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ABSTRACT

River Response to Sediment Supply: The Sand Bed Case
by
Christina M. Leonard, Doctor of Philosophy
Utah State University, 2022

Major Professor: John C. Schmidt
Department: Watershed Sciences

The form of rivers is largely determined by the stream-flow regime and the
amount and size of the sediment supplied to the channel. When the water and/or sediment
supply change, the short-term channel response will be a combination of sediment
accumulation and evacuation and changes in the bed grain size. These changes can affect
the capacity of the channel to contain flood flows and can positively or negatively affect
the attributes and availability of aquatic or riparian habitat. Conditions of sediment deficit
or surplus can lead to subsequent morphologic change, but the rate, timing, and
magnitude of this adjustment can be moderated by adjustments in the river bed grain size.
The river bed texture can fine or coarsen, making the river more or less efficient at
transporting sediment, which influences the magnitude of the morphologic response.
From a management perspective, it is important to identify circumstances under which a
watershed disturbance is expected to cause meaningful channel change in contrast to
when the response is predominately textural.

This dissertation examines the interaction among sediment supply rate and grain
size with bed texture and sediment mass balance in sand bed rivers. We infer the bed

textural response in a field setting where the sediment mass balance is measured and use



a set of numerical experiments to help interpret the results from our field setting. We
show that sediment is sorted throughout the alluvial channel and floodplain such that a
size fractional sediment budget is needed to evaluate the channel response. Even though
the overall sand budget is balanced, our size fractional budget shows channel bed
coarsening while certain parts of the floodplain accumulate very fine sand. Our numerical
modeling indicates bed textural changes can enhance, reverse, or even eliminate potential
aggradation in response to an increase in sediment supply depending on how the supply
grain size changes. If the supply increase is only temporary, such as in our field study,
aggradation may never occur, because bed fining may be sufficient to transport the initial
pulse of sediment through the system. There are two major findings that emerged from
this dissertation. First, a size fractional sediment budget is needed to evaluate the
interaction among supply rate and grain size with bed texture and channel change, and
second, the magnitude and style of channel change is strongly influenced by the textural
response.

(245 pages)



PUBLIC ABSTRACT

River Response to Sediment Supply: The Sand Bed Case

Christina M. Leonard

Effective management of in-channel and floodplain habitat requires an ability to
forecast river response to changes in water and sediment supply. These changes may
result from dam construction/decommissioning, changes in reservoir operations, or
changes in grazing or forestry practices. If a change in water and sediment supply causes
sediment to be delivered faster than the channel’s capacity to transport it, sediment will
accumulate in the reach, leading to changes in channel form and increasing the potential
for flooding. A decrease in sediment supply relative to transport capacity can lead to
channel incision. The extent and timing of sediment accumulation or evacuation can be
moderated, even reversed, by poorly understood changes in the river bed grain size. This
dissertation explores the joint response of river bed texture and sediment storage in order
to better predict the magnitude of channel change in response to upstream changes in
infrastructure or land use in sand bed rivers. We use a combination of field measurements
of sediment transport, analysis of channel change from repeat aerial images, and
numerical modeling to explore the interaction among sediment supply rate and grain size
with bed grain size and morphologic adjustment. We find that sand sizes are sorted
throughout the alluvial channel and floodplain such that the in-channel response may be
different than floodplain adjustments. At our field site, certain sand sizes evacuate as the
bed coarsened while other sand sizes accumulated in the floodplains. These findings

indicate that conditions of sediment accumulation or evacuation cannot reveal important



Vi
changes in the river and size fractional sediment budgets are needed to evaluate channel

change. Our numerical modeling indicates that the supply grain size has a strong effect
on the grain size of sand on the bed, making the river more or less effective at
transporting sediment. Under conditions when the sediment supply increases, such as
after wildfires, dam removals, or changes in land use or forestry practices, small changes
in the grain size of sand on the channel bed can cause sediment to accumulate, evacuate,
or there may be no morphologic adjustment depending on the length of the disturbance
and how the supply grain size changes. This has important implications for forecasting
downstream impacts. Management concerns may be delayed or even eliminated
depending on the bed grain size response. These findings demonstrate the importance of
considering the supply grain size and behavior and destination of the fractional sizes in

transport when predicting a sand-bed river response to a watershed disturbance.
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Figure 3-9. (A) Concentration of total sand averaged over daily flows above a

certain threshold. The influx concentration (black dots) is the sum of the

acoustically measured concentration at the Maybell and Lily gages. The efflux
concentration (blue dots) is the acoustically measured concentration at the

Deerlodge Park gage. Vertical black lines show the percent of time different

fractions of the post-1938 floodplain was inundated. 5% of the post-1938

floodplain was inundated at 267 (m3/sec); 25% of the floodplain was inundated at
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Figure 3-10. Morphological and flux-base sediment budgets for different temporal
subsets partitioned by (A) silt/clay, (B) total sand, (C) very fine sand, (D) fine
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Figure 3-11. (A) Topographic changes in bed elevation from 2011 to 2015 in the
extent of LIDAR coverage in Deerlodge Park (Figure 3-1). Positive values (red)
indicate deposition and negative values (blue) indicate erosion. Only cells above a
level of detection corresponding to a 95% confidence interval are displayed for
visualization purposes. (B) Histogram of the bed elevation change for all channel
bed cells. The average bed elevation change is shown as the error bars in the
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(B). Change in suspended and bed load grain size and bed material grain size
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and bed load coarsen with transport when the bed material grain size is fixed (A)
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CHAPTER 1

INTRODUCTION

The form and characteristics of river channels and their floodplains are largely
determined by the stream-flow regime and the amount and size of sediment supplied
from the watershed. Equilibrium is maintained if the amount of sediment entering a reach
is approximately equal to the amount of sediment leaving a reach. Changes in flow or
sediment supply from upstream can change one or both of the supply of sediment or the
capacity of the reach to transport sediment, thereby perturbing the sediment mass
balance. The short-term channel response will be a combination of adjustments in the bed
material grain size and sediment accumulation or evacuation. Changes in bed texture and
sediment storage then drive bank erosion, channel shifting, or changes in the
characteristics of the channel and/or floodplain that affect the ability of the channel to
contain floods, damage downstream infrastructure, and change the attributes and
characteristics of aquatic and riparian habitats. Effective river management depends on
the ability to forecast the river response to change in water or sediment supply.

Predicting how a river channel responds to a change in drivers is an enduring
problem in the field of geomorphology. There is a long and rich geomorphic literature
that relates the style of channel adjustment to change in flow or sediment supply. The
rate, timing, and magnitude of channel change differs wildly among case studies
(Schumm, 1969; Leopold, 1973; Trimble, 1981; Williams and Wolman, 1984; Knighton,
1989; Everitt, 1993; Pizzuto, 1994; Brandt, 2000a, 2000b; Clark and Wilcock, 2000;
Simon Andrew et al., 2002; Grant et al., 2003; Schmidt and Wilcock, 2008; East et al.,

2015). One factor that causes this variability is the interaction between the supply grain



size and the bed grain size. Change in the sediment supply grain size may cause the bed
material to fine or coarsen, making the reach more or less efficient at transporting
sediment (Buffington and Montgomery, 1999; Montgomery et al., 1999; Lisle et al.,
2000; Topping et al., 2000; Cui et al., 2005; Sklar et al., 2009; Ferguson et al., 2015;
Dean et al., 2016; Topping et al., 2018; Dean et al., 2020; Topping et al., 2021). A reach
might quickly respond to an increase in upstream sediment supply that is of a finer grain
size by bed fining, allowing the reach to efficiently transport the increased influx before
any significant channel change occurs. In this instance, the upstream perturbation may
cause little to no morphological response. Alternatively, the bed may coarsen in response
to an increase in sediment supply that is of a coarser grain size, which makes the reach
less efficient at transporting sediment leading to channel change.

The interaction between supply and supply grain size and how it affects the
sediment mass balance is well-documented in gravel-bed rivers (Dietrich et al., 1989;
Buffington and Montgomery, 1999; Lisle et al., 2000; Cui et al., 2003a, 2003c; Sklar et
al., 2009; Venditti et al., 2010). Much less attention has been directed to the influence of
bed textural adjustment on channel change in sand-bed rivers where bed sorting is harder
to observe. In such systems, there is evidence that changes in the grain size of
suspendable sand have a strong effect on bed texture which creates large spatial gradients
in sand transport that allow excess sand to move through the system quickly (Rubin et al.,
2020; Topping et al., 2021). How the textural response influences channel change has not
been fully considered in sand bed rivers and motivates this dissertation research.

Chapters 2 and 3 explore the bed texture and morphological response to a known

perturbation in sediment supply on an alluvial sand-bed section of the Yampa River,



3
Colorado. Reach-scale sediment accumulation and evacuation are measured over 6 years

using high temporal resolution measurements of sediment transport from a network of
acoustical sediment gages (Topping and Wright, 2016; Topping et al., 2018). The
acoustic sediment gages measure suspended sediment transport at temporal resolutions
that directly link sediment accumulation or evacuation to characteristics (or changes) in
the flow and sediment regimes. However, such measurements cannot resolve where
between the gages the sediment erodes or deposits and, hence, the morphological
response. Therefore, change in channel morphology is measured from repeat aerial
images and topographic data using a novel technique to estimate uncertainty. Bed textural
change is inferred from a sediment budget partitioned by grain size.

Chapter 2 presents a new generalizable method for quantifying the uncertainty
associated with measurements of channel change from repeat aerial images.
Measurements of channel change from repeat aerial images are only significant if the
magnitude of change exceeds uncertainty in the aerial photo analysis (Downward et al.,
1994). There is a wide range of methods developed to quantify this uncertainty and each
varies in rigor and complexity (Lyons et al., 1992; Winterbottom and Gilvear, 2000;
Gaeuman et al., 2005; Lea and Legleiter, 2016). The lack of a standardized uncertainty
method is problematic, because channel change may be significant using one method and
insignificant with another. The method developed in Chapter 2 is an improvement to
previous approaches because uncertainty is allowed to vary along the river corridor. The
output is a probability distribution, rather than a single value with an uncertainty bound.
The method is generalizable and can be applied to all metrics of channel change from

repeat aerial images, and we develop a standalone software program for this purpose.
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Chapter 3 compares the change in channel morphology to the change in sediment

storage calculated from measurements of sediment transport on the Yampa River. We
take a novel approach to sediment budgeting by establishing a sediment mass balance for
multiple size fractions. Partitioning the sediment mass balance into grain-size fractions
allows for the measurement of small-to-moderate geomorphic adjustments and bed
texture change that might be undetectable if all sand sizes are considered together. It also
allows consideration of the location of the morphologic change based on size partitioning
between channel and floodplain. Planform channel change is calculated using the method
in Chapter 2 and converted to a volumetric change in morphology using an innovative
extrapolation of sparse topographic data. The grain size distribution of the channel bed
and floodplain stratigraphy is used to partition the volumetric change in channel
morphology by sand size. Uncertainty is estimated using a Bayesian approach. The
volumetric change in channel morphology for each sand grain size is compared to the
reach-scale amount of erosion and deposition from transport measurements to determine
when and where channel change occurs.

Chapter 4 presents a multi-fraction morphodynamic model that is used to explore
the interaction between bed texture and bed topography to changes in sediment supply in
sand-bed rivers. The goal is to demonstrate the nature and conditions of strong textural
response over topographic response. A morphodynamic model evolves the bed grain size
and bed topography from an initial steady-state to a new steady-state in response to a
change in the supply rate and grain size. A similar experimental approach has been used
to understand how supply causes textural and bed elevation changes in gravel-bed rivers

(Cui et al., 2003b, 2003c; Cui and Parker, 2005). This chapter extends that research to
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sand-bed rivers. The model uses 1D hydraulics and allows two forms of adjustment: bed

texture and channel slope from sediment accumulation or evacuation. In real rivers,
textural and topographic bed changes will lead to changes in channel geometry, planform,
sinuosity, or organization of in-channel geomorphic features. The purpose of our model is
to evaluate the purely transport response between bed texture and sediment storage. Thus,
slope adjustment represents change in sediment storage. Upstream sediment supply rates
and supply grain sizes are chosen to mimic the range of conditions observed in sand-bed
rivers. An initial phase of simulations is used to determine steady-state slope and bed
texture as a function of discharge, sediment supply rate, and grain size. A second set of
simulations evaluates the path of mutual adjustment between bed texture and topography
between initial and final steady state transport conditions.

Chapter 5 summarizes the main contributions of the research. The results are
synthesized using a field comparison of two disturbances on the Yampa River that
produced different textural and morphologic responses. The numerical modeling is used
to help interpret the contrasting textural and morphologic results between the two case

studies.
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CHAPTER 2

MEASURING CHANNEL PLANFORM CHANGE FROM IMAGE TIME SERIES:
A GENERALIZABLE, SPATIALLY DISTRIUBTED, PROBABILISTIC

METHOD FOR QUANTIFYING UNCERTAINTY!

Abstract

Channels change in response to natural or anthropogenic fluctuations in
streamflow and/or sediment supply and measurements of channel change are critical to
many river management applications. Whereas repeated field surveys are costly and time
consuming, remote sensing can be used to detect channel change at multiple temporal and
spatial scales. Repeat images have been widely used to measure long-term channel
change, but these measurements are only significant if the magnitude of change exceeds
the uncertainty. Existing methods for characterizing uncertainty have two important
limitations. First, while the use of a spatially variable image co-registration error avoids
the assumption that errors are spatially uniform, this type of error, as originally
formulated, can only be applied to linear channel adjustments, which provide less
information on channel change than polygons of erosion and deposition. Second,
previous methods use a level-of-detection (LoD) threshold to remove non-significant
measurements, which is problematic because real changes that occurred but were smaller
than the LoD threshold would be removed. In this study, we present a new method of
quantifying uncertainty associated with channel change based on probabilistic, spatially
varying estimates of co-registration error and digitization uncertainty that obviates a LoD
threshold. The spatially distributed probabilistic (SDP) method can be applied to both

linear channel adjustments and polygons of erosion and deposition, making this the first

1Coauthored by Christina M. Leonard, Carl J. Legleiter , Devin M. Lea, and John C.
Schmidt
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uncertainty method generalizable to all metrics of channel change. Using a case study

from the Yampa River, Colorado, we show that the SDP method reduced the magnitude
of uncertainty and enabled us to detect smaller channel changes as significant.
Additionally, the distributional information provided by the SDP method allowed us to
report the magnitude of channel change with an appropriate level of confidence in cases

where a simple LoD approach yielded an indeterminate result.

1. Introduction

Despite recent advancements in remote sensing platforms, historic aerial images
remain invaluable in the analysis of long-term channel change. These data are windows
into the past, providing a rich, spatially robust history of channel change during the ~100
years since the first air photos were taken (Rhoades et al., 2009; Comiti et al., 2011;
Bollati et al., 2014). Programs like Google Earth are a powerful means to visualize
channel evolution, because a sequence of aerial images can be easily compared. Although
such programs facilitate the casual inspection of channel evolution, they cannot be used
to make the precise measurements of channel change that are required for most
management applications. Additionally, the aerial and/or satellite images available in
these programs only date to the mid-1990s and thus provide only a limited window to the
past. Thus, programs like Google Earth cannot entirely replace detailed analyses of
channel change that involve geo-referencing and overlaying historic aerial images to
quantify changes in channel location over time.

Predicting channel change is a longstanding problem in the field of
geomorphology. Since the mid-20™" century, water resource development and climate

change have significantly altered the flow and sediment supplied to most of the world’s
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rivers (Nilsson et al., 2005; Schmidt and Wilcock, 2008b; Best, 2019), creating a societal

need to understand how such disturbances affect flood risk, ecosystem management and
rehabilitation, and land use planning. Case studies of channel change — how much, at
what rate, and why — are the primary means of understanding the trajectory of channel
adjustment after a disturbance. In many cases repeat aerial images are the only record of
the pre-disturbed channel and thus provide the most complete record of the channel’s
response. Therefore, studies of channel change using historic aerial images remain of
fundamental interest to geomorphologists and those tasked with effectively managing
river systems.

Channel change measured from aerial images is only significant if the magnitude
of bank erosion or floodplain formation exceeds the magnitude of uncertainty in the
channel change analysis (Downward et al., 1994). The existing body of channel change
literature includes numerous case studies that use a wide range of methods, which vary in
rigor and complexity, to quantify this uncertainty. As a result and for a given case study,
one might conclude that the channel changes identified are, or are not, significant
depending on how the uncertainty of that analysis is quantified. The simplest methods
assume that the magnitude of uncertainty is negligible compared to the magnitude of
channel change and can be disregarded (e.g., Lyons et al., 1992; Merritt and Cooper,
2000; Buckingham and Whitney, 2007; Magilligan et al., 2008; Cadol et al., 2011;
Comiti et al., 2011; Schook et al., 2017; Wellmeyer et al., 2005), or assume that the
uncertainties compensate for one another in the calculation of net channel change and can
be disregarded (Gaeuman et al., 2003; Ham and Church, 2000). A more complex

approach to quantifying uncertainty is to establish a level-of-detection (LoD);
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measurements of channel change that are smaller in magnitude than this threshold cannot

be distinguished from uncertainty and are removed from the analysis (Urban and Rhoads,
2003). In most studies, the LoD is specified as a spatially uniform threshold for
designating measurements as non-significant and excludes these measurements from the
analysis (Winterbottom and Gilvear, 2000; White et al., 2010; Martin and Pavlowsky,
2011; Kessler et al., 2013). This approach causes a large number of small planform
changes to be removed from the analysis and introduces a bias by ignoring polygons of
very small channel change, implying that the reach-scale average will be dominated by
polygons of larger channel change. Lea and Legleiter (2016) partially overcame this
limitation by allowing the LoD to vary spatially based on local estimates of image co-
registration error, which resulted in a larger proportion of measurements being retained as
statistically significant and thus improved the ability to detect actual channel change.
Despite an abundance of methods used to quantify the uncertainty in
measurements of channel change from aerial images, a generalizable, robust
methodology is lacking. Several metrics are used to measure channel change from repeat
aerial images, and previous methods to quantify uncertainty have varied depending on the
metric of channel change used in individual case studies. This situation has hindered the
development of a generalizable uncertainty method and makes comparing case studies of
channel change from image time series more difficult and imprecise than studies of
repeat topography, for which generalizable methods for characterizing uncertainty have
been developed (Brasington et al., 2003; Wheaton et al., 2010). For example, although
the method developed by Lea and Legleiter (2016) (hereafter referred to as the spatially

variable registration error (SVRE) method) was a significant improvement upon spatially
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uniform methods of quantifying image co-registration error, this method can only be

applied to linear channel adjustments, such as comparison of channel centerlines for
measuring rates of meander migration (Nanson and Hickin, 1983; Micheli and Kirchner,
2002; Schook et al., 2017; Donovan and Belmont, 2019) or bank lines for measuring
rates of bank retreat (Urban and Rhoads, 2003; De Rose and Basher, 2011; Day et al.,
2013; Kessler et al., 2013). An alternative to this simplified linear representation of
channel form involves analyzing the area of bank erosion and/or floodplain formation by
delineating polygons of erosion and deposition (Gaeuman et al., 2003; Grams and
Schmidt, 2005; White et al., 2010; Swanson et al., 2011; Nelson et al., 2013; Nardi and
Rinaldi, 2015). Polygons of erosion and deposition are often a more informative measure
of channel change, because these polygons can be used to characterize fundamental
attributes of channels (e.qg., lateral channel stability) and evaluate the processes by which
channels change size. An uncertainty method that allows for spatially varying image co-
registration error and can be applied to both linear and areal metrics of channel change
thus would be useful.

Another significant limitation of the SVRE and other uncertainty methods is the
removal of any channel change measurements smaller than a specific threshold. This
LoD approach is problematic, because measured changes less than the specified threshold
are assumed to not represent real change and are removed from the analysis. However,
including as many measurements of channel change as possible, whether small or large,
is important, because those data contribute to our understanding of the processes and
mechanisms by which channels adjust. Additionally, the cumulative effect of many small

measurements of change might be larger than the effect of a few measurements of large
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change; thus, excluding small measurements might give the false impression that the

channel’s response is to adjust in a few areas dominated by large change. Also,
preferentially removing small changes could lead to biased removal of erosional areas,
because erosion tends to be more spatially focused than deposition (Brasington et al.,
2003). Similar concerns with the LoD threshold also exist when estimating volumes of
erosion and deposition from two topographic surfaces (Brasington et al., 2003; Anderson
and Pitlick, 2014; Leonard et al., 2017a; Anderson, 2019a). In this case, the LoD
threshold tends to preferentially remove polygons of deposition, because deposition
occurs as relatively thin deposits over large areas (e.g., bars) whereas polygons of erosion
are typically localized and thick (Brasington et al., 2003). In some instances, the biased
removal of deposition can cause the true value of volumetric change to fall outside the
95% confidence interval of the volumetric change obtained by removing measurements
below the LoD threshold (Anderson, 2019a).

In this study, we introduce a generalizable method for quantifying the uncertainty
associated with measurements of channel change from repeat aerial images based on
spatially varying estimates of uncertainty; we call this the Spatially Distributed
Probabilistic (SDP) method. The SDP method can be applied to all metrics of channel
change calculated from the comparison of repeat aerial images, making this technique the
first robust, generalizable method for quantifying uncertainty in measurements of channel
change from an image time series. Moreover, the SDP approach provides a probability
distribution of planform change as output, rather than a single value with an associated

uncertainty, and thus allows the user to estimate the probability that net change was
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erosional, depositional, or within a specified tolerance of a net sediment balance (i.e.,

zero net flux).
2. Spatially distributed probabilistic (SDP) method of quantifying the uncertainty
associated with change detection from an image time series

The purpose of this section is to provide a general overview of the SDP method.
Step-by-step instructions for implementing the method can be found in the supplemental
information, and both a standalone application and the corresponding MATLAB® source
code for performing an SDP uncertainty analysis are available at
https://gcnr.usu.edu/coloradoriver/files/leonard_data.

The SDP method considers one source of error - image co-registration - and two
sources of uncertainty - digitization and interpretation - in measurements of channel
change from repeat aerial images. We define a source of error as having a deviation from
a known value and a source of uncertainty as having a range of values that encompass the
true measurement. Unlike previous methods that consider multiple sources of error and
uncertainty in channel change analysis, the SDP method does not use error propagation to
derive a single value to summarize the uncertainty. Instead, each source of error and
uncertainty is used to create a probabilistic delineation of the active channel boundary for
each of the two images from which a distribution of channel change measurements can be

derived.

2.1 Image co-registration error
Image co-registration error is related to misalignment in image overlays that can
mask real channel change or give a false impression of change when none has occurred

(Gaeuman et al., 2005). Image misalignment originates from the need to transform the
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original row, column pixel coordinates of each digital image to a real-world coordinate

system (e.g., a Universal Transverse Mercator (UTM) projection). This process is
referred to as image warping and involves finding pairs of identifiable features on an
image whose pixel coordinates are in a row, column, or arbitrary local system, referred to
as the warp image, and an image that already has been geo-referenced to the desired real-
world coordinate system, referred to as the base image. These pairs of points are termed
tie-points and are used to establish a spatial transformation that relates pixel coordinates
in the warp image to map coordinates in the base image.

The SDP method uses a spatially distributed image co-registration error that is
similar to that of the SVRE method, but we use independent test-points as recommended
by Hughes et al. (2006) instead of using tie-points to generate the error surface. Test-
points are identified by extracting the map coordinate of the same feature on the image
that is being digitized and the most recent image in the time series (Figure 2-1; step 1a).
Test-points differ from tie-points in that test-points are extracted from two images that
are geo-referenced to a common coordinate system, and thus directly measure image
overlay error rather than the residual error in the transformation used for image warping.
Test-points also can be used to quantify co-registration error in images that are already
geo-referenced and thus do not require warping, such as data acquired through the
National Agriculture Imagery Program (NAIP) or from various satellite platforms. The
magnitude of each test-point error is calculated in the X and Y directions by subtracting
the test-point coordinate in the image being used to delineate the channel boundary (xi/,
yi ) from the same test-point coordinate in the most recent image (xi, yi) (Figure 2-1 step

1b; Figure 2-2 a,b;):
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Exi = X — X]; 2-1)

&yi = Vi~ Yi; 2-2)
where &,; is the magnitude of co-registration error in the X direction for the i*" test-point
and ¢,,; is the magnitude of co-registration error in the Y direction for the i" test-point. A
continuous surface of ¢, and ¢,, is then created by triangulating between each &,; and &,;
point and using bi-linear interpolation within each triangle (Amidror, 2002; Figure 2-2
a,b). The triangulation is dependent on the spatial distribution of the test-points, however,
and we account for this dependency by repeatedly withholding 10% of the test—points

using a 10-fold cross-validation to generate 10 &, and ,, surfaces (Figure 2-1 step 1c-e).

2.2 Interpretation uncertainty

Uncertainty in deciphering whether an alluvial surface is part of the active
channel or part of the floodplain was originally discussed by Winterbottom and Gilvear
(1997), but this aspect of uncertainty is rarely included in studies of channel change.
Common indicators used to classify a surface as channel or floodplain include breaks in
slope or the elevation of the surface relative to the surrounding floodplain. Such
topographic features can only be identified in aerial images when viewed in stereo, but
most studies of channel change delineate channel boundaries based on single images (i.e.,
not stereo pairs) examined within a geographic information system (GIS) software
environment. Therefore, the location of the channel boundary is often inferred on the
basis of vegetation density (Dean and Schmidt, 2011; Nelson et al., 2013) rather than
topographic changes at the edge of the active channel. These delineations thus are subject

to greater uncertainty than if image pairs were analyzed in stereo. Using vegetation
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Figure 2-1. SDP algorithm flow chart.
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Figure 2-2. Spatially distributed image co-registration error surface. (A) Image co-
registration error in the X direction (€x). (B) Image co-registration error in the Y direction
(€y). Positive € and €y values point east and north, respectively. € and €, were calculated
by equations 3 and 4. (C) Resultant vectors of €x and €y calculated by equations 5 and 6.



21
density as a threshold for defining the edge of the channel is also problematic, because

fast-growing perennial vegetation can encroach upon low elevation bars that are regularly
inundated during the annual flood but exposed for long periods during base flow.

The SDP method explicitly incorporates the uncertainty inherent to interpreting
the edge of the channel by delineating minimum and maximum active channel boundaries
(Figure 2-1 step 2); Dean and Schmidt (2011, 2013) used a similar approach. We define
the maximum active channel boundary (Amax) as the smallest extent of the vegetated
islands and the largest extent of the active channel and the minimum active channel
boundary (Amin) as the largest extent of the vegetated islands and the smallest extent of
the active channel (Figure 2-3). Thus, Amax represents the maximum area of the active

channel whereas Amin represents the minimum area of the active channel.

0] ]07]]0

"~ Maximum extent of active channel and vegetated islands
~ Minimum extent of active channel and vegetated islands

Figure 2-3. Schematic showing minimum and maximum active channel delineations for
interpretation uncertainty. (A) Minimum and maximum extent of the active channel and
vegetated islands. These extents represent uncertainty in interpreting the channel and
vegetated island boundaries. (B) Maximum area of the active channel (Amax) is the
minimum extent of the vegetated islands subtracted from the maximum extent of the
active channel. (C) Minimum area of the active channel (Amin) is the maximum extent of
the vegetated islands subtracted from the minimum extent of the active channel.
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2.3 Digitization uncertainty

Uncertainty in digitizing the edge of the channel is the accuracy with which the
same operator can repeatedly delineate the same boundary (Gurnell et al., 1994; Micheli
and Kirchner, 2002; Donovan et al., 2019) and previously has been quantified using a
single value, such as half the product of the width of a pencil line and the scale of the
aerial image (Ham and Church, 2000; Gaeuman et al., 2003; Nelson et al., 2013). When
digitizing the channel extent on an aerial image, the digitizing uncertainty is not uniform
throughout the image and we account for this variability in the SDP method by
characterizing the uncertainty probabilistically using a normal distribution with a mean of
zero and a standard deviation assumed to be one-third of the maximum digitizing
uncertainty. The maximum digitizing uncertainty can be estimated on a case-by-case
basis by repeatedly delineating the same boundary or using the image scale and pencil
width. Alternatively, the maximum digitizing uncertainty can be assumed to be similar to
that of previous studies and taken to be a constant value, such as 2 m ( e.g., Legleiter,

2014; Lea and Legleiter, 2016; Donovan et al, 2019).

