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[1] Measurements of morphologic change are often used to infer sediment mass balance.
Such measurements may, however, result in gross errors when morphologic changes over
short reaches are extrapolated to predict changes in sediment mass balance for long river
segments. This issue is investigated by examination of morphologic change and sediment
influx and efflux for a 100 km segment of the Colorado River in Grand Canyon, Arizona.
For each of four monitoring intervals within a 7 year study period, the direction of sand-
storage response within short morphologic monitoring reaches was consistent with the
flux-based sand mass balance. Both budgeting methods indicate that sand storage was
stable or increased during the 7 year period. Extrapolation of the morphologic
measurements outside the monitoring reaches does not, however, provide a reasonable
estimate of the magnitude of sand-storage change for the 100 km study area. Extrapolation
results in large errors, because there is large local variation in site behavior driven by
interactions between the flow and local bed topography. During the same flow regime and
reach-average sediment supply, some locations accumulate sand while others evacuate
sand. The interaction of local hydraulics with local channel geometry exerts more control
on local morphodynamic response than sand supply over an encompassing river segment.
Changes in the upstream supply of sand modify bed responses but typically do not
completely offset the effect of local hydraulics. Thus, accurate sediment budgets for long
river segments inferred from reach-scale morphologic measurements must incorporate the
effect of local hydraulics in a sampling design or avoid extrapolation altogether.
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1. Introduction

[2] Sediment budgets are one of the most powerful and
frequently used conceptual frameworks in fluvial geomor-
phology. Sediment budgets have been used to evaluate the
effects of streamflow regulation [Andrews, 1986], design
and evaluate stream restoration projects [Merz et al., 2006;
Erwin et al., 2012], and anticipate outcomes following
dam removal [Doyle et al., 2003]. The power of the sediment
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budget is in the explicit coupling between sediment flux
and sediment storage, as described in the general form of the
Exner equation for bed-sediment conservation [e.g., Paola
and Voller, 2005, equation 20]

on 1 IV
(W + V~Qx) (1)

o =4

where 7 is river bed surface elevation, ¢ is time, 4, is the bed-
sediment porosity, Vs is the volumetric concentration of
sediment in suspension, and Qs is sediment flux. Integrating
over a river segment and neglecting the term for the time rate
of change of sediment in suspension [e.g., Rubin and Hunter,
1982], equation (1) is often expressed in difference form as

AS=1-0 2)

where AS is change in sediment storage, and / and O are
sediment influx and efflux, respectively, for a specified river
segment and time interval. We present both equations (1)
and (2) to emphasize that the more commonly used differ-
ence form (equation (2)) involves integrating both in space
and time. In this paper, we explore how the spatial and

361


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

GRAMS ET AL.: FLOW, SEDIMENT SUPPLY, AND MORPHODYNAMICS

temporal scales over which equation (1) is integrated
affect the outcome of the mass-balance computation.
Using equation (2), measurements or estimates of sediment
flux may be used to calculate AS, ultimately leading to a
prediction of equilibrium, or perturbation into surplus or
deficit. Alternatively, repeat measurements of channel
morphology may be used to calculate AS and make inferences
about changes in sediment flux or watershed sediment supply.
Either approach involves a set of assumptions and associated
sources of uncertainty, which are discussed further below. If
all terms of equation (2) are measured (sediment influx,
sediment efflux, and morphologic change), it is possible to test
these underlying assumptions and the validity of the computed
sediment budget [e.g., Erwin et al., 2012]. In this paper, we
present and compare sediment budgets in which all budget
terms are measured or estimated for 100 km of the Colorado
River in Marble Canyon within Grand Canyon National Park.
Because the objectives of this study require tracking the
sediment budget over this entire river segment, channel
morphologic change was determined from measurements
made in selected monitoring reaches. We discuss the
physical processes that contribute uncertainty to each budget
component, with emphasis on how the spatial distribution of
morphologic changes affects attempts to infer segment-scale
(~30 km) AS based on extrapolation of reach-scale (~3 to 5 km)
measurements of morphologic change. Extrapolation is typically
required wherever study segments are long and measurements of
the entire study area are not possible. The insights afforded
by our analysis of spatially and temporally extensive data
provide guidance in the application of sediment budgets to
other situations where less data may be available.

[3] The creation and maintenance of alluvial sandbars is a
primary goal of managers of the Colorado River in Grand
Canyon National Park. This resource interest has inspired
scientists to estimate sediment budgets for the Colorado
River since the early 1970s, about 10 years after the comple-
tion of Glen Canyon Dam, which is 25 km upstream from
the park. Estimates of the sediment budget have ranged from
the prediction of severe sediment deficit [Laursen et al.,
1976] to the prediction of approximate balance or surplus
[Howard and Dolan, 1981; Andrews, 1991; U.S. Department
of the Interior, 1995]. The most recent analysis of the post-
dam sediment budget indicates that the uncertainty in the sand
mass balance is often larger than the difference between influx
and efflux [Topping et al., 2000a]. This suggests that the sand
budget for much of the Colorado River in Grand Canyon is
essentially indeterminate over multi-year time scales. Sand
accumulation may occur in years with average or larger tribu-
tary inputs and average or lower dam release volumes, but
sand depletion is likely in other years and over timescales in
excess of decades [Topping et al., 2010a].

[4] The pursuit of sandbar maintenance objectives requires
knowledge of sand influx and tracking the changes in sand
storage, because Glen Canyon Dam severely limits the supply
of sand to Grand Canyon [Howard and Dolan, 1981; Topping
et al., 2000a]. Previous studies have demonstrated that
controlled floods, released from Glen Canyon Dam as experi-
ments, effectively build sandbars along the channel margins
[Hazel et al., 1999; Schmidt et al., 1999; Topping et al.,
2006a; Hazel et al., 2010]. However, it remains unclear
whether the supply of sand provided by tributaries alone is
sufficient to support the continued use of controlled floods to

build sandbars with equal effectiveness [Wright et al., 2008;
Schmidt and Grams, 2011; Wright and Kennedy, 2011]. 1t is
possible that continued controlled floods will cause progres-
sive depletion of sediment from storage in the river channel
and result in a diminishing capacity for rebuilding sandbars.
For these reasons, sand budgets for the Colorado River are
constructed by measurements of sand flux at select gages
and by repeat measurements of bed morphology.

2. Uncertainty and Bias in Sediment
Budget Computations

2.1.

[5] The most significant source of uncertainty in sediment
budgets determined from measurements of sediment flux
arises from the potential for undetected persistent biases
(systematic error) in either the transport measurements or
the computation of flux (the product of discharge and the
velocity-weighted suspended-sediment concentration in a
cross-section) from those measurements. Whereas random
measurement errors will average out with a sufficient
number of observations, biases will accumulate and may cause
very large systematic errors in computations of flux over
longer timescales. Some sources of bias are known and may,
therefore, be reduced or eliminated. For example, hysteresis
in sediment transport during the passage of a flood is a poten-
tial source of systematic error. If hysteresis is undetected or
ignored and sediment flux is calculated using a sediment rating
curve, estimates of sediment flux and consequent sediment
budgets may have an extremely large error [Gray and Simoes,
2008]. This type of bias can be reduced by the institution of
more frequent sampling such that fluxes may be calculated
by interpolating between transport measurements, obviating
the need to use a sediment rating curve.

[6] But even with high-resolution measurements of sedi-
ment transport, there is potential for undetected persistent
biases. These biases may result from unknown sampling
problems, problems associated with the measurement site, or
persistent bias in the discharge measurements. For example,
even published U.S. Geological Survey streamflow records
that are labeled “excellent” may have up to 5% uncertainties,
and that uncertainty may include a persistent bias [Rantz
et al., 1982]. Five-percent-level biases can easily be intro-
duced into transport measurements through non-isokinetic
suspended-sediment sampling [Sabol and Topping, 2013],
poor selection of the sampling cross-section, or an insufficient
number of verticals in the cross-section (Edwards and Glysson,
1999). Five-percent-level biases can be introduced in discharge
measurements made with mechanical current meters through
inappropriate characterization of near-bank velocities or the
shape of velocity profiles [Rantz et al., 1982], and biases can
be introduced into discharge measurements made with
acoustic-Doppler current profilers through application of incor-
rect edge coefficients, extrapolation of the measured velocity
profiles to the bed or water surface, or incorrect compensation
of moving-bed effects [Mueller and Wagner, 2009].

[7] Because these sources of bias can remain undetected
and, therefore, persist over long timescales, they will result
in systematic error in the computed sediment flux that
accumulates over time. Therefore, the uncertainty arising from
these potential persistent biases accumulates in the computa-
tion of a sediment budget in proportion to the total sediment

Uncertainty in Flux-Based Sediment Budgets
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flux. Thus, for flux-based change in storage AS; calculated
from equation (2), the uncertainty over time ¢ is

AS = "I'+> 0 3)

where the primes denote uncertainty in the respective terms
due to potential persistent bias. When sediment budgets are
calculated with the recognition that persistent bias may exist,
the uncertainty as a proportion of the divergence in the flux
can become very large. Parker [1988] demonstrated that
uncertainty in a sediment budget for the Missouri River, which
has a relatively good sediment record, was more than double
the difference in sediment load between measurement stations
when AS was not large. Similarly, Grams and Schmidt [2005]
reported that uncertainty in the estimates of sediment flux on
the Green River in Colorado and Utah precluded determina-
tion of the sign of the sediment budget.

2.2. Uncertainty in Morphologic Sediment Budgets

[8] The uncertainties in sediment budgets computed from
morphologic measurements may be grouped into categories
parallel to those described above for flux-based budgets.
These are measurement error, the spatial and temporal
propagation of error in budget computations, and physical
processes that cause bias when observations are interpolated
or extrapolated. The uncertainty resulting from measurement
error can vary widely depending on the measurement
method. In section 4, we discuss uncertainty specific to the
methods we employed and refer the reader to Lane et al.
[2003] and Lane and Chandler [2003] for more general
discussions on uncertainty in topographic measurements. Spa-
tial propagation of error is the method by which measurement
uncertainty for a specific point, such as an individual grid cell,
is accumulated over the area of interest and contributes to error
in a sediment budget calculation.

