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Li st of Figures

Figure 1: a) I n fluvial geomor phol ogy, a river
by flow resistance factors. b) The energy expenditure in a river is not uniform and is increased

by features of the channel bed (bedtiphes, vegetation) and deviations from uniform flow

such as large vegetation, channel bends, and gravel bars. Reprinted froASdiarte

Reviews, vol. 136, D. Powell, Flow resistance in grdbes rivers: Progress in research, 37 p.,

Copyright 2014, wi permission from Elsevier.

Figure 2: Fluctuating forces are applied to the bed excite seismic energy, which travels beyond
the river banks.

Figure 3: a) Location of the Oroville Dam in Northern California. b) The damage created along
the Flood Control an&Emergency Spillways of Oroville Dam in February and March, 2017.
The seismometer used in this study is located approximately 2 km from the spillway. Photo
credit: Dan Kolke, Department of Water Resources. Image taken on 2/15/2017. Estimated
discharge durig photograph is 2,800%s™. c) A digital elevation model created from LiDAR
points provided by the California Department of Water Resources. The elevation difference
from a November 2015 elevation survey and afateruary 2017 survey shows that thisisr
incised a chasm up to 47 m deep. The volume of the main chag@ig tme. The incision
resulting from the use of the emergency spillway is less than 20 m deep. Thazbmath
(clockwise from north) in degrees is displayed for the top ofittoel controlspillway, the top

of the chasm, and the bottom of the flood control spillway. The seismometer is at an average
13’ slope above the base of the flood control spillway and an avetatm8 above the top of

the flood control spillway.

Figure4: Discharge and inflow at Oroville Dam in early 2017, as reported by the California
Department of Water Resources. The five time intervals of constant discharge in early 2017

used in this study are ¥ihalslmog hatGdich stamdds t| abel e
intervals have approximately equal discharge, but very different channel geometries. Data gaps

in discharge and inflow data are linearly interpolated in this figure. The inflows reported are

from the Feather River to Lake Oroville. The dischargelaysal for the emergency spillway

weir is the maximum reported by CA DWR media updates, as no quantified measurements

have been published for this data.

Figure 5: Diagram of particle motion defined by the dominant eigenvector. The particle motion
at each fequency is analyzed by considering the dominant eigenvector of the spectral
covariance matrix; the complesalued components of this eigenvector can be visualized as
describing a particle motion in an ellipsoid (Park, et al.,1987). The orientation of the
eigenvector and the phase relationships between the components of the eigenvector yield the
polarization attributes.

Figure 6: Poweperfrequency output for each of the five studied intervals, shown with one
standard deviation error bars. There is a sicgnift increase (up to 30dB) in the average power

of this eigenvector during the four time intervals with discharge, particularly between 0.5 and

12 Hz. The power during three time intervals
Chasmdéd at Hore®BHzenci es a

Figure 7: The plot of mean hourly amplitude of the dominant eigenvector in tHe Kz5
frequency band vs hourly discharge shows that the two correlate strongly. The abrupt change
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in the colorbar coincides with the timing of the Oroville Darisis, and allows two distinct
regimes to be identified. Sei®aftaritheuneommlled t udes
channel erosion begins on February 7th, and remains greater even as discharge decreases to
earlier levels, demonstrating that her&tsis is observed. This hysteresis is greatest in the 0.5

Hz frequency band. Note the changing x axis range in panels a through c.

Figure 8: Analysis of the relationship between mean dominant eigenvector power and discharge
for the current analysis artdio previous flood control release events is shown #®&Galhe
discharge of each interval is shown in Figure 5d. The scaling exponent of seismic power with
discharge before the flood control spillway erosiord;"Qis more similar to the scaling
observe with two prior release events with Q1.70 and@n 2006 and 2011, respectively, as
compared to a power scaling of-®following the development of the chasm from erosion.

Figure 9: Two polarization attributes for the five time intervals of intenespresented in two
dimensional histograms. Dashed green lines in the first column of figures indicates the azimuth
range of the spillway relative to the seismometer (See Fig. 3). Each hour within the time interval
of interest has a polarization valuer@01 frequencies. These are distributed among 100 bins
evenly spaced in frequency, and are shaded by normalized probability. The polarization
attributes for the three intervals of interest after the spillway damage are similar, and differ
dramatically fron the attributes in the pi&isis interval. Polarization attributes are

interpretable only when the d%5). Regionsshadedb | ar i z a't

grey indicate f*%06aqndthawalues are nattinterprietabteh b

Figure 10: In the 510 Hz band, hourly mean azimuth () is displayed in Fig. 8a, with 95%
error bars. The mean azimuth is highly variable for discharge less than 560 fm3tse flood
control releases in 2017 (Fig. 8a), 2006 (Fig. 8b) and 2011 (Biglr8Eigure 8a, during the

a

ifPICBasmo ti me i nter val shaded green, t he mean

bottom of the flood control spillway (183°, see Figure 1c). After the high releases have formed
a chasm that starts in the middle of the@éla@ontrol spillway, the azimuths consistently point

to the channel -Chiadgmmuthwhen didchasge is #pproximately 1460 m
sli's noticeabl y ddhsatsinmoc tf | forwosnt st osngiiites keded 0 m
the channel is undamgad (Fig. 8b and Fig. 8c), the mean azimuth is sensitive to changes in
discharge as turbulence develops in the middle of the flood control spillway. Due to the 180°
indeterminacy, . shown in this figure is constrained between 90° and 270°, the direttion

the outflow channel.

Figure 11: Polarization attributes computed using FDPA of synthetic seismograms computed
using SPECFEM2D are shown in 11a and 11c; with corresponding simulated topographies.
The distributed source of the spillway is approximateéivgysources spaced 100 meters apart
with a source frequency of BD Hz. Random noise was added to the results of the simulation
to approximate background seismic noise. Fig 11a and 11b display the horizontal component
seismic wavefield during a singlente step in each simulation. In the flat topography
simulation (Fig. 11a), the vertichbrizontal phase difference is closer to £90° than in the
simulation that includes the realistic hillslope topography (Fig. 11c). With a vertically incident
force (0° sarce angle), the phase difference is lowest, while with increasing incidence angles,
the vertical motion becomes less like a classical Rayleigh wave below 5 Hz.

Figure 12: Mean azimuths for the five time intervals of interest mapped onto aerial imagery
reveal the Emergency Discharge, High Discharge, and®ostm mean azimuths point to the

top of the spillway damage, where a steep drop creates a waterfall. The location of the initial
damage, shown as a triangle, is estimated from photographs of the dasmgapplement).
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The location of the damage top, shown as a circle, is estimated from aerial photography and
high-resolution LIDAR points collected after most of the damage occurred.

Figure 13: lllustration of the representation of a three component sigran ellipse whose
semimajor and semiminor axes vary morAgyimoment orbited by a fastarying phase.

Figure 14: The mean directional attributes returned by IPA and FDPA describing two synthetic
Rayleigh waves arriving from different directions arewghaon 14a for varying amplitudes of
Rayleigh wave 2. In 14b, the distribution of these directional attributes are shown for an
azimuth of Rayleigh wave number 2 that is 40% of Rayleigh wave 1.

Figure 15: IPA attributes for the 2017 Oroville Dam Crisis gekriliscussed in Chapter

Figures BH are presented as hourly histograms of the IPA attributes, normalized so that in
each hour, the frequencies sum to one. On these figures, the spillway discharge is shown as a
dark line. Gaps exist in the discharge reco

Figure 16: Left The mean azimuth returned by IPA and FDPA fall generally along the red 1:1
line, with greater scatter at low discharge (blue colors). However, even at high discharge, there
is a discrepancy of approximately 5 degrees. Rightigh dscharge, both methods return a
consistent mean azimuth.

Figure 17: TopHourly 510 Hz FDPA azimuth histograms resolve multiple sources during in
January and February, which are not apparent in thé Bz IPA results (Middle). The
Directional Filter Reslis (Bottom) has the broadest azimuthal results and contains®a 180
uncertainty, but has the advantage of being in units of seismic amplitude. In all three figures,
the spillway discharge is shown as a black line.

Figure 18: Left) The normalized FDPA azithwesults are shown as a polar histogram centered

on the BK ORV seismometer (shown as a red diamond) for a single hour during maximum
discharge. The outline of the Oroville Reservoir, flood control spillway, and Feather River are
shown in black. The greatot shows the location of the initial damage to the spillway and the
dashed black line shows the extent of the spillway damage determined from aerial photography.
The red line shows the mean azimuth. Rigttg spillway discharge reported during the 2017
time interval, with the vertical pink line showing the hour presented in the left panel.

Figure 19: The Northwest Branch study reach is between two USGS gauges and located in
Montgomery County, Maryland. The upstream gauge (1650500) is in Colesville, f1ihen
downstream gauge (1651000) is in Hyattsville, MD.

Figure 20: The USGS gauges upstream and downstream of the research site have similar basin
normalized discharges instantaneous peak discharges that occur on average more frequently
than 10 years. Thisupports the use of basin area normalization to estimate discharge at the
study reach on Northwest Branch.

Figure 21: Rating curves used to calculate discharge at the study river reach. The rating curve
is built on the relationship between water surfdegation at the upstream pressure transducer

and discharge at the upstream USGS gauge. Basin area normalization and a time lag are
applied. There is a local tributary response to storm events, which is excluded for the rating
curve fit (purple markers).



Figure 22: The 2017 (top panel) and 2018 (bottom panel) periods of discharge record at the
Norwest Branch research site. The 2017 record is subset into 13 flood events, the 2018 period,
which contains numerous overlapping flood hydrographs, is not.

Figure23: The elevation model created from the survey data for the river reach.

Figure 24: Image of the study reach taken at the most upstream portion of the study reach,
looking downstream. Image taken October 2017.

Figure &: Diagram illustrating the data detted at the Northwest Branch research site in June

through December, 2017. Li DAR data from Maryl a

shaded relief map of the study reach, with the true location of the nodes used in the study.

Figure &: Hydraulic Georetry Relations for three cross sections adjacent to ne8e3Here
are two breaks in slope in the hydraulic geometry relations. The cross section at Node 3 is wider
and slower at low discharge and has a decreasing velocity exponent at the highesjedischar

Figure Z: The top panel indicates that the velocity exponent is generally greater than the depth
component, which is typically seen in pools. The bottom panel displays that the depth/width
exponent ratio, which reveals the steepness of the channdd. bEme hydraulic geometry
relationships for the highest discharge indicate a wider and shallower section is present at 60
meters downstream.

Figure B: Panel A shows the discharge collected for the 2017 time interval in red and the 2018

time interval in blue. Panel B shows the upstream and C shows the downstream gradient in
water surface elevation as reported by pressure transducers, whose locatemimg-igure

25. Panel D shows the slope for the entire river segment, which was recorded in both time

intervals and shows similar dynamics with discharge in both years. The upstream reach gets
steeper with increasing discharge while the upstream remcintes less steep above 1¥sn

Figure D: Conceptual diagram describing the water surface slope dynamics observed in the
study reach.

Figure 3: Energy gradient and water surface slope in the study reach during the 2018 study
period.

Figure 3: The leftpanel shows the relationship betwesergy gradierdind discharge, fit by

two piecewise power functions. The slegischarge relationship is extrapolated to a value of
0.005 at the maximurdischarge observed in 2017. The left panel is the relationshieée
energy gradierand discharge, fit by a polynomial relationship and also extrapolated to a value
of 0.005.

Figure32: Relationships between hydraulic variables and discharge for nine cross sections for
which energy gradienis available. Blue and pink colors represent the upstream reach and the
upstream slope is used to calculate shear stress, shear velocity, and stream power in panels
C,D,F and G. Brown and black colors represent the downstream river section.

Figure33: Thetop panel shows the relationship between U/U* and submergence. The steeper
downstream river segment is hydraulically rougher than the upstream segment. The bottom
panel shows the river depth to the roughness heigtftsidefined in Gimbert et al. (2014s

is three times the 49,



Figure 3. Spectrogram showing the firainute average power at each frequency bin for a
period of low baseflow conditions in September, 2017. A daily increase in power is evident,
across a broad range of frequencies. Theréigghows the NortBouth component power for
Node 1.

Figure &: Relationship between daily power variation in the3BOHz band for Node 2 and
traffic counts per hour on495. Figure 3a shows the scaled traffic and power time series.
Traffic typically peaks in the afternoon while seimic power peaks in the morning. At night,
both traffic and power are low. FigureSk3d show the relationship between seismic power
and vehicle counts, colored by time. An increasing trend is observed, though there tasignifi
scatter at high vehicle counts.

Figure ¥: Relationship between river discharge and-fiwaute mean power in the 2D Hz
band. Aboves m¥s, there is a relationship between seismic power and discharge. Below this
threshold, ambient noise is too gréaobserve the river.

Figure J: Spectrograms of fiveninute mean power at each frequency bin in the rswthh
component. The data for the first and largest flood (recorded in 2017) is shown using the six
nodes deployed at the time. The black lineaatis the discharge while the green line indicates
the precipitation rate recorded by a nearby weather station.

Figure 3B: Top panel: Spectrogram for Node 3 during first flood event up to 50 Hz. Middle
Panel: The location of node 3 with the river at blasefwith minimal contact between the

river and the trees. Lower Panel: The river at elevated discharge, showing tree contact with the
river.

Figure 3: Discharge and power scaling relationships for all eight node positions in this study.
Black markers anded curves indicate 2017 data and power relationships, while blue markers
and green curves indicate 2018 data and power relationships.

Figure40: Left column of figures indicates the powdischarge scaling exponent in 10 Hz bins
for each node. The rigliolumn shows the Rvalue. B and scaling exponents are greatest
generally between 20 and 50 Hz. The greatest exponents’aatlBs are observed in Nodes
1 and 2, closest to the river, while Node 5, furthest from the river, has lower values of both.

Figure 41: There is a correlation betwee Wilue and scaling exponent in the frequency bins
examined. Node 3 is an outlier due to the previously discussed tree interference.

Figure 2: The raw seismic data has noise from a random normal distribution added
incrementally, with a logarithmically increasing standard deviation. Thenfineite mean
power in the 280 Hz frequency band (blue markers) andl®90 Hz band (orange markers)

is shown for the 8 noise scenarios. With increasing added nois€’, dnel Bbpe decrease.

Figure 4: As the standard deviation of the added noise increases? tirel EExponent

Figure 4. The relationship between maximum basal shear stress in the closest stream cross
section and seismic power for the five alesigeam nodes. Theodes are shown in order of
placement from upstream to downstream. Blue symbols indicate data collected during the 2018
study period; black symbols indicate the 2017 study period. The first column ussseihgg
gradientfrom 0 to 85 meters downstreame tbecond uses a single value of slope, and the third
uses theenergy gradierfor the closest river segment.
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Figure &: The relationship between U/U* in the closest stream cross section and seismic power
for the five alongstream nodes. The nodes are shaworder of placement from upstream to
downstream. Blue symbols indicate data collected during the 2018 study period; black symbols
indicate the 2017 study period. The first column usegttieegy gradientrom 0 to 85 meters
downstream, the second usesirgyle value of slope, and the third usesehergy gradienfor

the closest river segment.

Figure 4: The relationship between unit stream power in the closest stream cross section and
seismic power for the five alorgfream nodes. The nodes are showworder of placement

from upstream to downstream. Blue symbols indicate data collected during the 2018 study
period; black symbols indicate the 2017 study period. The first column usasttyy gradient

from O to 85 meters downstream, the second usiegle yalue of slope, and the third uses the
energy gradienfor the closest river segment.

Figure 4: Top panel Flood hydrograph for Flood 1. The area between the red vertical lines
indicates the interval analyzed using FDPA. Bottom paREDA results dér all six nodes
deployedn 2017. The degree of polarization (, horizontal azimuth from nortlg( , angle

from the vertical ¢ , verticathorizontal phase differendg. ), and horizontahorizontal
phase differencé ) are presented in normalized histograms so that at each frequency, the
probability sums to one.

Figure 8: H/V spectral ratios for six nodes deployed during the first flood. The black line
displays the river discharge, the green line shows the precipitation rate reported by a nearby
weather station. Node 3 is affected by fallen streams protruding into ¢laenstNode 4 has a

faulty vertical component during this interval.

Figure ®: H/V Spectral ratio for the first week of the 2018 study period, which includes the
highest discharge recorded in 2018. Consistent H/V peaks are observed around 20 Hz for Nodes
1,2,4,7, and 8. Node 3 is affected by trees vibrating in the stream. The black line indicates the
discharge and the green line indicates the precipitation rate.

Figure50: Approximate power scaling of a function described in Gimbert et al. (2014) that
accours for decreased turbulence intensities as the river depth (H) approaches the roughness
height (Ks). The power scaling is approximated in th€sHange of 2, which represents the

river discharge examined in the power scaling relationships in this. study

Figure 51: Fluvialseismic data collected from six studies. The relationship between
seismic power and discharge (top panel), total stream power (middle panel), and unit
stream power (bottom panel) are shown.

Xii



Chapterntlrroducti on

Motivation
Informaion on where and how rivers dissipate energy can be used to assess

structures designed to restore rivers or mitigate floods. For example, this information
can improve estimates of velocity, bed material erosion and transport, and flow
behavior during floosl. Average energy dissipation over a river reach is related to the
turbulent intensity induced by the relative roughness of the streambed, resulting in
potential and kinetic energy losses. These are quantified in fluvial geomorphology as
the loss of poterdl energy per unit time (stream power) or as an empirical flow
resistance parameter. fiteasure these parameters withh spatial and/or temporal
resolution of these metricgither in-stream measurements of velocity (for spatial
resolution), obothdischarge and water surface gradient (for temporal resolution) must
be collectedAcquiring these data is labantensive and may be hazardous at high river
discharges. Therefore, there is a paucity of data on the spatial distribution of energy
dissipation dung most flows and on the temporal evolution of energy dissipation
during floods. In this thesis, | seek to improve fluxdaismic methods, so that direct
measurement of one form of disaipd energy (riveexcited seismic energy) can better
provide infaoamation on where and how rivers dissipate energy. In the first two chapters
of this thesis, | introduce seismic analytical techniques new to fluvial seismology to
evaluate a largscale turbulent flow in a hydraulically engineered structure. In the third
chapter, | observe a flashy and urbanized stream and explore the practical applicability
of relating seismic observations to metrics of energy dissipation in this study

environment.



