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1 INTRODUCTION

As more dams reach the end of their useful lifespans (Graf 1999, Hart et al. 2002,
O’Connor et al. 2015) and the decommissioning of dams gains popularity as a river restoration
strategy (Grant 2001, Pizzuto 2002), it is increasingly important to understand how a site will
respond to removal of dams and weirs. While the response of rivers to dam removal has been
studied from the perspective of geomorphological processes and sediment transport (Pizzuto
2002, Kibler et al. 2011, Wang et al. 2014, Grant and Lewis 2015), questions remain regarding
the fate of sediment released from the reservoir. Understanding the distance and rate at which
stored reservoir sediments may move following barrier removal will improve predictions for
critical management concerns, including aquatic species habitat (Greig et al. 2005), channel
stability (Doyle et al. 2003), flood risk and infrastructure (Born et al. 1998), and water quality
(Riggsbee et al. 2007, Tuckerman and Zawiski 2007).

Researchers commonly analyze the sediment released with dam removal as a wave or
pulse (sensu Lisle 2008) of sediment, which facilitates describing the timing and location of
transported sediment in terms of translational and dispersive behavior. The pulse is delineated
by the apex and the upstream and downstream edges. The apex and both edges of a purely
translational pulse migrate downstream at uniform rates, while a dispersive pulse is
characterized by diminishment of the longitudinally-stationary apex and lengthening of the
distance between edges (Lisle et al. 2001, Kasai et al. 2004). In both cases, the amplitude of the
apex diminishes (Cui, Parker, Lisle, et al. 2003). The impacts of dispersive pulse evolution will be
concentrated in one area, while those of a translational pulse will propagate farther
downstream (Pizzuto 2002, Cui, Parker, Lisle, et al. 2003). Flume studies indicate that dispersion
generally characterizes pulses in gravel-bedded streams, but some degree of translation may
also occur (Lisle et al. 1997, Cui, Parker, Lisle, et al. 2003, Lisle 2008). For the purposes of this
study, dispersive behavior is said to dominate pulse behavior when the measurements of

dispersive movement exceed those of translational movement.
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Past work has considered how site conditions affect pulse behavior. Translational

behavior has been observed in flume experiments when the Froude number is low (Lisle et al.
1997, 2001), when the pulse material is finer than the ambient bed material (Cui and Parker
1997, Cui, Parker, Lisle, et al. 2003, Sklar et al. 2009), when the pulse size is small relative to the
channel (Lisle et al. 2001, Sklar et al. 2009), and when peak discharge reaches at least three
times the entrainment threshold discharge (Humphries et al. 2012). Numerical models also
support an inverse relationship between Froude number and translational behavior (Lisle et al.
2001, Cao and Carling 2003, Cui, Parker, Lisle, et al. 2003, Cui et al. 2005, 2008).

Froude number, sediment grain size, pulse volume and discharge values relate to pulse
behavior as descriptors of the stream’s ability to transport sediment. The Froude number
compares the velocity and geometry that influence a site’s sediment transport rate. A low
Froude number characterizes conditions of low velocity relative to depth (Williams 1970), and a
trend has emerged from flume and field experiments that translation is only observed at
Froude numbers of 0.4 or lower (Meade 1985, Lisle et al. 2001b, Sutherland et al. 2002, Cui,
Parker, Pizzuto, et al. 2003), suggesting that a threshold may exist. The pulse sediment grain
size affects the mobility of the pulse material. When the pulse material is finer than ambient
sediment, the pulse sediment is more mobile and therefore it is relatively easier for trailing limb
to be transported downstream (Lisle et al. 2001). A large pulse may obstruct flow, reducing
sediment transport capacity upstream (Lisle et al. 2001, Cui et al. 2003) and encouraging
deposition on the upstream edge of the pulse (Sklar et al. 2009) that prevents the pulse from
moving downstream. It is not known at what volume, relative to channel geometry, the pulse
may be expected to translate. Large peak discharges likely promote translation, as the sediment
transport rate increases with discharge (Wilcock and Crowe 2003) and the greater flow depth
increases the bed load transport zone (Humphries et al. 2012). The effect is that more pulse
material may be transported downstream, adding to the measured translational movement. In
flume studies, translation was observed for a peaked hydrograph with a peak discharge over
three times the entrainment threshold discharge (Humphries et al. 2012).

It is not yet clear how closely relationships observed in flume experiments and derived

numerically match responses in the field setting. Natural channels are subject to substantial
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complexity not present in physical models, including variability in channel geometry,

planform, and flow resistance from vegetation and large wood (Madej 2001, Hart et al. 2002,
Cui et al. 2008). Meanwhile, previous field studies have not quantitatively measured pulse
movement, relying instead on patterns of erosion and deposition or changes in sediment
transport rates to infer pulse behavior (Wohl and Cenderelli 2000, Kasai et al. 2004, Miyazaki et
al. 2006, Cheng and Granata 2007, Humphries et al. 2012, East et al. 2015).

This research seeks to bridge the gap between flume and field methodology by
quantifying field-observed behavior of sediment pulses following barrier removal at four gravel-
bedded rivers. The broad objectives are to 1) investigate whether dispersion or translation
dominates pulse behavior observed in the field across a range of dam removal physiographies;
and 2) evaluate whether Froude number, pulse material grain size, pulse size, and discharge can
explain pulse behavior. We evaluate the hypothesis, derived from flume studies, that dispersion
dominates pulse behavior except in conditions of Froude number less than 0.4 and pulse
material finer than surrounding bed material. In addition, we expect that large pulse volume is
likely to move by dispersion, whereas high discharge is likely associated with translation. Finally,
the assumptions and limitations of each technique to characterize pulse behavior are

compared.

2 SITE BACKGROUND

Analysis is undertaken on four barriers located on three rivers in Oregon (Figure 1, Table
1). Two sites are former dams on the Rogue River in Southern Oregon. In the Willamette Valley,
one site is a former dam on the Calapooia River and the fourth site is a creek crossing in the

town of Corvallis.
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Figure 1. Locations of Gold Ray Dam (A), Savage Rapids Dam (B), Brownsville Dam (C), and

Oak Creek Culvert (D)

Table 1. Barrier and site characteristics.

