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[1] Measuring sediment flux in rivers remains a significant
problem in studies of landscape evolution. Recent studies
suggest that observations of seismic noise near rivers can
help provide such measurements, but the lack of models
linking observed seismic quantities to sediment flux has
prevented the method from being used. Here, we develop a
forward model to describe the seismic noise induced by the
transport of sediment in rivers. The model provides an
expression for the power spectral density (PSD) of the
Rayleigh waves generated by impulsive impacts from
saltating particles which scales linearly with the number of
particles of a given size and the square of the linear
momentum. After incorporating expressions for the impact
velocity and rate of impacts for fluvially transported
sediment, we observe that the seismic noise PSD is
strongly dependent on the sediment size, such that good
constraints on grain size distribution are needed for reliable
estimates of sediment flux based on seismic noise
observations. The model predictions for the PSD are
consistent with recent measurements and, based on these
data, a first attempt at inverting seismic noise for the
sediment flux is provided. Citation: Tsai, V. C., B. Minchew,
M. P. Lamb, and J.-P. Ampuero (2012), A physical model for seis-
mic noise generation from sediment transport in rivers, Geophys.
Res. Lett., 39, 1L.02404, doi:10.1029/2011GL050255.

1. Introduction

[2] The transport of coarse sediment by rivers sets the pace
of landscape evolution by controlling channel morphology
and the rates of bedrock incision [e.g., Whipple, 2004].
Moreover, accurate predictions of sediment flux are needed
for diverse applications including sedimentation engineering,
river restoration, and flood hazard mitigation. Most models
for bed load sediment transport are empirical and typically
rely on data from flume experiments where sediment flux
is at the transport capacity [e.g., Fernandez Luque and van
Beek, 1976]. In many mountain streams, sediment flux is
under-capacity, however, and is governed by the sediment
supply from upstream and neighboring hillslopes, for which
no bed load-flux models exist [e.g., Whipple, 2004]. Our
inability to accurately model bed load transport stems from a
lack of measurements during floods in steep rivers where
traditional measurement techniques (e.g., sediment traps) are
extremely difficult, if not impossible, to apply.
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[3] A potential solution to this data gap is to use acoustic
or seismic energy from bed load particle impacts as a proxy
for sediment flux [Govi et al., 1993; Barton et al., 2006,
Burtin et al., 2008; Hsu et al., 2011]. High-frequency
(>1 Hz) seismic noise near rivers has been shown to corre-
late with river discharge [Burtin et al., 2008, 2010, 2011;
Hsu et al., 2011], and the observed increase of seismic noise
with increasing flow depth has, in all cases, been partly
attributed to particles impacting bedrock. Burtin et al. [2010]
show that the majority of this seismic noise observed in
Nepal is generated in reaches of the Trisuli River with high
gradients. Similar to Burtin et al. [2008], Hsu et al. [2011]
argue that observed hysteresis in high frequency seismic
power relative to river discharge during major storms in
Taiwan is related to sediment transport. However, none of
the above mentioned studies were able to directly convert
measurements of seismic noise into bed load flux because a
theoretical underpinning that relates the two has yet to be
developed.

[4] Herein, we derive a simple analytical model for the
seismic noise produced by impacting river sediment. We
present preliminary model results using estimates of river
and sediment parameters based on studies of Himalayan
rivers [Lavé and Avouac, 2001; Attal and Lave, 2006; Gabet
et al., 2008] in order to compare our results with measure-
ments of Burtin et al. [2008].

2. Model

[5] Our goal is to derive a mechanistic model for seismic
noise generated by river sediment-bed impacts using as
simple and generic of parameterizations as possible that still
incorporate the relevant first-order physics. The primary idea
of this model is that each sediment particle impacts the river
bed and creates a force impulse that then excites seismic
waves that travel to nearby seismic stations. With many
particles, each impacting the bed at random times relative to
the others, one can calculate the total noise power spectral
density (PSD) observed at a given station. To attempt to
make comparisons with the observations discussed in the
Introduction, we make model predictions over the frequency
range 1 Hz < < 1000 Hz.

2.1.