[9] The approach for estimating spatially propagated error
varies depending on the spatial scale of interest. Because an
increasing number of studies are utilizing high-resolution
topographic data for geomorphic monitoring, there has been
renewed interest in understanding and quantifying uncer-
tainty in these datasets [e.g., Brasington et al., 2000, 2003;
Lane et al., 2003]. Recent advances have focused on quanti-
fying how measurement error and computational method
contribute uncertainty to volumes of morphologic change
for specific areas of interest [Wheaton et al., 2010]. These
methods provide an estimate of the level of confidence in
the computed change for each location (i.e., grid cell) in
the area of interest. This approach allows for a spatially
variable characterization of uncertainty. However, methods
that resolve uncertainty at the level of each grid cell are
more detailed and possibly more conservative than is
required when the primary interest is net change in storage
over a large area, because errors in the measured elevation
at each grid cell may have a large random component
and therefore largely cancel out as the region of interest
becomes large.

[10] When computing a morphologic sediment budget,
the essential measure of uncertainty is the uncertainty in
the computation of the average surface elevation over the
region of interest. The net change in storage over
a specified area is exactly equivalent to the difference in

average elevation multiplied by the area. Therefore, change
in storage over area A, which in a grid-based calculation, is
given by

AS, = Atz::l (ZL(2) - Zc(l)) (4)
and is equivalent to
ASy =A(Zoy—Zpy) 5)

where AS), is the net change in sediment storage computed
by morphologic differencing and ¢ corresponds to n cells
of equal area 4. and elevation Z, at time (1) and Z., at
time (2), with overbars indicating spatially averaged eleva-
tion for area A. If the total uncertainty in the measurements
of elevation, Z° (1) and Z’»), is known and spatially uniform,
the uncertainty in the morphologic budget AS’,, may be
expressed as

AS’, :A(Z’(z) +Z’(l)) (6)

[11] This estimate of uncertainty does not rely on any
assumption about the nature of the error. If the uncertainties
in equation (6) were known to be independent and random,
it would be appropriate to propagate the error in quadrature
(Taylor, 1997). Although a large component of the uncer-
tainties in equation (6) may be random, they may not be
fully independent; therefore, we adopt the more conservative
approach of using the ordinary sum. The details involved in
our estimation of the uncertainty Z in the measurements
used in this study are discussed in section 4.

[12] It is important to note the differences in error propaga-
tion between the flux measurements and the morphologic
measurements. Uncertainties in measurements of flux increase
in proportion to the cumulative sediment flux (equation (3)).
Thus, larger fluxes, typically associated with a longer
sediment-budget period, result in greater uncertainty. Mea-
surements of topographic change are, however, independent
of the total sediment flux. Whether the budget period is short
with small cumulative flux or long with large cumulative flux,
the uncertainty in the computation of change in storage based
on morphologic measurements is based only on the measure-
ment error associated with each of the topographic surfaces
per equation (6).

[13] The approach to uncertainty in morphologic budgets
outlined above assumes that topographic measurements are
made comprehensively over the entire area of interest.
However, that is rarely possible. Sediment budgets are often
needed for long segments of a river, for which comprehen-
sive measurements of repeat topography are not available.
In these cases, computation of change in sediment storage
requires some form of interpolation or extrapolation. Sam-
pling schemes commonly involve the selection of representa-
tive sampling sites [7rimble, 1983] or the use of channel
cross-sections spaced at some interval [Sutherland and Bryan,
1991; Reid and Dunne, 2003; Grams et al., 2007]. The degree
to which a sample of measurements of morphologic change
represents net changes in sediment storage is dependent on
the geomorphic characteristics of the river. For some river
systems, such as alluvial rivers with relatively uniform flood
plains, patterns of deposition and erosion may be sufficiently
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consistent and understood to allow such extrapolation
[Marron, 1992; Walling et al., 1998]. However, many rivers
have more complicated sediment storage dynamics. For exam-
ple, in braided gravel-bed rivers, sediment is stored across the
width of the braid belt with highly localized areas of active
storage [Bridge and Gabel, 1992; Wheaton et al., 2010]. In
river channels with pool-riffle sequences, the pools and riffles
are locations of concentrated changes in bed elevation and are
known to exhibit systematic transfers of sediment from one
storage environment to another for different flow regimes
[Lisle, 1982; Lisle and Hilton, 1992]. In particular, it is this
process of sediment redistribution determined by local hydrau-
lics that must be carefully evaluated when using measure-
ments of morphologic change to infer a sediment budget.

[14] The relative role of sediment supply and local hydrau-
lics in causing channel change has been examined in several
studies of scour and fill at streamflow gaging stations [Leopold
and Maddock, 1953; Colby, 1964; Jackson and Beschta,
1984; Topping et al., 2000b]. These data have often been used
to evaluate long-term trends in sediment storage. However,
Colby [1964] concluded that because some channel cross-
sections exhibit discharge-dependent patterns of scour and fill,
observations from single cross-sections are often poor indica-
tors of sediment storage changes for a reach of channel. One of
the most frequently cited examples of this occurrence is for the
Colorado River at the Grand Canyon gaging station [Leopold
and Maddock, 1953; Brooks, 1958; Colby, 1964; Howard and
Dolan, 1981; Topping et al., 2000b]. Topping et al. [2000b]
used observations made from the 1940s through the early
1960s to show how the temporal patterns of scour and fill at
the Lees Ferry and Grand Canyon gaging stations were largely
decoupled from the upstream sediment supply and largely
driven by hydraulics. Although changes in sediment supply
may affect the precise timing of peak scour and/or fill during
the passage of a flood, Topping et al. [2000b] concluded that
the primary cause of scour and fill was the interaction of the
local hydraulics with the channel geometry.

[15] The relative influence of flow and sediment flux in
controlling morphodynamic response may be evaluated with
a simple scaling analysis conducted on a simplified one-
dimensional form of the Exner equation (equation (1)). First,
the term 0 V/O't in equation (1) for the time rate of change in
sediment concentration in the flow has been shown to be
negligible in scaling analyses by Rubin and Hunter [1982]
and Paola and Voller [2005]; therefore, the contribution of
this term can be ignored. Second, if we assume that bed-
sediment porosity is constant, changes in bed elevation are
controlled entirely by the remaining term on the right side,
which represents the spatial divergence of sediment flux.
Third, we can greatly simplify the scaling analysis by making
the problem one dimensional by replacing Qs with g, the
sediment flux per unit width. g is equal to the product of the
depth-averaged suspended-sediment concentration Cs, flow
velocity U, and flow depth 4:

gs = CUh 7

Thus, the divergence of the sediment flux depends on
spatial changes in suspended-sediment concentration, flow
velocity, and flow depth. Typical relations for suspended-
sediment concentration include parameters for flow
strength, sediment grain size, and a measure of sediment

availability. Using the formulation of Rubin and Topping
[2001, 2008] and Topping et al. [2010a],

C, uz’SD,jz‘SAS (®)

where u~ is shear velocity (a measure of flow strength), D, is
the median grain size of the suspendable bed sediment, and
A, is a fractional measure of the amount of the suspendable
sediment covering the bed. Flow strength and grain size
are related nonlinearly with concentration while the relation
between supply and concentration is linear. Although other
measures of sediment supply could be used, we use 4 as
defined above, because the approximately linear relation
between this measure of supply and suspended-sand concen-
tration has been demonstrated in laboratory flume experi-
ments [Grams and Wilcock, 2007]. Rewriting equation (1)
in one-dimensional difference form where X is distance in
the streamwise direction, removing the negligible influence
of 0 Vy/0t, assuming constant bed-sediment porosity, using
equation (7) for sediment flux, and equation (8) for sediment
concentration, results in the following proportionality:

A A 3,5D—2.5AY Uh
At AX

Taking u+ oc U then results in the simpler proportionality,

A A(u*>D; 23 Ah
At AX

[16] Because 7 is positive upward, deposition occurs when
there is a spatial decrease in flow strength, increase in bed-
sand grain size, or decrease in bed-sand cover. Conversely,
erosion occurs when there is a spatial increase in flow
strength, decrease in bed-sand grain size, or increase in
bed-sand cover. The proportionality also demonstrates that
the strongly nonlinear relation between flow strength and
transport means that spatial variations in flow are a stronger
control on erosion and deposition than changes in sediment
supply (bed-sand cover). Small spatial changes in flow
strength will result in large divergences of the transport
leading to rapid changes in bed elevation. Changes in supply
are not unimportant but have a weaker effect on transport.
For example, in a straight channel with constant roughness,
and no divergence in the flow strength (i.e., boundary
shear-stress field), changes in bed elevation will result
entirely from changes in sediment supply and grain size.
This principle is also true for changing discharge so long
as channel uniformity is maintained. In these cases, changes
in bed elevation likely do indicate changes in sediment
supply. However, variations in channel geometry within an
otherwise uniform reach result in systematic patterns of
scour and fill that are caused by local divergence in the
boundary shear-stress field rather than changes in sediment
supply to the reach.

[17] This scaling analysis demonstrates that local changes in
morphology (i.e., local changes in sediment storage) are most
strongly controlled by local hydraulics. It is also required that
over the length of a river segment, net changes in storage are
determined by the difference between the sediment supply
and the sediment export. At some spatial scale, local processes

364



GRAMS ET AL.: FLOW, SEDIMENT SUPPLY, AND MORPHODYNAMICS

must become averaged such that AS,,,=ASy. However, while
many studies have shown that local changes in storage may
result from local hydraulics rather than changes in the sedi-
ment budget, the spatial scale over which these processes
dominate is poorly known. Below, we evaluate both the rela-
tive magnitude of local changes in sediment storage and the
spatial scale at which they dominate the sediment budget.

