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Abstract

Morphological change in river channels is frequently evaluated in the context of mass balance sediment budgets. In a closed sediment budget,
measurements of sediment influx and efflux are coupled with measured changes in channel topography to provide both spatial and temporal
resolution, and independent estimates of the mass balance. For sediment budgets constructed over long river segments (~102 channel widths or
greater) and long periods (~2 years or longer), spatial and temporal accumulation of measurement uncertainty, compounded by inadequate sampling
frequency or spatial coverage, may produce indeterminate results. The degree of indeterminacy may be evaluated in the context of a signal-to-noise
ratio (SNR), which is a function of the magnitude of the mass balance and the magnitudes of potential systematic uncertainties associated with
measurements and incomplete sampling. We report on a closed sand budget consisting of measurements of flux and two morphological surveys for a
50-km segment of a large river over a 3-year period. Accurate reporting of the magnitude and sign of the change in sand storage was only possible by
using state-of-the-art techniques with high temporal frequency and large spatial extent. Together, a sand flux and morphological mass balance
revealed that sand evacuation was temporally concentrated (~100% of mass change occurred during 19% of the study period) and highly localized
(70% of mass change occurred in 12% of the study segment). A SNR analysis revealed that uncertainty resulting from undersampling may approach or
exceed that caused by measurement uncertainty and that daily sampling of suspended-sand concentration or repeat mapping of at least 50% of the
river segment was required to determine the sand budget with SNR > 1. The approach used here to analyze sand budget uncertainty is especially
applicable to other river systems with large temporal variability in sediment transport and large spatial variability in erosion and deposition. © 2018
John Wiley & Sons, Ltd.

Introduction

Sediment budgets quantify the sources, sinks, and transport pathways of sediment in contemporary and ancient systems (Hinderer, 2012) and are
frequently applied to understand sedimentary system responses to land use and climate change (Owens et al., 2005; Hoffmann et al., 2010). In fluvial
systems, the relation between sediment transport and morphological change is determined by constructing a sediment budget, also known as a sediment
mass balance. Sediment budgets are typically computed using either a flux-based, or morphological method. A flux-based sediment budget comprises
measurements of sediment influx, /, and efflux, £, which are summed over the sediment budget period and differenced to compute the mass balance, ASf

f=E=45 1)

In the flux-based sediment budget, /, £, and ASg are typically computed in units of mass over the budget period. For a morphological budget, 4Sy, is
computed in units of volume (L3) as the difference between measurements of bed elevations made over the same river segment at the beginning of the
budget period z; (L) and at the end of the budget period z; (L):

Al = Fafay — 2y @

where a is area (L?) represented by each pair of repeat topographic measurements and the summation is over the river segment of interest. In a closed
sediment budget, all flux terms of Equation 1 and all morphological terms of Equation 2 are measured or estimated and are related as

ASp = A1 — 95 3)

where yis the bed porosity and p is the sediment density (ML™3). It is widely recognized that uncertainty in measurements of flux (Topping et al., 2000b;
Grams and Schmidt, 2005) or morphological change (Erwin et al., 2012; Schaffrath et al., 2015; Schimel et al., 2015) affect sediment budget computations
and that those uncertainties may be large (i.e. of similar magnitude) relative to the computed mass balance (Erwin et al., 2012; Schaffrath et al., 2015;
Warrick et al., 2015).

Measurements of any kind involve uncertainty, which typically includes both random errors and systematic errors. By definition, random errors are
distributed across an entire dataset. In contrast, systematic errors are not necessarily spatially or temporally uniform and may affect all or part of a
dataset. The relative magnitudes of random and systematic errors depend on the type of measurement, and the relative importance of each type of error
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may vary depending on how the measurements are used. For example, elevation bias (a systematic error) could be inconsequential for morphological
measurements that are used to examine feature morphology or for streamflow modeling. However, random errors could affect surface roughness
estimates and cause bias in model predictions. Random errors also cause discrepancies between point elevations and DEM grid cell elevations (Lane et al.,
2003). For sediment budgets that comprise many measurements over large spatial or temporal scales, random errors may be inconsequential because
they cancel when spatially- or temporally-averaged. Small biases, however, can have a large impact on a sediment budget, because they are additive.

Systematic errors that cause uncertainty (potential bias) in sediment budgets were divided into two categories. The first category are those that are
related to the measurements. These systematic errors may be caused by improper instrument calibration, a change in environmental conditions that
affect measurements, or undetected operator mistakes. We refer to this category of potential bias as measurement uncertainty. The second category of
systematic errors are those that are related to the sampling design, which we refer to as sampling uncertainty. Sampling uncertainty is distinct from
measurement uncertainty, because these systematic errors are not related to instrument operation, but to the decisions of when, where, and how often
to make measurements.

Decisions made in the sampling design may introduce sampling uncertainty into sediment budgets when measurements are not made at sufficient
resolution to capture all relevant physical processes. For example, a mass balance computed from measurements of sediment flux may be affected by
discharge-independent variations in sediment transport (Colby, 1964). This problem is common to many fluvial systems with weak or unstable sediment
rating relations, often exhibited by hysteresis (Walling and Webb, 1988; Topping and Wright, 2016) that may result from changes in upstream sediment
supply (Dinehart, 1998; Rubin et al., 1998; Topping et al., 2000a; Vericat and Batalla, 2006), lags between discharge and dune geometry (Julien et al., 2002;
Kleinhans et al., 2007; Shimizu et al., 2009), or changes in the relative contributions of groundwater and surface runoff to streamflow (Andermann et al.,
2012).

Sampling uncertainty may also affect sediment budgets computed from repeat morphological measurements, particularly for sediment budgets
encompassing large areas where spatially comprehensive measurements are impractical or impossible. Owing to the difficulty of collecting accurate
repeat morphological measurements in the channel and floodplain of large rivers, direct measurements of channel change have typically been limited to
specific features (Ashworth et al., 2000), relatively short study reaches of ~10 to 20 channel widths (Lane et al., 2003; Grams et al., 2013), or discrete
channel cross-sections (Pizzuto, 1994), which have been shown to introduce bias in calculations of morphological change (Lane et al., 1994). Many field
studies show significant spatial variability in bank erosion and deposition (Hooke, 2007), and within-channel sedimentation (Grams et al., 2013). In these
cases, insufficient morphological measurements, inadequate sampling of all depositional settings, or variations in bed-sediment composition or porosity
may result in substantial bias in the estimate of sediment mass balance.

For some sediment budget applications, such as estimating long-term rates of landscape denudation or basin sediment yield (Nichols et al., 2005; Belmont
etal., 2011; Lopez-Tarazoén et al., 2012), or to characterize short-term extreme events such as volcanic eruptions, landslides and dam breaks (Korup, 2012),
the magnitude of sediment imbalance may outweigh uncertainties caused by measurement bias and sampling uncertainty. Climate and land-use changes
are, however, driving a growing need for sediment budgets constructed over timescales of a few years to a few decades and over river segments
comprising 100 s of channel units or more (McLean and Church, 1999; Slaymaker, 2003; Piegay and Hicks, 2005; Yang et al., 2007; Warrick et al., 2015).
Depending on the specific system, a channel unit may be defined based on average channel width or depth, or the average spacing of a specific
morphological unit such as dunes or bars. At scales of 100 s of channel units or more, which we refer to as segment scale, the sediment budget signal may
be relatively weak compared with measurement and sampling uncertainties. In this situation, a signal that is small relative to temporal and/or spatial
accumulation of measurement bias, and compounded by inadequate sampling frequency or spatial coverage, can result in indeterminate sediment
budgets (Erwin et al., 2012). In these cases, it is especially important to consider potential bias contributed by both measurement- and sampling-related
uncertainties.

The degree of indeterminacy (Kondolf and Matthews, 1991; Grams and Schmidt, 2005) in a sediment budget can be evaluated as a signal-to-noise ratio
(SNR), in which the signal is the sediment balance, ASsor ASp, computed for a specified river segment and time interval (James et al., 2012). In this context

we define noise as the spatially and/or temporally aggregated systematic measurement and sampling uncertainties that potentially overwhelm and
obscure the budget signal. Use of this framework allows evaluation of the potential bias in a sediment budget in relation to systematic measurement
errors, and potential bias introduced by the particular sampling frequency and/or spatial coverage. In this paper, we present an analysis of SNR that
reveals how these aggregated uncertainties affect a segment-scale sand-only budget computation.

