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Abstract Hysteresis in the relationship between bed load transport and river stage is a well-documented
phenomenon with multiple known causes. Consequently, numerous studies have interpreted hysteresis in
the relationship between seismic ground motion near rivers and some measure of flow strength (i.e.,
discharge or stage) as the signature of bed load transport. Here we test this hypothesis in the Erlenbach
stream (Swiss Prealps) using a metric to quantitatively compare hysteresis in seismic data with hysteresis
recorded by geophones attached beneath steel plates within the streambed, a well-calibrated proxy for
direct sediment transport measurements. We find that while both the geophones and seismometers
demonstrate hysteresis, the magnitude and direction of hysteresis are not significantly correlated between
these data, indicating that the seismic signal at this site is primarily reflecting hysteresis in processes other
than sediment transport. Seismic hysteresis also does not correlate significantly with the magnitude of
sediment transport recorded by the geophones, contrary to previous studies’ assumptions. We suggest that
hydrologic sources and changes in water turbulence, for instance due to evolving boundary conditions at the
bed, rather than changes in sediment transport rates, may sometimes contribute to or even dominate the
hysteresis observed in seismic amplitudes near steep mountain rivers.

Plain Language Summary An increasing number of studies have recently observed changes in the
amount of seismic shaking (hysteresis) recorded near a river at a given discharge during floods. Most studies
have assumed that this hysteresis was caused by changes in the amount of sediment being transported in
the river and have therefore used the hysteresis to assess sediment transport rates and patterns. We examine
concurrent seismic and sediment transport data from a steep mountain stream in the Swiss Prealps and find
that changes in seismic shaking are unrelated and even opposed (increasing versus decreasing) to changes in
sediment transport rates for four out of five transport events. Water turbulence, rather than sediment
transport, appears to be the strongest source of seismic shaking, and changes in seismic shaking are most
likely caused by changes in turbulence or how turbulence transmits energy through the river bed. These
effects may be due to rearrangement of sediment around large boulders on the bed or slight shifting of the
boulders themselves. Our results have significant implications for the growing field of fluvial seismology and
the evaluation of seismic data near rivers, as previous interpretations of seismic hysteresis as evidence for
sediment transport may not always be accurate.

1. Introduction

The transport of coarse bed load sediment in rivers is a key process governing fluvial morphodynamics and
geomorphology. Understanding when sediment moves and assessing sediment transport rates are crucial to
predicting channel evolution and addressing a wide range of problems in fields including ecology, land use
management, and civil engineering. However, sediment transport is a highly nonlinear and stochastic process,
making it notoriously challenging to assess. A prime example of this nonlinearity is the well-documented phe-
nomenon of hysteresis in the relationship between the rate of coarse sediment transport and some measure of
river flow strength, such as water discharge or stage. Such hysteresis has been observed over timescales
ranging from hours to years and in both clockwise (greater transport on rising limb of the hydrograph)
[e.g., Allen, 1974; Nanson, 1974; Walling, 1977; Dunne and Leopold, 1978; Moog and Whiting, 1998] and
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counterclockwise (greater transport on falling limb) [e.g., Klingeman and Emmett, 1982; Emmett et al., 1983;
Milhous and Klingeman, 1992] directions, although clockwise observations are much more common.
Hysteresis in sediment transport is generally argued to reflect exhaustion or increases in sediment supply
[e.g., Nanson, 1974; Dunne and Leopold, 1978; Reid et al., 1985; Moog and Whiting, 1998; Whiting et al., 1999;
Topping et al., 2000; Wulf et al., 2012; Mao et al., 2014] or changes in transport efficiency due to structural evolu-
tion of the bed, such as packing [e.g., Charru et al., 2004; Mao, 2012], bed form evolution [Martin and Jerolmack,
2013], or changing the grain size of the bed surface [e.g., Dietrich et al., 1989; Kuhnle, 1992; Whiting et al., 1999;
Wohl and Cenderelli, 2000; Kleinhans et al., 2007; Humphries et al., 2012].

The challenges inherent in monitoring transport in situ limit understanding and study of hysteresis in coarse
sediment transport rates. Recently, however, seismology has emerged as a promising new means of monitor-
ing bed load transport via the elastic waves generated by impacts between mobile sediment and the river
bed [e.g., Burtin et al., 2011; Tsai et al., 2012; Burtin et al., 2016; Schmandt et al., 2017]. Numerous studies have
reported hysteresis in the relationship between seismic power recorded near rivers and discharge or stage,
which is argued to reflect underlying changes in sediment transport rates [e.g., Govi et al., 1993; Burtin
et al., 2008, 2010; Hsu et al., 2011; Schmandt et al., 2013; Roth et al., 2014; Chao et al., 2015; Barriére et al.,
2015]. Seismic hysteresis near rivers has been observed over timescales ranging from single flood events
[e.g. Hsu et al., 2011] to seasons [e.g., Burtin et al., 2008]. Burtin et al. [2008] found clockwise seasonal hyster-
esis in seismic power in the 1-20 Hz frequency band near the Trisuli River in the Himalayas, which was attrib-
uted to the ground vibrations generated by coarse sediment transport. In both aggradational and erosional
flood events on the Cho-Shui River in central Taiwan, Hsu et al. [2011] found a consistent clockwise hysteresis
between seismic amplitude (1-9 Hz frequency) and river stage, which they proposed to represent a decrease
in transport efficiency due to temporal evolution of the channel bed. Similar clockwise hysteresis has been
reported by Chao et al. [2015] on the Chishan River in Taiwan (5-15 Hz frequency). On the Chijiawan River
in northern Taiwan, Roth et al. [2014] demonstrated that the magnitude of seismic hysteresis in the
1-45 Hz frequency band was strongly correlated with sediment transport patterns and tracked the down-
stream migration of a sediment pulse released following a dam removal.

These studies suggest that in the absence of direct observations of the channel bed, the continuous, high
temporal resolution record provided by seismic data can offer new insight into bed load transport processes.
However, the degree to which seismic hysteresis represents changes in sediment transport rates, and how
this may vary with hydrologic and fluvial parameters, has yet to be established. In particular, many studies
[e.g., Burtin et al., 2008; Hsu et al., 2011; Schmandt et al., 2013; Roth et al., 2014; Diaz et al., 2014] have relied
on the assumption that sediment transport is the sole or dominant process causing hysteresis in the seismic
signal and that the seismic signal generated by fluid flow over the bed does not experience significant, if any,
additional hysteresis. While several studies have noted that fluid processes may influence the magnitude of
seismic hysteresis generated by bed load [e.g., Gimbert et al., 2014; Roth et al., 2014; Barriére et al., 2015] or
that turbulent fluid flow alone may generate seismic hysteresis [Gimbert et al., 2016], whether or not turbulent
fluid flow can directly generate seismic hysteresis in an open channel flow has not yet been explored. Gimbert
et al. [2014] developed a quantitative model for the seismic signal generated by turbulent fluid flow in rivers
and demonstrated that the magnitude of observed seismic hysteresis depends strongly on the relative
strengths of the sediment transport (the assumed source of hysteresis) and turbulent flow signals. In typical
Himalayan river settings, for example, they propose that the seismic source generated by turbulent fluid flow
can be large enough that bed load hysteresis may not be fully recovered in the seismic signal [Gimbert et al.,
2014]. On the Colorado River, Schmandt et al. [2013] distinguished active spectral bands thought to be gen-
erated by either sediment transport (15-45 Hz) or fluid processes (0.5-15 Hz) based in part on the presence of
clockwise hysteresis in the 15-45 Hz band; a weaker counterclockwise hysteresis was observed in the 2-15 Hz
band and was suggested to represent a change in the surface water wave pattern due to the movement of
bed load. Barriére et al. [2015] concluded that the clockwise hysteresis they observed in 10-80 Hz band-
averaged seismic power was mainly the result of hysteresis in bed load transport, although they noted that
hysteresis in fluid shear velocity could also have contributed to this effect.

