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Seismic data is providing new insights on urgent issues
in environmental and Earth surface processes
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Environmental seismology offers unique advantages
and opportunities for research across many fields

* Process monitoring and event detection
* Characterization of near surface materials and properties
* Links to energy transfer and budgets

* |Insights into process coupling and cascades

om0




New fluvial insights from seismology

Seismic records reveal seasonal
transitions in sediment supply
driven by typhoon-induced
landslides in Taiwan.

Glacial lake outburst floods,
rather than precipitation,
mobilize channel-stabilizing
boulders and may drive long-term

Low frequency horizontal ground motion
(tilt) may reveal surface deformation due to
precipitation loading, or fluctuating pressure
on streambanks linked to turbulent eddy

fluvial erosion in th

Poiqu/Bhote
—— Nepal/China border

e Himalaya.
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 Measuring and predic
is one of the greatest
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Fluvial sediment transport mod

Jinsha River, China
Wikipedia Commons: jpeg.ly/hbCJ
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Jinsha River, China
Wikipedia Commons: jpeg.ly/hbCJ
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Roth et al, 2016, 2017

What can we learn

about the spectral
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Frequency (Hz)

Process rates are recoverable from seismic spectra...

with enough independent constraints

Least squares regression of PSD at each frequency
identifies the spectral contributions from each process
500 ¢

Precipitation

Discharge

| Transport

PSD per unit




Process rates are recoverable from seismic spectra...
with enough independent constraints

Measured discharge,
precipitation and PSD

Least squares regression of PSD at each frequency can then be inverted to
identifies the spectral contributions from each process predict transport
| Precipitation _ Discharge | Transport : 2= 0.65
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Without independent CER - e |
constraints, seismic data & o |
offers qualitative insights
on sediment transport

Roth et al, 2014
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offers qualitative insights
on sediment transport
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Without independent

constraints, seismic data
offers qualitative insights

on sediment transport

Roth et al, 2014

flood 1

7/01/2011, 3:25 pm

7 11/24/2011,12:40 pm
’
s

Seismic | MSING e
Amplitude = & . .
(10-45 Hz) & — falling —
Water Depth
e.g., Burtin et al., 2008, Hsu et al., 2011;
Schmandt et al., 2013, Roth et al., 2014;
Diaz et al., 2014; Chao et al, 2015
discharge water level
sediment seismic
flux amplitude

time




Without independent
constraints, seismic data
offers qualitative insights
on sediment transport

Roth et al, 2014

Seismic hysteresis tracks
sediment transport patterns
after dam removal
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Discharge

Seismic sensitivity to

water turbulence

both a major challenge
and an opportunity

The bed surface fundamentally controls
water turbulence—hysteresis due to
changes in sediment flux versus the
turbulent boundary layer cannot be
distinguished without additional data



Theoretical model advances are closing the gap between seismic
observations, flow characteristics and sediment transport theory

Several models developed for theoretical
bedload and water turbulence spectra

(Tsai et al, 2012; Gimbert et al, 2014, 2016)

Inversion of observed spectra to estimate
transport requires site-specific parameters
and is complicated by overlap of spectra

Recent computational advances are providing

new tools for optimizing parameters

(Dietze et al, 2018)

Dietze et al, 2018

Earth Surface
Dynamics

the Creative Commons Attribution 4.0 License
© e

The R package “eseis” — a software toolbox for
environmental seismology

Michael Dietze

Model validation remains a major
challenge, requires more controlled
studies with well-constrained
parameters and variables

(e.qg., Gimbert et al, 2019)
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DAS Channel (#)
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|solated water
turbulence signal

Frequency
(Hz)

400
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in creek
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Frequency (Hz)

|solated water
turbulence signal

May explain similar observations
in less well-constrained data, Frequency
e.g., after dam removal: (Hz)

Power Spectral Density (log, ([P|)

176 1762 1764 1766 1768 177 1772 1774 1776 1778
Time



Opportunities
 Continuous record of existing data in many places
* |dentification of rare events, forcing/precursors and process cascades

 High spatial/temporal resolution for process monitoring (large arrays, DAS)
*  With independent calibration/data: direct estimates of sediment transport rates

«  Without independent calibration/data: tracking of qualitative patterns, relative rates

« Characterizing bed organization/evolution or energy transfer

Challenges/Needs

- Complex coupling between sediment transport, hydraulic parameters and environmental variables
- Site-specific attenuation (i.e., empirical Green'’s functions) — riverbeds are heterogeneous!