Background

Energy Dissipation in Rivers
Characterizing energy dissipation rivers is a classic problem in fluvial

geomorphology ancequires constraints spanning a broad range of spatial and temporal
scalesGravity acts upon watdlowing in a river. Resisting this force are viscous forces

of the fluid itself (kinematic viscosity) and resisting forces generated by the flow. These
flow-generated resisting forces include the effect of turbulent fluctuations (eddy
viscosity), which isrelated to the rate that momentum is transferred by eddies in the
flow. They also include pressure gradients induced by roughness elements protruding
into the flow. Additional forces including surface tension and centrifugal forces can
also resist the fae of gravity. Natural rivers contain fully turbulent floua, which
eddies transport energpgtween layers of different velocityAs an eddy transfers water
from a region of low velocity to high velocity (and vice versa), momentum is
transferred and eneygs released.

Energy dissipation increases as features on the flow boundary generate
turbulence or cause deviations from uniform flow; these features vary with bed grain
size, channel shape, bed profiles, planform geometry, and other characteristees of th
river (Powell, 2014; Leopold et al., 1960). A number of parameterse been
developedo describe these sources of energy dissipation. Grain resistance (sometimes
called skin resistance or skin friction) dissipates energy as individual roughness
elemensg protrude into the flow and create a pressure gradient. The amount of grain
resistance is determined by the size, shape, and spacing of the grains in tGeainsr.
or grain clustersignificantly contributego flow resistance in gravéled and boulder

bed streams where they are large enough to protrude beyond the thickness of the basal
2



laminar sublayer (Dingman, 198&tream bedwith sand sized particlesedeformed

into ripples and dunes that contribute to form resistance (or form dRagyxs al®

have large morphological features that cause deviations from uniform flow and
contribute to Ainternal di stortion resisteé
include gravel bars (e.g. Prestegaard, 1983), river meanders (e.g. Leopold et al., 1960),
steppool sequences (e.g. MacFarlane and Wohl, 2003), and woody debris (e.g. Curran

and Wohl, 2003). Energy is expended as spill resistance by abrupt changes in flow at
hydraulic jumps, Ibw separations, or waterfalls.

The above list of dissipative mechsms is not exhaustive or mutually
exclusive, but all transfer energy to dissipated forms such as heat, sound, sediment
entrainment, and ground vibrations (seismic energy). At the reach scale, variability in
dissipative mechanisms varies spatially, velyceghrough the water column, and
temporally through flood events. For example, the presence of a gravel bar or other
channel complexity may lead to a localized increase in energy dissipation (Figure 1).
During flood events, a hydraulic jump may develop iver section, greatly increasing

energy dissipation at a threshold discharge.
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Figure 1: a) In fluvi al geomorphol ogy, a ri
flow resistance factors. b) The energy expenditure in a river is notniform and is increased by
features of the channel bed (bed particles, vegetation) and deviations from uniform flow such &

large vegetation, channel bends, and gravel bars.

Reprinted from Earth-Science Reviewsvol. 136, D. PowellFlow resistance in grael-bed rivers:
Progress in research37 p, Copyright 2014, with permission from Elsevier

Previous work has suggested that the stestalyy morphology of a river channel

is achieved when energy is most evenly spatially dissipated throughout the reach at

bankfull discharge, which is the discharge that performs the most morphological work.

Langbein and Leopold (1964) hypothesized that the ststdy channel shape will

minimize the variance of the channel widths, depths, and velocities in a reach. The cost

of this spatial optimization for bankfull discharge is a higher overall energy dissipation

at bankfull discharge and more spatially variable energy expenditure at lower

discharge. At these lower discharges, channel features including bed particles and

4



bedbrms provide energy dissipation as form drag. At bankfull discharge, these features
are much less important because they are more submerged. While the partitioning of
energy dissipation between types of flow resistance is largely unexplored in relation to
the minimum variance hypothesis, it follows that at bankfull discharge the proportion
of energy dissipation from spill resistance and internal distortion resistance becomes
greater than at low flows.

Three measures of energy dissipation in fully turbuflent near a boundary

are 1) the ratio of the mean velocifif)(and shear velocity (U*), 2) the unit stream

power | ) and 3) the basal shear stress Ehear velocity is directly related to and

water density, , as 6’ 1 . For fully turbulentflow, the mean velocity of the
flow increases with the logarithm of distance from the boundary (Dingman, T98gl).
is formulated in the PranétflonKarmani Law of t he Wall 0, stati ng

Yoy 2 |O(E p
where"Yis the mean velocityY is the shear velocity,isVonK § r m§n6s constant
for a smooth wall)d is the height above the boundary, @-ds the distance from the
boundary whereelocity is zero The value oty is related to the roughness heigh.
In natural rivers, kis taken to be B or some multiple of it due to the effects of
clustering or bed topographyhe shear velocity and shear stress are function of the
increase in downstream velocity away from the boundary, therefore it rejgrésen
turbulent mixing of the flow generated by boundary roughness and is directly related

to variations in the three dimensional velocity diseries. The above formulation is

appropriate for uniform turbulent flow and it does not incorporate intersigrtion or



other contributions to turbulence and energy dissipation that are not components of the
flow boundary. The value of the dimensionless Ve|OCT\I'ny, decreases with greater
energy dissipation.

The totaITYsz of a river reach can be computeyg separately evaluating the

numerator (Y and denominator’Y . The crosssectional averaged velocity¥( can
be calculated by dividing the discharge (Q) by the esessional area (A)The mean

shear velocity of a channel reach can be calculated by:

YooQw @ C
where Sis theenergy gradientR is the hydraulic radius, and g is the acceleration due
to gravity.

Stream power is the rate of energy expenditure (loss of potential energy) per
unit channel length.tlincludes all forms of energy expenditure and its formulation
assumes that the length of channel being examined has no significant water inputs and
the flow is not accelerating in the channel reach. To account for changes in channel
width, the stream powes often divided by channel width to obtain a unit stream power

( )as:

noo “ry
1 — T

w

Where g is the acceleration due to gravity, Q is the dischasgefl®energy
gradienf and b is the channel width. Becaule tiver slope varies as a flood wave
passes through a channel reach, it will not have a constant relationship to discharge.

However, nost previous workinvestigatinghow unit stream power is related to

6



sediment transport during floods in natural riversuases a single constant value for

energy gradierthat is equal to the chanrtetdslope (i.e. Yang, 1974).

Fluvial Seismology
Fluvial seismology is an emerging approaatstudy dynamic geomorphological

processesThe fluvial seismic approach seeks toreleterize dynamic river processes
by analyzing seismic waves excited by the flowing water and transported material.
These tools have the distinct advantage of being remadégipyable, do not have to
contact the flow, and integrate flow information froor@ss a channel section. They
also have the potential to provide information on traditionally difficaineasure non
linear processes such as bedload transport and turbulent energy dissipation in rivers.
However, they have the disadvantagesighal conamination byseismic energy from
numerous environmental and anthropogenic sources. The challenges of using this
approach include signal processing challenges to exclude unwanted seismic
contributions and interpretative challenges in relating the seisfoigriation back to
concepts in fluvial geomorphology.

The excitation of seismic energy requires that fluctuating faxceapplied to
the ground surface (Figure 2). In opemannel turbulent flow, the fluctuating forces
applied to the bed could be fromange of sources, including small turbulent eddies
within the flow, large coherent flow structures, and flaidinteractions from breaking
waves (Gimbert et al., 2014). Fluctuating forces could also be from the intermittent
impacts of materiaransportedn the river tansmitted througthe river banks (Tsai et
al., 2012). The frequency of the fluctuating forces determines the frequency at which

seismic energy is excited.



The field of fluvial seismology has rapidly advanced over the last 10 years. Early
work in the field focused on distinguishing the separate seismic contributions of river
bedload and turbulent energy dissipation. Most of the prior observational work has
focused on monitoring bedload transport in high gradient streams (e.g. Govi, et al.,
1993; Burtin et al., 2008; Hsu, et al., 2011; Burtin et al., 2011; Roth et al., 2014; Roth
et al., 2016; Roth et al., 2017, Anthony et al., 2018) or during controlled dam releases
(Schmandt et al.,, 2013; Schmandt et al., 2017). In these early studiesggigste
between the seismic amplitude and river discharge during storm events or dam releases
is commonly observed and attributed to bedload transport. Some of these studies have
included simultaneous bedload flux measurements and passive seismic moimitoring
order tocalibratethe relationship between hysteresis and bedload flux (Govi, et al.,
1993; Roth et al., 2014; Roth et al., 2016)).

Two physical models have been put forward to predict the seismic power spectral
density produced by saltating bedloaddiret al., 2012) and by turbulent flawer a
rough bedGimbert et al., 2014). In the Tsai et @012) model, bedload impacts are
modeled agorces produced by each grain reaching its terminal velocity as it bounces
along the riverbed. They integrateig force over all grain sizes in a logrmal
distribution, and assume random impacts in time to create a force history within the
river. Because vertical grain impacts are assumed, the analysis is conducted as if each
impact is an impulse that generatefayleigh surface wavén the Gimbert et al.
(2014)model, the force history acting on the bed is integrated, using empirical turbulent
scaling relationships based on the assumed velocity structure of the law of the wall for

turbulent flows.In their moel, anly the energy dissipation by grain resistance is



considered. The pressure fluctuations applied on the bed are therefore strongly
controlled byl) the grainsize distributiorthat generatethe bed roughness a@jithe

river depth fhich is proportioral to basal shear stress for a uniform chamntd a
constant gradientWhen combined, these two models predict that the onset of bedload
transport would generate hysteresis in the seismic amplitigEharge relationship.

More recent work has shown titemporalchanges in channel form mggnerate
variability in the portion of the seismic energy attributed to the turbulently flowing
water alone. Gimbert et al. (2016) observed seismic energy created by flow in
subglacial conduits. Based on a dimensi@amallysis, they predict the scaling between
discharge (Q) and seismic power (P) will be different if the ice conduit size adjusts to
discharge compared to the scenario in which changes in discharge are entirely
accommodated by increases in flow velo€égd thus turbulent intensityAt different
times, their observed data from the Mendenhall Glacier in Alaska follow both scaling
relationships, perhaps indicating different times when conduit atgmstis occurring.
Recent work byRroth et al(2017) sugests that hysteresis between seismic power and
discharge may also result from riverbed particle rearrangement, whicbhaagehe
energy dissipation by form drag before and after the flood wave. Anthony et al. (2018)
observed a decrease irabog betwen Q and P at high Q, for low frequency signals
interpreted to be excited by macro turbulent eddies. The authors suggest that this
mechanism scales strongly with river stage until bankfull stage, wheof-banhk
flooding occurs.

The physical models thatalie been devlopedn fluvial seismology hee

established a groundwork for interpreting the seismic energy produced by rivers.



However, there is as disconnect between observations of seismic energy and
geomorphic theory about how energy is dissipated iersiat the reach scale. To
characterize the energy released by the turbulently flowing water, every study to date
has compared the scaling of seismic observations to the river discharge. River
discharge, however, is not a direct measure of the forcesdpplithe river bed.
Comparing seismic energy to other metrics of energy dissipation such as shear stress,
stream power, or measures of flow resistance would be more appropriate, since they
may not scale directly with discharge when the river slope amesghout the course

of a flood.

If seismic techniques are able to observe the spatial and temporal variability of
energy dissipation in rivers, they may help refine geomorphologic concepts. To date,
only a few attempts to characterize the spatial lonatf seismic energy generated by
turbulent flow have been undertaken. A study by Burtin, et al. (2010) developed noise
correlation function envelopes to identifite segments of the Trisuli River that
generated the most seismic energy at a given frequérey greatest coherence
between seismometer pairs (and inferred greatest seismic energy production) was
located along river segments with the steepest river slopesighdstestimated
incision rates. This approach is a promising one, though it recairestensive array
of seismometers. While Schmandt et al. (20a@y Anthony et al. (2018have
considered alongtream fluvialseismic variability, more work is needed to assist in

how these methods could be applied to impmg@emorphic understanding.
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Internal Distortion and Turbulence

% ;0_‘ Fluctuating Forces Acting on Grains
Seismometer Body Waves? OO Seismometer

Love Waves? Rayleigh Waves?

Figure 2: Fluctuating forcesare applied to the bed excite seismic energy, which travels beyon
the river banks.

Hypotheses
This thesis seeks to address two related hypotheses:

Hypothesis 1
When water flows continuously through an irregular chanmglergy

dissipation will be distributed unevenly. Uneven energy dissipation at the damaged
Oroville Dam flood control spillway can be characterized with a single -three
component seismometer using particle motion analysis. Freqiiammndent
Polarization Amlysis (FDPA; Park et al., 1987) will characterize the location of
greatest energy dissipation while Instantaneous Polarization Analysis (Morozov and

Smithson, 1996) will characterize thpatialdistribution of energy loss.

Hypothesis 2
Over the coursefm flood, near channel seismometers will observe seismic

signals related to temporal changes in energy dissipation in a river. The vardtions

seismic power and frequency will correlate better with the established metrics of fluvial

11



energy dissipatiorshear stress, U/U* and unit stream power, than with river discharge

alone.

Approach
This section describes the following chapters, which seek to address the above

hypotheses. The chapters describe both an opportunistic study (the Oroville Dam
spillway ersion crisis) and a designed study (Northwest Branch of the Anacostia
River) that occur at different scales.

Chapter 2describes the Oroville Dam Spillway Erosion Crisis, describes
Frequency Dependent Polarization Analysis (FDPA; Park, Vernon, and Lindberg,
1987), and describes polarization attributes of the spilexayted seismic energy in
order to evaluate the first hypothesis. This chapter was published by Copernicus
Publications in the journal Earth Surface Dynamics on M32018 under a Creative
Commons Attribution 4.0 License. The authors retain copyright, and the paper is
reproduced here with full permission of the three authors. The supplemental materials
to the paper are provided in Appendix A.

Chapter3 is a reanalysis of the data presentedChapter2, to attempt to
characterize thepatialdistribution of energy loss alor@r ovi | | e Damés f | 0o«
spillway rather than only the location of greatest energy dissipation. In this chapter, the
IPA method is introduced, a synthetic example diggtishes the method from FDPA,
and the Oroville Dam dataset is analyzed and interpreted.

Chapter 4 presents data collected to test the second hypoliéisis.chapter,
hydraulic and seismic data collected along an urbanized stream for a total oh#is mo

in 2017 and 2018. The data are analyzed to evaluate the-stteagn variability of

12



fluvial energy dissipation. The scaling of seismic power with discharge, shear stress,
U/U*, and stream power is examined to address the second hypothesis. FDPA is
apgied to the data to evaluate its performance in characterizing fluvial energy
dissipation at the scale of a small river reach.

To conclude | compile datareported in Chapter 2 from the Oroville Dam
spillway andin Chapter 4 for the Northwest Branch o tAnacostia Rivealong with
data fromfor other studies to evaluate relationships between seismic poweménd

stream power to evaluate the variation among flesgggmic studies.

rSei smic Signature of Turb

p 2:.e
7 Orovbpikel aym Erosion Crisis

Introduction
Dam spillways are typically designed with featysagch as steps or changes in

slope that generate controlled turbulent eddiElsese eddies entrain air into the flow,
increase energy dissipation, and lower the nig@am velocity (Hunt and Kadavy,
2010a; Hunt and Kadavy, 2010b). Some of this dissipated energy is transferred as lift
and drag forcew the bottom of the spillway channel. If a defect in the spillway channel

is present, increased turbulence and assakcfatees can quickly enlarge the defect,
eroding the spillway and underlying embankment (USBR, 2014). In some cases,
erosion propagates headwards, undermining the structural integrity of the dam (USBR,
2014). Structural elements and routine maintenancelesigned to minimize these
channel defects, however, they can develop quickly during extreme flows. Therefore,

reattime monitoring of spillway turbulence during times of high release could provide
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early warning of the onset of erosion. Although turbutecan be characterized with
photographic images or measurements of velocity time series with submerged or
overhead instrumentation, these procedures may be impractical on large structures or
during catastrophic events. Seismic monitoring may provide atwa&pntinuously
evaluate turbulent intensity and associated erosion from safely outside channels or
hydraulic structures.

Seismic waves have previously been used to characterize the geotechnical
suitability of earthen dams and internal dam seepage usasgive seismic
interferometry (e.g. Planes et al., 2016), but have not been used to characterize open
channel turbulence in dam spillways. Because turbulence affects erosional processes in
both hydraulic structures and natural rivers, techniques from efgmis river
monitoring (fluviatseismic) literature provide guidance. In the past decade, many
authors have used neerannel seismometers to monitor rivers during monsoons (e.g.
Burtin et al., 2008); natural floods (e.g. Govi, et al., 1993; Hsu, e2Gd1; Burtin et
al., 2011; Roth et al., 2016) and controlled floods (Schmandt et al., 2013; Schmandt et
al., 2017). In many of these studies, the authors seek to separate the various sources of
seismic energy, including precipitation, bedload transpod,fenw turbulence (e.g.