Here we use dedicated observations in a relatively small mountain stream to demonstrate that (1) water
turbulence rather than sediment transport can dominate the seismic signal and (2) seismic power and bed
load transport rates can exhibit hysteresis in opposing directions, which we suggest may reflect hysteresis
in the water turbulence signal due to changing boundary conditions at the bed. We use a modified
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version of the hysteresis metric ¥ developed by Roth et al. [2014] to examine the magnitude of hysteresis
measured by a seismometer installed on the bank of the Erlenbach, a small, steep alluvial stream in the
Swiss Prealps [Roth et al., 2016]. This hysteresis shows no significant correlation with the hysteresis observed
in proxy sediment transport rates recorded by geophones embedded in the channel bed. We show that both
the magnitude and direction (clockwise or counterclockwise) of hysteresis varies inconsistently between the
seismic and geophone data, indicating that the hysteresis recorded in seismic records may sometimes repre-
sent changes in seismic sources other than sediment transport, contrary to previous studies’ assumptions. We
discuss possible causes of hysteresis in the seismic signal generated by both sediment transport and water
turbulence and provide a quantitative illustration of the seismic effects of changing mean grain-scale bed
roughness and/or changing flow velocity due to changes in large-scale roughness.

2, Study Site and Data

The Erlenbach was selected as our field site due to the presence of extensive monitoring infrastructure, which
enables independent constraints on water discharge and sediment transport. The Erlenbach is equipped with
an in-bed Swiss plate geophone system installed at the downstream end of an ~40 m long engineered
concrete-bed reach (Figure 1), which has provided continuous, reliable sediment transport measurements
since 2002 [Turowski et al., 2009, 2011; Rickenmann and Fritschi, 2010; Rickenmann et al., 2012, 2014]. This sys-
tem consists of six geophones attached beneath elastically isolated steel plates (each 0.36 m x 0.5 m X 0.015 m)
embedded flush with the channel bed. The geophone system records the vibrations generated by impacts of
grains larger than ~10 mm [Rickenmann et al., 2012]. The number of impulses (peaks exceeding a threshold
value) per minute is recorded for each geophone. Sediment generally becomes mobile at discharges greater
than ~0.15 m>/s [Turowski et al.,, 2011]. Inmediately downstream of the geophones lies an engineered water-
fall into a retention basin (~30 m x 15 m); this basin has been regularly surveyed to constrain long-term sedi-
ment export since 1982. Short-term sediment transport rates have been monitored since 2009 with
measurements from automated basket samplers that move into the waterfall during transport events
[Rickenmann et al., 2012]. Previous studies have used these measurements to empirically calibrate a linear
relationship between geophone impulses and sediment volume or mass [Rickenmann et al., 2012; Beer
et al., 2015]. This correlation is excellent (* > 0.91) [Rickenmann et al., 2012; Beer et al., 2015] for 1 min data
and improves when measurements are averaged over several minutes [e.g., Rickenmann and McArdell, 2008].

Stage data are continuously collected at 1 min intervals by a gauging station ~35 m upstream of the geo-
phones and ~5 m downstream from the start of the engineered concrete bed (Figure 1). Discharge is then
calculated from the stage data using a calibrated stage-discharge relationship [e.g., Beer et al, 2015].
Immediately downstream of the gauging station, the flow drops over an engineered overfall structure
(~1 m high) into a shallow stilling basin (~4 m x 4 m x 0.3 m depth), then enters a fairly smooth ~30 m engi-
neered concrete reach with embedded riprap before reaching the geophones.

Our study site is an alluvial step-pool reach immediately upstream of the engineered reach containing the
geophones and gauging station. The channel here has a mean elevation of 1114 m above sea level, a drai-
nage area of 0.7 km?, a mean bed slope of 0.1 [Turowski et al., 2011], and an average width of ~5 m. This reach
has partially engineered banks reinforced with meter-sized boulders from the channel to form a roughly rec-
tangular cross section. Grains range in size from clay to meter-sized boulders, with a median grain size, D5, of
~80 mm [Turowski et al., 2011]. The study reach is located on a large landslide complex, and colluvial sedi-
ment is supplied to the channel by very active hillslopes [Schuerch et al., 2006; Turowski et al., 2011; Golly
et al., 2017] composed of Wégital Flysch bedrock consisting of interbedded mudstone and sandstone, with
occasional limestone clasts [Winkler et al., 1985].

From 6 July to 1 September 2013, we installed a Sercel L-28 3-channel high-frequency seismometer on the
bank of the Erlenbach. Installation was at approximately 1 cm depth (instrument top to surface) in a primarily
sand and mud soil substrate, ~4 m from the channel thalweg, and ~60 m and ~25 m upstream of the geo-
phones and gauging station, respectively [Roth et al., 2016]. The instrument was placed ~20 m equidistant
from an upstream tributary junction and the start of the engineered concrete-bed reach downstream, at
roughly the midpoint of an ~8 m long straight reach between large boulders. We examine the horizontal
stream-parallel (east-west) component of ground motion in the 35-55 Hz band, which Roth et al. [2016]
found to contain the strongest signal of bed load transport. Our data were sampled at 1 kHz, from which
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Figure 1. Maps of the Erlenbach in the Prealps in Switzerland (top right inset), as well as the study reach and channel net-
work (top), and a schematic of the study reach and instrumentation (bottom).

we calculate 1 min average power spectral density (PSD) with Welch’s averaging method [Welch, 1967] using
1 s windows with 50% overlap. We then sum the power over frequencies 35-55 Hz. Using different frequency
bands between 1 and 100 Hz does not significantly alter the results of this analysis. The full spectrograms are
available from Roth et al. [2016] along with a full analysis of the seismic spectra.

3. Hysteresis Metric ¥

To calculate the amount of hysteresis in the relationship between water discharge and either seismic ampli-
tude or geophone impulses during a given storm, we use a general nondimensional metric ¥ modified from
Roth et al. [2014]:
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Qpeak

QZ (yrise,o _yfaII,Q>
= ) (M

Qpeak

> (Yrise,o + yfaII,Q)

‘min

where yise 0 and yg,) g are the relevant signal magnitude (in this case, seismic power or geophone impulses)
at a given discharge Q on the rising and falling hydrograph limbs, respectively. Note that for a given dis-
charge on a given limb multiple y -values may have occurred. In these cases, we take yyise (Vfa) to be the aver-
age of all recorded y;ise (Vran) values for that discharge. Moreover, the set of discharges recorded on the rising
limb is not equal to the set of discharges recorded on the falling limb. We therefore cross interpolate y,is. and
Yran over the set of all measured discharge values for a given event to obtain a pair of y,ise and yz, values for
every discharge measured throughout the event. By summing the difference between the rising and falling
limb amplitudes over the hydrograph from a selected minimum (Qn,in) to peak (Qpeax) discharge, this metric
measures the normalized area within the curve of seismic or geophone amplitude versus water discharge.
The metric ¥ ranges in value between 1 and —1, where ¥ > 0 and ¥ < 0, respectively, indicate net clockwise
and counterclockwise hysteresis. The end-member ¥ = 1 indicates Jyz, = 0 (i.e., all seismic power or sedi-
ment transport occurs on the rising limb), while ¥ = —1 indicates Yy,ise = 0 (i.e., all seismic power or transport
occurs on the falling limb).