The sophistication and scope of modern mapping technologies (Lane et al., 2003; Tarolli, 2014; Passalacqua et al., 2015), in concert with recent
developments in acoustical methods (Thorne and Meral, 2008; Topping and Wright, 2016) that enable monitoring suspended sand continuously (i.e. at 15-
minute intervals) for multi-year periods, allow flux- and morphological-based sand budgeting at unprecedented scales and resolutions. The purposes of
this paper are to (1) present a closed fluvial sand budget that is at the segment-scale (i.e. ~102 channel widths or greater) and computed from sub-daily
measurements of sand flux and spatially extensive measurements of changes in bed morphology and sedimentology, (2) present an approach for
evaluating both measurement- and sampling-related systematic uncertainty, and (3) illustrate the dual impact of measurement and sampling
uncertainties on segment-scale sand budget estimates computed either from measurements of sand flux or measurements of morphological change. The
closed sand budget is based on high-frequency measurements of sand flux and high-resolution morphological measurements of the submerged channel
and exposed deposits from a portion of the Colorado River in Grand Canyon. The budget is also novel in that it utilizes repeat maps of bed-sediment
composition at the same resolution and coverage as, and collected simultaneously with, the morphological measurements, through the application of an
acoustical sediment classification method (Buscombe et al., 20143, b). The results reveal both the power and the weaknesses of large-scale sediment
budgeting and illustrate the sampling resolution required to detect the timing and spatial distribution of morphological change.

Study Area
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Lower Marble Canyon (Figure 1) is a 50-km segment of the Colorado River within Grand Canyon National Park that begins 75 km downstream from Glen
Canyon Dam and ends at the mouth of the Little Colorado River (Grams et al., 2013). Glen Canyon Dam, completed in March 1963, has eliminated
snowmelt-driven floods in most years since dam closure (Topping et al., 2003) and in all years of the study period (Figure 2). Dam releases vary monthly
and fluctuate hourly for hydroelectric power generation (Topping et al., 2003). Because the dam and reservoir block upstream sediment, the Paria River,
which joins the Colorado River 25 km downstream from the dam, is the primary source of fine sediment (sand, silt, and clay) to Marble Canyon (Topping et
al., 2000b). Although the river flows in a bedrock-walled canyon, the river bed is mostly sand and gravel (Buscombe et al., 2017), except where tributary
debris fans consisting of boulders constrict flow and create rapids (Howard and Dolan, 1981). The debris fans also create downstream zones of lateral
flow recirculation (Figure 3), known as eddies (Schmidt and Rubin, 1995), which are the most important morphological unit for sand storage (Hazel et al.,
2006; Grams et al., 2013). Channel width at low discharge (~225 m3/s) varies from less than 30 m at debris-fan caused constrictions to more than 150 m in
expansions downstream from debris fans, with an average width of 100 m. There are 203 individual debris-fan created eddies within the study area that
range in area from approximately 200 m? to 26,000 m2. The average length of eddies is approximately 200 m, or twice the mean channel width. Thus, our
segment-scale study area comprises approximately 500 channel widths, 203 eddy morphological units, and 250 eddy lengths. We refer to locations within
the study area by river kilometer (Rkm), which is the distance downstream from Lees Ferry, Arizona along a digitized channel centerline. In this
measurement system, the study area extends from Rkm 50 to Rkm 100 (Figure 1).

"W 1w

PN UTAH ~, . i
BAR, | e G N
ARIZONA ‘e,“ (e

39N 36N

EXPLANATION
[1 Reach shown in figure 6
O Streamfiow and sedimant gage

e
T T
50 Kilomoters

T
"W W

O —_——

Figure 1 Open in figure viewer | #PowerPoint
Map of Colorado River in the upstream portion of Grand Canyon National Park (outlined and shaded in green) showing lower Marble Canyon study segment and the location of stream gaging

stations. Distances are in kilometers along the channel centerline (Rkm) downstream from Lees Ferry (Rkm 0). [Colour figure can be viewed at wileyonlinelibrary.com]
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(Top panel) Instantaneous discharge for the Colorado River at Rkm 50 (light gray line). Cumulative suspended-sand loads between May 1, 2009 and May 1, 2012 for the Paria River at Lees Ferry
(USGS station 09382000), Colorado River at Rkm 50 and Rkm 100. Except during periods of steady flow, discharge fluctuates daily and the line appears as a band that indicates daily maximum
and minimum discharge. The high dam releases that occurred in 2011 are termed ‘reservoir equalization flows’ because they were released for the purpose of equalizing the reservoir storage
volumes between Lake Powell and Lake Mead. (bottom panel) Lower Marble Canyon flux-based sand budget from the same period. Solid line shows accumulated mass balance based on
difference between sand inputs at Rkm 50 (and estimated small tributary inputs) and sand export at Rkm 100 (Equation 1). Dashed lines define upper and lower bounds of uncertainty
envelope (Equations 8 and 9). The morphological sand budget for the measured area is shown as round, black symbol for the same period (Equation 2), with uncertainty (Equation 13), and

orange diamond showing the extrapolated morphological budget (Equation 19), with uncertainty (Equation 20). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3 Open in figure viewer | #PowerPoint
lllustration of debris-fan eddy complex showing depositional settings mapped at Rkm 66. The background image is an orthophotograph from aerial images collected in May 2009. For areas
within the channel, the shaded relief image is a 25-cm resolution hillshade derived from the May 2012 multibeam sonar survey. For areas on the reattachment bar, separation bar, and debris

fan, the shaded relief image is derived from a 1-m resolution digital elevation model based on May 2012 total station survey. [Colour figure can be viewed at wileyonlinelibrary.com]

One major goal of resource managers (US Department of the Interior, 2012) is to rebuild sandbars that have eroded since 1963 (Schmidt and Graf, 1990).
Deposition of sand is at least temporarily accomplished by episodic release of controlled floods from Glen Canyon Dam that redistribute sand from the
river bed to eddy sandbars (Hazel et al., 2010; Schmidt and Grams, 2011). Sandbars are of management interest because they form campsites used by
river recreationists (Kearsley et al., 1994), support riparian ecosystems (Sankey et al., 2015), and are a source of windblown sand for upland cultural
resources (Draut, 2012). Because sand supply is limited in the dam-regulated river (Topping et al., 2000b), controlled floods are scheduled based on the
quantity of sand delivered by infrequent floods from the Paria River (Wright and Kennedy, 2011). Consequently, the flux-based sand budget is tracked to
monitor sand supply so that the magnitude and duration of controlled floods may be scaled in proportion to the estimated sand supply (Grams et al.,
2015). Repeat morphological measurements of sandbars and of the channel are used to evaluate changes in sandbars and in-channel sand storage, to
describe the spatial distribution of those changes, and to provide an independent measurement of the sand storage. Future replication of these
measurements will be used to evaluate the cumulative effects of a series of controlled floods on the sand budget.

Measurement and Computation of Flux-based Sand Budget

The flux terms of the sand budget, / and E in Equation 1, were computed from continuous (15-minute) measurements of streamflow and suspended-sand
concentration (SSC) at stream gages on the Colorado River (Figure 1) and indirect measurements of sand input from ungaged small ephemeral tributaries.
The budget computed in units of mass from flux measurements A4Sy is

A5 = !!.I.W - |I|§,_.-|' -+ ilrm = Em = E,-,-ﬁ 4)

where /s, is the cumulative suspended-sand load measured at the stream gage at Rkm 50 (US Geological Survey station 09383050), /peq is an estimate for
cumulative bedload flux at Rkm 50, /g is the estimated sum of sand inputs from ungaged tributaries within the study segment, Eg,s, is the cumulative
suspended-sand load measured at the stream gage at Rkm 100 (US Geological Survey station 09383100), and Epq is an estimate for cumulative bedload at
Rkm 100.