Roth et al., 2016). Bedload transport is traditionally difficult to monitor, therefore,
research has been focused on isolating this source. Characterizing turbulence in rivers
has been given less consideration in the flus@asmic literature, even though
macroturbulent eddies place important controls on channel erosion (Franca and
Brocchini, 2015) and may be important in spillway erosion. A forward mechanistic

model by Gimbert, et al. (2014) estimates the power spectral dens#isofic energy
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produced by turbulently flowing water in a simple rectangular channel, in principle
making it possible to use seismic data to invert for river depth and bed shear stress.
This model, however, is based on assumptions of spatially uniformi¢ade created
by bed grain size; it ignores other sources of turbulence common in natural rivers and
in engineered structures such as deviations from spatial uniformity. Recent work (Roth,
et al., 2017) suggests that hysteresis between seismic poweisehdrge may also
result from riverbed particle rearrangement, which leads to different turbulent
characteristics within the flow. This fluvial seismic body of work suggests seismic
monitoring may be able to resolve hydraulic changes in a dam spillwangsett

A nearspillway seismometer records seismic energy excited by a number of
sources from different directions across a range of frequencies. These potential sources
include primary and secondary microseisms, anthropogenic noise, wind, rain,
earthquakesand nearby rivers. Without a way to differentiate among these sources by
direction and frequency, interpreting seismic observations will be limited. This
challenge was highlighted by Roth et al. (2016) and Roth et al. (2017), who indicated
that the turblent signal from a waterfall downstream of their study river reach may
have dominated the observed Hngquency signals. Previous studies have attempted
to locate the source of fluvial seismic energy by using arrays of seismometers, primarily
by observinghe variability in seismic amplitudes around the river section of interest
(Burtin et al., 2011, and Schmandt et al., 2017). A study by Burtin, et al. (2010)
developed noise correlation function envelopes to identify segments of the Trisuli River
that gererated the most seismic energy at a given frequency. The greatest coherence

between seismometer pairs (and inferred greatest seismic energy production) was
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located along river segments with the steepest river slopes and highest estimated
incision rates. Tis approach is a promising one, though it requires an extensive array
of seismometers. A singlgeismometer method for distinguishing various sources of
seismic energy at different frequencies is more likely to be implemented in monitoring
hydraulic struaires and may be advantageous for fluvial seismic studies.

Discerning among seismic sources using a single station requires an evaluation
of the threedimensional ground motion recorded by a thtemponent seismometer.
In traditional earthquake seismolqdkiese motions indicate the arrival of body waves
(P and S) and surface waves (Rayleigh and Love). For continuous ambient seismic
sources such as turbulence, the phase relationships between the signals in each
component can provide information on the wayee and its propagation direction.
Several researchers have suggested that turbulence may excite Rayleigh surface waves
whereas sliding and rolling bedload transport may excite Love surface waves, though
these authors relied on comparing the seismic p@ivéhe three components rather
than analyzing phase relationships among the components (Schmandt et al., 2013;
Barriere et al., 2015; Roth et al., 2015). While recent forward models to estimate the
power spectral density of seismic energy produced byngdedload and turbulently
flowing water can accommodate the excitation of various seismic waves, their
applications to date assume that only Rayleigh waves are excited (Tsai et al., 2012;
Gimbert et al., 2014). This assumption has not been quantitatestd. Identifying
the surface wave type excited by turbulent sources will help to identify the dominant

mechanisms generating seismic waves in spillways and natural channels.
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In this study we employ a singgezismometer method to observe variations in
turbulence intensity and location within a dam spillway. Our goals are to 1) evaluate
the scaling exponent between seismic power and discharge for different turbulence and
channel roughness conditions; 2) determine if a sisgiemometer source location
technique can be used to resolve changes in the location of flow turbulence in a spillway
channel; and, 3) evaluate the surface wave type excited by spillway turbulence and
erosion. The study site is the flood control spillway of the Oroville Dam, Caliorni
USA. Seismic and discharge data collected during the erosional event that damaged the
flood control spillway in February and March 2017 provide a natural experiment for
this study, during which a simple and straight channel was abruptly eroded into a

complex one.

Oroville Dam Crisis
The Oroville dam, located 100 km north of Sacramento, CA in the Sierra

Nevada foothills, is the tallest dam in the United States (Fig. 3a). The dam spans the
Feather River and provides hydroelectric power, flood controlwatdr storage for
irrigation. Completed in 1968, the dam is constructed on Mesozoic volcanic rocks
contained in the Smartville Complex (Saucedo and Wagner, 1992). The dam is built
adjacent to the Long Ravine Fault; therefore, a permanent seismic stasiqaaed
approximately 2 km from the dam site in 1963 to monitor possible reséndoiced
earthquakes (Lahr et al., 1976). Several studies have linked the unusually large
drawdown and refilling of the reservoir in 197975 to a 5.7 magnitude earthquake

1 August 1975 located 12 km south of the reservoir (Beck, 1976; Lahr et al., 1976). In

1992, the Berkeley Seismological Laboratory installed a Streckeised Sidadband
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threecomponent seismometer at the site as station BK ORV (BDSN, 2017). We are
notaware of any studies that have investigated ground motion generated by the flood

control spillway.
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Figure 3: a) Location of the Oroville Dam in Northern California. b) The damage created along the
Flood Control and Emergency Spillways of Oroville Dam in February and March, 2017. The
seismometer used in this study is located approximately 2 km from the spillwahoto credit: Dan
Kolke, Department of Water Resources. Image taken on 2/15/2017. Estimated discharge durir
photograph is 2,800 m3 4. c) A digital elevation model created from LiDAR points provided by the
California Department of Water Resources. The kevation difference from a November 2015 elevation
survey and a late February 2017 survey shows that the crisis incised a chasm up to 47 m deep. ~
volume of the main chasm is 8 e m?3. The incision resulting from the use of the emergency
spillway is less than 20 m deep. The badeimuth (clockwise from north) in degrees is displayed for
the top of the flood control spillway, the top of the chasm, and the bottom of the flood control spillway
The seismometer is at an average 18lope above the hse of the flood control spillway and an average
80 slope above the top of the flood control spillway.

At approximately 9 am PST on Februat{, 2017 during a controlled dam
release of approximately 140CG° Y, a section of the concrete flood cattspillway
failed, leaving a defect in the spillway. A subsequent preliminary root cause analysis
identified construction and maintenance flaws as the source of this initial defect (Bea,
2017; ODSIIFT, 2017a; ODSIIFT, 2017b). Ongoing heavy rainfall andff from the

upstream watershed filled the reservoir to near capacity. Reservoir managers increased
18



the discharge through the damaged spillway in a series of tests and ultimately raised
the discharge to over 1500°®'. This discharge and associatedhhftpw velocities
resulted in turbulent scour around the defect, rapidly eroding the underlying
embankment and incising a gully that bypassed the concrete spillway channel. Dam
managers then limited the flood control spillway discharge to below 1808'm
(California Department of Water Resources, 2017a). High incoming discharge from
the Feather River raised the reservoir level to capacity, which activated an emergency
spill way weir for t-hearhiftoryx st ti me in the
Discharges up to 360%a* flowed over the emergency spillway weir beginning
at 8:00 am PST on February™hile managers released approximately 156Gt
through the primary flood control spillway. Within 32 hours, rapid erosion at the base
of the emergency spillway weir gmtened to compromise its stability, triggering
concerns of catastrophic failure. Managers increased the discharge through the
previously damaged flood control spillway to 3008 st and evacuated 180,000
people from the downstream city of Oroville, Catifia. Elevated flood control
spillway discharges lowered the reservoir level and stopped discharge through the
emergency spillway weir on February ™238 hours after activation. Elevated
discharges continued through the damaged flood control spillwaygh the end of
March, causing tens of meters of vertical incision into the weathered, sheared bedrock
underlying the spillway (Bea, 2017). Figures 3b and 3c show the position of the
seismometer and erosion incurred during the event. The seismometekim from
the top of the flood control spillway channel and 1.9 km from the bottom of the channel.

Using LIDAR data collected in 2015 and March%2017, we compute that 1.3 x®10

19



m? of material were removed from the flood control spillway damage anéagdine
crisis, resulting in a vertical incision into the hillside of up to 47 m (Fig. 3c; see
Supplemental Information) (California Department of Water Resources, 2017b).
Methods

Data Collection and Approach
In this study, we evaluate seismic signalseded during the Oroville Dam

Erosion Crisis at broadband seismometer BK ORV, operated by the Berkeley Digital

Seismological Network (BDSN, 2017). We divide the crisis period into five time

intervals of constant discharge, each of which is longer th&wo@s in duration (Fig.

4). During each of these discharge intervals, channel geometry and discharge remain

similar, allowing us to document the differences across intervals in the spillway

generated seismic signal. The five time intervals of interest are:

1) {«£Prasemo interval : 34¢'8outiheofioad contmlf spilkwdy4 0 0
release before the initial spillway damage on Februfyy 7

2) AEmer gency Di sdauhiatervglevben then émergengy Ispillwag 8
weir was active and ~15003%ns! was released through the flood control
spillway

3) @AHigh Di s c hlouorgnéedal whert 8,000 ad?! :.were/ réleased
through the damaged flood control spillway,

4) fiPhoasst mo i nhow nteraal of ~1800 Ms?! discharge through the
damaged flood control spillway, and

5) fAZer o Out thbouwintervaliofreercedrscharde thro®glthe flood control

spillway, which serves as a control interval.
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Figure 4: Discharge and inflow at Oroville Dam in early 2017, as reported by the California
Department of Water Resources. The five time intervals of constant discharge in early 2017 use
in this study are highlighted and labeled. Thei P ¥Ceh a s and d  fiCPhoassttime intervals
have approximately equal discharge, but very different channel geometries. Data gaps i
discharge and inflow data are linearly interpolated in this figure. The inflows reported are from
the Feather River to Lake Oroville. The discharge disgyed for the emergency spillway weir is
the maximum reported by CA DWR media updates, as no quantified measurements have bee
published for this data.

To encompass the erosion crisis period, we complied seismic data and spillway
discharge data from 1/1/2017 to 4/1/2017. For comparison to the erosion crisis, we also
compiled seismic data and spillway discharge for the second and third highest release
periods during which continuous discharge and seismic data are available. These
intervals are from 02/25/2006 to 03/18/2006 and 03/01/2011 to 06/01/2011. The
seismic and discharge data for these intervals were processed identically to the 2017
data. The Northa California Earthquake Data Center is the source of the seismic data
for this study and instrument response was causally removed (Haney et al., 2012). The

California Department of Water Resources?®o
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source of all didearge data reported in this study (California Department of Water

Resources, 2017c).

Frequency Dependent Polarization Analysis
We expect that contributions to spillwagnerated seismic energy will produce

energy across a range of frequencies, analogoaobdervations in natural channels
(Gimbert et al., 2014). Energy sources in different frequency bands may also excite a
variety of seismic wave types, which result in different ground particle motions and
seismic amplitudes. We extract particle motion po&ion attributes at each frequency

by applying Frequency Dependent Polarization Analysis (FDPA) to the stagien
threecomponent data (Park et al., 1987). The approach in this study is similar to
ambient noise analysis applied to seismometer n&syar which the particle motion

from ambient noise is characterized (e.g. McNamara and Buland, 2003; Koper and
Hawley 2010; Koper and Burlacu, 2015). Following Koper and Hawley (2010), for
each component {uwy, W), an hour of record (as ground velogitg selected and
divided into 19 sulwvindows that each overlap 50%. Each-sdbdow is tapered with

a Hanning window, converted to ground acceleration, and the Fourier transform is
computed. At each frequency considered (up to the half the samplingricggjuihe
Fourier coefficients from each of three components are arranged into a 3x19 matrix,
from which the 3x3 crosspectral covariance matrix is estimated. The eigenvector
corresponding to the largest eigenvalue of each 3x3 matrix describes thee particl
motion ellipsoid within the hour of observation at each frequency (Park et al., 1987).
Henceforth, we refer to this as the dominant eigenvector. The cowgiliged

coefficients of this dominant eigenvector describe a particle motion ellipsoid at each
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frequency, whose properties are analyzed in this paper. The time averaging inherent to
this methodology minimizes the influence of transient seismic sources such as
earthquakes or intermittent anthropogenic noise. The application of FDPA is useful for
identifying polarization characteristics at a range of frequencies, yet for weakly
polarized seismic energy the polarization attributes are highly variable with time.
Therefore, it is more meaningful to analyze the probability distributions of polarization

attributes in time intervals of strong seismic polarization (Koper and Hawley, 2010).

Complex Donlinant'_,,.--*"i",
Eigenvector, Z .-~

At Each Frequency Interval After Park, et al. (1987)

Figure 5: Diagram of particle motion defined by the dominant eigenvector. The particle motion at eact
frequency is analyzed by considering the dominant eigenvector of theextral covariance matrix; the
complexvalued components of this eigenvector can be visualized as describing a particle motion in i
ellipsoid (Park, et al.,1987). The orientation of the eigenvector and the phase relationships between t
components of theeigenvector yield the polarization attributes.

We compute the polarization attributes used in this paper from the complex

components of thdominant eigenvectod [z1, z, z3] (Fig. 5). For the benefit of the

reader, we briefly summarize their comgiin below and refer the reader to Park et

al. (1987) for additional discussion. Each complex componeditcain be thought of
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as describing the particle motion at a particular frequency in each of the three
orthogonal directions. The azimutb () of the ellipsoid, measured clockwi$®m-
north, is determined by calculating the angle between the horizontal components of z

and z on the real plane:
g OAT —, (5)
where— is the phase angle at which the horizontal acceleration is maximized:
— -AOg « — (6)
wherel corresponds to the smallest Aoegative integer that maximizes the expression:

VswéEi— AOEL Dswéi— AOEL (7)

The range ofy is restricted such that J g pYMN DA  mandp YU
g cOoTIN DA T

Analogously, the angle of incidencg (), measured from the vertical, is
computed from the major axis of the particle motion ellipsoid by finding the angle

the real plane between the vertical axisand the total horizontal acceleration; z

g OAT — (8)

where: a a 9)
and—is the phase angle at which togalceleration is maximized:

—  -AOE & & — (10)

where m, corresponds to the smallest roegative integer that maximizes the

expression:
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VswéEi— AOE SDswéi— AOL swéi— AOE

(11)
If 'O& W 1t J the sign is reversed to restrgct such thatt J g wTtJ

We consider two additional angles to describe the particle motion. First, the

phase angle difference between the two horizontal componeAts & %o of the
primary eigenvetor, restricted to within180° and 180°; and second, the vertical
horizontal phase angle differenc®.(), computed from the phase angle difference
between— (Eqg. 2) andi , restricted to lie betwee®0° and 90°. Following Koper and
Hawley (2010), & al so comput e t he?deingdby 8amsoh pol ar
(1983), which is zero when the three component eigenvalues are equal, and is one when
the data are described by a single-aero eigenvalue, such as for a single propagating
seismic wave. We emphasize that FDPA methods characterig@itiaant seismic
source rather than describing the particle motion associated with all sources of seismic

energy.

Results
In the following analysis, we present the polarization attributes in one hour

intervals aligned with the hourly discharge data assiime each hour has a consistent
seismic character. We then evaluate the variability of all of the hourly polarization
attributes within each constant discharge time interval and throughout the dam erosion
crisis.
Seismic Power Variation with Changing Spillway Discharge

We expect the seismic power generated by the flood control spillway to vary

with spillway discharge. The power associated with the dominant eigenvector during

25



the five constantlischarge time intervals is shown in fig 6. In the figure, tleam

hourly power values within each time interval are plotted with astaxedaredeviation

envelope representing the variability in power within each condiaclharge interval.

In all five time intervals of interest, a microseismic peak between 0.D.8nHz is

visible, consistent with the ocegenerated microseism (McNamara and Buland,

2004) . Il nteresti n@Has md hpawe ri satgrferad eu e mair e
and around 0.25 Hz than the three time intervals after the chasm has develaped. Th

may be attributable to variability in wave heights in the northern Pacific Ocean. The
greatest difference between the fiZero Disc
055 Hz frequency Trange, with differences
Dischargeo and AHI gh Di schargeo i ntervals
observable in this frequency band, even before the beginning of the erosion crisis.
Between 0.5 and 1 Hz, the difference in power between the approximately equal

di schafChasm nBne-Chi&osmd ti me interval i s gr e
increased turbulence resulting from the spillway damage is observable in this frequency

band. In the rest of this study, we focus on this frequency range (0.5 to 1 Hz) to evaluate

scaling in seamic power and discharge, though differences in the signal are visible

across a broad frequency band (0.2 and 12 Hz). At 0.7 Hz, a peak is prominent in the
APeCGhtas mod power, possi blChasmbl ecmengnt bat at
most eroded anthcised channel shape. These observations indicate seismic power

during the five constardischarge time intervals is sensitive to the turbulent intensity,

as inferred from channel geometry.
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First Eigenvector Power During Time Intervals of Interest

== Zero Discharge

80 - Pre-Chasm
Emergency Discharge
-90 |- | === High Discharge

=== Post-Chasm V. B A
-100 W al ), -

-120 | f s il
-130 M R N I

-140

Power/dB (rel. to 1 (m/sz)lez)

-150

160 N — /) |

102 10 10° 10’
Frequency (Hz)

Figure 6: Power-per-frequency output for each of the fivestudied intervals, shown with one
standard deviation error bars. There is a significant increase (up to 30dB) in the average powe
of this eigenvector during the four time intervals with discharge, particularly between 0.5 and 12
Hz. The power duringthreet i me i ntervals foll owing -Glpad i
frequencies above 0.5 Hz.

To further investigate the relationship between seismic power and variations in
spillway discharge, we compute the hourly mean amplitude in the 0.5 to Igderiicy
band and compare it to discharge. In Figh&,hourly mean amplitude of the dominant
eigenvector is shown for the 2017 crisis period (Fig. 7a) and the 2006 and 2011 release
periods (Fig. 7b and Fig. 7c). Figure 7d shows the release discharge2061i¥, 2006,
and 2011 releases. Counterclockwise hysteresis is present in the 2017 period containing
the erosion crisis, which is not present in 2006 or 2011 periods which maintain a

consistent channel form.
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Figure 7: The plot of mean hourly amplitude of the dominant eigenvector in the 0-8 Hz frequency band vs hourly
discharge shows that the two correlate strongly. The abrupt change in the colorbar coincides with the timing ¢
the Oroville Dam crisis, and allows two distinct regimes to be identiid. Seismic amplitudes are greater by ~0.t
¢ m -1safter the uncontrolled channel erosion begins on February 7th, and remains greater even as dischar
decreases to earlier levels, demonstrating that hysteresis is observed. This hysteresis is greatesteirdthl Hz
frequency band. Note the changing x axis range in panels a through c.

