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Abstract Fluvially generated seismo-acoustic waves offer a novel means of investigating river pro-
cesses, yetinterpreting signals from individual seismometers or hydrophones remains challenging. This study
demonstrates the potential of distributed acoustic sensing (DAS) for fluvial monitoring. We present strain-rate
measurements and power spectra recorded at sub-meter resolution along ~160 m of submerged fiber-optic
cablein Clear Creek, CO, USA. We find that regions of enhanced turbulence, such as rapids, are associated with
broadband signals, whereas reaches with less turbulent flow display spectral power within distinct frequency
bands. In three such regions, we observe harmonic frequency banding with pronounced spatio-spectral glid-
ing (i.e., peak frequencies vary systematically along-river). One of these regions is colocated with the source
of a recurring impulsive signal characterized by audible “knocking” sounds in the acoustic strain-rate data.
We use travel time analysis to determine that this signalis generated by cable-bed impacts due to turbulence-
driven cable oscillation. Model results further indicate that along-cable variation in the lags between pulses
and their reflections produces the banded spatio-spectral gliding. Our observations highlight the capacity
for array methods to interrogate distinct signal sources in DAS data and emphasize the need for improved
deployment techniques in dynamic fluvial environments.

Non-technical summary Monitoring or predicting the 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), a method for measuring acoustic signals with a fiber optic
cable, to collect 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 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 and allows
us to locate the sources of specific signals, including some generated by movement of the cable itself. This
study shows 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.
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ing to observe through other methods.

Passive seismo-acoustic techniques are increasingly
used to study surface processes and Earth 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)
seismo-acoustic instrumentation show great promise
for continuous detection and monitoring of sediment
transport and fluid hydrodynamics, which are challeng-

*Corresponding author: danica.roth@colorado.edu

In-stream hydrophones and geophones record flu-
vial soundscapes over frequencies from Hz to tens of
kHz (e.g., Wyss et al., 2016; Geay et al., 2017) and have
been used to inform studies of fish habitat (e.g., Tonolla
etal., 2011), sediment transport (e.g., Krein et al., 2007,
Rickenmann, 2017; Petrut et al., 2018), and hydrome-
try (e.g., Osborne et al., 2021). Alternatively, seismome-
ters and geophones deployed outside the stream chan-
nel integrate diverse fluvial signals and attenuation ef-
fects over broader spatial scales (e.g., Larose et al.,
2015). Continuous archival seismic data have revealed
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new connections to environmental forcings (e.g., Chao
etal., 2015; Cook et al., 2018), and 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 both theoretical and empirical advances con-
necting seismo-acoustic signals to specific processes,
robust and quantitative interpretation of signals in real
settings remains a major challenge that limits the util-
ity of in-stream and bankside monitoring efforts alike
(e.g., Roth etal., 2017). In-stream hydrophones can cap-
ture the high-frequency signals generated by both water
turbulence and sediment transport, and in some cases
these processes have been associated with distinct fre-
quency bands in the tens of Hz to tens of kHz range (e.g.,
Thorne and Hanes, 2002; Belleudy et al., 2010; Krein
et al., 2016). However, because acoustic amplitudes at-
tenuate rapidly at these high frequencies, hydroacous-
tic wave fields are highly sensitive to the distance from a
signal source and the local hydraulic conditions control-
ling turbulence intensity. As a result, quantitative analy-
sis of hydrophone records requires site-specific calibra-
tion (e.g., Tonolla et al., 2010, 2011) and cannot differen-
tiate between the effects of signal source proximity and
strength. Quantifying bedload flux therefore requires
independent methods of constraining the signal source
location (Geay et al., 2017) and attenuation (Geay et al.,
2019). 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 turbulent noise
due to the footprint of instruments and mounting in-
frastructure 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 flu-
vial substrates (e.g., Roth et al.,, 2017). Theoretical
models (Tsai et al., 2012) and observations from allu-
vial channels (e.g., Roth et al., 2016) indicate nearly
complete attenuation of river-generated seismic power
above ~100-200 Hz over 1s to 10s of meters. The high-
frequency signals that are lost before reaching along-
bank seismometers contain valuable information de-
tectable 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 re-
liance on model parameters requiring site-specific cali-
bration (Dietze et al., 2018).

Distributed acoustic sensing (DAS) may provide a
practical approach to overcoming 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 Mar-
tin, 2021). DAS records are comparable to large-N geo-
phone arrays, but offer unprecedented spatial and tem-
poral resolution: cables can be tens of kilometers long
with spatial resolution of meters and can resolve fre-
quencies from millihertz to kilohertz. Power and data
logging are centralized through a single interrogator
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unit, reducing field logistics and pre-processing relative
to multi-node arrays. Rugged military-grade fiber optic
cables make DAS more straightforward to deploy both
in-stream and along-bank relative to geophone arrays
with comparable spatial resolution and coverage. With
typical diameters of < 1 cm, DAS cables will also pro-
duce a narrower physical footprint in the flow than hy-
drophones (~1-10 cm diameters), which may lead to less
self-generated noise due to wake turbulence. Growing
use of DAS in environmental fields has yielded recent
insights on topics including slope failure (Michlmayr
etal., 2016), groundwater dynamics (Ajo-Franklin et al.,
2019; Gao et al., 2020; Rodriguez Tribaldos and Ajo-
Franklin, 2021), hydrofracturing (Becker et al., 2020),
shallow seismic velocities (Yang et al., 2022), 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 of-
fers to merge the unique advantages of high frequency
in-stream hydrophone monitoring with the broad spa-
tial extent and array-based methodologies of seismic
and geophone deployments. To date, however, this po-
tential has not been explored.

Here, we present results from the first in-stream DAS
deployment in Clear Creek, CO, USA as proof of concept
for the utilization of DAS to monitor and study fluvial
processes. In this contribution, our objectives are to:
1) demonstrate that high-resolution hydroacoustic data
collected by DAS arrays has the potential to provide use-
ful information about fluvial processes such as flow hy-
draulics and bedload; 2) discuss our observations and
the advantages and limitations of DAS relative to previ-
ous work with more established hydroacoustic monitor-
ing tools, namely hydrophones and seismometers; and
3) identify opportunities, needs and challenges relevant
to future DAS deployments in fluvial environments.

Our results show that meter-resolution DAS data al-
low clear discrimination of river morphology associ-
ated with strain rate and spectral features generated
by both acoustic waves and direct interaction between
the cable and flow. These features are broadly con-
sistent with previous, lower resolution seismic and hy-
droacoustic observations (e.g., Tonolla et al., 2009, 2010,
2011) that validate their reliability, but provide an addi-
tional level of detail due to the spatial resolution of mea-
surements along the DAS cable. We document a recur-
ring pulse signal analogous to bedload impacts, and use
array methods to locate and identify its source as inter-
actions between the cable and bed rather than sediment
transport. In addition to cable-bed interaction, we also
identify turbulence-induced cable motion and along-
cable wave transmission. The high frequency and spa-
tial density of the DAS data further enables detection of
spatio-spectral gliding or systematic variation in peak
frequencies along the river. We show that this phe-
nomenon likely results from distance-dependent lags
between pulse signals and their reflections, and discuss
other hypothetical mechanisms that might lead to spec-
tral gliding in fluvial settings. Finally, we discuss op-
portunities for future deployments and challenges that
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must be addressed to enable quantitative interpretation
of fluvial DAS data.