Streamflow at Rkm 50 and Rkm 100 was gaged using standard methods (Rantz, 1982) and SSC and grain size were measured with multi-frequency arrays
of acoustical instruments (Griffiths et al., 2012; Topping and Wright, 2016) calibrated to conventional suspended-sand samples using the 2-frequency
method described by Topping and Wright (2016). This method acoustically distinguishes between the sand and silt/clay fractions to determine the
concentrations and grain sizes of each fraction independently. These data were used to compute 15-minute sand loads as the product of discharge and
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SSC for each station for May 1, 2009 to May 1, 2012. Bedload transport was not measured continuously, but episodic measurements made by dune
tracking indicate that bedload is ~5% of the suspended-sand load at Rkm 50 and Rkm 100 over a large range of flows (Rubin et al., 2001; Topping et al.,
2010). Cumulative bedload influx was, therefore, computed as

Frt = 005 e ©

and the cumulative bedload efflux as

Ebrg = 005 F o 6
There are no perennial tributaries within the study segment. Ephemeral tributaries are active only during short-duration seasonal rainfall events, which ©
may also trigger debris flows and inputs of boulders, gravel, sand, and mud (silt and clay) (Webb et al., 1989). The silt and clay inputs are transported
quickly downstream in the Colorado River mainstem as washload, causing increases in the silt-clay concentration at the Rkm 100 steam gage that are
absent at the Rkm 50 stream gage (Topping et al., 2010). Based on episodic measurements of sand concentration in the tributary flows, we estimate /4,
was 14% + 50% of the measured increase in the cumulative silt and clay loads between the Rkm 50 /,,,,4 and Rkm 100 E,,,4 gages,

Fote = OV F e — vt (7)

Uncertainty in the cumulative sand loads over longer timescales (i.e. >multiple days) results from small, undetected, possibly persistent biases in
discharge measurements (Sauer and Meyer, 1992), stage—discharge relations (Kiang et al., 2016), physical suspended-sand samples (Topping et al., 2010;

Sabol and Topping, 2013), or acoustical suspended-sand measurements (Topping and Wright, 2016). Because the cumulative sand loads computed over
periods of months to years are based on a very large number of individual measurements of SSC made at 15-minute intervals, we assume that random
measurement errors (described in detail in Topping and Wright, 2016) cancel to zero over the 3-year period of this study. Some systematic errors may,
however, persist undetected, causing potential bias in the sand budget. This is evidenced by Topping et al. (2010) who analyzed repeat measurements of
SSC made at closely spaced cross-sections, and estimated that persistent biases may result in a maximum probable deviation from computed sand
budgets of up to + 5% over months to years in our study area. Here (and in the morphological sand budget, below), we estimate uncertainty as the

maximum probable bias, which we define as the maximum likely systematic error that may be temporally or spatially persistent and potentially affect the
computed sand budget. Because this is a bias and not a random error, we do not assume a normal distribution and cannot assign a specific confidence
level, but consider our estimates to be approximately comparable with a 95% confidence level.

The uncertainties in mainstem flux and tributary inputs are incorporated in the budget, conservatively computing the worst case combinations of the
signs of the individual uncertainties. The lower bound of the sand budget was therefore calculated as

ASga = (homy + s} (1 = b By (1 = W) = (E\np =k B 101 U7 ®)
where uncertainty in the mainstem sand loads U= 0.05 and uncertainty in the tributary inputs Uy, = 0.5. The upper bound of the sand budget is,
A8 = (huns  fooar] (1 Ligh o Fin 1 W) = (€ B 11 = U] ©9)

The instantaneous values for discharge, SSC, and sand budgets determined by this method for any time interval beginning in 2002 may be computed
interactively online at www.gcmrc.gov/discharge qw sediment (Sibley et al., 2015).

Analysis of signal and noise in the flux-based sand budget

The high temporal resolution flux data were systematically subsampled, and the sediment budget recomputed upon each subsampling, to simulate the
uncertainty that would be contributed by sample frequency and measurement uncertainty with progressively lower sample frequency. Recall that we
define measurement uncertainty as the potential bias that, in this case, could be caused by improper instrument calibration, or the result of
environmental conditions outside the calibration. This simulation was achieved by resampling the 15-minute record of SSC and discharge at increasing
sample intervals and, at each new sample interval, recomputing A4Sy as a function of increasing interval up to a maximum interval of 104 days. The
measurement interval was increased in 15-minute increments for sample intervals between 15 minutes and 24 hours (which is exactly the period of the
discharge wave due to regular releases from Glen Canyon Dam). Thereafter, the sample interval was increased in 24-hour increments up to the maximum
interval of 104 days. For each sample interval, new time-series of SSC and discharge were created by sampling measurements at the desired interval from
among all the samples in the time-series at each gage. For measurement intervals between 15 minutes and 24 hours, all possible sample sets were
evaluated (i.e. there is only one possible measurement set for a 15-minute sample interval, two possible sets for a 30-minute interval, etc.). For
measurement intervals between 2 days and 104 days, 100 measurement sets at the desired interval were drawn randomly. The suspended-sand flux at
each gage was recomputed for each of the 1 to (up to) 100 realizations of simulated time-series, per sample interval, by integrating sand concentration
and discharge between simulated sample times (Porterfield, 1972; Horowitz et al., 2015), and recomputing the cumulative loads at the two gages. This
subsampling approach to recomputing cumulative loads is similar to that described by Thomas (1985) and Thomas and Lewis (1995). The alternative
approach of recomputing fluxes using a rating curve between the logarithms of discharge and sand concentration (Cohn, 1995; Horowitz et al., 2015) was
considered but ultimately not adopted because of the well-documented biases this approach introduces (Ferguson, 1986; Cohn, 1995), and because of a
lack of statistical power at very large sample intervals of weeks to months.

SNR is a relative measure, often therefore expressed in decibels, of the signal power to the noise power. The boundary between low and high SNR is
usually considered to be 2 (3 dB). Often, the signal is not considered stochastic, but the noise always is (Cover and Thomas, 1991; Smith, 2003). An
accepted definition of SNR from signed random measurements is the ratio of the mean to the standard deviation (Schroeder, 1999; Smith, 2003).
Therefore, SNR in the flux-based budget associated with subsampling noise, SNRy;, was computed as
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A5
L,

SMEg = (10)
where AS¢is the sand mass balance based on the 15-minute record, and was therefore constant, and the noise was computed per sample interval as the
standard deviation of each set of 100 computed sand mass balance estimates from the resampled time-series, s 4. The measurement uncertainty noise
was similarly computed from the standard deviation of recomputed fluxes factoring in the measurement uncertainty bounds. With reference to
Equations 8 and 9, given the symmetry with which the upper and lower bounds bracket the computed mass balance, SNR associated with measurement
noise, SNRsy, need only be computed using one uncertainty bound, such as

SN = -'\’Sﬂaﬂ 1

L

Our estimate of measurement uncertainty (5%) is based on analysis of the 15-minute record of suspended-sand concentrations, discharge, and
cumulative loads computed from those measurements. The estimate may, therefore, include an unknown proportion of uncertainty associated with that
sample frequency in addition to uncertainty associated strictly with the measurements of suspended sand. Indeed, complete isolation of the causes of
potential bias may be intractable. Thus, the noise in the flux budget that we attribute to subsampling may be described as the added uncertainty
associated with measurement intervals greater than 15 minutes. The noise caused by subsampling and the noise caused by measurement uncertainty are
not independent (both could result from unmeasured or unknown variability in discharge or SSC) and are therefore summed by simple addition to
estimate total noise and SNR, the SNR associated with subsampling and measurement uncertainty considered together.

Measurement and Computation of Morphological Sand Budget

Computation of the morphological sand budget for the 50-km segment of the Colorado River required the development of methods to utilize
measurements from multiple platforms (topographic measurements for sand deposits above water and bathymetric measurements for deposits below
water), segregate measurements among depositional settings, account for areas where, during either of the two surveys, mapping was not feasible or
where the bed surface comprised sediment coarser than sand, and to estimate uncertainty. In the following sections, we describe the process used to
compute two versions of the sand budget: (1) as the sum of measured bed elevation changes (Equation 2), with no extrapolation to unmapped areas; and
(2) as the sum of measured bed elevation changes with extrapolation to areas where topography and bathymetry were not measured. Both estimates
account for measurement uncertainty and uncertainty in bed-sediment composition and neither estimate uses a minimum level of detection threshold
(Brasington et al., 2000). The estimate with extrapolation includes an estimate of uncertainty for extrapolated changes in the unmeasured areas that is
based on the SNR analysis.

