gravel deposit
generally less than 6 m thick (Trimble and Machette, 2003) overlying shale and sandstone
bedrock (Van Horn, 1972). Coarse bedload is mixed sedimentary and granitic or gneissic
crystalline material with median grain diameter Dsy ~ 0.05 m.

3 Methods

3.1 DAS deployment and geospatial referencing

On December 6, 2020, we deployed a Terral5 Treble DAS system with a military grade
fiber optic cable rated for rugged outdoor deployments. Optical phase shift data were collected at
20,737 Hz at discrete points (known as “channels”) every 0.82 m along the cable. The cable,
housing two single-mode optical fibers in polyurethane, was placed in three roughly parallel
folds: submerged along the creek, immediately adjacent to the flow along a gravel point bar and
engineered bank slope within the bankfull stream channel, and along the floodplain above the
active stream bed (Figure 1a). We present data from the submerged segment of cable.
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Figure 1. Spatially aligned field site, microstrain rate, and power spectral density maps with
reference imagery. a) Study location in Colorado and site map aligned with b) reference
photographs of key fluvial features. Solid yellow line indicates submerged DAS cable segment
shown in panels ¢ and d; dashed yellow line shows subaerial cable path. ¢) Example ~0.25 s of
recorded in-creek DAS microstrain rate data. d) Spatial spectrogram showing power spectral
density (PSD) averaged over three 10 s segments of microstrain rate data at each position, along
with total signal power (P) above in gray. Annotated regions I-II indicate banded spectral
features visible below ~400 Hz in panel d. Vertical blue shaded bands indicate broadband signals
co-located with turbulent streamflow features. Vertical dashed and dotted lines indicate locations
of example spectra shown in Figure 3.
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Best practices for anchoring a DAS cable in a submerged stream setting have not been
explored before, and several options were considered. Cable burial within the bed was
impossible through the cement-bedded engineered rapids, and the large cobbles and pore spaces
in the natural stream bed had the potential to introduce a high degree of heterogeneity in cable
coupling and near-field acoustic noise (e.g., pressure fluctuations transmitted by individual
cobbles or generated by hyporheic flow; Tonina and Buffington, 2009). Embedding the cable at
depths with sufficient fines to improve coupling was deemed both logistically intractable and
suboptimal for observing signals generated by turbulent flow hydraulics due to high-frequency
signal attenuation within the bed, which would limit our ability to validate results by comparison
with hydrophone observations. Anchoring the cable firmly at intervals along or above the bed
surface was expected to produce noise due to resonances within the cable, whereas anchoring it
loosely might mitigate resonance but produce noise due to interaction between the cable and
anchor. Along-cable anchors are also likely to alter the flow in the immediate vicinity of the
cable, producing self-generated noise—a challenge previously documented in hydrophone
deployments (e.g., Belleudy et al., 2010). To minimize these noise sources, we anchored the
upstream end of the cable around a tree stump on the bank and left the downstream end free in
the flow. Just downstream of the stump, ~10 m of cable was suspended under tension before
entering the flow. We georeferenced cable positions with tap tests within +£1 m uncertainty (Text
S1).

During the deployment, mean discharge was ~1.2 m¢/s (USGS stream gage 06719505,
~350 m upstream; U.S. Geological Survey, 2016). Flow depth and depth-averaged velocity were
measured manually at several representative points along the thalweg using a Hach FH950
Flowmeter at 60% relative depth. Representative depths for rapids, riffles, and pools respectively
were 0.21, 0.43 and 0.55 m, with associated velocities of 1.26, 0.77 and 0.24 m/s. Throughout
the deployment, the stream bed remained armored and we visually observed no sediment
transport. The dimensionless Shields stress, a common metric for sediment mobility (Buffington
and Montgomery, 1998) was estimated to fall between 10% and 65% of typical critical values
required to initiate sediment movement (Text S2).

3.2 DAS data processing and analysis

The Terral5 DAS system records optical phase-based deformation rate (equivalent to
along-fiber velocity; Yang et al., 2022b). We converted deformation rate to along-cable
microstrain rate (ue/s or 10+ &/s) by finite differencing over a fixed fiber distance (commonly
called “gauge length”; Parker et al., 2014) set to 3.24 m. The resulting microstrain rate (Figure
lc) is equivalent to the gradient in along-fiber velocity over 4 DAS channels.