Gold Ray Savage Brownsville Oak Creek
Rapids
Dam height (m) 12 12.5 1.8 n/a
Dam width (m) 110 142 33.5 n/a
Removal year 2010 2009 2007 2007
Stream Name Rogue Rogue Calapooia Oak Creek
River River River
Channel Gradient (%) 0.21 0.27 0.23 0.65
Mean Annual Precipitation (cm) 103 100 173 150
Mean Discharge (m>s™) 83 98 12 0.17
Drainage Area (km?) 5309 6294 394 31
Average Channel Width (m) 60 90 35 12
Initial Apex Height (m) 9.7 3.9 1.8 2.0
Initial Pulse Volume (m3) 526,000 153,000 17,100 444
1.2 Return Interval Discharge (m>s™) 348 456 100 -



2.1 Gold Ray Dam

The Rogue River begins in the Cascade mountain range, flowing 346 km to the Pacific
Ocean. Over half of the 13,390km” watershed is forested, and the underlying geology includes
mudstone, black chert, limestone, andesite, and basalt (Pessagno and Blome 1990). The
mountainous headwaters are also fed by snowmelt, contributing to long-duration peak
discharge in the winter season November through May. The mean annual precipitation for the
Gold Ray Dam watershed, calculated from USGS data, is greater than the mean annual
precipitation for the larger Savage Rapids Dam watershed (Table 1).

Gold Ray Dam was a concrete dam on river kilometer (RK) 202 of the Rogue River,
measured from the river’s outlet at the Pacific Ocean. A crib dam was built in 1904 for
hydroelectricity and was upgraded in 1941 to a concrete 12-meter tall dam. Power generation
ceased in 1971, shortly before Jackson County began managing the site. By August 2010, when
the concrete dam was removed, it was a liability risk to the County and an obstacle to fish
migration. The reservoir stored a mixture of gravel (75%), sand (15%), and finer sediment (10%)
(Elliott and Dittmer 2009). The post-removal gradient is measured from water surface
elevations measured at the dam site to a riffle 2 km upstream (Elliott and Dittmer 2009). Two
areas of stagnant backwater extended half a kilometer upstream of the dam and had drained
by the third year following dam removal. The annual sediment transport rate is unknown.

Historic hydrologic data were recorded at the USGS gage at Gold Ray Dam (#14359000).

2.2 Savage Rapids Dam

Savage Rapids Dam was a combination gravity and multiple-arch diversion dam located
on RK 172 of the Rogue River, 31 RK downstream of Gold Ray Dam. Built in 1921 for irrigation
to the Grants Pass Irrigation District, the dam was removed in 2009 to facilitate migration of
steelhead, chinook salmon, and other anadromous fish. A pumping station now provides head
for irrigation withdrawals. The channel bed along the survey area includes exposed bedrock and
coarse gravel. The sediment in the reservoir comprised sand (71%), gravel (27%), and finer

sediment (2%) (Reclamation 2001). The gradient is calculated from post-removal water surface
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elevations measured at the dam and a riffle 2 km upstream of the dam and is steeper than at

Gold Ray Dam (Elliott and Dittmer 2009). The initial pulse volume is estimated by the
Department of the Interior to represent 2 years of sediment load passing Grants Pass
(Reclamation 2001). Historic hydrologic data were recorded from 1940 to 2009 at the USGS
gage at Grants Pass (#14361500), 9 km downstream of Savage Rapids Dam and representing

101% of the Savage Rapids Dam watershed.

2.3 Brownsville Dam

The Calapooia River begins in the Western Cascades and flows through the Willamette
Valley before joining the Willamette River near Albany (Runyon et al. 2004). The geology of the
947 km* watershed is formed by highly dissected basalt and andesite, but some bedrock is
exposed at the dam site (Sherrod and Smith 2000). Precipitation is characterized by long-
duration, low-intensity events from November to May (Weyerhaeuser 1998). The mean annual
precipitation for the Brownsville watershed, calculated from USGS data, is the greatest of all
four watersheds.

Brownsville Dam was a run-of-river, hollow, concrete dam located at RK 62 of the
Calapooia River near the town of Brownsville. The dam’s height increased to 4 meters from
May to October. Built in the 1960s to replace a canal diversion, the dam obstructed fish passage
and was a structural hazard (Runyon et al. 2004). It was removed in 2007, leaving a previously
buried, one-meter-tall log-crib dam that dates to the late 1800s. The site consists of exposed
partially-lithified Missoula flood deposits and clay hardpan from the dam to 400 meters
downstream, where the gradient jumps to 33% (Kibler et al. 2011). The bed material covering
the rest of the surveyed channel is an undocumented mix of silt and gravel, but the reservoir
stored coarse gravel. The gradient was calculated in 2004 from water surface elevations
measured at the dam to RK 69 (Runyon et al. 2004). The initial pulse volume represents less
than one year of the sediment load measured 38 km upstream of the Brownsville dam (Runyon
et al. 2004). Historic hydrologic data were recorded from 1935 to 1990 at the USGS gage at
Holley (#14172000), 18 km upstream of Brownsville Dam and representing 66% of the

Brownsville Dam watershed.



2.4 Oak Creek Culvert

Oak Creek originates in the Oregon Coast Range, near the town of Corvallis. The
underlying geology of the 34 km?® watershed is volcanic basalt (Klingeman 1979). Rain-fed
discharge is highest from October to April (Meadows 2009). Mean annual precipitation for the
Oak Creek watershed is similar to the mean annual precipitation at Brownsuville.