[6] In this forward model, it is assumed that individual
grains of diameter D each impact the river bed with speed w;,
assumed normal to the bed, where w; depends on D and
other fluvial parameters, as will be discussed in Section 2.2.
For a single particle, the impact force can be described by an
elastic contact problem, of which the simplest case is per-
fectly elastic Hertzian contact [Johnson, 1987]. For this case,
the maximum force amplitude Fy and time of contact A¢
are given by well known expressions [Johnson, 1987]. For
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D <2 m, w; > 0.1 m/s, and a typical elastic modulus
(E=5" 010 Pa), then Az < 1072 s, and the impact can be
assumed to be instantaneous relative to the frequency range
of interest, and impart an impulse equal to
2
1 = —FyAt = 2mw;, (1)
™
where m = p,V, is the mass of the particle, V), is the particle
volume, and p; is rock density. If the impact is not perfectly
elastic, / could be as much as a factor of 2 smaller (when
perfectly inelastic), in which case I = mw;. A force history
for a single particle’s instantaneous impulse can then be
expressed as Fi(f) = I6(f) where 6(f) is the Dirac delta
function.
[7] Given a force history F(f) at location x,, the ground
velocity u(f) at location x is given in the frequency domain by

u(f,x) =2mwif F(f,x0)G(f,x;xo) (2)

where F( ) = F[F(¢)] is the Fourier transform of F(¥), and G(?)
is the displacement Green’s function. Since w; is vertically
incident, Rayleigh waves are expected to be the dominant
waves excited [e.g., Sanchez-Sesma et al., 2011]. For a hori-
zontally homogeneous medium, and assuming an approxi-
mate Raylelgh—wave sensitivity that decays with depth
proportional to e, we can follow Aki and Richards [2002]
and approximate the amplitude of the Rayleigh-wave

Green’s function as
k|2 /o) 3)
8p4VeVy Tk ’

where v, is the Rayleigh-wave phase velocity, v, is group
velocity, k = 27xflv. is the angular wavenumber, 7 = |x — x|
is the source-station distance, and Q is the (dimensionless)
quality factor.

[8] To use equation (3), we must have estimates of the
frequency-dependent v,, v, and Q. For v, and v,, we use
values of average shear wave speed for a typical generic
rock site (and in the frequency range of interest) given as

vy = v(z/20)", (4)

where vy = 2206 m/s, zo = 1000 m, and o = 0.272 [Boore
and Joyner, 1997]. Using these values, and approximations
as above, one can solve for v, as

Ve = VcO(f/fO)iE: (%)

where v.o = [Qmzofo) Vol'(1 + )]V, € = a/(1 — @),
and I'(x) is the gamma function (see auxiliary material).'
With values as given above, v.o = 1295 m/s, fo =1 Hz, £ =
0.374. Furthermore, under the same approximations, it can
be shown that v, = v./(1 + &) = 0.73v... On the other hand,
Q is typically assumed to be of the form of Q = Qy(flfy)"
[e.g., Erickson et al., 2004]. Anderson and Hough [1984]
suggest that for the relatively high frequencies and shal-
low depths of interest, Oy = 20 and n = 0 are reasonable
approximations, and we use these values throughout, despite
known spatial variations in Q [e.g., Campbell, 2009].

|G(f, x; x0)| =

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GL050255.
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[9] To describe the rate of impacts, we define n(D) to be
the number of particles with grain size D, per unit length of
river per unit D. If the average time between impacts of each
particle is ¢,(D), then f pn - £ 'dD is the total rate of impacts
per unit length of river. In Section 2.2, we relate n/f; to
sediment flux.

[10] In the simplest version of the model, we assume
that all impacts occur randomly spaced in time, i.e.
F({t) = 1Y) 8t — t), with random #, and N being the
number of impacts. For random ¢, one can show that
F(f) = Fi(/)V'N = I\/N, so that the sum of impacts does
not affect the shape of the force spectrum, and the force
amplitude squared grows linearly with N. We can now
express the power spectral density (PSD) of a station’s
velocity time series (per unit grain size D) to be

P.(f:D) = AlM(WWm (6)

where the integral is along the full length of river R, and
1,(f) is the ground velocity due to F(?).