We performed spectral analysis using 30 s of strain rate data along the submerged cable
length. Flow characteristics did not vary over this timespan, and we observed no notable
differences across several 30 s segments during the acquisition period. We therefore averaged the
amplitude spectra from three consecutive 10 s windows at each channel, then converted to power
spectral density (PSD). The resulting spatial spectrogram or spatio-spectral map reflects the
along-stream average DAS signal throughout the submerged section of cable. We present this
data over a limited frequency range up to 1 kHz (Figure 1d) to highlight key spectral features and
offer a basis for comparison across the range of frequencies examined in previous studies.
Spatio-spectral data are shown over the full range of observable frequencies up to 10 kHz on
both linear and logarithmic axes in Figure Sla and S1b. To better enable visualization of the
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spectrum along-river, we also produced an animation of the spectrum up to 2 kHz paired with an
auditory “soundscape” composed of spliced, consecutive 0.3 s segments of strain-rate sound files
from each DAS channel along the creek (Video 1). Full spectrograms (up to 10 kHz) for both the
submerged and along-bank cable segments as well as the spectrum at any point along the channel
can be explored in more detail via an interactive Matlab app (Roth et al., 2023). We integrate the
PSD over all recorded frequencies (up to 10 kHz) to find the total acoustic power (P) (in [pe/s]?)
at each point along the river (Figure 1d).

Finally, we build a cross-correlation matrix representing along-stream wave coherence by
correlating each channel in the submerged section of cable with every other channel in the same
section. For each pair of channels, we calculated the correlation between them at different lag
times and recorded the highest value as a measure of the maximum cross-channel correlation
(Figure 2).

_________

Riffles
Boulders
Rapids

= submerged) i

Frequency (Hz)
([2H/2(s/31)]"'60] ) OSd 9¥es UreASOIIN

Microstrain rate PSD ( log, [(ne/s)*/Hz] )

Ié(;equency (Hz)

Video 1. Movie of DAS audio-spectral soundscape along the creek. The DAS power spectrum
and 0.3 s of accompanying audio from each DAS channel along the creek. Channel locations
indicated by moving vertical dashed line in central panel.
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226  Figure 2. Cross-correlation matrix representing maximum along-stream wave coherence
227  between channel pairs in the submerged cable. Dashed lines show incoherent boundaries
228  between regions of high coherence.

229 4 Results

230 4.1 Spectral characteristics and coherence

231 Throughout the study reach, spectral power peaks between ~20 Hz and ~60 Hz. We

232 observe six regions with broadband signals (vertical blue shading centered at ~8 m, 28 m, 53 m,
233 87 m, 117 m, and 141 m, Figure 1) co-located with regions of turbulent flow at the engineered
234 rapids (three exposed and one submerged), a zone of shallow flow over the riffle (rightmost

235 photo in Figure 1b), and a large, submerged boulder (Figure 1a). These broadband peaks are
236 discernable across all resolved frequencies up to 10 kHz (Figure S1, Video 1, Roth et al., 2023)
237  and are associated with peaks in total spectral power along the study reach (Figure 1d).

238 The broadband peaks at the rapids and boulder correspond with zones of along-stream
239 wave incoherence (Figure 2) that separate distinct regions of high coherence (i.e., each DAS

240  channel is highly correlated with other channels inside its region and poorly correlated with

241  channels outside of it). Starting at the upstream end, the first high-coherence region corresponds
242 with the part of the cable that was outside of the water and was therefore excluded from Figure 1.
243 The second coherent region starts where the cable enters the water and ends at the submerged
244 boulder (Figure 1a). In the remaining regions, we see the highest coherence in reaches where

245  flow appeared relatively laminar through the run-riffle reach and, farther downstream, the pools
246  adjacent to each engineered rapid. A condensed version of Figures 1 and 2 is provided in the

247  Supplement (Figure S2) for easier spatial referencing between these results.

248 To better compare the spectral signatures associated with each of these hydraulic
249  features, we show example power density spectra and their log-binned averages (Figure 3) from



250
251
252
253
254
255
256
257

258
259
260
261

262

263
264
265

manuscript submitted to JGR — Earth Surface

several broadband signals associated with turbulent flow, along with more laminar neighboring
reaches (vertical dashed and dotted lines annotating Figure 1). The two farthest downstream
rapids show broad spectral peaks over ~15-50 Hz followed by declining power through higher
frequencies (Figure 3a-b); spectra from the pools upstream of each rapid are similar in form but
contain narrower peaks around ~30—40 Hz and lower broadband power across the observed
frequency range. The uppermost rapid and neighboring pool (Figure 3c) both demonstrate a
similar, well-defined peak at ~30-33 Hz, with the rapid again producing higher power across all
frequencies.