2.4 Implementation of the SDP method

The SDP method creates a probabilistic delineation of the active channel
boundary using information on all three sources of error and uncertainty described above:
image co-registration, interpretation, and digitization. First, the method adjusts the Amax

and Amin boundaries based on the local co-registration error by moving each vertex (x;, Y;j)

—
€xy

along a vector whose magnitude (

) and direction (8) (Figure 2-2c) are given by:
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0.5
ol = (e + ) 2-3)
_1(&yj
6 = tan <—>, (2—-4)
Exj

where &,; and ¢,,; are the co-registration errors at point (x;, yj) extracted from the ¢, and
gy, surfaces (Figure 2-4a). This procedure is repeated for each of the 10 co-registration
error surfaces to create 10 Amaxand Amin boundaries (Figure 2-1 step 3). Along each of
the 10 Amaxand Amin boundaries, a band of delineations that represents digitizing
uncertainty is generated by randomly sampling 100 digitization uncertainty values from
the normal distribution and moving each vertex along a normal vector by the magnitude
of the sampled uncertainty value (Figure 2-1 step 4; Figure 2-4b). The final probabilistic
delineation for each Amax and Amin boundary consists of 1,000 delineations whose
distribution represents co-registration and digitization uncertainty (Figure 2-4c).

After the probabilistic delineations for Amax and Amin boundaries are created for
two aerial images (Figure 2-1 step 5), probability distributions of channel change are
calculated by randomly sampling, with replacement, 5,000 Amax or Amin delineations from
both aerial images and overlaying each sampled boundary to create polygons of erosion
and deposition (Figure 2-1 step 6). This step is performed separately for each
combination of Amax and Amin overlays, creating a total of 20,000 calculations of channel
change (Figure 2-1 steps 7a-d): (a) minimum active channel boundary in both images
(Amint&Awmin(2)); Where the subscripts t1 and t2 denote the earlier and later images,
respectively; (b) maximum active channel boundary in both images (Amax)&Amax(t2));
(c) minimum active channel boundary in the earlier image and maximum active channel

boundary in the later image (Awmint1)&Awmax(t2)); and (d) maximum active channel
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Figure 2-4. Steps used to create a probabilistic boundary delineation. (A) Original boundary delineation in green and boundary
delineation adjusted for co-registration error in red. The red line was created by moving each vertex of the green line by a

distance of

in the direction 6 (Figure 2-1c). (B) Subset of A. Blue lines represent the distribution of probable channel

Sxy
delineations around the adjusted red boundary. The distribution of blue lines was populated by randomly sampling a digitizing
uncertainty from a normal distribution with a mean (i) of zero and standard deviation () of one-third the maximum digitizing
uncertainty (inset). Each vertex on the red line was moved along a normal vector with a magnitude equal to the sampled value.
This was repeated 100 times. (C) Same location as B showing the full probabilistic boundary delineation. Each red line was
adjusted from the original green boundary using one of the 10 co-registration error surfaces. The blue lines represent the
digitization uncertainty around each of the 10 red lines.
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boundary in the earlier image and minimum active channel boundary in the later image

(Amaxtry&Awmin(t2). The distribution of areal changes for all combinations of overlays
represents the combined uncertainty in co-registration, digitization, and interpretation.

The same method can be used to create a probabilistic delineation of channel
centerlines or bank lines to obtain a distribution of centerline migration or bank retreat
rates. Here, we focus on applying the SDP method to polygons of erosion and deposition
because, as discussed in Section 1, these measurements yield more geomorphic

information.

3. Channel change case study

To illustrate how the SDP method can be applied in a specific channel change
analysis, we describe application of the SDP method to a 23-km alluvial segment of the
Yampa and Little Snake Rivers in northwestern Colorado, USA. Here, we describe our
analysis of channel change based on analysis of aerial images collected in 1954 and 1961
(Figure 2-5). We demonstrate the advantages of the SDP method by comparing our
results to those obtained using two methods that do not use a spatially variable image co-
registration error and do not characterize uncertainty in a probabilistic manner. The data
used in this case study are available from the U.S. Geological Survey (USGS)
ScienceBase (Legleiter and Leonard, 2020). Both historical images were collected from
late August to early September at base flow (i.e., 7.16 and 9.03 m3s! in 1954 and 1961,
respectively, estimated at the Deerlodge gage by summing the discharge at the Maybell
(USGS station number: 09251000) and Lily (USGS station number: 09260000) gages);
Figure 2-5). The flow regimes of the Yampa and Little Snake Rivers are largely

unregulated and dominated by spring snowmelt floods. The mean annual flood at the
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Deerlodge gage is 408 m3s?, and late summer is a time of low discharge (Manners et al.,

2014a; Topping et al., 2018). Both rivers in the study area have wide active channels with
many active bars, as well as bars adjacent to the channel that were formed by floods of
different magnitudes. The Little Snake River is the primary source of fine sediment to the
Yampa River in Yampa Canyon in Dinosaur National Monument (Topping et al., 2018)
and provides a disproportionately large supply of fine sediment relative to the river’s
contribution of streamflow (Andrews, 1980). We selected this location for our channel
change case study, because the National Park Service is concerned about the maintenance
of valued park resources that might be affected by upstream water development and
recognizes the need to distinguish natural patterns of channel change from changes

associated with anthropogenic perturbations.

3.1 Channel change case study methods

The 1954 and 1961 images were not geo-referenced to a projected coordinate
system, so we warped both images to a common projected coordinate system using the
2017 NAIP image as a base. The 1954 and 1961 images were downloaded from the
USGS Earth Explorer website (USGS, 2019) as 24 single frame images. In Section 2, we
described the general process of image warping whereby tie-points are identified on an
individual single frame image to develop a transformation equation for warping that
particular image. In this case study, however, we used a Structure-from-Motion (SfM)
software package (Agisoft LLC, 2016) to first align and merge the single frame images
into a mosaic and then warp and rectify the mosaic by using 12 tie-points with elevations
extracted from the National Elevation Dataset (USGS, 2012) to define a 7-parameter

similarity transformation with three parameters for translation, three for rotation, and one
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Figure 2-5. Study area used to illustrate the SDP method. The study area is located in
northwestern Colorado along a 17 km alluvial section of the Yampa River spanning the
Little Snake confluence and a 7 km reach of the Little Snake River directly upstream
from the confluence. The Deerlodge gage (USGS station #: 09260050) is located at the
downstream end of the study area. The direction of flow is from right to left. Base aerial
image is from the 2017 NAIP.

for scaling. Other studies have demonstrated the utility of using SfM to reconstruct
elevation models of landforms from historic aerial images (Riquelme et al., 2019), and
we found that the same method was useful for geo-referencing a large number of historic
aerial images; however, difficulties may arise when the overlap between adjoining
images is small. Also, we avoided the misalignments that can occur at the seams of the

images when they are individually geo-referenced and overlaid by using SfM to geo-

reference the mosaic rather than the individual images (e.g., Donovan et al., 2019).
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As described in Section 2, we used independent test-points to characterize co-

registration error in our case study. These test-points indicated how well the 1954 and
1961 images overlaid on the 2017 NAIP image. In our case study, test-points were
difficult to visually identify, because roads and buildings in the 2017 image were not
present in the 1954 and 1961 images and “‘soft” tie-points were limited. Therefore, we
used an area-based matching algorithm in the remote sensing software package ENVI®
(L3Harris Geospatial) to automatically generate test-points (Figure 2-2a). The area-based
matching algorithm compared grayscale values of each image within a moving search
window and identified similarities and patterns using normalized cross-correlation. We
removed test-points with correlation coefficients of less than 0.8, and we manually
inspected the remaining test-points with the lowest correlation coefficients to ensure test-
point accuracy. The algorithm produced approximately 450 test-points in both images,
but the points were predominantly located on adjacent hillslopes with high textural
variability, because the landscape in our case study was rural with high topographic
variability. Therefore, we supplemented the ENVI-generated test-points with manually
selected points along the valley bottom.

We used the methodology described in Section 2 to create spatially distributed &,

—
Exy

and ¢,, surfaces from the test-points generated above and calculate and 6 at any x;,

yj point (Figure 2-1 steps 1 and 3). The spatially uniform root mean square error (RMSE)
was calculated using a subset of test-points from our case study that were close to the

active channel as:

n 2705
RMSE = [EF—IS’] , (2-5)

n
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where n is the number of test-points and & is the linear distance between the j test-point

in the transformed warp image (x;,y;) and the base image (x;, y;), calculated as:

& = [(xj —x))"+ (3 - 3’})2]0'5- (2-6)
We used a subset of test-points close to the active channel to eliminate the influence of
unusually large test-point errors located on adjacent hillslopes that were automatically
selected by the area-based matching algorithm and would not have affected channel
change measurements. The RMSEs for 1954 and 1961 were 4.95 and 4.52 m,
respectively. We assumed that the maximum digitizing uncertainty in our case study was
2 m based on previous studies (Donovan et al, 2019) and defined the digitizing
uncertainty using a normal distribution with a mean of zero and a standard deviation of
2/3, as described in Section 2 (Figure 2-1 step 4).

Interpretation uncertainty was estimated by separately digitizing the minimum
and maximum extent of the active channel and vegetated islands (Figure 2-1 step 2). For
our case study, we used an initial threshold of 10% vegetation density to classify surfaces
as channel (<10% vegetation density) or floodplain (>10% vegetation density). However,
we were uncertain in several locations whether a surface with >10% vegetation had
aggraded to a height similar to that of the surrounding floodplain with denser, more
mature vegetation because the images were not viewed in stereo. This sort of uncertainty
is inevitable in any channel change study but the Amin and Amax boundaries described in
Section 2 provided a means of classifying these uncertain surfaces as both active channel
and floodplain.

We also used a sequence of aerial images that were collected before and after the

image being digitized to help us understand the evolution of alluvial surfaces with



30
interpretation uncertainty through time. For example, if an ambiguous surface showed a

clear evolution from an unambiguous active channel in the earlier image to unambiguous
floodplain in the later image, we knew that during the image sequence the surface
changed from channel to floodplain and assumed that the ambiguous surface in the
intermediate image being digitized was within this gradual transition. In this instance, we
would use the Amin and Amax bounds to classify the surface as both channel and
floodplain. Conversely, if the surface was unambiguously active channel in both the
earlier and later images, we would assume that the surface in the intermediate image
being digitized was also active channel and the increase in vegetation on that surface
might have been caused by the proliferation of vegetation on bars during a period when
the annual snowmelt floods were small.

Figure 2-6 presents two examples from our case study where we used a sequence
of aerial images to guide our interpretation of ambiguous alluvial surfaces. The partly
vegetated surface in Figure 2-6 a,b is an example of a vegetated island where the
secondary back channel was unambiguously part of the active channel in an image from
1938 and unambiguously part of the floodplain in an image from 1975, but in the 1954
and 1961 images, there was ambiguity in whether the surface was the channel or
floodplain. This interpretation uncertainty implied that the surface could be classified as a
vegetated island in Amax (Figure 2-6a) or as part of the floodplain in Amin (Figure 2-6b).
Similarly, Figure 2-6c¢,d is an example of a vegetated bank-attached bar that was
unambiguously active channel in the 1938 image and unambiguously floodplain in the
1975 image, but there was ambiguity in whether the surface was floodplain or channel in

the 1954 and 1961 images. Therefore, the surface was included as part of the active
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channel in the Amax delineation (Figure 2-6c¢) and part of the floodplain in the Amin

delineation (Figure 2-6d).
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Figure 2-6. Interpretation uncertainty characterized by minimum and maximum channel
boundary delineations. (A) Partly vegetated surface on the left bank was classified as a
vegetated island and a secondary channel using the Amax delineation. (B) Same vegetated
surface as A was classified as floodplain in the Amin delineation. (C) Vegetated bank-
attached bar on the right bank was classified as active channel in the Amax delineation.
(D) Same bank-attached bar as C was classified as floodplain in the Amin delineation.
Direction of flow is from top to bottom in all images and minimum and maximum
boundaries were delineated from the 1954 aerial image.

The net planform change was calculated as the amount of erosion subtracted from
the amount of deposition, with positive values indicating net deposition and negative
values indicating net erosion. The total net planform change using the SDP method, as

evaluated in our case study, was calculated by overlaying the probabilistic delineations in

1954 and 1961 to create a distribution of erosion and deposition polygons for each Amax
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and Awin overlay and then merging the net planform change from all Amaxand Awmin

overlays (Figure 2-1 step 7) into a single probability distribution. This distribution
represented the combined uncertainty associated with co-registration, digitization, and
interpretation. We also normalized the distribution of net planform change by dividing
the net areal change by the channel centerline length to facilitate interpretation and
comparison among reaches. For example, if the magnitude of net change was 100 m? of
erosion and the channel length was 10 m, the normalized net change would be 10 m of
erosion for every downstream meter, which we would consider a large amount of erosion.
Conversely, if this amount of areal change occurred over a channel length of 10,000 m,
the normalized net change would only be 0.1 m of erosion per a downstream meter,
which we would consider a small amount of erosion. Additionally, normalizing the net
planform change by the channel centerline length allowed us to interpret the results in
terms of net changes in channel width. In case studies where multiple sets of aerial
images are used, the net planform change should also be normalized by the number of
years between each set of aerial images so that the magnitude of change between image
pairs is comparable; this form of standardization would also aid in comparing channel
change case studies from the literature.

3.2 Comparison of the SDP method with existing methods of characterizing channel
change uncertainty

The uncertainty inherent to measurements of channel change from aerial images
implies that any channel change analysis must consider the impact of these uncertainties
on the results. We evaluated whether the SDP method improved upon previous methods
by comparing the results from our case study when the uncertainty was quantified using

the SDP method and two existing methods that used a spatially uniform image co-



33
registration error and did not characterize the uncertainty probabilistically. The first

method (&;) was similar to that of Urban and Rhoads (2003) and Micheli and Kirchner
(2002) in that we created an uncertainty bound with a width of the propagated co-
registration error and digitization uncertainty using:

& = [rmsetlz + rmsetzz + sdigitizingz]osi 2-7)
where rmset; and rmsey, were the spatially uniform co-registration errors for each image
(i.e., 4.95 and 4.52 m for the 1954 and 1961 images, respectively) and &Gigitizing Was the
maximum digitization uncertainty, which we assumed to be 2 m. The maximum area for
each erosional or depositional polygon was the area of the &1 uncertainty band added to
the original polygon (Figure 2-7a-c), and the minimum area was the &1 uncertainty band
subtracted from the original polygon (Figure 2-7d-f). The minimum net planform change
was the sum of the maximum area of erosion for all polygons (Figure 2-7¢) subtracted
from the sum of the minimum area of deposition (Figure 2-7f). The maximum net
planform change was the sum of the minimum area of erosion (Figure 2-7f) subtracted
from the sum of the maximum area of deposition (Figure 2-7c).

The second method (&,) was developed by Swanson et al. (2011) and involved
estimating uncertainty in the width of each polygon of erosion and deposition using
equation 7 and converting the width uncertainty to an area by multiplying by the polygon
length. The total magnitude of uncertainty in erosion or deposition was the sum of
uncertainty across all erosional or depositional polygons, and the minimum and

maximum bounds for net planform change were calculated in the same way as for &;.
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Figure 2-7. Minimum and maximum extent of erosion and deposition was calculated by
adding or subtracting a spatially uniform uncertainty bound around each polygon of
erosion and deposition. Flow is from right to left and the 1954 image was used as the
base image. The maximum area of erosion or deposition is the uncertainty bound added
to each polygon (A, B, C) and the minimum area of erosion or deposition is the
uncertainty bound subtracted from each polygon (D, E, F). The minimum bound of net
planform change was the sum of erosional polygons in C subtracted from the sum of
depositional polygons in F, and the maximum bound of net planform change was the sum
of erosional polygons in F subtracted from the sum of depositional polygons in C.

3.3 Results: Comparison of methods to quantify the uncertainty with channel change
The output from the SDP method was a distribution of planform change that we
used to calculate the probability that net change in our case study was erosional or
depositional along with a 95% credible interval as a summary metric of uncertainty. The
95% credible interval contained 95% of the most probable values and thus provided a

measure of uncertainty comparable to the spatially uniform & and & methods. We

suggest that the 95% credible interval could be a useful metric of uncertainty in other
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studies that are not necessarily focused on directly comparing uncertainty methods, as

was the main objective of our case study.

The SDP method, as implemented in our case study, significantly reduced the
magnitude of uncertainty in measurements of areal channel change compared to the &1
and & methods. The maximum extents of erosion and deposition using the &1 method
(Figure 2-8a) were greater than the maximum extents using the SDP method (Figure 2-
8c) because the £1 uncertainty bound (Equation 7) was generally larger than the local
probabilistic delineation of the channel extent generated by the SDP method. Conversely,
the minimum extent of erosion and deposition using the €1 method (Figure 2-8b) was
much smaller than the SDP method (Figure 2-8d) because &1 uncertainty band was
greater than the size of several polygons, which caused those polygons to be completely
removed from the & minimum extent (Figure 2-8b). The combined effect of these
differences was a reduction in the uncertainty of deposition by 72% and 78% relative to
&1 and &, respectively, and in erosion by 84% and 87% relative to &1 and &, respectively
(Figure 2-8c,d inset; Table 2-1). The negative minimum bound of erosion and deposition
in the & method (Table 2-1; inset Figure 2-8c¢,d) had no physical meaning because the
amount of erosion and deposition could not be less than zero. This spurious result was
caused by the uncertainty being greater than the planform change (e.g., Amaxt)&Amin(t2)
deposition was 6.5 + 14.0; Table 2-1).

In our case study, we could not conclude with confidence whether the channel
margins or vegetated islands accumulated or evacuated sediment, nor the direction of the
total net planform change, using the & and & methods, because the uncertainty band

spanned zero (Figure 2-9). Although the SDP 95% credible interval also spanned zero,
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Figure 2-8. Minimum and maximum extent of erosion and deposition using the
Anmaxtn)&Amax(t2) overlay. Flow is from right to left and the 1954 image was used as the
base image. (A) Maximum extent of deposition and erosion using the €1 method. (B)
Minimum extent of deposition and erosion using the €1 method. (C) Maximum extent of
erosion and deposition using the SDP method. Inset shows the estimate for the
normalized area of deposition and minimum and maximum bound of uncertainty using
the €1 and €2 methods overlaid on the SDP distribution. (D) Minimum extent of erosion
and deposition using the SDP method. Inset shows the estimate for the normalized area of
erosion and minimum and maximum bound of uncertainty using the €1 and €2 methods
overlaid on the SDP distribution. The maximum and minimum extent of erosion and
deposition using the €2 method was not overlaid on the images because the €2 method
calculated the magnitude of uncertainty, not the spatial extent. The SDP method reduced
the magnitude of uncertainty by 72-78% for deposition and 84-87% for erosion (Table 2-
1).



Table 2-1. Uncertainty bounds for the €1 and €2 methods and the 95% credible intervals
for the SDP method. All values are normalized by the channel centerline length. Also
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included are the percent change between the €1 and SDP method (%ASDPe1) and between
the € and SDP method (%ASDP¢»).

€ (m) €2(m) SDP (m)  %ASDPsi  %ASDPg
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_ -7.6 - _ ] .
Avax(tn)&Awin(2) 26-269 ,,¢ 8.4-11.2 89% 90%
_ -3.7 - _ . .
AMin(tl)&AMaX(IZ) 0.6-20.5 20.7 412 -6.7 87% 89%
_ -6.2 — _ . .
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Erosion
-10.5 - . )
Anax1)&Awin(2) 0.4-26.4 23.4 5.6-96  85% 88%
-10.3 -
9-31.2 7.5-11. % o
Awin(2)&Amax(2) 09-3 27.3 5 6 86% 89%
_ -11.6 — B . 0
Awax(t1)&Awaxt2) 0.4-288 25.4 6.1-10.1 86% 89%
-10.6 -
4-27. 8- 10. % o
Awin(t1)&Awin(t2) 0 S oS40 58-10.0 85% 88%
TOTAL 04-312 HOT  >92- 84% 87%
A Planform
Change
-23.8— 287 — o - :
Awax(t1)&Amin(2) 26.6 13.8 1.1-55 8% 84%
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the results were more informative, because we could estimate the probability of change.

More specifically, we found a 37% probability that the total net planform change was
depositional (Figure 2-9a; Table 2-1), a 19% probability that the channel boundary
accumulated sediment (Figure 2-9b; Table 2-1), and a 100% probability that vegetated
islands accumulated sediment (Figure 2-9c; Table 2-1). Also, the magnitude of the 95%
credible interval associated with the distribution generated by the SDP method was 80%
and 78% smaller than the &1 and & uncertainty bounds, respectively (Table 2-1). Thus,

the SDP method significantly reduced the bound of uncertainty compared to the &1 and &

methods.
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Figure 2-9. (A) All Amaxand Amin overlay solutions merged into a single histogram fit
with a probability density function which represents uncertainty in the normalized net
change in area caused by co-registration, digitization, and interpretation uncertainty. The
minimum and maximum bounds of uncertainty for the €1 and € methods are also shown.
(B) Net areal change in A for changes that occurred along the channel margin. (C) Net
areal change in A for changes that occurred along vegetated islands.

The distribution of change generated from the SDP method provided a
quantitative basis for deciding whether the probability of change in our case study was

large enough to support meaningful geomorphic conclusions. For the purposes of this

case study, there was an inconsequential risk associated with accepting the channel
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change results as true change when the change might have been caused by co-registration

error or digitization and interpretation uncertainty, so we decided that a 19% probability
of deposition along the channel boundary was sufficient to justify the conclusion that the
channel boundary evacuated sediment. Similarly, we concluded that the vegetated islands
accumulated sediment based on a 100% probability of vegetated island deposition.
Overall, the net channel change was erosional rather than depositional based on a 37%
probability that the net change was depositional. Conversely, the only conclusion that
could be made for our case study based on the &1 and & method was that the results

implied an indeterminate net sediment balance.

3.3.1. The relative magnitude of each type of error and uncertainty

The SDP method processes each source of error and uncertainty individually,
which avoids the requirement that errors and uncertainties be normally distributed with a
mean of zero for error propagation. This is an important improvement to the & and &
methods that incorrectly assume that the RMSE has a mean error of zero. Additionally,
processing uncertainties individually allowed us to assess the net effect of each type of
uncertainty on channel change to identify the primary driver of uncertainty in our case
study. Such an analysis could not have been performed using traditional methods that rely
on error propagation.

The magnitude of the co-registration error in our case study was defined by

—
£xy

extracting from each Amax and Amin Vertex for the 10 error surfaces. The magnitude

of the digitization uncertainty was simply the normal distribution defined in Section 3.1

as having a mean of zero and a standard deviation of 2/3. Interpretation uncertainty was
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calculated as the difference between the minimum and maximum active channel areas in

our study reach calculated within 150 channel-spanning cells spaced at 150-m streamwise
intervals along the channel centerline. The difference in area within each cell was
normalized by the channel centerline length, which allowed us to express the
interpretation uncertainty in units of length comparable to the co-registration error and
digitization uncertainty.

In our case study, co-registration was the largest source of error, followed by
interpretation and digitization uncertainty (Figure 2-10). The median of the image co-
registration error was larger than the interpretation uncertainty (3.0 vs. 0.0 m), but the
mean was comparable (3.7 vs. 3.3 m). By definition, the mean of the digitization
uncertainty was 0 m and smaller than interpretation uncertainty and co-registration error.
The median of the interpretation uncertainty was extremely small because in 56% of the
study area the extent of the channel boundary was unambiguous. Conversely, the co-
registration error was greater than zero throughout the entire study area. If we only
considered cells where the interpretation uncertainty was greater than 0 m, the median
interpretation uncertainty increased to 2.4 m and the mean increased to 7.4 m. The results
of our case study suggest that interpretation uncertainty can be much larger than any
other source of uncertainty, implying that interpretation uncertainty should be considered
in all studies of channel change. However, we emphasize that the results presented here
are unique to our case study and that the magnitude of each source of uncertainty could

be different in other studies.
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Figure 2-10. Box and whisker plot for each error and uncertainty type showing the
median and interquartile range within the box, values £2.7c within the whiskers, and
values < £2.7c as outliers.

3.3.2. Net effect of interpretation uncertainty

The overall effect of interpretation uncertainty in our case study was characterized
by individually examining the net change in different Amax and Amin Overlays and we
found that different Amax and Amin Overlays tended toward net erosion or deposition
(Figure 2-11). The difference was greatest when Amin and Amax Were overlaid:
Amaxt)&Awmint2) had a 90% probability of net deposition whereas Awmin(t)&Amax2) only
had a 1% probability of net deposition (Figure 2-11a,b; Table 2-1). We attributed this
result to the Amax(t1)&Awmin(2) Overlay favoring net deposition along the channel margins
and vegetated islands (Figure 2-12), which created a high probability that the net
planform change was depositional (Figure 2-11a). The magnitude of vegetated island

deposition was smaller for the Awmin()&Amax(t2) Overlay (Figure 2-12a) and sediment was
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evacuated from the channel margin (Figure 2-12b), decreasing the probability that net

planform change was depositional for the Awmint)&Amaxz) overlay (Figure 2-11b). The
net planform change along the channel margins and vegetated islands differed little
between the Amax1)&Awmax(t2) and Awmin(t1)&Awminez) overlays (Figure 2-12), and the
probability that each overlay was depositional was similar (Figure 2-11c,d). Thus, the
Anmaxr)&Amax(2) and Awmint)&Awint2) Overlays represented the most conservative amount
of channel change and the probability of this scenario occurring in the overall
distribution of net change was 50%. Conversely, the Awmint1)&Amaxt2) and
Awnaxry&Awmint2) Overlays represented the most extreme amount of deposition or erosion
and each of these scenarios had a 25% chance of occurring in the overall distribution of

net change.

4. Discussion

Numerous studies have analyzed repeat aerial images to detect channel change,
but the lack of a consistent methodology to quantify and incorporate uncertainty has led
to the use of many methods for estimating uncertainty in measurements of channel
change with varying degrees of rigor and complexity (Gurnell et al., 1994; Winterbottom
and Gilvear, 1997; Mount et al., 2003; Mount and Louis, 2005). Previous methods to
quantify uncertainty could only be applied to one type of channel change measurement
(i.e., linear channel adjustments or polygons of change), which prevents these methods
from being applicable to all channel change studies. The SDP method presented here is
the first generalizable method for characterizing uncertainty associated with
measurements of channel change that can be used with all forms (i.e., both linear and

areal metrics) of channel change measurements from an image time series.
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Figure 2-12. Probability density functions fit to the Aminand Amax overlay distributions
partitioned by change along the channel margins and vegetated islands. (A) Normalized
area of deposition along the channel margins. (B) Normalized net change along the
channel margins.

The SDP method improves upon other methods of quantifying uncertainties by
estimating planform change probabilistically, rather than specifying a LoD threshold and
discarding measured changes less than this threshold (Winterbottom and Gilvear, 1997,
Martin, 2003; Urban and Rhoads, 2003; Surian et al., 2009; White et al., 2010; De Rose
and Basher, 2011; Kessler et al., 2013). By avoiding the use of a LoD threshold, the SDP
method retains all polygons of channel change and calculates a distribution of each
polygon’s area given the uncertainty. The retention of all channel change measurements

is a significant improvement to previous methods that discard changes smaller than a

threshold because all polygons of change, whether small or large, contribute to our
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understanding of the processes and mechanisms by which channels adjust. Additionally,

eliminating the LoD threshold has the potential to significantly improve the accuracy of
channel change studies that use bank line retreat to estimate volumes of bank erosion
(Rhoades et al., 2009; De Rose and Basher, 2011; Day et al., 2013; Kessler et al., 2013),
because point bars are commonly constructed to a lower elevation than eroding cutbanks
(Lauer and Parker, 2008) and slivers of bank retreat removed by the LoD threshold can
sum to large volumes of erosion when they extend over a large area and are multiplied by
the bank height.

