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Abstract Bedrock-canyon rivers tend to be supply limited because they are efficient transporters of
sediment and not because the upstream supply of sediment is small. A byproduct of this supply limitation
is that the finer alluvium stored in these rivers has shorter residence times and smaller volumes than in
alluvial rivers. To improve our understanding of disequilibrium sediment transport and its effect on sand
storage in bedrock-canyon rivers, we undertook a 20-year study, synthesized herein, of the Colorado

River in Grand Canyon. Despite the large loads for which it was renowned, this river exhibited evidence
of natural sand-supply limitation and became the perfect natural laboratory for studying sand transport in
a bedrock canyon after upstream dam construction exacerbated this supply limitation. During our study,
we made and analyzed an unprecedented ~2.5 million measurements of the suspended and bed sediment.
Results indicate that sand storage in this bedrock-canyon river is self-limiting owing to the physical
controls of flow and grain size causing negative feedbacks that likely also operate in other bedrock-canyon
rivers. Following episodic tributary floods that supply finer sand, sand migrates quickly downstream in the
form of a wave in which large systematic changes in bed-sand grain size occur. These grain-size changes
cause discharge-independent systematic changes in suspended-sand concentration in excess of a factor of
20. Although the tributary supply of sand increases the amount of sand storage, it also greatly increases
the downstream sand transport by causing bed-sand fining, thus limiting the residence time and volume of
sand storage.

Plain Language Summary Increases in flow and decreases in sand grain size interact to limit sand
storage in bedrock-canyon rivers such as the Colorado River in Grand Canyon. For a given grain size, an
increase in flow (i.e., discharge) will cause a large, nonlinear increase in sand transport. Likewise, for a given
flow condition, a decrease in grain size (i.e., fining of the bed-sand grain-size distribution) will also cause a
large, nonlinear increase in sand transport. In bedrock-canyon rivers where the bed sand is typically coarser
than the sand supply, the episodic addition of sand causes temporary fining of the bed sand that produces
sand-transport increases that may be as large as those caused by typical flow increases. This grain-size effect
causes newly supplied sand to migrate downstream as sand waves, with substantial coupled changes in sand
grain size occurring in the bed and in transport. Adding finer sand to a bedrock-canyon river therefore only
temporarily increases the sand storage because it also increases the downstream sand transport. Because

the downstream transport of sand is increased at higher discharge, increases in flow lead to greater self-
limitation of sand storage, and therefore lesser amounts of sand in a bedrock-canyon river like the Colorado
River.

1. Introduction

The residence time and storage volume of sand and finer sediment in bedrock-canyon rivers are respectively
much shorter and smaller than in alluvial rivers (Bradley & Tucker, 2013; Pizzutto et al., 2017; Skalak &
Pizzuto, 2010). These limitations on residence time and storage volume arise because bedrock-canyon rivers
are efficient transporters of sediment owing to their extremely nonuniform and highly turbulent flow conditions
(Venditti et al., 2014), and because of their restricted accommodation space. Bedrock-canyon rivers therefore
tend to be supply limited because they are efficient transporters of sediment (Topping, Rubin, & Vierra, 2000)
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despite the fact that some bedrock-canyon rivers transport among the largest sediment loads on Earth (Milliman
& Meade, 1983). Understanding the physical interaction of sediment supply and transport that leads to supply
limitation is critical for a wide range of theoretical and applied purposes, ranging from studies of landscape evolu-
tion to river management. Canyon incision requires at least intermittent exposures of bedrock; thus, it is important
to understand the sediment-transport processes that lead to the transient alluvial cover that regulates incision in
bedrock-canyon rivers (Sklar & Dietrich, 2001; Whipple et al., 2013, 2000). Moreover, accurate sediment routing
through river networks and prediction of drainage-basin evolution requires knowing the physical controls on
sediment transport through both supply-limited and transport-limited segments (Howard, 1994). Deposition of
finer sediment on gravel substrates may limit riverine biological processes (Cross et al., 2013; Lisle, 1989; Mont-
gomery, 2003; Osmundson et al., 2002), thus also requiring knowledge of the physics that control the transient
storage of sand and finer sediment. Finally, it is important to understand the physics that give rise to the natural
tendency of bedrock-canyon rivers to be supply limited when managers desire to maximize sand storage in these
rivers. This knowledge is especially critical in cases where the natural supply limitation has been exacerbated,
e.g., where most of the sand supply has been cutoff by a dam and discharges are relatively high (Schmidt &
Wilcock, 2008).