Measurement of topography, bathymetry, and bed composition

Channel and bank morphology (i.e. undifferentiated topography and bathymetry) were measured on river expeditions that occurred May 3 to May 16,
2009 and May 5 to May 16, 2012. The goal of the mapping campaigns was to measure as much of the active sand (the distinction between active and
inactive sand is described below) as feasible within navigability and trip-length constraints (the study area is accessible only by multi-day river expedition).
Bathymetry was measured using a multibeam sonar (Reson 8125 in 2009 and Reson 7125 in 2012) and Odom CV-100 singlebeam sonar, and topography
was measured with an optical total station (i.e. theodolite with electronic distance meter). Multibeam sonar was the primary bathymetric mapping method
and was used where water depth was greater than ~2 m. The only significant difference between the two multibeam sonar systems used, for the
purposes of the present study, manifested in the spatial density of soundings, which was marginally higher in 2012. Singlebeam sonar was used for water
depths between ~ 2 m and ~ 0.5 m. Total stations were used for exposed deposits and water depths less than ~ 0.5 m. The methods for data collection
and data processing to produce a digital elevation model (DEM) on a regular grid with 1-m resolution (grid node spacing) were described by Grams et al.
(2013), Hazel et al. (2008), and Kaplinski et al. (2017b). Measurements were made throughout the entire study segment comprising 50% of the total area of
the alluvial valley bottom (active and inactive deposits) and 71% of the area defined as active channel and active fine-grained deposits (Table 1).
Approximately 72% of the region represented in the final DEM was measured with multibeam sonar in both years and 6% was measured by total station
survey in both years. The remaining 22% was measured by singlebeam sonar in both years, or by a different method in each year.

Table 1. Depositional settings in study area and proportion of each setting that was mapped and included in digital elevation model

Active channel and fine-grained deposits

Channel within eddy 897585 15% 603 894 67%
Channel adjacent eddy 1526958 26% 1144702 75%
Pools in channel 1234874 21% 911863 74%
Sandbars in eddies 220438 4% 122864 56%
Sandbars along channel margins 27070 0.5% 2985 1%
Subtotal - Active 3906925 66% 2786308 71%

Inactive channel and coarse-grained deposits

Channel in rapids and riffles 1161702 20% 180827 16%
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Sandbars in eddies above CF stage 442270 7% 10425 2%
Sandbars along channel margins above CF stage 187502 3% 1,393 1%
Gravel bars 213033 4% 4 0%
Subtotal - Inactive 2004506 34% 192649 10%

Because the river bed in the study area varies among sand, gravel, cobble, boulder, and bedrock, it was necessary to consider bed-sediment composition
when constructing the sand budget. We classified bed sediment for all regions measured by multibeam sonar based on acoustic backscatter using the
methods detailed by Buscombe et al. (20144, b). We used a 3-class form of this method to classify the bed, also at 1-m resolution, into regions of (1) sand,
(2) gravel, and (3) rock (undifferentiated cobble, boulder and bedrock). Silt and clay deposits are exceptionally rare, as is submerged aquatic vegetation.
This fully-automated classification was calibrated and verified based on observations of the bed made by underwater video camera (Rubin et al., 2007;
Buscombe, 2013). Because automated classification was possible only where data were collected with multibeam sonar, it was necessary to estimate bed
composition for the regions mapped by singlebeam sonar and by total station. All regions within eddies that were not classified as either rock or gravel
were classified as likely sand. We also included in this category regions of the channel bed that were mapped by singlebeam sonar in either the 2009 or the
2012 survey and mapped by multibeam sonar in the other survey and classified as sand. This assumption is reasonable, because we focused field data-
collection efforts on regions with sand substrates. The bed composition was classified as no data for regions in the channel that were not mapped by
multibeam sonar in either year. The DEMs and bed composition classifications are available in Kaplinski et al. (2017a; 2018).

Map of depositional settings for budget segregation

Depositional settings were digitized on-screen in a geographic information system with reference to a basemap consisting of high-resolution (20 x 20 cm)
aerial photo images (Davis, 2012) collected in May 2009 during a period of approximately steady dam releases (227 m3/s). The map includes exposed
deposits and depositional settings below the water surface at the time the images were collected, because the largest changes in sand volume occur
within the wetted channel below the stage associated with the discharge of 227 m3/s (Hazel et al., 2010). Deposits within eddies (Figure 3) were mapped
based on morphology according to the terminology of Schmidt and Graf (1990) and Schmidt et al. (1999); and include separation bars (which occur near
the flow separation point), reattachment bars (which project upstream from the flow reattachment point), upper-pool bars (which occur in the eddy
upstream from the debris fan), and undifferentiated eddy bars (which typically occur by fusion of separation and reattachment bars). Eddies were mapped
by identifying the upstream point of flow separation, the downstream point of flow reattachment, and connecting those points with the average line
dividing downstream-directed flow from recirculating flow in the eddy. These features are identifiable in the aerial images, because the different
characteristics of the water surface in eddies and the main channel typically cause differences in light reflectivity. The division between eddy and main
channel approximately follows the break in slope between the submerged portion of the eddy sandbar and the main channel (Figure 3). Eddies typically
lengthen as streamflow increases (Rubin et al., 1990; Schmidt, 1990), so the line dividing the eddy from the main channel extends to the downstream end
of the sandbar in the reattachment zone (Figure 3). The wetted channel was further subdivided into (1) channel adjacent to eddies, (2) channel in rapids or
riffles adjacent to debris fans, (3) channel in rapids or riffles not adjacent to debris fans, and (4) channel in all other locations. The preliminary map was
inspected in the field and edited to produce the final map.

The depositional settings described above were grouped into active and inactive deposits. Active deposits comprise all sand in the channel and bare sand
deposits on the banks. The channel within rapids and riffles, exposed gravel bars, and sand deposits that are covered with dense vegetation with surfaces
above the elevation inundated by controlled floods were classified as inactive deposits. The active deposits are considered most likely to exhibit
measureable change in bed elevation within the regime of dam releases, including controlled floods. Only by focusing the topographic and bathymetric
measurements on the active deposits, was it feasible to map a large fraction of the study segment (Table 1).

Computation of morphological sand budget

The morphological sand budget (Equation 2) was computed from the cell-by-cell differences in elevation between the co-registered 1-m resolution DEMs
developed from the May 2009 and May 2012 topographic/bathymetric surveys. The resulting DEM of difference (DoD) was analyzed to compute erosion,
deposition, net volume change, and uncertainty aggregated by depositional setting and 100-m river segment. Comparisons between the morphological
budget and the flux-based budget were made using Equation 3 with particle density, p, of 2650 kg/m3 and porosity, y, of 40% (Curry et al., 2004).

Uncertainty in the morphological sand budget computed in units of volume may be caused by (a) measurement bias, &, (b) uncertainty in the
composition and properties of eroded or deposited material (i.e. sand or otherwise, porosity, density), d., and (c) unknown changes in those parts of the
study area where topographic measurements were not made (i.e. sampling uncertainty, ;). For computation of net change in bed volume over areas of
the bed comprising many measurements (i.e. 100 s to 1000s of grid cells), normally-distributed random errors cancel to zero and &, results entirely from
potential bias. Such systematic errors may result from undetectable survey errors, improper equipment calibration, or changes in environmental
conditions that affect optical instruments (temperature, pressure, etc.).