The case study presented in this paper demonstrated that the SDP method can
significantly reduce the uncertainty in measurements of channel change from repeat
aerial images. While the SDP method is rigorous and robust, the technique is
computationally intensive. For example, in our case study we sampled our probabilistic
distributions 5,000 times to create a distribution of 20,000 channel change measurements
and the runtime for this analysis was ~20 minutes on a computer with 32 gigabytes of
RAM and a 3.70 GHz processor. In comparison, the runtime for the &1 and & methods
was less than 1 minute.

One way to decrease the SDP processing time is to reduce the number of
randomly sampled channel boundary delineations used to calculate the distribution of
channel change measurements (Figure 2-1 step 6). To test the sensitivity of the
distribution of channel change to sample size, we ran the SDP method using a range of
sample sizes from 1,000 to 10,000. This sensitivity analysis showed that the distributions
of channel change measurements were similar for all sample sizes (Figure 2-13),

implying that we could have reduced the number of samples to 1,000 without
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significantly changing our results. If computation time is a concern in other studies, we

suggest performing a similar sensitivity analysis on a subset of the study area to
determine the optimal number of sampled boundary delineations used to create the

distribution of channel change.
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Figure 2-13. Violin plots showing the distribution of net planform change calculated by
the SDP method using 1,000 to 10,000 randomly sampled channel boundary delineations
indicated by the number of bootstrap iterations. Insets show the mean and standard
deviation for each violin plot.
4.1. When to use the SDP method

Not all channel change studies require a method as rigorous and robust as the SDP
method to quantify uncertainty. We suggest that the level of complexity and rigor
appropriate for any effort to detect channel change depends on three factors: the

magnitude of uncertainty compared to the magnitude of channel change, the objective of

the study, and the amount of time between the aerial images used to detect change.
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In small rivers, the uncertainty can be a large proportion of the total channel area

(Swanson et al., 2011) and channel change may need to be quite large (e.g., greater than
25% of the width of the channel) compared to the size of the river to overcome the
geospatial uncertainty. In such instances, the smaller bound of uncertainty produced by
the SDP method will increase the likelihood of detecting channel change. When the
signal of channel change is extremely large, as in laterally unstable rivers, a less complex
uncertainty characterization method might be suitable regardless of the channel size (e.g.,
Surian, 1999; Cadol et al., 2011; Ziliani and Surian, 2012; Moretto et al., 2014; Righini et
al., 2017).

We identified two sites of bank erosion from our channel change case study
where channel change was large enough that a less robust uncertainty method could be
used and where channel change was small and only detectable by the SDP method. Bank
erosion at both sites was visible by comparing the 1954 to 1961 aerial images but the &1
and & methods produced an indeterminate result when the magnitude of erosion was
small, whereas the SDP method could detect this small erosional signal (Figure 2-14a,b).
Conversely, the &1, &, and SPD methods could all detect bank erosion when the signal
was large (Figure 2-14c,d). This example from our case study highlights the benefit of
using the SDP method when the signal of channel change is small compared to the
uncertainty.

When the study objective is to calculate the absolute magnitude of planform
change, rather than the direction of change as erosional or depositional, the SDP method
significantly reduces the uncertainty bound (Table 2-1) and enables a more precise

estimate of the magnitude of channel change. We demonstrate this capability using the
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two sites of bank erosion from our channel change case study discussed above (Figure 2-

14. The & and & methods predicted anywhere from 0.65 m of deposition to 15 m of
erosion at the site with a smaller amount of bank erosion, whereas the SDP method
predicted 3.5 to 8 m of bank erosion (Figure 2-14a,b). At the site with a larger amount of
bank erosion, there was anywhere from 2 to 28 m of erosion using the &1 and & methods
but that uncertainty bound was reduced to 13 to 18 m of erosion using the SDP method

(Figure 2-14c,d). These examples demonstrate how well the SDP method can constrain
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Figure 2-14. Example of the €1 and &2 methods and SDP method applied to two locations
of bank retreat in our study area. (A) Location of small bank retreat. (B) Magnitude of
channel change at the site in A calculated by the €1 and €2 methods and SDP method. (C)
Location of large bank retreat. (D) Magnitude of channel change at the site in C
calculated by the €1 and € methods and SDP method.
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the magnitude of channel change, and we suggest that this method be used when the

study objective is to calculate the absolute magnitude of change.

Lastly, the temporal interval between aerial images compared to the activity of the
channel during that interval will govern the amount of channel change recorded and,
therefore, the type of uncertainty analysis needed to detect significant channel change.
When aerial images are acquired in closely spaced time intervals and channel change is
small (e.g., Manners et al., 2014), the SDP method might facilitate channel change
detection. Conversely, when channel changes are large, significant channel change might
be detectable with a less robust form of uncertainty analysis, regardless of the time

interval between aerial images.

4.2. When does each type of error and uncertainty matter?

In the SDP method, we distinguish between error and uncertainty by defining
error as a deviation from a known value and uncertainty as a range of values that
encompasses the true measurement. One advantage of the SDP method is that errors and
uncertainties are added individually rather than being propagated to a single value, and by
doing so, the user can evaluate the relative magnitude of each source of error and
uncertainty and assess the effects on the channel change analysis. In our case study, co-
registration error was the greatest source of error, followed by interpretation and
digitization uncertainty (Figure 2-10), but the significance of each type of uncertainty
might be different in other study areas, or within the same study area when using
different aerial images. In the following sections, we describe scenarios when each source

of uncertainty is significant and other scenarios when that type of uncertainty might be
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disregarded. Understanding which sources of uncertainty are important in a given study

can help guide the selection of an appropriate uncertainty method.

4.2.1. Spatially distributed image co-registration error

Image co-registration error is relevant when two images are overlaid to calculate
planform change. When planform metrics are derived from a single image (e.g., width
and active channel area), the co-registration error is irrelevant, because the images are not
overlaid, although image distortion can still cause uncertainty in these planform metrics if
the images are not orthorectified. The co-registration error can be quantified as uniform
across the study area using the RMSE (Equation 5) of tie-points used to warp the image,
the RMSE (Equation 5) of independent test-points, or the co-registration error can be
allowed to vary spatially, as done in the SDP method (Figure 2-1 step1). When planform
change is small (e.g., less than 25% of the width of the channel), a spatially variable co-
registration error is necessary, because this error is often lower than the uniform RMSE
near the channel, which allows smaller planform changes to be detected. In our case
study, using a spatially variable co-registration error reduced the error at ~83% of the
Anmin and Amax vertices in the 1954 and 1961 images (Figure 2-15) and shrunk the overall
uncertainty bounds by 78-90% (Table 2-1). If the planform change is extremely large, the
uniform RMSE might be small compared to the channel change signal and a spatially
variable co-registration error would not be necessary. To decide whether the co-
registration error should be allowed to vary spatially, the magnitude of uncertainty in the
€1 method can be compared to estimated planform change when uncertainty is not
considered. If the €1 uncertainty bound is greater than the magnitude of change, co-

registration error should be allowed to vary spatially.
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Figure 2-15. Distribution of co-registration errors extracted from each vertex along the
Amax and Amin boundaries in 1954 and 1961. These data are displayed as a cumulative
density function estimate and a histogram. The blue portion of these distributions have a
co-registration error that is lower than the uniform RMSE and the green portion have a
co-registration error that is above the uniform RMSE. 82% of the co-registration errors
were above the uniform RMSE in 1954 and 84% in 1961.

The effectiveness of the spatially variable co-registration error in reducing uncertainty
will depend on the number, distribution, and quality of test-points. We suggest using an
automated procedure to generate test-points throughout the study area (e.g., Carbonneau
et al., 2010) and supplementing those test-points with manually selected test-points near

the channel. Additionally, the user could test the sensitivity of the SDP method to the

number, density, and distribution of test-points in their study area.
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4.2.2. Digitization uncertainty

Digitization uncertainty is affected by the spatial and spectral resolution of the
image. The spatial resolution determines the smallest object that can be observed in an
image. The appropriate spatial resolution for a channel change analysis will depend on
the channel dimensions and might vary within the study area. If the spatial resolution is
low and the channel is narrow, a single pixel may contain a portion of the active channel
and the channel boundary, introducing uncertainty as to where to place the boundary
within the pixel. The greater the proportion of pixels that contain both the active channel
and the channel boundary, the larger the digitization uncertainty. Spectral resolution
refers to the range of wavelengths within each one of the sensor’s spectral bands. Aerial
images collected by sensors with a high spectral resolution are more likely to have a near-
infrared wavelength band. This type of band is helpful, because the near-infrared
wavelength can be used to distinguish the boundary between vegetation, water, and bare
channel bars, which reduces the digitization uncertainty.

The crispness of the boundary can also affect digitizing uncertainty. Easily
identifiable features with sharp boundaries, like roads or buildings, will have a smaller
digitizing uncertainty than fuzzy boundaries that are less crisp, such as trees. Along rivers
in arid regions with little vegetation, actively eroding banks create crisp boundaries and
have low digitizing uncertainty. In humid or mountainous regions, vegetation along the
channel boundary is denser and eroding banks cause trees to fall into the channel, making
the boundary fuzzier and subject to larger digitizing uncertainty. Shadows can cause crisp
boundaries to become fuzzy during certain times of the day; digitization uncertainty is

thus sensitive to flight timing.
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Most study areas contain both crisp and fuzzy boundaries, which will cause the

digitizing uncertainty to vary spatially. Currently, a spatially variable digitizing
uncertainty has not been used in a channel change study; this is an area for future work.
Although the SDP method does not directly incorporate a spatially variable digitizing
uncertainty, the distribution used to describe the digitizing uncertainty can be adjusted to
account for fuzzy and crisp boundaries by increasing the standard deviation or creating a
mixed normal distribution. In this way, the SDP method is a significant improvement to

previous methods that use a single value to define digitizing uncertainty.

4.2.3. Interpretation uncertainty

Interpretation uncertainty occurs when there are different plausible interpretations
of the extent of the active channel. If the channel boundary can be identified based on
breaks in topography from stereo images or digital elevation models, the interpretation
uncertainty will tend to be smaller. However, freely available aerial images that are
regularly acquired typically are not collected in stereo, and current practice involves
delineating channel boundaries in GIS software without the aid of stereo images.

In our case study, interpretation uncertainty was a large source of uncertainty in
some localized areas, but there was no uncertainty elsewhere. This caused the median of
this uncertainty to be small (Figure 2-10; 0.00 m), because the uncertainty was not
present in 56% of the study area. In other case studies, interpretation uncertainty might be
small in localized areas or more pervasive throughout the study area. We suspect that
interpretation uncertainty will be high in rivers that experience a large change in wetted
channel area given a proportionately small change in discharge (e.g., braided rivers),

because low-elevation bars are frequently wetted but not scoured, which allows fast-
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growing vegetation to encroach on these surfaces (Werbylo et al., 2017). In such rivers,

vegetation density is a poor proxy for the active channel, and the digitizer must use
professional judgment in placing the active channel boundary. Similarly, vegetation
might be a poor indication of the channel extent in rivers that experience flashy
hydrology or that are subjected to large reset floods and very low base flows, because
there might be a mosaic of bare alluvial surfaces at multiple elevations after a large flood
that are hard to interpret (Dean and Schmidt, 2011, 2013; Thompson and Croke, 2013).
Additionally, in humid environments where plants grow quickly, vegetation growing in
the active channel during base flow can introduce ambiguity.

Interpretation uncertainty is likely to be larger for channels that are narrowing as
compared to those that are widening. Channels widen through bank erosion that removes
an entire section of sediment and creates an abrupt, crisp contact between the channel and
floodplain with minimal interpretation uncertainty. Conversely, channel narrowing occurs
over a continuum as alluvial surfaces transition from active channel bars to floodplains
by vertically aggrading sediment (Allred and Schmidt, 1999; Grams and Schmidt, 2002;
Moody et al., 1999; Pizzuto, 1994). Determining when enough sediment has accumulated
on an alluvial surface to form a stable floodplain that is inundated by floods of an annual

or greater recurrence is highly uncertain and subject to large interpretation uncertainty.

5. Conclusions

In this paper, we introduced a new method for quantifying uncertainty associated
with channel change detection based on probabilistic, spatially varying estimates of co-
registration error and digitization uncertainty. We also presented a framework that can be

used to incorporate interpretation uncertainty into the channel change analysis. The SDP
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method can be used to calculate uncertainty at specific locations of linear channel

adjustment or polygons of erosion and deposition, while also estimating the central
tendency of net planform change, making this the first generalizable method for
quantifying uncertainty that can be applied to all metrics of channel change derived from
aerial image overlays. Although the focus of this paper was the detection of channel
change, the SDP method can be applied to other geomorphic and landscape change
detection analyses, such as glacial change (DeVisser and Fountain, 2015), shoreline or
tidal wetland change (Del Rio et al., 2013), and changes in water body surfaces (Necsoiu
etal., 2013).

The SDP method as applied to our case study reduced the magnitude of
uncertainty by 83-87% compared to two existing methods that used a spatially uniform
image co-registration error and did not characterize uncertainty probabilistically. By
reducing the bounds of uncertainty, we were able to detect channel changes of a smaller
magnitude. More importantly, the distribution information from the SDP method allowed
us to report a magnitude of channel change in our case study with an appropriate level of
confidence even though the uncertainty bound included zero. We could not make a
similar inference using the existing methods, because their uncertainty bounds had no
distribution information and included zero, making the results indeterminate.

The SDP method was an improvement to existing methods that quantify
uncertainty without distributional information, but the method was computationally
intensive and might not be necessary for all change detection studies. We suggest that the
SDP method should be used in channel change studies where 1) the uncertainty is a large

proportion of the total channel area, as in small rivers; 2) when the temporal spacing
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between aerial images is short and the channel change is expected to be small; and 3)

when the purpose of the study is to calculate the absolute magnitude of change, such as

studies that use bank retreat to calculate the volume of bank erosion.

Data Availability

A MATLAB® script for performing an SDP uncertainty analysis is available at
https://qcnr.usu.edu/coloradoriver/files/leonard_data. The data used in this case study are
available from the U.S. Geological Survey (USGS) ScienceBase at

https://doi.org/10.5066/P9SEBJ3X (Legleiter and Leonard, 2020).
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CHAPTER 3

PARTITIONING A SEDIMENT BUDGET BY SAND SIZES!

Abstract

When the supply of water and/or sediment to a river change, sediment will
accumulate or evacuate. A sediment budget can be used to determine conditions of
sediment deficit or surplus and forecast the subsequent channel response to such
perturbations in flow and/or sediment supply. Sediment budgets are typically calculated
over broad grain size categories, such as total sand or gravel. It is known that different
size fractions can transport and deposit in different parts of a channel and floodplain.
Coarser sediment may be expected to be found primarily in channel bed material and
finer sediment in the floodplain. If a sediment budget does not account for the different
behavior and destination of these grain sizes, a sediment budget cannot reveal important
changes in the river. In this study, we partition a sand sediment budget into multiple-size
fractions to evaluate the channel response. The grain-size fractional sediment budget is
calculated using measurements of sediment transport from acoustic sensors and
geomorphic adjustments are measured from an aerial image time series and topographic
data. We find that the total sand budget is in deficit, but the grain-size fractional budget
shows very fine sand accumulates and fine and medium sand evacuates. The in-channel
adjustment is mostly textural, driven by the winnowing of fine and medium sand from the
channel bed. Very fine sand accumulates in the floodplains. The results of this study
demonstrate that morphologic change can occur but be undetected if one only considers a

sediment budget for total mass.

!Coauthored by Christina M. Leonard and John C. Schmidt



78
1. Introduction

The form, characteristics, and lateral stability of river channels and their
floodplains are largely determined by the stream-flow regime, the amount and size of
sediment supplied from the watershed and the transport capacity of the river channel.
Management of upstream water resource infrastructure, changes in land use, and natural
disturbance have the potential to alter the flow regime and/or the amount and grain size
of sediment supplied to the river. If the disturbance is large and of long duration, there is
the potential for wholescale channel change and equilibrium is achieved at a new graded
state (Mackin, 1948). This adjustment process may occur over years, decades, or
centuries. Smaller changes in water and sediment supply of shorter duration may be
within the natural capacity of the river to transport sediment. The channel can maintain
dynamic equilibrium through small adjustments without changing the geomorphic
attributes of the river (Fryirs and Brierley, 2012; Fryirs, 2017; Lisenby et al., 2020; Fryirs
and Brierley, 2022). Effective river management requires an ability to forecast the
channel response and determine whether the system can maintain dynamic equilibrium or
whether wholesale channel change will occur.

A sediment budget can be used to evaluate the channel response when the
streamflow and/or sediment supply change (Trimble, 1981, 1983). Using conservation of
mass, a sediment budget explicitly links the influx and efflux of sediment in a reach to
changes in sediment storage by:

AS=1 -0 3-1)
where AS is the change in sediment storage in the channel and floodplain and I and O are
sediment influx and efflux, respectively, during a period of time. Calculation of AS based

on the influx and efflux of sediment (i.e., right side of Equation 3-1) implies loss or
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accumulation of sediment in the intervening channel and floodplain. We use the term

flux-based sediment budget when calculating the sediment budget from the right side of
(3-1). An alternative approach is to directly calculate AS from repeat measurements of
channel morphology (i.e., the left side of Equation 3-1) and make inferences about
changes in the sediment influx and efflux. We use the term morphological sediment
budget when the sediment budget is calculated from the left side of (3-1).

When the flux-based and morphological sediment budgets are calculated
independently, the insights of each approach are complementary. The flux-based budget
gives insights as to when sediment accumulates or evacuates and the morphological
budget gives insights as to where the change in sediment storage occurs. In this
circumstance, we have the potential to assign specific attributes of the flow and sediment
regimes to specific attributes of channel change or channel behavior (Popov, 1962;
Griffiths, 1979; Neill, 1987; Ham and Church, 2000; Church, 2006). Considering both
sides of the sediment budget can be useful, even essential, to forecasting or evaluating the
channel response to a disturbance.

Sediment budgets are typically calculated for single-grain sizes, such as sand or
gravel. It is known that different-size fractions can transport and deposit in different parts
of the channel and floodplain (Nanson, 1980; Brakenridge, 1984; Nanson, 1986; Allred
and Schmidt, 1999; Moody et al., 1999; Page et al., 2003; Grams and Schmidt, 2005;
Dean and Schmidt, 2011; Thayer and Ashmore, 2016; Dean et al., 2020). If the sediment
budget does not account for the different behavior of these grain sizes, the budget cannot
reveal important changes in the river. Consider the case where the flux-based sediment

budget for total sand is balanced but finer sizes of sand accumulate along the channel
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margin and evacuate from the channel bed. The net result is channel narrowing and bed

coarsening. In this example, the flux-based budget for total sand is a poor predictor of the
channel response and a grain-size fractional sediment budget is needed to observe (or
predict) the morphologic and bed textural adjustment.

In this study, we partition a flux-based and morphological sediment budget on a
sand-bed river into multiple sand-size fractions. The flux-based budget is calculated from
high-temporal resolution measurements of sediment transport from acoustic sediment
gages. These gages allow for the precise calculation of the timing of when different sand
sizes accumulate or evacuate. Repeat aerial images and sparse measurements of channel
and floodplain topography and grain size are used to calculate the grain-size fractional
morphologic sediment budget. We show that even though the flux-based budget for all
sand sizes combined is in deficit, the fractional flux-based- and morphological- sediment
budgets reveal channel bed coarsening and floodplain deposition of very fine sand. By
partitioning the sediment budgets into multiple sand-size fractions, we can evaluate how
a sand-bed river adjusts to maintain dynamic equilibrium in the presence of small

changes in water and sediment fluxes.

2. Study Area
2.1. Location and existing data

The study area is located on a 23-km alluvial segment of the Yampa and Little
Snake rivers in northwestern Colorado, USA (Figure 3-1). The Yampa River has two
equally sized sub-basins: (1) the Little Snake River and (2) the upper Yampa River.
Approximately 75% of the total flow in the reach originates in the headwaters of the

upper Yampa River near Steamboat Springs, Colorado. After leaving the Park Range, the
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upper Yampa River flows through a broad lowland until reaching the eastern Uinta

Mountains at Cross Mountain. Immediately downstream from Cross Mountain, the
Yampa River enters the study area at Deerlodge Park where the Little Snake River enters
from the north. Deerlodge Park is a 7.5-km long alluvial valley formed in the Lily Park
syncline (Dyni, 1968). The downstream end of Deerlodge Park is truncated by the eastern
plunge of the Uinta anticline (Hansen, 1984) where the Yampa River enters the 74-km
long, deeply incised Yampa Canyon that extends to the confluence with the upper Green
River (Figure 3-1). The Little Snake River drains the Sierra Madre mountains to the north
and flows through highly erodible badlands composed of fluvial and lacustrine deposits
before entering the Yampa River in Deerlodge Park (Kemper et al., 2022a).

The suspended flux of silt/clay and sand entering and leaving the study area has
been continuously monitored by a network of acoustic sediment gages operated by the
USGS Grand Canyon Monitoring and Research Center (GCMRC) since 2013 (Figure 3-
1; Topping et al., 2018). The sediment gages measure suspended sediment transport using
single- or multi-frequency side-looking acoustic Doppler profilers and an automatic
pump sampler. These gages were installed at existing streamflow gaging stations on the
Yampa River (USGS gage 09251000 Yampa River near Maybell and USGS gage
09260050 Yampa River at Deerlodge Park) and on the Little Snake River (USGS gage
09260000 L.ittle Snake River near Lily). The side-looking acoustic Doppler profilers were
calibrated to suspended sediment concentrations from pump samples and cross-
sectionally averaged equal-width-increment (EWI) samples. The grain size of physical
samples is calculated using a wet sieve method followed by a dry sieve calibrated by

laser diffraction (Topping et al., 2018). The concentration of silt/clay and sand is
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measured at 15-minute intervals using the methods of Topping and Wright (2016) and

multiplied by discharge to calculate the load.

The bed load flux was estimated by GCMRC using a rating relation for the ratio
of bed load-to-suspended load flux as a function of discharge. The rating relation was
calculated from paired measurements of bed load transport from bedform migration and
Helley-Smith bedload samplers and suspended load transport from the cross-sectionally
averaged EWI samples (Topping et al., 2018). Bed material samples were collected at
equal intervals along the gaging cross-section at the time of paired bed load-suspended
load measurements. Each bed material sample is sieved and the cross-sectionally
averaged bed material grain size is calculated as the average grain size for all bed
material samples along the cross-section.

Uncertainty in measurements of the sand and silt/clay loads from acoustical
sensors results from small systematic biases in measurements of discharge, suspended
sediment concentration from physical samples, and acoustic measurements (Topping and
Wright, 2016). The systematic bias is small compared to random error in individual
measurements, but these small biases are additive and accumulate with each transport
measurement when calculating the cumulative load. In contrast, random errors cancel one

another when the sample size is large and can be ignored (Topping and Wright, 2016).

2.2 Hydrology, sediment supply, and sediment waves
The Yampa and upper Green Rivers are co-equal headwater branches of the
Green River. Between 2001 and 2020, the mean annual flow of the Yampa River,

measured at Deerlodge Park was 54.2 m*/sec and the mean annual flow of the upper
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Figure 3-1. Maps showing the location of the study area. (A) Overview map with the study area shown in the red outlined box.
(B) Study area showing the extent of gravel- and sand-bed segments on the Yampa and Little Snake Rivers. Deerlodge Park
reach extends from the confluence of the Yampa and Little Snake Rivers to the Deerlodge gage. The location of cross-sections
surveyed in Deerlodge Park are shown as black lines and the extent of the 2015 and 2011 LiDAR surveys and the 2020 RTK
survey are shaded as green and red, respectively. (C) Cross-section 6 survey (XS6) showing the pre- and post-1938 floodplain.
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Green River, measured near Greendale, was 48.8 m®/sec. The flow regimes of the Yampa

and Little Snake rivers are minimally regulated. There has been no significant long-term
change in the mean annual discharge of either river but, in recent decades, there has been
an increase in multi-year sequences of wet and dry runoff on the Yampa River (Manners
et al., 2014; Topping et al., 2018).

The hydrology during the study period from 2013 to 2019 was typical of the long-
term Deerlodge Park gaging record. The annual hydrograph was dominated by the spring
snowmelt flood and very low late-summer base flow. Average-to-moderate annual floods
with recurrence intervals of 3 to 3.5 years were nested between average-to-below-average
floods with recurrence intervals of less than 2 years (Figure 3-2). The largest peak flood
occurred in 2014 and had a discharge of 463 m3/sec with a recurrence interval of ~4

years.
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Figure 3-2. Deerlodge Park gage hydrograph during the study period. Solid black
horizontal lines show the discharge for selected recurrence intervals.
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The contribution of sediment and discharge supplied by the upper Yampa and

Little Snake Rivers is very different. Although the upper Yampa River contributes most
of the flow, only ~30% of the sediment that passes the Deerlodge gage originates in the
upper Yampa River watershed (Andrews, 1978; Topping et al., 2018). The majority of
this sediment originates from Sand and Muddy creeks and Sand Wash in the Little Snake
River watershed (Figure 3-1). Wide-spread arroyo cutting in Sand Wash and Muddy
Creek at the turn of the 20" century temporarily increased sediment delivery to the
Yampa River by 30-60% (Kemper et al., 2022b). Between the mid-1950s to mid-1960s,
there was another increase in sand supplied to the Little Snake River by tributary floods
on Sand Creek. The sand from this disturbance moved downstream as an elongated
sediment wave through the Yampa River to the Green River, evidenced by changes in the
suspended load, bed load, and channel bed material grain size (Topping et al., 2018; Dean
et al., 2020). The leading edge of this wave was finer than the antecedent bed material,
and the bed quickly fined in response. As the leading edge of the sand-wave progressed
downstream, the bed was slowly winnowed of the finest grain sizes, and the winnowing

of the bed continues today (Topping et al., 2018).

2.3. Geomorphology and floodplain characteristics

Downstream from the Little Snake River, the Yampa River in Deerlodge Park has
a sand bed. The average channel width, 213.5 m, is more than twice that of the Yampa
River upstream from the Little Snake River. The planform is weakly sinuous at channel
filling flows, and emergent sand bars are exposed at low flows, giving the channel a
braided planform. Upstream from the Little Snake River to Maybell, Colorado, the upper

Yampa River is a single-thread, meandering channel with gravel bed and bars, except for
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the canyon-bound segment through Cross Mountain where boulder cascades and rapids

dominate (Figure 3-1; Elliott and Anders, 2004).

The Little Snake River between the Lily gage and confluence with the Yampa
River alternates between gravel- and sand-bed reaches. Sand-bed reaches are located in
wide alluvial valleys and the channel planform is meandering with large lateral bars that
are emergent during low flow. Gravel-bed reaches occur where bedrock outcrops and
terraces partly constrict the river. Repeat aerial images indicate that a 1.5 km segment of
the Little Snake River near the confluence with the Yampa River was realigned and
straightened between 1961 and 1965, and the confluence was realigned between 1961
and 1975.

Floodplains on the Yampa and Little Snake rivers are similar to other composite
bank floodplains found throughout the Green River Basin (Allred and Schmidt, 1999;
Grams and Schmidt, 2002; Alexander, 2007; Manners et al., 2014; Walker et al., 2020).
These floodplains are composites of a muddy cap facies overlain on a base facies. The
base facies has a grain size similar to the active channel bars and the cap facies has a
grain size similar to the suspended load. The base facies are composed of gravel on the
Yampa River upstream from the Little Snake River confluence where the bed is gravel.
Downstream from the Little Snake River confluence, the Yampa River alternates to sand
bed and the base facies is composed of sand. The base facies on the Little Snake River
alternates between gravel and sand depending on the reach bed material grain size
(Figure 3-1).