An example of a naturally supply-limited, dam-altered bedrock-canyon river is the Colorado River in Grand
Canyon National Park (GCNP; Topping, Rubin, & Vierra, 2000), a UNESCO World Heritage Site. Though
occupying a small part of the riverscape, sandbars and other sandy deposits are a characteristic part of the land-
scape, and are important for habitat, recreation, and archeological-site preservation (East et al., 2016; Schmidt
& Grams, 2011; U.S. Department of the Interior, 1995). The construction of Glen Canyon Dam radically
changed the flow and sediment conditions of the Colorado River in GCNP. The 1963 closure of this dam
cutoff ~95% of the fluvial sand supply at the upstream boundary of GCNP (Topping, Rubin, & Vierra, 2000).
Subsequent dam operations largely removed the below-median pre-dam discharges under which sand season-
ally accumulated (Topping et al., 2003) and also removed the floods that seasonally scoured this sand from
the channel and deposited sandbars (Schmidt, 1990). Public recognition that dam operations were causing
net erosion of sandbars in the early 1970s (Dolan et al., 1974) led to intensive study beginning in the 1980s
(Carothers & Brown, 1991), and culminated in the passage of the Grand Canyon Protection Act (1992). This
law directed that Glen Canyon Dam be managed to “protect, mitigate adverse impacts to, and improve the
values” for which GCNP was established. River managers thereupon tasked scientists with developing dam
reoperation plans to retain sufficient sand in the Colorado River in GCNP to sustainably rebuild sandbars (U.S.
Department of the Interior, 1995, 2016a). Though some earlier studies reached a different conclusion (e.g.,
Laursen et al., 1976), the presumption by the mid-1990s was that tributary-supplied sand accumulated on the
riverbed over multiyear timescales downstream from Glen Canyon Dam and could be used to rebuild sand-
bars during episodic dam-released controlled floods (U.S. Department of the Interior, 1995, 1996). Research
following the first controlled flood in 1996 (Webb et al., 1999), however, showed that the river was instead
sand-supply-limited and that long-term sand accumulation was unlikely owing to large changes in sand trans-
port associated with changes in grain size (Rubin et al., 2002; Topping, Rubin, Nelson et al., 2000; Topping,
Rubin, & Vierra, 2000).

Therefore, the U.S. Geological Survey (USGS) began a program of intensive suspended-sediment measurements
in 1998 to better understand the disequilibrium sediment transport that dominates in the Colorado River, and that
is likely a defining characteristic of bedrock-canyon rivers. This work led to the design of controlled floods to
follow and utilize new tributary sand inputs (Grams et al., 2015; Rubin et al., 2002; Wright & Kennedy, 2011;
Wright et al., 2008) and also led to modified nonflood dam operations (U.S. Department of the Interior, 2016a,
2016b). To date, our USGS program has made over 2.5 million suspended-sediment measurements (~1.7 million
that include sand grain size) and ~1,600 bed-sediment measurements. This paper both synthesizes earlier learn-
ing and presents new results from this 20-year ongoing research effort.