2 Study Site

Clear Creek is located in Golden, CO, USA (Figure 1a),
with mean annual discharge of 5.4 m3/s and peak
flows (~35 m®/s) fed by seasonal snowmelt, with storm-
flow in summer. Within the ~160 m alluvial test sec-
tion, the bankfull channel width is ~27 m and the
mean channel bed gradient is ~0.003. Within the
study reach, the stream transitions from a pool-riffle
or run-riffle morphology upstream to an engineered
step-pool morphology with cement-reinforced rapids
(used as a recreational waterpark during high flow) and
deeper gravel- and cobble-bedded pools downstream
(Figure la). Aside from the cemented rapids, the bed
is a coarse, cobbly gravel deposit of mixed sedimentary
and granitic or gneissic crystalline material with me-
dian grain diameter D5, ~ 0.05 m, generally less than 6 m
thick (Trimble and Machette, 2003) and overlying shale
and sandstone bedrock (Van Horn, 1972).

3 Methods

3.1 DASdeploymentand geospatial referenc-
ing

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 for ~15 min-
utes. The cable, ~7 mm in diameter and 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 bank-
full stream channel, and along the floodplain above
the active stream bed (Figure 1a). Due to the bank ge-
ometry and prevalence of cement and boulders, cou-
pling between the along-bank cable segment and the
ground was inconsistent, with some sections of cable
suspended in the air or partially submerged along the
edges of pools (Figure 1a-b). We therefore present data
only from the submerged cable segment.

The upstream end of the submerged cable segment
was anchored around a tree stump on the bank. Be-
cause cable burial within the bed was impossible
through the cement-bedded engineered rapids, the sub-
merged cable length was deployed along the stream
thalweg, or the path of deepest flow, with the down-
stream end unanchored. We allowed the cable to self-
adjust under flow-induced tension before commencing
data collection. This method ensured maximum stabil-
ity of the tensioned cable position despite drag from the
flow. Atthe upstream end of the study reach, just down-
stream of the stump anchor, ~10 m of cable was sus-
pended under tension before entering the flow.

To map along-cable distances to georeferenced posi-
tions on the creek, we conducted “tap tests” at 17 points
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outside the flow, tugging the cable in opposing direc-
tions to produce a sharply polarized (positive/negative),
high-amplitude strain signal in the closest DAS channels
on either side of the tap test location. Tap tests were
documented with time- and Global Positioning System
(GPS)-tagged photographs. The closest DAS channel to
each tap test was then identified by finding the polar-
ized signal in the downsampled, 0.1-1 Hz bandpassed
DAS data. Uncertainty in the along-cable tap-test loca-
tions is therefore a maximum of 0.82 m, or the distance
between DAS channels.

We used deployment photographs (e.g., Figure 1b and
Supplemental Figure S1) and satellite imagery (Google
Earth Pro, 2019) cross-validated with a 1 m resolution
lidar-derived digital surface model (U.S. Geological Sur-
vey, 2015) to manually validate the tap test GPSlocations
and reconstruct the cable path in Google Earth Pro (Fig-
ure la). Estimated confidence in the corrected tap test
GPS locations is +1 m. Final cumulative distances mea-
sured along the reconstructed cable path fall within 2.45
m of the known along-cable distances for all identified
tap test locations.

The tap test conducted closest to the submerged sec-
tion of cable, ~1 m away from the flow, was not de-
tectable against background flow-generated noise, and
tap tests were therefore not conducted along the sub-
merged section of cable. Cable positioning within the
flow was constrained through field observations, pho-
tographs, and satellite imagery. Where the cable posi-
tion could not be verified by photographs or observa-
tions, we estimated its position based on the constraints
of channel geometry and the fact that the cable was un-
der tension by the flow. Cable positioning was further
cross-validated using the known along-cable distance
between the last georeferenced tap test position at the
upstream end of the study reach and the distal end of the
cable, which was observed to reach the far edge of the
third rapid downstream. Given these constraints, we
conservatively estimate the spatial accuracy of signals
we present here to be within ~5 m in the along-stream
direction. Where visible throughout the deployment,
the tensioned cable demonstrated no detectable lateral
or vertical translation. At the far downstream end, the
free-floating cable tail exhibited noticeable oscillatory
motion attributed to water turbulence downstream of
the third engineered rapid. Data from this section of
cable is excluded from our analysis.

3.2 Conditions during deployment

During the ~15-minute 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 us-
ing a Hach FH950 Flowmeter at 60% relative depth (i.e.,
60% of the total depth measured from the surface of the
water). Active channel (i.e., flow) width at each loca-
tion was measured manually with tape measures. Rep-
resentative thalweg depths for rapids, riffle, and pools
respectively were 0.21, 0.43, and 0.55 m, with associ-
ated velocities of 1.26, 0.77, and 0.24 m/s, and active
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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 (downstream end of study reach at map distance 0 m; satellite imagery from Google Earth
Pro, 2019) aligned with b) reference photographs of key fluvial features; leftmost photograph shows along-bank DAS cable
during tap tests (full size photograph provided in Supplemental Figure S1). Solid yellow line indicates submerged DAS cable
segment shown in panels c and d; dashed yellow line shows subaerial cable path (not used in this study). ¢) Example ~0.25
s of recorded in-creek DAS microstrain rate data. d) Total integrated signal power (P) and e) spatial spectrogram showing
power spectral density (PSD) averaged over three 10 s segments of microstrain rate data at each position. Annotated regions
I-Illindicate banded spectral features visible below ~400 Hz in panel e. Vertical blue shaded bands indicate broadband signals
colocated with turbulent streamflow features. Vertical dashed and dotted lines indicate locations of example spectra shown
in Figure 3.

channel widths of 6.10, 10.06, and 14.33 m. Froude cal flow through pools and higher Froude numbers over

numbers calculated from measured flow velocities and rapids and gravel bars or riffles (e.g., MacVicar and Roy,
depths for the rapids, riffle, and pools are 0.87, 0.38, 2007; Lumsdon et al., 2018). Throughout the deploy-
and 0.11, respectively, indicating subcritical flow and ment, the stream bed remained armored, and we visu-
consistent with previous studies documenting subcriti- ally observed no sediment transport.
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3.3 DAS data processing and analysis

The Terral5 DAS system records optical phase-based de-
formation rate (equivalent to along-fiber velocity; Yang
et al., 2022b). We converted deformation rate to along-
cable microstrain rate (ug/s or 10° ¢/s) by finite dif-
ferencing over a fixed fiber distance (commonly called
“oauge length”; Parker et al., 2014) set to 3.24 m. The re-
sulting microstrain rate (Figure 1c) is equivalent to the
gradient in along-fiber velocity over 4 DAS channels.

We performed spectral analysis on 30 seconds of
strain rate data along the submerged cable length. Flow
characteristics were steady and did not vary over the en-
tire duration of deployment, and we observed no no-
table differences across several 30 s segments during
the acquisition period. We therefore averaged the am-
plitude spectra from three consecutive 10 s windows at
each channel, then converted to power spectral density
(PSD) by squaring and normalizing the average ampli-
tude spectrum by the frequency bin width. We inte-
grated the average PSD over all recorded frequencies
(up to 10 kHz) to find the total acoustic power (P) (in
[1€/s]?) at each point along the river (Figure 1d).

In Figure le, we present a spatial spectrogram or
spatio-spectral map of the average PSD at each position
along the submerged section of cable. These spatio-
spectral data are shown over a limited frequency range
up to 1 kHz to highlight key spectral features and offer
a basis for comparison across the range of frequencies
examined in previous studies. Spatial spectrograms are
also provided on both linear and logarithmic axes up to
100 Hz in Supplemental Figure S2 and for the full range
of observable frequencies up to 10 kHz in Supplemen-
tal Figure S3. To better enable visualization of the spec-
trum along-river, we also produced an animation of the
spectrum up to 1 kHz paired with an auditory “sound-
scape” composed of spliced, consecutive 0.3 s segments
of strain-rate sound files from each DAS channel along
the creek (Supplemental Video 1 and Supplemental Fig-
ure S4). 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 ex-
plored in more detail via an interactive Matlab app (Roth
et al., 2023).