The spectrum at the riffle (Figure 3d) contains two distinct peaks at ~15 Hz and ~30 Hz;
both peaks are also evident in the more laminar run upstream, as well as a third peak at ~22 Hz.
Whereas the broadband signals at the rapids correspond with peaks in total spectral power, the
broadband peak at the riffle is several meters downstream from the peak in total spectral power.

105-@- e

1008

== Turbulent
===+ Laminar

105‘@' T T T T T

-
~“—-
—_——
=~

1001 L

PSD [ (ue/s)2/Hz |

1001

105‘@ T T T T

i) |
V' / “‘\N’N

A M
" "
10°+ l‘W‘m’ﬁ. I‘!‘:\"'\—\ 1

-.‘.. : h [‘”'j\ el

L soaa il L soaaaaaal L soaa il L soaaaaaal X PRI
107 10° 10" 102 10° 10*
Frequency (Hz)

Figure 3. Example power spectra comparing turbulent broadband signals (dashed lines) and
neighboring laminar flow (dotted lines). Line colors correspond with Figure 1 and central lines
show log-binned average power density for each spectrum. Starting at the downstream end of the
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study reach, spectra show a-c) the three rapids and pools immediately upstream of each rapid,
and d) the run-riffle sequence upstream.

4.2 Knocking impulse

The broadband peak (Figure 1d) over the shallow riffle is also associated with a rapid
“knocking” sound in the DAS soundscape (Video 1). This signal appears in the strain rate data as
a series of quasiperiodic impulses (dark blue dashed line, Figure 1¢) with linear moveout and a
recurrence interval of ~0.07 - 0.1 s (Figure 1c). The apex of these impulse signals is centered
with the broadband signal noted above.

4.3 Banded spatio-spectral gliding

In the two largest coherent regions, the spatial spectrogram reveals a series of spectral
bands with peak frequencies that shift or “glide” with position along the river (I and II, Figure
1d). In the pool above the uppermost rapid, three visible bands increase in frequency with
distance upstream (I, Figure 1d).). The lowest band shifts from ~30 Hz just upstream of the
rapids to ~90 Hz approximately 20 m upstream. We also observe at least five bands increasing in
frequency nearly symmetrically (II, Figure 1d) as flow deepens both upstream and downstream
of the shallow riffle. Upstream of the riffle, where bands are more clearly resolved, the lowest
frequency band increases from ~60 Hz to ~350 Hz within about 30 m of the central riffle. These
bands and bandgaps are also visible in the example spectra for the uppermost pool (Figure 3c)
and the riffle-run sequence (Figure 3d). See Video 1 or the interactive Matlab app (Roth et al.,
2023) for visualizations of spatial evolution in DAS spectra along the study reach, in which the
spectral gliding is particularly evident.

5 Discussion

Similar to previous studies using in-stream hydrophones, DAS records acoustic waves
transmitted through the water column and generated by either the flow or sediment particle
collisions (Thorne, 2014). However, in addition to propagating through the water column,
acoustic waves can also propagate along the fiber optic DAS cable. Additionally, DAS data can
capture interactions between the cable and its environment, for example, impacts along the cable
or shear stress exerted directly on the cable by the flow. Below, we explore the signals described
above in more detail, taking advantage of the array nature of DAS to investigate signal sources
where possible and highlighting key similarities and differences with signals previously
documented by hydrophone or seismic deployments.

5.1 Flow characteristics captured by DAS

The frequency range captured by the DAS data coincides with the expected rate of
turbulent velocity fluctuations (~10--10+ Hz; Text S3) associated with downstream advection of
eddies in the inertial subrange (i.e., turbulent energy dissipation; Tennekes and Lumley, 1972). It
is unclear, however, to what extent the observed signals represent flow-generated strain
propagating along the cable versus flow-generated acoustic waves propagating in either the water
column or cable. Despite this ambiguity, the DAS data are broadly consistent with previous
observations of flow-generated acoustic power recorded by in-stream hydrophones. Several
studies have found similar peak frequencies in comparable fluvial settings, though often reported
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as sound pressure levels in discrete, low-resolution octave bands (Lugli and Fine, 2003; Wysocki
et al., 2007; Tonolla et al., 2010). Our spectra (Figure 3) also coarsely resemble lower resolution
observations (Tonolla et al., 2009, 2010, 2011) of root-mean-square acoustic sound pressure
peaking in the tens of Hz and declining nonmonotonically through several hundred Hz. The
observed increases in acoustic power in rapids and over the shallow riffle (where flow depths
decrease and velocities increase) are also consistent with previous studies that have attributed
variation in acoustic or seismic power up to the ~kHz range to flow hydraulics. Enhanced
acoustic power is often associated with increased flow velocity or relative roughness (the ratio of
median grain size on the bed to flow depth) (e.g., Gimbert et al, 2014; Tonolla et al., 2010, 2011)
and the presence of natural or artificial obstructions in the stream channel (e.g., Osborne, 20222),
including hydrophone mounting infrastructure (e.g., Tonolla et al., 2009).