Less than 2 km from Oak Creek’s entry to the Marys River, a bike path crosses the
stream and necessitates a culvert. The original crossing hindered flow, resulting in an
accumulation of sediment. A new culvert was installed in 2007. The site’s geology consists of
guaternary terrace deposits. Bed material is dominated by gravel (Jones and Dillinger 2004).
The gradient of the stream is calculated from the post-removal longitudinal profile at the
culvert to 180m upstream and is the steepest of all sites’ gradients (Table 1). Discharge data
covering the survey period were regressed from the nearest USGS gages, located on the Marys

River (#14171000) and Luckiamute River (#14190500) (Toman 2004).

3 METHODS

3.1 Field Data Collection

Topographic surveys before and after dam removal employed a Nikon DTM-352 Total
Station at Brownsville and Oak Creek, and RTK-GPS at all sites. Elevation was referenced to the
Oregon Department of Transportation datum. Measurements were taken within the reservoirs,
longitudinally along the main channels and the thalweg, and at bar surfaces. A Teledyne RD
Instruments Workhorse Rio Grande Acoustic Doppler Current Profiler (ADCP) attached to a
cataraft was used to measure the bathymetry in non-wadable areas of the Rogue in
combination with an RTK-GPS (Kibler et al. 2011, Tullos et al. 2014). Particle counts (Wolman
1954) were conducted at accessible bars at all sites. The nearest USGS gage or, where absent, a
regression based on gages in nearby streams, yielded a discharge time series for each site, as

described in further detail for each site below.



3.1.1 Gold Ray

Topography was surveyed annually from 8.5km upstream to 37.8km downstream of
Gold Ray Dam, although gaps exist within this range where rapids prevented survey access. The
analyzed survey area began 3300 meters upstream of the dam and continued to 5460 meters
downstream of the dam. Surveying consisted of three to five longitudinal ADCP surveys spread
across the width of the main channel and ground surveys on bars and along the sloughs. Data
were collected prior to removal and each summer after removal in 2011, 2012, and 2013. The
sloughs were not included in the 2013 survey, as they had by then ceased to be part of the
active channel. Prior to dam removal, pebble counts were taken on four bars and two riffles.
Subsequent pebble counts were taken from ten bars in 2011 and 2012 and from thirty-one bars
in 2013. Discharge measurements from 1906 to 2014 were taken by a USGS gage at Raygold
(#14359000).

3.1.2 Savage Rapids

Using similar methods as at the Gold Ray site, topography of the main channel and bars
was surveyed from 5.7 km upstream to 8.7 km downstream of Savage Rapids Dam. Although
the U.S. Bureau of Reclamation collected pre-removal bathymetry in 1999 and 2002, the extent
of available pre-removal data is limited. An ADCP was used in 2010 and 2011 following dam
removal. ADCP surveying of the Gold Ray site also reached the Savage Rapids site in 2012 and
2013. Pebble counts were collected in 2008, 2009, 2010, and 2011 at the margins and tails of
up to 16 bars. Discharge data from 1940 to 2014 were collected from the USGS gage at Grants
Pass (#14361500).

3.1.3 Brownsville

Topography was surveyed from 0.4km upstream to 1.4km downstream of Brownsville
Dam. Data were collected at cross-sections, along the thalweg, and on bars in 2007, before
removal, and in the summers of 2008 and 2009, after removal. The channel was divided
according to pre-removal morphology (e.g. riffles, pools, glides) and four equally spaced cross-
sections were placed within each unit (Walter and Tullos 2010, Zunka et al. 2015). Particle

counts as well as both surface and subsurface bulk sediment samples were collected from at
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least 6 bars and at least 4 riffles within the survey extent. A pressure transducer was installed

on the Calapooia River 3km downstream of the study site in order to record water height data
starting in September 2007. A rating curve was developed using discrete flow measurements
(Kibler et al. 2011). Discharge data from 1935 to 1990 collected at the former USGS gage at
Holley (#14172000) were regressed with nearby USGS gages on Wiley Creek (#14187000), the
South Santiam (#14185000), and Mohawk River (#14165000) to estimate average daily
discharge at Holley over the survey period (Walter and Tullos 2010). At 18 km upstream of the

Brownsville dam, the gage at Holley is closest to the dam site.

3.1.4 Oak Creek

Topography of the main channel was surveyed annually from 160m upstream to 164m
downstream of the culvert site, and pebble counts were collected at transects across the entire
channel every 5 meters. Data were collected in 2007, prior to the culvert replacement, and

again in 2008 and 2009. Historical discharge data were not available for this site.

3.2 Processing of Field Observations

Changes in bed elevation and sediment volumes are used to evaluate pulse movement.
Annual bathymetry data are first imported to ESRI ArcMap and used to build triangular irregular
networks (TINs) over the wetted channel. The TIN to Raster tool is then applied to convert the
TINs to digital elevation models (DEMs). The natural neighbors interpolation method is used,
with the sampling distance of 1 meter (Wheaton 2008).

The Geomorphic Change Detection (GCD) tool creates Digital Elevation Models of
Difference (DoD) between pre-removal and post-removal DEM surfaces (Wheaton et al. 2009).
Changes in topography and point density contribute to the estimation of uncertainty in the DoD
through the application of a Fuzzy Inference System (Wheaton et al. 2009). The probability
uncertainties of the DoDs range from 2% to 86% and are highest at Brownsville and Oak Creek.

Pulse volumes are calculated from DoDs masked by the survey area. The survey area
contains the survey points from both compared years and is divided into equally-spaced
polygons. The longitudinal length of each polygon equals the average channel width for each

reference site (Table 1). The net volume is calculated for every equally-spaced polygon by
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multiplying the mean change in elevation by the polygon area. The gross volume of each

polygon is found by adding the net volume to the pre-removal gross volume.

The pre-removal gross volume is assumed to be zero downstream of the dam and is
calculated as the volume between a valley surface and the pre-removal DEM. The valley surface
is constructed at Gold Ray Dam and Oak Creek by linearly interpolating between two cross-
sections. The cross-sections are located at riffles upstream and downstream of the immediate
vicinity of the dam and reservoir where sediment deposition is less expected and valley slope
points therefore likely represent the historical elevations of the channel (White et al. 2010). The
lack of pre-removal surveys at Savage Rapids means that the pre-removal gross volume is
unknown at Savage Rapids. The Brownsville surface is based upon the results of a seismic
refraction survey conducted in 2006 (Northwest Geophysical Associates 2006). This method of
calculating pre-removal gross volume considers all deposition downstream of the flow barrier

to be part of the pulse.