[11] In order to approximate equation (6) analytically, we
assume an infinitely long and straight river whose closest
point is ¢ from the seismic station (see Figure 1a). Substi-
tuting F';( /), equation (1) and equation (3) into equation (2)
we arrive at

2322
PfiD)= LIS o), )
where
o= [ Vg (8)

and 3= 2mro(1 + E S (v000f5 ") are dimensionless. As
shown in the auxiliary material, x () can be approximated as

2w

Y(8) :210g(1 +%) e+ (1-eP)e” 7 9)

It may be noted that equatlon @) scales with frequency
roughly as f/*“exp[—27ro /" /(Qovco 7o )

[12] Flnally, the total PSD, P,(f"), is given as an integral
over the grain size distribution

ﬂmzémmmw (10)

Using equation (9) in equation (7) and substituting into
equation (10) then yields an algebraic expression for the total
PSD, P/(f), as a function of frequency f, grain size distribu-
tion and other model parameters.

[13] The random impact model discussed above can be
made more realistic by including the correlated impacts of
the same particle. If N, hops of a single particle occur before
the impact time becomes significantly different from an
integer multiple of the timescale between impacts, #;, then
the forcing

Faed)=1 Y. 8(t—jt) ()
=0
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Figure 1. PSD as a function of f for 3 different choices
of D. Using H=4m, 0 =14° ¢, =10 m?s, W=50m,
and for D = 0.3 m (thin blue), 0.5 m (medium green),
0.7 m (thick red); dashed green line is for D = 0.5 m but uses
the modification of equation (12) with N. = 2. (a) Schematic
of idealized river and seismic station geometry, defining ry,
the distance of the station from the river; (b) 7o = 600 m;
and (c) 7o =200 m. All PSDs are given in decibels (dB) rel-
ative to velocity power (10 log;oP,). Note that the peaks in
the PSDs occur at higher frequencies for closer stations
because higher frequency seismic energy is preferentially
attenuated with distance.

can be used instead of F(f) to approximate an average over
timescale N.#;. This then results in a frequency modulation
of equation (7) equivalent to multiplying equation (7) by

Ne—1 _—2rijt,f |2 i
=|Z,-=o e 2mmf| B I1+e 2mitf ...|2
N, N, '

T(f) (12)

Since there is expected to be a large variance in hop times
[e.g., Lamb et al., 2008a], N. is likely a relatively small
number, i.e. N. < 4, and therefore only has a second-order
effect on the model (see Section 3).

2.2. Fluvial Components

[14] To drive the seismic model, relationships are needed
to predict the rate and velocity of streambed impacts by
fluvially transported particles. Here we follow recent work
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that characterized these processes in the context of bedrock
incision [e.g., Sklar and Dietrich, 2004; Turowski et al.,
2007; Lamb et al., 2008a]; in particular, we use the model
of Lamb et al. [2008a] because it explicitly solves for par-
ticle fall velocity. Owing to the strong dependency of seis-
mic energy on particle size and impact velocity (i.e.,
equation (7) scales as m”wj), we focus on seismic energy
generated from saltating particles alone and neglect particles
that are rolling or sliding along the bed, particles suspended
in the flow, and viscous damping of particles impacts by the
fluid [cf. Lamb et al., 2008a]. The rate of particle impacts per
unit channel length (for a given grain size) can be calculated
from

n _ CiWqppws

=S 13
t; VpUbe ( )

where W is the average channel-bed width, g,p is the volu-
metric sediment flux per unit grain size D per unit channel
width traveling as bed load, U, is the vertically-averaged
streamwise particle velocity and H,, is the bed load layer
height, w, is the depth-averaged particle settling velocity,
and V), is the particle volume. C; = 2/3 accounts for the fact
that the total time between impacts should also include the
particle ejection or rise time as well as the fall time [Skiar
and Dietrich, 2004].