1.1. Study Area

Our study was conducted in the Colorado River and its tributaries between Glen Canyon Dam and Lake Mead
from 1996 through 2017 (Figure 1). For sand-budgeting purposes, we divide the Colorado River into five
major segments: Upper Marble Canyon (UMC), Lower Marble Canyon (LMC), Eastern Grand Canyon (EGC),
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Figure 1. Study area map showing the gaging stations where continuous suspended-sediment measurements (green circles) and event-based sampling (yellow circles)
were used to calculate 15-min loads for sand budgeting in the bracketed segments (depicted in red). Lower Glen Canyon extends from Glen Canyon Dam to the Paria
River; Marble Canyon extends from the Paria River to the Little Colorado River (LCR); Grand Canyon extends from the LCR to the Grand Wash Cliffs. “PR-LF”
indicates the Paria River at Lees Ferry gaging station; “LCR—Cam” indicates the LCR near Cameron gaging station. Blue numbers indicate the other stations used

in our study, abbreviated as: (1) Water Holes Canyon, (2) Badger Creek, (3) Tanner Wash, (4) House Rock Wash, (5) House Rock Wash in Rider Canyon, (6) North
Canyon, (7) Shinumo Wash, (8) LCR at Cameron, (9) LCR—mouth, (10) Bright Angel Creek, (11) Kanab Creek—Fredonia, (12) Kanab Creek—mouth, and (13) Havasu
Creek. (b) Instantaneous discharge (Q) at the RKO station during the period of our study; CF indicates controlled flood.
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East-Central Grand Canyon (ECGC), and West-Central Grand Canyon (WCGC). We refer to ~1-km-long
river sections as a “reach,” and longer sections as a “segment.” Longitudinal distances along the Colorado
River are measured downstream from the RKO station; RK is short for “river kilometer.” The five segments
are bracketed by USGS gaging stations abbreviated herein as the RK0O, RK49, RK99, RK141, RK268, and
RK363 stations. Official USGS and abbreviated names of all gaging stations are listed in Text S1. We use
the July 1 through June 30 “sediment year” of Topping, Rubin, and Vierra (2000), defined such that each
year begins with the season of maximum tributary sediment supply (July 1 of preceding calendar year) and
ends with the natural season of maximum sediment export, that is, the pre-dam snowmelt flood (June 30 of
current calendar year).

Most of the Colorado River in our study area is a gravel-bedded pool-drop river, and this morphology controls
the loci of sand storage. Boulder-dominated debris fans at tributary mouths constrict the river and form rapids
(Dolan et al., 1978; Howard & Dolan, 1984). Lower-gradient pools form upstream from these rapids, and later-
al-recirculation eddies form in the downstream flow expansion. Sand is stored in both of these environments
and in channel-margin bank deposits (Rubin et al., 1990; Schmidt, 1990; Schmidt & Graf, 1990; Schmidt &
Rubin, 1995; Schmidt et al., 1999). Depending on pool geometry, sand may completely cover the bed or occur
in relatively small, thin patches on a gravel-bedrock substrate (Grams et al., 2013). The greatest sand thicknesses
generally occur in sandbars in the eddies downstream from the rapids (Barnhardt et al., 2001; Hazel et al., 2006;
Platt, 2018; Rubin et al., 1994). Although the sand grain size generally fines from lower elevations on the channel
bed to higher elevations in the eddies and on the banks (Hazel et al., 2006; Rubin et al., 2020), individual sand
deposits tend to be inversely graded. In higher-elevation deposits, this inverse grading occurs both within the
sand-size sediment and also in the silt and clay, arising from the progressive depletion of the upstream sediment
supply during pre-dam snowmelt floods and during dam-released controlled floods (Draut & Rubin, 2013; Rubin
et al., 1998; Topping, Rubin, & Vierra, 2000; Topping, Rubin, Nelson et al., 2000; Topping et al., 2005, 2006).
Inverse grading of channel-bed sand (armoring) is likely present during periods of combined high mainstem
discharge and tributary quiescence, when progressive depletion of the upstream sand supply leads to bed-sand
winnowing (Rubin et al., 1998; Topping, Rubin, Nelson et al., 2000; Topping, Rubin, & Vierra, 2000; Topping
et al., 2005; Topping et al., 2010, 1999). Despite the tributaries supplying a large amount of silt and clay, the
silt and clay content in the bed is generally negligible except in eddies (Hazel et al., 2006). Although the silt and
clay content in the channel bed does increase following tributary floods (Figure 14 in Topping, Rubin, Nelson
et al., 2000), large increases in silt and clay are restricted to eddies, where we have observed silt and clay to
comprise as much as ~17% of the bed following large tributary floods.