Wave coherence and well-defined frequency bands have also been previously associated
with laminar flows (Chanaud and Powell, 1965; Howe, 1998; Matoza et al., 2010; Tonolla et al.,
2011) or standing waves (Ronan et al., 2017), whereas incoherence and broadband acoustic noise
are often associated with more turbulent flows (e.g., Wysocki et al., 2007; Tonolla et al., 2010;
Matoza et al., 2010). Turbulent broadband power is commonly ascribed to turbulence-induced
cavitation, which can produce acoustic noise peaking between 0.01 and 1 kHz (Urick, 1983;
Lurton, 2002), and incoherence has been linked to the scattering and absorption of background
acoustic energy by turbulence-generated bubble plumes (Norton and Novarini 2001). To our
knowledge, our data offer the first clear view of a transition between coherent signals generated
in laminar flow and broadband power as flow becomes increasingly turbulent.

5.2 Cable-bed interactions and wave propagation

The “knocking” sound detected at the shallow riffle (Video 1), as well as the signal’s
impulsive forcing signature and broadband power spectrum (Figure 1c, 2b) are reminiscent of
previously documented impulses generated by mobile sediment impacts (e.g., Geay et al., 2017).
The array nature of the DAS data enables further investigation of this signal based on its arrival
time at each channel along the cable. We use a grid search to optimize the wave propagation
velocity and source-to-cable distance for 82 “knocking” events (Text S4) and find that the wave
propagation velocity was over 2000 m/s, well above the speed of sound in water. Additionally,
we consistently observe what appears to be total reflection of the impulse signals around ~21.5 m
upstream of the signal source (Figure S1) at the location of the submerged boulder (Figure 1a).
Along with the abrupt change in signal coherence at this point (Figure 2), this observation
suggests that the cable was snagged across the submerged boulder. Downstream of the riffle, we
observe partial reflection of some “knocking” impulses at the approximate location of the
submerged rapid, where it appears likely that the cable may have occasionally been dragged by
the flow across the cement-reinforced boulder step. At this location, we also occasionally see
partial reflection of coherent signals emanating from the uppermost rapid. Combined, these
observations indicate that the “knocking” signals and at least some of the turbulent flow-
generated signals from the rapids are propagating directly through the cable. We can conceive of
no plausible mechanism for a wave propagating outside the cable to undergo the observed
reflection. Our grid search also indicates that the “knocking” signal source is most likely co-
located with the cable itself. We therefore infer that the “knocking” signals were generated as
turbulence-driven motion caused the cable to impact the bed at the shallowest point along the
gravel bar forming the riffle. This finding highlights the need for future work to develop
improved deployment strategies minimizing unwanted cable-generated noise and assessing the
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impacts of this noise on interpretation of DAS data, especially relative to the self-generated
turbulent noise that poses a similar challenge in hydrophone deployments (e.g., Belleudy et al.,
2010).

Equally important, however, is that previous observations on individual hydrophones
(e.g., Johnson & Muir, 2010; Thorne, 2014; Geay et al., 2017) and in-bed geophones (e.g., Krein
et al, 2016) demonstrate that bedload sediment transport also commonly generates impulsive
acoustic signals. The cable’s knocking signal provides a convenient analog for these impulses,
which could be generated by inter-particle collisions or collisions between mobile grains and the
bed or a DAS cable. Our results therefore demonstrate clear proof of concept for the ability of
DAS arrays to locate bedload signal sources—another key challenge to the quantitative
interpretation of hydrophone data.