3. Description of Study Area

[18] The combination of high-resolution streamflow and
sediment-transport data and well-understood geomorphic
characteristics make the Colorado River in Grand Canyon
well suited for a field-scale examination of the interactions
between sediment supply and local morphodynamic response
of the bed. Because the river has long held interest as both a
critically important transfer of water supply and as a central
focal point of a highly visited national park, the records for
both streamflow and sediment transport are exceptionally rich.
Measurements for streamflow and suspended-sediment trans-
port date back to the 1920s, with higher quality suspended-
sediment data collected at several gages since the late 1940s.
Owing to current interest in managing the water and sedi-
ment in Grand Canyon, both streamflow and suspended-
sediment concentration are now monitored continuously at
15 min intervals at six locations in the 467 km of the
Colorado River between Glen Canyon Dam and Lake Mead
reservoir (Figure 1).

[19] The large-scale structure of the Colorado River
corridor in Grand Canyon is determined by relatively immo-
bile bedrock, talus, and tributary debris fans. However, there
is also an adjustable component of channel morphology
that is composed of cobbles, gravel, and highly mobile fine

sediment [Howard and Dolan, 1981]. This fine sediment,
dominated by sand, forms narrow discontinuous deposits
along the channel margins and larger deposits in zones of
recirculating flow (eddies) [Howard and Dolan, 1981;
Schmidt, 1990]. The ubiquitous bouldery debris fans located
at tributary mouths [Dolan et al., 1978] control channel
gradient, cause nearly all of the rapids [Howard and Dolan,
1981; Webb et al., 1989], and constrict the channel, resulting
in recirculation zones where most sand deposits are found
[Schmidt, 1990]. Schmidt and Rubin [1995], therefore
classified the Colorado River in Grand Canyon and similar
river segments elsewhere as “debris-fan dominated canyons.”
Because the sandbars and in-channel fine sediment are mostly
sand, that size fraction of the sediment budget is the focus of
this study.

[20] Regulation of Colorado River streamflow began
when Glen Canyon Dam was completed in March 1963.
Since then, the dam and its operations have eliminated
annual spring floods, eliminated the upstream supply of
sand, and increased the magnitude of base flows [Topping
et al., 2000a; Topping et al., 2003]. The mean annual
discharge of the Colorado River at Lees Ferry has decreased
from a pre-dam average of 470 m*/s (water years 1922-1962)
to a post-dam average of 376 m*/s (water years 1963-2010).
This 20% reduction in annual flow is the combined result
of upstream consumptive use, reservoir evaporation, and
regional decreases in runoff [Woodhouse et al., 2006].
During the May 2002 to May 2009 study period, the mean
annual flow was 332 m’/s, 12% less than the post-dam
average. Under current dam operation guidelines, releases
are typically between about 170 and 700 m>/s, with daily
fluctuations for hydroelectric power generation of 142 to
227 m*/s (Figure 2a).
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Figure 1. Map of the Colorado River from Glen Canyon Dam to Lake Mead, Arizona, showing

streamflow and sediment monitoring stations (circles) and the short monitoring reaches where morpho-
logic measurements were made (boxes). The upper Marble Canyon mass-balance segment extends from
Lees Ferry to the gage at RM 30. The lower Marble Canyon mass-balance segment extends from the

RM 30 gage to the RM 61 gage.
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Figure 2. Discharge, Paria River sediment input, and changes in sand mass balance. (a) Unit (15 min)
discharge for the Colorado River at Lees Ferry in gray and unit (30 min) sand load for the Paria River
at Lees Ferry in black. (b) Sand mass balance for upper Marble Canyon (RM 0 to RM 30). The gray lines
show the upper and lower uncertainty bounds of the flux-based mass balance; the black points show the
morphologic sand storage change extrapolated to the mass-balance segment. The flux-based mass balance
begins at zero and is reset to zero immediately following each morphologic measurement. (¢) Sand mass
balance for lower Marble Canyon (RM 30 to RM 61). The gray lines show the upper and lower
uncertainty bounds of the flux-based mass balance; the black points show the morphologic sand storage
change extrapolated to the mass-balance segment. The flux-based mass balance begins at zero and is reset
to zero immediately following each morphologic measurement. The dashed vertical lines shown in each
plot divide the sand budget periods shown in Table 3: (1) May 2002 to May 2004; (2) May 2004 to
November 2004; (3) November 2004 to December 2004; and (4) December 2004 to May 2009.

[21] The focus of this study is the segment of the Colorado
River between the Paria River confluence at Lees Ferry (25
km downstream from Glen Canyon Dam) and the Little
Colorado River confluence, 98 km downstream from Lees
Ferry (Figure 1). This part of Grand Canyon is known as
Marble Canyon, which for the purpose of sand budgeting,

we informally divide into upper Marble Canyon and lower
Marble Canyon. Throughout Marble Canyon, debris fans,
large rapids, and recirculating eddies are common. Upper
Marble Canyon is narrower than lower Marble Canyon and
has a lower frequency of eddies and associated sandbars
[Schmidt and Graf, 1990; Hazel et al., 2006]. We refer to
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these two parts of Marble Canyon as mass-balance segments.
Streamflow and sand flux have been measured at 15 min inter-
vals at the upstream and downstream boundaries of each
segment since August 2002.

[22] Five short study reaches were established in Marble
Canyon for the purpose of monitoring long-term changes in
sand storage. We refer to these as the “short” monitoring
reaches to distinguish them from the much longer mass-
balance segments. Each reach is approximately 3 to 5 km in
length and includes 11-25 eddy depositional zones (EDZs),
each occurring in the lee of a debris fan (Table 1). The short
reaches differ in the type of bedrock that occurs at river
level, the frequency of debris fans, the average size of EDZs,
average width, and gradient (Table 1). Short monitoring
reaches R2 and R3 are in upper Marble Canyon and begin at
river mile (RM) 1 and 22, respectively (locations along the
Colorado River in Grand Canyon are referenced by the
convention of river mile, which is the distance downstream
from Lees Ferry along the channel centerline). Short monitor-
ing reaches R4, RS, and R6 are in lower Marble Canyon and
begin at RM 29, 43, and 54, respectively.

4. Methods

4.1.

[23] A network of continuously operating streamflow and
suspended-sediment monitoring stations was established
on the Colorado River in Grand Canyon to track both the
accumulation of tributary sand inputs and the downstream
redistribution of those inputs in the channel [Topping et
al., 2010b; Griffiths et al., 2012]. These stations are
located at approximately 50 to 130 km intervals (Figure 1)
and include instruments for measuring water stage (to deter-
mine discharge) and a combination of side-looking acoustic
and laser-diffraction instruments that are used to make surro-
gate measurements of suspended-sand concentration and
grain size at 15min intervals [Topping et al., 2006b,
2007, 2010b; Wright et al., 2010a, 2010b]. The data
collected by the sediment-surrogate instruments were
calibrated and subsequently verified using conventional
measurements of suspended-sediment concentration and
grain size collected during periodic sampling. Stage was
converted to discharge using the standard USGS methods
described in Rantz et al. [1982]; 15 min instantaneous sand
loads were calculated as the product of the 15 min sand-
concentration measurements and computed discharges
[Porterfield, 1972]; cumulative sand loads were then
calculated by integrating the 15 min instantaneous loads

Mass Balance From Measured Sand Flux

[Porterfield, 1972]. Based on measurements by Rubin
et al. [2001], sand loads were increased by 5% at each
station to account for bedload and unmeasured suspended
load in the zone near the bed not sampled by depth-
integrating samplers. Together with measured sand loads
from gaged major tributaries and small estimated loads from
ungaged tributaries, differences in the cumulative load
between stations were used to calculate the sand mass
balance, or flux-based sand storage change ASy, for each
mass-balance segment (Figure 2). For comparison with the
morphologic measurements of sand storage change, we
computed mass balances for each time interval between
the topographic/bathymetric surveys.

[24] Uncertainties in the computed mass balances largely
result from potential biases in the conventional measurements
of suspended-sand concentration, the calibrations between
the conventional samples and the surrogate instruments, the
estimates from tributary inputs, and the streamflow measure-
ments. Considering the relative importance of all of these
sources of uncertainty, Topping et al. [2010a] assigned
uncertainties of 5, 10, and 50% to the sand loads on the
main-stem gages, tributary gages, and ungaged tributaries,
respectively. Because these uncertainties represent the poten-
tial maximum magnitudes of persistent biases that are believed
to possibly exist in the measurements, these uncertainties
accumulate over time as per equation (3). Thus, when the bud-
get is calculated for longer time periods with greater cumula-
tive loads, there is larger uncertainty. Moreover, because
these uncertainties largely arise from potential biases with
unknown probabilities of occurrence, they cannot be treated
as random. That means there is no greater likelihood that the
actual mass balance is in the center of the uncertainty range
than near the margins; the actual value could have equal prob-
ability of occurring anywhere in the range of uncertainty. Over
long timescales (depending on the magnitude and source of
the loads), the accumulating uncertainty in the sand mass
balance eventually becomes larger than the differences in the
sand mass balance between gages, resulting in an indetermi-
nate sand budget, thus the value of direct measurements of
change in storage by morphologic methods increases.