There are two categories of floodplain on the Yampa River downstream from the

Little Snake River confluence in Deerlodge Park. The floodplain that formed after 1938
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appears undulating in a digital elevation model (DEM) derived from a 2015 LiDAR

survey and the topography is similar to the emergent bars of the adjacent active channel
(Figure 3-1c). These floodplains form on the inside of low curvature bends where
emergent bank-attached bars have been colonized by willow, cottonwood, and tamarisk
(Kemper et al., 2022b). The post-1938 floodplain is regularly inundated by floods that
exceed a 2.5-year recurrence interval (i.e., 448 m®sec). The stratigraphy of the post-1938
floodplain is similar throughout the study area. We only include a stratigraphic
description from the site shown in Figure 3-3a. An angular unconformity typically
truncates downstream migrating ripples of the base deposit and forms a very abrupt
contact between the cap and base facies. The lower portion of the base deposit has 30-cm
thick co-sets of ripple drift cross-lamination that indicate downstream migration of
ripples and dunes. The upper portion of the base deposit is composed of an alternating
sequence of well-sorted fine to medium sand with intervening layers of mud that are ~6
cm thick. The stratigraphy of the cap facies is generally comprised of 1-2 cm of thin
laminations and occasional 1-2 mm thick ripple-drift cross-laminated beds. Bulk samples
from the base deposit indicate that the grain size is similar to the active channel bed and
bars and bulk samples from the cap deposit show the grain size is similar to the
suspended load (Figure 3-3b). We found no evidence of erosional contacts suggesting
that the complete stratigraphic sequence is preserved and the floodplain height had not
been lowered by floodplain stripping.

The floodplain that formed before 1938 is located on the outside of weakly
meandering bends and is colonized by mature cottonwood (Populus spp.) stands that

were established between 1890 and 1929 (Kemper et al., 2022b). These floodplains
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Figure 3-3. (A) Photograph of the characteristic stratigraphy of the post-1938 floodplain,
showing a finer-grained cap overlain on a coarser-grain base facies separated by a sharp
angular unconformity. (B) Average grain size distribution of physical samples collected
from the cap facies, the base facies, and the channel bed. Shading represents the
interquartile range for all samples. The average grain size distribution for the suspended
load at the Deerlodge Park gage (gs Yampa) and the Lily gage (gs Little Snake) is also
shown. The grain size distribution of the cap facies is similar to that of the grain size
distribution of the suspended load and the grain size distribution of the base facies is
similar to that of the bed material.

appear topographically smooth in the 2015 DEM and are partly overlain by active
alluvial fans deposited by ephemeral streams draining the adjacent badlands (Figure 3-
1c). Today, the pre-1938 floodplain is only inundated by floods that exceed 506 m®/sec;
which is a flow of 4-year recurrence and has not occurred since 2011. The pre-1938
floodplain has an upper cap facies that is ~1.5 to 2 m thicker than the post-1938
floodplain, which gives this floodplain more relief (Figure 3-1c). With time, the post-
1938 floodplain may vertically aggrade to a similar relief and the undulating topography

may become muted. We found no topographic evidence of levee-trough topography on
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the pre-1938 floodplain that is characteristic of other vertically accreting floodplains

(Allred and Schmidt, 1999; Moody et al., 1999; Pizzuto et al., 2008; Walker et al., 2020).
The levee-trough topography may have been eroded by lateral migration and the modern
topographic expression may only be that of the floodplain troughs. The levee topography

may have also been buried by vertical aggradation during a large flood.

3. Methods
3.1. Partitioning the flux-based sediment budget

We partitioned the suspended load and bed load among silt/clay (<0.0625 mm),
and very fine (<0.0625<0.125 mm), fine (<0.125<0.25 mm), medium (<0.25<0.5 mm),
coarse (<0.5<1.0 mm), and very coarse (<1.0<2.0 mm) sand classes. The partitioning
method involved calculating the average daily suspended load and bed load flux and
estimating the grain-size distribution of each load for a given day (see Text Appendix A-
1). We used the cross-sectionally averaged grain-size distributions from the EWI samples
to predict the suspended load grain size on each day. This was done by identifying the
cross-sectionally averaged EWI samples with a median grain size (Dso) that bracketed the
estimated Dso of the suspended load on that day and using a weighted linear interpolation
to produce a new grain-size distribution. The suspended load Dso was estimated from the
multi-frequency acoustical sensor at the Deerlodge Park gage. The Maybell and Lily
gages had a single-frequency acoustical sensor that could not be used to estimate the Dso.
We linearly interpolated between the closest physical samples to estimate the Dsg at these
gages. We found the linear interpolation method produced a similar grain size partition as
the multi-frequency acoustical sensor at the Deerlodge gage. A similar method was used

to partition the bed load flux, except the Dso was estimated using a metric of relative bed
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coarseness from the suspended load (see Text Appendix A-1) and the grain-size

distribution of cross-sectionally averaged bed material samples was used to interpolate
the bed load grain-size distribution.

The general equation used to compute the partitioned flux-based sediment budget
in units of mass is:

ASi(riuxy = Umaypetiky + ILity)) — Epeertodge(k); 3-2)
where 4Skaux) is the net change in sediment storage for the k™ sediment size, Imaybeii and
ILilyo is the influx of the k™ sediment size measured as the cumulative sediment load at
the Maybell and Lily gages, respectively, and Epeerlodge(v) is the efflux of the k" sediment
size measured as the cumulative sediment load at the Deerlodge Park gage. The net
change in storage was calculated separately for the suspended load and the bed load using
the partitioned fluxes for silt/clay, total sand, very fine sand, fine sand, medium sand,
coarse sand, and very coarse sand described above. The total change in sediment storage
was the sum of the change in sediment storage for the suspended load and the bed load.

Uncertainty in the partitioned bed load and suspended load fluxes were calculated
as a fixed percent of the flux. We used the same fixed percentage of the daily load at each
gage as Topping et al. (2018), using 10% of the suspended load and 50% of the bedload.
The 10% uncertainty assigned to the suspended load was based on the understanding that
uncertainty in discharge measurements is typically between £3 and 5% for excellent
records (Rantz, 1982; Grams et al., 2019) and the spatial variability in sediment
concentrations can cause up to a 5% bias in acoustical flux-based sediment budgets on
the Colorado River in Grand Canyon (Topping et al., 2010). The level of uncertainty for

the bed load was an arbitrary value.
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The lower bound of uncertainty in the flux-based sediment budget (4Skfiux) was

taken to be the maximum uncertainty of the load leaving the reach (Epeerioage (k)
subtracted from the minimum uncertainty of the load entering the reach (Iygypeu (k) and
I i1y (1)) @and vice versa for the upper bound. The flux-based budget was deemed

indeterminant when uncertainty was >1.5 times the absolute value of ASkaux); likely in
deficit (or surplus) when uncertainty was between 1 and 1.5 times larger than the absolute
value of A4Sk#ux); and in deficit (or surplus) when uncertainty was less than the magnitude

of ASkiuwx (Topping et al., 2021).

3.1.1. Validating the suspended load partitioned flux-based budget

We compared the percent of each sand size in 45 cross-sectionally averaged EWI
measurements made between 2013 to 2019 at the Deerlodge Park gage to the predicted
percentage calculated by our partitioning method (Figure 3-4). Our partitioning method
performed best for fine and coarse sand (RMSE: 10% and 3% for fine and coarse sand,
respectively) and worst for very fine and medium sand (RMSE: 27% and 19% for very
fine and medium sand, respectively). There was a tendency to underpredict the amount of
very fine sand and overpredict the amount of medium sand in EWI samples collected at a
low discharge with a small suspended sediment concentration. The large RMSE for very
fine and medium sand was caused by these few EWI samples (Figure 3-4). If these EWI
samples were excluded, we find no systematic bias between the estimated and observed
fraction of each sand size in the load. Very coarse sand was not included in the
validation, because this sand size is not carried in suspension and, therefore, was not

measured in the EWI samples.
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Figure 3-4. Percent of each sand-size in the partitioned acoustical flux compared to the
percent of each sand-size in the cross-sectionally averaged EWI sample at the Deerlodge
Park gage. Each dot is a single measurement. The 1:1 line is shown in black. Values
below the black line indicate that the partitioning method underestimated the percent of
the grain size in the total flux and values above the black line indicate that the percent of
the grain size in the total flux was overestimated.
3.2. Calculating the morphological sediment budget

We measured channel planform change using aerial images collected in 2013,
2015, 2017, and 2019 by the National Agriculture Imagery Program (NAIP). The
planimetric channel change analysis involved overlaying the active channel boundaries
delineated from two aerial images to identify polygons of erosion and deposition that
resulted from bank erosion or floodplain formation. We characterized uncertainty
associated with measurements of planimetric change using the spatially distributed

probabilistic (SDP) method (Leonard et al., 2020). The SDP method characterizes one

source of error — image co-registration — and two sources of uncertainty — digitization and
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interpretation — in measurements of planimetric change determined from repeat aerial

images (see Text Appendix A-2). The output of this analysis is a distribution of areal
change by the accretion and erosion of floodplains and vegetated islands. The accreted
floodplains identified by this analysis are the youngest surfaces of the post-1938
floodplain.

Measurements of channel change based on planimetric data have been used in
many studies to infer the sign of the sediment mass balance. Such interpretations are
uncertain because they fail to account for bed elevation changes, changes in channel and
floodplain topography, or floodplain shaving. A more robust analysis of channel change
involves differencing repeat high-resolution topographic surveys (e.g., Lane et al., 2003,
Wheaton et al., 2010; Croke et al., 2013) or converting planimetric change to volumes
using the height of eroded or aggraded floodplains (Gaeuman et al., 2003). In this study,
repeat near-infrared (NIR) LiDAR surveys collected in 2011 and 2015 only covered part
of the study area, so we could not directly measure the change in sediment storage from
repeat topography. We developed a method to convert planimetric adjustment throughout
the sand-bed portion of the study area to volumetric change using a Bayesian model to
estimate the height of eroded and deposited floodplains (Figure 3-5).

The input data for our Bayesian model were elevations from the pre- and post-
1938 floodplain and the channel bed that were detrended to remove the channel slope
(Figure 3-5; see Text Appendix A-3). Detrended elevations were calculated from the
2015 LiDAR survey in Deerlodge Park and the 2020 Real-time kinematic (RTK) survey
in the Little Snake River (Figure 3-1). The Bayesian model was used to predict 5000

detrended elevations of the floodplain and channel bed (see Text Appendix A-4; Figure
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3-5 a, b). The predicted detrended elevations represent variability in floodplain

topography that had eroded or deposited during our study period and channel bed
topography throughout the reach. The height of eroded and aggraded floodplains was
calculated by subtracting the Bayesian-predicted detrended floodplain elevations from the
Bayesian-predicted detrended bed elevations (see Text Appendix A-4; Figure 3-5c). We
found that the height of the Yampa River floodplain was greater than the Little Snake
River floodplain (Wilcoxon rank sum test; oo = 0.05; see Table Appendix A-2), and we
created a separate Bayesian model for each river to account for this height difference.

We validated our Bayesian height model by comparing the height of eroded and
deposited floodplains measured from repeat cross-sections in Deerlodge Park to our
modeled distribution (Figure 3-5 d, e). Cross-sections were placed 1.2 to 2.8 km apart and
surveyed in 1983, 1997, 2011, and 2017 (Griffiths et al., In Review). The measured height
of eroded and deposited floodplains from repeat cross-sections was in the center of our
Bayesian-predicted heights (Figure 3-5d, ). The Bayesian-predicted heights had a larger
range of floodplain heights than was measured among a few cross-sections, because the
height distribution included uncertainty and the natural variability in the floodplain
throughout the study area.

Finally, the total volume of eroded and deposited sediment was calculated by
multiplying the distribution of the planimetric change for the entire study period (2013 to
2019) and temporal subsets from 2013 to 2015, 2015 to 2017, and 2017 to 2019 by the
Bayesian-predicted floodplain height. The net volumetric change (4S(morph)) Was
calculated by subtracting the distribution of the volume of erosion from the distribution

of the volume of deposition, with positive values indicating net deposition and negative
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Figure 3-5. Histograms generated from the Bayesian height model for floodplains on the
Yampa River in Deerlodge Park and the Little Snake River. (A) Detrended elevations
extracted from recently eroded pre- and post-1938 floodplains, recently accreted post-
1938 floodplains, and active channel bed. Floodplains were segregated by channel
margins and the vegetated islands. Veg Dep = deposited surfaces along vegetated islands;
Veg Ers = eroded surfaces along vegetated islands; Margin Ers = eroded surfaces along
the channel margins; Margin Dep = deposited surfaces along the channel margins; Bed =
active channel bed. (B) Posterior distribution of detrended elevations in (A) generated by
the Bayesian model. (C) The height of each floodplain category (i.e., Veg Dep, Veg Ers,
Margin Ers, Margin Dep) was calculated by subtracting the active channel bed
distribution in (B) from the eroded and deposited distributions in (B). (D) Bayesian
model for the height of eroded floodplains along the channel margin in Deerlodge Park
overlain with field measurements of erosional heights from repeat cross-sections. The
mean and standard deviation of the measured erosional heights from repeat cross-sections
are shown as the black line and gray-shaded region, respectively. (E) Bayesian model for
the height of deposited floodplains along the channel margin in Deerlodge Park overlain
with field measurements of depositional heights from repeat cross-sections. The mean
and standard deviation of the measured depositional heights from repeat cross-sections
are shown as the black line and gray-shaded region, respectively.

values indicating net erosion. The distribution of 4Smorph) defines the aggregated
uncertainty in the planimetric channel change analysis and height of eroded and deposited
floodplains. We calculated a 95% and 68% credible interval (CI) from the distribution of
ASmorphy @S summary metrics of uncertainty. The 95% and 68% CI intervals are summary
metrics of uncertainty that contain 95% and 68% of the most probable values of A4Smorphy,

respectively. We considered 4Smorph) to be depositional (or erosional) when the 95% CI is

positive (or negative), likely depositional (or erosional) when the 68% CI is positive (or
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negative), and indeterminate when the 68% CI contains positive and negative values. We

segregated 4Smorph) into changes that occurred along the channel margins and vegetated
islands. The volumetric 4Smorph) Was converted to mass by assuming a porosity of 0.4 and
a density of 2.65 g/cm? (Curry et al., 2004; Wright and Parker, 2005; Grams et al., 2013;
Viparelli et al., 2015). We did not directly measure density or porosity, which is an
additional source of uncertainty not included in our budgeting approach. We excluded the
gravel-bed portion of the Yampa River upstream from the confluence with the Little
Snake River from 4Smorph), because only the cap of the floodplain contained fine
sediment and we did not find a significant planimetric adjustment or change in channel

width in this reach (see Appendix Figure A-1).

3.2.1. Validating the morphological sediment budget

We found that the measured change in floodplain storage from repeat cross-
sections was within the 95% CI of the estimated volumetric change from our
morphological sediment budget (Table 3-1). We used repeat aerial images acquired
during the same years as the cross-section surveys to calculate the morphological
sediment budget within a rectangle that spanned each cross-section. An exception was
that an aerial image was not available for the 1997 survey, so we used a 1993 image,
which was the closest-in-time image with a sufficient resolution for delineating the
channel boundary. This was an acceptable substitution because the bank location on the
1993 image aligned well with the bank in the 1997 survey, indicating that significant
channel narrowing or widening did not occur from 1993 to 1997. The morphological
sediment budget spanning each cross-section was normalized by downstream distance

and compared against the sum of the measured floodplain elevation change between



98
cross-section surveys. Cross-sections 3 and 4 were relocated in the 1997 survey and

excluded from the validation (Griffiths et al., In Review). The only cross-section included
for the 2011 to 2017 period was cross-section 6, because this was the only cross-section

surveyed in 2011.

Table 3-1. Comparison of volumetric change in floodplain storage calculated from repeat
cross-sections and estimated by the morphological sediment budget. Results from the
morphological sediment budget are shown as the mean and the 95% credible interval (ClI)
which represents the 95% most probable estimates from our morphological sediment
budget analysis. Positive values indicate deposition and negative values erosion.

1983-1997 1997-2017 2011-2017
XS As? Iz/f;njhfl)s X8 AS! M“fp[’ as’ XS ast IR as'
(95% CTI) (95% CT)
s =102 (-172_.;(1?{(-)25.3)
L . et (-27;34 ‘:(;7-75)
A w2 (-136,_87352-12.4) s (-34.24:(.)3]26.1)
X5 6 33 (-229_.1601758-15.0) 12t (-67. 1510(;9104.5) 84 (-3.63:1647 1.5)

t . . o2
All measurements in units of m

There was a high probability (i.e., 97%) that our morphological sediment budget
was within the uncertainty bounds of volumetric change in floodplain storage measured
from repeat LIDAR surveys in Deerlodge Park. We calculated changes in floodplain
topography from DEMs that fused subaerial topography from the NIR LiDAR surveys
with bathymetry calculated by optically-derived predictions of depth using the flow
resistance equation-based imaging of river depths (FREEBIRD) algorithm (Legleiter,
2015; see Text Appendix A-5 and A-6; Figure 3-6). We found that the spatial distribution
of floodplain changes measured by topographic differencing was concentrated along the
channel margins and vegetated islands and coincided with the location of floodplain

erosion and deposition measured by our morphological sediment budget (Figure 3-6).
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Figure 3-6. Map of changes in floodplain topography from topographic differencing of
the 2011 and 2015 fused DEMs. Positive values indicate floodplain aggradation and
negative values floodplain erosion. Only cells above a level of detection set at a 95%
confidence interval are displayed for visualization purposes. Inset figure shows the
distribution of changes in floodplain sediment storage from our morphological sediment
budget overlain on the change in floodplain sediment storage calculated from topographic
differencing. The black vertical line is the zero-bias AS calculated from topographic
differencing and the gray band is the uncertainty.

3.2.2. Partitioning the morphological sediment budget by grain-size classes

In this section, we describe our method to segregate the morphological budget for
total sand by the same grain sizes used in the partitioned flux-based budget in Section
3.1. The general framework involved (1) estimating the grain-size composition of each
floodplain and vegetated island and (2) segregating the volume of erosion or deposition
by the proportion of each grain size in the floodplain.

We characterized the grain size of the floodplains and vegetated islands by

collecting 32 samples from the banks of the pre- and post-1938 floodplain in June 2019.



100
Of the 32 samples, 13 were collected from banks that were recently eroded and the

remaining were collected from banks that were stable or had recently accreted. Of the
recently eroded sites, 3 samples were collected from the pre-1938 floodplain and the
other samples were collected from the post-1938 floodplain. We collected a bulk
sediment sample from the cap and base facies at each bank site and analyzed the grain
size distribution by sieving for grain sizes >1 mm and used a laser diffraction particle size
analyzer for grain sizes <1mm (Figure 3-7a). These data were used in a Bayesian model
to predict the grain size characteristics of each facies throughout the study reach using a
similar approach as the floodplain height in Section 3.2 (Figure 3-7 b, c).

We segregated the total floodplain height into the height associated with the cap
and base facies so we could partition the volumetric change in each facies by grain size.
For each of the 32 bank samples, we measured the thickness and used that data in the
same Bayesian reasoning as the height and grain size models predict cap thicknesses
throughout the study reach. The base thickness was taken to be the predicted cap
thickness subtracted from the predicted floodplain heights developed in Section 3.2.

The morphological sediment budget in Section 3.2 was partitioned into silt/clay
and sand by estimating the volumetric change in the cap and base facies and multiplying
those volumes by the fraction of silt/clay and sand in each facies. Volumetric change in
the cap and base facies was taken to be the distribution of planimetric change from the
aerial image time series multiplied by the Bayesian-predicted cap and base thickness. The
volumes of each facies were then multiplied by the Bayesian-predicted fraction of

silt/clay and sand to calculate the volumetric change of each grain-sizefraction. We
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Figure 3-7. (A) Histograms for the percent of each grain size measured in the cap and the
base facies. (B) The posterior distribution for the percent of each grain size in the cap and
the base facies predicted by the Bayesian model. (C) Violin plots of (B) show the
distribution of the percent of each grain size in the cap and the base facies.
further segregated the sand portion of the morphological sediment budget into very fine,
fine, medium, coarse, and very coarse sand by multiplying the sand volume by the
Bayesian-predicted fraction of each sand size in the cap and base facies. The base facies
in the gravel-bed portion of the Little Snake River was not included in this analysis.

The output of the partitioned morphological sediment budget described above is
5000 estimates of volumetric change for the k™ grain size (4Skmorph). The distribution of

these 5000 estimates characterizes the uncertainty in ASkmorphy) from planimetric channel

change in the aerial image analysis, the height of eroded and deposited floodplains, the
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thickness of cap and base facies, and the grain size of the cap and base facies deposits.

Positive 4Skmorphy indicate net deposition and negative 4Skmorph) Net erosion. We
segregated 4Skmorphy by Volumetric change along the channel margins and vegetated
islands. We calculated the 95% and 68% CI of the distribution of ASk(morph) as summary
metrics of uncertainty. We considered ASkmorph) depositional (or erosional) when the 95%
Cl was positive (or negative), likely depositional (or erosional) when the 68% CI was
positive (or negative), and indeterminate when the 68% CI contained positive and
negative values.
3.3. Comparing the partitioned flux-based and morphological sediment budgets

We assessed the similarity between the flux-based and morphological sediment
budgets by calculating the probability that 4Skmorph) Was within the uncertainty bounds of
ASkcfux)- We considered the sediment budget closed when there was a greater than 50%
probability that ASkmorph) Was within the uncertainty bounds of ASkiux). This probability
was calculated as the percent of the 5000 estimates of 4Skmorph) in Section 3.2.2 that were
within the uncertainty bound of the flux-based net change in sediment storage in Section
3.1
3.4. Predicting floodplain inundation depth and frequency

The detrended elevations described in Text Appendix A-3 were used to calculate
the depth of inundation on the post-1938 floodplain for a range of flows in the
downstream section of Deerlodge Park where LIDAR data were available. This
information was used to determine what flows inundated floodplain surfaces and the
timing and potential for floodplain sediment storage. We did this by normalizing the

detrended elevations from the post-1938 floodplain to the Deerlodge Park gage stage
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datum and using the stage-discharge rating relation to calculate the difference between

the normalized floodplain height and the stage height. We estimated the frequency that
the post-1938 floodplain was inundated by calculating the percent of time the floodplain
was submerged. The height of the post-1938 floodplain was variable, so we calculated

the frequency that 5%, 25%, and 50% of the floodplain was inundated.

4. Results
4.1 Partitioned flux-based sediment budget

The silt/clay budget uncertainty exceeded 1.5 times the absolute value of ASkux)
at the end of the study period, and the budget was indeterminant (Figure 3-8a). Silt/clay
eroded during the 2014 flood, as shown by a large downward step in the zero-bias 4Skfiux)
line (Figure 3-8a). However, a large upward step during the next year’s flood brought
ASkux) closer to zero, and the silt/clay budget was indeterminant for the remainder of the
study period.

The influx of sand into the study area was less than what was exported past the
Deerlodge Park gage and sand was eroded (Figure 3-8a). The magnitude of the deficit
can be expressed as 0.01 m to 0.2 m of bed degradation. The downward steps in the flux-
based sand storage indicate sand was predominately evacuated during the flood peak and
recession. Larger floods tended to evacuate more sand.

The partitioned flux-based budget for fine and medium sand was erosional, and
these fractions account for 78% of the total sand eroded from the study reach (Figure 3-
8b). The magnitude of fine and medium sand erosion was large enough that uncertainty
did not exceed the absolute value of 4Skiux), but the depth of bed degradation could be as

small as 0.03 m or as large as 0.14 m if spread evenly over the sand bed portion of the
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study area. Uncertainty in the flux-based budget for coarse and very coarse sand

exceeded 1.5 times the absolute value of 4Skux) and the budget was indeterminant
(Figure 3-8b). The flux-based budget for very fine sand was strikingly different from
other sand sizes. In the 2014 and 2017 floods, the flux-base storage decreased, whereas,
in the 2016 flood, the storage clearly increased, and in the 2019 flood storage likely
increased (Figure 3-8b). At the end of the study period, uncertainty exceeded 1.5 times

ASkfiux) and the very fine sand budget was indeterminant.
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Figure 3-8. Results of the partitioned flux-based sediment budget. (A) Cumulative 4Sk(fiux)
for sand and silt/clay storage. The hydrograph measured at the Deerlodge Park gage is
shown in blue. Solid lines are the cumulative zero-bias error value of 4Skeux for silt/clay
and sand. Shaded regions represent the cumulative uncertainty in A4Sk for silt/clay and
sand. (B) Cumulative ASkux) for each sand-size. The hydrograph measured at the
Deerlodge Park gage is shown in blue. Solid lines are the cumulative zero-bias error
value of 4Skiux) for each sand size. Shaded regions represent the cumulative uncertainty
in ASk(flux).-

We found that very fine sand accumulated during a discrete range of flows
between 275 and 446 m®/sec (Figure 3-9). Flows of this magnitude were exceeded
between 5% and 0.3% of the study period and inundated between ~5% and ~50% of the

post-1938 floodplains. The annual floods in 2014, 2016, and 2019 were the only time

when this range of flows occurred. However, very fine sand did not accumulate during
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the 2014 flood when the peak discharge exceeded 446 m®/sec and very fine sand was

evacuated instead. The influx and efflux of very fine sand were generally balanced during
flows less than 275 m®/sec (Figure 3-9).

We compared the flux-based budget to the morphological budget by recalculating
the flux-based budget to the same temporal resolution as the morphological budget: 2013
to 2015; 2015 to 2017; and 2017 to 2019 (Table 3-2). The flux-based budget indicated
that sand was evacuated during each temporal subset, except from 2017 to 2019, when
the budget was indeterminant. Uncertainty in transport measurements during this period
would only need to be reduced by 20% for the total sand budget to be likely erosional.
Fine and medium sand were evacuated during each temporal subset, except between 2017
and 2019 when medium sand evacuation was only probable. Coarse sand was likely
eroded between 2013 and 2015 and erosion would have continued from 2015 to 2017 if
the transport uncertainty were reduced by a mere 10%. The silt/clay and very coarse sand
budgets were indeterminant during each period. Very fine sand was deposited during the
2016 and 2019 floods, but the budgets were indeterminant by the end of each temporal

subset.

4.2 Morphological sediment budget

4.2.1. Characteristics of the floodplain

The recently eroded floodplains were generally taller than the recently accreted
floodplains on both rivers (Figure 3-5; see Appendix Table A-1), because the eroded
floodplains included the pre-1938 floodplain that had aggraded to a higher elevation than

the post-1938 floodplain. Our Bayesian model indicated that the finer grain cap facies
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threshold. The influx concentration (black dots) is the sum of the acoustically measured
concentration at the Maybell and Lily gages. The efflux concentration (blue dots) is the

acoustically measured concentration at the Deerlodge Park gage. Vertical black lines

show the percent of time different fractions of the post-1938 floodplain was inundated.
5% of the post-1938 floodplain was inundated at 267 (m®/sec); 25% of the floodplain was
inundated at 307 (m®/sec); and 50% of the floodplain was inundated at 440 (m®/sec). (B-
D) Same as (A) except for very fine, fine, and medium sand, respectively.
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Table 3-2. Partitioned net change in sediment storage for the flux-based sediment budget and the morphological sediment
budget during each temporal subset. The uncertainty range for the flux-based budget is the cumulative uncertainty at a 10%
and 50% fixed percent in the suspended and bed loads, respectively. The uncertainty range for the morphological budget is the

95% CI. Bolded text indicates periods of time when there was a greater than 50% probability that the morphological- and flux-
based-budgets overlap within the bounds of uncertainty.