We quantified the potential bias in mean elevation change for each measurement method. For regions mapped with multibeam sonar, this was achieved
by evaluation of fiducial regions (cf. Brock et al., 2001), which are stable features such as individual large flat boulders, regions of bedrock, and regions of
the bed covered by immobile cobbles. This approach provides an estimate of the maximum probable bias in sand volume computed as UnpA, where Upy
is the maximum estimated systematic error in elevation change for regions mapped by multibeam sonar and A is the area of the region over which mean
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elevation is computed. Although the DEMs are 1-m resolution, we compute AS,, (Equation 2) at the scale of the mapped depositional settings (e.g. eddies)
or aggregations of those features at the scale of 100-m river segments. The depositional settings vary in size, but typically comprise regions of the bed
greater than 100 m2. The 79 individual fiducial regions we analyzed are distributed throughout the study area and range in area from 1 m? to over 6000
m2, which is of the same order as the depositional settings and 100-m segments. Thus, this approach provides a quantification of uncertainty at the same
spatial scale over which bed elevation change is computed for the sand budget. For each fiducial region, we computed the mean difference in elevation
between the two surveys. The absolute error was less than 0.08 m for every polygon, the mean signed error among all 79 polygons was —0.01 m with
standard deviation, o = 0.03 m, and the mean absolute error was 0.02 m (Figure S1). Based on this analysis, we use 0.06 m (20) for Up, (where the 95%
confidence error is 1.960 for a Gaussian normal distribution). We emphasize that this is not an estimate of random error, but an estimate of maximum
probable systematic error that is analogous to the maximum probable persistent bias used in the flux-based sand budget. The same value is used for Uy,
when AS,, is computed over a single geomorphic unit as is used for the budget computed over the entire study area, because the potential sources of
systematic error cannot be assumed to be independent (therefore, they are additive) and because analysis of uncertainty as a function of fiducial region

size indicates that o does not decrease below 0.03 m (Figure S2).

The maximum probable systematic uncertainty in elevation change for regions measured by conventional total station, U, was estimated as 0.04 m,
based on error analysis by Hazel et al. (2010); and the maximum probable systematic uncertainty in elevation change for regions mapped using
singlebeam sonar, U, was estimated as 0.12 m, based on error analysis by Kaplinski et al. (2014). These estimates of uncertainty were multiplied by the
area of each respective measurement method to compute total measurement uncertainty, using

iy = Vot + Uy + Bl 2)

where Ay is the area mapped by multibeam sonar, Agp, is the area mapped by topographic survey, and Ay, is the area mapped by singlebeam sonar. For
areas mapped using different methods in each year, the area that was included was that with the greatest uncertainty.

We used the bed-sediment classification and the map of depositional settings to estimate uncertainty in the composition of the computed morphological
changes. We have high confidence that the volume represented by morphological change in a given grid cell was entirely sand where the bed surface was
classified as sand in either or both surveys, and also those grid cells within eddies, even if the bed was not explicitly classified, because extensive previous
work has established that the bed surfaces in eddies consist mostly of sand. Where the bed was never classified as sand (rock or gravel in both years or
classified as rock or gravel one year and unclassified the other year), we have weak confidence that the volume of material representing the
morphological change in a particular grid cell was composed entirely of sand and classify that volume as possibly sand. We use that computed sediment
volume change for those areas of the bed where the change possibly comprised sand as the estimate of maximum probable uncertainty based on bed
composition, d.. Note that this volume was included in the budget estimate, because sand often fills the interstices of, and may even bury, gravel and
rock. Therefore erosion or deposition in those regions could consist entirely of sand even if classified otherwise and &, represents an upper bound on
sand volumes thus unaccounted for.

For the morphological sand budget without extrapolation, measurement bias and volumetric uncertainty associated with ambiguity in composition are
treated as independent systematic errors and summed in quadrature (Taylor, 1997) to compute total uncertainty in the morphological budget or,

b= B+ 2 02

I

Analysis of signal and noise in the morphological sand budget

Although the morphological measurements were of high resolution and spatially extensive, they still comprised just 71% of the active deposits in the
study area (Table 1). The SNR analysis of the morphological measurements was used to (1) examine the effect of changing spatial coverage on the
computed morphological budget, and (2) provide an estimate of the uncertainty associated with extrapolating the morphological budget to include the
portion of the study area where measurements were not made. This was achieved by systematically subsampling the morphological measurements, and
recomputing the sediment budget upon each subsampling, to simulate the uncertainty associated with decreasing sample coverage.

The morphological changes were subsampled by dividing the DOD for the study area into 408 segments, each 100 m in length in the streamwise direction.
We incrementally decreased the number of samples from 408 to 1, resulting in samples that comprised 100% to 0.2% of the measurement area. For each
sample size, the area-weighted average elevation change over the area sampled z, was computed as

S L
Zai=
=Ea (14)
where AV is the volume change in each of the included segments, the summation is over all included segments, and A is the total area of all segments
included in the sample. The estimated budget for the sample was then computed as
Ase = AL (15)

where A, is the constant total area of the original set of morphological measurements. This process was repeated 100 times, resulting in a distribution of
ASps values for each sample size from which the mean gnd o4, among those iterations was calculated. The method for computing SNR for sampling
uncertainty from the morphological measurements, SNRps, was analogous to the method used to compute SNRy in the flux-based budget and was
computed as the ratio between the sand budget computed from the entire set of measurements (constant) and the standard deviation among the
iterations,

AS
SR = —— (16)
Wolarzs
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The measurement uncertainty SNR,,, was computed as the ratio between the measured budget and the sum of the uncertainty in all segments, 3 5p,,
regardless of the number of segments sampled and was, therefore, constant (i.e. measurement uncertainty was included both for the sampled and
unsampled segments for each sample size).

(17)

Finally, SNR,7, including both sampling and measurement uncertainty was computed as

SNy = i

{0 e+ Ve

(18)

Note that our estimates of measurement uncertainty in both the morphological and flux-based sand budgets are estimates of the maximum probable
systematic uncertainty (bias) for spatially and temporally aggregated budgets, respectively. We use this approach, because systematic errors, by definition
do not have an expected value and use of the most probable range, which is ultimately based on some degree of judgment, is most appropriate. The
sampling uncertainty, however, can only be addressed by stochastic simulation, in which case the standard deviation of the resulting distribution is the
most appropriate measure of variability. These differences should be considered when the two components of uncertainty are combined or compared.

Extrapolation of the morphological sand budget

We computed an extrapolated morphological sand budget, AS;g, by estimating changes in sand volume for locations where measurements were not
made as the product of the area-weighted mean change in sand elevation where measurements were made, z,, and the total area of active deposits in
the map of depositional settings where measurements were not made and adding those changes to 4S,;:

Aiirn = Al + T w[AT — A, (19)

where Aris the total area of active deposits. We estimate uncertainty in the extrapolated portion of the sand budget as the standard deviation, gay,s from
the SNR analysis computed for the percentage of the measured morphological changes that is equivalent to the percentage of the entire study area
where morphological measurements were collected (Table 1),

e = Ggap1’ (20)

where the subscript (71) refers to the percentage of the reach mapped. This extrapolation of the budget to unmeasured areas and the associated
estimate of uncertainty necessarily assume that the distribution of morphological changes in the areas that were not measured is similar to the
distribution in the areas measured. The SNR analysis, which shows the percentage of the reach that must be mapped to achieve SNR > 2 provides
justification for this assumption.

Results
Sand budget for lower Marble Canyon

The flux-based and morphological sand mass balances were both negative, indicating net erosion from lower Marble Canyon between May 2009, and May
2012 (Figure 2). During this period, 2.54 + 0.13 x 10° Mg of sand entered lower Marble Canyon at Rkm 50 and 3.29 + 0.16 x 10° Mg of sand exited lower
Marble Canyon past Rkm 100 (Figure 2). Ungaged tributaries added an estimated 51 000 + 25 500 Mg of sand to the reach, resulting in a flux-based sand
budget of =702 000 + 317 000 Mg (—442 000 + 200 000 m3). The repeat morphological surveys show 761 100 m> of erosion and 465 400 m? of deposition
resulting in a measured net change of —293 500 + 190 770 m?3 (=466 700 + 303 300 Mg) for the same period (Table 2). The flux-based and morphological
estimates of net erosion differed by about 150 000 m? (equivalent to about 0.03 m of sand distributed evenly throughout the study area). Although the
difference between the flux-based and morphological budgets is large, the two budgets agree within the uncertainty bounds.