In figure 8a, the hourly mean power of the dominant eigenvector is shown for
the entire 2017 interval of record as a function of discharge. There is significant
variability in hourly mean power for intervals with low discharge, possibly related to
other sources of noise including anthropogenic noise created during spillway repair
efforts, wind noise, or distant fluvial or marine sources. Below a discharge of

approximately 20 m* s, there does not appear to be a relationship between dominant
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eigenvector power and dischary®e therefore interpret 200°ns* as the threshold
discharge above which signals emanating from the Oroville spillway become the
dominant source of seism Figure S2 in the supplemental materials shows the
dominant eigenvector power for all discharges. We limit our analysis of scaling
between discharge and mean hourly eigenvector power to hours when discharge
exceeded 200 #s?, and to hours with spillwause as reported by the California
Department of Water Resources. In figure 8a, the scaling relationship between
discharge (Q) and power before the crisislis:® 0 8 . After the spillway defect
occurs, the scaling exponent is greater, with? 0  8Figures 8b and 8c displayeh
powerdischarge relationships for the 2006 and 2011 release periods. The scaling
exponent for these release eventsis simllar® 0 8 8 to the precrisis scaling,
though there is more scatter in the 2011 seiserord. The coefficients, exponents,
and estimates of uncertainty are provided in Table 1. The change in the scaling
relationship between discharge and seismic power is consistent with the inferred
increase in turbulent energy dissipation following tteenage to the flood control

spillway (see discussion).
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Figure 8: Analysis of the relationship between mean dominant eigenvector power and discharge fc
the current analysis and two previous flood control release events is shown in6a The dischargeof
each interval is shown in Figure 5dThe scalingexponentof seismic powewith discharge before the
flood control spillway erosion, G5 is more similar to the scaling observed with two prior release
eventswith Q%7 and Q'# in 2006 and 2011, respectively, as compared to a power scaling of?®
following the development of the chasm from erosion.

95% Confidence 95% Confidence
Logarithm of _Intervals Intervals
Coefficient  Lower Upper Lower Upper

Time Interval (Base 10) Bound Bound Exponent Bound Bound

2017 PreCrisis | -18.055 -18.438 -17.671 | 1.7452 1.6016 1.8888
2017 PosCrisis | -22.033 -22.225 -21.841 | 3.2602 3.1965 3.3238
2006 Release |-17.994 -18.225 -17.763 | 1.6994 1.6157 1.783
2011 Release |-18.207 -18.448 -17.967 | 1.8698 1.7776 1.962

Table 1: Coefficients, exponents, and uncertainty for power functions fit by leastquare regression (shown
in Fig. 8).

Polarization attributes
To examine the potential source of seismic waves across a range of frequencies,

we display the azimuth and vertidabrizontal phase difference in fig.9 for the five

time intervals of interest. All five polarization attributes are provided in the
supplemental materials. To evaluate the variability of polarization within each constant
discharge interval, the probability density functions (PDFs) of all the hourly
polarization results are plotted together in fig. 9. In the figure, the polarization attributes

are binned into 100 evengpaced frequency bins from 0.1 to 15 Hz and the Pb#s a
normalized so that within in each frequency bin, the probability sums to one. The
brighter colors indicate highly focused attributes and the darker colors indicate broadly
distributed attributes. When ground motion is insufficiently polarized, polemizat
attributes are not i nterpret d@absaspBamson,

threshold criterion for interpreting polarization attributes; Koper and Hawley (2010)

30



s e | e c 1catoff vadue 6f 0.6. Frequency ranges that are not interpretattieisoy
criterion are shaded grey in figure 9.

The three time intervals after the spi
Di scharged, O0Hi gh -@OhHassxmambDge&,h araged ) 6 Pbissp
polarization attributes. The discharge through the emergendwapiiveir, which
reached a maximum of 360°rg?, is masked by the ~1500%rg?! discharge in the
primary spillway during this time (California Department of Water Resources, 2017d).
When compared to the time intemeiattraal wi t h di
contains less polarized threemponent motion. Based on our threshold criterion,
polarization attributes are not interpretable for a broad range of frequencies. At zero
discharge, only polarization attributes at frequencies near 1 Hz, /Hl4,0a6Hz are
interpretable, representing the ambient noise environment of the station. During the
four intervals with nofrzero discharge, a broad range of frequencies below 12 Hz are
interpretable. There is a significant increase in polarization afteflabd control
spill way damage in a narrow frequenhcy band
decreases fOGhoans mbohedi 8RBhear ge-Chas nmoh editstcrheaea g
interval s. T’hnmeay b exttributalaleste a mnixing bf seismic sources

cortributing to the ground motion (see discussion).
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Figure 9: Two polarization attributes for the five time intervals of interest are presented in two
dimensional histogramsDashed green lines in the first column of figures indicates the azimuth range
of the spillway relative to the seismometer (See Fig. Hach hour within the time interval of interest
has a polarization value at 7201 frequencies. These are distributed among 100 bins evenly space!
frequency, and are shaded by normalized probability The polarization attributes for the three
intervals of interest after the spillway damage are similar, and differ dramatically from the
attributes in the pre-crisis interval. Polarization attributes are interpretable only when the degree of
polarizationiss u f f i ¢ i e r7t0b)yRegionseskatied ¢réy indicate frequencies at whié’<0.5
and the values are not interpretable.

Horizontal Azimuth
To resolve the potential changes in seismic source location resulting from the

flood control spillway damageye evaluate the horizontal azimuth, which is computed
for each frequency bin in fig. 9. The horizontal azimwgh)(of thedominant particle
motion ellipsoid represents the azimuth of the incoming wave if the motion is Rayleigh

like or a Pwave. Park eal. (1987) and Koper and Hawley (2010) caution interpreting
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g as the azimuth if the horizonthbrizontal ¢o ) phase difference is within 20° of
+90°, because the azimuif not defined for a horizontal circular motion. At zero
discharge, the horizordtazimuth is somewhat variable; multiple sources of seismic
energy with equal amplitudes may be present in the absence of spillway discharge (Fig.
9). During the time intervals with spillway discharge, horizontal azimuth is generally
consistent from 8 Hz, then it staksteps to lower azimuths at frequencies near 10 Hz.

In order to compute summary statistics of the horizontal azimuth, we select a
frequency band of-80 Hz. This band has a degree of polarization above 0.5 for all
time intervals with dischge and has a horizontal phase angle differéléee (outside
of 20° from 90°/90 (for which the azimuth is not defined). As directional data such as
azimuth require special statistical treatment, we employ the CircStat Matlab toolbox
for circular statists to compute an hourly mean azimuth with 95% confidence
intervals (Berens, 2009). Due to the 180° ambiguity in azimuth estimates, we consider
valid any mean azimuths that lie between 90° and 270°, and add or subtract 180° from
the mean azimuths that leitside these bounds. This choice is supported by the strong
relationship observed between power and changes in discharge which indicate that the
flood control spillway channel (between 152° and 183the primary seismic source
across a broad range oéfluenciegSee Fig. 3c). We compute the uncertainty on the
mean using 2000 random bootstrap samples with replacement. Table 2 displays the
mean 510 Hz azimuth within each time interval, with 95% confidence interval error
bars. Figure 8a displays the aage hourly 510 Hzg as a function of flood control

spillway discharge, with hourly 95% confidence intervals for the 2017 period. For
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comparison, fig. 10b and 10c display the same data for the 2006 and 2011 release

periods.

5-10 Lower Upper
HzMean 95%  95%
Cl Cl
(deg.)  (deg.) (deg.)
Zero Discharge 186.76 186.67 186.87
PreChasm 174.28 174.16 174.38

Emergency 169.11 169.05 169.17
Discharge

High Discharge 169.78 169.73 169.82
PostChasm 168.96 168.92 169.00

Time Interval

Table 2: Distribution statistics for the mean azimuth within the five time intervals of interest. The 95%
confidence intervals (Cl) on the mean are determined by collecting 2000 random bootstrap sampl
with replacement.

At low spillway discharges, the horizontal azimwhlues are variable but
generally point southward towards the Feather River and town of Oroville (183° to
250°), whereas during time intervals with elevated discharge the azimuth values point
more consistently toward the flood control spillway channeltered at 171°. During
times when the spillway is undamaged, the hourly mean azimuth changes
systematically with spillway discharge above about 560sf The hourly mean
azimuth moves from the base of the flood control spillway towards the middle of the
spillway with increasing discharge. After the erosion damage begins (Fig. 10a), the
azimuths point more towards the top of the chasm, where a large waterfall develops as
a result of the erosion damage. Above 108G the azimuths point consistently to
the middle of the outflow channel. The azimuths around a discharge of £40Gare
different before the erosion crisis occurred (bright green shading) and after a chasm is

present (dark blue shading). This distinction indicates that the Fd2Pi®ed azimths
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are sensitive to changes in the turbulence regime under normal spillway operation and

when erosion damage is present (see discussion).
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Figure 10: In the 5-10 Hz band, hourly mean azimuth ( ‘TI) is displayed in Fig. 8ac, with 95%
error bars. The mean azimuth is highly variable for discharge less than 500 m3lsfor the flood
control releases in 2017 (Fig. 8a), 2006 ¢1I
Chasmo time interval shaded gr e e nipttothé leottomefa
the flood control spillway (183°, see Figure 1c). After the high releases have formed a chasm tt
starts in the middle of the flood control spillway, the azimuths consistently point to the channe
mi dpoi nt .-CH & sanifhiRowhen discharge is approximately 1400 m3-% is noticeably
di stinct fComsmbef i®Pwe ar-lo Duning timed @en the3chasnel is
undamaged (Fig. 8b and Fig. 8c), the mean azimuth is sensitive to changes in discharge
turbulence develops the middle of the flood control spillway. Due to the 180° indeterminacy,
shown in this figure is constrained between 90° and 270°, the direction of the outflow channel.

Incident Angle
The vertical angle of the dominant eigenvector representaditence angle

of the incoming wave for body waves or tilt of elliptical motion for Rayleigh waves.
Park et al. (1987) and Koper and Hawley (2010) caution interpreting this metric if

%o is within 20° of £90°, because the vertical incidence angle ofcaedircular

motion is not defined. At a broad range of frequencies this criterion is not met during
time intervals with discharge (see discussion). In all five time intervals of interest, the

g values are highly variable (see supplemental material).
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Vertical-Horizontal Phase Difference
To evaluate the possible surface wave type (i.e. Rayleigh or Love), we assess

the verticalhorizontal phase difference. For a Rayleigh wave in an isotropic medium,

the verticalhorizontal phase difference will B®0°. In certain anisotropic structures,

the verticalhorizontal phase difference for a Rayleigh wave will deviate f+&@°

(Crampin, 1975). In fig. 9, the vertichbrizontal phase anglé&{ is consistently near

+90° for frequencies below 5 Hz when disad®rs occurring, which is consistent with

a Rayleighlike wave. At frequencies of up to 8 Hz, which account for most of the

power, there is a decreasing vertibatizontal phase angle to approximately 50°. At 8

Hz, the verticahorizontal phase angle i95A i n -Gthaes Mm@ rtei me i nter val
90A i n -Ghhaes mdP otsitme i nt er v ad0%areTiexpecedace vi at i o

explored in the discussion.

Horizontal Phase Difference
For all of the time intervals of interest, the is betweent180° and +90° for

most frequencies, suggesting horizent al el
Chasmo aQladiPostti me interval s18® ®weear t o chan
115° phase difference, suggesting a change from linear horizontal motion éo mor
elliptical horizontal motion at frequencies near 8 Hz.
Topographic Effects on Vertical-Horizontal Phase Angle

We observe consistent deviations from the expected vehiicedontal phase
difference o9 0 A bet ween 5 and 16Chadm, ieavemvadalr i fFg
9). To investigate the possible reasons behind these deviations, we consider the effect

of the irregular hillside topography on the polarization results by computing synthetic
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seismograms using the 2D specelment solver package SPEQEFED 7.0.0
(Tromp et al., 2008; Komatitsch et al., 2012). All geospatial data were processed in
ESRI Ar cMap 10. 4-secdndressldtion digital 2l€vatidn mgdelawasc
acquired from the USGS National Elevation Datasetnatv.nationalmap.gavThe
raster was reprojected to Universal Transverse Mercator Zone 10N to acquire northing
and easting coordinates in a conformal (amykserving) coordinate system. Elevation
data (in m, NAVD 88) were extracted from each grid cell along a profile line betwee
top of the spillway erosion damage and the seismometer in this study. The topographic
profile was meshed into the model domain using the-buXmeshfem2d program. To
minimize model boundary effects, the lower model boundary extends over 4 km below
the surface. We also generated a rectangular model grid with a flat surface in
SPECFEM2D for comparison. We select a density of 2700 Kgimerease P wave
velocity linearly with depth from 4 kni'sat the surface to 6 km‘sat 4 km depth, and
assume a Pasn solid.

In both the topographic and flat surface simulations, continuous signals were
used as the seismic source, and were applied independently at five locations spaced 100
meters apart and representing a spatially distributed source along theeOiouil
control spillway channel projected onto a 2D profile line (See Supplemental Materials
Fig. S3). Each independent source consists of anfmoute random signal varying
between 0 and 1 filtered using a second order Butterworth filter between B &z 1
Deviations from Rayleighike wave polarizations are observed at these frequencies
(fig. 9). The angle of incidence of the continuous seismic source was varied between

0°, 45°, and 90° with respect to the vertical. Synthetic seismograms were sthatlate
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the location of the BK ORV seismometer, with random noise added to the resulting
synthetic seismograms to approximate background seismic sources. As the simulations
arecarried out in a 2D geometry, the results may only be used to evaluate thefeffect
topography on verticatorizontal phase differences. The results of the simulations
show that for vertically incident fluctuating forces applied along the Oroville flood
control spillway , the particle motion is Rayleijke (verticathorizontal phase
difference is near £90 for a flat topography (Fig. 11a). As the fluctuating force is
applied at angles of 45° and 90° to the surface, the ventc&dontal phase becomes
less RayleigHike below 5 Hz. Realistic topography also appears to significaffegt

the particle motion, which becomes less Rayldikd, as verticahorizontal phase
differences decrease frorP0° to £45° between 5 and 10 Hz (Fig. 11c). This is
consistent with the conversion of Rayleigh energy to hedyes as the seismic waves

propagate up a neaniform slopge.g.McLaughlinand Jih, 1986).
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Figure 11: Polarization attributes computed using FDPA of synthetic seismognas computed using

SPECFEM2D are shown in 1la and 11c; with corresponding simulated topographies. The
distribu ted source of the spillway is approximated by five sources spaced 100 meters apart with
source frequency of 510 Hz. Random noise was added to the results of the simulation t
approximate background seismic noise. Fig 11a and 11b display the horizontamponent seismic

wavefield during a single time step in each simulation. In the flat topography simulation (Fig. 11a)
the vertical-horizontal phase difference is closer to £90° than in the simulation that includes the
realistic hillslope topography (Fig.11c). With a vertically incident force (0° source angle), the phase
difference is lowest, while with increasing incidence angles, the vertical motion becomes less liki
classical Rayleigh wave below 5 Hz.

Discussion
The changing geometry of the floadntrol spillway and the increase in flow

turbulence during the Oroville Dam Erosion Crisis are reflected in the FDPA results,
most notably in dominant eigenvector power and horizontal azimuth. During the crisis,
large volumes of material (3 x 16 m?® acording to our analysis of LiDAR data) were
transported, which previous work has shown can contribute to the overall sesimic signal
(Tsai, et al., 2012). Therefore, one might expect bedload transport to be the dominant
source of seismic energy. Yet, there aompelling lines of evidence that suggest that

the majority of the signal is flowr turbulencegeneratedThe fastest rate of material
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transport on the Oroville flood control spillway was likely during the early part of the
crisis timeline. Water enterg the flood control spillway is from the surface of the
reservoir. Unlike a natural river, it does not carry bedload or coarse suspended
sediment, so any transported material must be entrained from the spillway itself or the
adjacent hillside. Early inhe Oroville dam crisis, weathered saprolite and concrete
blocks were undercut and eroded, while later in the crisis, the water from the spillway
flowed over harder volcanic rocks. If the seismic signal was generated by a transient
transport pulse, we woutkpect a rapid jump and decay in the amplitude of the seismic
waves coming from the spillway. If greater erosion occurred at the beginning of the
crisis and if transported material were the primary source of the seismic energy, we
would expect clockwise gwerdischarge hysteresifiigher energy dissipation with
rising dischargein this system. Instead, we observe counterclockwise hysteresis in this
relationship which suggests that energy dissipation increased due after erosion
increased bed complexity @turbulenceAlthough our analysis does not enable us rule
out all other seismic sources such as material transport, we think that the changes in
FDPA results are consistent with changes in the turbulent flow regime caused by
erosional changes in changelometry.

Counterclockwise hysteresis in the dischaogever relationship is consistent
with the increased channel roughness and laipeobmacroturbulent eddies resulting
from the Oroville Dam erosion crisis. Because of the dissimilarity of the systam
natural channel, we are unable fully to implement theoretical models of fluvial seismic
energy generation, but we are able to examine whether the scaling relationships within

these models are consistent with our data. The theoretical scaling s¥atibatween
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watergenerated vertical component power J and discharga)() for water turbulence
alone with a simple channel geometrpis ¢ 0 8 (Gimbert et al., 2014; Gimbert et
al., 2016). Roth et al. 2017, founda © 0 8 8 inthe 35 55 Hz band. Inthe 0.5
to 1 Hz band for the smooth channel (2006, 2011, andrsis 2017) the observed
scaling of dominant eigenvector power and turbulenée i$ 0 & 8 | similar to
the scaling observed by Roth et al. 2017. After the spillwagien crisis, the scaling
exponent is much highed ( © 0 8 ). We observe similar scaling relationships for
the vertical component power (without polarization analydis¢ power function
relationships for2006, 2011, and prerisis 2017datascaebasd © 0 8 & and
the postcrisis 2017 scalingelationships i® © 0 8

The increased scaling exponent following the crisis likely corresponds to the
addition of new sources of turbulent energy dissipation generated from the rougher
channelmorphology associated with exposed bedrock and waterfall. For a uniform
turbulent flow, as expected in the hydraulically smooth, constaith channel
geometry present during the 202606 flood, discharge is leighearly related to flow
depth accordingotthe Law of the Wall and ground motion is generated by fluctuating
forces applied by scaled eddies within the flow, analogotisetprocesses described
by Gimbert et al. (2014). After damage is created in the channel, several mechanisms
likely increase lte energy dissipated by the flow at a given discharge. The first is that
the erosion damage introduced a steep vertical drop in the base of the channel,
developing a waterfall. A waterfall will violate assumptions in the Gimbert et al. (2014)
model formuléion and lead to greater water velocities (from free fall) impacting the

bed than would be found in a continuous turbulent channel flow. Second, the irregular
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channel shape resulting from erosion provides obstructions to the flowing water that
create locapressure gradients around the obstadibsse pressure gradients cause a
deflection in the flow and an increase in the shearing between flows of different
velocities, increasing the energy dissipated by the turbulence in the flow. Third, erosion
during he 2017 event incised a #iteterdeep, \fshaped channel, which increased
flow depths for the same discharge and changed the distribution of shear stresses
applied to the bed. Greater flow depths would also allow for larger eddies to form. Our
results suggs that the additional energy dissipated by these forms of turbulence is
observed as an increase in the scaling relationship between discharge and seismic
power. Our observations support the use of the exponentin thed power function

to observe chajing channel geometries in suppiyited fluvial systems (as in
Gimbert et al., 2016), but are unable to identify a particular source mechanism.