5.2 Spatio-spectral gliding

To the best of our knowledge, spatio-spectral gliding has never been observed in a river,
and has only been documented in a very limited number of cases elsewhere (Cheng et al., 2021;
Bouffaut et al., 2022; Rossi et al., 2022). Temporal gliding, however, is relatively well-
documented in seismo-acoustic signals from various environmental sources (e.g., MacAyeal et
al., 2008; Winberry et al., 2013). Based on a review of known cases of spatial or temporal
gliding, we hypothesize that fluvial spatio-spectral gliding could result from i) spatial variation in
hydraulic variables, ii) acoustic wave interference phenomena, or iii) as an emergent result of
signal processing techniques. Below, we use our data and site information, again drawing on the
high spatial resolution of the DAS array, to explore each of these scenarios. We focus on the
upstream run-riffle-run reach (II, Figure 1d), where we can better constrain stream morphology.
We can also rule out the possibility that spatial gliding is caused by a tension gradient and
resonance (i.e., standing waves) in the DAS cable itself since the “knocking” signal moveout
indicated that cable wave velocity (which depends on cable tension) was constant through this
reach.

Along-river variation in the hydraulic variables generating acoustic noise could
hypothetically cause spatio-spectral gliding in the same way that temporal variation in physical
parameters can produce gliding in terrestrial, volcanic, glacial and submarine environments (e.g.,
MacAyeal et al., 2008; Winberry et al., 2013). Though only observed in a handful of fluvial
studies, temporal spectral gliding has been attributed to changes in shear wave velocity with
progressive sediment saturation (Anthony et al., 2018) or changing bedload particle sizes with
progressive entrainment (Diaz et al., 2014). Theoretical and empirical correlations found
between total seismo-acoustic power or peak frequency and flow velocity or relative roughness
(e.g., Gimbert et al, 2014; Tonolla et al., 2010, 2011) further suggest that variation in sediment
transport rates, flow hydraulics and stream-bed or channel morphology could produce spectral
gliding. These mechanisms could be responsible for several unexplained observations of
temporal gliding during flash flood-driven sediment transport events (Dietze et al., 2019) and
following dam removal (Roth et al., 2011). At our field site, however, the slight (centimeters to
decimeters) increase in flow depth (i.e., decrease in relative roughness) on either side of the
shallow riffle should have produced a decrease in acoustic frequency rather than the dramatic
increase we observe. A decrease in localized flow velocity around the DAS cable as it
approached the frictional flow boundary at the bed while crossing the riffle could explain a
decrease in acoustic frequency, but we are unaware of any mechanism by which this would
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produce the multiple spectral bands we observe. Furthermore, the gliding is roughly symmetric
around the DAS channel co-located with the “knocking” impulse signals rather than the peak in
total spectral power several meters upstream (Figure 1d), as we might expect if the gliding were
associated with a decrease in flow velocity. This suggests that the gliding may be more related to
the impulses than to a hydraulic control.

The coincidence between the spatial gliding and impulse signals suggests that the gliding
could be caused by various wave reflection, refraction and interference phenomena known to
occur in other seismo-acoustic settings. Banded temporal gliding, for example, can be caused by
resonance in opening or closing cracks in glaciers and volcanoes (Chouet, 1988; Heeszel et al.,
2014) or due to shifting interference between direct and reflected wave arrivals (i.e., Lloyd’s
mirror; Lloyd, 1831) from moving acoustic sources such as airplanes, ships, submarine
landslides, and whales (Lo et al., 2002; Audoly and Meyer, 2017; Caplan-Auerbach et al., 2014;
Pereira et al., 2020). Although decades of ocean and underwater acoustics research have
extensively documented wave reflection, refraction, and interference in submarine environments
(e.g., Hovem, 1993; Lurton, 2002), new findings from ocean-bottom DAS showcase the first
unequivocal evidence that these phenomena give rise to spatio-spectral gliding. Recent work by
Cheng et al. (2021) used reflection- and scattering-based spatial variation in ambient noise
spectra to resolve shallow subsurface features of the sea floor. Even more recently, Bouffaut et
al. (2022) documented the first case of banded spatio-spectral gliding, caused by a Lloyd’s
mirror effect in whale calls reflected off the ocean surface.

The degree to which any of these phenomena can occur in more shallow and turbulent
fluvial settings is essentially unexplored. However, Anthony et al. (2018) suggested that
Rayleigh and Love waves generated by turbulent flow across a riverbed (Gimbert et al., 2014)
could cause shear wave resonance in an alluvial gravel layer. If so, then thinning of the modern
gravel riverbed or subsurface paleochannel layers could potentially cause an increase in resonant
frequencies along the creek. Likewise, reflection of acoustic waves or spatially shifting arrival
times due to different wavespeeds in water, cable, and bed material could hypothetically cause a
Lloyd’s Mirror effect. Detailed optimization modeling to test the likelihood of these effects in a
fluvial setting would require additional constraints on signal sources and reflectors (e.g., water
surface, bed surface, deeper alluvial and/or bedrock interfaces or subsurface structures). In our
strain rate data, however, we find no evidence of reflections or secondary arrivals beyond those
previously discussed, suggesting that this mechanism is unlikely.