Finally, we built a cross-correlation matrix represent-
ing along-stream signal similarity by calculating the
cross-correlation between 30 s of strain rate data from
each channel in the submerged section of cable with ev-
ery other channel in the same section across a range
of lag times. We use the highest correlation value be-
tween each pair of channels as a measure of the maxi-
mum cross-channel correlation (Figure 2).

4 Results

4.1 Spectral characteristics and correlation

Throughout the study reach, spectral power peaks be-
tween ~20 Hz and ~60 Hz (Supplemental Figure S2).
We observe six regions with broadband signals (verti-
cal blue shading centered at about ~8 m, 28 m, 53 m, 87
m, 117 m, and 141 m, Figure 1) colocated with the en-
gineered rapids (three exposed and one submerged), a
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Figure2 Cross-correlation matrix representing maximum
along-stream wave correlation between channel pairsin the
submerged cable. Dashed lines show approximate loca-
tions of low-correlation boundaries between regions of high
correlation.

zone of shallow flow over the riffle (rightmost photo in
Figure 1b), and a large, submerged boulder (Figure 1a).
These broadband peaks are discernable across all re-
solved frequencies up to 10 kHz (Supplemental Figure
S3, Supplemental Video 1, Roth et al., 2023) and corre-
spond in space with peaks in total spectral power along
the study reach (Figure 1d, and 1e).

The broadband peaks at the rapids and boulder cor-
respond with zones of low along-stream wave corre-
lation (Figure 2) that separate distinct regions of high
correlation (i.e., each DAS channel is highly correlated
with other channels inside its region and poorly corre-
lated with channels outside of it). Starting at the up-
stream end (map distance ~165 m, Figure 2), the first
high-correlation region corresponds with the part of the
cable that was outside of the water. This section was
excluded from Figure 1. The second correlated region
starts where the cable enters the water and ends at the
submerged boulder (Figure 1a). In the remaining re-
gions, we see the highest correlation through the run-
riffle reach and, farther downstream, the pools adja-
cent to each engineered rapid. A condensed version of
Figures 1 and 2 is provided in the Supplement (Supple-
mental Figure S5) for easier spatial referencing between
these results.

Rapids and, to alesser extent, riffles are characterized
by shallow, fast flows over rough beds, which promote
shear, flow separation, eddy and wave formation, result-
ing in higher turbulence intensities than those observed
in pools (Magirl et al., 2009; Wright and Kaplinski, 2011,
McQuivey, 1973). At broader morphologic scales, riffle-
pool or riffle-run sequences modulate turbulence, with
riffles enhancing turbulent energy transfer while pools
or runs act to dampen it (Marquis and Roy, 2011). Al-
though measurements sufficient to quantify turbulence
intensity or Reynolds numbers were not collected dur-
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ing this experiment, visual observations of whitewater
in the rapids and riffles and smoother flow in pools and
runs support the inference that rapids and riffles host
more turbulent flow conditions, whereas pools and runs
are comparatively less turbulent. To better compare
the spectral signatures associated with each of these
morphologic features, we show example power spec-
tral densities and their log-binned averages (Figure 3)
from several broadband signals associated with flow in-
ferred to be more turbulent, along with neighboring
reaches with lower inferred turbulence (vertical dashed
and dotted lines annotating Figure 1). Spectral power
above ~4 kHz appears to be controlled by instrument
response and is shown only in Supplemental Figure S6.
All sites contain enhanced power with a flat spectrum at
low frequencies and steeper spectral slopes beginning
around ~50-65 Hz. The less turbulent examples from
each pair of sites demonstrate slightly steeper spectral
slopes at mid-frequencies and a more pronounced de-
cline in spectral slopes at frequencies above ~500 Hz.
Spectral flattening at high frequencies is particularly
prominent in the upper pool and run shown in Fig-
ures 3c and 3d (dotted blue and purple lines in Fig-
ure 1c-e). The two farthest downstream rapids show
broad spectral peaks over ~15-60 Hz (Figure 3a-b); spec-
tra from the pools upstream of each rapid are similar in
form but contain narrower peaks with maximum power
at ~25-45 Hz and lower broadband power across the
observed frequency range. The uppermost rapid and
neighboring pool (Figure 3c) both demonstrate a sim-
ilar, sharp peak at ~25-45 Hz, with the rapid again pro-
ducing higher power across all frequencies; the pool
additionally shows peaks at ~100 Hz and ~715 Hz. The
spectrum at the riffle (Figure 3d) contains three distinct
peaks at ~15 Hz, ~22 Hz, and ~30 Hz; all three peaks are
also evident in the less turbulent run just upstream (Fig-
ure 3d), which has additional peaks at ~10 Hz, ~100 Hz,
~230 Hz, and ~340 Hz.

4.2 Knocking pulse signal

The broadband peak (Figure le) over the shallow riffle
(map distance ~117 m) is also associated with a rapid
“knocking” sound in the DAS soundscape (Supplemen-
tal Video 1, and Figure S4). This signal appears in the
strain rate data as a series of quasiperiodic impulsive
signals (dark blue dashed line at map distance ~117 m
in Figure 1c) with linear moveout (i.e., a linear relation-
ship observed between wave arrival time and distance)
and recurrence intervals of ~0.05 - 0.09 s (Figure 1c).
The apex or source location of these impulsive signals
(location where each pulse is first recorded) is colocated
with the broadband signal noted above (indicated by
dashed blue line at map distance ~117 m on Figures 1c
and le, respectively).

4.3 Banded spatio-spectral gliding

In the two largest correlated regions in Figure 2, the spa-
tial spectrogram reveals a series of alternating spectral
bands and bandgaps that shift or “glide” in frequency
with position along the river (regions I-III in Figure le).
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Figure 3 Example power spectra comparing broadband
signals (dashed lines) from regions with enhanced turbu-
lence and neighboring regions (dotted lines) with less tur-
bulent flow. Line colors correspond with Figure 1 and cen-
tral lines show log-binned average power density for each
spectrum. Starting at the downstream end of the study
reach, spectra show a-c) the three rapids and pools immedi-
ately upstream of each rapid, and d) the run-riffle sequence
upstream.

In the pool above the uppermost rapid, the central fre-
quencies of three visible bands increase with distance
upstream (I, Figure 1le). The lowest band shifts from
~30 Hz just upstream of the rapids to ~90 Hz approxi-
mately 20 m upstream. We also observe at least eight
bandsincreasing in frequency nearly symmetrically (II-
I1I, Figure le) around the shallow riffle as flow deep-
ens both upstream and downstream. Upstream of the
riffle, where bands are more clearly resolved, the low-
est frequency band increases from ~40 Hz to ~350 Hz
within about 25 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 Supplement (Video 1 and Figure S4) or
the interactive Matlab app (Roth et al., 2023) for visu-
alizations of spatial evolution in DAS spectra along the
study reach, in which the spectral gliding is particularly
evident.
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5 Discussion

Much like in-stream hydrophones, DAS systems can
record acoustic waves transmitted through the water
column and generated, for example, by either the flow
or sediment particle collisions (Thorne, 2014). How-
ever, in addition to propagating through the water col-
umn, elastic waves can also propagate along the fiber
optic DAS cable. Additionally, DAS data can capture in-
teractions between the cable and its environment, such
as impacts along the cable or shear stress exerted di-
rectly on the cable by the flow. Below, we explore the
signals we observe 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 hy-
drophone or seismic deployments.