1.2. Colorado River Sand-Transport Synthesis

Sand transport in rivers is controlled by the interaction of the upstream sand supply with the flow and the sand
locally available on the bed, bars, and banks. Water discharge (Q), influences the cross-section-integrated sand
flux (Qgsnp) through a river cross section on a spatially, reach-averaged basis primarily through the boundary
shear stress (7,), and secondarily through the flow velocity, depth, and width (Grams et al., 2013). In this usage,
“cross-section-integrated flux” refers to the surface integral of the local flux over each point in the river cross
section. The upstream sand supply influences Qg,\p, primarily through the bed-sand grain-size distribution, and
secondarily through the areal fraction of the bed covered by sand (i.e., bed-sand area), and scour-and-fill driven
variation in 7z, (Rubin et al., 2020), as elaborated upon below. Under equilibrium sand transport, the bed-sand
grain-size distribution remains constant because the upstream supply and downstream export of each sand size
class are in balance across all Q. Under this condition, negligible variation exists when the velocity-weighted
suspended-sand concentration (Cg,yp) is plotted as a function of Q; an increase in Q causes an increase in 7,
that, in turn, causes an increase in both C,, and the suspended-sand median grain size (D), with the highest
values of Cg,p, associated with the largest values of Dg. This scenario is commonly called the "transport-limited"
case in the literature (Dietrich et al., 2003; Howard, 1994), a scenario we refer to as "flow-regulated" (following
Rubin & Topping, 2001). Conversely, under disequilibrium sand transport, the upstream supply and downstream
export of each sand size class are not in balance across all Q. Under this supply-limited condition, changes in
the upstream sand supply cause changes in the bed-sand grain-size-distribution that may completely offset the
influence of Q on Cg,\p. In a completely supply-limited case, the highest values of Cg,\, are associated with the
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smallest values of Dy and not the largest values of Q, a scenario we refer to as "grain-size-regulated" (following
Rubin & Topping, 2001).

Tributary floods have a much larger effect on the upstream sediment supply than they do on Q in the Colo-
rado River. Most tributary floods are of short duration (Dean & Topping, 2019; Griffiths & Topping, 2017;
Melis et al., 1996; Topping, 1997) and supply relatively small amounts of water compared to the Q released
from Glen Canyon Dam (Rubin et al., 2020). Consequently, dam operations largely determine Colorado River Q
throughout our study area. The suspended-sediment concentrations during these tributary floods, however, are
among the highest measured in the world (Beverage & Culbertson, 1964; Dean & Topping, 2019; Griffiths &
Topping, 2017; Topping, 1997) and the tributary sand tends to be much finer than the antecedent bed sand in the
Colorado River (Topping, Rubin, Nelson et al., 2000).

The sediment supplied during a tributary flood is transported downstream in the Colorado River as an elongating
sediment wave with components in transport and on the bed (Topping, Rubin, Nelson et al., 2000). Owing to the
lower Rouse numbers of the finer sediment size classes, progressively more of these size classes are in transport
and not temporarily stored in the bed (after Rouse, 1937; McLean, 1992) during downstream wave migration.
The sediment waves consequently undergo segregation by grain size. Because the silt-and-clay-sized sediment
are transported as washload (Einstein et al., 1940; Woo et al., 1986) and have only minimal representation in
the bed, they form a silt-and-clay wave that is almost entirely in transport. The sand-size sediment forms a
lagging sand wave with progressively greater representation in the bed of the coarser size classes, as governed by
physical suspension processes (McLean, 1992) and the lower flux boundary condition for suspended sediment
(Parker, 1978). Our observations in the late 1990s suggested that the sand waves further split into two "packets"
as they travel downstream, with packet A leading packet B (Text S2). Packet A migrated quickly downstream
with a celerity slightly slower than the velocity of the water (Topping, Rubin, Nelson et al., 2000). As it migrated
downstream, packet A left behind a longitudinally discontinuous very fine secondary mode in the bed sand that
decayed in amplitude in the downstream direction (Figure 14 in Topping, Rubin, Nelson et al., 2000). Packet B
presented as a unimodal sand bed that blanketed the antecedent coarser sand and gravel bed. Packet B fined in
the upstream direction from the front (D, = 0.44 mm) to the peak (D5, = 0.11 mm), and then coarsened in the
upstream direction from the peak to the tail (D5, = 0.30 mm). The median grain size of the bed sand at the peak of
packet B (0.11 mm) was slightly coarser than the secondary mode (0.096 mm) that comprised the bed component
of packet A (Figure 14 in Topping, Rubin, Nelson et al., 2000).