We propose a final hypothesis based on recent work by Rossi et al. (2022), who observed
the second and only other example of banded spatio-spectral gliding of which we are aware, in
data obtained from colocated DAS and geophone arrays during an active-source survey.
Although the gliding was not explicitly discussed, we infer that it resulted from the gradual
temporal separation of impulses traveling at different wavespeeds through multi-layered
substrates. We therefore hypothesize that the spatial gliding we observe could have resulted from
the shifting arrival times of the “knocking” impulses along the cable relative to their reflections.
To test this hypothesis, we model impulses as synthetic Ricker wavelets approximately matching
the observed impulse width (~0.006 s), interval (0.1 s + random number between 0 and 0.02 s),
reflection locations and wavespeed (2100 m/s) with a 3% amplitude decay per channel (Figure
4a). Our model successfully reproduces the spectral bandgaps observed in the DAS data
upstream of the riffle (Figure 4b), where impulses are consistently reflected and the gliding
bands and bandgaps are most clearly visible (Figure 1d).
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Figure 4. a) Synthetic impulses modeled as Ricker wavelets and b) resulting synthetic spatial
spectrogram, annotated with red dashed lines showing visible bandgaps traced from DAS
spectrogram (Figure 1d).

We therefore suggest that the spatial gliding we observe in the DAS data was most likely
caused by the shifting offset in transient impulse signals over the 10 s windows used to calculate
spectra. We stress that this effect would be unavoidable for any window length sufficient to
allow examination of low-frequency power due to the short recurrence interval between
impulses. Upstream of the riffle, for example, 0.01 s windows could be short enough to avoid
capturing impulses and reflections in the same window but would result in a frequency resolution
of 100 Hz. Rossi et al. (2022) further demonstrates that this phenomenon does not require wave
propagation or reflection along the DAS cable, but also occurs in well-coupled, buried DAS
cables and even geophone arrays when impulse signals separate in transit through multi-layered
substrates with different wavespeeds. We suspect that spatio-spectral gliding may be fairly
common, for example in active source surveys, and that the scarcity of previous examples may
simply reflect the fact that spatial spectrograms are not yet a widely used method of data
visualization.

Additionally, because sediment transport also commonly generates impulsive acoustic
signals (e.g., Johnson & Muir, 2010; Krein et al, 2016), it is feasible that acoustic data from
rivers could demonstrate spatio-spectral gliding due entirely to naturally generated signals. This
could occur in any reaches where sediment-generated signals occur regularly and are relatively
stationary in space, similar to the knocking and reflections seen in this study. These conditions
could be possible, for example, with recurring impacts of mobile particles against immobile
boulders or large cobbles, or due to rocking of sub-mobile cobbles against the bed. If these
sediment-generated impulses then travel at different acoustic wave speeds through the water
column, bed and/or any subsurface layers, it seems probable that spatial gliding of bandgaps
similar to those observed here and by Rossi et al. (2022) would result even in buried cables,
although likely over shorter distances due to attenuation. By contrast, spatially dispersed
bedload impacts would be more likely to produce wave interference, assuming impact rates and
locations are random. Future modeling work could explore the potential for emergent wave
interference patterns, for example due to consistent particle hop lengths (e.g., Sklar and Dietrich,
2004) or spatial distributions. If high frequency wave fields encode information about rates and
patterns of bedload impacts, then spectral patterns observable in continuous, high resolution
DAS data could provide new tools for monitoring sediment transport.
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6 Conclusions and Outlook

This study provides the first demonstration of DAS as a tool for spatially continuous
fluvial monitoring. We map high-resolution acoustic signals to stream channel geometry,
substrate, and flow parameters. The spatial spectrogram reveals correlations between acoustic
power spectral density and flow hydraulics or stream morphology, suggesting that DAS may
provide information on along-stream variation in either cable-adjacent flow velocity or relative
roughness.