3.3 Methods of Predicting Pulse Behavior

3.3.1 Froude Number
The Froude number is a dimensionless measurement of inertial to gravitational forces.
In the field, the Froude number is calculated from stream velocity v and hydraulic radius R;

Fr=— (1)

where hydraulic radius R is the cross-sectional area divided by the wetted perimeter. We
calculate the Froude number over the initial pulse area by using the geometric mean of bankfull
channel dimensions measured at reservoir cross-sections. The effective discharge Q calculated
in section 3.3.4 and the geometric mean of cross-sectional areas A determine stream velocity.
We evaluate the hypothesis that translational movement will exceed dispersive movement only

for sites characterized by a Froude number less than or equal to 0.4.

|

(2)

<
Il
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3.3.2 D5g Grain Size

The relative pulse grain size is measured by analyzing the mean Dsg grain size of pre-
removal particle counts collected from accumulated pulse material and from bed material. The
surface material in the impoundment is assumed to be the pulse material. The surface material
downstream of the barrier is assumed to be non-pulse, ambient bed material. The mean Dsg
grain size in the impoundment is divided by the mean Dsg grain size downstream of the dam. A
resulting ratio less than 1 indicates that the pulse material is finer than the bed material and
predicts that the greater mobility of pulse sediment will result in translation. A ratio greater
than 1 indicates that the pulse material is coarser than the bed material and predicts that the

trailing edge of the pulse will remain in place.

3.3.3 Relative Pulse Size

The size of the pulse relative to channel geometry is calculated as a ratio of the initial
pulse apex height to active channel width. The apex height is the maximum change in elevation
measured between the valley and pre-removal DEM surfaces. Because no limit has yet been
established as the maximum pulse size for translation, we include the comparison of pulse size

in order to inform further development of pulse behavior predictors.

3.3.4 Volume Ratio

The volume ratio compares a site’s flow volume to the initial pulse volume. The 1.2
return interval (RI) is applied as a proxy for the channel’s effective discharge (Biedenharn et al.
2000). The 1.2 Rl is calculated from annual daily maximum flows. Because historical discharge
data at Oak Creek were not available, return intervals are not calculated at Oak Creek. The flow
volume is the volume of water that passes a cross-section in the first two water years following
barrier removal. The flow volume is calculated by identifying all flow rates greater than the 1.2
RI, multiplying each identified flow rate by its duration, and summing the results. Flow rates are
measured in 15-minute intervals. The DoD analysis comparing the pre-removal and valley
surfaces measures the initial pulse volume, except at Savage Rapids where previous work by
Elliott and Dittmer (2009) estimated the initial pulse volume. We include the comparison of

volume ratio in order to inform further development of pulse behavior predictors.
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3.3.5 Peak Discharge

Finally, we compare peak discharges for each year following removal to investigate how
conditions following barrier removal may affect pulse behavior. We hypothesize that evidence
of translation will exist in relatively wet water years, when discharge exceeds the 1.2 RI. The
water years are numbered from the first full water year (October 1 to September 30) following
barrier removal. For example, if a dam is removed on September 1st, the water year matching
the first year of barrier removal begins one month later. Water years are evaluated by
comparing the duration and magnitude of discharges greater than the 1.2 Rl discharge. We
calculate the duration of high flow by the percent of the minutes in a year when discharge

exceeds the 1.2 RIl. The magnitude of the peak flow is presented as a multiple of the 1.2 RI.

3.4 Indicators of Pulse Behavior

The methods for characterizing observed pulse behavior in flume experiments (Sklar et
al. 2009) are applied to the gross volumes for each field site. For the purposes of this study,
dispersive behavior is defined to dominate pulse behavior when dispersive movement exceeds
translational movement. Dispersive and translational movement is evaluated by: 1) visual
observation of apex movement; or changes in 2) Péclet number, 3) the middle 50% of volume,

4) mean and variance, and 5) cumulative volume.

3.4.1 Visual Observation

Pulse behavior is first evaluated visually from DoD results. Translation is distinguished by
the shift of the pulse apex downstream over time, where the apex is identified as the location
of maximum change in elevation. Dispersion is interpreted from the lengthening of areas of
accumulated pulse sediment. Observed changes in total pulse volume are quantified by gross

volume results.

3.4.2 Péclet Number
The Péclet number is a dimensionless ratio commonly used to model convective heat
transfer, applied herein such that the advective and diffusive movements described by the

Péclet number are analogous to translation and dispersion, respectively (Sklar et al. 2009).
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Péclet numbers greater than 1 indicate the dominance of advective and therefore

translational movement, whereas Péclet numbers less than 1 are evidence of the dominance of

dispersion. Negative Péclet numbers calculated from decreasing variance are inconclusive.

Pe = 21t (3)
Defy

Aepp = Wz (4)

m=T-() g

Derr =30t (6)

The numerator A.f, representing advection, is calculated from the mean locations of
pulse volume at consecutive survey years, u; and ;. 1, the total pulse length L, and the time t
between surveys (Equation 4). The denominator of the Péclet number is an effective dispersion
coefficient that is calculated from the change in spatial moments over time (Aris 1956, Roberts
and Goltz 1987). The first and second spatial moments are the mean location u and variance
o2, respectively, described in section 3.4.4. Both the mean location and variance are

normalized by the total length L of the pulse (Equation 5).