It is important to note that the seismometers and geophones record different signals. For geophone hyster-
esis ¥, the values in equation (1) are simply Viise.0 = Grise,0 @Nd Yrall,o = Gral,o OF the rising and falling limb
geophone impulse rates at discharge Q. However, the seismic power at any given point is the sum of seismic
power generated by both bed load transport (B) and water turbulence (W). While there may be additional
minor components contributing to the seismic signal, such as precipitation, we assume that they are negli-
gible here for the sake of simplicity; this assumption is justified a posteriori in section 6.

The seismic hysteresis can therefore be further decomposed into

Qpeak
> (Brise.o — Brao + Wrise.o — Wraiio)
Qmin

" Qpeak ’
Z (Brise.Q + BfaII,Q + Wrise,Q + WfaII,O)
Qmin

s

and, unlike ¥, ¥s can never equal 1 or —1 in perennial streams since the signal of water turbulence W is
always nonzero. This is the effect described by Gimbert et al. [2014], by which turbulence-induced seismic
power modifies the hysteresis induced by sediment transport alone.

We use Qmin = 0.5 m*/s to exclude data below the approximate threshold for grain detection by the geo-
phones. Roth et al. [2016] observed that the impact of grains smaller than the geophones’ technical recording
threshold (D ~ 10 mm, mobile at Q ~ 0.15 m>/s) may register on the seismometers [Roth et al., 2016] and lead
to some disagreement between seismometers and geophones at low transport rates. However, these small
grains appear to make up a negligible portion of the total transport signal by the time the geophone trans-
port rates reach ~100 imp/min [Roth et al., 2016], which corresponds very roughly to ~0.5 m>/s for the events
in this study. The relatively small contribution of small grains to the seismic PSD at higher discharges reflects
the fact that the signal of sediment transport is dominated by the largest mobile grains [Tsai et al., 2012;
Turowski et al., 2015]. Hence, the signal of small grains is quickly drowned out as larger grains are mobilized.
While varying Qi between 0.15 m?3/s and 0.5 m>/s can shift the exact values of either ¥ by up to 25%, it does
not change the sign of ¥ or ¥s for any of the observed events; however, we use the more conservative
threshold of 0.5 m3/s to avoid any potential inconsistency.

Due to the low roughness on the Erlenbach’s concrete-bed reach, sediment that enters this section is ulti-
mately transported past the geophones by the end of each flood: essentially no sediment is retained on
the engineered bed between transport events. Hence, we expect transport patterns recorded by the geo-
phones to lag slightly behind patterns on the natural streambed near the seismic sensors ~60 m upstream.
Because of the stochasticity of sediment transport processes, we also do not expect the short-term (i.e,,
minute-scale) transport patterns in the study reach to be accurately represented by the geophone record-
ings. While we consider the longer-term sediment transport rates to be more representative of the
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transport along both the concrete-bed and study reaches, averaging over longer timescales decreases the
resolution of the hydrograph peak, and hence the hysteresis in signals near the peak.

In order to maximize peak resolution and avoid mixing rising and falling limb hydrograph data, we process all
data (discharge, seismic power, geophone impulses, and precipitation) using a moving mean with 9 min win-
dows and 4 min overlap, centered on the time of peak discharge (in 1 min data) for each event. Nine minutes
was selected to exceed the particle travel time between the seismometer and geophones, which was esti-
mated as follows. For the range of discharges observed during our measuring campaign, the estimated flow
velocity in the Erlenbach is ~0.6-1.4 m/s [Nitsche et al., 2012] for the upper natural-bed reach (rough bed)
from the seismometer to the overfall structure near the gauging station (Figure 1) (about 25 m) and roughly
a constant ~5 m/s [Wyss et al., 2016] for the lower concrete-bed reach (relatively smooth bed) from the end of
the stilling basin to the geophone plates (~ 30 m). Assuming that sediment travels at ~20-40% and ~50-80%
of the water velocity [e.g., Julien and Bounvilay, 2013], respectively, on rough (natural bed) and smooth (con-
crete bed) surfaces, then the total particle travel time between the seismometer and geophones is ~60-210 s
or 2.6-9 times less than our 9 min averaging window.

Another potential cause of lag between transport rates at the seismometer and at the geophones is possible
sediment storage in the shallow stilling basin itself, located under the overfall structure near the gauging sta-
tion. The bed area there is roughly 4 m X 4 m; however, the engineered channel cross section above the over-
fall structure is slightly asymmetric with the thalweg against the southern bank (Figure 1), so only ~1/4-1/3 of
the channel width and the stilling basin are active during events of the magnitude observed in this study.
Assuming a maximum potential buffering (mean) sediment depth of about 0.1 m (from observations), this
allows for a possible (temporary) storage volume of about 0.5 m>. Using the linear relationship IP = 3.27 M
between geophone impulses (IP) and sediment mass (M) in kilogram [Rickenmann et al., 2012] and a bulk den-
sity of 1750 kg/m> [Rickenmann and McArdell, 2007], this maximum temporary storage would represent
AIP = 2860 imp. We estimate the maximum potential error this storage could generate in the geophone data
by modeling two end-member scenarios: (a) all trapped sediment enters the stilling basin on the rising hydro-
graph limb and is released on the falling limb, such that the seismometer records its passage on the rising
limb and the geophones record it on the falling limb (i.e., storage artificially shifts AIP from the rising limb
to the falling limb). (b) Trapped sediment enters the stilling basin on the falling hydrograph limb and is
not released until the rising limb of the next of the event, so the seismometers record the excess transport
on the falling limb and the geophones record it on the rising limb (i.e., storage artificially moves AIP from
the falling limb to the rising limb). We model the corrected ¥ with the sediment offset AIP in each of these
scenarios being accommodated by either (i) a constant change in transport rate Ag = AIP/tise/fan €venly
distributed over the entire duration of the rising (tse) and/or falling (t,) limb (e.g., the time on each limb
during which Qnin < Q < Qpeak) or (i) a change in transport rate at a single point, Ag = AlP/t,indow, Where
twindow = 9 min is the length of the moving mean window:

Qoesk AIP _AIP
Z Grise.qty — | = | JrallaF;
Qi rise fall

St AIP _AIP
Z griseQir + gfaII,Q+t7
Qi rise fall

S”G,corrected = 0 : @)
pe AIP
Z (grise,O - gfaII,O)izr
Omin fa” a
Qpeak (b7 “)
Z (grise,Q + gfa"fQ)
Qnmin

4, Results: Seismic Power and Hysteresis Do Not Scale as Expected With Sediment
Transport Rates

We examine seismic and geophone data from five transport events in 2013, with peak discharges of
0.6-1.9 m%/s. The discharge time series for each transport event is shown along with concurrent geophone
impulse rate (linear with sediment transport), 35-55 Hz seismic power, and precipitation rate in
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Figure 2. Time series of discharge for each transport event (1-5) with concurrent (a) geophone impulse rate (linear with sediment transport), (b) 35-55 Hz seismic
power, and (c) precipitation rate; the gray boxes indicate range used for hysteresis analysis (Q > 0.5 m3/s). Hysteresis in both (d) geophone impulse rate and

(e) seismic power as a function of discharge, and (f) direct hysteresis between seismic power and geophone impulse rate. In all hysteresis loops, the red color
indicates data on the rising limb, while the blue color indicates data on the falling limb.