[15] The depth-averaged bed load velocity and layer
height are given as empirical expressions by Sklar and
Dietrich [2004] derived from several different bed load
studies. The best fit relationships are

0.56
Uy = 1.56\/RgD<2) Uy <U
T*c

(14)

and

e 0.50
H, = 1.441)(—) H, < H
TH*e

(15)

where R = (ps — p)/ps ps = 2700 kg/m? and pr=1000 kg/m®
are the sediment and fluid densities, respectively, g = 9.8 m/s
is the acceleration due to gravity, 7« = u3/(RgD), u~ is the bed
shear velocity, and H is the total flow depth. U is the depth-
averaged flow velocity calculated as U = 8.1us(H/k,)"
[Parker, 1991], where k, = 3Dsq [e.g., Kamphius, 1974], and
the critical value of the Shields stress (7+..) is the value of 7« at
the threshold of particle motion found from Lamb et al.
[2008D] for the median grain size Dso. For other grain sizes,
we calculate T« = Tx.50(D/Dso)” ", where v = 0.9 [Parker,
1990]. The bed shear velocity is calculated assuming steady
and uniform flow as u« = y/gHsin#, where 0 is the channel-
bed slope angle.

[16] The particle impact velocity normal to the bed can be
calculated from a balance between the forces of gravity and
drag for spherical particles [Lamb et al., 2008a] as

wi(Hp) = wyg cos 04/1 — exp[—l:]b]’ (16)

where wy, = \/4RgD/(3Cy) is the terminal settling velocity,
and H , = 3Capd1y/(2psDcosh). The drag coefficient C,
depends on the particle Reynolds number and grain shape,
and we calculate C, from the empirical formula of Dietrich
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[1982] for natural sediment (Corey Shape Factor = 0.8,
Powers Roundness Scale = 3.5) (for 0.01 m < D < 0.6 m,
C, ranges from 1.4 to 0.5). The average settling velocity
through the bed load layer can be calculated from the same
force balance as above

H, H ywycosd

- f:h wi(z)dz - 2log [e‘f’h/2 + Vel — 1} '

Wy

(17)

[17] Finally, the average time between impacts for a given
saltating particle can be calculated from Sklar and Dietrich
[2004] as

B Cl W ’

1

(18)

[18] In bedrock rivers, bed load flux g,y is determined by
the supply of sediment from neighboring hillslopes and from
upstream, and is the primary fluvial parameter that we
attempt to constrain. However, with ample supply, the total
flux ¢, = [ q,pdD is limited by the river’s transport capacity
qpe, Which can be calculated following Fernandez Luque
and van Beek [1976] as

)3/2

qbe = 5.7 RngO(T* — THc (19)

3. Model Results

[19] Although our model is meant to be general, it is useful
to explore the model results using parameters that scale
roughly after a natural river. Herein we use the Trisuli River,
which is one of the main trans-Himilayan rivers in central
Nepal. Burtin et al. [2008] attributed heightened seismic
noise to sediment transport in a =25 km reach of the Trisuli
River that is steep (0 = 1.4°), relatively narrow (W < 50 m),
and rapidly incising (5 mm/yr) into the underlying bedrock
[Lavé and Avouac, 2001]. Although water discharge was not
measured locally, water depth was measured =50 km
downstream [Burtin et al., 2008], from which we derive
water depth at the location of interest using standard
hydraulic geometry formulations (see auxiliary material).
We assume sediment to be spherical (V, = 7D?/6) and esti-
mate sediment size from grain size measurements of Attal
and Lavé [2006] for a reach of the nearby Marsyandi River
with a similar drainage area and slope (see auxiliary
material).

[20] The final model is produced when equation (13) for
n/t; and equation (16) for w; are substituted into equation
(7) along with the given expressions for U,, H, and w;.
equation (7) then predicts the observed seismic PSD (P,)
for a given D, H, 0, W, ry, and gq,p. Before showing
model results, we observe that once all expressions are
substituted, equation (7) approximately scales as D>q,p, for
H, < 1 and constant 7+/7x.. This implies that the seismic
signal is strongly dependent on D, and that one must have
good constraints on grain size distribution if ¢, is to be
inferred from observations of P,. Note that the fluvial
parameterizations for n/t; and w; may be different than
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assumed here in rivers with large scale bedrock roughness
where oblique bed impacts may cause impact velocities to
scale with flow velocity U rather than settling velocity wy,
[e.g., Johnson and Whipple, 2010]. If true, this would
cause equation (7) to scale approximately with D? rather
than D°, and non-vertical impact would also cause a
higher fraction of Love waves to be generated than
assumed.