3.4.3 Middle 50%

The middle 50% method is similar to the Péclet number method in that it calculates a
ratio comparing translational movement to dispersive movement. Downstream movement of
the median location measures translation, while the spreading of the length of the middle 50%
of volume measures dispersion (Sklar et al. 2009). Cutting off the outer 50% of volume removes
the noisy, small accumulations on the upstream and downstream survey extents. The length of
the middle 50% of the pulse is found by dividing the cumulative gross volume into quarters and
measuring the longitudinal distance covered by the middle two quarters (Figure 2A). The pulse
center is represented by the median location at which half of the total gross volume exists
(Figure 2A). The spacing of polygons (described in section 3.2) determines the resolution of the
gross volume values. When median locations do not fall on a polygon boundary, they are

linearly interpolated from equally spaced polygon locations. A ratio of the change in median



14
location to the change in pulse length, visualized as the slope of the line in Figure 2B,

compares translational to dispersive movement.
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Figure 2. Conceptual graphs of (A) identifying the length of the middle 50% of volume based
on the cumulative volume, and (B) comparing the movement of median location, indicating
translation, to increasing length of middle 50% of pulse volume, indicating dispersion

3.4.4 Mean and Standard Deviation

Changes in the mean and standard deviation of gross volume location also describe
pulse behavior. The downstream movement of the mean location measures translational
movement, while increasing standard deviation measures dispersive movement. Volume values
are represented by the gross pulse volume measured within each equally-spaced polygon
(section 3.2). The location of each polygon is measured as the number of meters between the
polygon’s downstream boundary and the most upstream survey location. The mean location of
volume u is calculated by summing the products of volume and location and then dividing by
the total cumulative volume as if the spatial distribution were a probability distribution with

distance from the barrier on the x-axis and the fraction of total volume on the y-axis.

Y.(distancexvolume)

(7)

The standard deviation o is calculated by summing the products of volume and squared location

H:

total volume

and then dividing by the total cumulative volume.

; 2,
O_:\/Z(dlstance volume) (8)

total volume
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The ratio of translational to dispersive movement is calculated by dividing the change in

mean location by the change in standard deviation.

3.4.5 Cumulative Volume

Changes in the spatial distributions of annual cumulative gross volumes measure
changing pulse shape and therefore indicate pulse behavior (Sklar et al. 2009). The cumulative
volume distribution represents the integral of the volume density function. As the apex of a
dispersive pulse diminishes in volume over time, the curve of a dispersive cumulative volume
will flatten (Figure 4). Cumulative volume curves that do not flatten between years indicate that
the pulse shape does not change, as characterizes translation. The flattening of the cumulative
distribution is measured by linear trendlines fit to each cumulative distribution. Linear
trendlines are used in order to quantifiably measure change in the cumulative distributions. The
strength of dispersion is noted by the magnitude of the percent of change in the trendline slope

from one year to the next.
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Figure 3. Conceptual graph of the flattening cumulative volume indicative of a
dispersive pulse

4 RESULTS

4.1 Predicted Pulse Behavior
If Froude number less than 0.4, grain size ratio less than 1.0, small pulse size ratio, and
large volume ratio might predict translational pulse behavior, then the results indicate that the

most evidence of translation is predicted at Savage Rapids. Savage Rapids and Brownsville are
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the only sites where the Froude numbers are less than or equal to 0.4, and Savage Rapids

also has the smallest pulse size ratio and the largest volume ratio (Table 2). Although the
Froude number at Brownsville is low, the grain size ratio is greater than 1.0 and the pulse size
ratio is the largest (Table 2), both suggestive of dispersive pulse behavior. The Oak Creek site is
noticeable for its large Froude number and small grain size ratio (Table 2), predicting both
dispersive and translational behavior, respectively.

Table 2. Results of methods to predict pulse behavior at each site. Shaded boxes indicate a
prediction that translational movement will exceed dispersive movement.

Gold Ray Savage Brownsville  Oak Creek

Rapids
Froude number 0.82 0.23 0.40 0.93
Grain size ratio 0.40 0.38 1.3 0.23
Pulse size ratio 0.16 0.04 0.19 0.17
Volume ratio 205 318 81 -

Analysis of daily mean discharge values indicates that Gold Ray, Savage Rapids, and
Brownsville all experience at least one wet water year when peak discharge exceeds the 1.2 RI
(Table 3). The duration of peak discharge is largest in the second year following barrier removal
at Brownsville, lasting for 0.8% of the water year (Table 3). The magnitude of peak discharge
relative to the 1.2 Rl is largest in the third year at Gold Ray (Table 3).

Table 3. Percent of water year with flows exceeding the 1.2 Rl and peak flow as a

multiple of the 1.2 RI (in parenthesis). Water years that exceed the 1.2 Rl discharge are
shaded.

Gold Ray Savage Rapids Brownsville
Year 1 0.4% (1.5) 0 (0.6) 0(0.8)
Year 2 0.4% (1.6) 0.2% (1.2) 0.8% (1.2)
Year 3 0.7% (3.1) 0.1% (1.2) -

Year 4 - 0.4% (2.4) -
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4.2 Geomorphic Change

Based upon visual inspection of net erosion and deposition (Figures 4-7), dispersion
appears to dominate at all sites except Savage Rapids (Figure 5), as illustrated by the stationary
apexes.. At Savage Rapids, the peak elevation of deposition downstream, relative to the first
year following removal, is greatest in the third year following barrier removal and appears to
shift upstream by 50 meters in the fourth year, indicating neither translation nor dispersion
(Figure 5).

Visual inspection of gross volumes (Figure 8) indicates a mix of translation and
dispersion at all sites but Brownsville (Figure 8C). The apex of the gross volume diminishes in
volume and moves downstream at Gold Ray, Savage Rapids, and Oak Creek, while the apex at
Brownsville diminishes in volume but does not move downstream, indicating dispersion (Figure
8). For all sites but Gold Ray, the total area under the curve diminishes (Figure 8). More
sediment is eroded from the upstream survey area than is deposited in the downstream survey

area, indicating a total net loss of recorded pulse sediment (Figure 9).
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Figure 4. DoDs relative to pre-removal DEM at Gold Ray Dam on the Rogue River. The
uncertainty probability ranges from 2% to 48%.
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Figure 5. DoDs relative to Year 1 DEM at Savage Rapids Dam on the Rogue
River. The uncertainty probability ranges from 2% to 48%.
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Figure 6. DoDs relative to pre-removal DEM at Brownsville Dam on the Calapooia River. The
uncertainty probability ranges from 5% to 86%.
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Figure 9. Eroded and deposited volumes as percentage of initial pulse volume. Remaining post-removal pulse volume upstream of
the barrier is not represented. The grey hatched area represents the remaining percent of the initial pulse volume that either
remains upstream, erodes downstream, or is lost to the downstream barrier.