2013 10 2019 2013 t0 2015 2015 to 2017 2017 to 2019

flux-based" morph-based™ flux-based” morph-based™” flux-based" morph-based™” flux-based" morph-based™”
silt/clay -12.0to 13 -0.4to 1.2 [1] -12 10 20 -1.18 t0 3.6 [1] 84toll -3.3to 1.8 [1] -1091t06.8 -1.8 to 2.7 [1]
total sand -1.3t0-20 -3.2104.3[0.32] 571025 -7.2 to 14 [0.04] -23t0-2.2 -15to 7.0 [0.61] -1.1t03.0 -9.5to 10 [0.75]
very fine sand 2210091  -32t07.8(0.62] -410-087  -0.861024[0.10] -1.0t025 -23t013]0.53] -1.0tol.1  -l.4to 1.8]0.62]
fine sand 651023  -06t01.0[0.02] -7.7t0-3.5 151032 [0] 81t0-33  -32t016003] -30t0-0.17 -2.1102.2[0.35]
medium sand -7.0t0-1.3 -0.98 to 1.3 [0.14] -791t0-2.0 -2.3t04.1[0.02] -8.7t0-2.4 -4.5t01.9[0.17] -3.8100.27 -3.0 to 2.8 [0.63]
coarse sand 226t 1.0 -1.3 to 1.4 [0.64] -3.0t0 0.50 -2.5104.9 [0.49] -3.01t00.77 -5.4 to 2.2 [0.76] -1.4t01.3 -3.9 t0 3.0 [0.67]
very coarse sand -0.73100.50 -0.4 to 0.48 [0.76] -0.861t00.36 -0.83to 1.51 [0.68] -0.82t00.42 -1.8t00.63[0.79] -042t00.52 -1.3t00.9]0.74]
“net change in sediment storage in lOJx.MT/yr

bP\'obahi]ity that the morph-based budget falls within the bounds of the flux-based budget is shown in square brackets [ ].
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comprised 29% (+£20% SD) of the total floodplain and vegetated island height, which is

similar to the proportion of the cap facies found in floodplain deposits from other studies
(Page et al., 2003; Thayer and Ashmore, 2016).

There was no significant difference between the grain size of the fine sediment in
the floodplains and vegetated islands on the Yampa and Little Snake rivers (Wilcoxon
rank sum test 0=0.05), so we developed one Bayesian grain size model for both rivers.
The grain size distribution of the base facies on the Yampa River and sand-bed portions
of the Little Snake River closely matched the grain size distribution of the bed material,
and the cap facies closely matched the grain size distribution of the suspended load
(Figure 3-3b). Thus, we infer that the base of the deposit was a former active channel bar
built by bed load transport and the cap of the deposit was overbank deposition of the
suspended and wash load. The cap deposit was predominately composed of silt/clay with
large proportions of very fine and fine sand and a lesser amount of medium sand (Figure
3-7; see Appendix Table A-3). There was no coarse or very coarse sand in the cap facies.
The base facies on the Yampa River and sand bed reaches of the Little Snake River were
predominately composed of medium and coarse sand with a significant amount of fine
sand (Figure 3-7). The fraction of very coarse sand in the base facies was small and

comparable to the fraction of silt/clay and very fine sand (see Appendix Table A-3).

4.2.2. Partitioned morphological sediment budget

There was no evidence of sand erosion from the floodplains, despite our careful
accounting of uncertainty in computing 4Skmorphy (Figure 3-10; see Appendix Table A-4).
Vegetated islands accumulated sediment during some periods. Floodplain deposition

along the channel margins was balanced by bank erosion such that the overall change in
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floodplain storage was indeterminant over the entire study period (Figure 3-10b).

Vegetated islands expanded and accumulated sand from 2013 to 2015 and likely
expanded from 2017 to 2019; there was no change in vegetated island storage from 2015-
2017 (Figure 3-10b; see Appendix Table A-4). Vegetated island expansion did not cause
a change in channel width or channel activity (i.e., the total amount of erosion and

deposition per unit distance; see Appendix Figure A-2).

4.3. Comparing the flux-based and morphological sediment budgets

The uncertainty bounds of the silt/clay 4Skmorph) Were completely within the
bounds of the silty/clay A4Sk#ux) during each temporal subset and the budgets were closed.
Both budgets were indeterminant over the entire study period, but uncertainty in the flux-
based budget was substantially greater than the morphological budget (Figure 3-10g;
Table 3-2). Sand evacuation measured by the flux-based budget was not observed in the
morphological budget, except for the period between 2015 and 2017 when both budgets
were erosional and the budget was closed. Both total sand budgets were indeterminant
between 2017 and 2019 (Figure 3-10b; Table 3-2).

When the sand budgets were partitioned into multiple sand fractions, the largest
difference between ASkiux) and A4Skmorphy 0Ccurred in the fine and medium grain size of
sand. We found no morphological evidence for the erosion of fine and medium sand that
was detected in the flux-based budget (Figure 3-10d, e; Table 3-2). The flux- and
morphological-budgets aligned well for very fine, coarse, and very coarse sand, and the

budgets were closed (Figure 3-10 c, f, g; Table 3-2).
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4.3.1. Missing dimension of the morphological sediment budget

A major factor that limits our morphological sediment budget approach is that
changes in channel bed topography were not measured such that erosion and deposition
of bed material could not be documented. Our grain-size analysis indicated that the
channel bed and the base facies deposits were composed of medium and coarse sand and
to a lesser degree, fine sand (Figure 3-7). If the fine and medium sand evacuation from
the flux-based budget occurred from the channel bed, this would equate to 0.03 to 0.14 m
(0.005 to 0.02 m/yr) of bed degradation that was undetected by the methods used to
analyze morphological change. Because we carefully accounted for uncertainty in our
morphological sediment budget, we feel confident that the difference between ASksux) and
ASkmorph) for fine and medium sand was not caused by measurement error and that these
grain sizes were eroded from the channel bed (Kondolf and Matthews, 1991).

We used the fused 2011 and 2015 DEMs in the downstream section of Deerlodge
Park to estimate whether the average change in bed elevation was similar to fine and
medium sand bed degradation measured by the flux-based sediment budget. We found
there were zones of bed erosion and deposition, but these areas of change compensated
for one another such that the average bed elevation change was -0.09 £+ 0.25 m and the
total change in bed sediment storage was -2.9x10%+1.9x10° m® (Figure 3-11 A-B). The
amount of fine and medium sand degradation measured by the flux-based budget was
smaller than the propagated error in the DEMs and therefore, could not be detected.

We speculate that the 0.005 to 0.02 m/yr of fine and medium sand evacuation is a

short-term adjustment to a relatively recent perturbation, because we found no significant
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Figure 3-10. Morphological and flux-base sediment budgets for different temporal subsets partitioned by (A) silt/clay, (B) total
sand, (C) very fine sand, (D) fine sand, (E) medium sand, (F) coarse sand, and (G) very coarse sand in units of metric tons per
year. The morphological sediment budget is shown as a distribution of ASkmorph) Segregated by the vegetated islands (green),
the channel margins (blue), and total change (black). Positive values indicate net deposition and negative values net erosion.
The flux-based sediment budget (4Skgux) for the same temporal subset is shown as a gray band with the zero-error value
shown as a black dashed line. The red vertical line is at zero, indicating no net change in sediment storage.
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Figure 3-11. (A) Topographic changes in bed elevation from 2011 to 2015 in the extent
of LiDAR coverage in Deerlodge Park (Figure 3-1). Positive values (red) indicate
deposition and negative values (blue) indicate erosion. Only cells above a level of
detection corresponding to a 95% confidence interval are displayed for visualization
purposes. (B) Histogram of the bed elevation change for all channel bed cells. The
average bed elevation change is shown as the error bars in the center of the histogram.
(C) Longitudinal profile in the sand-bedded portion of the Yampa River for 1922 and
2020.

long-term change in the longitudinal profiles of the sand bed portion of the Yampa River
from 1922 to 2020 (Figure 3-11c). Our results suggest that fine sand is preferentially
evacuated from the channel bed while coarse and very coarse sand are in balance, causing
the bed material grain-size distribution to coarsen. Moreover, fine sand is winnowed at a
faster rate than medium sand, which likely exacerbates bed coarsening. For example,
degradation of fine sand measured by the flux-based budget would cause a 2 to 14%
decrease in fine sand from the bed whereas medium sand would only decrease by 1 to

4%. Bed coarsening has also been observed in historic measurements of sediment

transport since the 1980s (Topping et al., 2018).
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5. Discussion

5.1. Channel adjustment observed from a grain-size fractional sediment budget

Sediment is sorted and stored throughout the alluvial channel and floodplain in
our study area. Morphologic adjustment occurred in different places as a result of the
storage and evacuation of different sand fractions. We found that a grain-size fractional
flux-based and morphological sediment budget were needed to evaluate these changes.
The sediment budgets were calculated for a short timeframe — 6 years — to make use of
the continuous record of the acoustical sediment gages. The flux-based budget showed
that sand was evacuated from the study area, but we found no morphological evidence of
this evacuation; such as channel widening, increase in channel activity, or bed
degradation. A closer examination of the grain-size fractional sediment budget revealed
that only fine and medium sand were evacuated from the channel bed and the geomorphic
response was a bed textural adjustment.

The bed coarsening suggested here may be part of a longer-term channel
adjustment. Sediment waves originating from Sand Creek during the late-1950s to early-
1960s caused an initial, rapid phase of bed fining, followed by long-term, slower bed
coarsening (Topping et al., 2018). We propose that the bed will continue to coarsen until
the sediment transport capacity is reduced to a magnitude where the fine and medium
sand budget is balanced. Thus, it is probable that the geomorphic response to the
sediment pulse generated by tributary floods on Sand Creek is primarily textural and the
channel can absorb the pulse of sediment without necessitating wholescale channel
change. We find the flux-based sediment budget, although in deficit, reflects a system in

dynamic equilibrium that is adjusting to fluctuations in sediment supply.
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The bed textural response inferred to be the residual term in our sediment budget

has rarely been measured or discussed in the sediment budget literature, partly because
grain-size fractional sediment budgets are rarely calculated. Yet, changes in the grain size
of the sediment supply may cause the bed material to fine or coarsen, allowing the reach
to transport the changed supply without significant morphologic changes, as
demonstrated by numerous studies (e.g., Buffington and Montgomery, 1999;
Montgomery et al., 1999; Topping et al., 2000; Lisle et al., 2000; Cui et al., 2005; Sklar
et al., 2009; Ferguson et al., 2015; Dean et al., 2016; Topping et al., 2018; Dean et al.,
2020; Topping et al., 2021). The grain-size fractional approach to sediment budgeting can
be used to evaluate the interaction between bed texture and morphologic adjustment.
Such an approach can be useful for predicting the sensitivity of a river to channel change.
The only measurable morphological change measured in our study resulted from a
very small amount of very fine sand aggradation on the upper surface of vegetated islands
during moderate-to-large flows. This aggradation was not large enough to change the
characteristics of the channel (i.e., width, sinuosity, lateral migration). We found that
very fine sand accumulated for a discrete range of flows when between 5% and 50% of
the post-1938 floodplain was inundated. Very fine sand was the only grain size to
accumulate, because coarser grain sizes were not carried high enough in the water
column to be deposited on the floodplains. For example, suspended sediment
concentration profiles indicate that the very fine sand concentration was 2 to 4 times
greater than the fine sand concentration when very fine sand accumulation was measured

in the floodplains (Figure 3-13a).
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Very fine sand advected onto the floodplains no longer accumulated during large

flows that inundated greater than 50% of the post-1938 floodplain. We speculate very
fine sand stops accumulating once floodplain vegetation becomes submerged, because
the velocity is large enough to keep very fine sand in suspension. This occurs because
roughness abruptly drops when vegetation is submerged, leading to large increases in
velocity over the floodplain (Wu et al., 1999; Manners et al., 2013, 2015). We found that
between 34% to 44% of LIiDAR returns in the 2015 survey classified as vegetation were
fully submerged at the discharge when very fine sand stopped accumulating. Thus, it is
plausible that vertical aggradation is confined to a discrete range of overbank flows
where floodplain vegetation is still emergent. This interpretation requires further
investigation, but such a mechanism could be used to target flows that prevent floodplain
growth and reverse channel narrowing in regulated rivers downstream from dams (Allred
and Schmidt, 1999; Grams and Schmidt, 2002; Dean et al., 2020; Grams et al., 2020;
Walker et al., 2020).

The finding that measurable floodplain building can result from small-to-
unmeasurable storage of very fine sand over a discrete range of flows is likely a
ubiquitous characteristic of sand-bed rivers. Floodplain growth may account for a small
portion of the total sediment budget or could be unrelated to the sign of the sediment
budget calculated over broad grain size categories (i.e., net aggradation or degradation of
total sand). For example, Walker et al. (2020) found that floodplain formation accounted
for a small amount of the total sediment load on the lower Green River in Canyonlands

National Park, and that very fine sand was the only sand size in aggrading floodplain
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Figure 3-12. (A) Rouse profiles at the discharge to inundate 5%, 25%, and 50% of the
post-1938 floodplain. The rouse profiles were calculated separately for very fine, fine,
medium, coarse, and very coarse sand. The relative concentration is the ratio of the near-
bed concentration, calculated by the Wright and Parker (2004) entrainment function, to
the concentration at various depths in the water column. The black line shows the mean
height in the water column that submerges the floodplain and gray bands represent the
interquartile range given the variability in floodplain elevation. Inset figures show the
ratio of the relative concentration of very fine to fine sand in the upper region of the
water column that inundates the floodplain. (B) Spatial extent of floodplain inundation at
the discharge required to inundate 5%, 25%, and 50% of the post-1938 floodplain in the
section of Deerlodge Park where LIDAR data were available (Figure 3-1). (C) Depth of
inundation on the floodplains formed during our study period (2013 to 2017) plotted as a
function of the percent of time a given discharge was exceeded during our study period.
The gray band represents the interquartile range of inundation depth. The black vertical
lines show inundation depth for discharges that inundate 5%, 25%, and 50% of the post-
1938 floodplain.
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surfaces. Similarly, Grams and Schmidt (2005) found that floodplain formation on the

Green River in Dinosaur National Monument accounted for a small fraction of the
annualsediment load. A grain-size fractional sediment budget is necessary to observe or

predict this kind of floodplain development.

5.2. Uncertainty in the flux-based and morphological budgets

Flux-based and morphological sediment budgets have different sources of
uncertainty that accumulate over different timescales. The most significant source of
uncertainty in the flux-based sediment budget is caused by persistent bias in
measurements of sediment transport. These biases accumulate through time and lead to
large uncertainties in ASkfux) when calculated over long timeframes (Erwin et al., 2012;
Grams et al., 2013). Conversely, the primary source of uncertainty in the morphological
sediment budget is caused by measurement error in channel morphology, which is
independent of the time between morphologic measurements (Erwin et al., 2012).

We used a Bayesian method to characterize uncertainty in the morphological
budget to predict a distribution of probable 4Skmorph) Values from repeat aerial images and
topographic and grain size data. We characterized the morphologic sediment budget as
indeterminant when the 68% CI spanned zero, however, the results are more informative
because we can also estimate the probability of morphologic change. For example, the
68% CI spanned zero for the total sand 4Smorph) between 2013 and 2015 and the budget
was indeterminant, but there was a relatively high probability (i.e., 71%) that 4Smorpn)
was positive and sand accumulated. If the risk of accepting ASmorpn) as true change when
the change might be caused by uncertainty is inconsequential, a 71% probability of

deposition might be large enough to support geomorphic interpretations. The distribution
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of uncertainty in a flux-based budget is unknown and every value within the uncertainty

band has an equal probability of being true. Thus, we have no way to calculate the
probability that 4Sux) is erosional or depositional when the flux-based budget is
indeterminant.

We find that small changes in the uncertainty assigned to acoustical
measurements of sediment transport have a large effect on the determinacy of the flux-
based budget. The flux-based budget for sand was indeterminant between 2017 and 2019,
but uncertainty in the suspended load would only need to be reduced to £5%, a value
regularly applied to other rivers in the region (Grams et al., 2019; Dean et al., 2020;
Topping et al., 2021), for the budget to be in deficit. Similarly, the grain-size fractional
ASkiux) Tor very fine sand between 2017 and 2019 was indeterminant; however, if
uncertainty in the suspended load measurements were again reduced to 5%, we could
detect very fine sand accumulation. These findings suggest there should be careful
consideration of the uncertainty assigned to the acoustical measurements of sediment
transport. A robust framework to characterize this uncertainty at individual gages is an

important area of future work.

5.3. New morphological sediment budget framework

The method we developed to calculate a grain-size fractional morphological
sediment budget was supported by the consistent thickness and grain size of two
dominant floodplain facies. We expect that the thickness and grain size of the floodplain
facies will remain consistent if the planform and sediment supply do not change
longitudinally and a single Bayesian model can be developed. Multiple Bayesian models

may be needed if the behavior of the river changes longitudinally.
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The total floodplain height and the thickness and grain size of the facies will vary

among rivers, meaning that the Bayesian models are not transferrable. This is due to
differences in the sediment load, the channel sinuosity, and the channel lateral stability.
The floodplain is composed of a larger portion of the base facies in bed load-dominated
rivers whereas oblique and vertical accretion increase the cap facies thickness in
suspended load-dominated rivers (Page et al., 2003; Thayer and Ashmore, 2016). Thicker
base facies and thinner caps are expected on rivers with high sinuosity because lateral
instability leads to faster bar accretion (Thayer and Ashmore, 2016).

A significant limitation of our morphological sediment budget method is that
changes in the channel bed topography and bed texture were not measured. This might be
problematic in rivers where the total sediment flux is small compared to the volume of
erosion and deposition from the channel bed (e.g., braided gravel-bed rivers) or where the
channel slope adjusts through degradation and aggradation rather than changes in
sinuosity. In such rivers, the morphological budget may need to be measured as the
difference between two topographic surveys (Brasington et al., 2000; Fuller et al., 2003;
Lane et al., 2003; Eaton and Lapointe, 2001; Croke et al., 2013; Leonard et al., 2017;
Antoniazza et al., 2019; Grams et al., 2019; among others). Recent advancements in
unmanned aircraft system (UAS) technologies have increased the availability of high-
resolution topography for such purposes (Fonstad et al., 2013; Carbonneau and Dietrich,
2017). However, in large rivers, spatially continuous measurements of repeat channel and
floodplain topography over long reaches remain difficult and expensive to collect even

with the most advanced mapping methods.
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6. Conclusion

In this study, we partition a flux-based and morphological sediment budget on a
23-km reach of a sand-bed river into multiple sand-size fractions. We found that different
grain sizes were transported and deposited in different parts of the alluvial channel and
floodplain. For a sediment budget to reveal these important changes in the river, a budget
must account for the different behavior of these grain sizes, and a grain-size fractional
sediment budget was needed.

The flux-based budget was calculated from high-temporal resolution
measurements of sediment transport and grain size at acoustic sediment gages. The
morphological budget was calculated from an aerial image time series and sparse
measurements of channel and floodplain topography and grain size. We show that even
though the flux-based budget for all sand sizes combined was in deficit, the grain-size
fractional flux-based and morphological budgets revealed that the fine and medium sand
were evacuated from the bed and the bed coarsened while the floodplains accumulated
very fine sand. Very fine sand accumulated during a discrete range of flows when
floodplain vegetation was not yet fully submerged.

Effective river management requires an ability to forecast river response to
changes in water and sediment supply. Small changes in water and sediment supply may
be within the natural capacity of the river to transport sediment such that dynamic
equilibrium is maintained. Larger changes, however, have the potential to cause
wholesale channel change that impacts the ability of the channel to contain flood flows,
damages downstream infrastructure, or adversely affects in-channel and floodplain

habitats. The sensitivity of a river to wholescale channel change is dependent on the ease
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by which the river can adjust within its current behavioral regime. In our study, the

adjustment was primarily bed textural and the process-form relations did not change
despite sand evacuation. A grain-size fractional flux-based and morphologic sediment

budget were needed to observe this kind of adjustment.

Data Availability
Datasets used to calculate the flux-based budget are available for download from
the USGS Grand Canyon Monitoring and Research website at:

https://www.gcmrc.gov/discharge_gw_sediment/. Aerial images used to calculate the

morphological sediment budget can be downloaded from the USGS EarthExplorer

website at: https://earthexplorer.usgs.gov/. LIDAR datasets are available on request.
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CHAPTER 4

BED TEXTURE AND TOPOGRAPHIC ADJUSTMENT IN SAND BED RIVERS!

Abstract

When sediment supply and discharge change, the short-term river channel
response will be a combination of adjustments in bed grain size (texture) and the
accumulation or evacuation of sediment in the channel (topography). This response has
been documented for gravel-bed rivers, but little attention has been given to sand-bed
rivers, which is the focus of this paper. If the channel response is predominantly textural,
changes in channel geometry may be relatively minor. If the channel response is
predominately aggradation or degradation, longer-term changes in channel
geomorphology, including adjustments of channel dimension, planform, and slope may
occur. In this paper, we use a mixed-size morphodynamic model to explore the
interaction between textural and topographic responses to changes in sediment supply in
sand-bed rivers. First, we consider how the steady-state transport condition varies as a
function of sediment supply rate and grain size. We then evaluate the path to steady-state
using numerical experiments. We find that as the supply rate increases, the amount of
aggradation can be reduced, eliminated, or even reversed depending on the sediment
supply grain size. During the transient adjustment for an increased sediment supply, an
initial pulse of very fine sand quickly fines the bed, increasing transport capacity. The
initial pulse of very fine sand brings transport close to the new sediment supply when the

supply fines, limiting the short-term morphological response. When the supply coarsens,
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the pulse of very fine sand is less effective at increasing transport and the morphologic

response is immediate.

1. Introduction

When the supply of water and sediment to a river change, such that the balance
between sediment supply and transport capacity is altered, the short-term river response
will be a combination of adjustments in the bed grain size (texture) and aggradation or
degradation (topography). If the channel response is predominately textural, changes in
the channel geometry may be relatively minor. If the channel response is predominately
in sediment accumulation or evacuation, broader, long-term changes in channel
geomorphology, including adjustments of channel dimension, planform, slope, and
associated changes in aquatic habitat are more likely. There is increasing awareness the
textural response may have a strong influence on the extent of aggradation or degradation
in gravel-bed rivers (Buffington and Montgomery, 1999; Cui et al., 2003; Sklar et al.,
2009; Venditti et al., 2010; East et al., 2015; Ferguson et al., 2015; Ahammad et al.,
2021), but less is known about the influence of textural adjustment on aggradation and
degradation in sand-bed rivers. In this paper, we examine the bed texture and topographic
interaction in sand-bed rivers.

There is a vast geomorphic literature exploring channel response to a change in
sediment supply or discharge. Long-term, large perturbations in sediment supply
undoubtedly produce changes in channel width, planform, and in-channel geomorphic
features (Schumm, 1969; Leopold, 1973; Trimble, 1981; Williams and Wolman, 1984;
Everitt, 1993; Brandt, 2000a, 2000b; Clark and Wilcock, 2000; Simon Andrew et al.,

2002; Grant et al., 2003; Schmidt and Wilcock, 2008; East et al., 2015), but the rate,
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timing, and magnitude of those changes differ widely among case studies. We

hypothesize that variability in channel response to changes in supply and discharge may
be related to textural adjustments of the river bed. Several studies have shown that
changes in the supply grain size may cause the bed grain size to fine or coarsen, making a
reach more or less efficient at transporting the perturbed sediment supply (Iseya and
Ikeda, 1987; Buffington and Montgomery, 1999; Montgomery et al., 1999; Lisle et al.,
2000; Topping et al., 2000; Cui et al., 2005; Curran and Wilcock, 2005; Sklar et al.,
2009; Ferguson et al., 2015; Dean et al., 2016; Topping et al., 2018; Dean et al., 2020;
Topping et al., 2021). The bed texture also adjusts when the supply rate increases or
decreases, even if the supply grain size is constant (Wilcock and DeTemple, 2005).
Although the interaction between supply and bed grain size is well-documented, how bed
textural changes influence morphologic change is less well understood. For example,
potential aggradation of the bed in response to an increase in sediment supply can be
enhanced, reduced, eliminated, or even reversed depending on the nature of bed textural
adjustments and their effect on transport capacity. A better understanding of the mutual
adjustment between bed texture and topography is useful for predicting the channel
response to an anticipated or ongoing perturbation in water or sediment supply.

This study uses mixed-size transport models to explore the interaction between
textural and topographic response to changes in sediment supply in sand-bed rivers, to
demonstrate the nature and conditions of strong textural influence on river bed response.
Our focus is on the initial, within-channel response, with particular emphasis on the
tradeoff between textural response and sediment storage. First, we consider the variation

in steady-state conditions as a function of sediment supply rate and grain size for a
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constant water discharge. The channel slope and bed surface texture for a graded

condition indicates the direction of adjustment. We then evaluate the path to equilibrium
using the transport relations in a morphodynamic model. Finally, we consider the time
scale of adjustment in comparison to examples of channel bed response in natural

systems.

2. Background

Sediment supply to a river may increase or decrease, and the bed grain size and
channel form may change in response. Dam construction, channelization, levees, gravel
mining, grade control, and reforestation all reduce the supply of sediment to a river
(Williams and Wolman, 1984; Kondolf, 1997; Liébault and Piégay, 2001; Schmidt and
Wilcock, 2008; Ziliani and Surian, 2012; Moretto et al., 2014; Leonard et al., 2017;
Arbds et al., 2021). The bed often coarsens in response to a reduction in sediment supply
which can limit bed degradation and promote channel widening (Brandt, 2000a; Schmidt
and Wilcock, 2008).

The amount of sediment delivered to a river may increase for several reasons.
Spatially-extensive increases in sediment supply can be due to anthropogenic
modifications in land use, such as poor grazing, forestry, or farming practice (Nadler and
Schumm, 1981; Trimble, 1981; Miller et al., 1993; Clark and Wilcock, 2000; Gomez et
al., 2007), or naturally caused by volcanic eruptions, extreme hydrologic events,
wildfires, or shifts in vegetation induced by climate change (Montgomery et al., 1999;
Gran and Montgomery, 2005; Hoffman and Gabet, 2007; Major et al., 2019; East and
Sankey, 2020; East et al., 2021). Sediment input can also increase at a discrete point.

Landslides, debris flows, gravel augmentation, mining operations, or dam removals are
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all spatially isolated inputs of excess sediment (Knighton, 1989; Sutherland et al., 2002;

Doyle et al., 2003; Wilcox et al., 2014; East et al., 2015; Gaeuman et al., 2017). In some
instances, the increase in supply may be episodic and short-term, such as with dam
removal or additions of fine sediment from flash floods, whereas other times increased
supply is sustained, such as long-term inputs from mining operations. Increased sediment
is sometimes explicitly used for management purposes, such as on the Colorado River
downstream from Glen Canyon Dam where additions of fine sediment from flash floods
on the Paria River are used to rebuild sand bars in Grand Canyon (Schmidt, 1999; Webb
et al., 1999; Hazel et al., 2010).

Increased sediment supply causes textural and topographic changes in both
gravel-bed and sand-bed rivers, although considerably more attention has been given to
the sorting more readily observed in gravel-bed rivers. Flume and numerical experiments
have demonstrated that if the supply becomes finer, the main response could be textural
without much change in channel form as the fine-grain pulse translates through the reach
(Cui et al., 2003; Sklar et al., 2009; Venditti et al., 2010; Ferguson et al., 2015; Ahammad
et al., 2021). Several field studies have also demonstrated that bed fining can effectively
move a pulse of sediment through a gravel-bed river with minimal change in channel
form (Gran and Montgomery, 2005; Gran, 2012; East et al., 2015).

In sand-bed rivers, bed sorting is harder to observe and the interaction between
bed texture and topography has not been well studied. Most of the existing research has
focused on canyon-bound rivers that involve an increase in supply and change in supply
grain size. In such systems, there is evidence that the textural response dominates because

the bed grain size can produce large spatial gradients in sand transport that move
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increased sand through the system quickly with minimal bed aggradation (Rubin et al.,

2020; Topping et al., 2021). In sand bed alluvial rivers, textural changes inferred from the
grain size of suspended sand have been linked to periods of increased or decreased sand
supply (Dean et al., 2016; Topping et al., 2018; Dean et al., 2020; Grams et al., 2020), but
the interaction between textural and topographic response has not been fully considered
(Anetal., 2021).

When water discharge and the rate and grain-size distribution of sediment supply
are specified, the number of governing relations matches the number of unknowns such
that the bed surface grain size and channel slope for steady-state transport are fully
determined by the boundary conditions and are independent of initial conditions (Parker
and Wilcock, 1993). Steady-state bed conditions can be found as a function of water and
sediment supply through the inverse application of mixed-size transport models. The
forward application gives transport rate and grain size as a function of bed shear stress
and bed surface grain size and the inverse application gives bed shear stress and bed
surface grain size as a function of transport rate and grain size. Hydraulic relations
(continuity, momentum, and flow resistance) link bed shear stress and bed surface grain
size to water discharge. The new steady-state condition is represented in terms of the
channel slope and bed texture necessary to transport the supplied sediment with the
specified discharge.