The FDPA polarization attributes reveal the seismic character of open channel
turbulent flow, which is distic fr om the background seism
Di scharged interval) across a broad range ¢
The three time intervals with discharge following the flood control spillway damage
have similar polarization attribige, whi |-Ehasdmo iPr me i nterval [
by a higher degree of polarization at frequencies below 3 Hz, and the absence of a 0.7
Hz sharp peak in dominant eigenvector power (fig. 6)d&aulee of polarization. The
decrease in degree of polaion is consistent with mixed seismic waveforms from
multiple sources (Rayleigh, Love, P, and S) being introduced by the chasm channel
complexity and increased turbulent energy dissipation. We are unable to attribute a

source to the 0.7 Hz anomaly, but ma&e that around 0.7 Hz we observe azimuths of
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about 180, an incidence angle of about’Zom vertical, a verticahorizontal phase
difference about 45 and broadly distributed horizontbrizontal phase difference.
The azimuth is consistent with thase of the flood control spillway, though the vertical
incidence is steeper than the $Rfpe of the hillside.

The greatest hysteresis in the power and discharge relationship is observed at
low frequencies (0.5 to 1 Hz), however, the greatest hystanegzmuth is observed
at higher frequencies {80 Hz). This difference may be due to the greater sensitivity
to source location that is provided by the higher frequencies, which have shorter
wavelengths. For a Rayleigh wave traveling through rock abappately 3 km 8,
the wavelength of a 0.5 Hz wave is 6 km to 3 km, significantly longer than the 1 km
long flood control spillway, meaning that changes in source location along the spillway
may not be observable in azimuths computed at low frequeitnegever, at 5 to 10
Hz, the wavelength is 0.6 to 0.3 km, which is sufficient to identify distinct segments of
the flood control spillway.

The hourly 510 Hz mean azimuths (fig. 10) are sensitive to changes in
discharge even when no damage is presentQligand 10c). Aerial photographs of the
spillway at a range of discharges reveal that the location of the transition from smooth
to visibly white and aerated turbulent flow in the bottom half the spillway is sensitive
to changes in discharge (See fig. ®5the supplement). In the dam engineering
literature, the onset of surface turbulence is referred to as the inception point and
represents where the turbulent boundary layer reaches the free surface (Hunt and
Kadavy, 2010). The aerated flow region dowrestneof the inception point indicates

increased energy dissipation. Due to the geometry of the spillway channel with respect
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to the seismometer, as the inception point moves up the spillway channel it approaches
the seismometer. We expect the closest pouiotine aerated flow region to be the
largest source of seismic energy under undamaged conditions; seismic energy excited
further from the seismometer will be subject to more geometrical spreading and
attenuation.

The hourly 510 Hz mean azimuths are aklnsitive to changes throughout the
dam erosion crisis. During the 2017 period, 6h®-Ch a s mdé ahda sonPdo stti me
intervals have a statistically significant difference in mean azimuth of 5.32°. The
OEmergency Dischargeod6;Chadmbghi Beschaegeal sal
azimuths within a 1° range. To interpret these results, we reviewed available aerial
photography throughout the Oroville Crisis and extracted an elevation profile along the
length of the flood control spillway using the LiDAReasurements provided by the
CADWR. The imagery review reveals that the top of the erosion damage propagated
upstream a distance of approximately 120 meters (approx. 2.8° azimuth) between

February 1 and February 2'%28" (fig. 12). The upstream end ofetlerosion damage

forms a waterfall. FDPA results from the 6
and €Rasmd time intervals are able to ide
erosion damage. The O6Emergency itbnlSafhar ged

the i mmediately following OHi gisiréddasecc har ge o
through the emergency spillway did not generate sufficient energy to mask the
concurrent flood control spillway releases at that time.

The particle motiomf seismic waves produced by the Oroville dam spillway is

mostly RayleigHike, particularly at frequencies below 3 Hz, though we also observe
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consistent deviation from the expected Raylefgh values {90° and 90°) at
frequencies from A0 Hz. This cold be explained by the presence of anisotropy
(Crampin, 1975) or Love and/or body waves, which induce shifsinbut our
SPECFEM2D modeling indicates that realistic topography is also a viable explanation

for the polarization attributes we observeticeably %o . Therefore, our analysis is

limited to timevarying changes in polarization attributes rather than interpreting the
surface and/or body waveforms created by the flood control spillway. We see the
greatest difference % and%. betweent h e -GihParsemo a@hda SirRk® stti me
intervals below 3 Hz and in theld Hz band, potentially indicating that more Rayleigh

energy is produced at these frequencies after the channel geometry becomes more

eroded and incised.
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Figure 12 Mean azimuths for the five time intervals of interest mapped onto aerial imagery
reveal the Emergency Discharge, High Discharge, and PeShasm mean azimuths point to the
top of the spillway damage, where a steep drop creates a waterfall. The location of the initi
damage, shown as a triangle, is estimated from photographs of the damage (see suppleme
The location of the damage top, shown as a circle, is estimated from aerial photography ar
high-resolution LiDAR points collected after most of the damage occurred.

Conclusion
Our analysis of the seismic data collected during the Oroville Dam erosion

crisis identified several techniques that are potentially useful for dam spillway
monitoring and can be applied to fluvial studies. We evaluated the-sitagiien FDPA
method to locate the region of greatest flow turbulence. To our knowledge, this is the
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first application of FDPA methods to analysis of a hydrodynamic signal. We were able
to resolve changes in the mean azimuth of the turbulgecerated 80 Hz seismic
waves under normal spillway conditions (2006 and 2011 release periods) when varying
discharge and velocity generate changes in the location of the aeration zone inception
point. During high spillway discharges and the onset of spillway damage (2017 crisis),
the data analysis techniques were used to pinpoint the upstream location of spillway
erosion as identified by the increased turbulence. This technique is promising for fluvial
studies to identify potential seismic energy interference from nearby watérills

Roth et al. 2016) or in otherwise noisy study environments. The ventcalontal

phase difference of the spillwaenerated energy is consistent with a Rayleigh wave
propagating up the dam namiform hillslope.

We find that for constant discha&gonditions and varying amounts of spillway
damage and associated macroturbulence, couluekwise hysteresis in the
dischargeseismic power relationship indicates that the turbulent structures created by
the spillway damage exciteeismic energy moreffectively. This observation is
consistent with the increased energy dissipation by macroturbulent eddies and stepped
flows considered in spillway desighnt and Kadavy, 2010aThis observation is
also consistent with the fluvial geomorphology literatiihat argues a significant
proportion of total energy dissipation is caused by macroturbulent eddies in natural
rivers (Leopold et al.,, 1960; Bathurst, 1980; Prestegaard, 1983; Powell, 2014).
Therefore, seismic monitoring may be a tool to quantify madsatent eddies and
associated flow resistance in complex natural channels. The results of this study are

consistent with those of Roth et al. (2017), who suggested changes in channel
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morphology as a cause of water turbuleassociated hysteresis in natuwhannels.

This study also implies that the Gimbert et al. (2014) model will updstdict seismic
energy released in rivers with irreguladgaped channels, waterfalls, and
macroturbulent eddies. In this study, we observed that the generation ofarregul
channel morphology by damage to the spillway produced greater scaling exponents in
the seismic power discharge relationship than thedpneaged spillway, which
produced scaling exponents similar to those predicted by the Gimbert et al. (2014)
model.

Although results of this work can be applied to spillway monitoring and natural
channel observations, we highlight several limitations of the methods used in this study.
The long intervals of constant or known discharge in spillway operations are dissimila
from the sharp increases and decreases in discharge observed in most rivers
hydrographs. In this study, we assumed that during intervals of constant discharge flow
turbulence generated seismic motions with the same polarization attributes. Therefore,
uncertainty was estimated by documenting the variability of polarization attributes
during these time intervals of constant discharge. Due to the hazardous conditions
surrounding the spillway channel, inferences on the mechanisms and degree of
turbulence arémited to interpretations of aerial photography. This study was limited
to the hourly resolution of reported discharge and the sampling frequency and
sensitivity of the broadband seismometer in the study. For natural rivers, further
research is needed tmderstand the appropriate time window length and sampling

frequency to characterize turbulence at various scales.
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ChapBerlnstantaneous Pol arizatio
Oroville Dam Spillway Erosion Cr
The analysis in Chapte2 showed thatFrequencyDeperlent Polarization

Analysis (FDPA) is a suitable analytical technique for characterizing the dominant
seismic source characteristics of a turbulent source. By interpreting the mean azimuth
given by FDPA, the method identified the location of greatest endiggypation.
However, in many fluvial settings, the seismic energy will not have a single source, so
techniques that can provide information on the distribution of fltsgagmic energy

might be beneficial. The analysis below is focused on presentindish&ution of

IPA results and FDPA results to investigate if either of the methods are suitable to
characterize the other sources of seismic energy besides the waterfall. The primary
goals of this reanalysisareto determine if the methods are ableidentify: 1) The
signal from the HAEMergency Dwed oderatnege o per
emergency spillway2) The evolution of the eroded chasm in the lower half of the
spillway channel below the waterfaind 3) The positionof the hydroelectric dm

power plant, which was periodically active before and after the crisis event.

Instantaneous Polarization Analysis (IPA) Methodology
Extracting momenby moment polarization attributes as described by Morozov

and Smithson (1996) starts with constructamganalytic representation of the three
component reavalued signab o . This involves introducing an imaginary component
equal to the Hilbert Transform of 0 8The result is a vector complesalued function

of time,6 0, which can alste represented in the Euler form:

6 0 00 NGO 0o 0Q
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where the reabalued scalar function 0 is the instantaneous phase, and the complex
valued vector functiod 0 contains all information about the amplitude, polarization,
and phaseshifts between components of the signal. In this representation, the time
variation of the polarization and amplitudeseparated from the comparatively more
rapid timevariation of the phase of the sign&hysically, threeomponent paitle
motion can be fully represented as relatively rapid mdtispecified by 0 T along
an elliptical orbit, whose semimajérd and semiminor axad 6 can change in length
and orientation with time, but always remain orthogonal (Figure 13)rddtealued
vectors® 6 andw O can be computed at each time instant as

W6 YXQ o6 o P Cq

And

by finding tothat maximiaes the dampgd geadnatic form:

¢ Y 6 0o - YOO 6 0 h prt

hh hh

where,- is a small damping paramet&hen, we extract the polarization attributes as:

Amplitude:o 6 00 S W 0O (15)
o wo

Ellipticity: ,, ¢ v 16
ipticity: , O H0s (16)

Strike of semimajor axis: 6 A OA GA] (17)
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Dip of semimajor axig: 0 ©1 QA +——rn— (18)

Horizontatvertical phase differece:% @i @ 6 0 06 0
Wi o0 0o (19)
Horizontathorizontal phase differenc% @i @ & 0
Wi o0 o (20)
The ellipticity is unity when the particle motion ellipsoid is perfectly circular

and naught when perfectly linear. Since values of the phase always determined

with an uncertainty of , there is 180° uncertainty in strike, 90° uncetainty in dip.

Y

At each time step

Figure 13: lllustration of the representation of a three component signal as an ellipse whose semimaj
and semiminor axes vary momenby-moment orbited by a fastvarying phase.

The polarization vectoré) ® and@ 0 define a plas within the polarization
ellipsoid, therefore when the particle motion is elliptical but with a larger horizontal

amplitude than vertical amplitude, it will appear as if the motion is horizontally
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polarized. To overcome this uncertaimyorientation we define a polarization vector
N o which isperpendicular to the ellipse and equal to the cross produecbofind
& 6 . We redefine the strike and dip of the polarization vector aé andf 6 as
above in terms aff 0, which are reliablevhen the particle motion is elliptical.

In order to apply the instantaneous polarization to a particular frequency band,
the signal must first be filtered. In this study,"actder Butterworth zerphase filter
over a set frequency band is appliedtd prior to instantaneous analysis.

Morozov and Smithson (1996) also describe an instantaneous directional filter
as a way to selectively view the portion of the signal arriving from a specified direction.
In this method, the complex threemponent ginald 0 is first projected onto the
major axis of the polarization ellips@0 (at each moment). Because the magnitude of

the major axis varies, the major axis is first normalized so that:

6 0 6 ot o6 of

(21)

S

The projected complex thremmponent signal is then projected onto the

specified direction of interest, a unit vecfar
6 0 0Qto o (22)

The resulting signal has the original units, the values represent onllge
portion of the signal whose instantaneous major axis is aligned with the specified
direction.

Instantaneous polarization results determinedas a function of time at the
same sampling rate as the input seismic data, which is a much higher time resolution

than theavailableriver discharge and othdlow characteristics for comparisat the
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Oroville site Therefore, the instantaneous polarization results in this study are
accumulated into histogranfisr time windows of fixed lengtlthat correspond to the
hydraulic data availabilityFor the Oroville Dam dataset, the selected time window is

1 hour. The underlying assumption of this approach is that the seismic signal is constant
throughout the time window. Transient signals such as passing planes, thunder, or
earthquakes are assumed tosoppressedly the large number of samples within the
time window. It is expected that contributions from multiple seismic sources may result

in multimodal distributions of attribute histograms.

Synthetic Comparison between FDPA and IPA
A simple synthetic illustration can illustrate the difference between the FDPA

method used in Chapt2rand IPA. In this simulation, two Rayleigh waves with
random noise added in are simulated as arriving frorf @%@ 120 azimuth. The
relativeamplitude of the two waves is varied from zero (only Rayleigh wave from
250°) to 100 percent (only Rayleigh wave from ¥20’he mean azimuth returned by
the FDPA method represents the azimuth of the wave whose amplitude is greatest
(Figure 14a). The medRA azimuth representsveeightedaverag of the two wave
directions. To furtheillustratethe difference between the two methods, the
distribution of the two directional attributes is shown in Figure 14b for 40% of the
second Rayleigh wave. The distritlmn of the strike of the polarization vector
provided by IPA is bimodal between the two sources and is able to simultaneously
identify both sources. The distribution of the FD&A values is unimodal and
primarily points to the first Rayleigh wavéheinformation provided by the IPA

method in this scenario has the potential to be more useful than FDPA for-fluvial
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seismic studies with varying source contributions along a fluvial source (e.g. Burtin et

al., 2010).
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Figure 14: The mean directional attributes returned by IPA and FDPA describing two

synthetic Rayleigh waves arriving from different directions are shown in 14a for varying
amplitudes of Rayleigh wave 2. In 14b, the distribution of these directional attributes are
shown for an azimuth of Raylegh wave number 2 that is 40% of Rayleigh wave 1.
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Oroville Dam Crisis IPA Results
The IPA results in the-20 Hz frequency band for the 2017 study period are

presented in Figure 15. This frequency band was selected because it was identified in
Chapter2 as the frequency band in which the polarization attributes are most sensitive
to variations in spillway discharge. The IPA results are presented assetig®of the

hourly histograms throughout the 2017 study period. In each hour, the histograms are
normalized so that the attributes sum to one. As a comparison, the same 2006 and 2011
time release periods evaluated in Chapter 2 were also evaluated using IPA. The figures
displaying these results are shown in Appendix B. The results during these pexiods a
consistent with the prerisis 2017 period, so 2006 and 2011 time periods are not
discussed separately.

In Figure 15a, the average amplitude of the polarization vector shows a strong
relationship with spillway discharge above a spillway discharge aft&f®) ni/s and
does not show any hysteresis with discharge. This is consistent with the results in
Chapter2, in which hysteresis in the relationship between discharge and seismic
amplitude was only observed at lower frequencies1-).

The instantangus polarization vector strike of thel® Hz seismic signal
presented in Figure 15b compares favorably with FOPAresults presented in
Chapter2. During periods with high spillway discharge, the distribution of the
polarization attributes narrows, imditing the results are sensitive to the spillway
activity. The distribution of strikes determined using the polarization vector is
unimodal, while the distribution strike of the major axis is bimodal (Figure 15c), due

to flipping. The strike of the polamtion vector points to approximately 175° during
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Figure 15: IPA attributes for the 2017 Oroville Dam Crisis period discussed in Chapte?. Figures B-H are presented as hourly histograms of the IPA
attributes, normalized so that in each hour, the freqgencies sum to one. On these figures, the spillway discharge is shown as a dark line. Gaps exist in

discharge record.
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the high discharge periods. During low discharge periods, the distribution is
much broader. There is a hysteresis in the relationship between mean hourly
polarization vector strike and spillway discharge (Figure 15i), similar to the hysteresis
in FDPA mearazimuth described in Chapt2r

The phase difference between horizontal components is clasgband 180°
during the periods of highest discharge, indicating linear horizontal particle motion
consistent with the passing of a Rayleigh wave (Figure. Bafpre the crisis event in
early February, the horizontal phase difference has a weak relationship with discharge,
excluding the early January period of hydroelectric power generation (discussed later).
The verticalhorizontal phase difference (Figuree)sconsistently deviates from an
expected value for a Rayleigh wave of 30°. This is consistent with observations
reported in Chaptee. SPECFEM2D modeling shows that the hillside topography
between the spillway and the BK ORV seismometer is a feastalgon for the
deviation from +90°. This deviation appears to be present even when the spillway
discharge is very low or zero, indicating that ambient noise traveling to the station even
from nonspillway sources may be affected by the hillslope topograph

The dip angle represents the angle of the major axis below the horizontal plane.
The results shown in Figure 15f that the dip angle is bimodal, corresponding to the
flipping of the major axis strike. Dip angles during the highest discharge are about 15°
below the horizontal. The slope of the hillside between the seismometer and the
spillway is approximately 13°, so this may represent the travel of the Rayleigh wave
up the hillslope. The incidence angle of the wave as estimated by FDPA was not

consistenin the 510 Hz frequency band. The tilt angle (Figure 15g) refers to the angle
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of the polarization vector below the horizontal plane. The tilt is highly variable and
broadly distributed. The ellipticity (Figure 15h) of the instantaneous polarization
ellipse is typically between 0.3 and 0.7, indicating the deviations from the perfectly
circular motion anticipated for a pure Rayleigh wave.