4.3 Evaluated Pulse Behavior

The results of the quantitative methods to evaluate pulse behavior provide evidence of translation at all sites, but also
suggest that dispersive movement exceeds translational movement for all but one pulse. Changes in the median and mean locations
indicate translational behavior occurred at all sites, but the ratio comparing changing median location to pulse length is greater than
1, and therefore indicates the dominance of translation, only for the second year at Savage Rapids (Table 4). The ratio of changing
mean location to standard deviation is greater than 1, indicating the dominance of translation, in the fourth year at Savage Rapids
and the second year at Brownsville (Table 4). The Péclet number is less than 1 for all survey years, suggesting dispersive pulse

behavior dominates translational behavior.



Table 3. Quantitative indicators to evaluate pulse behavior. Evidence of translation is marked (T), dispersion is marked (D), and
inconclusive results are marked (-). Evidence of translation exceeding dispersion is shaded. Ratios are in boxed rows.

Site name Gold Ray Savage Rapids Brownsville Oak Creek
Year Pre 1 2 3 1 2 3 4 Pre 1 2 Pre 1 2
Percent change in
cumulative volume -67 -1.6 2.8 -34 -1.3 87 -68 -5 -65 18
linear coefficient (D) (D) (-) (D) (D) (-) (D) (D) (D) (-)

Median location (meters
from upstream survey 1734 1895 1800 1821 734 795 752 801 232 238 242 83 127 224

boundary) (T) (-) (T) (T) () (T) (T) (T) (T) (T)

Length of middle 50% of 1505 1970 1704 1636 667 675 729 464 144 155 152 81 221 200

cumulative volume (m) (D) () () (D) (D) () (D) () (D) ()

Ratio of changing 0.3 04 7.6 0.6 0.3

median and length (D) (D) () (1) () () (D) () (D) ()

Mean location (meters 2458 2139 2210 678 732 695 757 232 257 274 88 162 194

from upstream survey 1675 (1) (-) (1) (1) (-) (1) (1) (1) (1) (1)
boundary)

Standard deviation (m) 2000 2830 2650 2830 | 770 820 800 829 | 250 240 250 | 100 200 500
(D) (-) (D) (D) () (D) () (D) () (D)

Ratio of changing mean 0.95 0.39 0.99 2.1 10 0.38 0.19
to s.d. (D) (-) (D) (D) (-) (M) (-) (T) (D) (D)

Péclet number 0.2 0.07 0.2 0.7 0.4 0.2
(D) () (-) (D) (-) (D) (-) (D) (D) (D)

23
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Indicators provide inconclusive evidence regarding the dominance of translation or

dispersion at each site. The middle 50% method measures decreasing pulse length at all sites,
resulting in an inconclusive ratio (Table 4). Decreasing pulse length causes standard deviation to
decrease over time, leading to inconclusive Péclet numbers at Gold Ray, Savage Rapids, and
Brownsville (Table 4). Measurement of upstream movement of the pulse median and mean
locations during year 2 at Gold Ray and year 3 at Savage Rapids suggests sediment
accumulation upstream of the sediment pulse, confounding evaluation of dispersion and
translation. These cases of upstream movement of pulse median are accompanied by the

shortening of pulse length. .

4.3.1 Gold Ray Dam

Quantitative methods to evaluate pulse behavior indicate that dispersive behavior
exceeds translational behavior at Gold Ray Dam (Table 4). For the cumulative volume method,
we find that the linear trendline flattens in the first and second years following dam removal,
providing evidence of dispersion. The additional rotation in the second year is 2% of the
rotation that occurs in the first year, indicating that the degree of dispersive movement
diminishes over time. The downstream movement of the median and mean locations provides
guantitative evidence of translation in the first and third years following dam removal. The
changes in median and mean locations do not exceed the lengthening of the pulse. The Péclet

numbers are less than 1 for all years, indicating the dominance of dispersion.

4.3.2 Savage Rapids Dam

Evidence of translation relative to the year 1 channel is found in the second and fourth
years following dam removal. The cumulative volume method measures diminishing dispersive
movement in the second and third years. The ratio of changing median location to pulse length
is greater than 1 in the second year, indicating that translational movement exceeds dispersive
movement (Table 4). The ratio of changing mean location to standard deviation is greater than
1 and indicative of greater translational movement in the fourth year. However, the Péclet

number is always less than 1, indicating the dominance of dispersion.
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4.3.3 Brownsville Dam

Quantitative methods to evaluate pulse behavior indicate that dispersion dominates
behavior at Brownsville. The trendline fit to the cumulative volume flattens in both years,
indicating dispersion. The ratio of changing mean location to standard deviation is greater than
1 in the second year, indicating that translational movement exceeds dispersive movement, but
both the ratio of changing median location to pulse length and Péclet number are less than 1,

indicating that dispersion exceeds translation (Table 4).

4.3.4 Oak Creek culvert

Quantitative methods to evaluate pulse behavior indicate the dominance of dispersion
in the first and second years following culvert replacement (Table 4). The trendline fit to the
cumulative volume distribution rotates downward in the first year, indicating dispersion, but is
inconclusive in the second. The median and mean locations move downstream in both years,
indicating translation, but the middle 50% ratio concludes that dispersive movement exceeds
translational movement (Table 4). The Péclet number is less than 1 in both years following

culvert installation, indicating the dominance of-dispersion.