Table 2. Morphological sand budget

Onshore 125800 na 100% 21300 -48700 -27 300 6,300 6,300

sandbars

Eddies 603900 64% 83% 251100 -240900 10200 45300 7,700 45950
Channel adjacent 1144700 91% 74% 122600 -351 600 -229000 56 900 42500 71020
eddy

Other Channel 1092700 80% 88% 70400 -120000 -47 400 74200 4,600 74342
Total 2967100 77% 86% 465400 -761100 -293500 182700 54,900 190770
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Together, the flux and morphological measurements reveal both temporal and spatial distributions of change in sand storage. The flux measurements
show that sand storage was stable for 2009 and 2010 and that all of the net erosion occurred between March and September 2011 (Figure 2). This period
of erosion coincided precisely with a period of sustained high releases from Glen Canyon Dam that transferred water from Lake Powell to Lake Mead, as
required by interstate water allocation agreements (US Department of the Interior, 2007). The repeat morphological measurements show that both
erosion and deposition occurred throughout lower Marble Canyon in all depositional settings (Figure 4). The net change in sand thickness averaged over
the mapped area in lower Marble Canyon was approximately —0.08 m (Table 2), but spatially variable within and among the depositional settings. Changes
in mean deposit elevation within each mapped deposit, for example, were typically less than 1 m, but ranged from approximately —2 m to 2 m (Figure 4).
Deposition and erosion were consistently largest in eddies (Figure 4); however, the magnitudes of each were approximately balanced and net change in
sand storage within eddies was therefore very small. The large majority of net changes in sand storage occurred in segments of the channel adjacent to
eddies (Table 2), where erosion was consistently larger than deposition (Figure 4). These segments of channel include scour holes that typically occur
downstream from rapids or riffles and pool exit slopes where the bed rises from the downstream end of the scour hole (Figure 3). Both the magnitude
and the spatial variability of morphological change were much less in other channel settings than in eddies or in the channel adjacent to eddies (Figure 4).
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Average change in sand thickness for eddy, channel adjacent eddy, and other channel depositional settings (blue squares). The mean thickness of deposition (volume of deposition divided by

area of deposition) and the mean thickness of erosion (volume of erosion divided by area of erosion) are shown by the upward and downward pointed green and red triangles, respectively.

The lines show moving averages, weighted over approximately 5-km intervals. [Colour figure can be viewed at wileyonlinelibrary.com]

Most of the net erosion from the channel adjacent to eddies occurred in just three short reaches (Figure 5). Approximately 32 000 m? of sand was eroded
from the reach between Rkm 58 and 60 (Figure 6), 58 000 m3 was eroded between Rkm 70 and 71, and 113 000 m3 was eroded between Rkm 96 and 99.
Together, evacuation of sand from these segments, which comprise 12% of lower Marble Canyon, accounted for about 70% of the measured net volume

loss.
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Figure 5 Open in figure viewer | ¥PowerPoint

Accumulated change in sand storage from Rkm 50 to Rkm 100. Center black line is the accumulated net volume difference between the May 2009 and May 2012 DEMs. The gray dashed lines

define the range of measurement uncertainty o, for the morphological budget (Equation 12).
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Map of segment beginning at Rkm 58 showing from left to right: shaded relief map created from the May 2012 DEM with orthophotograph background, morphologic change between May
2009 and May 2012, and change in bed composition for the same period. The depositional settings are shown in blue and labeled in the left panel, using the codes listed in Figure 3.

Streamflow is from upper right to lower left and all maps are at the same scale.

The parts of sandbars where sand is exposed above the water surface at low discharge, and which are used recreationally as campsites, are of the
greatest management interest. Those regions, however, compose a relatively small proportion of the total channel area and sand budget. Approximately
5% of the volume of deposition, 8% of the volume of erosion, and 11% of the net change in sand storage in Lower Marble Canyon was derived from the
subaerial regions of sandbars for this period (Table 2). Although the volumes of erosion and deposition from subaerial sandbars were each small relative
to the volumes of change in the rest of the eddy, there was a greater proportion of erosion from the subaerial sandbars than from elsewhere in eddies,
where net deposition occurred (Table 2). Thus, eddies as a whole retained sand during this period of sand evacuation and the exposed sandbars in eddies
experienced net erosion.

During the 2009 to 2011 period of net erosion of sand from lower Marble Canyon, the proportion of the bed surface covered by sand decreased in the
channel and was stable in the eddies. Overall, up to 90% of the bed in eddies and approximately 50 to 70% of the bed in the channel was sand in the
regions mapped (Figure 7). In eddies, the area of sand increased slightly while the area of gravel and rocks decreased almost concomitantly (Figure 7 and
Table 3). In the channel, however, the area of sand decreased and the area of gravel increased.
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Estimated bed surface composition for 2009 and 2012 in eddies, channel adjacent eddies, and other channel locations for all areas of lower Marble Canyon included in topographic

comparison between 2009 and 2012.
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Table 3. Bed-sediment classification transition probability matrices. Cells shaded gray indicate those transitions where morphologic change was

considered sand

No data Not sand Sand
2009 No data 0.83 0.04 0.13
Not sand 0.11 0.42 0.47
Sand 0.21 0.16 0.63
Channel 2012
No data Not sand Sand
2009 No data 0.54 0.13 0.32
Not sand 0.04 0.70 0.26
Sand 0.06 0.18 0.77

Although sand decreased in area slightly (1-3%, depending on depositional setting) as sand was eroded from the channel, the locations of most sand
patches did not change between 2009 and 2012. Most of the erosion occurred from regions classified as sand in 2009 that remained sand in 2012. The
proportion of the bed with measured variability in sand coverage (transition from sand to not sand or vice versa) ranges from zero up to about 20% of the
bed surface, and these regions typically occurred around the edges of the sand patches (Figure 6). The large degree of persistence of most sand patches
despite substantial decreases in surface elevation suggests that they are hydraulically forced, not freely migrating, and also suggests the existence of
reservoirs of sand in the bed in those locations that are thicker than the observed changes in bed elevation.

Signal and noise in the sand budget

The standard deviation of computed mass balances increases exponentially with increasing sample interval, and therefore the inverse trend is observed
in the SNRy (Figure 8). The noise contributed by measurement uncertainty and the noise contributed by subsampling are of similar magnitude and
individually cause the sand budget to become indeterminate (that is, SNR falls below 1) for sample intervals of 7 (measurement noise only) to 10
(subsampling noise only) days. Accounting for both sources of noise (i.e. the solid line in Figure 8), the flux-based sand budget becomes indeterminate for
sample intervals greater than 2 days. Sub-daily sampling would be required for SNRr=2.
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Figure 8 Open in figure viewer | ¥PowerPoint
The signal-to-noise ratio (SNR) for flux-based method as a function of SSC sample interval (top axis). Sample interval is also shown as the proportion of the complete 15-minute interval time-
series sampled (bottom axis). Noise contributed by adjusting sample interval and noise contributed by measurement uncertainty were computed by resampling from the 15-minute interval

measurements made between May 1 2009 and May 1, 2012 and recomputing sand mass balances. The solid line is the SNR accounting for both noise sources.

Random selection from among the mapped segments results in a decrease in the standard deviation of the estimated sand budget as proportionally
greater area is mapped (Figure 9(a)). Thus, SNR,s associated with subsampling morphological measurements is a steep function of proportion that is
sampled up to approximately 10% (Figure 9(b)). SNRys is a relatively shallow function of sampled proportion at intermediate sample sizes (from
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approximately 10% to 85% of the reach sampled), and a steep function again for the remaining 15% (Figure 9(b)). When measurement uncertainty is
neglected, the sand budget may be determined with SNR,s =1 with 10% of the area sampled and SNR,s =2 with 20% of the area sampled. However, the
constant measurement uncertainty with SNRy,,, = 1.4 limits the increase in total SNR,r as the proportion of area sampled increases. When both
measurement and subsampling noise are considered, at least 40-50% of the study area must be sampled to determine the sand budget with SNRy,r=1,
and SNR,,r=2 could only be achieved by a decrease in measurement uncertainty.

N

Propartion Mapsed

Figure 9 Open in figure viewer | ¥PowerPoint

(A) Estimated morphological sand budget and uncertainties as functions of proportion of study area sampled. Because the simulation includes 100 iterations, the mean budget among
iterations is approximately constant. The standard deviation among the iterations decreases as the proportion of the area sampled increases. Measurement uncertainty is constant relative to
the mean volume changes. The total uncertainty is the sum of the measurement and sampling uncertainties and, therefore, approaches the value of the measurement uncertainty as sampling
uncertainty decreases. (B) The signal-to-noise ratio (SNR) as a function of proportion of study segment mapped, distinguishing noise caused by sampling and noise caused by measurement

uncertainty. The solid line is the SNR accounting for both noise sources.