The 510 Hz instantaneous polarization result histograms, presented in hourly
bins, provide information on how the polaation of the signal changes throughout the
Oroville Dam erosion crisis. The results also provide information on the changing non
spillway seismic signal before and after the crisis. In January 2017, hydroelectric power
generation activities appear to betetted by the seismometer, with the distribution of
polarization vector strikes narrowed and pointing to the dam, where hydroelectric
power is generated by releasing water through turbines. The dip of the major axis and
the horizontal phase angle are bo#rrowly distributed, with the dip angle near zero
and the horizontal phase angle near 180°. In late February and early March, the spillway
discharge drops to zero, and at this time the hydroelectric power plant was closed due
to blockage from the cris@ebris. The hydroelectric power plant was unable to function
from February 18 until March 4" when it began to operate at a highly reduced
capacity. The polarization attributes in late February are more broadly distributed and
has a dip near 20° and @ra circular horizontal phase angle. The source of this energy
could be the Feather River. During the time period when the emergency spillway was
active (directly before and during the initial maximum spillway discharge), no change
is observed in the ingtéaneous polarization attributes, indicating that the method is

unable to resolve the emergency spillway operation.
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The polarization attribute of greatest interest to fluvgdismic researchers for
discerning between seismic sources is the one indicttsgource dirdon of the
signal. In Chapter,Zhe hourly mean FDPA azimuths were discussed. To evaluate the
differences between the FDPA and IPA methods, a comparison of the hourly means
during the 2017 study period is presented in FigureAL&®w discharge, there is the
greatest differences between the FDPA and IPA, signaling that the two methods
characterize the motion of a wealdylarized signal in different ways. This is to be
expected, as one method involves eigenanalysis and the other doés hajh
discharge, the two methods both return consistent mean azimuthal values, although
there is an offset of approximately 5° between the two means. This is likely due to a
difference in the distribution of azimuth values as demonstrated in the egnibetic

example.
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FDPA Mean 5-10 Hz GJH Azimuth
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Figure 16: Left- The mean azimuth returned by IPA and FDPA fall generally along the red 1:1 line,
with greater scatter at low discharge (blue colors). However, even at high discharge, there is
discrepancy of approximately 5 degees. Right At high discharge, both methods return a consistent
mean azimuth.

In order to compare the distributions of the FDPA and IPA directional results,
the strike of the polarization vector, the instantaneous directional filter results, and
hourly histograms of the-20 Hz FDPA results are presented in Figure 17. The FDPA
results were not presented this way in Chapt@&he results show that the FDPA results
in the 510 Hz band are more narrowly distributed than are the instantaneous results.
The nstantaneous directional filter results are the most broadly distributed in azimuth,
although the results show the variations in the amplitude of the seismic signal that are

less apparent in the histograms of azimuthal results.
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Comparing Azimuthal Results

FDPA ©, Results, 5-10 Hz Hourly histograms
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Figure 17: Top- Hourly 5-10 Hz FDPA azimuth histograms resolve multiple sources during in
January and February, which are not apparent in the 510 Hz IPA results (Middle). The Directional
Filter Results (Bottom) has the broadest azimuthal results and contains a 18@ncertainty, but has
the advantage of being in units of seismic amplitude. In all three figures, the spillway discharge
shown as a black line.

Discussion
Contrary to the simple synthetic example shown earlier in this chapter, the

FDPA hourly histograms of azimuth results appears best able to identify the
distribution of energy dissipation. Both the IPA and FDPA methods are able to identify
the hydroelectridurbines beneath the Oroville Dam as a source in early January.
However, only FDPA results are able to discern additional sources duririamidry.

The FDPA method may also be more effective at identifying the hydroelectric turbines

because it may prode seismic energy at a different frequency within tk) 51z
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frequency band than the flood control spillway. The IPA has lower azimuthal resolution
than the FDPA method, which is attributed to the eigenanalysis within the FDPA
method, which is effectivet aninimizing the effect of background noise.

Using the distribution of hourly azimuth estimates rather than the mean azimuth
is more effective because of the mamform temporal distribution of azimuth
estimates. For the-50 Hz band, in which the Ordie data is sufficiently polarized,
this is an effective method. This work implies that flinsalsmic locations should be
determined with the distribution of FDPA results rather than IPA results for a strongly
polarized signal. At the Oroville Dam, thestogram of azimuthal results may be used
to identify portions of the flood control spillway that are contributing greatest to the
observed seismic signal. The use of the histograms represents a much greater
directional resolution than presented in ChaferFigure 18 below shows the
normalized histogram of FDPg4 results along with the spillway channel geometry
for a time interval after the crisis occurred, in 1 degree azimuthal bins. The observed
energy is distributed along the base of the spillwaycbh where a large chasm was
eroded. The mean azimuth, which was analyzed in Chaptepresented as a red line
in the figure. As the distribution of Hourty results is skewed towards the base of the
channel, the mean predicts the position of theatgrst seismic energy generation is

further up the channel than is visible looking at the distributian ofesults.
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Figure 18: Left) The normalized FDPA azimuth results are shown as a polar histogram centere:
on the BK ORV seismometer (shown as a rediamond) for a single hour during maximum
discharge. The outline of the Oroville Reservoir, flood control spillway, and Feather River are
shown in black. The green dot shows the location of the initial damage to the spillway and tr
dashed black line show the extent of the spillway damage determined from aerial photography
The red line shows the mean azimuth. RightYhe spillway discharge reported during the 2017
time interval, with the vertical pink line showing the hour presented in the left panel.
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ChapterSeiasmd cHydr aulic Monitori:
EvenlNert hwest Branch KMDBDacostia R

Introduction
Turbulently flowingwater expends energy to transport bed materiaf@nda

threedimensional natural river channel morphology. As thera complex feedback
between the channel morphology, bed material, and turbulent energy expenditure,
natural rivers channels in equilibrium are described asfa®ifed. Early seminal
studies investigating stable channel morphologies focused on charpefcimed by
the bankfull stage, which is identified as performing the most geomorphic work. One
hypothesis put forward about the distribution of energy dissipation at bankfull stage is
that a river with a mobile bed will adjust to minimize the alochgnrel variance of the
depth, slope, and velocity at bankfull stage (Langbein and Leopold, 1966). One
potential cost of this minimization is that at lower stage there is increased variability in
shear stress among riffles, pools, and portions of meanders.

The riffle-pool sequences in gravieéd rivers are commonlgbserved features,
suggesting their importance in channel maintendghoegh the mechanism behind
their formation and maintenance remains an area of active research. The mechanism is
related to theminimum variance hypothesis, though it is more explicitly stated as a
hypot hesized Avelocity reveorsed, 204 mh fishear
this hypothesis, at low flogreatershear stress (or velocity) is observed in the steeper
riffle s, while at hgh flow the deeper poolsontain greater shear stress (or velocity)
this model, with increasing discharge sediment is first moved from the riffles into the

pools, then scoured out of the pools to maintain toctmennel morphology. To
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maintain continuity riffles are shallower and wider while pools are deeper and
narrower. At this time, numerical and field studies have not conclusively confirmed or
rejected the hypothesis. Difficulties in observing the shear stress at many points along
a niver profile during dynamic flood events may limit the number of studies evaluating
dynamic energy expenditure.

Shortlived flashy storm events in urbanized watersheds are particularly
challenging to study, though understanding energy dissipation dbhasg évents may
enhance channel restoration design. With increasing impervious surface area in the
watershed, generally an increase in total runoff leads to high peak stormflow. A
consequence of the discharge peaks is scoured and incised banks anddincrease
sediment yields. In an effort to preserve river ecosystem functions and minimize
downstream sedimentation, there is considerable interest in channel restoration design
for small to midsize urbanized streams. While channel and bank modifications may
have design goals ranging from creating fish habitat to protecting atregm
infrastructure, for these features to be ldingd they should incorporate natural river
function to the extent possible. Understanding fluvial energy dissipation in urbanized
streams therefore has direct practical implications, though due to thelisadrand
intense nature of urban stream hydrographs make evaluating this a technical challenge.

Fluvial seismology, the observation of small seismic waves to indenannel
dynanmics, has the potential to characterize dissipative energy losses Hiatbend
intense urban stream floods. Early studies in fluvial seismology focused on large rivers
that excite larger amplitude seismic waves. Relatively fewer studies have facused

smaller streams, though these studies have reported success in identifying the river
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excited signals. Some studies have reported storm hydrograph results (Roth et al. 2016;
Barriere et al., 2015; Burtin et al., 2011), while others have reported snoamd&ir
controlled flood releases (Anthony et al., 2018). In these studies, seismometers are
typically placed within 510 meters of the channel, a distance necessitated by the low
seismic signal/noise ratio for small streakis short distance may ledaet seismic
observations to reflect a local portion of the stream rather than provide channel
integrated information. Local stream observations may be beneficial if the goal is to
evaluate alongtream variability in fluvial energy dissipation, though itymamit
interpretation in the context of broader stream mechanics if localized features tend to
dominate.

In this study, a reach in an urbanized stream with divexd hydrographs was
selected for hydraulic and seismic observatidgdraulic observatiorconsisted of
evaluating the discharge, basal shear stress, stream power, and ratio of mean velocity
to shear velocity (U/U*). Most previous fluvigkismic studies have compared seismic
results to the discharge, though this may make comparisons amores slifficult
since the river slope is not taken into account. The basal shear stress is a more direct
evaluation of the fluctuating forces at the base of the channel, and some authors have
discussed power variations in terms of shear stress (Burtin 2041, Gimbert et al.,

2014). Stream power is also a physical unit of energy expenditure. Some authors have
suggested fluviaseismic energy should be linearly related to stream power (Roth et
al., 2016). The U/U* ratio is a unitless measure of hydraatligihness (flow resistance)

that is used to compare the turbulent energy expenditure among fluvial systems

(Powell, 2014).The primary objective was to characterize the alsingam variability
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of these metrics aénergy dissipation and determine if seiswibservations at the river

reach scale were able to resolve this variability.

Methods

Study Area Description
The site selected for this study is a straight, incised reach dfiaiwest

Branch of the Anacostia Rivewhich is contained in a suburbanized watershath
of Washington, DC (See Figui®). The river crosses the Atlant@ll Line knickzone
and the geologicaboundary between crystalline Piedmdmtdrock and poorly
consolidatedCoastal Plainsedimentsbefore joining the Northeast Branch of the
Anacostianear the tidal limit The selected reach is a 1@@ter longboulder and
cobble bedded stream redobhated downstream of the steegdl Line knickzone The
bed sediment is a thin veneer over bedrockalsb has, steep bankdgue to channel
incision, which is a result upstreathe Fall Line knickzoneabove the Piedmont
Coastal Plain boundar® consequence of this incision is thaany floods remain
within the channelproviding a wide range of {nhannéflows and correspondingly
high values oflow velocities and turbulent intensitieBhe suburban development in
upstream watershed areas generates rapid responsenfgmsrvious surface this
runoff is conveyed by storm sewers to the heads of shartdribs that line the incised
portion of the stream. This interaction between urban hydrology veatdrshed
geomorphologyesults in two hydrograph responses to precipitation evemigital
tributary responsas overland flow runoff is conveyed to thleort, steep tributaries

and a delayed respongenerated by the movement of the flood wave down the main
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channel. The time separation between these two responses is dependent on the

precipitation intensity and spatial distribution of precipitation invilagershed.
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Figure 19: The Northwest Branch study reach is between two USGS gauges and located
Montgomery County, Maryland. The upstream gauge (1650500) is in Colesville, MD and th
downstream gauge (1651000) is in Hyattsville, MD.

Discharge at the Study Reach
The study reach is bounded by two USGS stream gauges which report the

discharge of the Northwest Branch at 15 minute intervals, providing a constraint on the
discharge through the study reach. The instantaneous annual flood peak recurrence

interval was calculated for both the upstream and downstream USGS gauges, using 79
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and 78 years of data, respectively. The downstream and upstream USGS gauges have
a similar basin aremormalized discharge below the 10 year storm (Figure 20).
Therefore, 6ér storms smaller than the 10 year storm, normalizing the discharge by
basin area is appropriate. The largest storm during the study period is the approximately

8.5-10 year storm (instantaneous peak normalized discharge recorded ag/&i32.m

Hyattsville and Colesville USGS Stations on NW Branch
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Figure 20: The USGS gauges upstream and downstream of the research site have similar bas
normalized discharges instantaneous peak discharges that occur on average more frequently th,
10 years. This supports the use of basin area normalization to estimate discharge at the stu
reach on Northwest Branch.

To establish a record of continuous discharge (and water surface elevation,
discussed later) at the research did@0L HOBO® pressureransducergressure
transducers were affixed to metal posts driven into the streamThedpressure
transducers sample the pressure every five minutes, which is corrected to a water depth
using the hydrostatic pressure. A singégometriqoressure transiter deployed at the

site is used to correct fbarometriqoressure variationssing proprietary HOBOwa@&
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software. Then-streamsensorsecord temperature, allowing an account for variations

in fluid density with temperature. Water depth accuracydisie the manufacturer is

0.4 cm of water depth. The top of each pressurettansd r 6 s met al st ake
Using simultaneous water depth readings and water surface elevation measurements, a
continuous record of water surface elevation is createghlyiag a correction value

each time the pressure transducer wade@oyed.

The discharge at the study reach is calculated by establishing a rating curve
between the water surface elevation at the study reach aogdtieam USGS gauge
station near Celsville MD. Its response to storm hydrographs was similar to the stage
response at the study reach, except for an initial tributary response at the study reach.
When this tributary rgmnse is removed and a-8tinute time lagoetween the two
signals(asdetermined by cross correlation) is appliadpoolynomial function is fit to
the stagalischarge relationship to establish a continual record of discharge at the study
reach g¢ee Fig 21). Thebasinareanormalized discharge at the Colesville USGS station
was multiplied by the watershed area of the study rea@hb. upstream pressure
transducer used to create the rating curve was moved between the 2017 and 2018 study
periods, so a rating curve was created for each of the different time periods using the
samemethodology.

Hydraulic and seismic monitoring was conducted during $eparate study
periods: July 287 December 2%, 2017 and July '7i August 1%', 2018. Thirteen
storm events are identified in the 2017 time interval (shown in Figogdanél The
2018 time period (Fig22, bottom panglhad elevated discharge above baseflow during

a series of heavy rain events, so the 2018 period is not broken into discrete flood events.
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Table 3 shows the flood events considered in this study, as well asifideg the

seismicdeployment number.

Discharge-Stage Rating Curve- 2017 Study Period
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Figure 21: Rating curves used to calculate discharge at the study river reach. The ratin
curve is built on the relationship between water surface elevation at the upstream pressur
transducer and discharge athe upstream USGS gauge. Basin area normalization and :
time lag are applied. There is a local tributary response to storm events, which is exclude

for the rating curve fit (purple markers).
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2017 Flood Periods
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Figure 22: The 2017 (top panel) and 2018 (bottom pangeriods of discharge record at the Norwest
Branch research site. The 2017 record is subset into 13 flood events, the 2018 period, which conte
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Flood Numbe Peak Discharge Node Used In
or Interval | Start Time (UT{)End Time (UTQ : Deploymeng Scaling
(cubic meters per second ;
name Number | Analysig
1 7/28/2017 5:00 8/1/2017 16:0( 95.43 1Y
2| 8/1/2017 16:00 8/5/2017 17:0( 8.04 1Y
3] 8/6/2017 17:00 8/10/2017 2:0( 3.47 1Y
4 8/10/2017 22:3(0 8/15/2017 6:0( 8.81 1Y
5 8/28/2017 23:00 8/31/2017 20:0 1.51 2lY
6] 9/1/2017 22:00  9/5/2017 5:0( 4.39 2lY
71 9/5/2017 9:00 9/10/2017 9:0( 3.28 2and 3Y
Control Period 9/20/2017 0:00 9/25/2017 0:0( 0.15 3
8| 10/8/2017 3:00 10/11/2017 12:00 3.94 4
9] 10/11/2017 12:0010/14/2017 21:0 6.22 4
1d 10/28/2017 22:00 11/1/2017 23:0 4.33 4
11 11/3/2017 16:00 11/7/2017 8:0( 1.34 4
120 11/7/2017 8:0011/11/2017 11:00 8.5] 4
13 11/17/2017 12:0011/23/2017 17:0 0.72 5
2018 Periodl 7/22/2018 14:O¢ 8/17/2018 14:0 55.69 6|Y

Table 3: Flood periods used in the study, with seismoster deployment number.