Figures 2a-2c. Figures 2d and 2e show the hysteresis in both geophone impulse rate and seismic power as a
function of discharge, and the direct hysteresis between seismic power and geophone impulse rate is shown
in Figure 2f.

Our observations indicate that sediment transport does not generate the majority of seismic power
recorded at this site. Under the simplifying assumption that no other seismic sources contribute notice-
ably to the signal, we can express a simple model for the dependence of seismic power P on sediment
transport and discharge as P ~ W + B, where W ~ aQ"?® [Gimbert et al., 2014, 2016] is the theoretical
seismic power generated by water turbulence, B ~ fg [Tsai et al, 2012] is the theoretical power
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Figure 3. (a) Geophone impulses compared to concurrent discharge, and seismic power spectral density (PSD) as a function of (b) concurrent geophone impulses
(sediment transport rate) and (c) discharge for each transport event (1-5). The gray lines and equations show regressions for each pair of variables and event; the red
open circles and blue dots indicate rising and falling limb data, respectively. Theoretical and empirically calibrated relationships are g, < Q@ [Hegg and Rickenmann,
1999; Rickenmann, 2016}, P = g5 [Tsai et al., 2012], and P « Q1'25 [Gimbert et al., 2014, 2016]. Regressions indicate that the seismic signal may be dominated by water
turbulence rather than sediment transport.

generated by bed load (via its linear proxy, geophone impulse rate g), and a and S are scaling coefficients.
Sediment flux has previously been shown to scale with discharge in the Erlenbach as g « Q® [Hegg and
Rickenmann, 1999; Rickenmann, 2016], which is consistent with the range of exponents (2.88-7.58)
obtained from power law regressions between geophone and discharge data (Figure 3a) for each of
the five transport events observed in this study. Hence, we would expect seismic power to scale more
closely to P « g x Q° if the seismic signal was dominated by bed load transport (a > f), and more like
P x Q"%° « %% if water turbulence dominates the signal (a < p) in the observed events. Regressions
of the data show that P < g®'8%* (Figure 3b) and P x Q'**7"3 (Figure 3c), only slightly higher than
the theoretical scaling predicted for seismic power generated by discharge alone [Gimbert et al., 2014,
2016]. This observation supports the postulation that water turbulence, rather than sediment transport,
is the dominant source of seismic power at this site and is consistent with the results of Turowski et al.
[2013b], who found that the energy transmitted to the geophones via bed load is small compared to
the total energy of the water.

The hysteresis metric ¥ calculated from seismic data is shown as a function of the peak geophone impulse
rate (a linear proxy for the peak sediment transport rate) for each storm in Figure 4. We do not find a sta-
tistically significant correlation (r = 0.54, p = 0.3) between these values, indicating that at this site, hysteresis
in seismic power may not be an effective metric for the magnitude of sediment transport [e.g., Roth et al.,
2014]. We also find no statistically significant correlation (r = —0.3, p = 0.6) between the hysteresis metric
calculated from seismic data (¥s) and the same metric calculated from geophone data (¥) (error bars
on ¥ from the maximum range of corrected values calculated in equation (3); Figure 5), indicating that
a linear relationship may not always exist between the total observed seismic PSD and sediment
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Figure 4. Hysteresis calculated from seismic data compared with total
integrated geophone impulses (linear proxy for total sediment
transport) over each transport event (1-5). We do not find statistically
significant correlation between seismic hysteresis and sediment transport
rates (r = 0.54, p = 0.3).

transport rates. More importantly, how-
ever, ¥s is also roughly an order of
magnitude lower than ¥s and we
observe no consistent bias between
¥s and ¥¢. In some events, the seism-
ometer registered clockwise hysteresis
and the geophones recorded counter-
clockwise hysteresis (events 1 and 5),
whereas other events demonstrate the
opposite pattern (events 2 and 3). This
disagreement in the direction of hyster-
esis implies that the lack of correlation
observed  between  seismic and
geophone-derived hysteresis is not
due to some systemic bias, such as
the lag time hypothesized to exist
between sediment transport patterns
near the seismometer and at the geo-
phones. Rather, this inconsistency
points to one of two possibilities. First,
the seismic signal of sediment trans-
port may be generated or transmitted
inconsistently over individual floods,
perhaps due to evolution of the sub-

strate material. Second, one or more processes in addition to bed load sediment transport may be contri-
buting clockwise and/or counterclockwise hysteresis to the observed seismic signal. Such a process, or
processes, would need to be highly nonlinear or stochastic to produce the variability in hysteresis observed

between the seismic and geophone data.
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Figure 5. Hysteresis metric calculated from seismic (¥s) and geophone
(¥ ) data for each transport event (1-5). The red dashed lines are
¥s=0and ¥ =0, and the gray regions demark areas where the direction
of hysteresis is reversed between seismic and geophone data (clockwise
versus counterclockwise). The green line indicates ¥s = ¥, and the
gray line shows regression between ¥s and ¥ (r = —0.3, p = 0.6). The
error bars on ¥ represent the maximum range of values corrected for
possible temporary sediment storage effects (equation (3)).

5. Possible Causes
of Hysteresis

Numerous known processes may contri-
bute to hysteresis either purely in sedi-
ment transport rates or in the seismic
signal generated by water turbulence,
or to both. These processes include
changes in available sediment supply,
evolution of transport efficiency and
bed surface roughness due to changes
in grain organization or sizes, and evolu-
tion of the turbulent flow velocity field
due to the shifting of large boulders.
Below we discuss these processes and
the likelihood of them causing the
observed disparity between geophone
and seismic hysteresis.

5.1. Hysteresis in Sediment Transport

Exhaustion of sediment supply is a
common cause of clockwise hysteresis
in sediment transport over both indivi-
dual floods and seasonal or annual
timescales [e.g., Nanson, 1974; Dunne
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and Leopold, 1978; Reid et al., 1985; Moog and Whiting, 1998; Whiting et al., 1999]. Similarly, counterclockwise
hysteresis, while less frequently observed, has been found to be caused by increases in sediment supply, such
as the arrival of a sediment pulse or sediment released from glacial melt [e.g., Turowski et al., 2009; Wulf et al.,
2012; Mao et al., 2014].