Channel response can be usefully divided into two parts — the direction of the
adjustment (set by the new steady-state) and the path to adjustment, which includes a
mutual adjustment between bed texture and topography over time and along a stream

reach. Although a full response to changed supply may include longer-term adjustments
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in channel dimension and pattern and may not be complete before the water and sediment

supply change yet again, the final steady-state condition provides a useful context by

providing the general direction of channel adjustment.

3. Methods

We used a morphodynamic model to develop a platform for a general description
of the interaction between textural and topographic adjustment. Morphodynamic models
evolve the bed surface grain size and topography from initial conditions to a steady-state
using conservation of mass and momentum for open channel flow and sediment mass
conservation. We used a simplified version of channel geometry with no floodplain in
which the channel can only adjust through bed texture and bed aggradation or
degradation, which we refer to as bed topography. In real rivers, bed aggradation and
degradation can lead to cross-section change, planform change, and slope change, but the
purpose of our model was to capture the initial channel bed response.

The model starts with a specified slope and bed grain size at each model node and
calculates bed shear stress from a specified discharge to predict the transport rate and
grain size. Mass is conserved between model nodes at each timestep for sediment size
fractions through aggradation and degradation and changes in the bed surface grain size,
such that there is a balance between the mass of sediment delivered to and transported
from each node. The morphodynamic model evaluates the direction of the channel
response and the path of adjustment to the new steady-state. The steady-state condition
can also be found through inverse application in which the bed grain size and slope are
determined from a specified discharge and supply rate and grain size (Wilcock and

DeTemple, 2005). The inverse solution is identical to the final steady-state condition
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found with a morphodynamic model using the forward application. We developed an

approximate inverse model using the steady-state solution of many morphodynamic
modeling runs. An overview of our 1D morphodynamic modeling approach, boundary
conditions for water, sediment supply rate and grain size, and the inverse application of

the transport relations are described in the following sections.

3.1 Model formulation

The model formulation builds on previous models of 1D river morphodynamics
(van Niekerk et al., 1992; Hoey and Ferguson, 1994; Cui et al., 1996; Wright and Parker,
2005a; Viparelli et al., 2010b, 2015). The model governing equations are based on
conservation of mass and momentum for open channel flow and sediment mass
conservation. A general description of the model is provided below and a full description
of the governing equations is provided in Appendix B. The following simplifying
assumptions were made.

1. The channel has a rectangular geometry and constant width with no exchange
with the floodplain. Erosion and deposition only occur from the channel bed.

2. The channel is sufficiently wide that side wall effects can be neglected.

3. Flow and sediment are introduced at the upstream end of the model and are held
constant until the model reaches equilibrium.

4. The downstream boundary condition is specified as a water surface elevation and
is held constant through time.

5. Sediment is noncohesive and restricted to bed material load carried as bed and
suspended load. The cutoff size for the bed material load is set at 0.0625 mm
(Raudkivi, 1976), meaning that the model only considers sand.

Flow within the rectangular channel is described by the 1D shallow water equation of

mass and momentum conservation. Flow resistance and the skin friction portion of the
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total boundary stress are specified using the Wright and Parker (2004b) formulation

which accounts for the effects of density stratification and flow resistance over dunes. A
grain-size-specific formulation of the Exner equation, which conserves sediment mass for
individual size fractions (Parker et al., 2007), is used to determine bed grain size and
topography. The channel bed is divided into an upper active layer that exchanges with the
bed material load, a lower substrate layer that maintains a constant grain size, and an
interface layer that exchanges sediment between the active layer and the substrate as the
bed aggrades and degrades (Hirano, 1971). The active layer thickness is specified as the
height of the bedforms, predicted as a function of flow depth using the relation of Julien
and Klaassen (1995). The grain size of the interface layer evolves as the bed aggrades and
erodes using the relation formulated by Hoey and Ferguson (1994) and Toro-Escobar et
al. (1996). During erosion, the interface grain size becomes that of the substrate and
during aggradation, the interface grain size becomes that of the active layer (Wright and
Parker, 2005a).

Grain-size specific volumetric bed material transport rates are calculated using a
separate transport relation for the bed and suspended load. Total volumetric bed material
transport is the sum of each grain size fraction in the bed load and suspended load. We
use the Wright and Parker (2004b) entrainment model (W-P) coupled with a Rouse
profile and van Rijn (1984) initiation of suspension criterion to estimate suspended load
transport. W-P is a modified version of the Garcia and Parker (1991) entrainment model
that accounts for reduced mixing due to density stratification in the presence of large
suspended loads. G-P and W-P are the only entrainment models that include a mixed-size

hiding function tested against field data, making this relation ideal for predicting size-
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selective transport in the suspended load that drives the bed grain size sorting. Bed load is

calculated from the Ashida and Michiue (1972) relation (A-M) which includes the
Egiazaroff (1965) hiding function. A-M was developed from flume measurements of

sand bed load, making this relation ideal for our modeling purpose.

3.2. Model validation

The morphodynamic model was validated with field data from the Niobrara River
(Colby and Hembree, 1955), the Rio Grande River (Nordin and Dempster, 1963), and the
Red River (Toffaleti, 1968). For each validation run, the channel width, discharge,
sediment supply rate, and sediment supply grain size were set to the measured field
values. The initial slope was set to a value less than the graded condition, and the bed
topography and grain size were aggraded to steady-state. We had a total of 8 validation
runs. Model performance was measured by comparing the simulated bed material grain
size, slope, and fractional transport rate at steady-state to the measured values.
Equilibrium was defined as a condition where the transport rate was constant throughout
the reach, resulting in stable bed conditions and indicating that the transport capacity was
balanced to the sediment supply rate. The ratio of the transport standard deviation (ogs) t0
the mean transport (pgs) among all cross-sections were used to evaluate the similarity of
transport throughout the reach (Viparelli et al., 2010). Steady-state was achieved when
this ratio was less than or equal to 0.0005 (ogs/ 1gs<0.0005). We found that our model
produced a steady-state bed grain size and slope that was similar to field observations and

is capable of predicting accurate mobile bed equilibrium conditions (Figure 4-1).
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Figure 4-1. (A) Comparison between the measured and predicted suspended sediment
transport rate for the k™ grain size scaled by the proportion of the k™ grain size on the bed
surface. (B) Comparison between the measured and predicted bed load sediment transport
rate for the k" grain size scaled by the proportion of the k™ grain size on the bed surface.
Colored dots in A and B distinguish the different k™" grain sizes. (C) Comparison between
measured and modeled Dy of the bed material grain size, where Dy is the grain size for the
k™" percentile of the bed material, scaled by the median grain size of the bed material
(Dso). Colored dot distinguishes the percentile for Dk. (D) Comparison between he
measured and modeled slope.

3.4. Model simulations
We ran two phases of model simulations. The initial phase was used to determine
steady-state conditions for a specified discharge, sediment supply, and sediment supply

grain size. The second set of simulations was used to evaluate the path to equilibrium
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when the feed rate and grain size change from steady-state conditions in the first phase of

modeling.

Discharge and sediment supply rate and grain size of our initial simulations were
chosen to represent the range of bankfull conditions observed in sand-bed rivers. We
selected a unit discharge of 3 m?/sec based on the 50" percentile of a compilation of
bankfull discharge measurements in rivers with a median grain size less than 1 mm
(Phillips, 2021). We developed four sediment supply size distributions to represent a
range of transport observed in sand bed rivers (Figure 4-2). The finest of the supply grain
size is similar to transport on the Red River at Alexandria, Louisiana (Toffaleti, 1968),
we refer to this as the finest feed composition. The second finest composition (hereafter
called the fine feed composition) was based on transport data from the Rio Grande River
near Socorro, New Mexico (Nordin and Dempster, 1963). The medium and coarse feed
compositions were based on transport data from the Rio Grande River near Bernalillo,
New Mexico (Nordin and Dempster, 1963) and Yampa River at Deerlodge Park,
Colorado (USGS 09260050; Elliott et al., 1984; Topping et al., 2018), respectively.
Sediment supply rates were based on a series of forward transport calculations using our
specified unit discharge, slopes ranging from low (0.00005) to high (0.001) gradient, and
bed material grain size distributions ranging from fine (Dso = 0.17 mm) to coarse (Dso =
0.5 mm). We considered the 25" percentile of these forward calculations to be a small
supply rate (0.00005 m?/sec), the 50" percentile to be a moderate supply rate (0.0005

m?/sec), and the 75" percentile to be a large supply rate (0.005 m?/sec).
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Figure 4-2. Grain size distribution for finest, fine, medium, and coarse supply
compositions used for boundary conditions in modeling runs. Dsg is the median grain size
for each distribution and o is the geometric standard deviation.

We used each combination of sediment supply rate (small, moderate, and large)
and grain size (finest, fine, medium, and coarse composition) as boundary conditions for
the initial phase of runs; totaling 12 simulations. For each run, the channel length was set
to 10 km, cross-sections were spaced at 100 m, the unit discharge, sediment supply rate
and grain size were held constant, and the bed topography and grain size were allowed to
aggrade to the steady-state condition. We used the same definition of equilibrium as the
validation runs (ogs/ 11gs<0.0005). The second phase of simulations was used to estimate

the transient response under a change in sediment supply rate and grain size by changing

the boundary conditions from the initial steady-state.
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4. Results

4.1 Steady-state response

A graded river is a condition where the river has a sufficient slope to transport the
supplied sediment with the available flow (Mackin, 1948). The graded condition can be
expressed as a balance between sediment supply and transport capacity:

Qs-D~Q-S (4-1)
where Qs and D are the rate and grain size of sediment supply, Q is water discharge, S is
slope, which together represents transport capacity (Lane, 1955; Borland, 1960). By
defining the controlling variables of the steady-state condition, we can assess the
departure from steady-state and how the steady-state adjusts to a change in the water and
sediment supply (Henderson, 1966; Schmidt and Wilcock, 2008). Water and sediment
supply are defined by Q, Qs, and D, leaving S as the only channel response variable,
providing a convenient way to visualize the adjustment in S to a change in drivers
(Schumm and Khan, 1972). If the combined change in Q, Qs, and D necessitates a
steeper S to transport the supplied sediment, the reach is in a state of sediment surplus
and deposition will occur. Conversely, if the combination of Q, Qs, and D changes
requires less S, the reach is in a state of sediment deficit and erosion will occur. A change
in S is an indication of sediment deficit or surplus which, in real rivers, can lead to
subsequent changes in channel morphology.

In unisize sediment, size-selective transport and bed sorting is not considered, and
the only channel response variable is slope (Equation 4-1). As sediment supply increases
at a constant water discharge, the left side of (4-1) increases and a larger slope is needed

to produce the stress necessary to transport the supplied sediment (Figure 4-3 A; A—B).
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An increase in sediment supply that also coarsens needs an even larger slope to produce

the shear stress to transport the supplied sediment, because coarser grains are harder to
transport (Figure 4-3 B; A—B compared to A—C). As the sediment supply increases and
fines at a constant discharge, the slope may need to be larger or smaller depending on
how much the supply increases. A small increase in supply that fines requires less slope
to transport the available load, because finer grains are easier to move and smaller shear
stress is needed to transport the supplied load (Figure 4-3 B; A—D). The slope will
eventually have to steepen once the supply increase gets large enough that a greater
amount of shear stress is necessary to transport the load even though the load is finer
(Figure 4-3 B; A—E).

The available flow to transport sediment can also change in combination with the
sediment supply. As the discharge increases at a constant supply rate and grain size, the
shear stress needed to transport the supplied load is unchanged, and the slope must lower
(Figure 4-3 C; B—A). The opposite is true if the discharge decreases, and the slope must
increase to maintain constant shear stress (Figure 4-3 C; A—B). When the change in
drivers is a combination of discharge and sediment supply, both sides of (4-1) adjust, and
the slope may aggrade or degrade depending on the relative change in flow rate to supply
rate. In the case where flow and supply increase, if the shear stress produced by the new
flow rate transports more sediment than is supplied, the slope will lower (Figure 4-3 C;
B—C), and if the shear stress produces less transport than is supplied, the slope will
increase (Figure 4-3 C; B—D). In the case where the flow rate decreases and the supply
rate increases at a consistent supply grain size, the shear stress needed to transport the

supplied sediment will always increase and the slope will aggrade. However, the new
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steady-state slope for this condition will always be steeper than if the flow rate had

remained constant, because less water is available to transport the supplied sediment

(Figure 4-3 C; A—E compared with A—F).
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Figure 4-3. Unisize slope transport relation. (A) Slope transport relation for unisize
sediment with a diameter equal to the median grain size of the medium supply
compositions and unit discharge (qw) set to 3 m?/sec. (B) Slope transport relation for
unisize sediment with a diameter equal to the median grain size of the finest, fine,
medium, and coarse supply compositions and qw set to 3 m?/sec. (C) Slope transport
relation for unisize sediment with a diameter equal to the median grain size of the
medium composition and qw varies between 0.5 and 10 m?/sec.

In mixed-size sediment, the bed response to a change in supplied sediment
involves a mutual adjustment between the bed surface grain size and bed
aggradation/degradation. Coarser grains in mixed-size sediment are inherently less
mobile than finer grains. As a result, the bed surface in steady-state transport is coarser
than the bed load (Figure 4-4 A). Differences in mobility with relative grain size become
smaller with increasing transport rate for bed load, such that the size difference between

the transport and bed surface also becomes smaller (Figure 4-4 A). As a result, the bed-

load becomes coarser with increasing transport from a bed of constant grain size
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(Wilcock and DeTemple, 2005; Figure 4-4 A). The amount of load coarsening is

relatively minor, however, because the critical shear stress for sand size fractions is small,
leading to near-equal mobility conditions at all transport rates. The suspended load is
much finer than the bed, because the load is dominated by the finest sand sizes that are
most evenly distributed throughout the water column (Figure 4-4 A). A change in
mobility for sand-sizes in the suspended load occurs as coarser grains become entrained
at higher transport rates through the van Rijn suspension criteria. As a result, the
suspended load also coarsens with increasing transport even though the relative mobility
between grain sizes is constant. Coarsening of the bed and suspended load with
increasing transport over a fixed bed necessitates that if the transport were to remain a
fixed grain size, the bed grain size must fine as transport increases. Bed fining reduces
the shear stress needed to transport larger rates of the same grain size, which dampens
how much the slope must steepen.

The sediment supplied to sand-bed rivers is typically a mixture of what can be
transported as bed load and suspended load, and when the two loads are mixed, the total
load grain size becomes finer as transport increases over a fixed grain size bed (Figure 4-
4 C). This contrast in behavior between bed load and suspended load individually and
their sum as total load occurs, because the suspended fraction of the total load increases
with transport rate. The difference is driven by the suspended load being much finer-
grained than the bed load (Figure 4-4 A), such that increasing its proportion of the total
load causes the total load to fine with increasing transport from a bed of constant grain
size (Figure 4-4 B). For a condition where the supply rate increases at a constant grain

size, the bed will coarsen for mixed load transport (Figure 4-4 C inset). Bed coarsening
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enhances the shear stress needed to transport a larger sediment supply, because coarser

grains are harder to move, which necessitates a steeper slope. The contrasting behavior of
the adjustment in bed grain size and bed slope in mixed load and suspended or bed load
rivers illustrates the nature and importance of the mutual adjustment. The bed textural
response can either dampen or enhance the extent of sediment accumulation or

evacuation and thereby slope response.
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Figure 4-4. Change in suspended and bed load grain size when bed material grain size is
fixed (A). Change in total load grain size when the bed grain size is fixed (B). Change in
suspended and bed load grain size and bed material grain size (inset) when the total load
grain size is fixed (C). Cooler colors correspond to smaller transport rates and warmer
colors to larger transport rates. The suspended and bed load coarsen with transport when
the bed material grain size is fixed (A) but the total load coarsens (B). The suspended and
bed load coarsen when the total load composition is fixed and the bed material coarsens
with increasing transport (C).

Next, we consider the mutual adjustment between texture and slope when supply
grain size changes. In the case where the supply grain size fines at a constant rate and
discharge, the bed grain size will fine, and the same supply rate can be transported at

smaller shear stress, causing the slope to decrease (Figure 4-5 A; B—A). The opposite

slope response occurs when the supply coarsens at a constant rate and discharge, and the
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bed must aggrade, because larger shear stress is needed to transport the coarser supply

(Figure 4-5 A; A—B).

As the supply rate increases and fines, the amount of aggradation can be reduced,
eliminated, or even reversed depending on the relative change in the supply rate to the
supply grain size. For example, the bed grain size fines and degrades when the supply
rate increase is small (Figure 4-5 A; B—C), because the transport capacity of the finer
bed at the existing slope exceeds the supply rate. As the supply continues to increase, the
amount of bed fining decreases, which reduces the imbalance between transport capacity
and supplied sediment, leading to less bed degradation (Figure 4-5 A and B; moving from
B—C to B—D).

A special condition occurs when the supply increase is balanced by the increase in
transport capacity caused by bed fining, and the bed neither aggrades nor degrades
(Figure 4-5 A; B—D). This condition is of particular interest, because the river can
accommaodate excess supply while maintaining the same steady-state slope, suggesting
that the morphological response will be minimal. The amount the supply must increase at
a constant rate of fining to achieve this special condition depends on the initial supply
rate. A river carrying a large initial load will require a greater proportional increase in
supplied sediment compared to a river carrying a small initial load, because the amount
of bed fining is greater when the initial supply is large (Figure 4-5 B; B—D compared to
E—F). This also suggests that rivers carrying large loads are more prone to bed
degradation under conditions of supply increase and fining (bed degradation occurs over
a larger range of transport rates from B—D than E—F). The increase in supply needed to

maintain a constant steady-state slope also depends on how much the supply grain size
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fines. The more the supply fines, the more the bed fines, and therefore a larger increase in

supplied sediment is needed to balance the change in transport capacity induced by bed
fining (Figure 4-5 A; change in transport from B—D is less than from G—H).

As the supply rate increases and coarsens at a constant discharge, the bed slope
must steepen to increase the shear stress available to transport the supplied sediment. The
amount of aggradation will be enhanced by bed grain size coarsening, because coarse
grains are transported by larger shear stress. The amount that the slope is enhanced by
bed coarsening will depend on how much the supply rate increases and coarsens. The bed
grain size naturally coarsens with increasing mixed load transport at a constant supply
grain size, so bed coarsening will be further enhanced at larger sediment supply rates. We
find that the degree of bed coarsening, and slope enhancement, is also sensitive to the
initial supply rate. A small initial load will result in less bed coarsening for the same
proportional increase in supply as a large initial load. Thus, aggradation is most enhanced
when the initial supply rate is large and the supply rate increases by a large amount.
Unsurprisingly, the amount of supply coarsening has the largest effect on the textural
response, and aggradation becomes more enhanced the more the load coarsens (Figure 4-

5 A; slope difference between A—1 is less than between A—G).

4.2. Transient response

The pattern of adjustment over time and along the channel can be complex and
depends on the direction and magnitude of change in bed grain size and slope from the
initial to the final steady-state condition. Consider the common example of when the
supply rate increases and fines, such as after dam removal, a large-scale arroyo cutting

event, wildfire, tributary flash flooding, or widespread grazing. The steady-state
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Figure 4-5. Slope transport relation for mixed-size sediment of a fixed grain size
distribution. (A) Slope transport relation for a fixed transport grain size with unit
discharge (qw) set to 3 (m”2/sec). Line patterns correspond to different transport
compositions (i.e., finest, fine, medium, and coarse). (B) Bed material grain size needed
to maintain a fixed transport composition with increasing transport rate. Black lines are
the fixed transport grain size for each composition. Colored lines show how the bed grain
size distribution evolves with increasing transport. Cooler colors correspond to smaller
transport rates and warmer colors to larger transport rates. The line patterns for the black
and colored grain size distributions distinguish between the different transport

compositions shown in (A). Points in (B) are the bed grain size distribution of the
transport rates shown as points in (A).

response will be bed fining and depending on the increase in supply rate compared to the
amount of fining, the slope may aggrade, degrade, or remain constant. How fast the
textural change happens relative to the topographic slope response matters, because the
new steady-state may not be fully reached before the drivers change again. A change in
bed texture is likely to happen quickly, which can reduce the amount of aggradation or
induce degradation. If the immediate response is a bed textural change and aggradation
(or degradation) takes much longer, the risk of flooding or damage to infrastructure might

not be a management issue for some time. Or, if the supply increase is only temporary,

bed textural changes might be the only response, alleviating management concerns.
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We use 4 transient runs to evaluate the pace and extent of textural and

topographic adjustment when the supply increases and the grain size fines or coarsens at
a constant discharge. The initial condition for each run was set to the steady-state
condition for the medium supply rate and grain size. The sediment supply rate is
increased by an order of magnitude, from 0.0005 m?/sec (medium) to 0.005 m?/sec
(large). We keep the supply grain size constant for one run, coarsen the supply for
another run (from the medium to coarse composition), and fine the supply for two runs
(from the medium to finest and the medium to fine composition).

Greater than 60% of the load is transported in suspension for all steady-state
conditions, and at the largest supply rate, greater than 80% of the load is transported in
suspension. Although suspended load dominates, both suspended and bed load contribute
to the steady-state bed grain size and slope through size-selective transport. Thus, we
examine how both transport modes influence the result.

We evaluate the effect of bed and suspended load transport on bed grain size and
slope using a subset in which only the suspended load relation was used for transport. We
find that the steady-state bed grain size is coarser when transport is calculated using the
suspended load relation compared to when the loads are mixed, because the suspended
load is more size-selective and transport is dominated by the finest sizes (Figure 4-6).
Thus, it is necessary to have more coarse grains on the bed surface to match the transport
grain size. The steady-state slope is steeper for the suspended load condition, because bed
load transport predicted from the Wright and Parker (2004b) entrainment function at 5%
of the flow depth is at least 2 orders of magnitude smaller than transport predicted from

the Ashida and Michiue (1972) bed load relation, so more slope is needed to produce the
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same transport (Figure 4-6). The difference between the steady-state slope for the

suspended load relation compared to the mixed load relation decreases with transport for
two reasons (Figure 4-6B). First, the effect of the bed load function wanes with
increasing transport because more of the load is carried in suspension. Second, the bed
coarsens with transport for the mixed load causing the slope to increase at a faster rate.
The bed grain size hardly changes with transport for the suspended load, because the

entrainment rate is fixed.
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Figure 4-6. Comparison of steady-state bed grain size (A) and slope (B) with increasing
transport when only the suspended load relation (SS) is used to calculate transport and
when the suspended and bed loads are mixed (SS+BL).

When both the bed and suspended load are considered together, an increase in
supply rate induces bed sorting waves that propagate downstream. The behavior of the
bed sorting waves and their interaction with bed topography, both in time and distance
downstream, depend on the direction and magnitude of the change in the steady-state

slope and grain size. If the final bed state is considerably finer and steeper than the

original state, we find that an immediate phase of bed fining is followed by slower,
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gradual aggradation, coupled with bed coarsening that eventually brings the system into

the new steady-state condition. Such was the case when the supply rate increased by an
order of magnitude and changed from medium to fine grain size. Very fine and fine sand
pulses initially cause the bed to become finer than the steady-state condition, and the total
transport capacity approaches 54% of the incoming supply, even though the slope
increase is only 14% of the new steady-state condition (Figure 4-7 D-F). A small
depositional wedge forms as the fine sand pulse moves downstream, and very fine sand
winnows from the bed. As bed aggradation continues, pulses of coarser sand move
downstream as bed load at an increasingly slower rate (Figure 4-7 D). With each
consecutive sorting wave, the bed grain size and bed slope adjust towards the new steady-
state condition. The coarsest sand sizes are the last to reach equilibrium.

If the final bed state is only somewhat finer and steeper than the original state,
phases of bed fining and coarsening are accompanied by aggradational and degradational
waves. Such was the case when the supply rate increased by an order of magnitude and
fined from the medium to finest grain size. Although the new steady-state slope is only
1.08 times the original slope, the path to the new steady-state condition was complex.
The slope initially over steepens and bed grain size initially over fines as the pulse of
very fine and fine sand move downstream (Figure 4-7 A-C). The pulse of very fine sand
almost instantaneously transports through the reach, causing substantial bed fining and
increasing the total transport capacity to ~75% of the new supply rate with little change
in bed slope. The bed slope initially over steepens as fine sand moves downstream,
initiating a degradational wave that ultimately brings this sand size into equilibrium.

Although the total transport capacity reaches 95% of the new supply rate in 20 days, it
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takes ~530 days for fractional transport rates to reach the new steady-state condition,

because the slope must aggrade for the coarse fraction of the supply to reach equilibrium.

A larger fraction of the total adjustment is accomplished by slow, long-term
aggradation when the final bed state is coarser and considerably steeper. In the simulation
where the supply rate increases and the grain size remains constant, the final bed slope is
2.8 times steeper and the bed slightly coarser. The initial phase of bed fining only
increases the transport capacity to 28% of the incoming supply (Figure 4-7 G-1). It takes
300 days for the slope to aggrade to a transport capacity that is 95% of the incoming
supply, which is twice as long as when the final bed state was finer and slightly less
steep. The longer, slower adjustment between bed slope and bed texture is caused by a
larger fraction of the supply necessitating a steeper slope, which takes time to aggrade.
When the final bed state is even coarser, such as when the supply rate increased and
coarsened, it takes even longer (an additional 91 days) for the slope to aggrade to a
transport capacity that is 95% of the supplied sediment, because there is an even larger
supply of coarser sand that necessitates higher shear stress to transport (Figure 4-7 J-L).
The initial phase of bed fining does less to increase the transport capacity (transport
capacity is only increased to 18% of the supply through bed fining) because fewer fine
grains are in the new supply.

We observe that, under the right conditions, the system can achieve a transport
capacity that is a large fraction of the new sediment supply rate long before the system
has reached full equilibrium. That is, early in the transient response, bed elevation and
bed surface grain size adjustment may be only a fraction of their eventual steady-state

values, but in combination provide a transport capacity that is a large fraction of the new
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sediment supply rate. This phenomenon may limit the initial topographic response of the

river bed. Complete adjustment of the coarsest fraction in the bed and an accompanying
full adjustment of bed slope can take much longer. When the supply grain size is
constantor coarsens, the initial phase of bed fining is less effective at increasing the
transport capacity, and slower, longer topographic changes are necessary to move the
supplied sediment downstream.

The transport rate, transport grain size, and bed grain size are closely linked in
sand-bed rivers. When stress is fixed, bed coarsening causes a reduction in concentration
and an increase in transport grain size, such that concentration varies inversely with
transport grain size (Rubin and Topping, 2001). Some combination of change in stress
and bed texture affects concentration when the concentration and transport grain size are
positively correlated. In our model, discharge is fixed, so stress only changes through bed
aggradation and degradation which changes water depth ad bed roughness. We use the
relation between concentration and transport grain size to infer the influence of bed
texture and bed topography on the total adjustment along the path to the new steady-state.
We find that concentration varies inversely with transport grain size for the first 1-2 days
regardless of the supply grain size, and bed fining is solely responsible for the increase in
transport during this time. Bed fining is so small that only the 2" percentile (Do2) of the
bed grain size distribution reduces in size, and there is no change in the median (Dso) bed
grain size (Figure 4-8). After the first couple of days, the bed begins to aggrade as very
fine sand accumulates, and this causes a change in stress leading to a positive relation
between concentration and transport grain size. However, the majority of the increase in

transport is still driven by bed textural change during this time. The tail end of the very
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fine sand pulse reaches 7.5 km downstream in 6 days, regardless of the supply grain size

(Figure 4-8). After the pulse of very fine sand passes, bed texture and slope mutually
adjust until the transport rate is approximately 95% of the incoming supply. This phase of
adjustment takes longer with more supply coarsening, because the slope must aggrade
more to transport the coarser fraction of the supply. The bed is almost fully adjusted after
the transport rate reaches 95% of the supply, and transport is driven predominately by

slope adjustment.