[21] Using representative values from Lavé and Avouac
[2001], Attal and Lavé [2006] and Burtin et al. [2008], we
obtain PSDs as function of frequency f'as shown in Figure 1
for 2 choices of 7y and 3 choices of D. In these plots, it is
assumed that all particles are of median size D = Ds, and
that g, = ¢, p describes the flux of these particles. We predict
the general spectral features of such PSDs to be similar for
any steady impact model where the frequencies of interest
are less than one over the impact time (i.e., f < 1/Af). As
shown, the modification introduced by equation (12) creates
a modulation in the PSDs with frequency spacing Af'= 1/¢,
revealing a potential seismic signature of sediment size
independent of sediment flux, but has no effect on a
smoothed version of the PSDs. Compared with the PSDs in
Figure 6 of Burtin et al. [2008], the model is able to predict
some aspects of the observations, including the general peak
around =7 Hz, the sharper increase of the PSDs to this peak
compared to the more gradual decrease at higher frequen-
cies, and the higher PSD values at high frequencies (up to
15-20 Hz) for stations that are closer to the Trisuli River.
The modulation introduced by equation (12) may also be
observed by Burtin et al. [2008], and could potentially be
used as a constraint on the grain size distribution.

[22] To explore the dependence of equation (7) on fluvial
parameters, in Figure 2 we plot P, for fixed o = 600 m at
f =7 Hz (near the peak of the PSD) but with variable H,
0, D and ¢,. For fixed g, the PSDs have the somewhat
unintuitive feature that they decrease both with increasing
slope () and with increasing flow depth (H) (solid lines of
Figure 2a). This results from a larger hop height and
velocity, which reduces the impact rate (equation (13)) in
the fluvial framework used. However, ¢, may increase
with both 6 and H; for example, if we set g, = gp. then
the PSDs increase with both # and H (dashed lines of
Figure 2a).

[23] So far, expressions have been evaluated and plotted
for a single grain size, D. As noted above, the approximate
D? dependence of P, implies that larger grain sizes have a
disproportionately larger effect on the seismic signal com-
pared to smaller grain sizes. For comparisons with obser-
vations, then, it is important to use a grain size distribution
that is realistic. Thus, instead of using a typical log-normal
distribution of grain sizes, which has an unrealistically long
tail at large D, we introduce a new log-‘raised cosine’ dis-
tribution, which has almost the same shape as a log-normal
distribution but has a cut-off at both large and small D (see
Figure 3a). The raised cosine distribution is defined by

IA?(X;st):i[lJrcosw(x u)],fs<x7u<s (20)

2s

and p (x; p, s) = 0 otherwise, and has equivalent mean,
h . .. . PN

median, and variance as a normal distribution N(y, o) if we

choose s = 0,4/1/1/3 — 2/7? (where 1 and o, are the mean

and standard deviation of the normal distribution). To best fit
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Figure 2. (a) PSD vs. § = tanf. (b) PSD vs. ¢,. Figures 2a
and 2b both use W= 50 m, ry = 600 m, f'= 7 Hz. Figure 2a
uses D = 0.3 m, and is plotted for 4 different values of H =
0.7 m (blue), 1.0 (green), 2.0 (red), and 4.0 (cyan). Solid
lines use g, = 0.001 m”/s whereas dashed lines use ¢, =
qpe- Figure 2b uses H =3 m, 6 = 1.4° (tand = 0.024), and
is plotted for 4 different values of D = 0.15 m (blue), 0.3
(green), 0.5 (red), and 0.7 (cyan). Gray area in Figure 2b
denotes approximately where ¢, > ¢qp., which cannot be
achieved.

the data of Attal and Lavé [2006] for the region of interest,
we choose Dsp = 0.15 m and o, = 0.52 (dimensionless, see
auxiliary material). The resulting log-‘raised cosine’ distri-
bution p(D) = p (log[D]; log[Dsy], s)/D as well as the P,
resulting from this grain size distribution are plotted in
Figure 3a. For this example, the peak in P, occurs at D =
0.34 m and corresponds to Doy, the 94th percentile grain
size. Integrating P, over all D results in the total PSD, which
in this case is P, = —150.3 dB. While we expect o, to be
realistic, in Figure 3b, we show the sensitivity of the domi-
nant grain size to variations in o,. As shown, the dominant
grain size is typically far above the median grain size Ds
except when o, is unrealistically small (<0.3).