4.2. Sand Storage Change From Morphologic
Measurements

[25] The topography and bathymetry of each study reach
were measured by a combination of ground-based survey,
airborne remote sensing, and boat-based sonar. The short
monitoring reaches were surveyed in May 2002, June 2004,
November 2004, and December 2004. In April 2009, the three

Table 1. Summary Characteristics of Mass-Balance Segments and Short Monitoring Reaches in Marble Canyon

Short Average Channel Water Number of Average size of
Mass-Balance Segment ~ Monitoring Reach  Extent (RM)  Length (km) Width (m) Surface Slope  Large EDZs®  Large EDZs (m?)
Upper Marble Canyon 0.0 to 29.4 48.3 79 0.0014 NA® NA
R2 1.1t0 2.8 2.7 116 0.0002 11 4,300
R3 21.9 to 23.6 2.7 66 0.0016 25 3,900
Lower Marble Canyon 29.4 t0 61.0 499 94 0.0010 NA NA
R4 29.4 to 32.0 42 74 0.0009 23 3,000
RS 42510454 4.7 100 0.0009 21 11,000
R6 54.4 to 56.1 2.7 111 0.0003 24 4,300

“Eddy depositional zones that contain sandbars.
No data available.
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short monitoring reaches in lower Marble Canyon (R4, RS,
and R6) were surveyed as part of a campaign to map the
entire mass-balance segment between RM 30 and RM 61.
Multibeam sonar was used to map as much of each reach
as possible, but rapids and areas along the shoreline where
depths were less than about 1 m could not be mapped with
this method. In each reach, this resulted in the mapping of
approximately 80% of the bed. Because the excluded areas
are in rapids dominated by coarse material, sand storage
changes in the unmapped areas are assumed negligible. Total
stations were used to survey the shallow areas along the shore-
lines too shallow for multibeam sonar. Topography above the
water surface was measured with digital aerial photogramme-
try in May 2002, airborne LIDAR in 2004, and ground-based
electronic total station in 2009. In 2009, singlebeam sonar was
used in addition to multibeam sonar to map along the shore-
line. The details of the methods used for sonar data collection
and processing are described by Kaplinski et al. [2009], and
the methods for the total station surveys and site positioning
are described by Hazel et al. [2008].

[26] The data from each method of survey were edited,
processed, and checked for errors independently, then com-
bined in a single point file. This point file was used to create
a triangular irregular network (TIN) model of the surface for
each reach, which was checked for errors and discrepancies
among survey methods. The TIN models were used to create
I m resolution digital elevation models (DEMs) for each
survey. The 1m spatial resolution was chosen as the best
compromise between the high point density data generated
by multibeam sonar, photogrammetry, and LIDAR (10s to
100s of points/m?) and the lower point density data generated
by singlebeam sonar and total station survey (<1 point/m?).
The lower resolution of the total station data is partially com-
pensated by point selection; surveys made use of topographic
breaklines, which were used in generating the TIN model. The
DEMs for each reach were coregistered such that grid cells
for successive surveys were precisely coincident. Changes
between surveys were calculated as the difference in elevation
for corresponding grid cells to produce grids depicting areas
of erosion and deposition, which we refer to as difference
maps. Changes in storage were computed only for the region
common to all surveys. Areas thus excluded were typically
above the level inundated during the study period. The differ-
ence maps and calculations of changes in sediment storage
volume were performed in ArcGIS.

[27] Because our primary interest is net change in sedi-
ment storage AS over each short monitoring reach, we base
our estimate of uncertainty on the uncertainty associated
with determining the average elevation of each surface
(equation (6)). This uncertainty could be estimated by
combining individual estimates of measurement error, posi-
tioning error, interpolation error, etc. An alternative approach
is to estimate total uncertainty by evaluation of repeat surveys
for selected areas in the channel identified to be stable over
time. Because this approach is based on comparisons of the
final topographic surfaces, it incorporates both random error
and bias. For this analysis, 17 areas within the three reaches
monitored for the entire 2002-2009 study period were
selected. These are areas that are at least 100 m? in area, have
coarse (gravel or coarser) bed material, and are relatively flat.
These areas include cobble bars, areas of talus blocks, and
some areas of bedrock outcrop. By visual inspection, all of

these “fiducial” [sensu Brock et al., 2001] areas appear stable
over the course of the study period. For each fiducial area, we
computed the mean elevation for each survey. Because these
are bathymetric measurements, we do not have an independent
measure of elevation for the fiducial areas. We, therefore, used
the mean value among the mean elevations for the individual
surveys as an estimate of the “expected” elevation. For each
fiducial area and each survey, we calculated the fiducial
polygon error as the difference between the observed mean
elevation and the expected mean elevation for that polygon.
Combining the 17 fiducial polygons among the three reaches
and all available surveys resulted in 101 comparisons.

[28] The distribution of the fiducial polygon errors is
slightly left skewed with a median of —0.01 m and a mean
value of 0.00 m (Figure 3). This suggests that the total
uncertainty in our topographic surfaces may be treated as a
Gaussian distribution. Because we are interested in potential
bias, it is necessary to use the absolute values of the fiducial
polygon errors to calculate the uncertainty associated with
the repeat bathymetric surveys. This potential bias was
calculated as the mean absolute error of all fiducial polygons
and is 0.045 m, with standard deviation of 0.058 m. For a
Gaussian normal error distribution, the standard error (68%
confidence error) is 1.25 times the mean absolute error, or
0.056 m. In other words, the average elevation of a fiducial
polygon for a given survey is expected to be within 0.06 m
of the average elevation of the same area for any other sur-
vey with a 68% level of confidence. We apply this
uncertainty estimate uniformly to the entire survey area
including the areas mapped by other methods, because they
have equal or smaller uncertainty [Hazel et al., 2008] and
occupy a relatively small proportion of the total survey area.
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Figure 3. Histogram showing fiducial polygon error.
Fiducial polygons are areas of the bed that were assumed
to be stable for the period of study. The fiducial polygon
error is the difference in average elevation for a fiducial
polygon between an individual survey and the average
among all surveys.
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Volumetric changes resulting from topographic differencing
were converted to changes in mass using a sediment density
of 2650 kg/m® and an assumed deposit porosity of 40% for
well-sorted submerged sand [Curry et al., 2004].

[29] Because the focus of this study is on the sand fraction
of the sediment budget, it is necessary to estimate the fraction
of the morphologic changes that are sand and the fraction that
are coarser than sand. We created a higher resolution DEM
(25 cm) for the areas of the channel mapped by multibeam
sonar and used this and observations of the bed made by
underwater video camera to estimate the fraction of the bed
covered by sand and the minimum proportion of volume
change that is likely sand. We assume that areas of the bed
not mapped by multibeam sonar (except rapids and riffles)
have the same proportion of sand as the areas that were
mapped. This assumption, while possibly not exactly correct,
is justified for two primary reasons. First, the majority of the
study area was mapped by multibeam—on average 18% of
each reach was mapped by other methods. Secondly, the areas
that were mapped by other methods, while closer to the
shoreline, are not systematically different—that is gravel bars
or areas adjacent to debris fans were not preferentially mapped
by a different method.

[30] The underwater video camera was used to measure
the sand grain size [Rubin et al., 2007] and to distinguish
sand from coarse substrate. Observations were made at the
time of each of the 2002 and 2004 surveys. The camera
was lowered to the bed of the river for a point observation
of bed texture at one to five locations across the channel on
transects spaced 50 to 200 m apart. On average, approximately
70 observations were made per kilometer within each
monitoring reach during each survey.

[31] The 25 cm DEMs were classified into areas that are
topographically smooth and topographically rough by analy-
sis of the variation in light intensity between adjacent pixels.
Pixel intensity was classified using the ArcGIS hillshade
routine with 90-degree (overhead) illumination angle. For
each cell, the focal standard deviation of the intensity was
calculated for a nine-cell (0.56 m*) moving window. Cells
with a focal standard deviation less than a specified threshold
were classified as smooth. Cells exceeding the threshold were
classified as rough. The results from the automated classifica-
tion were ag;regated into polygons with a minimum polygon
area of 25 m” (Figure 4). The classified polygons were visually
inspected and compared with the underwater video camera
observations. This process was repeated until it was found that
the threshold focal standard deviation value of 10 provided the
best agreement between observed and classified bed texture.
Areas of the bed covered by dunes presented a challenge
to the automated classification method. These were often
classified as rough surfaces, whereas the objective of the
classification was to discriminate sand and finer sediment
from coarser sediment. These areas were reclassified as sand
by visual inspection.

[32] The changes in sand storage computed from repeat
topographic/bathymetric surveys for the short monitoring
reaches were compared with the changes in sand storage based
on the difference between sand influx and sand efflux for the
long mass-balance segments by extrapolating the morphologic
measurements to the rest of each mass-balance segment
outside the monitoring reaches. Extrapolation from the short
monitoring reaches required several assumptions about the
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Figure 4. Map showing a 0.5 km portion of short monitoring
reach R4. Portions of the channel mapped by multibeam sonar
and classified as texturally smooth are shown in yellow
hillshade. Areas classified as rough are shown in red hillshade.
Areas shaded gray were mapped cither by total station survey,
LIDAR, or photogrammetry. The EDZ for this eddy is shown
as the thick black line. Note the topographic break between the
sandbar and the river channel. The green lines show the 100 m
pool and riffle channel umts within the channel area inundated
at a discharge of 1274 m*/s. Direction of streamflow is from
north to south.

distribution of sediment storage changes. First, we assumed
that all changes within each short monitoring reach occurred
within the area mapped and that changes outside the mapped
area were negligible. In each survey, the majority of each
reach was mapped, and most areas not mapped consisted
largely of relatively immobile material. Thus, this assumption
is likely reasonable. Second, we assumed that the storage
changes per unit area of channel within the short monitoring
reaches were representative of the changes per unit area
outside the short monitoring reaches. The storage changes
outside the short monitoring reaches were calculated as
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()
AS, = %Az an

where AS, is the extrapolated change in storage for the
unmeasured reach (2) between monitoring reaches (/) and
(3) with measured storage changes of AS; and AS3. Reaches
(1), (2), and (3) have channel areas A;, 4,, and A3, respec-
tively. For all reaches, channel area was treated as a constant
and computed as the area below the stage associated with a
discharge of 227 m®/s in May 2002 [Magirl et al., 2008].
This measure of channel area does not limit the extent of
change to that stage elevation but simply provides a means
to scale the computed sand storage changes based on relative
channel size. The uncertainty associated with the extrapolation
is large and cannot be precisely quantified. For our extrapo-
lated budgets, we use the same uncertainty as was used for
the reaches that were mapped. Thus, we report the uncertainty
as though there were no extrapolation error. This extrapolation
has the embedded assumption that the change in storage scales
with channel width and that all geomorphic elements occur in
the same frequency in the unmapped areas as in the short
monitoring reaches. The assumption of zero extrapolation
error is the critical assumption that we evaluate below by
comparison between the flux-based mass balance and the
morphologic-based estimate of storage change. In essence,
the assumption of zero extrapolation error requires that
hydraulic controls on sediment erosion and deposition in the
reaches not mapped be similar to the reaches mapped.