5. Discussion

5.1. Using transport measurements to make inferences about bed texture in sand bed
rivers

The bed texture response to a change in sediment supply is rarely measured on
sand-bed rivers, even though bed grain size has a strong influence on transport capacity,
and the adjustment between transport and bed grain size is the key determinant as to
whether channel topographic response to changes in input is large or small. In place of
field measurements, Rubin and Topping (2001) developed an alternative approach to
infer bed grain size change from measurements of suspended sediment concentration (Cs)
and transport grain size (Ds). These measurements are more commonly collected on sand
bed rivers. Bed textural changes are responsible for changes in transport when Cs and Ds
are inversely correlated and a mutual adjustment between bed texture and
morphodynamic changes cause the transport to change when Cs and Ds are positively
correlated (Rubin and Topping, 2001; Rubin et al., 2020).

The relation between Cs and Ds in our morphodynamic modeling is consistent

with the findings of Rubin and Topping (2001). The controlled nature of our numerical
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experiments gives further insights into the temporal variation of Cs with Ds in response

to a change in sediment supply. Cs and Ds are inversely related, such that transport is
solely controlled by bed texture for a very short period. In our modeling, as little as 1 cm
of bed aggradation causes stress to change and Cs is positively correlated with Ds (Figure
4-8). Furthermore, we show that Cs and Ds are positively correlated even when bed
fining dominates the adjustment. In our model, stress changes through bed aggradation or
degradation, but in real sand bed rivers, other morphological changes can affect stress,
leading to a positive relation between Cs and Ds; such as local or large-scale changes in
sediment storage or changes in bedform geometry (Rubin et al., 2020). Our modeling
results suggest that even a small morphological adjustment is enough to cause a positive

correlation between Cs and Ds, even if bed textural change still dominates transport.

5.2. Limitations of the modeling approach

Our numerical modeling approach allowed us to evaluate transport dynamics
isolated from other complicating factors. How well the model mimics what happens in
real rivers depends on the extent the governing equations capture relevant hydraulic,
transport, grain size sorting processes, and feedbacks in the field. Among the processes
not modeled are those producing sediment exchange between the channel and floodplain.
Finer sand is carried higher in the water column and preferentially stored in the
floodplain. Preferential sequestering of finer sand in the floodplain rather than on the
channel bed may limit bed fining (Nanson, 1980; Brakenridge, 1984; Nanson, 1986;
Allred and Schmidt, 1999; Moody et al., 1999; Page et al., 2003; Grams and Schmidt,
2005; Thayer and Ashmore, 2016; Walker et al., 2020). This suggests our model may

overestimate how much bed fining influences aggradation in rivers where the channel is
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highly coupled to the floodplain. Similarly, our model does not account for the

development of inset floodplains that partially sequester finer grain sand and potentially
limit the amount of bed fining (Nanson, 1980; Brakenridge, 1984; Nanson, 1986; Allred
and Schmidt, 1999; Moody et al., 1999; Grams and Schmidt, 2002; Page et al., 2003;
Dean and Schmidt, 2011; Thayer and Ashmore, 2016; Dean et al., 2020; Walker et al.,
2020).

The active layer model has a strong effect on the evolution of the bed grain size
under transient conditions but no effect on the final steady-state. A key component of a
mixed-sized morphodynamic model is the thickness and behavior of the bed surface that
immediately interacts with the flow and through which size-selective transfer of sediment
from the active layer to the subsurface occurs when the bed aggrades. We use a 2-layer
model that exchanges sediment between the active and substrate layers through an
interface layer (Hirano, 1971). During aggradation, the size distribution of sediment
passed to the subsurface is a mixture of sediment in transport and the active layer.
Parameter C in Hoey and Ferguson (1994) controls the ratio of transport and active layer
sediment that passes to the interface layer. Research on gravel-bed rivers suggests C
varies between 0.8 and 0.7 (Toro-Escobar et al., 1996; Viparelli et al., 2010), but there
are no experimental results for sand-bed rivers (An et al 2020). Wright and Parker
(2005a) suggest C be set to zero because the downward movement of sediment in
transport is impeded by a narrow grain size distribution and a thick active layer. We
follow Wright and Parker (2005a) and set C to zero, but explore the influence of C on

model results in a subset of runs in which C varies between 0.1 to 0.6.
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We find that the active layer adjusts more slowly when C is large. It takes longer

to reach steady-state, because the active layer grain size is less sensitive to how the
transport grain size changes. When C is small, the active layer responds quickly to
transport grain size, and bed texture has a stronger influence on transport, reducing the
time to steady-state. The selection of C can have an important effect on the path to
steady-state, and future investigation on this parameter is warranted (An et al., 2020;
Wright and Parker, 2005a).

Sorting in the active layer and the active layer thickness influences the pace of the
texture response (Ribberink, 1987; Blom et al., 2003; Blom and Parker, 2004; Blom et
al., 2008). Downward sorting in the active layer arises from coarser grains avalanching
down the lee face of dunes, which can form a coarse armor layer that is occasionally
exposed to the flow by relatively deep bedform troughs (Kleinhans, 2002, 2004; Blom et
al., 2003). The active layer in our morphodynamic model neglects this sorting process
and fully mixes at each timestep. Again, this does not affect the steady-state solution, but
it does increase how quickly bed texture adapts to the new incoming supply. The active
layer thickness in our model is set to a uniform bedform height and calculated as a
function of the flow depth (Julien and Klaassen, 1995). In reality, the bedform height
may vary and the depth may be limited by a coarse armor layer. If the active layer
thickness is overpredicted, the model may adjust the bed texture more slowly than what
happens in real rivers.

During bed degradation, the interface layer grain size becomes the substrate grain
size, and material from the substrate is passed to the active layer. Bed degradation occurs

when the change in steady-state slope is small and the path to equilibrium involves an
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aggradational/degradational wave (Figure 4-7). During aggradation, active layer material

is passed to the substrate, but our model does not save new substrate layers, and the
substrate grain size is fixed (Viparelli et al., 2010a). The result is that the substrate layer
is coarser during the degradational cycle than if new substrate layers were saved. Eroding
into a coarser substrate causes faster, more pronounced bed coarsening in the active layer

(An et al., 2020), which likely limits degradation in our model.

5.3. Implications for real rivers

There is a wide range of channel adjustments that can occur in response to an
increase in sediment supply depending on how the supply grain size changes. Figure 4-9
summarizes the slope response as a function of supply rate increase and supply grain size
change. The sediment mass balance is likely degradational when the supply Dso decreases
by 0.01 mm and the rate increase is less than a factor of 6, but aggradation will occur if
the supply Dso remains constant or coarsens by 0.01 mm. At first, the finding that a river
may evacuate sediment in response to an increase in supply might seem peculiar or even
impossible. However, if the supply grain size sufficiently fines, the bed textural response
can increase the transport capacity beyond the new supply rate, pushing the mass balance
into deficit. A given increase in supply can have a vastly different morphological
response depending on whether the supply grain size fines or coarsens. An increase in the
supply rate by an order of magnitude will cause the slope to aggrade by 0.0005, but the
slope increase will be double that if the supply coarsens by only 0.15 mm or aggradation

can be completely reversed if the supply fines by 0.15 mm (Figure 4-9).
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Figure 4-9. Change in steady-state slope (ASlope) as a function of change in the supply
median grain size (ADso) and supply increase. The slope lowers in blue zones, aggrades
in red zones, and there is no slope change in white zones. Contours of ASlope are fit by
eye.

The effect of supply grain size on the sediment mass balance in Figure 4-9
provides a context for understanding why channel response to an increased sediment
supply may be large in some field settings and small in others. Two small dam removal
projects on similar rivers in Wisconsin had a dramatically different downstream channel
response depending on whether the grain size of sediment eroded from the upstream
reservoir was mud and fine sand or coarser sand (Doyle et al., 2003). When the style of

reservoir head-cutting prohibited access to sand, there were few changes in the

downstream channel morphology. Our results suggest aggradation was minimized by bed
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fining. There was a clear change in channel morphology when sand was eroded from the

reservoir, because the supply coarsened and the mass balance shifted towards
aggradation.

A common condition is that the supply rate increases and fines (e.g., volcanic
eruptions, wildfires, and land use changes). A key question under these conditions is
whether bed fining may offset bed aggradation from the increased sediment supply.
Figure 4-9 can help guide management decisions by identifying combinations of supply
rate increase and fining that produce a minimal morphologic adjustment. For example,
reservoir flushing or sluicing operations might target a supply rate increase that is
balanced by an increase in transport capacity from bed fining based on how the supply
grain size is expected to change (Kondolf et al., 2014; Randle et al., 2021). Such a
procedure would reduce the downstream risk of flooding and damage to infrastructure.
Similarly, dam decommissioning might be planned in stages of removal based on the
expected grain size of the sediment eroded from the upstream reservoir through time to
limit the threat of downstream aggradation (e.g., Wilcox et al., 2014; East et al., 2015;
Harrison et al., 2018).

The mutual adjustment between bed texture and slope should be considered at the
spatial scale the problem is defined. For example, the local slope and bed grain size at
tributary junctions is adjusted to transport the flow and sediment supplied by the
tributary. As a result, different morphological conditions occur at tributary junctions than
the reach upstream and downstream (Benda et al., 2004). If the tributary supply slightly
increases and fines, say because of a wood jam release or beaver dam blowout, our

steady-state results indicate conditions of sediment deficit are likely (Figure 4-9).
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However, the bed slope and grain size may only adjust at the tributary junction and the

reach averaged slope may not change. Other times, supply increases may occur over large
sections of the watershed, such as when grazing or agricultural practices change, and
textural and topographic adjustments may occur throughout the system. Thus, it is
important to consider the spatial scale of the response in addition to the interaction

between the supply grain size and bed texture in real rivers.

5.4. Texture and topography conceptual model

A change in water and sediment supply can produce changes in bed texture or
cause sediment accumulation or evacuation. Their mutual adjustment can be complex,
varying over time as the system approaches a new steady-state. Our modeling results
indicate that patterns of adjustment can be defined, depending on the magnitude of the
supply increase and whether the supply becomes finer or coarser (Figure 4-10).
Conditions of sediment surplus are often assumed when the sediment supply to a river
increases and the expected channel response may include bed aggradation, channel
narrowing, floodplain accretion, increase in avulsion frequency or migration, or change in
planform. Our results indicate that bed textural changes complicate this assumption and
conditions of sediment deficit, surplus, or little to no change in the sediment mass balance
are all possible outcomes depending on how the supply grain size changes relative to the
supply rate (Figure 4-10). Our modeling shows there is an initial pulse of very fine sand
that quickly fines the bed and increases transport whenever the supply rate increases
regardless of the supply grain size. This phase of bed fining has a large effect on transport
when the supply fines, increasing the total transport to greater than 75% of the incoming

supply. The mass imbalance (i.e., the difference between sediment influx and efflux) is
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relatively small for most of the adjustment period which limits sediment accumulation

early in the response and minimizes short-term morphologic change. This kind of
response has been observed on the Colorado River in Grand Canyon immediately
following tributary floods that fine the bed and increase transport by greater than a factor
of 20, reducing the amount of time sediment is stored in the canyon (Topping et al.,
2021).

If the supply is sufficiently finer than antecedent conditions, the initial bed fining
phase can increase transport beyond the incoming supply, such that slow, long-term
sediment evacuation reduces transport to the new steady-state. The amount of evacuated
sediment is likely to be relatively small and potentially undetectable with modern
surveying equipment, because conditions of sediment deficit only occur when the supply
increase is very small. For example, maximum bed degradation is two orders of
magnitude smaller than the maximum amount of aggradation in our modeling.

The initial phase of bed fining is less effective at increasing transport when the
supply coarsens and morphologic adjustment is immediate. This response was observed
downstream of Spenser Dam on the Niobrara River during a 4-week reservoir flushing
event where sand accumulation led to the formation of large sandbars (Shelley et al.,
2022). Our modeling suggests that had the supply increase from the dam been permanent,
bed coarsening would enhance downstream sand accumulation.

There are numerous case studies where the supply rate increases and fines, but the
influence of bed textural adjustment makes the channel response variable and difficult to
predict. On the Colorado River in Grand Canyon, a tributary episodically supplies finer

sand that migrates downstream and fines the bed (Topping et al., 2000a, 2007). Because
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the increase in sand supply is caused by flash floods of very short duration, stored sand

on the channel bed is quickly exported from the canyon (Figure 4-10; Topping et al.,

2000; Rubin et al., 2020; Topping et al., 2021).
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Figure 4-10. Conceptual model for the interaction between texture and sediment
accumulation and evacuation when the supply rate increases and the supply grain size
fines or coarsens.

The texture-dominated phase of bed fining limits sediment accumulation in
alluvial sand-bed rivers as well. Tributary floods to the Little Snake River, Colorado
during the late-1950s and early 1960s caused a temporary increase and fining of the
sediment supply on the Yampa River (Figure 4-10; Topping et al., 2018). Measurements

of sediment transport suggest the supply of sediment caused short-term bed fining

followed by long-term bed coarsening on the Yampa River (Topping et al., 2018), but
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there was no evidence of sand accumulation, such as channel narrowing (Merritt and

Cooper, 2000).

When the supply increase is large and sustained, accumulation after the initial
phase of fining can cause significant morphological change (Figure 4-10). On the Rio
Grande River in the Big Bend region of New Mexico, sediment from tributary flash
floods accumulates in the mainstem channel, forming inset floodplains that narrow the
channel and increase transport capacity (Dean and Schmidt, 2011; Dean et al., 2016).
Significant channel narrowing has also occurred on Coon Creek, Wisconsin as the result
of a widespread increase in supply caused by the clearing of forests for agricultural
purposes (Trimble, 1983).

The conceptual model presented here defines patterns of adjustment when the
flow rate is fixed and the supply increase is permanent. In real rivers, both the flow and
sediment supply often change together and may change again before the system reaches
steady-state. Numerical modeling indicates that bed texture does not change with the
flow rate when the supply is fixed and the response is completely topographic (Blom et
al., 2016). When the flow and supply rate change, the response will be a combination of
texture and topography. In the following sections, we use the conceptual model in Figure
4-10 to make inferences about the patterns of adjustment when both flow and supply rate
change.

In the case where the supply increases and fines and the flow rate changes, the
zone of degradation, aggradation, and no change in sediment storage in Figure 4-10 will
shift left or right depending on whether the flow rate increases or decreases. When the

flow decreases, the increase in transport capacity caused by bed fining will be offset by a
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decrease in transport capacity from flow reduction. This means it is less likely that the

bed will degrade and the zone of degradation in Figure 4-10 will shrink and shift left.
Similarly, the condition of little to no change in sediment storage will shift left toward
smaller supply rates. Bed fining will be less effective at reducing the amount of
aggradation, and the slope will be steeper than if the flow rate was fixed. If both the flow
and supply rate increase and the supply grain size fines, the increase in transport capacity
by bed fining will be enhanced by a larger flow. The zone of bed degradation will expand
and shift right towards larger supply rates. When sediment does accumulate, the amount
of deposition may be comparatively small because the transport capacity is increased by
bed fining and a larger flow rate.

In the case where the supply rate increases and coarsens and the flow rate
changes, there is the potential for aggradation, degradation, or little to no change in
storage depending on whether the flow increases or decreases. If the flow rate increases,
the decrease in transport capacity by bed coarsening is offset by an increase in transport
capacity from a larger flow. In this case, there is the potential for bed degradation when
the flow increase is large and the supply increase is small. There is also the potential that
little to no aggradation or degradation may occur if the flow increase is balanced by a
decrease in transport capacity from bed coarsening. Flow reduction coupled with an
increase in supply that is of a coarser grain size will always cause sediment to
accumulate, but the amount of accumulation will be further enhanced by the combined

decrease in transport capacity caused by flow reduction and bed coarsening.
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6. Conclusion

This study uses mixed-sized transport models to evaluate the mutual adjustment
between bed texture and bed topography in sand-bed rivers. The transport rate, transport
grain size, and bed grain size are closely linked, such that an increase in sediment supply
can result in bed fining or coarsening depending on how the supply grain size changes
relative to the supply rate. The bed textural response can dampen or enhance the extent of
sediment accumulation or evacuation leading to more or less morphological adjustment.
The bed grain size fines when the supply rate increases and fines. Bed fining increases
transport and dampens the slope increase needed to transport the new supply rate. In real
rivers, this equates to a smaller morphologic change and the primary adjustment may be
small changes in the grain size of sand on the channel bed which is of little management
concern. When the supply grain size increases and coarsens, the bed grain size coarsens
which reduces transport and enhances the slope increase needed to transport the new
supply rate. In the field, this equates to a higher probability of significant morphologic
change that can impact downstream flooding and damage infrastructure.

Bed textural changes also affect the path to steady-state, which is important
because, in real rivers, the new steady-state condition may never be reached before
watershed drivers change again. Early in the response, the bed grain size rapidly fines as
a pulse of very fine sand moves through the system and transport quickly increases.
When the supply grain size fines, the texture-dominated phase of bed fining brings the
total mass balance close to equilibrium, which limits short-term aggradation. If the supply
increase is temporary, such as in the case of dam removal or tributary flooding,

aggradation may never occur because bed textural changes alone are sufficient to
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transport the initial pulse of sediment through the system. From a management

perspective, the increase in supply may have little to no effect on downstream flooding or
infrastructure. When the supply grain size coarsens, the initial phase of bed fining is less
effective at increasing transport, because fewer finer grains are in the supply, and
aggradation happens more quickly. This means there might be a more immediate risk of
flooding or damage to infrastructure that necessitates management interventions.

The bed textural response to changes in sediment supply is well-documented in
gravel-bed rivers where bed sorting is easily observed. There has been less attention to
the bed textural changes in sand-bed rivers where bed sorting is less apparent. The results
of this study show the bed textural change can have a large effect on the sediment mass
balance, which has important implications for forecasting and managing the channel
response. Our results indicate that conditions of sediment deficit, surplus, or little to no
change in the sediment storage are all possible outcomes when supply increases
depending on how the supply grain size affects the bed texture. Therefore, it is
inappropriate to assume that a disturbance will result in certain morphologic adjustments
unless the interaction among the supply rate, supply grain size, and bed texture is

considered.
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CHAPTER 5

CONCLUSION

Effective river management is partly dependent on the ability to predict channel
behavior and change in response to changes in water or sediment supply. The channel
response to a change in supply is complicated by the interaction between the supply grain
size and bed texture which affects the magnitude and direction of the sediment mass
balance. When the supply rate increases and fines, the bed grain size will fine, increasing
transport capacity without morphologic change. Conversely, the bed will coarsen if the
supply coarsens, reducing the transport capacity and potentially necessitating a larger
morphologic response. As managers plan for the impact of changing flow or sediment
supply rates associated with reservoir operations, dam decommissioning, wildfire, or land
use changes, it is important to identify circumstances when the perturbation is expected to
produce a large sediment mass imbalance that is likely to cause a meaningful adjustment
in the channel form or behavior, in contrast to circumstances when the sediment mass
balance may be completely modulated by bed textural change. The interaction between
bed surface grain size and bed topography to changing supply has largely focused on
easily observed sediment sorting in gravel-bed rivers (Buffington and Montgomery,
1999; Cui et al., 2003a, 2003b; Lisle et al., 2000; Sklar et al., 2009; Venditti et al., 2010;
Ferguson et al., 2015). On sand-bed rivers, bed sorting is harder to observe and measure,
yet there is increasing evidence small changes in the grain size of sand can have a large
effect on transport (Rubin and Topping, 2001; Topping et al., 2000; Rubin et al., 2020;

Topping et al., 2021). The need to understand how bed texture adjusts with supply grain
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size and the resulting effect on the sediment mass balance and morphologic adjustment in

sand-bed rivers motivates this dissertation research.

In Chapter 3, we present a sediment budget for an alluvial sand-bed section of the
Yampa River, Colorado. We show it is necessary to partition sediment budget into
narrow grain size classes to measure small-to-moderate morphological change and bed
texture adjustment. Measurements of sediment transport at a network of acoustical
sediment gages indicate sand was evacuated from the reach over the 6-year study period.
However, there is no evidence of sand evacuation from repeat measurements of channel
morphology, such as channel widening or an increase in channel activity.

A closer examination of the sediment budget partitioned into grain sizes of sand
indicates the deficit is not uniform among all sand sizes. Some sand sizes accumulate
while others erode. The only grain sizes to erode are fine and medium sand, and we infer
that these sand sizes must erode from the channel bed, because this is the only residual
term left in our sediment budget. We find that fine sand is winnowed at a faster rate than
medium sand, causing the bed to coarsen. Bed coarsening appears to be in response to an
increase in sediment supply from tributary floods during the late-1950s to early-1960s
(Topping et al., 2018). We anticipate the bed will continue to coarsen until the transport
capacity is decreased to match the supply rate. Very fine sand accumulates on the
floodplains during moderate-to-large flows and vegetated islands increase in size;
however, vegetated island expansion is not large enough to affect the characteristics or
behavior of the channel, such as channel width, sinuosity, or lateral migration.

The findings of Chapter 3 demonstrate that processes of grain size sorting in the

channel and floodplain complicate the prediction of channel change. Although the
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sediment mass balance was in deficit, sediment evacuation was not large enough to

produce a morphological response. Instead, the primary adjustment was a change in bed
texture and the only morphological change resulted from small-to-unmeasurable storage
of specific sand sizes in the floodplain. Such processes were not detected in the sediment
budget calculated for all sand sizes, which highlights the importance of using a
partitioned when trying to observe the complicated nature of the channel response.

Chapter 4 explores the mutual adjustment between bed texture and bed
topography to an increase in sediment supply using a morphodynamic model. There are
numerous examples of disturbances that cause the supply rate to increase and fine, such
as wildfires, volcanic eruptions, and changes in grazing or forestry practices. It is often
assumed that an increase in supply will cause sediment to accumulate and the expected
channel response may include bed aggradation, channel narrowing, floodplain accretion,
increase in avulsion frequency or migration, or change in planform. However, our
modeling shows that the nature of bed textural change and its effect on sediment transport
capacity can enhance, eliminate, or even reverse potential aggradation in response to this
kind of disturbance. This has important implications for predicting the rate and
magnitude of downstream channel adjustment and the potential threat to downstream
infrastructure, flooding, and aquatic and riparian habitat.

Our modeling indicates that the bed surface will fine and the channel bed will
aggrade, degrade, or have no change in storage depending on the supply increase relative
to the supply fining. If the supply increase is small, the reach is likely to evacuate
sediment rather than accumulate sediment, because the increase in transport capacity

caused by bed fining is greater than the increase in supply rate. Thus, increased bank



182
erosion and channel shifting that threaten adjacent property may be more of a

management concern than reduced flood conveyance. If the supply increase is large, the
increase in transport capacity caused by bed fining may be insufficient to transport the
supply, and sediment will accumulate. However, the amount of accumulation may be less
than expected because bed fining makes the reach more efficient at transporting sediment
independent of morphologic change. A condition of little to no sediment accumulation or
evacuation may exist when supply increase is almost completely balanced by an increase
in transport capacity by bed fining, and the disturbance may cause little to no downstream
affect, alleviating most management concerns. How fast the bed texture changes relative
to aggradation or degradation also matters because the disturbance may be short-lived
and the new steady-state condition may never be reached. We find that bed textural
changes happen rapidly and cause the total transport capacity to closely match the new
supply rate, but the transport grain size is significantly finer than the steady-state
condition. This quick increase in transport capacity initially limits sediment accumulation
(or evacuation) which may delay most management problems. Sediment accumulates and
evacuates in a second phase of adjustment over a longer period as the transport grain size
slowly adjusts to match the supply grain size. If the disturbance is short-lived, the second
phase of adjustment may never occur.

The results of Chapter 4 demonstrate that the magnitude and direction of the
sediment mass balance and resulting morphologic response to an increase in sediment
supply is largely driven by the interaction between the supply rate and grain size with the
bed grain size. Most case studies of channel change focus on the supply or flow rate

change with less attention to the supply grain size (e.g., Nadler and Schumm, 1981;
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Trimble, 1981; Knighton, 1989; Miller et al., 1993; Church, 1995; Simon Andrew et al.,

2002; Surian and Cisotto, 2007; Bollati et al., 2014). As a result, the morphological
response among case studies is wildly different and difficult to predict. The findings here
suggest that if both the supply rate and grain size are considered, the patterns of
adjustment can be defined. Consider the example of the interaction between bed textural
change and channel morphology on the Yampa River in Chapter 3. Tributary floods
during the late-1950s to early-1960s delivered a pulse of sediment to the Yampa River
that increased the annual supply by 57,000 MT, or 6% above the present-day annual
supply, and the supply grain size fined (Topping et al., 2018). The steady-state results
from Chapter 4 suggest there should be little to no sediment accumulation or evacuation,
because the supply is finer and only increases slightly. The new steady-state condition is
never reached, however, because the supply increase is only of a short duration. The first
phase of adjustment associated with bed fining was inferred from measurements of
sediment transport, but the channel morphology has been stable and the long-term
response has been bed coarsening as the supply as the channel re-adjusts to a smaller
supply rate (Topping et al., 2018; Chapter 4). A substantially larger increase in supply
occurred on the Yampa River during the turn of the 20™" century as a result of widespread
arroyo cutting on tributaries (Kemper et al., 2022b). It is estimated that the annual supply
increased by 500,000 MT, which is an order of magnitude larger than the increase caused
by tributary floods in the late-1950s to early-1960s (Kemper et al., 2022b). The supply
grain size was even finer than the tributary flood disturbance and lasted almost 6 decades
(Kemper et al., 2022a). Steady-state results from Chapter 4 indicate sediment will

accumulate following the arroyo cutting disturbance, because the supply increase was
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large and sustained. Other work confirmed this hypothesis and showed there was an

increase in channel migration and rapid floodplain aggradation on the Yampa River
around this time (Kemper, 2021). However, the insights that emerged from this
dissertation suggest the morphologic response was probably dampened by bed fining.
The two examples of supply disturbance on the Yampa River demonstrate the
importance of considering the interaction between supply rate and grain size and bed
grain size when anticipating the response to a disturbance in sand-bed rivers. Most of the
world’s rivers will undergo significant changes in the flow and sediment regimes in the
coming decades as a result of climate change (Gudmundsson et al., 2021), and society
will need to anticipate downstream impacts to guide decision-making and policy.
Although small changes in the grain size of sand on the channel bed may seem
insignificant at the onset, the findings which emerged from this dissertation research
indicate they can have a strong control on the magnitude and direction of the sediment

mass balance and resulting morphologic response.
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APPENDIX A

Supporting Information for Chapter 3

Text A-1.
Partitioning the suspended load:

To partition the daily suspended load flux, we first estimated the median grain
size (Dso) of the suspended load on each day. The Dsp at the Deerlodge Park gage was
taken to be the daily average of the 15-minute multi-frequency measurements. There
were several periods when the Dsg of the suspended load was not measured, because one
of the multi-frequency acoustical sensors was not working. During these periods, we
interpolated the missing Dso using an iterative singular spectrum analysis (SSA)
(Schoellhamer, 2001; Kondrashov and Ghil, 2006). At the Lily and Maybell gages,
direct estimates of the Dso could not be made from the single-frequency side-looking
acoustic Doppler profiler, but the Dso was occasionally measured using pump samples
and EWI cross-section measurements. We linearly interpolated between these physical
measurements to estimate the Dsg of the suspended load on each day.