[24] Finally, we make a preliminary attempt at inverting
the observations of Burtin et al. [2008] for the total bed
load flux g;, without attempting to calibrate the model, and
assuming the average estimated and measured fluvial and
seismic parameters as before. As stated previously, this
inversion relies heavily on adequate knowledge of grain size
distribution, which is lacking, and despite other poorly
constrained parameters, this is likely the cause of the largest
uncertainty. Given the scaling of P, with D’q,, = D’pq,,
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and the dominant D being close to Doy, if the grain size
distribution changes with flow discharge through the
monsoon season then the seismic PSD approximately con-
strains Dg4qb rather than g, alone. It is also unknown what
fraction of the observed seismic noise may be attributable to
water flow noise (or other environmental sources), but a
large portion of the seismic signal is likely due to bed load
[Burtin et al., 2008]. Assuming the grain size distribution is
unchanging (as given above), and assuming the full seismic
signal is due to bed load, ¢, as inverted from the seismic data
(see Figure 3c) seems to scale approximately with g,./5 but
has the clear hysteresis inherent in the Burtin et al. [2008]
data. The predicted hysteresis in sediment flux as a func-
tion of discharge is supported by measurements of Gabet
et al. [2008] in a neighboring river, and likely occurs as
sediment supply from hillslopes is depleted near the end of
the wet season. These observations are consistent with a
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Figure 3. Sensitivity of PSD to grain size, and inversion of
PSD data for g,,. (a) Log-‘raised cosine’ grain size probabil-
ity distribution (thin blue) and resulting PSD (thick green)
for Dso = 0.15 m, 0, = 0.52, H =4 m, 6 = 1.4°, and total
g, = 107> m?/s. For comparison, a log-normal distribution
with the same Dsy and geometric standard deviation o,
(dimensionless) is also plotted (dashed black). (b) Grain size
percentile X where Dy yields the largest PSD, as a function
of o, (c) Prediction of ¢, from fitting PSD data. The thin
blue curve is the approximate PSD (P!) of Burtin et al.
[2008] for station H0460 averaged over 3 < f'< 15 Hz. The
thick green solid curve is the g, needed to achieve this
average P!, assuming a grain size distribution as in Figure 3a,
and 7y = 600 m. The green dashed curve is g,./5.
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supply-limited river, where ¢, < ¢, (Figure 3c), resulting in
bedrock that is partially exposed [Sklar and Dietrich, 2004]
and susceptible to rapid erosion [Lavé and Avouac, 2001].
The calculations presented show the feasibility of such an
inversion and we expect the framework described here to be
useful to constrain sediment flux from seismic observations
at other rivers.
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Supplementary Material for ‘A Physical Model
for Seismic Noise Generation from Sediment
Transport in Rivers’

Victor C. Tsai, Brent Minchew, Michael P. Lamb, and Jean-Paul Ampuero

1 Evaluation of Phase Velocity

With shear wave speed as given in Eq. (4) of the main text as vy = vg(z/20),
and assuming Rayleigh-wave sensitivity that decays with depth proportional
to e **, then the Rayleigh-wave phase velocity can be approximately ex-
pressed as

T ?;Z(Z):"“dz _ kv ke w1+ a)
Jo e k2dz 25 Jo 25 ke

(1)

Substituting k = 27 f /v., one can then solve for v, as

- [W] 1/(1—a) B [U()l—‘(l—|—()é)‘| 1/(1-a) [f‘| —a/(1-a) (2>
RO | (2720 /o) fo
2 Approximation of x(f)
X(B) is defined in Eq. (8) of the main text as
[e'e) 1 5
X(8) = /_OO — me—ﬁmd& (3)

To approximately evaluate this integral, we consider the limits § < 1 and
B> 1. For p < 1, x(f) can be approximated as