- Parallel development and validation of theoretical models will require controlled seismic deployments
co-located with traditional instrumentation to independently measure environmental variables

*  Weather/meteorological data * High resolution topography/change detection
*  Water level/discharge e  Substrate characteristics (attenuation)

* Sediment transport rates « Video/time-lapse imagery
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S .. In-bed sensor systems

Steel plate(s) embedded in engineered concrete bed
- Acceleration sensors + load cells beneath plate

- Wide range of complementary instrumentation
- radar/laser scanners

- video cameras

- meteorological stations
- discharge gages

- retention basins
- basket samplers
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https://www.wsl.ch/en/news/2019/06/the-worlds-largest-debris-flow-measuring-system-is-back-in-operation.html

Arattano and Moia, 1999

INg systems

stream

monitor

Fast and easy deployment near expected event sites

Along



Aster et al (2017)

Scales of glacial stick-slip asperities from Antarctica

~1 m-scal e asperity

~1 km-scale asperity

~50 km-scale asperity
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Calving event from Yahtse Glacier

- —" - -
é"' ] \ ‘g'

A — s —

;'N\ R —

S |

100 120dB

= 4 =2 : - Smpbaten e =e
-5 0 > 10 15 20 25
Relative time (s) Bartholomaus et al (2012)




Microseisms

Oceanic and
atmospheric
phenomena

Courtesy of Lucia Gualtierri
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Hurricane physics

observed with seismics
& pressure sensors
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Lahar on Volcan de Colima

frequency content changes as different parts of
the flow pass by the station

(located about 100m from the channel)
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Bartholomaus et al (2015)
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Frequency (Hz)

176

Power Spectral Density (Iogm|P|)

176.2 1764 1766 176.8 177 1772 1774 1776 1778
Time

shifting frequencies during flooding
events have been observed in other
studies and attributed to decreases in
velocity as sediment becomes water
saturated (Anthony et al, 2018)
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Amplitude
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Amplitude
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F-K analysis for velocity

10.0

10.2

10.4

10.6

10.8

11.0

100 200 300

Fiber Distance (m)

400

TR g

¥
}

k}

{

ﬁ‘fﬁ-@}i"m
| Y ~
. \
i 5
R

4
W

weiiy
.

i -
e, -
-
"
& - "\
. ‘4“ —
" -

=3

!
A

o A ek
B
h:
LI

!

[ ]
-
)'.—
\

-'s

d .

¥
{

..—"‘j,' L.',‘ e ';;
2 2 =3

0. ,.‘

e

(Pt
11 8
0
-
.

[t

Does not fit 1.6km/s

0.00100

0.00075

0.00050

0.00025

0.00000

—0.00025

—0.00050

—0.00075

—0.00100

-150

-100

Frequency (Hz)

Frequency (Hz)

50

100

150

-150

-100

=50

50

100

150

-0.1 0.0 0.1

Wave Number (1/m)

-0.1 0.0 0.1 0.2

Wave Number (1/m)

500

=== 1.6 km/s
=== 1.6 km/s

400

300

200

100

0.2

=== 2.2 km/s
-== 1.6 km/s

500

400

300

200

100




Why do rivers matter?




iment controls rivers

Sed
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Low frequency horizontal ground motion (tilt) may
reveal turbulent eddy dynamics or precipitation loading

Anth tal, 2018
nthony et a ‘ 35
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Low frequency horizontal seismics could
enable continuous monitoring of average
discharge and large eddy dynamics, estimates
of average water loading over < 10s of
kilometers, constrain decadal rainfall records,

sefore Raining < 0.3 mHz velocities
correlate with rainfall
and rate of change in
river flow depth.

Yang et al, 2018



Measuring and predicting fluvial sediment transport
is a fundamental need—but extremely challenging

Permanent instrumentation




Roth et al (2016), JGR
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Independent measurements help to distinguish
the spectral power generated by each process
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Roth et al (2016), JGR

Regression for a;, by, ¢ at each frequency identifies the

relative spectral contribution of each process
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Roth et al (2016), JGR

Model results validate coefficients
and method
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Roth et a
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500

Frequency (Hz)

Process rates are recoverable from seismic spectra...
with enough independent constraints

Least squares regression of PSD at each frequency
identifies the spectral contributions from each process
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signal dominated by rainfall dominant signal source is more distant (4-7 m)

directly above seismometers
Turbulence and transport spectra overlap



Roth et al (in prep) @

Changing flow velocity by >10% accounts for hysteresis
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Roth et al (in prep)

25 [\
f \ Depth (cm)‘
~ 30
clad 40
[ -
Z 50
- \ 60
T \
£ Roughness matters
g N more for shallow flows
O |‘
& |
0o " II ,
£
B
5
0 A A A A A A
0 02 04 06 08 1 12 1.4

Median Bed Roughness (falling / rising)
Calculated from Gimbert et al. (2014)

1.6

Rougher beds
generate less
turbulence due
to form drag

e.g. Lamb et al., 2008
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Changing bed roughness by >30% accounts for hysteresis
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Roth et al (in prep) @

Rearrangement of grains likely causes hysteresis
in both sediment transport and water turbulence

Reversal of W5 and ¥ 5 cannot be explained by any process that causes
positively correlated hysteresis in turbulence and sediment transport

Semi-stochastic
changes in shear
velocity and bed
roughness due to:

- Erosion/aggradation
of the bed around
large boulders

- Shifting of boulders




Roth et al (in prep)

Rearrangement of grains likely causes hysteresis
in both sediment transport and water turbulence

Yager et al., 2007




Sediment flux

The bed surface fundamentally influences
water turbulence

Discharge



Seismic sensitivity to water turbulence
is both a major challenge and an opportunity
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Bed reorganization around boulders
may cause semi-stochastic changes
in shear velocity and bed roughness
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Seismic sensitivity to water turbulence
is both a major challenge and an opportunity

Bed reorganization around boulders
may cause semi-stochastic changes
in shear velocity and bed roughness
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