Hysteresis in sediment transport is also commonly ascribed to changes in transport efficiency due to bed evo-
lution, such as coarsening or fining, armoring, and grain packing. When sediment supply is small relative to
transport capacity, selective transport of small grains can progressively coarsen the bed, decreasing the num-
ber of exposed grains available for entrainment at a given stress [e.g., Dietrich et al., 1989; Wohl and Cenderelli,
2000]. Progressive large-scale roughening of the bed can also be caused by the growth of bedforms such as
ripples or dunes [Martin and Jerolmack, 2013]. If changes in discharge occur faster than the timescale for bed
form adjustment [e.g., Allen, 1973; Gee, 1975; Wijbenga and Klaassen, 1983; Baas, 1994], then the evolution in
bed form morphology will exhibit hysteresis by lagging behind changes in discharge [Martin and Jerolmack,
2013] This often leads to larger bedforms with higher friction for a given stage on the falling limb relative to
the rising limb [e.g., Allen, 1974, 1976; Ten Brinke et al., 1999; Julien et al., 2002; Wilbers and Ten Brinke, 2003;
Frings and Kleinhans, 2008; Paarlberg et al., 2010], decreasing bed shear stress via form drag and causing
transport efficiency to decline for a given stage on the falling limb of a flood event relative to the rising limb.

While the relationship between armor formation and hysteresis in individual storms is relatively undocumen-
ted, largely due to monitoring difficulties, numerous studies of gravel bed rivers have attributed clockwise
hysteresis to the successive mobilization and reformation of bed armor on a flood'’s rising and falling limbs,
respectively [e.g., Kuhnle, 1992; Whiting et al., 1999; Humphries et al., 2012]. To our knowledge, however, no
clear mechanism for the implied asymmetry in armor destruction and formation processes is known.
Milhous and Klingeman [1992] also linked counterclockwise hysteresis to the disturbance of a coarse surface
armor, without subsequent reformation, which they proposed would make finer substrate available for
transport thereafter.

Packing or restructuring of grains on the bed can progressively decrease grain mobility by increasing the bed
shear stress required for entrainment [e.g., Charru et al., 2004; Mao, 2012]. Reid et al. [1985] observed that con-
solidation of sediments in the channel bed over long periods between floods, or following low-magnitude
floods, caused counterclockwise hysteresis in transport rates in subsequent events. Conversely, short periods
following larger floods resulted in comparatively less consolidated sediment that was easily entrained on the
next flood’s rising limb, leading to clockwise hysteresis.

We do not have enough information about the state of the bed during floods to determine the extent to
which any of these processes is actually responsible for the observed hysteresis in sediment transport.
However, Turowski et al. [2011] examined floods in the Erlenbach from 1986 to 2009 and found a correlation
between the critical discharges at which transport ceased in one event and started in the following event.
They proposed that this was due to constant stochastic rearrangement of the bed during times with bed load
transport, while in between floods, the bed does not change and is therefore stable. Further, the addition of
fresh colluvial material may allow the bed to “reset” to some degree between storms and evolve again over
each new hydrograph [e.g., Turowski et al., 2011]. Turowski et al. [2009] also suggested that predominantly
counterclockwise hysteresis during extreme flood events in the Erlenbach [Turowski et al., 2009, 2013a] could
be caused by the destruction of step-pool structures and subsequent release of finer material stored in the
sediment wedges behind the steps. Sediment input from landslides [e.g., Schuerch et al., 2006; Golly et al.,
2017] could also potentially influence hysteresis during extreme events larger than those observed during
this study.

5.2. Effects of Boundary Conditions on Water Turbulence Signal and Hysteresis

As noted by both Gimbert et al. [2014] and Roth et al. [2014], while hysteresis in sediment transport rates may
generate hysteresis in seismic amplitudes, the magnitude of the observed seismic hysteresis is modified by
the addition of the signal generated by water turbulence. This effect is certainly present here because, as
shown by Roth et al. [2016], the PSD of sediment transport and water turbulence overlap heavily in frequency
and both peak between 35 and 55 Hz. This likely explains why the ¥ values are consistently about an order
of magnitude lower than their ¥ counterparts, as the addition of the water turbulence signal “damps” any
hysteresis present in the sediment transport signal. However, if the turbulence signal is constant for a given
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discharge (i.e., Wiise,o = Wran o in equation (2)), meaning that its contribution to the overall seismic amplitude
is equal on the rising and falling limbs, then it can only damp the signal of sediment transport hysteresis ¥
(equation (2))—it cannot increase the magnitude or reverse the direction (i.e., clockwise to counterclockwise
or vice versa) of total seismic hysteresis ¥'s with respect to ¥, as we see in our data (e.g., Figure 5, events 1, 2,
3,and 5). The observation that hysteresis in sediment transport rates (¥s) and in seismic amplitudes (%) can
occur in opposing directions requires the presence of some amount of opposing hysteresis in either the tur-
bulent flow signal or some other contributing source.

In fact, the occurrence of any of the bed evolution processes discussed above could also lead to some
degree of hysteresis in the seismic signal generated by turbulent flow. Turbulent-flow-induced seismic
power is expected to depend strongly on bed roughness and flow velocity [Gimbert et al., 2014, 2016], which
both influence the turbulent kinetic energy of the flow. Hysteresis in the water turbulence signal could
therefore hypothetically be caused by changes in either (1) the grain-scale bed roughness exposed to the
flow (e.g., due to bed coarsening/fining, armoring, or grain packing) or (2) macroroughness (e.g., due to
bed form evolution, rearrangement of large structures/boulders, or changes in channel or bank geometry).
Gimbert et al. [2014] predicts that although turbulence-induced seismic power is primarily set by river flow
depth, slope, and width, there exists a secondary but significant contribution from the mean grain-scale bed
roughness size; this scale controls both the drag exerted on the flow (and hence the average and turbulent
flow velocities) [Lamb et al., 2008], and the effective surface area over which fluid force fluctuations are
applied to generate seismic waves. Although Gimbert et al. [2014] did not explicitly model the effects of
macroscale roughness, similar reasoning can be applied to surmise the effects of roughness elements large
enough to influence the flow velocity field and hydraulic geometry. Both grain-scale and larger-scale rough-
ness changes would affect the average flow velocity and turbulence characteristics, but the latter would also
affect the fluid shear velocities [e.g., Wiberg and Smith, 1991] contributing to the seismic signal [Gimbert
et al, 2014].

Below, we discuss in detail the ways in which bed evolution might cause the hysteresis we observe in seismic
power on the Erlenbach. We assume that turbulent-flow-induced noise is the dominant source of this seismic
power, as supported by the first-order power-discharge scaling regressions in our data (Figure 3, also see
section 4), which roughly follow the theoretical predictions of Gimbert et al. [2014, 2016]. In section 5.2.2,
we use the physical model of Gimbert et al. [2014] to provide a quantitative example that conceptually illus-
trates the effects of bed roughness and flow velocity on the seismic signal of water turbulence.

5.2.1. Plausible Causes of Hysteresis in Water Turbulence PSD

Because the seismic PSD generated by water turbulence is predicted to scale inversely with grain-scale bed
roughness [Gimbert et al., 2014], the observed change in the direction of hysteresis between the seismic and
geophone data could not be explained by any bed evolution process that would also cause sediment trans-
port rates to scale inversely with roughness, as these processes would work in tandem with and amplify the
hysteresis caused by sediment transport. For example, while progressive coarsening of the bed may in fact
occur, we would expect this to generate clockwise hysteresis in both sediment transport and the seismic
PSD of water turbulence. However, bed evolution could still cause the hysteresis observed in the turbulence
PSD by changing the bed roughness or flow velocity in a manner that does not generate correlated hysteresis
in sediment transport, as follows.