Extrapolated morphological sand budget

Based on the average change in active deposits where measurements were made, we estimate an additional 110 800 + 28 900 m3 of net erosion from the
active deposits in the remainder of the study area where measurements were not made (Table 4 and Figure 2). This produces an extrapolated net sand
budget of —404 300 + 219 700 m? (-642 900 + 349 200 Mg), which results in substantially improved agreement with the flux-based sand budget. Although
the uncertainty in the extrapolated budget is larger than in the budget without extrapolation, there is greater overlap between the uncertainty bands in
the morphological and flux-based budgets (Figure 2).

Table 4. Extrapolated morphological sand budget

Measured sand budget (m3) -293,500+190,800
Measured area (m2) 2,967,100
Mean change (m) -0.10
Unmeasured active deposits (m?) 1,120,617
Estimated change in unmeasured deposits (m3) -110,800+28,900
Extrapolated budget (m3) -404,300+£219,700
Extrapolated budget (Mg) -642,900+349,200
Discussion

Accurate sediment budgeting remains of paramount importance in regulated rivers, especially given the recent global trend in acceleration of new dam
construction (Kondolf et al., 2014) as well as the acceleration in river restoration and dam removal projects in the United States (Bellmore et al., 2017).
Numerous studies have documented that variations in the relative magnitudes of altered sediment-transport capacity and sediment-supply perturbation
result in a continuum of effects downstream from large dams (Williams and Wolman, 1984; Andrews, 1986; Grant et al., 2003). While sediment deficit is
common immediately downstream from dams (Draut et al., 2011; Ma et al., 2012), accumulation of tributary inputs can cause reversal to conditions of an
indeterminate sediment budget or sediment surplus (Andrews, 1986; Schmidt and Wilcock, 2008). Such a range of conditions exist on the Colorado River
downstream from Glen Canyon Dam (Schmidt and Wilcock, 2008), where estimates of the sand budget have been used to predict the long-term fate of
alluvial sand deposits in lower Marble Canyon and other river segments within Grand Canyon for over 4 decades. Laursen et al. (1976) estimated the
annual sand deficit was about 3 million Mg and predicted that progressive sand evacuation would lead to the eventual loss of most sandbars. In contrast,
Howard and Dolan (1981) concluded that post-dam sand transport capacity, reduced without large annual snowmelt floods, would allow accumulation of
sand in pools and eddies. This expectation of sand accumulation guided the release of the first controlled flood in 1996 (Webb et al., 1999). Observations
made during and following the 1996 controlled flood of sand concentrations, sand grain sizes, and erosion of sand in eddies (Rubin et al., 1998; Topping et
al., 1999; Hazel et al., 1999; Schmidt et al., 1999), coupled with detailed re-analysis of the historical record of suspended-sand loads (Topping et al., 2000a,
b), provided evidence that sand did not typically accumulate in the channel for multi-year periods and that sand supply was likely declining (Hazel et al.,
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1999; Schmidt, 1999; Rubin et al., 2002). Recent studies have presented evidence for sand accumulation in lower-discharge years in some reaches
between 2002 and 2009 (Grams et al., 2013) and between 2012 and 2015 (Grams et al., 2015).

These sometimes-conflicting interpretations of the sand budget and associated implications for the long-term fate of sandbars stem from the
combination of limited and temporally variable sand supply, a dam-altered flow regime with varying transport capacity, large uncertainty in the historical
sand-transport data, and absence of robust morphological measurements. Because previous studies were either event-based (Webb et al., 1999) or relied
on sparse data (Laursen et al., 1976; Howard and Dolan, 1981), reliable estimates for trends in sand storage over periods of many years have been elusive.
Although the sand evacuation shown by this study applies only to a relatively short three-year period, it is the first study to rigorously quantify a segment-
scale sand budget with well-constrained uncertainty. The difference between sand evacuation and accumulation has important management implications
and could lead managers to consider adjustments in the magnitude, frequency, and timing of controlled floods. Application of the methods applied in this

study over longer time periods will allow comparison among periods of evacuation, accumulation, and stability to produce more robust predictions of the
long-term fate of sandbars in Grand Canyon.

Floods from the Paria River comprise approximately 90% of the annual sand supply to the Colorado River upstream from lower Marble Canyon and
downstream from Glen Canyon Dam (Griffiths and Topping, 2017) and can result in the accumulation of up to 2 million Mg of sand in in some years
(Grams et al., 2015). However, inputs in many years are much less and the average annual sand supply from this tributary was 544 000 Mg during the 3-
year study period (Figure 2). Thus, the ~500 000 Mg + 300 000 Mg of sand evacuation we measured is a substantial proportion of that supply. The erosion
that occurred in just a few months in 2011 created a deficit that requires a large fraction of the average annual inputs to replenish. Sequential periods of
depletion of this magnitude would, therefore, have a major impact on the long-term sand budget. Although the sand evacuation measured during this
study is the largest that has occurred since the current high-resolution sand flux monitoring program was initiated in 2002 (Topping and Wright, 2016), it
was preceded by periods of erosion that were likely larger. Based on analysis of suspended sediment records, Topping et al. (2003) estimated that about
16 million Mg of sand, silt and clay was eroded from the segment between Lees Ferry and Rkm 140 during a series of high-flow pulses during 1965. Grain-
size analyses of a subset of the daily suspended-sediment samples indicate that most of this 16 million Mg was sand (US Geological Survey, 1970). Further,
at least two million Mg of sand, and likely much more, were eroded from Marble Canyon during a series of scouring events that occurred from 1997 to
2000 resulting in substantial sandbar erosion (Rubin et al., 2002).

Even with state-of-the-art measurement capabilities such as those applied in this study, uncertainty in measurements of sand flux or morphological
change can be substantial. Uncertainty of only a few percent in measurements of sand flux accumulate in time and, in the case of lower Marble Canyon,
may become larger than budget signal within only 3 to 10 years. Similarly, we have shown that uncertainty of only a few centimeters in individual
morphological measurements accumulates to a very large volume when the region of interest is many km in length. Despite finding no comparable
reporting of uncertainty in volumetric changes associated with coincident measurements of bed-sediment composition, and with potential changes in
unmeasured areas, in the literature, the estimates of uncertainty we used for individual morphological measurements (4 to 12 cm) are consistent with the
magnitude of uncertainty involved in other high-resolution mapping methods (Williams et al., 2014; Schimel et al., 2015; Passalacqua et al., 2015). In
measurements of sediment flux, uncertainty cannot be less than the uncertainty in measurements of discharge, which are typically considered to be + 3%

to + 5% for “excellent” records (Rantz et al., 1982). When these major sources of uncertainty are fully considered, uncertainty in sediment budgets that is
similar to or greater than the budget signal is common (Erwin et al., 2012; Grams et al., 2013; Schaffrath et al., 2015; Warrick et al., 2015). For these
reasons, the agreement (within uncertainty) of two entirely independent measurements for change in sand storage provides valuable verification that the
measured signal is correct.

The problem of large uncertainty and low SNR is compounded when the sampling design does not adequately account for temporal and spatial variability
in sediment flux and morphological change. In this study, low SNR is dictated by large temporal/spatial scales (i.e. large noise) and small upstream sand
supply (i.e. small signal) acting in concert. These findings have direct relevance to other large dammed rivers with marginal sand inputs from tributaries,
and for rivers with sediment bypass systems designed to mitigate sediment starvation downstream of reservoirs (Kondolf et al., 2014). We argue that the
SNR framework is a useful and adaptable approach to evaluate sampling design and quantify the sampling required to maximize SNR, and the minimal
sampling that equates to an acceptably high SNR.