Channel Morphology Measurements
Morphological measurements of thieidy reaclincludedsurveying ten channel

crosssections spaced 10 meters apart to a common arbitrary elevation datum. A survey
level and rod were usedéstablish vertical control, while a leveled survey tape aligned
perpendicularly to the channel established horizontal control. From this surveying
effort on 712-2017, an elevation model was created for the study reach by interpolating
between elevation pats. A single elevation model is used in the following analysis,
with the assumption that minimal channel bed rearrangement occurred over-the one

year study period.
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Northwest Branch Study Reach Elevation Model
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Figure 23: The elevation model created from the survey data for the river reach.
Grain Size Characterization
The grain size distribution at thieeld site was characterized bWolman (1954)
randomwalk pebble counts. Pebble counts were conducted for more than 100 clasts at
nine channel crossectionsspaced approximately 10 meters ap@he 84" percentile
grain sizes (), which are used as a measure of the grain roughness height, are shown
in Figure 25 The complete grain size analysis results are showppendix C Dsa
values in the study reach ranged from 116 to 178 mnghwikicobblesized. Boulders
(> 256 mm) and bedrock outcrops are found along the banks, which contributes to the

confinement of the channel.
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Figure 24: Image of the study reach taken at the most upstream portion o
the study reach, looking downstrean. Image taken October 2017.
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Northwest Branch Data Study Reach Schematic
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Figure 25: Diagram illustrating the data collected at the Northwest Branch research site in June

through December, 2017

Li DAR data from Mary

relief map of the studyreach, with the true location of the nodes used in the study.

Seismic and Hydraulic Instrumentation
Collecting simultaneous seismic, hydraulic, and atmospheric data is required to

interpret the likely source of the seismic vibrations in this stilg.dda presented in

this study was collected during two separate intervals with differing configurations.

The first configuration consisted of six seismic nodes and two pressure transducers and

took place from June $82017 to December 212017. After anaizing this dataset,

it became apparent that an additional lamgegnitude flood was needed to confirm the
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fluvial and seismic results at high discharge. So additional data was collected from July
7" to August 18, 2018. To examine variability ienergy gadientand seismic
observations in greater detail, three pressure transducers and seven seismic nodes were
deployed.

Seismic datavascollected from Fairfield Zland thremomponent seismic nodes,
recording at 250 Hz sampling frequencyhe nodes consistf dhree orthogonal
geophonesThe seismic nodes are deployed withir
spade, leveling the node with a bubble level, and orienting them to true north. The
nodeswere placed in the Ishapedarray shown inFigure 25 whichis desiged to
characterize the alonthanneland acros€hannelvariability of seismic energy note
that the configuration of these nodes was altered slightly between the 2017 and 2018
deployment of the nodes. The nodes are able to record data for approximatays 30
before replacement. In 2017, five separate deployments were conducted as shown in

Table3. In 2018, a single additional deployment was undertaken.

Calculating Metrics of Fluvial Energy Dissipation
Hydraulic variables were computed from this time series of discharge, the water

surface elevations provided by the pressure transducers, and the survey dat. Table
shows the hydraulic variables computed from this data. Each of the eleven cross

sections Wl have a time series of shear stress, U/U*, and stream power.

Table 4: Metrics of Fluvial Energy Dissipation

Variable Formula Units
Water Surface |~y . whereO andO arethe elevatiosof thewater | Unitless

Slope surface at the upstreamdaghownstream gaugerespectively,
andQis the distance between them.
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Radius, andt is the kinematic viscosity for water, §®n?/s

Velocity Head ® Y T¢"Qwhere U is the crossectional mean velocity an m
g is the acceleration due to gravity

Energy Gradient | ~y . whereO andO arethe elevation of | Unitless
thewater surface at the upstream aasvnstream gauge
respectively, and> andwis mean velocity head at the twa
cross sections closest to the upstream and downstream ¢
respectivelyandQis the distance beeen them.

Cross Sectional |5 B for all channel m’

Area of Flow .
segments wherew @ 0 Vid QUL WOOXR'AG QUL WO NQE

Wetted Perimeterl P =B @ ¢ ¢ MO for all channel segmenitsvhere | m

of Flow WO VIGEQL WORAA QU WO Q¢ &

Hydraulic Radius| R = A/P m

Shear Velocity | ¥  "Q'YY, where'Qis the acceleration due to gravity an¢ M/s
theenergyslope Sis used as an approximation of si(

Mean Velocity |"Y 070, where Q is the discharge. m/s

Unit Stream 1 ——, where” is the density of water ardis the Watts/nf

Power channel width and thenergyslope $is used as an
approximation of sin{.

Mean Boundary | [ " "QY and theenergyslope Sis used as an Pascals

Shear Stress approximation of sin{.

Froude Number o Y Unitless

QY
Reynolds Numbe| 'v'Q —  where U is the mean velocity, R is the hydraulic| Unitless

Potential for Bedload Transport
In cobblebed streams in which the bed material is a mixture of grain sizes,

significant movementf bed material requires movement of larger particles so that the

smaller ones are able to move. The basal shear stress required to mosegttzenD

size is commonly use identify if significant movement of the bed material via bed

breakup is occurrip Bedload transpornayoccur at lower shear stressparticularly

in zones with smaller surface bed partictbgs movement will not significantly reform

the channel ogeneratesustained bedload movemehtitiation of motion is defined
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using the ctical dimensionless shear stress criterigit, which is the ratio of théasal
shear stres® grain resisting forces (Shields, 1938). Heterogeneous beds break up at
lower dimensionless (e.g. Parker and Klingeman, 198dhg the B34 as the reference

grain size, the equation is
, T
T ” ” "m c 0

Wheret is the basal shear stre’ssjs the sediment density assumed to be quartz
(2650 kg/m), 7 is the fluid density (water;aD0 kg/nd), g is the acceleration due to

gravity andO is the 84 percentile grain size. For a cobble bed stream in, the
dimensionless shear stress required to move grains is experimentally determined to be
0.045(Komar, 1987; Petit et al., 2019nseting the constant values and rearranging
to solve for the critical shear stress, we find that
xcar O 7 T
Using the range of favalues determined at the cross section positions shown
on Figure23, which range from 0.120 to 0.176 m, the critical shear stresses to enable

bed breakup is estimated to range from 87.4 to 128 Pascals.

Potential Non-Fluvial Sources of Ambient Seismic Energy
Because atmospheric phenomena (primarily precipitation and)vagan create

high-frequency seismic signals (i.e. Roth et al., 201),dosest, highest resolution
atmospheric data possiblas collectedo assist in signal interpretatiori3ata from a
personal weather statigRWS) KMDSILVE44, which provides raiafl intensity and

wind gust speeds at five minute intervals and is located approximately 1 mile from the

study react{Weather Underground, 2018)
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As the study location is within an urbanized area, the noise from traffic is a
potential source of higfrequency seismic interference. During the 2017 and 2018 time
period, hourly counts of the total number of cars on the nearest major interd&fe, |
were retrieved from permanent monitoring statiRf041located.82 miles West of
Maryland State Route 650 on Intersta#9b. The source of the data is the Maryland
State Highways Administration (2018), as reported on the Internet Traffic Monitoring

Systen (I-TMS). The total of both eastbound and westbound traffic was used.

Results

Reach Hydraulics

At-A-Station Hydraulic Geometry N
At-ast ati on hydraulic geometry i2 the rel

and its width ¢ , mean depth@, and meawelocity (Y at a particular cross section.
The width, mean velocity, and mean depth are constrained to discharge by continuity.
The power relationships between width, mean velocity, and mean depth with discharge
are formulated as power relationships, #mel scaling exponents and coefficients are
useful empirical measures of channel shape and roughness (Leopold and Maddock,
1953). Using the channel elevation model presented in Figure 23 and the hydraulic
variables described in Table 4, simulated hydraggiometry relationships at each of
the eleven cross sections in the study reach are created. Each relationship is constrained
so that:

0 Tyzdzo Cu
and adjusted so that the exponents sum to 1 andatbiicients multiply to 1, as

described by Leopold and Maddock (1953). The coloring on the figure indicates the
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downstream position of each cross section. In this analysis, the channel is assumed to
remain constant throughout the study period and théalige is calculated from the
simulated rating curve shown in Figure 21. Only discharge data from timeosith

2017 dataset is used in the below analysis. The coefficients and exponents for each
crosssection are listed in Appendix.

In the simulated a#-station hydraulic geometry, in many of the cross section
locations, there are three breaks in slope representing three distinct channel shapes.
Figure 26 shows the a#-station hydraulic geometry relationships for the three cross
sections closest to three alongchannel nodes. Node 1 is upstream and Node 3 is
downstream. The two upstream cross sections display a fairly continuous scaling with
discharge above 0.8%s. The most downstream cross section, is wider, deeper, and
slower at low discharges.b&ve a discharge of 15%gec, there is a break in slope at
this downstream cross section. The increase in discharge becomes increasingly

accommodated by increases in width, rather than increases in discharge and velocity.
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Figure 26: Hydraulic Geometry Relations for three cross sections adjacent to nodes31 There are two
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low discharge and has a decreasing velocity exponent at the highest discharge.

Because the greatest seismic energy is observed at high discharge, the hydraulic
geometry during the highest discharge is of most interest for this feeisinic study.
According to Leopold and Maddock (1958 the velocity scaling exponent is greate
than the depth exponent, the reach can be classified as a pool. In a riffle sequence, the
depth exponent exceeds the velocity exponent. Figoigh@ws the depth exponent
divided by the velocity exponent as a function of downstré@tance for the 11 oss

sections measured in this study. The relationship between these two exponents is fairly
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uniform and the velocity exponent does not exceed the depth exponent except for in a
single cross section 60 meters downstream. The ratio of the depth expohentittil
exponent describes the shape of the channel, with higher values leading to steeper sides
(approaching a rectangular shape at infinity). Again, the channel shape is relatively
uniform throughout the reach, though the steepest banks appears att€88® me
downstream. At this cross section, the stream is particularly shallow and wide, with

steep banks.

High Discharge Simulated Hydraulic Exponent Relationships
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Figure 27: The top panel indicates that the velocity exponent is generally greater than the
depth component, which is typically seen in pools. Theottom panel displays that the
depth/width exponent ratio, which reveals the steepness of the channel banks. The hydraulic
geometry relationships for the highest discharge indicate a wider and shallower section is
present at 60 meters downstream.
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Water Surface Slopeand Energy Gradient Dynamics
The energy gradient consists of the sum of pressure energy, kinetic energy, and

potential energy. For uniform and steady flow, the energy gradient of the river is equal
to the water surface slope should dgba slope of the bed. In many fluvial studies,
the approximation of uniform and steady flows is made. In the study reach during
floods however, there areariations in channel geometry that leads to downstream
variability in the mearvelocity, due to tle conservation of mass in the reach section.
In this case, the energy gradient is not equal to either the water surface slope or the bed
slope. Calculating the true energy gradient would require observations of flow velocity,
hydrostatic pressure, and flodivergence or convergence at twoints along a
streamline. In the followingnalysis,the variations in water surface slope are first
assessed, then the effect of velocity variations in the reach is accountdeefemenigy
gradient is approximated ugirihe average of the meflow velocitiesthe two cross
sections closest to the pressure transducer locations.

The relationship between water surface slope and discharge in the study reach
suggests that the upstream and downstream river sections beferently during
floods. Figure28 shows the water surface slopes observed in this study for the 2017
and 2018 study periods. In the upstream section (from 0 meters downstream to 55
meters downstream) the watenface slope steepens with increases irhdige,
approaching a maximum slope of 0.005 at high discharge. In the downstream section
(from 55 meters to 85 meters downstream), the slope slightly insngakalischarge
up until approximately 10 #s, then begins to decrease in slope, also apprapahin
slope of 0.005. Observations of flow behavior at 33 rfon July 22, 2018) and 1

m%/s (on July 3%, 2017) were collected on video. In both cases the upstream section
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had deeper, slower moving flow than the steeper downstream section, conststent wi
the slope observations.
The decreases in slope at high dischargenéeepretedo result from the bed
elevation profile, as depicted in the conceptual diagram in FRQur&s the river
approaches bankfull stage, the water surface forms a singie $iloge which
submerges the variations in bed slope. This linear slope decreases at higher discharge,
as the riverdéds velocity is slowed by addit
The effect of this flattening out is far more pronounced in tvendtream section that
the upstream section. As a result, applying the overall slope between 0 and 85 meters
downstream would be inappropriate for calculating basal shear stress at the locations

of nodes 1 and 2.
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Discharge With Time
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Figure 28: Panel A shows the dischargeollected for the 2017 time interval in red and the 2018 time
interval in blue. Panel B shows the upstream and C shows the downstream gradient in water surfac
elevation as reported by pressure transducers, whose location is shown in Figufe Panel D stows the
slope for the entire river segment, which was recorded in both time intervals and shows similar dynamic
with discharge in both years. The upstream reach gets steeper with increasing discharge while tl
upstream reach becomes less steep above 18%an
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Figure 29: Conceptual diagram describing the water surface slope dynamics observed in the study reac

In the study reach, the cross sectional area at high discharge is smallest at the
most upstream gauge, increases at the gauge 55 meters downstream, then decreases
again at the gauge 85 meters downstream. As a consequence of this, including the
velocity heas leads to a steeper energy gradient than water surface slope in the
upstream section, as water decelerates in this portion of the reach @gurethe
downstream section, water slightly accelerates, leading to a less steep energy gradient
than watesurface slope. Including the velocity head suggests that at*/&@here is
a reversal in gradient such that the upstream portion approaches a gradient of 0.006
while in the downstream portion the slope approaches 0.003. The apparent sharp
break in slop at 55 meters downstream reflects that the energy gradients in these two

sections are the average gradient and a sharp break in slope is not necessarily
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expected at the middle pressure transducer.
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Figure 30: Energy gradient and water surface slope ithe study reach during the 2018 study period.

Thewater surface elevation 86 meters downstream was not collected during
the 2017 flow period when the greatest discharge was observed. In order to reconstruct
theenergygradient in this section of theusly reach, the relationship between discharge
andenergy gradienfrom 2018 was fit with a piecewise power function. This fitting
method was determined due to a break in slope in the relationship at approximately 1
m°/s. The fitted relationship is showmFigure 31 below. Abnormally low slope values

at high discharge were excluded from the analysis. These could be related to the
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channellateral inflow of the tributary just upstream of the study reach. The range of
the discharge in the 2018 dataset isamgreat as the 2017 dataset, xdoapolation
along the red fit line in Figurlis required. In the 55 to 85 meter river segment, the
complex behavior was fit with a polynomial function. As consistent with the conceptual
diagram above, the slope wasrapblated to gradientof 0.0® using a linear function

to reach the highest discharge observed in 2017.
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Figure 31: The left panel shows the relationship betweeenergy gradientand discharge, fit by two piecewise
power functions. Theenergy gradiert-discharge relationship is extrapolated at the maximum discharge observe«
in 2017. The left panel is the relationship betweeenergy gradient and discharge, fit by a polynomial relationship
and alsoextrapolated to a value of 0.002

Using theseenergy gadientdischarge relationships, observations of water
surface elevation, bed elevation, and grain size, the hydraulic variables are computed
for the entire range of discharge values during the study period. While 11 channel cross
section elevations wererseyed (to a distance of 105 meters downstream), there are
only energygradient observations to the downstream pressure transducer at 85 meters
downstream. The hydraulic variables are only calculated to 80 meters downstream as a

result. The results for theine cross sections are shown in Figu?e \8ith blue and
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pink colors representing the upstream segment and brown and black colors representing
the downstream segment.

In Figure 32 and 2b, the hydraulic radius and maximum depth increase with
dischargein a way that reflects the channel shape. Fig@a i8 equivalent to the
average depth scaling presented in the hydraulic geometry relationships above, while
in 32b the increases in maximum depth reflect the stage increases. An estimated power
fit is shown in Figure 2b for use in a later sectiothe fit slightly overestimates at high
discharge but is a reasonable estimate. FigdeesBows the crossection average
shear stress, which is much lower than the esestion maximum shear stress shown
in Figure 2d due to the low depth sections at the channel margin. In both shear stress
figures, the influence of the water surface dynamics is evident: at low discharge, the
steeperdownstream river section hashmher shear stress. Above 36/snthe shear
stressin the downstream sectiatecreases due to decreasamgrgy gradientAt high
discharge,a shear stress reversal is observBlde shear stress required to initiate
motion for bedload with a §#20f 120 mm is shown in Figure8. While in the deepest
portion of the channel (Figur@@), bedload transport is expected to occur, bed breakup
is not expected as the mean shear stress (Figa)ed®es not approach the shear
stresses required to initiate motion.

The calculated mean velity, shown in Figure 3, increases nearly linearly
above 10 rfis to 4 n¥/s, which is very rapid. With increasing discharge, the channel
becomes increasingly hydraulically smooth, as indicated by the higher U/U* ratio in
Figure 2f. The unit stream powewhich includes water surface gradient has different

behavior in the upstream and downstream river segments and increases tdQearly
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watts/nt in the upstream portion of the reach 100 wattsinthe downstream portion
(Figure 2g). The Reynolds numbeFigure 2h) increases nearly linearly, indicating

that highly turbulent flow is present. Submergence, or the ratio of the depth to the
particle roughness as represented by theibcreases similarly to Figur@a, though

there is additional variabilitgue to the differing grain sizes observed at each river
cross section. The Froude number, calculated with mean velocity, increases to near one
at the highest discharge. As the local velocity within the channel will often exceed the
mean velocity, there ia reasonable expectation that supercritical flows are observed

during high discharge.
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Hydraulic Variables of Upstream Portion
of NW Branch Study Reach
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Figure 32: Relationships between hydraulic variables and discharge for nine cross sections for whiehergy
gradient is available. Blue and pink colors represent ta upstream reach and the upstream slope is used to calculat
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Hydrzaulil:: Roughness Using 2018 Discharge-Slope Relationships .
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Figure 33: The top panel shows the relationship betweeld/U” and submergence. The steeper downstrean
river segment is hydraulically rougher than the upstream segment. The bottom panel shows the rive
depth to the roughness height, & As defined in Gimbert et al. (2014), Kis three times the Bo.

The top panel of Figur83 shows the submergence and U/U* relationship, a
dimensionless way to represent the resistance to flow in the channel. The downstream
river segment is shown to be hydraulically rougher at low relative submergence. The
valuesindicate the channel is rougher than the relationship established by Leopold and
Wolman (1957) for gravedt low discharge, though at the highest discharge the channel
becomes as hydraulically smooth as the relationship established for a flume (Keulegan
(1938). An explanation for the high observed U/U* values is that the incised and

channel contains the flow, allowing for greater water depths and greater hydraulic
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smoothness than an-imcised channelThe bottom panel shows the maximum river

depth to roughnesslght (three times thed) as defined in Gimbert et al. (2014).