[33] The changes in sediment storage were examined in
detail by two different methods. The first method was based
on the channel-organizing framework provided by the debris
fan-eddy complexes. Because most of the large exposed
sandbars occur in eddies and because the hydraulic charac-
teristics of recirculating eddies clearly distinguish them from
the main channel, eddies provide a logical basis for segre-
gating changes in sand storage. The one difficulty lies in
defining a single fixed boundary for the eddy, because the
locations of flow separation and reattachment vary as a
function of discharge [Schmidt, 1990]. A precise definition
of the eddy boundary would change with flow, requiring
observations of each eddy at a range of flows. While such
a definition based on the flow field would be the most
hydraulically precise, it would be problematic to implement
a variable boundary in an analysis of sediment storage
change. Instead, we used a method based on that described
by Schmidt et al. [2004] and Hazel et al. [2006]. Schmidt
et al. [2004] defined the eddy deposition zone (EDZ) area
as the geometric union of all areas within a single debris
fan-eddy complex covered by a subaerially exposed sand
deposit in available aerial photographs. This method is an
objective means of defining the region of potential eddy
sandbar deposition. However, this method has the
disadvantage of omitting the portions of the eddy occupied
by a submerged sandbar. We modified this method by
expanding the boundaries of the EDZs used by Schmidt
et al. [2004] to extend into the channel to the topographi-
cally defined base of the eddy sandbar (Figure 4). The break
in slope separating the sandbar from the main channel was
identified by visual inspection of all of the bathymetric
maps used in this study, and using the deposit that projected
farthest into the channel to define the boundary.

[34] The second method of examining the details of sand
storage changes involved segregation between pool and
riffle channel environments. Riffles have relatively steep
water surface slope and occur adjacent to debris fans or other
channel constrictions and around gravel bars (Figure 4).
Pools have a low water surface slope and are typically
deeper and wider than riffles. Pools include eddies, the
channel adjacent to eddies, and ponded segments of channel
upstream from rapids and riffles. For the purpose of segregat-
ing sediment storage, pools and riffles were mapped in 100 m
channel units. The channel was divided into trapezoidal units
100 m in length along the channel centerline with cross-
channel boundaries perpendicular to the centerline (Figure 4).
Each 100 m unit was classified as a pool or riffle, based on the
dominant feature.

5. Results

5.1. Bed Texture

[35] The maps of bed texture derived from the multibeam
sonar bathymetric data together with the observations made
by underwater video camera indicate that a substantial major-
ity of the measured changes in bed-sediment storage consisted
of sand. In all of the bed texture maps, material classified as
topographically smooth (Figure 4) was most common, and
the majority of change in sediment storage volume occurred
in those areas (Table 2). A lesser amount of change in
sediment volume occurred in areas that were classified as
topographically rough.

[36] The textural classifications of smooth and rough were
converted to grain-size classifications of sand and coarse
material, based on the underwater video camera observations.
Of the areas classified as topographically smooth, 71% of the
observations by underwater video camera indicated a sand
bed. Areas classified as smooth that were not sand consisted
of topographically flat gravel-size material. Of the areas
classified as topographically rough, 37% of the observations
by underwater video camera indicated a sand bed. Sand was
typically observed with the underwater video camera in areas
classified as rough where there was sand in the interstitial
spaces among cobbles and boulders.

[37] We used the above estimated proportions of sand
associated with the smooth and rough textural classifications
to estimate the weighted proportion of volume change that
involved sand for each reach and survey interval. For each
difference map, we estimated the proportion of volume
change that was sand as

AVsand = AVsmootthsmooth + AVroughl'vsrough (12)
where AVg,nq is the fraction of total volume change that is
sand, AVgmoomn 18 the fraction of volume change in areas
classified as smooth in the second of the two DEMs being
compared, Fsgyoom 1S the fraction of sand in smooth areas
(71%), AViougn is the fraction of volume change in areas
classified as rough in the second DEM being compared,
and Fs.,,g, is the fraction of sand in rough areas (37%).
The estimated fraction of volume change that is sand rarely
differs by more than 1 or 2% within each reach and ranges
from a low of 57% in R3 to a high of 71% in R2 (Table 2).
Because this method does not explicitly differentiate between
processes of bed elevation change between areas that are
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Table 2. Abundance of Each Textural Category for Each Survey, the Proportion of Sediment Volume Change Associated With Each Pos-
sible Change in Textural Categorization, and the Estimated Proportion of Volume Change That Is Sand

Area With Indicated Texture®, %

Change in Volume From Previous
Date for Indicated Change in Texture, %

Smooth- Smooth- Rough- Rough- Volume Change
Reach Date Smooth Rough to-Smooth to-Rough to-Rough to-Smooth That Is Sand®, %
R2 May 2002 93 7 - - - - -
May 2004 94 6 91 2 5 2 69
Nov 2004 96 4 95 0 1 3 71
Dec 2004 93 7 94 5 1 0 69
R3 May 2002 61 39 - - - - -
May 2004 61 39 53 6 36 5 57
Nov 2004 59 41 54 6 34 5 57
Dec 2004 58 42 67 6 19 7 62
R4 May 2002 67 33 - - - - -
May 2004 69 31 66 4 24 6 62
Nov 2004 71 29 68 4 22 5 62
Dec 2004 70 30 80 6 11 4 65
May 2009 71 29 78 4 10 8 66
R5 May 2002 88 12 - - - - -
May 2004 88 12 89 3 6 2 68
Nov 2004 88 12 87 2 8 3 68
Dec 2004 87 13 91 5 2 1 68
May 2009 99 1 88 2 2 8 69
R6 May 2002 88 12 - - - - -
May 2004 88 12 88 3 6 2 68
Nov 2004 90 10 90 1 5 4 69
Dec 2004 89 11 92 4 2 2 69
May 2009 89 11 92 2 2 3 69

“Percent of area mapped by multibeam sonar.
bSee equation (12).

entirely sand and areas that are partially sand, and
because it is not possible to verify the composition of
the subsurface, we do not have a basis for an estimate
of uncertainty. The values reported in Table 2 are,
however, likely minimum estimates for the fraction of the
total change in storage that involves sand. For example, in
areas of the bed classified as rough where we estimate that
about 37% of the surface is actually sand, we assume that
37% of the volume change consisted of sand and the
remainder of change involved coarser material. It is,
however, likely that a greater proportion of the volume
change in those areas included sand than included less-
mobile coarse sediment. All changes for sand storage
reported below are based on the estimated proportions of
sand shown in Table 2.

5.2. Sediment Budgets for Upper and Lower
Marble Canyon

[38] The study period included intervals of both positive
and negative net changes in sand storage in Marble Canyon.
The change in sand storage based on morphologic differenc-
ing in the study reaches ranged between —189,000 Mg
(—69,000 Mg/km) to 231,000 Mg (84,000 Mg/km). The
budget was negative in four out of the five short reaches in
the May 2002 to May 2004 period, positive in all reaches
between May 2004 and November 2004, negative or near
zero in all reaches between November 2004 and December
2004, and positive in all three lower Marble Canyon reaches
between December 2004 and May 2009 (Table 3). The sign
of these morphologic budgets is consistent with the sign of

Table 3. Morphologic and Flux-Based Sand Budgets
Reach May 2002-May 2004 May 2004-Nov 2004 Nov 2004-Dec 2004 Dec 2004-May 2009
Morphologic Sand Budget for Short Monitoring Reaches (Mg)
R2 22,000 + 16,000 231,000 + 16,000 —189,000 + 16,000
R3 —8,000 + 8,000 14,000 + 9,000 —5,000 + 10,000
R4 —9,000 + 9,000 27,000 + 9,000 —40,000 + 10,000 71,000 + 10,000
RS —15,000 + 19,000 19,000 + 19,000 —91,000 + 19,000 175,000 + 20,000
R6 —18,000 + 15,000 11,000 + 15,000 —68,000 + 15,000 97,000 + 16,000
Morphologic Budget Extrapolated to Mass-balance Segments (Mg)
uMC 30,000 + 304,000* 1,525,000 + 310,000° —1,273,000 + 335,000°
LMC —204,000 + 318,000" 240,000 + 319,0007 —939,000 + 333,000" 1,578,000 + 345,000°
Flux-based Sand Budget for Mass-balance Segments (Mg)
UMC —72,000 + 89,000 441,000 + 104,000 —453,000 + 23,000 693,000 + 702,000
LMC —313,000 + 82,000 79,000 + 44,000 —172,000 + 54,000 218,000 + 371,000

LMC, lower Marble Canyon; UMC, upper Marble Canyon.

“The uncertainty applied to the extrapolated budgets assumes zero extrapolation error and, therefore, likely underestimates total uncertainty.
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change in the flux-based mass balance for each corresponding
time period, within uncertainty limits.