5.1 Flow characteristics captured by DAS

Turbulence generates stochastic velocity fluctuations as
eddies advect downstream, and is generally detected as
broadband noise on hydrophones (e.g., Tonolla et al.,
2009). The frequency range captured by our DAS data
coincides with the expected rate of turbulent velocity
fluctuations (~101-10* Hz) associated with downstream
advection of eddies in the inertial subrange, where tur-
bulent energy is transferred from larger to progres-
sively smaller eddy structures (Tennekes and Lumley,
1972). 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 ve-
locity fluctuations generated by eddies with character-
istic length scale L is therefore f ~ . The maximum
frequency of the inertial subrange, associated with the
smallest turbulent length scale, i.e., the Kolmogorov mi-
croscale, is ~10°-10* Hz for typical Reynolds numbers
found in rivers (Tennekes and Lumley, 1972), and the
minimum frequency varies with position within the wa-
ter column. Far from the bed, the largest eddy size L
can be approximated as the flow depth ~ or width w
(Jerolmack and Paola, 2010; Nikora, 2007), whereas ed-
dies in the boundary layer at the bed are represented
by the roughness-dependent turbulent mixing length
(Schlichting, 1979) approximated as L ~ 3w Dsq (Gim-
bert et al., 2014), where D5 is the median grain diame-
ter. Using the range of measured flow velocities, corre-
sponding flow depths, widths, and median grain size for
Clear Creek, we estimate that turbulence in the inertial
subrange produces power with minimum frequencies
between ~0.02 and ~6 Hz throughout the study reach.
DAS should also detect signals from coherent flow
structures (Nikora, 2007) arising from surface grav-
ity waves and hydraulic or hydrodynamic disturbances
(e.g., bed morphology-controlled pressure and veloc-
ity fluctuations; Marquis and Roy, 2010) that drive
oscillations of the water surface (e.g., Nikora, 2007,
Horoshenkov et al., 2013). These surface waves gener-
ate coherent pressure oscillations that couple into the
water column as low-frequency signals, typically ob-
served from < 1 Hz to ~10 Hz (e.g., Detert et al., 2010;
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Horoshenkov et al., 2013). Since the DAS cable is di-
rectly coupled to the flow and records frequencies in the
~101-10* Hz range, it should therefore capture informa-
tion about turbulent length scales and associated veloc-
ity fluctuations driven by both turbulent the energy cas-
cade and coherent structures.

It is unclear to what extent the observed DAS sig-
nals also represent flow-generated strain propagating
along the cable, which poses a significant challenge
for interpreting DAS data in relation to local flow hy-
draulics (as discussed in Sections 5.2 and 5.3). Nonethe-
less, two lines of evidence suggest that our results re-
tain interpretive value, as discussed below. First, cross-
channel correlation (Figure 2) indicates minimal sig-
nal propagation across the boundaries between corre-
lated regions, suggesting that signals recorded within
any given correlated region are sourced from within the
same region. Second, our observations are consistent
with previous hydrophone and seismic measurements,
which suggests that the DAS records are capturing gen-
uine river-generated signals rather than artifacts, and
therefore provide meaningful information about flow
dynamics.

The signal decorrelation across rapids is consistent
with expectations for both surface-wave-mediated sig-
nals and turbulent velocity fluctuations in the inertial
subrange. The estimated Froude numbers for rapids
(Fr=0.87) approach the supercritical threshold (Fr > 1),
whereas riffles (Fr = 0.38) and pools (Fr = 0.11) remain
well within the subcritical regime. Even when depth-
averaged Froude numbers indicate subcritical flow, as
they do here, rapids often contain localized regions
of supercritical flow (e.g., Magirl et al., 2009; Tinkler,
1997). As flows approach supercritical conditions, the
upstream transmission of hydrodynamic disturbances
via surface gravity waves and free-surface pressure or
velocity fluctuations becomes increasingly restricted.
Consequently, these surface-wave-mediated signals are
less likely to transmit across rapids than across riffles or
pools.

The highly correlated regions associated with pools
and the uncorrelated boundaries and broadband spec-
tral power we see near rapids and large boulders are also
consistent with previous observations by hydrophones.
Wave coherence (another measure of signal similar-
ity) and well-defined frequency bands have been asso-
ciated with more 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 noise are often found in
more turbulent flows through rapids and riffles (e.g.,
Wysocki et al., 2007; Tonolla et al., 2010; Matoza et al.,
2010). Broadband noise generation in turbulent flows
is commonly ascribed to breaking waves in rapids (e.g.,
Lumsdon et al., 2018) and turbulence-induced bubble
formation and collapse by cavitation, which can pro-
duce acoustic noise peaking between 0.01 and 1 kHz
(Urick, 1983; Lurton, 2002). Turbulence-generated bub-
ble plumes can also cause hydoacoustic incoherence
due to scattering and absorption of background acous-
tic energy (Norton and Novarini, 2001).

Further, the dominant frequencies found in our DAS
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data are broadly consistent with previous observations
of flow-generated acoustic power recorded by in-stream
hydrophones and seismometers. Several studies have
found similar peak frequencies to those discussed in
section 4.1 in comparable fluvial settings (Lugli and
Fine, 2003; Wysocki et al., 2007; Tonolla et al., 2010;
Nativ et al., 2025), though hydrophone data is often
reported as sound pressure levels in discrete, low-
resolution octave bands. Our spectra (Figure 3) also
coarsely resemble lower resolution hydrophone obser-
vations (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. Increases in seismic or acoustic power and
frequency in rivers are 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 nat-
ural or artificial obstructions in the stream channel, in-
cluding boulders (e.g., Osborne et al., 2022; Nativ et al.,
2025) and hydrophone mounting infrastructure (e.g.,
Tonolla et al., 2009).

Although our study parameters do not permit a com-
prehensive investigation into the relationships between
DAS spectral attributes and specific flow hydraulics, our
findings suggest that this line of inquiry merits fur-
ther consideration. Future work should prioritize im-
proved precision in submerged DAS channel geoloca-
tion along with colocated measurements of flow veloc-
ity and turbulent velocity fluctuation time series us-
ing acoustic doppler velocimeters (ADVs) or electromag-
netic current meters (ECMs). High frequency flow ve-
locity time series measurements also allow direct com-
parison between DAS strain rate spectra and turbulent
velocity spectra representing the distribution and dis-
sipation of kinetic energy among different scales of
turbulence (Tennekes and Lumley, 1972). In addition,
these data can provide information on the frequency
of vortex shedding (e.g., Aubrey and Trowbridge, 1985;
Best, 1993; Kirkbride, 1993) and the flow structures and
turbulent length scales associated with different bed-
forms (e.g., Nelson et al., 1993; Robert, 1997) and rough-
ness (Robert et al., 1992; Clifford, 1996) to enable spa-
tially explicit validation and interpretation of DAS strain
rate data. For example, Wohl and Thompson (2000)
note that flow acceleration and skin friction just up-
stream of steps (rapids) enhance near-bed turbulence,
whereas form drag on large wakes and eddies imme-
diately downstream leads to higher turbulence farther
from the bed. DAS data recorded at different positions
within the water column and validated with high qual-
ity ADV or ECM measurements could enable resolution
of spatial variation in turbulent dynamics like these, or
testing of more complex hypotheses.