Observed Seismic Power
The threecomponent seismic signal recorded by the nodes was processed

identically to the methods in Chaptfor the Oroville Dam dataset, though in five
minute timewindows rather than hodong time windowsFirst, instrument response

was removed using response information provided by Ringler et al. (2048).
correctedsignal is divided into 19 evelength subwindows, each of which are tapered
with a hamming winde and overlap by 50%. The Fast Fourier Transform of each
window is calculated and the signal power at each frequency averaged across the 19
subwindows. The result of this processing is a timeseries of the averagarfive

power spectral densiip 3751frequency bins from 0.033 Hz to 125 Hz. A timeseries

for the power in each component as well analysis is used to characterize the stream
dynamics. The time averagiegployedimits the influence of transient events in order

to isolate the ambient seisnsgnal.

Anthropogenic Diurnal Variation in Seismic Noise
Although the study location within Burnt Mills East Special park was selected

due to its distance from roadways, a diurnal variation in the ambient noise shows that
the seismic observations are u#ghced by anthropogenic noise, likely including traffic.
This anthropogenic signal appeacsoss droad range of frequencies. FiguesBows

the daily variability during a week in September 2017 when no precipitation occurred
and the Northwest Branchmained at low baseflow conditions (discharge is less than

0.15 ni/s), so the source of the variability is not fluvial. This daily signal is observed

95



in all three components, at all frequency ranges above 1 Hz and has an amplitude of
approximately 15 decile In Figure 3, this daily signal is highly correlated with the
number of vehicles per hour (both eastbound and westbound}@m The top left

panel shows that the normalized, scaled signals of traffic and seismic power oscillate
daily. The other thre panels show a semi log relationship between seismic power (in
logarithmic decibel units) and the number of cars per hdonever, the source of the
anthropogenic data is likely all area roads and human activity, so the number of vehicles
per hour shouldbe considered a proxy for human activity.the 2630 Hz band, the
ambient noise environment ranges frefi0 to-115 dB in the horizontal components
and-125 to-115 dB in the vertical component. The discrepancy between components

will be discussed in kter section.

Control Period- Baseflow Conditions

-90

-100
1110 ®
L
A
— -120 %Y
3 E
130 @
g g
S -140 &
5 @
L -150 2
s B

-170

-180

(?9/20 09/21 09/22 09/23 09/24 09/25 09/26
Time
Figure 34: Spectrogram showing the fiveminute average power at each frequency bin
for a period of low baseflow conditions in September, 2017. A daily increase in power |
evident, across a broad range of frequencies. The figure showke North-South
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While it may seem possible to remove thaly noise signalefforts to do so
resulted in the removal of all observed fluvial signals. In the urbanized and flashy
stream, the duration of storm hydrographs teroapproximately one day, so filtering
a daily oscillation removes the desired response to storm hydrographs. Therefore, in
the following analysis, the daily signal remains and sets the threshold above which the
fluvial signal is distinguishable from tHeackground noise environment. Figudé
shows how there is little relationship between river discharge and seismic power below
5 m¥sfor Node 1 during the 2017 study peridthe figures for all nodes are shown in
Appendix E.This discharge is therefore defined as the threshold for which the river is

observable in the noise environment and with the instrumentation.
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Control Period Traffic and 20-30 Hz Seismic Power
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Figure 35: Relationship between daily power variation in the 2680 Hz band for Node 2 and traffic counts
per hour on |-495. Figure ®a shows the scaled traffic and power time series. Traffic typically peaks in the
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Figure 36: Relationship between river discharge and fivaninute mean
power in the 20-30 Hz band. Above 5m¥s, thereis a relationship between
seismic power and discharge. Below this threshold, ambient noise is tc
great to observe the river.

Spectrograms of Five-Minute Average Power
The dynamics of seismic power observed by 1s¢@am nodes are summarized

using seismgrams of the fivaminute mean power in each component. Figirgi®ws

the spectrograms for the first and largest flood event. The power in thesoatth
component is shown, though all three components show similar patterns. Appendix
shows the spectrogms for the first week of data collected in the 2018 interval. The
discharge is shown as a black line on the spectrogram figures. The spectrograms for all
flood events show several common features.

First, at low discharge in the Northwest Branch, thergiuvariability present
during the #fACont rioreadily apeareit.Secongppver ongllrsie g r a m
nodesincreases in thé0-120 Hz band during precipitation evergBghtly precethg
river dischargeincreases The sharp increases in power drghly related to
precipitation rate, shown in green on the spectrogram figures. This is most apparent in
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Node 5, which is furthest from the river. The20 Hz band examined in greater detail
in a later section has limited influence from precipitatiomaddes 1 through 3, which
are closest to the river, increases in power during high discharge are maintained across
a broad frequency range. In nodes 4 and 5, the power increases at high discharge are
not sustained for a long time.

Node 3exhibits behaviounique among the nodeBigure 3 shows a closer
look at the Node 3 NortBouth component spectrogram from 0 to 50 Hz. At a river
discharge above approximately 0.5/snincreases in seismic power occurs at discrete
frequencies, which appear in thgectrograms as a series of equally spaced horizontal
lines. With changing discharge, the frequency of these high power bands changes. At
higher discharge, the frequencies become lower. On the falling limb of the hydrograph,
these horizontal bands plateaand then abruptly change at a discharge of
approximately 0.5 ffs.

We attribute these characteristicswm downed trees extending into the river
near Node 3, shown at baseflow and at the falling limb of a hydrograph in Fgjure 3
The trees are likelyilrating with the turbulence of the river flow. These vibrations
appear as harmorsg the spectrogram, which vary with discharge as the length of the
un-submerged section (and therefore the resonant frequency) changes with river stage.

The equation desitring the resonant frequency at various integer modes N is

00
0 cCo
wheref is the frequencyi\ is the mode numbey,is the velocity of the wave, artis
the length of the oscillatoFor a tree laying on the bank, the velocity of the wave within

the tree trunk is assumed to be constant. The frequency will therefore depend inversely
100



on d. As the length of tree extending submerged in the river is the oscillating
component, the frequenof oscillation should decrease with increasing discharge as
observed. Since local effects of the submerged trees appear to be significant
contributions to the seismic signal throughout a broad range of frequencies, the seismic
data from Node 3 is considereompromised by the tree interference. Node 8, deployed
during the 2018 time period, also shows the effects of tree resonance, as it is the next

closest node. Spectrograms for Nodes 3 and 8 are shown in Apgendix
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Figure 37: Spectrograms of fiveminute mean power at each frequency bin in the nortisouth component.
The data for the first and largest flood (recorded in 2017) is shown using the six nodes deployed at t
time. The black line indicates the discharge while the green line indicates the pipitation rate recorded
by a nearby weather station.
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Five-Minute Average Power and Hydraulic Variable Scaling
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To investigate the alorgtream variability of fluvial energy dissipation and the
most appropriate metri¢co characterize fluvial energy dissipation, the scaling
relationships between the discharge, maximum shear stress, U/U*, ananthaté
mean power is examined. The-20 Hz frequeng band is selected due to the lesser
influence by precipitation events.

Discharge

In Chapter2, a power function relationship between discharge and seismic
power is identified and is used to infer information about the turbulence within the
Oroville dam flood control spillway. At the river reach scale, the scaling exponent
between seismic power has been examined by previous authors to infer variations in
turbulence and bedload transport (Roth et al., 2016; Gimbert et al), ZijGre 3
shows the relationship between mean seismic power in #3@ 2 Frequency band
for all eight nodes. Data collected from July"28 September 9 2017 is displayed
using black markers and fit with a red power function. Data collected from Jiflyy 22
August 17", 2018 is displayed using blue markers and fit \&itjreen power function.

Not all nodes were collecting data during bothdiperiods, as shown in Figure.25

The scaling relationships between seismic power and discharge have some
consistent trends among the different observation locations. For all nodes except Node
5, which is furtlest away from the river, the horizontal components have a greater
scaling exponent than the vertical component. This is consistent with observations
reported by Anthony et al. (2018), Barriére et al. (2015), and Schmandt et al. (2013),
all of whom reportedreater responsiveness to discharge in the horizontal components

of nearstream geophones. There is greater variability in the 2018 seismic dataset
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compared to the 2017 dataset, which is represented as Idweaiu@s in the power
relationship fits. Theaason behind this difference in the variability of the seismic
observations is not clear, though the presence of nearby construction activities, initially
assumed not to take place while the river is flooding, may be a contributor to the
variability in sesmic power.

For several of the nodes, there appears to be two parallel lines with the same
slope though different coefficients in the power relationship, particularly below 8.5
m®/s. To examine if this may be due to the daily anthropogenic noise obsertned
site, the seismic power and discharge results were colored by the hourly rate of
cars/hour on-K95 during that interval. These results are presented in Appéhdix
These lower power intervals do occur at low traffic volumes, indicating a potiential
the scaling results to be biased by the daily oscillation of anthropogenic activity. As a
first-order evaluation on the influence of human activity on the discimoger scaling
exponents, the scaling analysis between discharge and seismic powerfoasgul
for only time intervals where the traffic volume 6A95 was below 5000 cars/ hour.
The results presented in Appendbshow that the scaling exponents are only slightly
affected by limiting the analysis to these periods, while thedtues aralecreased.
The highest discharge happened to occur during periods of high traffic volume, so
excluding all high traffic volume time periods limits the range of discharge
observations. Therefore in the following analysis, we use all available data tatevalu

scaling relationships.
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Figure 39: Discharge and power scaling relationships for all eight node positions in this study. Blacl
markers and red curves indicate 2017 data and power relationships, while blue markers and green curve

20-30 Hz Power vs. Discharge Results
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indicate 2018 dah and power relationships.

between discharge and seismic power, Node 3 shows a more complex relationship. At
high discharge, the seismic power levels off or even slightly desseaseating a
relationship not fit well by the power relationship. This behavior is most noticeable in

the horizontal components. The scaling exponents anvalRes for Node 3 are lower

While the observations at Nodes 1 and 2 show a consistent power relationship
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than Nodes 1 and 2. The decrease in seismic power at high dischaegeed in Node

3 is likely a result of the vibrations of the two downed trees adjacent to the node, as
discussed previously. The seismic vibrations produced by the trees appear to move to
lower frequencies at high discharge, which could pass out of0t#3€ Bz frequency

band.

While the 2030 Hz frequency band qualitatively provides the best relationship
for all nodesthe varying riveito-seismometer distances across the array may lead the
peak frequency of the fluvial noise to be at a different frequband Figure40shows
the scaling exponents obtained from the power relationship between mean seismic
power and discharge aboem?®s in 10 Hz frequency bands. The figure shows
relationships established using the July' 28September @ 2017 for the six nodes

deployed in 2017.
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Power-Discharge Scaling At Varying Frequencies Using 2017 Dataset
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Figure 40: Left column of figures indicates the powetdischarge scaling exponent in 10 Hz bins for eact
node. The right column shows the Rvalue. R and scaling exponents are greatest generally between Z
and 50 Hz. The greatest exponents anc’Ralues are observed in Nodes 1 and 2, closest to the river, whi
Node 5, furthest from the river, has lower values of both.

In general, the three nodes et to the river (Nodes and 2 are most
responsive to variations in discharge, though Node 3 has a lower scaling relationship
andits power is less well correlated with discharge therdes 1 and 2. ThHode
furthest from the river (Nde 5) generally hate lowest power scaling exponent. The

greatest linear fit between power and discharge for all nodes occurs in frequency bins
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between 20 and 50 Hz, supporting the use of thke®dz frequency band in following

sections because of the consistent higlvaue across components. Figd@shows

that the scaling relationship is greater for the two horizontal components than the

vertical component. Greatef Ralues are also observed in the horizontal components.
If the scaling exponent is to characterike turbulent energy dissipation in a

stream, as proposed by many authors, this scaling should be stable and reproducible

between field sites. One largely unexplored issue in the fkgeiaimic literature is how

far away a seismic observation should benfrie river. With the array geometry of

this study, we can observe how the power scaling exponent awed-\Riry with

distance from the river. Figud#l shows the relationships presented in the previous

figure for all threecomponerg. There is a strong laionship between the exponent

and R, with Node 3 serving as an outlier with a lower exponent than expected for its

R2 value. The nodes furthest from the rivergdd5) typically have the lowest of both

values and the nodes closest to the river hawitjhest of both values.
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Figure 41 There is a correlation between Rvalue and scaling exponent in the frequency
bins examined. Node 3 is an outlier due to the previously discussed tree interference.

The relationship between?Rnd scaling exponent is likely caused by the
background noise environment. Ambient background noise will have a greater relative
influence on the seismic power observed at low discharge than at high discharge.

Therefore, increasing the ambient backgrounidenwill decrease the exponent of the
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scaling relationship and increase the variability in the power and decrease the fit of the
line. A simple synthetic example of this is presented below.

First, the raw seismic data from theS\component for Node 1 dng the first
flood was selected as the sample dataset. Two separate frequency bands are considered
the 2030 Hz band and the 9100 Hz band. Second, noise was added to the raw data.
The noise is drawn from a randemormal distribution. Seven differenbvise scenarios
were considered, each with a logarithmically increasing standard deviation. Third, the
data were processed to retrieve the-fiviaute mean power time series. Figdez
shows that increasing amounts of noise progressively decreased thg sgpbhnent
and R value. The 2@B0 Hz band has a high?Rvalue, while the influence of
precipitation in the 9400 Hz band leads to a high degree of scatter in the relationship.
Figure 4 shows the relationship between the exponent ahdaRe for the wo
frequency bands. For the -0 Hz band, the relationship is loosely logarithmic,
mirroring the shape of the 28D Hz band shown in Figud8. The 96100 Hz band is
linear and occurs at lower’Ralues, also mirroring the relationship shown in Figure

41.
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Figure 42: The raw seismic data has noise from a random normal distribution added incrementally, with a
logarithmically increasing standard deviation. The fiveminute mean power in the 2630 Hz frequency
band (blue markers) and 90100 Hz band (orangemarkers) is shown for the 8 noise scenarios. With
increasing added noise, the Rand slope decrease.
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Relationship Between Noise,Scaling Exponent, and R?

20-30 Hz
187

1e-06
16T / 1

90-100 Hz ®

5e-07
127 J

1e-07

— 5e-06

Exponent
| |

06 b 5e-08

Standard Deviation of Added Noise (m/s}

047
1e-08

02r

D ' -
1 1 1 1 1 1 1 1 1 D
1] 0.1 0.2 03 04 0.5 06 07 08 09 1
R Squared
Figure 43: As the standard deviation of the added noise increases, thé &d Exponent

The above synthetic example demonstrates how backgroors® from
anthropogenic or other noise sources affects the scaling relationship between discharge
and seismic power. The results suggest that comparisons of this scaling exponent
among different study sites must consider noise sources in their integoresations
further from the river will have a lower fluvial signal to noise ratio, which decreases
the exponent and?Rvalue.

Basal Shear Stress
Bas al shear stress in a river i s often

transport material. As discussed earlier, shear stress (and shear velocity) is also related
to the turbulencelriven fluctuations in the thremdomponent velocity stream teseries
at the river bed. Basal shear stress will take into account the variati@meigy

gradientand river depth at a given discharge, making it a better unit of comparison
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between river systems than the discharge alone. The calculation of maximalm bas
shear stress is dependent on the slope oéileegy gradientHowever, duringnost
fluvial-seismic studies to date, a single value of river slope is used (e.g. Gimbert et al.,
2014). As detailed in an earlier section, in the urbanized and ragdhng Northwest
Branch, the river slope varies with stage.

For fluvial-seismic evaluation, it is assumed that a 1s#@am seismometer
observes the flow dynamics within the river section closest to it. It is also assumed that
the maximum basal shear stregh contribute most to the seismic signal. Therefore,
the maximum basal shear stress in a cross section is used for comparison to the seismic
signal. The appropriateness of this assumption will be explored in the discussion
section.

In Figure 44 the seimic power is plotted against maximum basal shear stress
using three different slope values. The first slope is using the entire reach slope (0 to
85 m) from 2018, which decreases at high discharge. The second slope uses a single
value of 0.005, which is ¢hhighdischarge slope and a slope that is observed from an
elevation profiles of LIDAR data at the study reach. The third slope is using the
upstream (0 to 55 m) or downstream (55 to 8Bngrgy gradientising the discharge
energy gradientelationship pesented in an earlier section. The maximum depth at
each cross section during each five minute interval aneinéegy gradierduring each
five-minute interval is used to calculate basal shear stress. The3@mrth component
of all five nodes along thever are displayed in the figure in order of their arrangement
along the stream. Nodes 1, 2, and 7 are in the upstream section, while nodes 3 and 8

are in the downstream section.
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The results show that seismic power corresponds least well with thd apial
for Nodes 1 and 2, confirming that the slope decreases at high discharge do not
influence the basal shear stress at the upstream node sites. There is a high degree of
variability in the Node 7 data, the reason for which is not clear. As shown pigyious
the data for Node 3 is affected by the resonant vibrationsstféam trees, which may
explain the apparent decrease in seismic power at high shear stress.

In the upstream study segment, the scaling relationship between the shear stress
and seismic gwer is much greater using a single value for slope, since in this scenario
shear stress is onlyfanction of river stage. Because of the high constant slope used,
the shear stresses for low discharge using this method are an overestimation. Using the
river slope that varies with stage (third column in Fg), the scaling exponent is much
lower for the upper segment, since basal shear stress increases more rapidly with

increasing seismic power.
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Figure 44: The relationship between maximum basal st stress in the closest stream cross section and seismic power for the five alstrgam nodes. The
nodes are shown in order of placement from upstream to downstream. Blue symbols indicate data collected during the 2018 shetiod; black symbols indicae
the 2017 study period. The first column uses the water surface slope from 0 to 85 meters downstream, the second uses a\&ihggeof slope, and the third uses

the water surface slope for the closest river segment.
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