A key way that roughness is often modified in the Erlenbach is through erosion and deposition of sediment
surrounding large, essentially immobile boulders. One can identify two distinct transport thresholds for step-
pool channels like the Erlenbach [Montgomery and Buffington, 1997]. During frequent storms, gravel moves
through, over and around the steps. However, only very infrequently do storms of sufficient magnitude occur
to directly mobilize the steps themselves. Indeed, on the Erlenbach only four flows of this magnitude have
occurred in past >35 years of monitoring [Turowski et al., 2009, 2013a], although shifting, slumping, or top-
pling of boulders can occur due to downstream scouring during lower flows [Crowe, 2002; Church and
Zimmermann, 2007]. Hence, much of the flow's boundary shear stress acts on the essentially immobile
boulders and not on the gravel on the bed [Wiberg and Smith, 1991; Yager et al., 2007, 2012a]. Because chan-
nel hydraulics are highly sensitive to the degree of boulder protrusion above the gravel bed [Yager et al.,
20071, modifications to the manner in which flow interacts with the boulders due to changes in gravel deposi-
tion or shifting of boulders could change the local turbulent eddy field and boundary macroroughness such
that changes in transport rates and changes in the turbulent-flow-induced seismic power are uncorrelated.
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For example, an increase in boulder
drag (counterclockwise seismic hyster-
esis) would also decrease the fluid shear
stress available for sediment transport
(clockwise transport hysteresis).

Changes in the dimensions of the
spaces around, between and even, in
some cases, beneath large boulders
due to rearrangement of surrounding
grains or minor shifting of the boulders
via downstream scour could also sub-
stantially alter the turbulent eddy and
flow velocity fields based on the way
flow interacts with these constrictions
and protrusions. When combined with

Figure 6. Small rock jam (indicated by red arrow) that formed during  the inhomogeneity of the channel bed
transport event 1, cutting off a small cascade between two large, immo-  and the proximity of the seismometer,
bile boulders and replacing it with a turbulent stall instead. minor changes in flow have the poten-

tial to significantly impact the seismic
signal. For example, the small rock jam shown in Figure 6 formed at some point during transport event 1
and effectively cut off the flow that had previously cascaded between two large boulders and over a third
large boulder at their base, shifting the flow to a gravel bedded section farther from the seismometer and
replacing the boulder-coupled cascade with a turbulent stall. While we lack further documentation of bed
rearrangement during this study period, previous studies on the Erlenbach have shown that substantial
changes in bed configuration, roughness, and boulder protrusion occur frequently and at the event scale
[Turowski et al., 2011; Yager et al., 2012a, 2012b]. Since the turbulent flow signal scales strongly with shear

velocity (P°< u14/3) [Gimbert et al., 2014], small changes in velocity have the potential to drastically influence

the seismic power. We expect the seismic PSD generated by highly turbulent flows such as cascades, for
example, to be particularly sensitive to such shifting, as a larger proportion of the total flow is constrained
to the pathways between and around boulders.

Similarly, some seismic hysteresis could occur due to shifting of grains at the base of the waterfalls into the
shallow stilling basin (~25 m away, ~1 m drop) and retention basin (~60 m away, ~ 5 m drop) downstream of
the study reach, which Roth et al. [2016] found may contribute strongly to the signal of water turbulence at
this site. Since waterfalls are coupled to the ground via the bed at their bases, any rearrangement of grains
here could significantly alter the seismic signal at a given discharge. In this specific case, both waterfalls are
engineered, so grain rearrangement at the base is in fact the only way for the observed hysteresis to occur.
Progressive filling of the lower retention basin with water could also generate some hysteresis but could only
explain hysteresis in one direction (clockwise or counterclockwise). Hence, this explanation is simply another
potential iteration of seismic hysteresis being induced by changing boundary conditions at the bed.

Also worth noting is that any evolution of the bed could also change the coupling between the water and the
bed (i.e., the seismic transfer function) as well as transmission of energy through the bed (i.e., anelastic
attenuation or seismic quality factor), either by altering the bed itself [e.g., Kean et al., 2015] or by redirecting
portions of the flow to different regions. The example shown in Figure 6 and discussed above, for instance,
altered the source-receiver distance, the substrate through which the flow was coupled to the bed (large
boulder versus gravel) and the path along which seismic waves were transmitted through the bed.
However, the degree to which these changes might alter the relationship between discharge and the seismic
PSD has not yet been quantitatively examined. Changes in river bank geometry could also affect the propa-
gation of seismic waves, although we do not expect this to factor significantly into the hysteresis observed
here as the banks of the study reach are partially engineered with large boulders that were not observed
to move during the study period. Other ground site properties, such as soil saturation, could also influence
wave propagation. However, because waves traveled comparatively longer distances through the channel
bed than the bank (the seismometer was located only ~1 m from the edge of the ~5 m wide channel) and
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large-scale changes in ground site properties (i.e., gravel rearrangement) are known to have occurred in the
bed, it seems likely that any changes in seismic wave propagation would be predominantly due to changes in
the bed rather than the banks. Changes in wave propagation due to ground saturation could also generate
hysteresis in only one direction, as the ground becomes increasingly saturated over the course of each storm
event, and thus could not explain the seismic hysteresis observed in all events.

Hence, we offer as a plausible explanation that shifting or rearrangement of grains may alter the seismic sig-
nal generated by fluid flow in two ways: first, by changing the turbulent intensity and kinetic energy of the
flow via changes or excursions in hydraulic parameters via boundary conditions (e.g., bed roughness) and
second, by changing the seismic transmission of turbulent energy to and through the bed. In either case,
the proposed forms of bed evolution on the Erlenbach, either around large boulders or at the base of the
waterfalls, would not need to correlate with the changes in sediment transport rate recorded by the geo-
phones and could explain why the discrepancy between the seismic and geophone hysteresis appears to
be so stochastic.

5.2.2. Theoretical Effects of Bed Roughness and Flow Velocity on Seismic Power

While it is still unknown how changes in large excursions in macroroughness or in the heterogeneity of flow
velocities such as those that may have occurred on the Erlenbach might quantitatively influence the seismic
signal of water turbulence, the model developed by Gimbert et al. [2014] provides us with a simple, first-order
appraisal of the effects of changes in mean grain-scale bed roughness and fluid shear velocity. We use this
model below to provide a quantitative illustration of the capacity for these mean properties to significantly
influence the seismic signal but emphasize that this does not necessarily translate into an interpretation of
our data, as the impact of excursions on both the turbulence power and sediment transport rates may differ
significantly. It is also worth noting that this model accounts for isolated changes in mean grain-scale bed
roughness and shear velocity and does not address the effects of bed roughness elements large enough
to influence channel hydraulics and hence shear velocity (via flow depth).

The total seismic PSD (W) of ground motion per unit grain size due to water turbulence depends on the mean
grain-scale bed surface roughness k; and mean fluid shear velocity u- through the functions

W(F; D)=k, > p(D)D*¢ (H/k)u*/x(f; D)?, @)

(from equations (32) and (42) of Gimbert et al. [2014]), where p(D) (m™") is the log-“raised cosine” distribution
of grain size D [Tsai et al., 2012], which depends on the median grain size Dsq = k/3 [Gimbert et al., 2014].