[39] The interval between May 2002 and May 2004 was a 2
year period with no dam-released floods, very little tributary
sand inputs, and slightly declining or stable sand budgets
(Table 3). Substantial Paria River sand inputs only occurred
during one flood in August 2003, which caused a significant
increase in the flux-based sand mass balance for upper Marble
Canyon (Figure 2). The flux-based sand budget indicated that
the mass balance was likely negative in upper Marble Canyon
and significantly negative in lower Marble Canyon during
the 2 year period (Figure 2). The morphologic budget for
the period indicates net deposition in R2 and net erosion
in the other short monitoring reaches; however, many of
these changes were smaller than the uncertainty bounds.
The morphologic budgets extrapolated from the short moni-
toring reaches to the mass-balance segments agree with the
flux-based measurements within the uncertainty bounds.

[40] For the 6 month period between May 2004 and
November 2004, during which there were no dam-released
floods and large tributary sand inputs, both budgeting methods
showed significant sand accumulation. Three Paria River
floods resulted in sand accumulation throughout Marble
Canyon during this interval, as shown in the flux-based mass
balance (Figure 2). The repeat surveys also indicated that sand
storage increased in all monitoring reaches during this period,
and the accumulation was greatest in R2, immediately
downstream from the Paria River confluence. In this case,
the budget based on extrapolated morphologic measure-
ments exceeded the flux-based mass balance by about a
factor of 3 in each of the mass-balance segments (Table 3).
This indicates that the magnitude of sand storage changes
measured in the short monitoring reaches was not representa-
tive of the sand storage changes throughout the longer mass-
balance segments. A portion of the disagreement may be
explained by reach location. R2 is immediately downstream
from the Paria River and more sand accumulated here than
in R3. If R2 was excluded from the extrapolated budget, the
extrapolated storage change and the flux-based mass balance
would agree within uncertainty limits. There is no correspond-
ing explanation for the difference between the extrapolated
storage change and the flux-based mass balance for lower
Marble Canyon, however.

[41] During the short period from November 2004 to
December 2004, when there was one dam-released flood and
no additional sand inputs, the morphologic and flux-based
budgets both showed significant sand loss. This interval
included a 1200 m*/s controlled flood that lasted approxi-
mately 2 days. This event resulted in the deposition of sand
along the channel margins in upper and lower Marble Canyon
[Topping et al., 2006a; Schmidt and Grams, 2011], but a net
export of sand from both mass-balance segments (Figure 2).
There was also net erosion beyond the range of uncertainty
in four out of the five short monitoring reaches (Table 3).
Yet, when the morphologic budget is extrapolated from the
short monitoring reaches to the scale of the mass-balance
segments, the magnitude of erosion is greatly overestimated
compared with the flux measurements.

[42] Both the morphologic and flux-based budgets indicated
sand accumulation for the 4.5 year period between December
2004 and May 2009. However, in the flux-based budget, that
accumulation was less than the uncertainty. In the morphologic

budgets for the short monitoring reaches, the accumulation
exceeded the uncertainty estimates (Table 3). During this
time period, there were several Paria River floods and a
controlled flood in March 2008 (Figure 2). The lower
Marble Canyon flux-based mass balance indicated progres-
sive sand accumulation up to the date of the controlled
flood, net sand erosion during the flood, and no significant
sand accumulation or depletion between the controlled
flood and the 2009 survey. By the end of the budget
period in 2009, the uncertainties in the flux-based budget
were larger than the estimated sand storage changes,
because this period involved a large cumulative flux of sand.
The sand storage changes in the short monitoring reaches all
exceeded uncertainty.

[43] As in most of the other budgeting periods described
above, the 2004-2009 sand storage change extrapolated
from the short monitoring reach to the entire mass-balance
segment agrees in sign with the flux-based mass balance
but appears to largely overestimate the magnitude of storage
change. These observations illustrate an important difference
between the sand budgeting methods. The accumulation of
uncertainty in the flux-based budget limits the ability to
confidently determine net storage change over long time
periods that involve large cumulative fluxes of sediment. This
accumulation of uncertainty does not affect the morphologic
budgets. The weakness of the morphologic budgets is the
extrapolation from the measured to unmeasured areas. The
lack of agreement between the extrapolated morphologic
budget and the flux-based budget suggests that unobserved
morphologic changes in the larger part of the long mass-
balance segment outside of the short monitoring reaches had
to be very different from the morphologic changes observed
within the short reaches. Explanations for this result are
discussed below.

5.3. Spatial Variability of Changes in Sediment Storage

[44] The observed disagreement between the flux-based
sand budget and the extrapolated morphologic budget most
likely arises from a sampling scheme that failed to represent
the full range of spatial variability in sand storage dynamics
controlled by local hydraulics. Although the uncertainties in
the flux-based budgets are very large for some time intervals,
the difference between those budgets and the extrapolated
morphologic budgets is often much larger than that uncer-
tainty range. Thus, the extrapolation from the measured to
unmeasured areas, which was based only on reach length
and width, is the likely source of the disagreement. In the
extrapolation, it was assumed that the short monitoring
reaches have the same frequency of sand storage locations
and that their hydraulic-controlled behavior is representative
of storage locations outside the short monitoring reaches.
While we do not know what changes occurred outside the
short monitoring reaches, inspection of the spatial variability
of change within the short monitoring reaches is revealing.

[45] Eddies are one of the major foci of sand storage mon-
itoring in Grand Canyon, because most of the emergent
sandbars of interest are within these zones of recirculating
flow [Schmidt, 1990]. Additionally, Hazel et al. [2006]
estimated that between 51 and 94% of changes in sand
storage occurred within EDZs, which account for less than
one third of the area of the channel in the mapped reaches.
That estimate was based on sand storage changes measured
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for individual EDZs and the adjacent channel and was based
on the estimation that 11% of the bed outside of EDZs was
covered by sand [Hazel et al., 2006]. Maps depicting the
spatial distribution of sand storage changes observed in this
study (Figure 5) illustrate that eddies are highly active
storage environments. Whether the interval is dominated
by erosion or deposition, changes on the order of 1 m or
more are concentrated in EDZs, whereas large areas of the
channel experience little or no change. In some intervals,
changes in EDZs account for up to 75% of the measured
deposition (Table 4). On average, about 50% of the changes
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in sand storage occur within EDZs, as suggested by the
lower bound of the estimate by Hazel et al. [2006].
However, substantial changes in sand storage occur in other
locations as well. During periods of sand accumulation, e.g.,
May to November 2004 in R2, as little as 24% of the
deposition occurred in EDZs. This indicates that although
the sand storage changes are disproportionately concentrated
in EDZs, the changes in the channel outside EDZs are also
significant. The sand storage changes outside EDZs are not
evenly distributed but are typically greatest in the channel
adjacent to the eddy (Figure 5). These sections of channel
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Figure 5. Maps showing erosion and deposition for a portion of R6 upstream from RM 56. The eddy
deposition zones (EDZs) are outlined by the gray polygons. (a) May 2002 to May 2004. (b) May 2004
to November 2004. (c) November 2004 to December 2004. (d) December 2004 to May 2009. Streamflow

direction is from north to south.
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Table 4. Proportion of Change in Storage Within Eddy Depositional Zones (EDZs)

Period Reach Erosion in EDZs, % Deposition in EDZs, % Activity® in EDZs, %
May 2002-May 2004 R2 41 40 41
R3 56 56 56
R4 44 41 43
R5 35 60 46
R6 52 75 61
Average for time interval 46 54 49
May 2004—Nov 2004 R2 71 24 26
R3 61 53 56
R4 55 35 40
R5 43 58 52
R6 69 51 59
Average for time interval 60 44 47
Nov 2004-Dec 2004 R2 24 53 28
R3 75 73 74
R4 38 36 37
RS 52 27 44
R6 63 36 54
Average for time interval 50 45 47
Dec 2004-May 2009 R4 36 35 35
RS 37 43 42
R6 45 64 60
Average for time interval 39 47 45
Average among all intervals 50 48 47

“Sum of erosion and deposition.

include the plunge pool or scour hole that typically exists
downstream from rapids and the pool exit slope at the
downstream end of the plunge pool.

[46] The simple classification of the channel into units
categorized as pools and units categorized as rapids or riffles
demonstrates that changes in sand storage are, in fact, much
greater in the pools, which include EDZs and the adjacent
channel. On average, 81% of the changes in sand storage
occurred in pools with the remainder occurring in riffles.
While sand storage changes are clearly concentrated in the

Bed Elevation change
®  Pool

pools, there is large variability in the magnitude and direction
of change among the pools in any given reach (Figure 6). For
example, in R5 the deepest pool experienced the greatest scour
between November and December 2004. However, during
this same interval, other deep pools had much less scour and
some filled. There was no correlation between pool depth
and the magnitude of storage change (Figure 7). In fact, sand
storage changes in just a few of the most active pools are large
relative to the total flux-based mass balance for a given
segment. For example, in the most active 100 m channel units

1.5 = 7 — :

T

1.0

T
)

0.5

T

-0.5

LA

-1.0

Change in mean bed elevation
per 100-m segment (m)

15

42 425 43 435

_20L.\1\1\1\1\k..

(w) yide@g wnuwixep

—_
(&}

I
¢

LI\\.\I\\IiI\\\i.\\

44 44.5 45 45.5

20

[ -y S|
[}

Location (river mile)

Figure 6. Plot showing maximum depth and change in mean bed elevation for RS between November and
December 2004 per 100 m channel unit. Change in mean bed elevation is calculated as the net volume change
for each 100 m channel unit divided by the area mapped in that 100 m unit. The 100 m units that are in riffles
are shown by the squares, and the units in pools are shown by the circles. The largest volume changes all oc-
cur within pools, but not all deep pools experienced large changes in sediment storage volume.
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Figure 7. Plot showing sediment storage change per 100 m
channel unit as a function of maximum depth in the same
100m channel units for changes occurring between May
2004 and November 2004 (black circles) and between
November 2004 and December 2004 (gray squares) in all
five short monitoring reaches.

in RS, changes in sand storage typically exceed the average
change for the encompassing 50 km mass-balance segment
by a factor of 20 or more (Figure 8). In some cases, the sand
storage change in individual 100 m channel units exceeds the

segment-average change by more than a factor of 100. This
illustrates the complex relation between local changes in sand
storage and segment-scale mass balance.