1 1 oo 1
~ e B5de — 9ginh L
X(B)NZ/O 1+32ds—|—2/1 e ds =2sinh™" 1+ 2I'(0,5), (4)
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where I'(0, 8) is the incomplete gamma function. I'(0, /) can be approxi-
mated as I'(0, 3) ~ e Plog(1 +1/8). For B < 1, I'(0,3) > sinh™' 1, so we
finally have

x(B) =2 Plog(1+1/p),8 < 1. (5)
On the other hand, when 5> 1, x(f) can be approximated as

o0 2 2
X(8) = 2/ e~PU+s/2) gs — =P, /g,ﬁ > 1. (6)
0

Smoothly transitioning between Eq. (5) and (6) with an exponential weight-
ing then results in

x(8) ~ 2log (1 + ;) e 4 (1- eﬁ)eﬁﬁ. (7)

3 Estimation of Local Water Depth

For given slope S, channel width W, and channel depth H, the total water
flux Q = WHU, where average velocity U is given in the main text and can
be written as U oc H*/35%2 s0 that Q oc WH®/38Y/2. Thus,

3/5
Qs Wy 51/
Hy=H, [ 2121

’ 1(@1W2521/2 | ¥

where subscripts refer to different locations. Since W and S can be esti-
mated from imagery, and Lave and Avouac [2001] provide estimates of @)
along the Trisuli, we can estimate H, near the seismic stations of interest
relative to the H measured in the town of Betrawati. Our estimates are
that Q2/Q1 ~ 800m?/s/1000m?3/s ~ 0.8, Wo/W; ~ 35m/70m =~ 0.5, and
S5/S1 ~ 0.025/0.010 ~ 2.5 so that Hy ~ 1.0H;. This means that the water
level records at Betrawati can be used, without modification, as estimates of
the water levels near the seismic stations of interest.

4 Estimation of Grain Size Distribution

To estimate the grain size distribution of the Trisuli River close to the seismic
stations of interest, we assume that the distribution is similar to that of the

2



nearby Marsyandi River at a location with similar drainage area and slope.
Based on the descriptions of the two rivers in Plate 6 of Lave and Avouac
[2001], we find that a location just north of the main central thrust (MCT)
along the Marsyandi has similar slope (2.5°) and Qo ~ 10° m?/s as the region
of the Trisuli of interest, and we choose this location as representative. Attal
and Lave [2006] provide average grain size distributions on the Marsyandi
both upstream and downstream of the MCT, so we take an average of these
two zones as representative. For this average, the distribution of grain sizes
larger than 5 cm is approximately 17%, 38%, 39%, 6% and 0% in bins of
5-8 ¢cm, 8-16 c¢m, 16-32 cm, 32-64 cm, and > 64 cm, respectively. Performing
a best-fit to these data using the log-‘raised cosine’ distribution discussed in
the main text, we obtain a median grain size D5q = 0.15 m and an equivalent
normal standard deviation of o, = 0.525 (i.e., s = 1.45). This best-fitting
model results in a grain size distribution of 12%, 42%, 38%, 8% and 0% for
the same grain size bins.

As stated in the main text, we choose to use the log-‘raised cosine’ distri-
bution rather than the more commonly used log-normal distribution because
the log-normal distribution has an unrealistically long tail at large (and small)
grain sizes. Since our model is quite sensitive to the largest grain sizes (with
an approximate D? dependence of P,), having a realistic tail at the high end
of the grain size distribution is therefore important for the model prediction.
To provide a sense for how different the log-‘raised cosine’ and log-normal
distributions are, we note that the log-normal distribution plotted in Fig. 3a
of the main text has a grain size distribution with 10%, 43%, 38%, 7% and
0.3% in the same grain size bins described above. Thus, while the distri-
butions are very similar (and fit the measured grain size distribution nearly
equally as well), the 0.3% at very large grain sizes (> 64 cm) would result in
significant seismic power predicted for those grains (from the sensitivity of
the model to large grain sizes) despite the very small percentage, and would
therefore bias our prediction somewhat. For any model (like the one pre-
sented here) that is sensitive to the tails of a grain size distribution that is
known to be bounded, we recommend use of the log-‘raised cosine’ over the
log-normal distribution.



	Tsai_etal_GRL2012Main
	Tsai_etal_GRL2012Supp


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