Quantitative interpretation or prediction of DAS spec-
tral characteristics relative to hydraulic variables will
also require adaptation of theoretical models for acous-

tic signals generated by water turbulence, which cur-
rently focus explicitly on the signals recorded by bank-
side seismometers (Gimbert et al., 2014).

5.2 Cable-bed interactions and wave propa-
gation

The “knocking” sound detected at the shallow riffle
(Supplemental Video 1), as well as the signal’s impul-
sive forcing signature and broadband power spectrum
(Figure 1c, 3b) are reminiscent of previously docu-
mented pulses generated by mobile sediment impacts
(e.g., Geay et al., 2017). DAS records arrival times
across many adjacent channels, enabling localization of
impulsive sources and estimation of along-fiber wave
speeds from the timing and moveout of first arrivals
(Walter et al., 2020). To test the hypothesis that the
“knocking” signals might originate from otherwise un-
detected sediment motion, we locate each source and
infer propagation velocity based on the arrival times at
each channel along the cable.

We manually identified 312 individual “knocking” im-
pulse events in the waveform record for each DAS chan-
nel. We define a “knocking” event as a short-duration,
impulsive, high-amplitude signal that produces clear
first arrivals across neighboring DAS channels. Identi-
fication of event arrival times was semi-automated by
cross-correlation of all traces with an analyst-selected
reference trace. Earliest arrivals consistently occur at
DAS channel 596 (Figure 4a), corresponding with a map
distance of ~117 m (Figure 1).

We then used a grid search to optimize the wave prop-
agation velocity and source-to-cable distance by mini-
mizing the misfit between the observed and predicted
arrival times. This allows us to determine whether
the signal represents hydroacoustic waves propagating
through the water or a disturbance propagating along
the cable itself. Assuming propagation through a homo-
geneous medium, the predicted arrival time of a knock-
ing signal at DAS channel i is calculated as t; = tg +

T;—T 2+z2 . « . . o
i, where t, is the event origin time, z; is

the alovng-cable position of the channel, z, is the along-
cable position closest to the source (i.e., channel 596,
the location of earliest arrivals), z is the shortest dis-
tance from source to cable (i.e., orthogonal to the cable
at position z;), and v is the homogeneous wave prop-
agation velocity. We grid-searched over z and v values
for each event to find the optimal values minimizing

\/ % So(t — ti,obs)Z, or the root-mean-square misfits be-
tween calculated arrival times ¢; and observed arrival
times ¢; ops, across all n DAS channels with detectable
first arrivals. Since the origin time (¢y) is not known,
we treat it as a free parameter, removing the mean of
the travel time misfit before calculating the RMS. In this
way we are effectively fitting the relative arrival times at
the different channels, rather than the absolute arrival
times. Optimized wave propagation velocities were con-
sistently around 2,100 m/s (Figures 4b-c), and optimized
source-cable distances were bimodally distributed with
peaks at 0 m and ~2 m (Figure 4d). We note, however,
that because strain rate at each channel is averaged over
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the surrounding 3.24 m (4 channels), the apparent travel
time curves are rounded near the pulse apex z(, which
would tend to artificially increase the z value found by
the grid search. We intentionally neglect arrival times
in the channels closest to z to minimize this effect.
The optimal propagation velocities were well above
the propagation velocity of sound in water (1,450 m/s)
(blue bars, Figure 4c-e), suggesting propagation through
a different medium, such as the cable itself. To explore
this hypothesis, we conducted two more limited grid
searches. In the first we assumed “knocks” originate
from cable impacts on the bed and optimized velocity
with the distance from the cable fixed to zero (red bars,
Figure 4c,e). This produced similar optimal velocities
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Figure 4 a) Strain rate variable-area wiggle plot of wave-
forms from each DAS channel in a section of cable showing
one “knocking” event with identified arrivals, calculated ar-
rival times for the preferred propagation velocity, and cal-
culated arrival times for a reflection. Note that the wave-
forms are consistent with an along-cable reflection occur-
ring at the calculated times. Each trace is individually nor-
malized by its maximum amplitude; black fill indicates pos-
itive strain rate amplitude. b) 2D grid of total model misfit
as a joint function of optimized velocity and distance pa-
rameters. Star shows the minimum average misfit value of
0.1837, dashed lines show contours at misfits of 0.20, 0.22,
and 0.24. c) Histogram of best-fitting propagation velocities
v for all 312 “knocking” signals when the source distance
from the cable z is set to zero or optimized. d) Best-fitting
distance from the cable z when velocity v is set to 1450 m/s
or optimized. Gray box indicates distances >6 m, which fall
outside the creek. e) Misfit between observed and calcu-
lated travel times when both velocity v and distance from
the cable z are optimized, when only velocity is optimized
and distance fromthe cableis setto zero,and when distance
away from the cable is optimized and the propagation ve-
locity is set to 1450 m/s (the velocity of sound in water).

(Figure 4c) and misfits (Figure 4e) relative to the un-
constrained grid search. Second, we assumed an exter-
nal source such as bedload sediment impacts and op-
timized only the distance away from the cable, setting
the propagation velocity equal to that of sound in water
(1,450 m/s) (yellow bars, Figure 4 c-e). This led to sub-
stantially higher misfits than in the previous two analy-
ses (Figure 4e) and often distances away from the cable
larger than the distance to the banks, both confirming
that the “knocking” signal was not propagating through
the water and indicating that its source was colocated
with the cable itself.

Although the bed was observed to be armored with
no evidence of sediment transport at the time of de-
ployment, as a final precaution, we explore the theo-
retical probability that the “knocking” signal was gen-
erated by grain motion we were unable to observe visu-
ally. We used the river flow depths reported in Section
3.2 to estimate the riverbed shear stress and the asso-
ciated potential for grain motion. The dimensionless
Shields stress, 7, a common metric for sediment mo-
bility in rivers (Buffington and Montgomery, 1998) was
estimated to fall between 10% and 65% of typical criti-
cal values required to initiate sediment movement (Sup-
plemental Text S1), indicating that sediment movement
was extremely unlikely.

Based on these results, we infer that the “knock-
ing” signals were generated as turbulence-driven oscil-
lations caused the cable to repeatedly impact the bed at
the shallowest point along the gravel bar forming the
riffle. This interpretation is further supported by the
fact that we consistently observe what appears to be to-
tal reflection of the pulses at channel 569, around ~22
m upstream of the signal source (Figure 4a) at the loca-
tion of a submerged boulder (Figure 1a, map distance of
~139 m). Along with the abrupt change in signal corre-
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lation at this point (Figure 2), this observation suggests
that the cable was snagged across the submerged boul-
der. We can conceive of no plausible mechanism for a
wave propagating outside the cable to undergo the ob-
served reflection.

We also observe occasional reflection of some
“knocking” pulses downstream of the riffle (map dis-
tance ~85 m, Figure 1, Supplemental Figure S7), at the
approximate location of the submerged rapid. Addi-
tionally, we occasionally find other impulse signals
generated at both this location and farther down-
stream, where the cable enters the uppermost rapid
(Supplemental Figure S7). In both of these locations,
we infer that the cable may also have occasionally been
dragged by the flow across a cement-reinforced boulder
step. Combined, these observations suggest that, like
the “knocking” signals observed over the riffle, cable
interactions with the bed in other regions and some of
the turbulent flow-generated signals from the rapids
may occasionally propagate directly through the cable.