In the flux-based budget, as noise caused by subsampling increases, SNRy; decays exponentially as a function of increasing sample interval (Figure 8). For
the lower Marble Canyon data, accounting for both the noise contributed by adjusting sample interval and the noise contributed by measurement
uncertainty (i.e. the solid line in Figure 8), the SNRyr falls below 1 at sample intervals greater than 2 days. Noise in this case is quantified as the standard
deviation of subsampled records of discharge and SSC, and the increase in this quantity is the result of physical processes that cause sub-daily variations
in SSC, such as changes in sand supply or bed configuration (Topping and Wright, 2016). Considering both sources of noise (measurement plus
subsampling), sampling at least every other day is required to determine the sand budget SNRs=1), and sub-daily sampling for SNRg=2. This is a much
more frequent sample interval than the 10 to 12 sample per year frequency that Horowitz et al. (2015) suggested was required to estimate annual
suspended-sediment loads. However, the lowest sample frequency considered by Horowitz et al. (2015) was 1 day and their evaluation criteria was the
sample interval required to estimate annual loads within 20% of the annual load determined by daily sampling. Their analysis, therefore, ignored the
effect of measurement uncertainty on the cumulative load and considered the annual load determined by daily sampling as the ‘true’ annual load. Our
SNR analysis considers both measurement error and sampling bias, down to sub-hourly sample intervals. Considering only the noise contributed by the
sampling interval (i.e. the dotted blue line in Figure 8), SNRy; crosses 1 at a sample interval of 10 days, which is in somewhat closer agreement with the
finding of Horowitz et al. (2015). This example clearly illustrates the importance of considering both measurement and sampling uncertainty in sampling
design. Neglecting either source of uncertainty will likely result in undersampling and an underestimation of uncertainty. In addition, our goal of achieving
SNRgr=1 is different from the objective of estimating an annual load to within 20%. Although there may be cases where estimation of annual loads within
20% is acceptable, that level of uncertainty will likely result in indeterminate sediment budgets, unless the erosional or depositional signal is very large.
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The SNR analysis of the morphological sand budget indicates that measurement noise is a larger contributor to overall uncertainty than spatial variability
in erosion and deposition patterns, despite the significant heterogeneity in the latter. Further, the analysis suggests that data from 50% or more of the
segment of interest must be utilized to determine the sand budget with SNR,,7= 1, when sampling and measurement uncertainty are both considered
(Figure 9(b)). Although sampling uncertainty contributes substantially to the total uncertainty, measurement uncertainty places a severe upper limit on
SNRmr. Thus, unless measurement uncertainty can be reduced, very robust spatial sampling is required to determine the sand budget. Comprehensive
spatial sampling is, however, rarely possible in large rivers. Even using advanced mapping methods, we were able to determine morphological changes for
only 71% of the active channel within the study area. Nevertheless, simulation of the effect of decreasing sample coverage with the available
measurements in the SNR analysis provides a framework for extrapolation of the budget to unmeasured areas. This application of the SNR is based on
the assumption that the distribution of morphological changes in the ~30% of the segment we did not map can be approximated by the distribution of the
changes that were measured. Because measurements were made throughout the study area and the only areas systematically avoided were cobble- and
boulder-bedded rapids and riffles, this assumption is reasonable.

Despite much emphasis on measurement uncertainty (Wheaton et al., 2010; Bangen et al., 2016) associated with high-resolution mapping (Williams et al.,
2014) and high-resolution measurements of sediment flux (Topping et al., 2010; Topping and Wright, 2016), these results demonstrate that noise
generated through undersampling may, in some cases, outweigh measurement error and should be incorporated in sampling design and quantification
of uncertainty. Because the relations between sample density and noise presented in this study are based on high-resolution data collected in a particular
setting, the values for required minimum sample interval or minimum proportion of study reach that must be measured are specific to this study. Indeed,
we have demonstrated that the sampling-related uncertainty depends on physical processes that cause temporal variability in sediment transport and
spatial variability in morphological change, which are expected to vary among river systems. Nevertheless, temporally-variable sediment flux is not
uncommon, and flux measurements with high temporal density are likely required to develop accurate sand budgets across a wide range of river systems.
This is reflected by the increasing popularity of surrogate methods, such as acoustical techniques, that allow measuring sediment concentration at high
sample frequency (Moore et al., 2012; Sassi et al., 2012; Dean et al., 2016; Haught et al., 2017). Similarly, spatially-variable sedimentation is also common
and repeat mapping of the majority of a river segment is also likely required for many river systems.

Collection of similar data for longer periods and in other settings is required to evaluate the degree to which the relations found here vary among river
systems. The flux and morphological mass balance estimation, uncertainty quantification, and techniques for including both measurement and sampling
uncertainty in a SNR estimate presented here may be reproduced for other rivers whose transport is dominated by sand and where there is temporal
variation in sediment supply and/or spatial variability in erosion and deposition. It is likely that similar relations will be found that could be used to refine
sampling guidelines, which may vary among river systems. For example, the curve shown in Figure 9 would be expected to shift to the right or left if
morphological changes are more or less localized than we observed, respectively. These tools to evaluate the effects of sampling frequency and spatial
extent on the accuracy of sediment budgets and the meaningful detection of morphological change should be applied in the design of both short- and
long-term studies; and thereby improve evaluations of the potential impacts of water developments, other engineering structures designed to store or
redistribute water and/or sediment, or climate and land-use changes.

Conclusions

Complementary measurements of sand transport and morphological change were used to compute a segment-scale (>100 channel widths) sand budget
for lower Marble Canyon, a 50-km segment of the Colorado River in Grand Canyon National Park. The river flows within a debris-fan dominated canyon in
which sediment-storage locations are hydraulically forced by tributary debris fans. The flux-based sand budget was computed from continuous (15-
minute) measurements of suspended-sand transport at the upstream and downstream ends of the study area. The morphological sand budget was
computed from two surveys using multibeam sonar, singlebeam sonar, and conventional topographic surveys conducted in May 2009 and May 2012.
These entirely independent methods for computing the sand budget agree within a conservative estimate of uncertainty and the flux-based sand budget
indicates 702 000 + 317 000 Mg of erosion for the 3-year study period.

According to the flux-based sand budget, almost all of the sand evacuation from the study area occurred during a 7-month period of high dam release
volumes in 2011. The morphological measurements reveal the spatial distribution of those changes and show that approximately 70% of the net volume
of sand evacuation occurred in specific geomorphic settings that occupied less than 12% of the study segment by area. The magnitude of morphological
change was controlled by depositional setting. Eddies were the most morphologically active depositional setting, but did not experience net erosion. Large
pools and scour holes in the main channel adjacent to eddies were the primary source of the eroded sand.

A novel aspect of the sand budget was the incorporation of high-resolution bed-sediment classifications using multibeam acoustic backscatter, which
show that approximately 80-90% of the bed in eddies and 50-70% of the bed of the river in the main channel is composed of sand, and allowed

estimation of elevation uncertainties in the remaining graveled or rocky portions of the bed. The proportion of the bed composed of sand decreased by
less than 8% between May 2009 and May 2012, and this decrease occurred primarily by changes from sand to rock or gravel around the edges of sand
patches in the channel. Very few contiguous patches of sand were eroded to expose gravel, indicating that, during this erosion event, most of the change
in sand storage occurred by changes in the thickness of sand deposits within the river bed rather than by large spatial redistributions of surficial sand.

A signal-to-noise analysis of potential systematic errors in the sand mass balances indicated that noise generated through undersampling of either
sediment flux or morphological change may exceed noise contributed by measurement error. For the Colorado River in Grand Canyon, daily sampling of
suspended-sand concentration is required to determine the sand budget with SNRg=1, and sub-daily sampling is required to achieve SNRg= 2. Signal-to-
noise analysis of repeat morphological measurements indicates that at least 50% of the segment must be mapped to estimate the budget with SNRy,r=1.
Achievement of SNR,,,7= 2 would require substantial reduction in measurement uncertainty in concert with robust spatial sampling. The SNR analysis of
the influence of the spatial extent of morphological measurements on the sand budget was also used to extrapolate the morphological budget to regions
in the study area where morphological data were not collected, which resulted in improved agreement with the flux-based sand budget. The effects of
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sampling frequency and spatial extent on the accuracy of sediment budgets and the detection of significant morphological change should be carefully
considered in the design of both short- and long-term fluvial sedimentation studies.
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