The function
ks 1/3 ks 4/3 H 2/3 2
C(H;ks)= {(1 - <ﬁ)) (1 - (ﬁ-/)) (5.62I091o(k—$) +4) } (5)

[Gimbert et al., 2014, equation 33] depends on flow depth H relative to bed roughness and accounts for mod-
ulations in seismic power due to variations in turbulent intensity and flow velocity within the bed roughness
[Gimbert et al., 2014, equation 33]. The function

x(f;D) = 1

4/3
f
1+ [ff(m]
[Gimbert et al., 2014, equation 28] describes the capacity for grains of size D to convert flow velocity fluctua-

tions into force fluctuations at frequency f (i.e., the transfer function between fluid velocity spectrum and
pressure spectrum) [Gimbert et al., 2014, equation 28]. At frequencies higher than the cutoff frequency

U, ks
f‘(D)zo.uD (1 - (@))’ @)

x decreases because local force fluctuations cancel each other out.

(6)

We illustrate the potential effects of changes in mean grain-scale bed roughness and shear velocity on water
turbulence seismic power in Figure 7. Figure 7a shows the theoretical ratio of falling to rising limb seismic
power We,/Wiise calculated from equation (4) as a function of the fractional change in shear velocity on
the falling and rising limbs, ux /U= i, @assuming all other variables remain constant. Similarly, Figure 7b
shows the ratio Wi, /Wiise as an isolated function of the fractional change in rising and falling limb mean
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Figure 7. Theorized fractional change in the seismic PSD W generated by water turbulence on rising and falling hydro-
graph limbs, as a function of the fractional change in (a) fluid shear velocity ux [Gimbert et al., 2014, equations 41 and
43] (fixed uxrise = 1 m/s and ks = 0.24 m) and (b) mean bed roughness k; (fixed ks ise = 0.24 m and ux =1 m/s) at different
flow depths H [Gimbert et al., 2014, equations 32 and 33], with inset (c) showing close-up of relevant values for observed
transport events. The gray regions show K fa1/Ks rise and U g511/U rise range associated with observed hysteresis (0.4 < Pg)/
Prise <1.2).

bed roughness, k; (ise and k; ¢, (calculated from Gimbert et al., 2014]), where the rising limb roughness is set
to 3Dsg [e.g., Gimbert et al., 2014] or kg ,ise = 0.24 m and frequency and grain size have both been summed
over 35-55 Hz and 0-0.10 m, respectively. Flow depth is shown for 0.3 < H < 0.6 m, corresponding to
discharges between ~0.3 and 1.9 m%/s (from the calibrated stage-discharge relationship for the Erlenbach
[e.g., Beer et al, 2015]). Above K¢ i/ksrise ~ 0.1, the turbulence force decreases with increasing bed
roughness because rougher beds exert more friction on the flow, decreasing the average flow velocity
and turbulence intensity (i.e., the root-mean-square of the fluctuating streamwise velocities) [Lamb et al.,
2008]. Conversely, relatively much smoother beds (ks ¢i/k; rise < 0.1) have less specific area exposed to the
flow, and thus turbulent flow forces decrease with decreasing roughness. As noted by Gimbert et al.
[2014], we also see that the dependence on roughness increases with relative roughness ky/H. Hence, we
expect mean roughness to strongly influence seismic power in rivers where flow depth is shallow with
respect to the scale of mean bed roughness, as it is on the Erlenbach; for rivers with relatively deeper
flow depths, we expect the seismic signal of water turbulence to be less sensitive to the boundary
conditions at the bed.

We can perform a simple scaling analysis on our seismic data to demonstrate the approximate changes in
mean roughness or mean shear velocity that would be required to generate the observed hysteresis.
Again, we emphasize that this example is intended to be conceptually illustrative but does not necessarily
represent the effects of changes in roughness and velocity excursions that may actually have occurred. For
this simple demonstration, we assume the entire difference in hysteresis between the seismic and geophone
data is caused by changes in the seismic signal generated by water turbulence and that the changes in water
turbulence are entirely generated by isolated changes in either mean grain-scale bed roughness or shear
velocity (ignoring any conflicting hysteresis this might also cause in sediment transport rates). We then
estimate the change in mean bed roughness or shear velocity on the rising and falling limbs, K; sise and K fail
Of U=xise aNd Uxg,, respectively, needed to independently produce the ratio of rising and falling limb total
seismic power, Pry/Piise (Where P ~ W + B as in equation (2) and section 4) for two end-members of the
observed transport events: 1 and 3. In transport event 1, for example, the seismic hysteresis is clockwise
and the geophone hysteresis is counterclockwise. We therefore assume that the water turbulence signal
experienced clockwise hysteresis large enough to cancel out the counterclockwise hysteresis generated by
sediment transport (which may already have been significantly damped simply by the addition of the turbu-
lence signal) and to add on additional clockwise hysteresis in the total seismic signal. Hence, we treat the full
magnitude of observed seismic hysteresis as a lower bound on the hysteresis generated by fluid flow,
such that the ratio of the rising and falling limb seismic power Wiay/Wiise < Pran/Prise fOr Pean/Prise < 1
(e.g., event 1) and Wey/Wyise > Prai/Prise for Pean/Prise > 1 (e.g., event 3).
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In transport event 1, the minimum ratio of falling to rising limb seismic power provides an upper limit of
Weatl/Whise < Peai/Prise ~ 0.4 (clockwise) (Figure 2e) at H ~ 0.47 m (Q ~ 0.9 m3/s). Conversely, in transport event
3 we observe a maximum increase in seismic power Wiy/Wiise > Pran/Prise ~ 1.2 (counterclockwise) at
H~0.5m (Q ~ 1.1 m*/s). Generating these changes in seismic power would require fractional changes in fluid
shear velocity of Usg/Uxrise S 0.87 (event 1) and 21.03 (event 3) (Figure 7a) or a roughly 3-13% change.
Alternately, the change in seismic power could be produced by a change in mean bed roughness of
K fail/ks rise 2 145 (event 1) and <0.9 (event 3) (Figure 7b). If these changes in roughness are proportional
to changes in median grain size on the bed (k; ~ 3Dsg), then the change in seismic amplitudes over these
transport events would correspond to a minimum change from Ds, ~ 80 mm on the rising limb to
~116 mm (event 1) or ~72 mm (event 3) on the falling limb. While changes in median grain size have
not been studied systematically on the Erlenbach, these numbers may be reasonable [e.g., Parker, 1990;
Wilcock and McArdell, 1997] as roughness is known to evolve here due to winnowing following extreme
events that reset the median grain size [e.g., Yager et al., 2012b].

The simplified, first-order calculations presented here highlight the seismic signal’s sensitivity to hydraulic
parameters, especially in relatively rough and shallow streams like the Erlenbach. As previously noted, how-
ever, these calculations only describe the effects of mean bed roughness and shear velocity on the seismic
PSD, whereas the shifts in grain arrangement or boulder position we suggest would generate velocity and
roughness excursions not currently addressed by the model [Gimbert et al., 2014]. Future work can help to
better address the effects of these large excursions, which may play a large role in the seismic signal gener-
ated by turbulent flow in steep mountain streams, cascades, and other similar settings. Similarly, additional
research could help constrain the extent to which bed structure, which can vary and evolve drastically in such
settings, may influence the seismic transfer function and quality factor.