5.3 Spatio-spectral gliding from pulse train
reflections

Because the impulses (Figure 1c, Supplemental Figure
S7) are colocated with the instances of spatio-spectral
gliding observed in the uppermost rapid and on ei-
ther side of the riffle (Figure 1le, I-III), we hypothesized
that these impulses may drive the gliding. To evalu-
ate this possibility, we modeled the signals upstream
of the riffle (Figure le, III), where knocking pulses are
consistently reflected and gliding bands with associated
bandgaps are most clearly expressed. At each DAS chan-
nel, the knocking signals and their reflections comprise
a semi-regular series of lagged pulses (discrete, tran-
sient signals), also known as a pulse train or comb. In-
dividual knocking signals at DAS channel 596 or map
distance ~117 m (the apex of observed pulses and in-
ferred source of cable impacts) were modeled as syn-
thetic Ricker wavelets with amplitude A at time ¢ given
by

At) = (1 =272 f2¢%) e It (1)

where peak frequency f., = 300H:z was determined
based on the observed pulse width (~0.0067 s). We con-
volve the wavelet with a Dirac comb with variable pulse
interval or lag time (0.068 + random number between 0
and 0.02 s) to simulate pulse recurrence. We model the
signal at each neighboring DAS channel accounting for
wave propagation and reflection along the DAS cable by
using the optimized wave speed (2100 m/s) and 1% am-
plitude decay per channel with 50% loss on reflection
(Figure 4a, 5a) based on the observed signal. Finally, we
calculate the PSD generated by the time domain model
pulse train at each DAS channel following the same pro-
cedure used to produce Figure 1e with our observational
data. To isolate and compare the spectral features of in-
terest, we detrend the observed and modeled spectra
by subtracting sixth-order polynomial fits at each fre-
quency (Figure 5b; raw observed and model spectro-
grams are shown in Supplemental Figure S8 for refer-
ence). Our model successfully reproduces the spectral
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bandgaps observed in the DAS data (Figure 5b-c, Sup-
plemental Figure S8).

This phenomenon can be explained by the fact that
the power spectrum of a pulse train depends on both
the shape of the pulse waveform and the pulse repeti-
tion frequency along with its harmonics (e.g., Cox and
Lewis, 1966; Zhang et al., 1992; Brillinger, 2011). A shift
in the observed frequency bands therefore occurs when
the pulse repetition frequency, or the lag times between
knocking pulses and their reflections, shifts systemat-
ically in space as a function of the DAS channel dis-
tance from the reflection point. Downstream of the rif-
fle and in the uppermost rapid (Figure 1le, I and II), the
gliding harmonic bands are less distinct. We attribute
this to higher variance in pulse lag times (Zhang et al.,
1992) due to the inconsistent reflection or transmission
of the knocking pulses (Figure le, I and II) as well as
the turbulence-generated signals from the downstream
rapid (Figure le, I) and other occasional impulses we
observed in these regions (Supplemental Figure S7).

5.4 Hypothetical mechanisms for producing
fluvial spatio-spectral gliding

Spatio-spectral gliding has not previously been docu-
mented in a river and, to our knowledge, has only been
reported in a handful of cases in other environments
(Cheng et al., 2021; Bouffaut et al., 2022; Rossi et al.,
2022; Lior et al., 2022; Loureiro et al., 2025). Notably,
all identified examples come from recent studies using
DAS. The scarcity of examples may therefore reflect the
factthat spatial spectrograms are not yeta common data
visualization tool. The lack of well-established prece-
dents makes interpretation of new observations chal-
lenging, but also underscores the value of drawing on
cross-disciplinary examples. For example, Rossi et al.
(2022) demonstrated that active source data from both a
trenched DAS cable and a colocated geophone array ex-
hibited nearly identical banded spatio-spectral gliding,
arising when pulse signals separated in transit through
layered substrates with different wavespeeds.

Motivated by the novelty of our observations and the
rapid growth of DAS applications, we explore below sev-
eral additional mechanisms that could plausibly gener-
ate spatio-spectral gliding or harmonics in fluvial set-
tings. These include spatial variation in cable tension,
lag times between bedload-generated pulses, and pa-
rameters controlling transport, hydraulics, and a range
of elastic wave interference phenomena. Where rel-
evant, we use our data and site characteristics to il-
lustrate these mechanisms (quantitative examples pro-
vided in the Supplement), focusing on the upstream
riffle-run reach (Figure le, III) where spectral features
and stream morphology are best constrained. We also
identify opportunities for future studies to test these hy-
potheses empirically.

5.4.1 Variable DAS cable tension

Resonance or standing waves within a DAS cable could,
in principle, produce harmonic frequency bands with a
spatial gradient in cable tension producing a spatial fre-
quency shift. We can exclude this as a possible cause
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Figure 5 a) Segments of “knocking” signals observed in the DAS data and synthetic pulses modeled as Ricker wavelets.

b) Observed and modeled detrended spatial spectrograms of power spectral density (PSD) (shown on adjusted color scale
relative to Fig. 1 to improve visibility), annotated with red dashed lines showing observed bandgaps traced from the DAS
spectrogram. c) Example observed and modeled detrended power spectra and their log-binned averages (white lines) from
DAS channel 579. Spectra detrended by best-fit sixth-order polynomials. Channel 579 is indicated by the white lines in part

(b), and is the same channel shown in Fig. 3d.

of the spatial gliding observed here because the lin-
ear moveout of the “knocking” signal indicates constant
wave propagation velocity in the cable. Since wave ve-
locity in the DAS cable is a function of cable tension, we
can infer uniform tension throughout this segment of
cable. However, wave propagation speeds in DAS fiber
under varying tension conditions have not yet been sys-
tematically studied, and robust constraints would ben-
efit future applications with mobile or dynamically ten-
sioned cables.

5.4.2 Bedload-generated recurring pulse signals

Bedload sediment transport could hypothetically gen-
erate acoustic harmonic bands with spatial gliding
through mechanisms similar to those observed here.
Sediment transport produces impulsive acoustic sig-
nals from grain-grain or grain-bed collisions (Johnson
and Muir, 1969; Thorne, 2014; Geay et al., 2017; Krein
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et al,, 2016). At sites where quasi-periodic impacts
are spatially stable, such as recurring strikes of mobile
grains against immobile clasts or the rocking of sub-
mobile cobbles, coherent harmonics could arise anal-
ogous to harmonic tremors from repeating pulses in
volcanic and cryospheric systems (e.g., MacAyeal et al.,
2008; Martin et al., 2010; Hotovec et al., 2013). Detec-
tion, however, may require ultra-sensitive DAS with sub-
meter resolution since sediment-generated signals at-
tenuate rapidly. Although most commercial DAS sys-
tems still operate at meter-scale resolutions to main-
tain signal-to-noise ratios (Dean et al., 2016), advances
in fiber technology, interrogation and signal process-
ing are pushing toward centimeter-scale systems (e.g.,
Aitkulov et al., 2022; Masoudi et al., 2022), opening new
opportunities for studying fine-scale processes such as
sediment transport.
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5.4.3 Spatial variation in hydraulic or transport
parameters