Using the daily Dso at each gage, we generated a grain size distribution for each
day by identifying the EWI measurements with a Dso that bracketed our daily Dsp and
interpolating between the two EWI grain size distributions using a weighted linear
method based on the distance between the daily Dsg and the Dso for each EWI sample. If
the daily Dso was finer or coarser than the Dso of the EWI samples, we adjusted the grain
size distribution of the finest or coarsest EWI sample by the percent change between the
daily Dso and the Dso of the EWI. Finally, we partitioned the daily suspended sand load

flux based on the percent of each sand size in the daily grain size distribution.
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Partitioning the bed load:

We estimated the daily Dso of the bed load at the Lily and Deerlodge Park gages
based on a metric of relative bed coarseness () on each day. The metric B is a measure of
the normalized bed material grain size and is calculated from measurements of suspended

sand concentration and the Dso of the suspended sand load:

-0.1
Db—ref Cs—ref Ds—ref ,

where Dy, Cs, and Ds are the Dsp of the bed material grain size, the suspended sand

concentration, and the Dso of the suspended load, respectively, and Dy.ref, Cs-ref, and Ds.ref
are corresponding reference values, taken to be the mean of each variable during the
period of interest (Rubin and Topping, 2001, 2008). We calculated  on each day using
the daily averaged sand concentrations and the Dsp of the suspended load calculated in
the section Partitioning the suspended load. The reference values were taken to be the
average of the daily values during the entire study period. We used f to calculate the Dso
of the bed load using:

Dy = BDp_ref; (A-2)

where Dho.ret IS the average Dso of the bed material samples collected at each gage. The
grain size distribution of the bed load was estimated on each day by identifying the cross-
sectionally averaged bed material sample with a Dsg that bracketed the -estimated Dso,
then interpolating between the bed material grain size distributions using the same
weighted, linear method that was used to estimate the suspended load size distribution. At
the Maybell gage, bed material samples were not collected, because the bed was

predominately gravel, and we estimated the bed load grain size by shifting the grain size
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distribution of the EWI sample with the coarsest Dso by the daily value of B. Finally, we

partitioned the daily bed load flux by the percent of each sand size in the daily grain size

distribution.

Text A-2.

We created a spatially distributed co-registration error surface for each image
using a set of independent test-points by identifying the map coordinate of the same
feature on the image being digitized and on the 2017 NAIP image. The test-points were
automatically selected using the area-based algorithm of Leonard et al. (2020), and we
removed test-points with correlation coefficients less than 0.8. The 2017 NAIP image
was considered the base image and assumed to have zero co-registration error. The co-
registration error associated with the other images was small (RMSE of 2.1 m), because
the NAIP images were already georeferenced and orthorectified. We defined the
digitizing error probabilistically, using a normal distribution with a mean of zero and a
standard deviation of one-third of the maximum digitizing uncertainty, which we
assumed to be 2 m (Donovan et al., 2019). The largest source of uncertainty was the
interpretation of whether an alluvial surface was within the active channel or was part of
the floodplain. We used a 10% vegetation density threshold to distinguish surfaces as
channel (<10% vegetation density) or floodplain (>10% vegetation density). There was
large uncertainty in deciphering the boundary based on this threshold, because fast-
growing perennial vegetation can encroach on low-elevation bars that are regularly
inundated during the annual flood but exposed for long periods during summer base flow
when the aerial images were acquired. In such instances, we delineated a maximum and

minimum extent of the active channel boundary (Leonard et al., 2020). Finally, we
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created a distribution of probable active channel boundaries for each image given the

digitizing error and the co-registration and interpretation uncertainty. The boundaries
were overlaid to calculate the planimetric channel change for each image time-series:

2013 to 2015, 2015 to 2017, and 2017 to 2019.

Text A-3.

The elevation input into our Bayesian height model had to be detrended to remove
the effect of the channel gradient. By detrending the elevation, the difference between
any two detrended points represents the height rather than the channel gradient. We also
used the detrended elevations to calculate the discharge needed to inundate floodplain
surfaces and the corresponding depth of floodplain inundation. We detrended the
topographic points using a longitudinal profile of the water surface elevation (WSE)
collected in June 2020. The WSE was measured by logging a raw GNSS file on a Leica
Viva GNSS GS15 receiver mounted on a raft while floating downstream. The raw GNSS
positions were corrected by post-processing kinematics (PPK) in RTKLib (Takasu and
Yasuda, 2009) using observation data from a local continuous operating reference station
(CORS) network. The corrected WSE coordinates were converted to a channel-centered
coordinate system (Legleiter and Kyriakidis, 2007), plotted against streamwise distance,
and fitted with a smoothing spline. This allowed the WSE to be represented as a smoothly
varying function that related streamwise distance to WSE. We converted the coordinates
of the elevation data to the same channel-centered coordinate system, predicted the WSE
at each coordinate using the smoothing spline, and subtracted the WSE from the elevation

to remove the effect of the channel gradient.
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Text A-4.

The input data for our Bayesian model were detrended elevations (Text A-3) from
the pre- and post-1938 floodplain and the channel bed. We used the detrended elevations
from the post-1938 floodplains formed during our study period as the input data for
aggraded floodplains. We could not directly extract detrended elevations from the eroded
pre- or post-1938 floodplains during our study period, because the original topography
had been removed, so we extracted detrended elevations from the remaining floodplain
surfaces that had undergone erosion. The detrended bed elevations were extracted from
the 2015 LiDAR survey within the active channel boundary delineated from the 2015
aerial image. For the Little Snake River, the detrended bed elevations were the RTK
coordinates designated as ‘active channel’ in the 2020 survey.

We created a distribution of the detrended elevation in the study area for the
channel bed and eroded and deposited floodplain using Bayesian models. The purpose of
the Bayesian model was to estimate the probability of the parameter values (i.e., mean
and precision) of the channel bed and floodplain detrended elevations. These parameter
values are then used to generate a posterior distribution of the eroded and aggraded
floodplain heights throughout the study area. We assumed the detrended elevations were
sampled from a population that was normally distributed and could be modeled by the
following:

Z getrena ~ normal(u, 7); (A-13)
where u is the mean and z is the precision. We assigned uninformative prior distributions
on p and 7

u ~normal(0,107°); (A—4)
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T~ gamma(0.01,0.01); (A-5)

to obtain the posterior distribution of the detrended elevation using Gibbs sampling with
5000 Markov Chain Monte Carlo (MCMC) steps. At each MCMC step, we predict we u
and r and randomly sampled a detrended elevation (Zetrena(prea)) from a normal
distribution defined by these parameters.

We calculated the height of eroded and deposited floodplain by subtracting the
Z getrend(prea) fOr the channel bed from the Z;etrenaprea) for floodplains at each MCMC
step. This procedure was done separately for the channel margins and vegetated islands

by the following:

hichpep) = Zichpep) — Zi(bea): (A-6)
hicchers) = Zi(chrs) — Zibea); (A=7)
hiwegpep) = Ziwegpep) — Zi(bed); (A-8)
Riwegers) = Ziwegkrs) — Zi(vea) (A-9)

where hichpep), Ricchirs) Riwegpep): Riwegers) are the height of the eroding and
depositing floodplains and the vegetated islands at the i MCMC step, respectively,
Zi(chpep)s Zi(chErs) Zi(vegpep) AN Ziwegrrs) 1S the aggraded and eroded floodplain
Z getrend(prea) along the channel margins and vegetated islands at the i"" MCMC step,
respectively, and Z;yeq) is the Zgerrenaprea) fOr the active channel bed at the ith

MCMC step.

Text A-5.
Fused DEMs were created by combining two different types of remotely sensed

data that were collected before this study: (1) NIR LiDAR collected in fall 2011 and fall
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2015 and (2) multispectral aerial images collected at the time of LIiDAR acquisition in

2011 and acquired through the NAIP in August 2015. We generated the fused DEMs by
subtracting optically-derived estimates of depth from LiDAR-derived water surface
elevations (WSE) and combining the resulting bed elevations with terrestrial LIDAR
elevations (Legleiter, 2012). The 2015 LiDAR survey had sufficient in-channel returns to
produce an interpolated water surface elevation that was free of obvious artifacts, which
allowed us to subtract depth estimates on a pixel-by-pixel basis. However, the 2015
LiDAR was collected at a discharge larger than the 2015 NAIP image (13.8 versus 4.6
mdsec!, respectively), making the optically-derived depth smaller than the depth at the
time of LIDAR acquisition. We corrected this difference by increasing the optically
derived estimates of depth by the increase in stage height measured at the Deerlodge Park
gage (i.e., 0.21 m). The 2011 LiDAR survey had a smaller number of in-channel returns
that led to an interpolated water surface with clear artifacts. For this dataset, we estimated
the WSE by the intersection of the DEM elevations with the perimeter of the wetted
channel extent, transforming those coordinates to a channel-centered coordinate system
and plotting against streamwise distance, allowing the WSE to be represented as a
smoothly varying function that related streamwise distance to WSE. Each node of the
wetted channel raster grid was converted to the same channel-centered coordinate system

and the WSE was predicted based on the streamwise coordinate.

Text A-6.
Uncertainty in calculations of the net change in sediment storage results from
elevation error in each DEM. In this study, we used the method described by Anderson

(2019) to quantify uncertainty in our calculations of volumetric change from differences
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in topography. For subaerial pixels, the error was the combination of spatially correlated

random errors and systematic bias. The spatially correlated error was calculated from a
semivariogram created from a subset of elevation differences on a stable alluvial fan. The
magnitude of the spatially correlated error (osc) was found to be 0.0045 based on the
semivariogram sill and the random errors were correlated over a length of 2.04 m based
on the semivariogram range. Systematic bias was quantified by calculating the elevation
difference on stable alluvial fans and a road. The total systematic bias was taken to be the
average of the alluvial fan (-0.05 m) and the road (0.0023) bias which was -0.024 m. We
adjusted for this bias by shifting the 2015 DEM upward by 0.024 m and recalculating
volumetric change. The residual systematic error (osys) remaining was 0.026 m. The

combined error for the DEMs was calculated from Equation 24 in Anderson (2019):

o2 mtw?
OpeM = nl}\/%ﬁ + 0dys; (A-10)

where opewm IS the total error associated with the volumetric change between the 2011 and
2015 LIDAR surveys, n is the total number of subaerial pixels over which the volume is
calculated, Z is the pixel length, osc is the magnitude of random spatially correlated error,
w 1s the length over which random errors were correlated, and osys is the residual
systematic bias.

Volumetric calculations based on elevations derived from optical bathymetry
must include this additional source of error. Bed elevation error was the combined error
of the local WSE and the image-derived depth estimates added in quadrature (Table Text
A-6-1). Local WSE error was considered equal to the RMSE of the LiDAR data based on

a set of independent checkpoints for the 2015 DEM and the standard deviation of
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residuals for the function that related streamwise distance to WSE in the 2011 DEM. We

could not directly validate our depth retrieval method because measurements of channel
depth were not collected at the time of image acquisition. In place of using a point-to-
pixel method for validation, we estimated the image-derived mean depth at the Deerlodge
gage as the mean of the pixel values that intersected the gaging cross-section and
calculated the difference between the cross-sectionally average image-derived depth to
the field-measured depth at the nearest discharge. The difference between the discharge
at the time of the field-measured- and optically-derived-depth for this comparison was
less than 0.5 m3sec™™.

We used four separate equations to calculate the error in volumetric change
depending on whether the elevation difference was based on cells that were wet for one
year and subaerial for the other year and wet or subaerial for both years.

The total error for all raster cells that were wet in 2011 and subaerial in 2015 was
taken to be the combination of the uncertainty between the two DEMs calculated by

Equation A-10 and the error in bed elevation in Table Text A-6-1 added in quadrature:

_ g2 [ me? 2 .
Owettedzo11 = NL 7 512 + Osys + Oped(2011) (A - 11)

where gredc2011)1S the bed elevation error for 2011 and n is the number of raster cells that
were wet in 2011 and dry in 2015. Similarly, the total error for all raster cells that were
wet in 2015 and subaerial in 2011 was taken to be the combination of the uncertainty
between the two DEMs calculated by Equation A-10 and the error in bed elevation in

Table Text A-6-1:

2 .02
o =iz |20 L 2 42 ; (A—12)
wetted2015 n 5l2 sys bed(2015)’
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where oned(015) IS the bed elevation error for 2015 (Table Text A-6-1) and n is the number

of raster cells that were wet in 2015 and subaerial in 2011.
The error for raster cells that were wet in 2011 and 2015 was taken to be the
combination of the uncertainty between the two DEMSs calculated by Equation A-10 and

the error in bed elevation for both periods:

_ LZ O-szc T[wz 2 2 2 . (A 13
Owetted2011&2015 — 1 512 *+ 05ys + Opea2011) T Ppeazo1s)’ - 13)

where n is the number of raster cells that were wet in 2011 and 2015.

Finally, the error for raster cells that were subaerial in 2011 and 2015
(Osupaeriar) Was calculated from Equation A-10 where n is the number of cells that were
dry in both surveys.

The total error was the sum of each error added in quadrature:

_ 2 2 2 2 _
Ototal = \/O-subaerial t Oyetteazo11 T Owetted2015 T Owetted201182015 (A—14)

Where a;,¢q; 1S the total volumetric error, osusaerial 1S the volumetric error across all cells
that were subaerial in both years (Equation A-10), owetted2011 IS the total volumetric error
across all cells that were wet in 2011 and subaerial in 2015 (Equation A-11), owetted2015 IS
the total volumetric error across all cells that were wet in 2015 and subaerial in 2011
(Equation A-12), and owetted2011&2015 IS the total volumetric error across all cells that were
wet in 2011 and 2015 (Equation A-13). We did not threshold cells on a specific level of
detection for volumetric calculations on the premise that all cells have an associated error
and discarding a subset of cells in a post-hoc manner would reduce the overall error in a

biased manner.
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Table Text A-6-1: Optical depth retrieval error (Gopticar) iN 2011 and 2015. The WSE
error (owse) was taken to be that of the LIDAR in 2015 and the WSE-channel centered

coordinate relation in 2011. The bed elevation error (obed) Was calculated as |(o2; + 024ca)-
All errors are in units of meters.
Ooptical OWSE Obed

2011 0.19 0.19 0.19

2015 0.12 0.08 0.14
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Figure A-1. Planimetric channel change measured in the sand-bed portion of the Yampa River and the Little Snake River

(blue) compared to planform channel change in the gravel-bed portion of the Yampa River (green). Planimetric channel change
was calculated from an aerial image time-series from 2013 to 2019. Positive values indicate accumulation and negative values
erosion. Total planimetric channel change in (A) was subdivided into changes that occurred along the channel margins (B) and
the vegetated islands (C). Probability density functions that fit the distribution of areal change are shown as dashed lines for
the gravel-bed portion of the Yampa River and as solid lines for the sand-bed portion of the Yampa River and the Little Snake
River. There was a tendency for the sand bed portion of the Yampa River and the Little Snake River to accumulate sediment
along the channel margins and vegetated islands, but there was no significant planimetric change in the gravel-bed portion of

the Yampa River.
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Figure A-2. Planimetric channel change measured from repeat aerial images on the sand
bed segment of the Yampa River in Deerlodge Park and the Little Snake River
downstream from the Lily gage (Figure 3-1). Channel width was calculated as the total
active channel area divided by the centerline length and channel activity was calculated
as the sum of erosional and depositional areas normalized by the channel centerline

length.
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Table A-1. Probability that the floodplain height in each row is greater than the
floodplain height in each column (P[row>column]). Veg Ers = vegetated island erosion;
Veg Dep = vegetated island deposition; Margins Ers = channel margin erosion; Margins
Dep = channel margins deposition. Probabilities are calculated separately for the sand-
bed portion of the Yampa River in Deerlodge Park and the Little Snake River (Figure 3-
1). For example, row 2 column 1 is the probability that the height of floodplain accretion
is greater than the height of the eroding floodplain along the vegetated islands in
Deerlodge Park.

Deerlodge Veg Ers Veg Dep  Margins Ers Margins Dep

Veg Ers  --mmee- 0.8 0.26 0.68
Veg Dep 02 - 0.06 0.47
Margins Ers 0.73 094 - 0.84
Margins Dep 0.32 0.53 016 W -----m---
Little Snake  Veg Ers Veg Dep  Margins Ers Margins Dep
VegErs - 0.71 0.23 0.41
Veg Dep 029 - 0.11 0.21
Margins Ers 0.77 089 - 0.71
Margins Dep 0.59 0.79 029 ---eee-

Table A-2. Probability that the Yampa River floodplain height is greater than the Little
Snake River floodplain height. Veg Ers = vegetated island erosion; Veg Dep = vegetated
island deposition; Margins Ers = channel margin erosion; Margins Dep = channel
margins deposition.

P(Yampa>Little Snake)

Veg Ers 0.79
Veg Dep 0.76
Margins Ers 0.84

Margins Dep 0.57
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Table A-3. The probability that the percent of the grain size in each row is greater than
the percent of the grain size in each column (P[row>column]). Probabilities are
calculated separately for the cap and the base facies. For example, row 2 column 1 is the
probability that the percent of very fine sand in the cap facies is greater than the percent
of silt/clay in the base facies.

Cap silt/clay v fine fine medium coarse Vv coarse
silt/clay ~ ------—-- 0.78 0.79 0.88 0.97 0.99
v fine 022 - 0.54 0.75 0.97 0.99
fine 0.2 045 - 0.71 0.94 0.99
medium 0.11 0.25 029 - 0.78 0.94
coarse 0.03 0.03 0.06 022 - 0.84
Vv coarse 0.01 0 0.01 0.05 0.16  --—---—--
Base silt/clay v fine fine medium coarse Vv coarse
silt/clay ~ --------- 0.46 0.25 0.06 0.05 0.39
v fine 053 - 0.28 0.08 0.06 0.41
fine 0.75 072 - 0.23 0.15 0.66
medium 0.94 0.92 0.77  —=—-—--- 0.34 0.9
coarse 0.95 0.94 0.85 0.66  --—--m--- 0.93

V coarse 0.61 0.57 0.34 0.1 0.08 -




2013 to 2019 2013 to 2015 2015 to 2017 2017 to 2019
95% CI 68% CI 95% ClI 68% CI 95% CI 68% CI 95% CI 68% CI
Total Budget
silt/clay -04t01.2 -0.04t00.6 -12t036 -03t0l1l8 -33t0l8 -15t00.6 -18t02.7 -07t0l.2
total sand -3.2104.3 -14t02.2 -7.2t014 -25t07.5 -15t07.0 841021 951010 -5.0t04.0
very fine sand -0.3t00.8 -0.05t004 -0.86t024 -02tol3 -23t0l3 -11t004 -14t018 -05t00.8
fine sand -0.6t01.0 -0.2t00.5 -1.5t03.2 -03tol5 -3.2tol6 -1.5t00.5 -2.1t02.2 -0.7t0 1.0
medium sand -098t01.3 -0.4t00.6 -2.3t04.1 -0.7t019 -45t019 -2.2t00.5 -3.0t0 2.8 -1.2t0 1.1
coarse sand -1.3t01.4 -0.51t00.6 -25104.9 -10to2.1 -54t022 -261t00.5 -3.9103.0 -1.7t01.0
very coarse sand -041t00.5 -0.1t00.2 -083to1l5 -03to0.6 -1.8t00.6 -0.7100.2 -1.31t00.9 -0.4100.3
Channel Margins Budget
silt/clay -05t00.5 -0.1t00.2 -1t01.8 -0.3t006 -2.1t00.8 -0.8t00.2 15t01.2 -0.4t00.4
total sand -29t03.0 -1.3t01.2 -59t011.2 -22to52 -123t053 -6.0t0ol.7 -8.7t07.5 -3.9t03
very fine sand -0.1t00.1 -05t00.4 241038 -09t018 -44t020 -22t005 -3.1t029 -15t01.0
fine sand -10to 1.1 -04t00.4 -2.1t03.8 -0.7t01.7 -42tol9 -20t00.5 -29102.7 -1.3t01.0
medium sand -0.8t00.8 -0.2t00.3 -1.5t03.0 -04t0l12 -32tol4 -1.3t00.4 -2.41t02.0 -0.3t00.6
coarse sand -041t00.4 -0.1t00.1 -0.7t01.4 -0.2t005 -1.6t00.6 -0.61t00.2 -1.21t00.8 -0.41t00.3
very coarse sand -01t00.1 -004t00.04 -03t0c04 -008t00.1 -05t00.2 -02t0005 -04t003 -0.1t00.08
Vegetated Islands Budget
-0.07 to
silt/clay 0to0.2 0t00.02 -0.04t0 0.3 0to0.1 -0.2t00.2 0.06 -0.08t00.3 -0.01t00.1
total sand Otol.1 0.2t0 0.7 -0.3t0 1.9 0.1t0 1.0 -1.3t01.1 -0.5t00.5 -05t02.0 -0.06t01.0
very fine sand 0to0.4 0.05t00.2 -0.09t00.7 0to 0.4 -05t004 -0.2t00.2 -0.2t00.7 -0.02t00.4
fine sand 0Oto0.4 0.05t00.2 -09t0 0.7 0t00.3 -0.4t00.4 -0.2t00.1 -0.2t00.7 -0.02t00.3
medium sand 0t00.3 0to0.1 -0.08t0 0.5 -0.01t00.2 -0.3t00.3 -0.1t00.1 -0.1to 05 -0.02t00.3
-0.05to
coarse sand Oto0.1 010 0.06 -0.03t0 0.3 0to0 0.09 -0.21t00.1 0.05 -0.07t0 0.3 0to0.1
-0.05to -0.02 to
very coarse sand 0to 0.05 010 0.02 -0.01t00.08 01t00.03 0.04 0.01 -0.02t00.09 01t00.03

anet change in sediment storage in 10*xMT/yr

bnet change in sediment storage is demonstrably significant for bolded values and likely significant for italic bolded values

203



204

Table A-4. Results of the partitioned morphological sediment budget during each temporal subset. The 95% and 68% credible
intervals (CI) are reported. A bolded 95% CI indicates the budget is significant. A bolded and italic 68% CI indicates that the
budget is likely significant.
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APPENDIX B

Supporting Information for Chapter 4

Text B1.
Flow within the rectangular channel is described by the 1D shallow water

equation of mass and momentum conservation.

dh Jduh
gt tox 0 B-1)
ouh 0u’h doh

where u is the mean flow velocity, h is the mean flow depth, x is the streamwise
coordinate, t is time, g is gradational acceleration, S is bed slope, and St is local fraction
slope. When flow is considered quasi-steady the time derivatives in Equations B-1 and B-

2 can be dropped, leading to the following backwater formulation:

q, =uh (B—-3)
S_ah_uau_s B_4
ox gox 7 ( )

where qw is the volumetric flow rate per unit channel width, qw=Q/b, with Q being the
flow discharge. The friction slope is specified using the Wright and Parker (2004b)
formulation that accounts for the effects of density stratification and flow resistance over

dunes:

5 1
_ |(Ps0)? 24- (kc )3
5 = (h) 8.32 \Dg, (B=5)
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where Dso is the median grain size of the bed material, g« is the dimensionless discharge

(ﬁ), ke is the composite roughness that accounts for skin friction and form drag,
and o is a parameter that accounts or density stratification caused by suspended sediment
transport.

Wright and Parker (2004b) originally defined « as a function of channel slope (S)
using the assumption of uniform flow for equilibrium conditions; however, flow in our
model is steady but nonuniform and therefore we substitute the friction slope (S) for the
channel slope (S) (Viparelli et al., 2015):

C 0.77 C
1- 006<S> for _<10
a= f J) (B —6)

0.67 — 00025< >for—<10
Sy

where Cs total volumetric near-bed volumetric sediment concentration at 5% of the total
flow depth, calculated as the sum of the volumetric near-bed concentration over k" grain
sizes (Csk). In the case of equilibrium suspension, Csk = EskF«, where Esk is the entrainment
rate for the k" grain size calculated by the Wright and Parker (2004b) relation and Fy is

the fraction of the kth grain size on the bed surface:

B B

B = [1+( )](/U()5 =7
0.2

el oo

where B is a constant equal to 7.8x107, A is a straining function that acts to suppress
entrainment bed sediment sorting increases = 1-0.28ay, 04 - Standard deviation of the bed

material on the ¢ scale, Dk = k™" grain size, uss = shear velocity due to skin friction =
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J ghsS; hs = depth due to skin friction calculated by Equation B-10, Ws = fall velocity

vRgDDy

for the k" grain size, and Rpx = particle Reynolds number for the k™ grain size = —

R = (ps/ p)-1 = submerged specific gravity and v = kinematic viscosity.

The roughness due to skin friction (k) is related to the composite roughness (k¢) by:

o 4
ke = C—) 3Dgg (B-9)

N

where 7" = Shields number = hS/RDso, Dgo = grain size that is finer 90% of the bed
material, and z’s = Shields number associated with skin friction defined as (Wright and

Parker, 2004b):

0.8
75 = 0.05+0.7(z.Fr"7) (B — 10)

where Fr = Froude number = qw/\/§h1-5. The Wright and Parker (2004b) formulation

for frictional resistance requires an iterative solution of Equations B-5 through B-10.

Text B2.

The grain size specific formulation of the Exner equation is used to express the
conservation of sediment mass for grain size mixtures in the active layer (Parker et al.,
2007). The river bed is divided into an upper active layer that exchanges with the bed
material load, lower substrate layer that remains constant, and an interface layer that
exchanges sediment from the between the active layer and the substrate as the bed
aggrades and degrades (Hirano, 1971). The grain size of the bed material load, and in the
active, interface, and substrate layers are discretized by fraction of fi, fs, fi, and fox,

respectively, in K=1:n bins segregated into % ¢ sizes on the sedimentological scale. All
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fractions sum to unity and the active layer is considered completely mixed at each

timestep. The Exner equation for mass conservation of each grain size bin is given by:

0 of o La]l  0q.f
(1_117) fik%(n_l‘a)‘k alz = axtk (3—11)

where A, = bed porosity, # = bed elevation, gs = total volumetric bed material transport
rate per unit width, and La is the active layer thickness. For our sand bed model, the
active layer thickness is specified as the height of the bedforms. The dune height is
predicted as a function of flow depth using the relation of Julien and Klaassen (1995).
We arrive at the standard Exner equation that describes the morphodynamic

evolution of the bed when Equation B-11 is summed over all grain size fractions:

9
95 (B—12)

on
(1_/117)%__ ox

Reducing Equation B-11 with Equation B-12 leads to the following relation describing

the evolution of the bed grain size in the active layer:

a aLa a s/s a S
(1_/117) LG%-l_(fsk_fik) ot == (qairk)*'fik a(i' (B—13)

The interface layer (fik) evolves as the bed aggrades and erodes using the relation
formulated by Hoey and Ferguson (1994) and Toro-Escobar et al (1996). During erosion,
fik becomes that of the substrate layer. During aggradation, Hoey and Ferguson (1994)
proposed a relations in which fik becomes a weighted fraction of the active layer and bed
material transport:

fie = ¢foe + (1 = ) fse (B —14)
where ¢ = constant that specifies the proportion of the active layer and bed material

transport that gets passed to the interface layer. Bed material in transport can get passed
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to the interface layer through Kkinetic sieving in gravel bed rivers. However, the gradation

of grain sizes in transport is smaller in sand bed rivers making it unlikely that finer grains
can pass through a complete dune height to the interface layer. Thus, following Wright
and Parker (2005), ¢ was set to zero and the fik becomes the active layer during

aggradation.

Text B3.

Grain-size specific volumetric bed material transport rates are calculated using
two different models — one for suspended load and one for bed load — which are summed
over each size fraction to predict the total volumetric transport rate. For suspension, we
use the Wright and Parker (2004b) entrainment model (W-P) as described in Equations
B-7 and B-8, coupled with a Rouse profile and van Rijn (1984) initiation of suspension

criterion:

1

9.7 h\é
Gssk = Uh (7) Csk (k_c) | (B —15)

where gssk = Volumetric suspended load transport rate for the k' grain size fraction, ux =
shear velocity = \/gﬁ and | = integrated Rouse Profile. W-P is a modified version of the
Garcia and Parker (1991) entrainment model that accounts for reduced mixing due to
density stratification in the presence of large suspended loads. Both entrainment models
include a mixed-size hiding function tested against field data. Bed load is calculated from
the Ashida and Michiue (1972) relation (A-M) which includes the Egiazaroff (1965)

hiding function:

vk = 17 foe/ gRDr Die (Tuse = Tuck) (Toke = /Trcri) (B —16)
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where guk = volumetric bed load transport rate for the k™ grain size fraction and 7« and

=« = the Shields number and critical Shields number for the k™ grain size fraction,
respectively. A-M was developed from flume measurements of sand bed load, making

this relation ideal for our modeling purpose.
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