[47] Variability in the response of eddy-deposited sandbars
has been observed following each of the controlled floods
released from Glen Canyon Dam [Hazel et al., 1999; Schmidt
et al., 1999; Hazel et al., 2010]. Because these observations
were based on monitoring of individual sites spaced several
kilometers apart, it was not clear whether that variability
resulted from the small sample size, reach-scale differences
in sand supply, or differences in the hydraulic characteristics
affecting patterns of erosion and deposition. The repeat
surveys of short reaches presented here show that the local
variability within an individual reach is at least as large as
the variability between reaches (Figure 8). This suggests that
local hydraulics, as indicated by the physical scaling analysis
presented in section 1, and not reach-scale differences in sand
supply, are the major cause of response variability.

[48] The influence of hydraulics on sand storage patterns is
illustrated by data from selected eddies within the short
monitoring reaches that have much longer monitoring records.
Between 11 and 22 repeat topographic/bathymetric surveys
were conducted at 30 sites in all of Grand Canyon (11 sites
in Marble Canyon) between 1992 and 2008 [Hazel et al.,
2010]. These surveys used the same methods that were used
for monitoring reaches R2-R6 but were limited to single
pools, i.e., individual eddies and the immediately adjacent
channel. These data illustrate processes of sand redistribution
that can only be shown by many observations made across a
range of discharges. For each survey, a single discharge was
selected to characterize the flow associated with the observed
topography. Conceptually, this discharge is considered to
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Figure 8. Plot showing normalized changes in mean bed elevation by100 m channel unit in R5 for each
morphologic monitoring interval. The changes in mean bed elevation are normalized by the average
change in bed elevation associated with the flux-based mass balance for the same time interval. The thick
black line indicates the range that is between —1 and +1; points that fall on this line depict storage changes
that are equal to the reach-average change indicated by the flux-based budget. The shaded region indicates
the range between —10 and +10; points that fall within this range depict storage changes that are within a
factor of 10 of the reach-average change indicated by the flux-based budget. Points falling outside this
region depict local changes in storage that exceed the reach-average change by more than a factor of 10.
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be the formative discharge for the channel morphology
observed at the time of the survey. Daily surveys made
during controlled floods indicate that sand deposition
occurs relatively rapidly in the first 2 to 3 days of a flood
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Figure 9. Relation between sediment storage volume and
formative discharge for two EDZs in Marble Canyon. The
sediment storage volume is the volume of sediment above a
specified reference elevation (Hazel et al., 2010), and the
formative discharge is the mean of daily mean discharges for
the 20 days preceding the survey. The positive relation for
the EDZ on the west side of the river near RM 30 is shown
by the diamonds. The negative relation for the EDZ on the
west bank of the river near RM 56 is shown by the circles.
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[Andrews et al., 1999; Wright and Kaplinski, 2011]. The
adjustment time for lower discharges is not known but is likely
to be significantly longer. Regardless, the selection of a
formative discharge is relatively insensitive to the assumed
adjustment time, because operating regimes tend to be consis-
tent for periods of several weeks (Figure 2). The mean of daily
mean discharges for periods between 5 and 30 days typically
differ by less than 5%. We, therefore, chose the mean of the
instantaneous discharges for the 20 days preceding a survey
as a proxy for the formative discharge.

[49] As expected on the basis of the physical scaling anal-
ysis presented in section 1, the majority of the 30 long-term
monitoring sites exhibit a significant correlation between
formative discharge and sand storage volume. Storage
volume is negatively correlated with discharge at 43% of the
sites and positively correlated with discharge at 23% of the
sites (significant correlation was evaluated with an F-test
requiring that p < 0.15). Discharge and sand storage volume
are uncorrelated at 34% of the sites. The trends in these
relations indicate that for a given discharge, some sites tend
to evacuate sand and maintain a low storage volume while
other sites tend to accumulate sand and maintain a relatively
large storage volume. Figure 9 illustrates these relations for
two sites in Marble Canyon. The site near RM 30 has a
positive relation between discharge and sand storage volume,
whereas the site near RM 56 has a negative relation. These
sites are not separated by any significant tributaries and have
similar conditions of sand supply (Figure 2). Yet during the
period before the 2004 controlled flood (May to November
2004), when the mass balance demonstrated sand accumula-
tion in that river segment (Figure 2), sand evacuation occurred
at the site near RM 30 (Figure 10a), while sand accumulation
occurred at the site near RM 56 (Figure 5b). The formative
discharge preceding this measurement was relatively low
(~230 m’/s), and the response at each site was consistent with

O ACUNIETTON,
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erosion

~

O o, -

Figure 10. Maps showing erosion and deposition for the EDZ on the west side of the river near RM 30.
(a) The interval between May and November 2004 showing erosion in the EDZ that is consistent with the
response expected for a survey at relatively low discharge for this site (Figure 9, diamonds). (b) The
interval between November and December 2004 showing widespread deposition in the EDZ that is
consistent with the response expected for a survey at relatively high discharge for this site.
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its respective discharge-sand storage relation (Figure 9).
Despite the positive mass balance, sand accumulation only
occurred at RM 56 where accumulation is expected at
relatively low formative discharge. In the next survey interval
(November to December 2004), which included a controlled
flood and a relatively high formative discharge (~410m>/s),
the site near RM 30 accumulated sand (Figure 10b) while
the site near RM 56 lost sand (Figure 5c). These responses
are again consistent with the response expected based on the
relations in Figure 9.

[s0] These results demonstrate empirically that at the scale
of individual pools, and as expected on the basis of equation
(10), local hydraulics can exert a stronger control on sand
storage changes than does the segment-scale sand mass bal-
ance. These findings are consistent with those of Colby
[1964] and Topping et al. [2000b]. These previous studies
did not, however, quantify either the magnitude or spatial ex-
tent of local sediment storage changes, because they lacked
reach-scale morphologic measurements. The morphologic
sand budgets developed for this study show that for short
reaches composed of several individual pools, changes in
sand storage will depend on the particular combination of in-
dividual sites and how these sites independently respond to
changes in discharge and changes in sand supply. The results
from repeat maps of the short monitoring reaches indicate that
these reaches, each of which includes between 11 and 25 large
EDZs, do not include a large enough sample of EDZs such
that the sand storage response matches the mass balance for
a much longer reach. While there must exist a spatial scale
at which the discharge-dependent sand redistribution is
balanced, these findings suggest that a sample consisting of
20% of the reach of interest is inadequate to develop a
morphologic sediment budget.

6. Discussion

[s1] Repeat measurements of channel morphology are
often made to study the dynamics of specific channel features,
evaluate local channel stability, or monitor following river
restoration projects. Repeat measurements of channel mor-
phology are also used to make inferences about a river’s
sediment supply regime and, ultimately, whether the river is
in an aggradational, degradational, or approximate equilib-
rium state. It was with the latter objective that Leopold and
Maddock [1953] examined changes in channel cross-section
form in relation to sediment supply at selected stream gaging
stations and concluded that channel scour and fill were related
to variations in sediment supply. In contrast, Colby [1964] and
Topping et al. [2000b] provided evidence that local hydrau-
lics, not sediment supply, controlled local channel response
during the course of one season’s flood. Although changes
in sediment supply could modify, and in rare cases offset,
channel response during a flood, Topping et al. [2000b]
showed that as long as the upstream sediment supply was
not zero, local hydraulics were much more important in
controlling channel response during a flood. In other words,
hydraulics are expected to determine the direction of response
while supply is expected to either amplify or dampen the
response. These studies and others in a variety of channel
types [e.g., Andrews, 1979; Lane et al., 1996; Powell et al.,
2006] have shown that in order to establish a connection
between channel morphologic change and sediment supply,

one must study a reach that is sufficiently long to be repre-
sentative of average channel response and overcome the
variability caused by local hydraulics.

[52] While the processes that cause local hydraulics to
dominate local channel response have been known for
decades, the spatial extent of these processes has not been
defined. More importantly, the net influence of local processes
on the reach-scale sediment mass balance had not been evalu-
ated. In this study, we show that local changes in sediment
(sand) storage on the Colorado River in Marble Canyon
involve entire pools that consist of a recirculating eddy and
the adjacent channel. In addition, we show that the magnitude
of these changes is often large relative to the total sand mass
balance for a much longer reach. Thus, a sediment budget that
is estimated based on morphologic measurements that are
collected as a subsample of a longer mass-balance reach
can be significantly skewed or perhaps made invalid by
the inclusion or exclusion of a small percentage of sites that
have large morphologic changes that are largely driven by
local hydraulics.

[s3] Changes at the scale of the short monitoring reaches
that are not consistent with the long-reach sand mass balance
could either result from local hydraulics or variations in sand
supply within the 50 km mass-balance segment. It is possi-
ble, for example, that sand inputs contributed by the Paria
River move downstream as a sediment pulse similar to that
described for bedload dominated systems [e.g., Gilbert,
1917; Madej and Ozaki, 1996]. In this case, one might
expect to see large differences in sand storage changes
between reaches that are 10s of kilometers apart, but similarity
in response within the short monitoring reaches. The monitor-
ing data for this study period in Marble Canyon suggest the
opposite. The within-reach variability in sand storage change
is, in fact, greater than the variability between reaches. Within
each short monitoring reach, there are pools that are consis-
tently stable, pools that consistently evacuate sand, and pools
that consistently accumulate sand during each time interval
(Figure 5). Nevertheless, for any given time interval, the
direction of the change in storage is consistent among the short
monitoring reaches and tends to agree with the segment-scale
sand mass balance. This is another indication that variability is
driven by local hydraulics and not sand supply conditions,
such as would be the case with a downstream migrating
sediment pulse. We also interpret this to mean that the
sample size represented by each short monitoring reach
was sufficiently large to correctly predict the sign of the
systemwide sand budget. That is, we can be reasonably
confident that the direction of change in storage indicated
by the short monitoring reaches is indicative of the trend
in mass balance for the encompassing mass-balance seg-
ment. However, the magnitude of the imbalance predicted
from an extrapolation from the short monitoring reaches to
the longer segments is uncertain.