5 DISCUSSION

The ultimate intent of our study is to improve the ability to predict pulse behavior at
dam removal sites. Anticipating how pulse sediment will move following dam removal is
important in supporting the ability of managers and planners to anticipate designs needs for
sediment management, stabilization, and/or excavation necessary to protect downstream
infrastructure or habitat. Predicting pulse behavior according to variables that are measurable
in the field prior to dam removal would enable future dam removals to confidently plan for the

effects of either translational or dispersive pulse behavior.

5.1 Hypothesized and Observed Pulse Behavior
The results agree with past work that dispersion dominates pulse behavior (Cui et al.
2003, Lisle 2008) and find no evidence of translational movement exceeding dispersive

movement in the first year following barrier removal. Following the first year post-removal, two
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of the three ratios of translational to dispersive movement indicate that translation

characterizes the sediment pulse at Savage Rapids (Table 4). One ratio indicates that
translational behavior occurred at Brownsville in the second year following barrier removal
(Table 4).

The results support the application of Froude number as a predictor of pulse behavior.
The two sites with evidence of translation exceeding dispersion are characterized by Froude
numbers less than or equal to the 0.4 threshold observed in flume studies (Lisle et al. 2001, Cui,
Parker, Lisle, et al. 2003). The two sites characterized by Froude numbers greater than 0.4
(Table 2) have no evidence of translational movement exceeding dispersive movement (Table
4).

The results do not support the application of grain size, pulse size, or volume ratio as
predictors of pulse behavior. If the increased mobility of finer pulse grain size increases the
translational behavior of the pulse (Lisle et al. 2001), then we would expect the Brownsville
pulse, with a grain size ratio greater than 1, to move with less evidence of translation than the
other pulses with grain size ratios less than 1. However, the ratios of translational to dispersive
movement do not provide evidence that the Brownsville pulse is the most dispersive of all the
observed pulses (Table 4). Instead, indicators suggest that dispersive pulse behavior is most
dominant at the Gold Ray Dam removal. Savage Rapids has the smallest pulse size ratio and
largest volume ratio, but the quantitative results to evaluate pulse behavior resemble those
from Brownsville (Table 4), which has the largest pulse size ratio and the smallest volume ratio
(Table 2). These conflicting results suggest that the indicators of grain size, pulse size, and
volume ratio may not be reliable in predicting the dominance of dispersive or translative pulse
behavior.

Although the post-removal hydrograph cannot be applied as a predictor of pulse
behavior, a comparison of observed behavior to hydrologic year indicates a connection
between evidence of translation and wet water years (Table 3). Evidence of translation is found
only in water years when discharge exceeds the 1.2 Rl at least once. The observed degree of
translational behavior increases with the duration and magnitude peak discharge at Savage

Rapids and Brownsville (Table 3), in keeping with the flume observation large discharge
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encourages translation (Humpbhries et al. 2012). However, as indicated by the third year at

Gold Ray (Table 3), large peak discharge alone does not result in translational movement

exceeding dispersive movement (Table 4).

5.2 Limitations of Methods to Explain Pulse Behavior

The methods to predict pulse behavior are constrained by the framework of translation
and dispersion used to interpret sediment movement, and assumptions made in calculations of
Froude number, grain ratio, and pulse size. Every result considered in this study assumes that
the pulse moves according to the models of translation and dispersion. However, the
downstream accumulations visible for every post-removal DoD (Figures 4-7) call into question
the translation/dispersive framework due to the influence of local variability in channel and
valley geometry on pulse behavior. However, the separate downstream accumulations
represent little of the main pulse volume (Figure 8). These results suggest that models of
translation and dispersion are useful in predicting reach-scale patterns.

Our observations of pulse behavior are limited by the length of time separating surveys.
More frequent surveys would provide greater insight into the timing of pulse movement.
Consistent with other studies (e.g. Tullos and Wang 2014, East et al. 2015) quantitative and
visual observations of pulse movement indicate that the largest rate of erosion from the initial
pulse occurs in the first year following barrier removal. It would be useful to understand the
sub-annual timescales over which translation is expected to dominate, and to consider how
pulse behavior changes throughout the hydrologic year, in order to better link generalized

sediment pulse behavior to sediment mobilization and transport processes.

5.3 Limits of Quantitative Methods to Evaluate Pulse Behavior

The methods to characterize pulse behavior offer quantitative approaches to evaluating
sediment pulse behavior, but the results highlight limitations in accurately measuring initial
volume and assessing translation in field settings. The limitations also inform further
development of quantitative methods to evaluate pulse behavior.

The method of measuring initial pulse volume in the field is limited by two assumptions.

The method assumes that all sediment between a linear valley slope and the pre-removal
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surface is pulse material. If some of the initial volume were to include the channel bed, the

initial volume would be overestimated. The volume of sediment deposited downstream
following dam removal would appear to be a smaller percent of the initial volume, causing an
underestimation of translational movement. Secondly, the initial gross volume value is assumed
to be zero downstream of the barrier, despite the fact that all the barriers in this study were
known to pass sediment prior to removal. If some of the pulse material were measured as pre-
removal bed material downstream of the barrier, the gross volume of downstream deposits of
pulse material would be underestimated. The potential error introduced by the second
assumption has less effect on our conclusions because we are interested in patterns of pulse
movement relative to a pre-removal surface. The error introduced by the first assumption is
likely to vary between sites with degree of variability in the historical longitudinal profile.

The middle 50% results observed at each site exemplify one of the challenges in
measuring pulse movement in the field. The decrease in pulse length that causes an
inconclusive measurement of dispersion in five survey years (Table 4) may be explained by the
loss of pulse material from the downstream edge of the pulse, as documented at Savage
Rapids, Brownsville, and Oak Creek (Figure 9). This transport of pulse material out of the study
reach can result in underestimating the pulse length. A loss of pulse material to the
downstream boundary may also explain the inconclusive Péclet numbers at Gold Ray, Savage
Rapids and Brownsville (Table 4), which are the result of decreasing variance in the spatial
distributions of gross volume. In future studies, field surveys may include a broader extent to

more completely capture pulse behavior.