Spatio-spectral gliding in rivers could also arise from
along-channel variation in hydraulic or transport pa-
rameters that control acoustic noise. This would be
analogous to temporal-spectral gliding driven by time-
varying conditions in terrestrial, volcanic, glacial, and
submarine environments (e.g., Chouet, 1988; MacAyeal
et al., 2008; Winberry et al., 2013; Heeszel et al., 2014).
In fluvial settings, temporal-spectral gliding has been
observed by only a handful of studies. Numerous stud-
ies have reported peak seismo-acoustic frequencies in-
creasing with discharge or flow stage (Tonolla et al.,
2010, 2011; Diaz et al., 2014; Dietze et al., 2019), consis-
tent with the theoretical scaling between turbulent ve-
locity fluctuations and mean flow velocity or discharge
(Tennekes and Lumley, 1972). Such increases have also
been attributed to the addition of high-frequency sig-
nals from bedload transport (e.g., Tonolla et al., 2011).
Conversely, others have attributed anticorrelation be-
tween peak frequencies and discharge or stage to the
progressive entrainment of larger particles (e.g., Diaz
et al., 2014; Burtin et al., 2016) as particle size influ-
ences both impact-generated force pulse frequencies
(e.g., McLaskey and Glaser, 2010) and hop lengths and
rates during saltation (Sklar and Dietrich, 2004; Tsai
etal., 2012). Anthony et al. (2018) also attributed a slight
inverse scaling between discharge and peak horizontal-
to-vertical ground acceleration frequencies to changes
in shear wave velocity with progressive sediment sat-
uration. Together, these findings suggest that spatio-
spectral gliding could be diagnostic of spatial variation
in flow hydraulics, streambed or channel morphology,
or sediment sizes and transport rates. Such mecha-
nisms could be responsible for unexplained observa-
tions of temporal-spectral 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, hydraulic variation can-
not explain the observed spatio-spectral gliding. Flow
acceleration over the riffle should, in theory, shift
turbulence-generated acoustic power toward higher
frequencies. Instead, we observe a frequency decrease
across the riffle (Figure le, III), inconsistent with a
mean-flow mechanism. Although the DAS cable could
have intersected a lower-velocity flow region near the
frictional boundary at the bed, this mechanism would
not generate the observed harmonics. This example
highlights the importance of isolating the relative con-
tributions of turbulence (or, similarly, sediment trans-
port), direct fluid-cable shear, and cable-bed interac-
tions in DAS data. Future progress will require adapt-
ing theoretical models for sediment- or turbulence-
generated seismic signals (Tsai et al., 2012; Gimbert
et al., 2014; Dietze et al., 2019; Nasr et al., 2022; Luong
et al., 2024) to the acoustic and strain measurements
made by submerged DAS cables. Such models would
provide a physical framework to disentangle overlap-
ping mechanisms, generate testable predictions, and
guide controlled flume experiments designed to evalu-
ate competing hypotheses.
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5.4.4 Wave reflection, refraction and interfer-
ence phenomena

Spatial gliding with harmonics could also hypothetically
arise from wave reflection, refraction, and interference
phenomena documented in other seismo-acoustic set-
tings. For example, banded temporal-spectral gliding
can result from resonance in opening or closing cracks
in glaciers and volcanoes (Chouet, 1988; Heeszel et al.,
2014) or shifting interference between direct and re-
flected waves (i.e., Lloyd’s mirror; Lloyd, 1831) from
moving sources such as aircraft, ships, landslides, and
whales (Lo et al., 2002; Caplan-Auerbach et al., 2014; Au-
doly and Meyer, 2017; Pereira et al., 2020). Although
such effects have been studied for decades in ocean
acoustics (e.g., Hovem, 1993; Lurton, 2002), only re-
cently has ocean-bottom DAS provided unequivocal evi-
dence that they produce spatio-spectral gliding. Recent
work with ocean-bottom DAS has revealed reflection-
and scattering-based spatial variation in ambient noise
spectra linked to shallow subsurface features (Cheng
et al.,, 2021), and banded spatial gliding caused by
Lloyd’s mirror interference in whale calls reflected off
the ocean surface (Bouffaut et al., 2022) or by interfer-
ence in lateral and vertical earthquake-generated shear
waves reflected off the edges of a submarine basin (Lior
etal., 2022).

Whether similar processes operate in shallow, turbu-
lent fluvial settings remains largely unexplored. An-
thony et al. (2018) suggested that turbulence-generated
Rayleigh and Love waves (Gimbert et al., 2014) could
excite shear wave resonance in alluvial gravel layers,
with resonant frequencies increasing as layers thin.
This mechanism is physically plausible for our site
(Supplemental Text S2), where the observed increase
in peak frequencies both up- and downstream of the
riffle (Figure 1b, III) coincide with bed morphology
suggesting progressive thinning of alluvium. Build-
ing on prior work documenting self-sustained oscilla-
tions from shear flow over boundaries of varying ge-
ometries in laboratory experiments (Chanaud and Pow-
ell, 1965; Rockwell and Naudascher, 1979; Howe, 1998),
volcanic gas jets (Matoza et al., 2010) and even asphalt
or pavement surfaces (Ohiduzzaman et al., 2016), we
also speculate that flow over alluvial beds could like-
wise excite harmonics or Helmholtz-type resonances in
pore spaces between cobbles. This idea remains highly
speculative and requires much deeper investigation, but
if valid, spatio-spectral gliding like that observed here
could serve as an indicator of strong and systematic
spatial variability in pore space geometry (Supplemen-
tal Text S3). Reflection of acoustic waves or differen-
tial propagation through water, cable, and bed mate-
rial could also in theory produce spatio-spectral glid-
ing through a Lloyd’s Mirror effect. However, our strain
rate data show no secondary arrivals beyond those pre-
viously discussed, and the lag times between knocking
pulses are too large for reflections to overlap. These
mechanisms therefore appear unlikely to explain the
banded gliding in our data.

Robust testing of all mechanisms will require de-
tailed optimization modeling in fluvial settings with
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well-mapped bed and subsurface structure and detailed
characterization of bed materials. We recommend pair-
ing DAS with dense, colocated instrumentation moni-
toring both water surface and bed surface elevations to
constrain signal sources and resonant or reflective fea-
tures.

5.5 Submerged cable deployment strategies

The cable-bed interactions identified in this study un-
derscore the need for future research to develop deploy-
ment strategies minimizing cable-generated noise and
assessing the implications of this noise for the inter-
pretation of DAS data. Best practices for anchoring a
DAS cable in a submerged stream setting have not been
explored to date. Below, we propose several alternate
deployment strategies and discuss potential challenges
and opportunities associated with each approach.

5.5.1 Buried cable deployments

In alluvial rivers devoid of exposed bedrock or engi-
neered cement reaches, cable burial within the bed of-
fers a promising method to reduce cable motion as ob-
served in our study. However, it is important to rec-
ognize that movement of bed material could still in-
duce cable migration over individual flood events or
seasonal timescales. Notably, deploying a DAS cable
beneath the bed surface would effectively decouple it
from direct fluid shear stresses generated by turbulent
flow dynamics. Acoustic signals generated by flow or
transport mechanisms would also be subject to high-
frequency attenuation within the bed substrate, limit-
ing the potential for validating DAS data by compari-
son with colocated hydrophone observations. Further-
more, large cobbles and pore spaces near the surface of
anatural stream bed are anticipated to introduce signifi-
cant heterogeneity in both cable coupling and near-field
acoustic noise arising, for example, from pressure fluc-
tuations transmitted by individual cobbles or hyporheic
flow within the bed (Tonina and Buffington, 2009). Ad-
ditionally, sediment erosion or deposition could lead to
variability in depth-dependent temperature and pres-
sure as sections of cable become exhumed or buried
more deeply over time. Trenched streambed cable de-
ployments may therefore prove suboptimal for explicit
measurement of detailed streamflow hydraulics, but
could provide a novel avenue for monitoring processes
within the bed and hyporheic zone. Prior research has
already demonstrated the utility of related distributed
fiber optic sensing (DFOS) methods in similar contexts.
For example, distributed temperature sensing (DTS)
has proven effective in investigating deposition-induced
temperature anomalies (e.g., Sebok et al., 2015) and sur-
face water-groundwater interactions (e.g., Banks et al.,
2022) in rivers, while and distributed strain sensing
(DSS) can detect slow deformation in levees and em-
bankments (e.g., Schenato, 2017). Future deployments
could leverage integrated DFOS systems to enable si-
multaneous monitoring of vibration via DAS, tempera-
ture via DTS, and strain via DSS—thereby reducing un-
known parameters and uncertainties inherent to natu-
ral stream settings.
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5.5.2 Bed-surface deployments