The spatial spectrogram also reveals spatio-spectral gliding of coherent frequency bands
in several locations. We attribute this gliding to distance-dependent lags between impulses
generated by cable-bed impacts and their reflections, but natural impulse-generating processes
such as sediment transport could produce similar phenomena. We speculate that this process and
a wider range of acoustic wave reflection, refraction, and interference phenomena commonly
observed in ocean acoustics (Lurton, 2002) could produce spatial and temporal frequency gliding
in rivers. Our observations emphasize the need for careful interpretation of spectral features in
future deployments. They also underscore the capability of DAS data to meet this need by
employing array techniques to effectively resolve signal sources and locations.

Best practices for submerged cable deployment and anchoring are needed to address the
unique challenges in DAS fluvial installations. Controlled flume experiments paired with
modeling in computational fluid dynamics would be useful to constrain the behavior of
submerged DAS cables under tension or fluid shear and assess cable-flow feedbacks. Similarly,
potential resonances, reflections or attenuation caused by cable burial could be explored through
flume experiments and elastic wave modeling. A robust method of distinguishing signals
propagating within the flow from those traveling along the cable itself could be achieved by co-
deployment of hydrophones with DAS cables.

DAS co-deployments may also provide unique opportunities to account for site- and
process-specific effects on signal generation, modification and attenuation in data from
individual seismometers, geophones and hydrophones (Gimbert et al., 2014; Roth et al., 2016,
2017). The unsurpassed spatial coverage and resolution of DAS arrays, combined with the
convenience of cable deployment and synchronized, centrally managed data logging, offers a
technically and logistically feasible opportunity to link signal characteristics to source processes
and facilitate model validation. Future studies can supplement environmentally instrumented
streams with seismic, hydroacoustic and DAS deployments to enable new opportunities for
quantitative process monitoring.
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downloaded from OpenTopography (https://www.opentopography.org/). All data and Matlab scripts

associated with this manuscript and used to produce figures, as well as an interactive Matlab
application for closer examination of DAS spectra are published on Zenodo under a GNU General

Public License at https://doi.org/10.5281/zenodo.7535671 (Roth et al., 2023). Figures 1 and 4 use

Crameri perceptually uniform scientific colormaps (Crameri, 2018a, 2018b) produced by the crameri
Matlab function (version 1.08) written by Chad A. Greene and available on GitHub at

https://github.com/chadagreene/crameri. This work was initiated through participation in the NSF-
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Introduction

This supporting information contains supporting details on tap testing and georeferencing
procedures, the Shield’s stress calculation, turbulent eddy frequencies, and the “knocking”
signal propagation velocity and distance optimization.



Text S1. Tap tests and cable georeferencing

To map along-cable distances to georeferenced positions on the creek, we conducted
“tap tests” at 17 points outside the flow, tugging the cable in opposing directions to produce a
sharply polarized, high-amplitude strain signal (positive/negative) on either side of the closest
DAS channel. Tap tests were documented with time- and Global Positioning System (GPS)-
tagged photographs. Each tap test was then identified in the downsampled, 0.1-1 Hz
bandpassed DAS data and associated with its tap test location.

We manually validated the tap test GPS locations and reconstructed the cable path in
Google Earth Pro (Figure 1a) using deployment photographs (e.g., Figure 1b) and satellite
imagery (Google Earth Pro, 2019) cross-validated with a 1 m resolution United States
Geological Survey’s 3D Elevation Program (3DEP) lidar-derived digital surface model (U.S.
Geological Survey, 2015). Estimated confidence in the tap test locations is £1 m. Along-path
and along-cable distances agree within 2.45 m.

Text S2. Shields stress

We used river flow depths collected concurrent with DAS deployment to estimate the
riverbed shear stress and the associated potential for grain motion. We calculated a
dimensionless Shields stress, T*, criteria, which approximates the ratio of driving and resisting
stresses acting on a particle as

* phs
(ps=p)Dso !

(1M

T

where p is the fluid density (kg/m?), p; is the sediment density (kg/m?3), h is flow depth (m), S is
the bed slope (m/m), and D5, is the median grain size of particles on the riverbed (m). It is
generally accepted that the threshold for particle transport, often called critical Shields stress,
7, is well-described by a narrow range of Shields stress values, T = 0.03 - 0.08 (Buffington and
Montgomery, 1997). We thus computed a range of Shield’s stresses during deployment as a
fraction of 7 by solving Eq. 1 using an assumed sediment density of p; = 2700 kg/m?* and
measured channel bed slope (S = 0.003), median grain size (Dgy= 0.05 m) and minimum and
maximum surveyed thalweg flow depths (h = 0.21 - 0.55 m) in the study reach. Estimated

"/ ¢ during deployment fell between 9.3% (for T/ = 0.08) and 64.7% (for 7; = 0.03).