[s4] At the outset of this monitoring effort, it was antici-
pated that the selected reaches included a representative
sample of storage environments such that they would pro-
vide a reasonable measure of sand storage changes for the
mass-balance segments. The short monitoring reaches are
between 20 and 60 channel widths in length and four out
of the five include more than 20 large EDZs. Prior to this
study, monitoring of sand storage change in Marble Canyon
included repeat surveys of channel cross-sections between
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1992 and 1999 [Flynn and Hornewer, 2003] and periodic
measurements at a selection of eddy sandbars [Hazel et al.,
2006]. Both the cross-section measurements and the sandbar
surveys showed spatial variability in AS, but the limited
spatial resolution of the measurements prevented complete
description of that variability. The data collected for this
study provide, for the first time, a comprehensive portrait
of sand storage change and its variability for more than a
single debris fan-eddy complex. Even though it is somewhat
discouraging that the short monitoring reaches are not repre-
sentative of the magnitude of changes in sand storage over
longer reaches, the measurements provide valuable insight
that can be used in the design of future monitoring efforts.

[s5] These findings suggest that a robust estimate of sedi-
ment storage change based on repeat morphologic measure-
ments requires either monitoring the entire reach of interest,
random sampling of a known population of storage locations,
or stratified sampling based on predictive understanding of
local variability caused by local hydraulics. To implement
random sampling would require determination of the number
of important sediment storage locations and estimation of the
variance of storage changes. For example, the data collected
in this study could be used to estimate the variance of sand
storage change. If these quantities are not known, it may be
necessary to follow the first approach and measure the entire
segment. The third approach involves stratified sampling of
storage locations based on their known pattern of behavior.
For example, this approach could be based on discharge-
sediment storage relations like those shown in Figure 9. This
approach requires knowledge of not only the number of
storage locations, but also predictive understanding of their
response pattern. It may, however, not be possible to achieve
the necessary predictive understanding without first mapping
channel changes comprehensively for the reach of interest
for some period of time. Only once local dynamics are
understood and predictable would it be possible to devise a
stratified sampling scheme.

[s6] The description of sand storage changes dominated by
the hydraulic-controlled behavior of eddies and pools in
Grand Canyon presented here is only one example of this
process. Certainly, these processes are equally important in
other debris-fan dominated rivers [Schmidt et al., 1995;
Schmidt and Rubin, 1995]. While we believe that similar
processes occur in all rivers, the relative importance of
hydraulic-controlled sediment redistribution will vary greatly
depending on the type and distribution of sediment storage
locations. In general, hydraulic-controlled sediment redistribu-
tion is likely to be most important in rivers with distinct
sediment storage locations that are determined by channel
geometry. In contrast, low-gradient alluvial rivers, which have
wide and relatively uniform flood plains, likely exhibit a
weaker influence by local hydraulics. Thus, sampling of
morphologic change likely provides a better approximation
of the reach-average sediment budget in these settings.

[57] Although the emphasis here has been on local variabil-
ity in sediment storage change and the influence of local
hydraulics, we do not suggest that sediment storage changes
are decoupled from sediment supply. The coupling between
sediment supply and morphodynamic response is very clear
in the physical scaling analysis (equation (10)). Nevertheless,
the coupling between sediment supply and the local morpho-
logic response of the bed is not as strong as is the coupling

between local hydraulics and the local morphologic response
of the bed. In each of the monitoring intervals, there is a signif-
icant and consistent response among the short monitoring
reaches that is consistent with the flux-based mass balance.
Each reach shows evidence of sand accumulation during
periods of positive sand mass balance and evidence of sand
evacuation during periods of negative sand mass balance.
Moreover, the uncertainty in the computed sand storage change
for the short monitoring reaches is smaller than the uncertainty
in the flux-based mass balance, except for some of the rela-
tively short intervals between measurements when flux-based
uncertainties are lower. While the magnitude of storage change
in the long mass-balance reaches cannot be accurately esti-
mated based on measurements from the short monitoring
reaches, the short reaches with low uncertainty do support the
trend indicated by the flux-based mass balance. For example,
in the long interval between December 2004 and May 2009,
the flux-based mass balance indicates sand accumulation, but
with uncertainty that is larger than the predicted accumulation.
The result is an indeterminate prediction of the mass balance
(Table 3). However, each of the short monitoring reaches
shows sand accumulation with relatively small uncertainty.
This lends confidence that the direction of sand storage change
that is suggested by the flux-based mass balance is correct.

[s8] These findings also have implications for the manage-
ment of sediment-related resources along the Colorado River
in Grand Canyon National Park. The 2002 to 2009 study
period included two controlled floods released for the
purpose of rebuilding sandbars in EDZs. Schmidt and Grams
[2011] reported that each of those floods built sandbars in
Marble Canyon. Despite widespread erosion of newly built
sandbars following each flood, Schmidt and Grams [2011]
also reported that 7 out of 12 sandbars monitored from 1996
to October 2008 experienced a net increase in size during that
period. The flux-based sand budgets for upper and lower
Marble Canyon and the three morphologic-based budgets for
lower Marble Canyon all indicate net increases in sand storage
between May 2004 and May 2009. Because of the large uncer-
tainty in these estimates, it is not possible to conclude whether
the net increase in storage was slight or substantial. It is clear,
however, that the trend in sand storage was not negative,
which is encouraging for the rehabilitation of eddy sandbar
size in Grand Canyon National Park. This status of the sand
budget suggests that it is possible to use repeated controlled
floods as a method for sandbar restoration without causing
net depletion of sand from storage in the river channel.
However, it is also important to recognize that average
dam releases in the study period were about 12% lower than
average since dam completion. This is consistent with the
findings of Wright et al. [2008]. Based on a simple sand
routing model, they concluded that progressive sandbar
restoration in Grand Canyon may be possible with average
or lower annual dam release volumes. The degree to which
sandbar restoration goals can be met under average or
higher dam releases remains uncertain.

7. Conclusions

[59] Flux-based sand budgets derived from measurements
of sediment transport were compared with morphologic-
based sand budgets derived from measurements of channel
morphology for the 100 km Marble Canyon segment of
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the Colorado River in Grand Canyon National Park. The
flux-based budget was based on a continuous (15 min) re-
cord of streamflow and suspended-sand transport, and the
morphologic-based budget was based on repeat mapping
of five “short” (3—5 km) study reaches. Sand storage trends
within the short monitoring reaches were consistent with
the trends in flux-based mass balance throughout the 2002 to
2009 study period. Sand was eroded from each study reach
during periods when the flux-based budget was negative,
and deposition occurred in each reach when the flux-based
budget was positive. It was not possible to accurately extrapo-
late the morphologic measurements beyond the short reaches
to estimate the magnitude of sand storage changes for longer
segments. Observations of local changes in sand storage
demonstrate that the interaction of the flow with local channel
geometry exerts a much stronger control on morphodynamic
response than do changes in the upstream sand supply. Changes
in the upstream supply of sand amplify or dampen bed re-
sponses, but local hydraulics dominate the morphodynamic
response. Thus, accurate sediment budgets constructed
from morphologic measurements must incorporate the ef-
fect of local hydraulics in a sampling design or must avoid
extrapolation altogether.

[0] Both the flux- and morphologic-based sand budgets
indicate that there was no significant net decrease in the
amount of sand stored in the river channel in Marble Canyon
at the end of the 7 year study period, which was a period of
below-average dam releases. While it is possible that sand
storage increased, uncertainty associated with the accumula-
tion of potential bias in the flux-based budget and extrapola-
tion error in the morphologic budget prevents determining
the magnitude of significant increase.
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Notation

A area of interest for sediment budget computation,
2
m
A. area of grid cell in DEM, m’
A fractional amount of suspendable bed material on
bed surface, dimensionless
C, suspended-sediment concentration, dimensionless

Dy, median size of suspendable bed material, m
Fsoen proportion of rough surface that is sand,
dimensionless
Fsgnoom  proportion of smooth surface that is sand,
dimensionless

h  flow depth, m

I sediment influx, Mg
I’ uncertainty in sediment influx, Mg
O sediment flux, Mg

O’ uncertainty in sediment eflux, Mg

gs sediment flux per unit width, m*/s

O, sediment flux, m*/s

t time, s

U streamflow velocity, m/s

u«  shear velocity, m/s

Vs  volumetric concentration of suspended sediment,

dimensionless

X streamwise coordinate, m
Z. elevation of grid cell in DEM, m
Z spatially averaged elevation, m
Z’ uncertainty in spatially averaged elevation, m
AS  change in sediment storage, Mg
AS,, change in sediment storage based on morphologic
difference, Mg
AS’, uncertainty in change in sediment storage based
on morphologic difference, Mg
AS; flux-based change in sediment storage, Mg
AS’ ¢ uncertainty in flux-based change in sediment
storage, Mg
AViougn  fraction of volume change classified as rough,
dimensionless
AVgang fraction of volume change that is sand,
dimensionless
AVsmooth  fraction of volume change classified as smooth,
dimensionless
7 bed elevation, m
/p  bed-sediment porosity, dimensionless
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