Strategies should also be explored for cable deployment
directly at the bed surface to enable direct measure-
ment of shear stress fluctuations at the fluid interface.
This undertaking is likely to be more straightforward
in bedrock rivers, where cables can be affixed directly
to the channel bed using industrial underwater adhe-
sives. In contrast, alluvial river beds consisting of un-
consolidated and potentially mobile sediment present a
greater technical challenge. Our observations suggest
that anchoring a DAS cable at intervals along a bed sur-
face would generate significant noise due to resonances
in the cable and interactions with the bed and anchors.
We therefore recommend approaches focused on mini-
mizing cable motion.

One such promising approach could involve de-
ploying a cable attached to a rigid pipe or conduit
analogous to Japanese pipe hydrophones, which have
been successfully used in various fluvial environments
(Mizuyama et al., 2010a,b; Goto et al., 2014). A rigid pipe
or conduit could improve cable stationarity and would
additionally enable the use of helically wound cables
with broadside sensitivity to dynamic strain in multiple
directions (e.g., Hornman, 2016). Other relatively well-
supported approaches include utilizing heavy, motion-
resistant cables like those used for ocean-bottom instal-
lations or securing a DAS cable to weighted materials
secured along the riverbed. For example, a fire-hose
assembly developed by Pandey et al. (2023) was shown
to improve cable-ground coupling and isolate the cable
from environmental noise in mobile terrestrial deploy-
ments. These designs represent promising directions
for fluvial adaptation. We particularly emphasize the
value of development and testing under controlled con-
ditions in flume laboratories, where the limiting condi-
tions for cable stability and coupling can be rigorously
assessed.

Accurate monitoring of near-bed flow and transport
conditions will also require careful attention to the hy-
drodynamic impacts of mounting or anchoring infras-
tructure. Self-generated wake turbulence is a known
source of noise in hydrophone deployments, and could
similarly challenge the systems proposed here despite
their more streamlined footprints. Moreover, large,
motion-resistant cables or pipe and conduit structures
may be susceptible to wake-induced scour, leading to
non-representative sediment transport measurements
and inconsistent coupling with the bed surface. These
risks highlight the importance of designing bed-surface
deployments to minimize their footprint and avoid ex-
ceeding the natural roughness of the study reach, for
example, by employing streamlined cables and mount-
ing elements with diameters comparable to or smaller
than the median grain size (Dso) of the bed surface.

Any rigid mounting structure would also require site
response characterization, possibly on a recurring ba-
sis during long-term deployments to account for scour-
induced variation in cable coupling or position, mate-
rial degradation, or damage from abrasion and bed-
load impacts. This anticipated requirement is analo-
gous to the repeated site-specific calibration needed for
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hydrophone data to account for local acoustic varia-
tions. By contrast, DAS deployments offer the advantage
of dense, spatially-distributed measurements that may
enable correction for site-specific effects through post-
processing and array-based analysis, thereby reducing
the need for repeated calibration. While this distinction
highlights a potential advantage of DAS technology, the
effectiveness of such correction in turbulent, near-bed
environments remains to be demonstrated.

5.5.3 Floating deployments

Finally, although our free-floating cable encountered
notable challenges, future endeavors may surmount
these by developing techniques for deploying floating
DAS arrays capable of detecting turbulent fluctuations
within the water column itself. For example, the use
of newly developed “shape sensing” cables containing
multiple cores capable of resolving dynamic cable cur-
vature and torsion (e.g., Escobar-Vera et al., 2024) could
potentially account for cable motion within a turbulent
flow.

A free-floating cable is likely to generate some
amount of noise due to wake; however, future research
should evaluate wake noise relative to, for example, the
self-generated turbulent noise that poses a similar chal-
lenge in hydrophone deployments (e.g., Belleudy et al.,
2010). Advances in fields utilizing floating nodes (Ja-
toi et al., 2022) or freely hanging DAS cables (e.g., Mar-
tuganova et al., 2021) for applications in borehole geo-
physics or ocean acoustics will help enable better strate-
gies for floating DAS deployments in rivers as well.

6 Conclusions and outlook

This study provides the first demonstration of high-
resolution DAS data as a tool for fluvial monitoring. We
map DAS spectral power and along-stream wave corre-
lation to stream morphology and flow hydraulics, and
find that decorrelated broadband power is associated
with rapids and riffles, whereas highly correlated power
in discrete frequency bands occurs in pools and runs.
These findings are consistent with previous observa-
tions from in-stream hydrophones and bankside seis-
mometers, and indicate that DAS captures information
on along-stream variation in flow velocity or relative
roughness.

We use array-based methods to investigate a quasi-
periodic “knocking” pulse signal and infer that it was
generated by cable-bed impacts and transmitted along
the cable. A spatial spectrogram also reveals spatio-
spectral gliding of discrete frequency bands in this lo-
cation. A modelling exercise indicates that this phe-
nomenon most likely results from the systematic along-
cable variation in lag times between the “knocking”
pulses and their reflections. This signal provides a con-
venient analog for demonstrating the ability of DAS ar-
rays to locate unidentified sources such as the pulse sig-
nals commonly generated by bedload sediment trans-
port (e.g., Johnson and Muir, 1969; Thorne, 2014; Geay
etal., 2017; Krein et al., 2016). We further speculate that
a wider range of processes could produce spatial and

14

temporal frequency gliding in rivers, including the re-
curring pulse signals generated by sediment transport
and acoustic wave reflection, refraction, and interfer-
ence phenomena commonly observed in ocean acous-
tics (Lurton, 2002). Our observations emphasize the
need for careful interpretation of spectral features in
future deployments. They also underscore the capabil-
ity of DAS data to meet this need by employing array
techniques to effectively resolve signal sources and lo-
cations. Investigation of novel phenomena and quanti-
tative interpretation of DAS data in terms of hydraulic or
transport parameters will require development or adap-
tation of existing seismic models for water turbulence
and bedload signals.

Best practices for submerged cable deployment are
needed to address the unique challenges in DAS flu-
vial installations. Controlled flume experiments paired
with modeling in computational fluid dynamics could
characterize the behavior of submerged DAS cables un-
der tension or fluid shear and assess cable-flow feed-
backs. Similarly, resonances, reflections, or attenu-
ation caused by cable burial could also be explored
through flume experiments and elastic wave model-
ing. Co-deployment of hydrophones with DAS cables
or multiple runs of submerged fiber could also provide
a method to distinguish signals propagating within the
flow from those traveling along the cable itself.

Incorporation of DAS in multi-instrument deploy-
ments could also enable valuable characterization of
site- and process-specific effects on signal generation,
modification, and attenuation in data from individ-
ual seismometers, geophones and hydrophones (e.g.,
Bakker et al., 2020; Lagarde et al., 2021; Osborne et al.,
2022). 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 op-
portunity to link signal characteristics to source pro-
cesses and facilitate model validation. These goals will
be facilitated by ongoing progress in the development of
new DAS systems with enhanced sensitivity, spatial res-
olution, and advanced capabilities such as torsion sens-
ing.
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