Text S3. Turbulent eddies

By Taylor’s frozen turbulence hypothesis (Taylor, 1938), the period of velocity fluctuations
at a given point represents the time for an eddy of a given size to advect past at the mean flow
velocity u. The frequency of velocity fluctuations generated by eddies with characteristic
length scale L is therefore f~ u/L. The maximum frequency, associated with the smallest
turbulent length scale, i.e., the Kolmogorov microscale, is ~10*-10* Hz for typical Reynolds
numbers found in rivers (Tennekes and Lumley, 1972), and the minimum frequency varies
with position within the water column. Far from the bed, the largest eddy size can be
approximated as the flow depth L ~ h (Jerolmack and Paola, 2010), whereas eddies in the
boundary layer at the bed are represented by the roughness-dependent turbulent mixing
length (Schlichting, 1979) approximated as L ~ 3wDsg, (Gimbert et al., 2014). Using the range
of measured flow velocities, corresponding flow depths and median grain size for Clear Creek,
we estimate a minimum frequency range between ~0.4 and ~6 Hz throughout the study



reach. Since the DAS data records frequencies in the ~10'-10* Hz range, we assume the
observed signal includes acoustic information about turbulent length scales and associated
velocity fluctuations.

Text S4. “Knocking” analysis

We investigated the “knocking” signals by manually picking arrival times for 82 events.
Picking was semi-automated by cross-correlation of all traces with an analyst-selected
reference trace. Earliest arrivals consistently occur at DAS channel 596 (Figure S3a). Assuming
propagation through a homogeneous medium, the arrival time of the knocking signal at each

channelist =ty + +/(x — x¢)? + z2 /v, where t, is the event origin time, x is the along-cable
position, x, is the along-cable position of the source, z is the shortest distance from source to
cable, and v is the homogeneous wave propagation velocity. We grid-searched over z and v
values for each event to minimize misfits between observed and calculated times. Optimized
velocities were consistently around 2,000 m/s (Figure S3b), and optimized source-cable
distances were bimodally distributed with peaks at 0 m and ~2 m (Figure S3c). We note,
however, that because strain rate at each channel is averaged over 3.24 m (4 channels), the
apparent travel time curves are artificially rounded near the apex close to x4, which would
tend to increase the z value found by the grid search.

The optimal propagation velocities are substantially above the propagation velocity of
sound in water, suggesting they are propagating through the cable itself. To explore this
hypothesis, we conduct two more limited grid searches. In the first we assume “knocks”
originate from cable impacts on the bed and fix the distance from the cable to zero. We find
similar optimal velocities (Figure S3b) and misfits (Figure S3d) relative to the unconstrained
grid search. Second, we assume an external source and optimize only the distance away from
the cable, setting the propagation velocity to that of sound in water (1,450 m/s). This leads to
substantially higher misfits than in the previous two analyses (Figure S3d), indicating that this
signal is not propagating through the water and that its source is co-located with the cable.
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Figure S1. Spatial spectrograms showing power spectral density (PSD) averaged over three 10
s segments of microstrain rate data at each position. Spectrograms shown up to 10 kHz on
both a) linear and b) log frequency axes.
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Figure S2. All spatially aligned DAS data from Figures 1 and 2 (main text), shown together for
ease of spatial referencing. a) Site map, b) microstrain rate, ¢) power spectral density (PSD) and
total signal power (P) (gray) (shown in Figure 1), and d) along-stream wave coherence (shown
in Figure 2). Vertical dashed and dotted lines indicate locations of example spectra shown in
Figure 3; long dashed lines mark approximate boundaries between regions of high coherence.
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Figure S3. a) Waveforms for one “knocking” event with picked arrival times (red dashes),
calculated arrival times for the preferred propagation velocity (blue squares), and calculated
arrival times for a reflection (purple squares). Each trace is individually normalized by its
maximum amplitude. b) Histogram of best-fitting propagation velocities for all 82 “knock”
signals when the source distance from the cable is optimized (blue) or set to zero (orange). )
Best-fitting distance from the cable. d) Misfit between observed and calculated travel times
when both velocity and distance from the cable are optimized (blue), when only velocity is
optimized and distance from the cable is set to zero (orange) and when distance away from
the cable is optimized and the propagation velocity is set to 1450 m/s — the velocity of sound
in water (yellow).