6 CONCLUSION

Flume experiments suggest that sediment pulses disperse in place for most dams, but it
is hypothesized that a Froude number less than 0.4, fine pulse grain size, small pulse size, and
large discharge can be used to identify locations where pulses behavior may be dominated by
translation. Flume experiments lack realism of in situ variability in geometry and roughness,
whereas field studies of pulse behavior lack application of quantitative methods to the

prediction and evaluation of pulse movement, even though the ability to predict pulse behavior
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may improve the management of dam removals. We thus evaluate both the evidence for

dispersion and translation at four case studies, and the ability to explain pulse behavior by
Froude number, grain size, pulse size, and discharge. Changes in pulse volume are calculated
from bathymetry data and grain size data.

While results provide some evidence of translational movement at all four sites, we
conclude that that dispersion generally dominates pulse behavior, and document a connection
between translational behavior and wet water years. The results indicate that the 0.4 threshold
in Froude number may help discriminate between dispersive and translational pulse behaviors,
but do not support the application of grain size, pulse size, or volume ratio as reliable predictors
of pulse behavior. Further research should investigate the physical processes underlying the
Froude number threshold and study pulse behavior at sub-annual timescales, where

translational behavior may be more evident.
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APPENDICES

Appendix 1: Examples of Geomorphic Change Detection Inputs and Method
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Appendix 1.2 Gold Ray pre-removal particle count locations
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Flow Direction

Savage Rapids Dam

Savage Rapids
2013 Survey Points (blue)
2012 Survey Points (grey)

2011 Survey Points (green)
2010 Survey Points (pink)
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Appendix 1.3 Savage Rapids survey points
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Appendix 1.4 Savage Rapids pre-removal particle count locations
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Appendix 1.5 Brownsville survey points
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Appendix 1.6 Brownsville particle count locations
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Oak Creek
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Appendix 1.7 Oak Creek survey points
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Gold Ray Dam

Appendix 1.8 Example of TIN at 2010 Gold Ray site showing elevation in meters
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Appendix 1.9 Example of Digital Elevation Model (DEM) at 2010 Gold Ray site showing elevation in meters
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Appendix 1.10 Example of difference (in meters) between DEMs at Gold Ray site
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Appendix 1.11 Example of survey extent between 2012 and 2010 survey points at Gold Ray site
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Appendix 1.12 Example of extracted DoD at Gold Ray site showing difference in elevation (in meters) between 2012 and 2010 DEMs
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Gold Ray
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Appendix 1.13 Example of equally-spaced polygons at Gold Ray site
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Appendix 2 Erosion and Deposition Total Volumes

Totals Gold Ray Savage Brownsville Oak Creek
Rapids
Year 1 Erosion | -101,286 - -3564 -230
Deposition | 132,879 - 1,828 173
Year 2 Erosion -92,010 -25,173 -3,898 -258
Deposition | 116,041 236 1,349 259
Year 3 Erosion -94,042 -25,700 - -
Deposition 104,433 730 - -
Year 4 Erosion - -5,871 - -
Deposition - 12,659 - -

47

Appendix 2.1 Erosion and deposition total volume (m?) across entire survey area. Water years with at least one daily mean discharge exceeding

1.2 Rl discharge are shaded
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Appendix 3 Sediment Grain Size Distributions By Survey Year
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Appendix 4 Sensitivity of Greimann Péclet Number Calculation to Porosity and Sediment Transport Variables
The accuracy of the Péclet Number method is considered by comparing the result at Brownsville to an alternative method of

calculating a Péclet number from the transport capacity rates of bed material and pulse material:

Pe = —”I‘jhd (1)
a

U, = Ga—Go
d ™ hy1-2)

(2)

— (PaGa+boGa)
4™ 6so(1-1) (3)

where Gyis the bed material transport capacity rate, G4 is the pulse material transport capacity rate, hyis the maximum pulse height,
Ais sediment porosity, and b is a sediment transport coefficient expected to be between 4 and 6 (Greimann et al. 2006). Brownsville
is selected as the comparison site because the DoDs capture the full extents of both the upstream and downstream edges of the
pulse.

The geomorphic results at Brownsville are used to calculate an alternative Péclet number according to the method of
Greimann et al. (2006). As measured by the GCD results, 3,464 m? of pulse sediment are eroded from the entire survey extent in the
first year following dam removal. The transport capacity of the pulse material is 3.4E-09 m’s™. The transport capacity of the bed
material is calculated from the 25 m> of sediment that are deposited in the most upstream polygon in the first year following dam
removal. The transport capacity of the bed material is 6.9E-10 m®s™. The Greimann method result of 0.0008 is less than the

measured Péclet numbers, but both results conclude that dispersion dominates pulse behavior.



Appendix 4.1 Péclet numbers to one significant figure given sediment porosity A between 0.3 to 0.5 and sediment transport coefficient b
between 4to 6

A1=10.3 b Pe
4 0.002
5 0.001
6 0.0008
A=04
4 0.001
5 0.0009
6 0.0008
A=05
4 0.001
5 0.0009
6 0.0008

Appendix 4.2 Values of variables used in Greimann Péclet number calculation at Brownsville

Variable Value
S 0.0008
A 0.4
b 4

Gy (m’s-')  3.4E-09

G, (m*s™") 6.9E-10




Appendix 5 Geomorphic Change Detection Uncertainty Probability

Uncertainty Probability
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Appendix 5-1 Gold Ray GCD Uncertainty Probability

Appendix 5-2 Savage Rapids Uncertainty Probability

Uncertainty Probability
0.48

0.28
e 0.15
-0.02

Flow Direction

—

55



Flow Direction

/.

&
-
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Appendix 5-4 Oak Creek Uncertainty Probability

Table 5-1 Range of Uncertainty
Gold Ray Dam Savage Rapids Brownsville Oak Creek Probability in DoDs at each site

FIS uncertainty 0.02-0.48 0.02-0.48 0.05-0.86 0.02-0.86
probability