6. Discussion and Conclusions

We use a normalized metric to compare the hysteresis in 35-55 Hz band-averaged seismic power spectral
density and geophone impulse rates (a linear proxy for coarse sediment transport rates) as functions of flood
discharge over five transport events on the Erlenbach stream in the Swiss Prealps. We find that seismic power
more closely follows the predicted scaling with water discharge than with sediment transport and that hys-
teresis in seismic power is roughly an order of magnitude lower than hysteresis in transport rates. This implies
that water turbulence, rather than coarse sediment transport, may dominate the seismic signal for the inves-
tigated range of flow and bed load transport conditions. We see no significant correlation between seismic
hysteresis and sediment transport (r = 0.54, p = 0.3), indicating that for small to moderate events in this loca-
tion, seismic hysteresis may not be a reliable qualitative indicator of the presence or magnitude of sediment
transport. We also fail to find significant correlation between the magnitudes of hysteresis in seismic power
and in sediment transport rates (r = —0.3, p = 0.6), which occur in opposing directions (clockwise versus coun-
terclockwise) in 4 out of the 5 hydrograph events recorded in this study. These results refute the commonly
held assumption that seismic hysteresis reflects changes in the rate of coarse sediment transport.

We suggest that changes in the water turbulence signal provide a plausible alternative mechanism for the
hysteresis observed in the seismic signal, possibly due to evolving boundary conditions at the bed (i.e., shift-
ing or rearrangement of sediment). Shifting or rearrangement of grains could cause hysteresis in the seismic
signal of fluid flow either (i) by changing the turbulent kinetic energy of the flow at a given discharge or (ii) by
changing the coupling between the fluid flow and bed continuum.

The accumulation of loose sediment on the channel bed from the surrounding hillsides enables the bed to
constantly evolve and then “reset” to some extent between storms. While the exact nature of bed evolution
occurring at this site is not known, the reversed directions of seismic and geophone hysteresis cannot be
explained by any process that causes positively correlated hysteresis in sediment transport and the water tur-
bulence signal, such as progressive roughening of the bed. Hence, we suggest that hysteresis in the fluid
flow-generated signal could potentially be explained by stochastic changes in the bed roughness and/or
in the flow velocity field due to rearrangement of grains around and between large boulders, or at the base
of a downstream waterfall. Minor shifting of these highly angular boulders due to downstream scour could
also alter the turbulent flow around them, leading to hysteresis in local flow velocity. The seismic signal gen-
erated by fluid flow is highly sensitive to minor shifts in boundary conditions at the bed, and relatively
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modest changes in the mean, grain-scale bed roughness (£30%) or shear velocity (£15%) could theoretically
yield turbulence-generated seismic hysteresis on the scale of the observed discrepancy between the geo-
phone and seismic data. However, these estimates do not necessarily represent the effects of large velocity
excursions and changes in macroscale roughness that could be caused by bed reorganization.

Other sources of hysteresis in the seismic signal could include rainfall and a downstream pressure gradient on
the falling limb [Hsu et al., 2011], both of which, however, are implausible explanations for the discrepancy
between seismic and sediment transport hysteresis. If heavy rainfall were to occur on either limb of the hydro-
graph, it could add some amount of hysteresis to the seismic signal between 35 and 55 Hz [Roth et al., 2016].
However, we can rule out rainfall as the primary cause of disagreement between the seismic and geophone
data because precipitation data (Figure 2¢c) shows that it occurs primarily on the rising hydrograph limb of all
the transport events. Hence, rainfall could not be the source of the excess counterclockwise hysteresis in trans-
port events 2 and 3. Similarly, contrast between the downstream pressure gradient generated by the rising
limb flood wave and the upstream pressure gradient on the falling limb [Hsu et al., 2011] could theoretically
generate some clockwise but not counterclockwise hysteresis. Other seismic sources such as wind shaking
trees, wildlife, or anthropogenic noise are possible and may contribute some hysteresis to the signal.

Our results have significant implications for the growing field of fluvial seismology, as most studies have pre-
viously construed seismic hysteresis as evidence both for sediment transport as a main source of seismic
noise and for hysteresis in sediment transport. Our results demonstrate that these interpretations may not
always be valid because the coupling between sediment transport and changes in hydraulic parameters is
more complex than previously expected. By changing the shape of the boundary over which water flows,
bed evolution fundamentally influences the fluid dynamical parameters that control water turbulence.
Hence, our findings highlight the possibility that although seismic hysteresis may be correlated with trans-
port in some settings, this hysteresis may be caused by changes in water turbulence due to evolution of
the bed, rather than actual changes in the rate of sediment transport. This may be especially true in rivers
where flow depth is low or comparable to the largest roughness elements on the bed or where highly turbu-
lent features such as waterfalls or cascades may contribute significantly to the seismic signal. For instance, it
seems likely that the correlation found by Roth et al. [2014] between sediment transport rates and seismic
hysteresis on the Chijiawan—another relatively rough and shallow river—in Taiwan may also have reflected
changes in the water turbulence signal due to the large-scale evolution of the bed surface. Seismic hysteresis
reported in other rivers where cascades are present or bed evolution is thought to have occurred [e.g., Hsu
et al., 2011; Schmandt et al., 2013; Barriere et al., 2015] could also be at least partially caused by subsequent
changes in the fluid-generated signal. Quantitative interpretations based on hysteresis in seismic signals,
in particular, may also overestimate or underestimate changes in bed load transport since the addition of
the water turbulence signal, as well as any hysteresis in the turbulence signal caused by bed evolution, could
obscure these estimates. For example, Schmandt et al. [2013] estimated that following the model of Tsai et al.
[2012], their observed hysteresis could correspond to bed load flux changing by factors of roughly 2.5-3.2
and 8, while Hsu et al. [2011] suggested that hysteresis in their data could imply a roughly twofold decrease
in transport efficiency. Since bed evolution can only occur if sediment has moved, hysteresis in water
turbulence-induced seismic power may still indicate the presence of some amount of transport and be qua-
litatively useful for learning about transport under certain conditions, such as when bed roughness is rela-
tively small with respect to flow depth. More research is needed to further constrain these conditions, as
well as the effects of large velocity and roughness excursions on fluid flow-generated seismic signals, the rela-
tionship between bed roughness and flow velocity in the turbulence-generated seismic power model, and
the extent to which changes in bed solely on hysteresis structure and other ground site properties can influ-
ence the propagation of seismic waves. Better understanding of these factors would help determine the
extent to which seismic hysteresis may relate to sediment transport rates in different fluvial settings and
may improve our ability to quantitatively interpret hysteresis in seismic signals near rivers.

However, our results also point to the need for future work to move beyond relying solely on hysteresis by
focusing on developing more quantitative methods to isolate the sources contributing to seismic signals.
For example, Roth et al. [2016] did not rely on the observation of hysteresis, but rather used independently
constrained bed load transport, discharge, and precipitation data to identify the seismic spectra generated
by each process. Such approaches calibrated with real data or utilizing seismic spectral decomposition
may prove more effective than those that use hysteresis alone.
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Erratum

In the originally published version of this article, the Psi symbol was not italicized as a variable. In addition the
F symbol in equation 3 was not rendered correctly. The errors have since been corrected and this may be
considered the authoritative version of record.
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