Sand-wave migration is associated with coupled changes in Cq,\, and the suspended- and bed-sand grain-size
distributions, and also inferred changes in reach-averaged bed-sand area and 7, as the channel fills and scours. As
required by the flux lower boundary condition of Parker (1978), the tributary introduction of a large amount of
finer suspended sand causes an overloaded disequilibrium sand-transport condition in the Colorado River, that
is, a condition where the suspended-sand concentration and grain-size distribution are respectively higher and
finer than that in equilibrium with the antecedent bed-sand grain-size distribution. This overloaded condition
causes a net flux of sand from suspension to the bed, causing the bed sand to fine (Topping et al., 2007). The
subsequent decrease in upstream sand supply as tributary flooding ceases gives rise to the opposite, underloaded
condition. A net flux of sand from the bed to suspension then occurs, leading to a coarsening of the bed-sand
grain-size distribution by winnowing the finest size classes from the bed (Rubin et al., 1998). Within sand waves,
the bed-sand grain-size distribution thus fines in the upstream direction in the leading edge (from the front of a
wave to the peak), and the bed-sand grain-size distribution coarsens in the upstream direction in the trailing edge
(from the peak to the tail).

Bed-sand grain size exerts a strong nonlinear control on Cg,y, (Rubin & Topping, 2001, 2008; Topping, Rubin,
Nelson et al., 2000; Topping et al., 2007), whereas bed-sand area exerts a weaker quasi-linear control on Cg,\p
(Grams & Wilcock, 2007, 2014; Topping et al., 2007). Consequently, changes in bed-sand grain size are the
dominant bed signature of the changes in upstream sand supply associated with sand-wave migration (Topping
et al., 2018). Changes in bed-sand area associated with sand-wave migration are likely to be relatively small,
except in the reach downstream from the sand-wave-generating tributary, where transient orders-of-magnitude
changes in bed-sand area have been observed (Topping, Rubin, Nelson et al., 2000). Repeat maps of the Colo-
rado River show that there is less than a factor of ~2 variation in bed-sand area during periods of tributary
quiescence, and that sand patches tend to be topographically “locked” under similar flow conditions (Grams
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et al., 2019, 2013). This behavior arises because sand patches are largely determined by local convergence (i.e.,
a spatial decrease) in 7, caused by the interaction of the flow with the bed topography (Topping, Rubin, Nelson
et al., 2000). Because the loci of convergence in 7, may change as a function of Q, sand patches may, however, be
located on different parts of the bed under different flow conditions. Large increases in Q tend to redistribute sand
from deep pools to larger areas of the bed (Topping, Rubin, Nelson et al., 2000), but sand slowly recollects in the
pools after Q decreases. Consequently, sand patches have been observed on different parts of the gravel-bedrock
substrate at different Q, with large increases in Q causing up to a factor of ~3 increase in bed-sand area (Anima
et al., 1998; Schmidt et al., 2007). Thus, sand-wave migration likely causes much less than a factor of 10 change
in sand-patch area except in the reaches proximal to flooding tributaries, where gravel beds can be temporarily
converted to sand beds (Topping, Rubin, Nelson et al., 2000). Owing to the quasi-linear control of bed-sand area
on Cg,\p» changes in sand-patch area associated with sand-wave migration are therefore inferred to be associated
with less than an order-of-magnitude change in Cg,\p, (Topping et al., 2007). In contrast, half-order-of-magni-
tude changes in bed-sand median grain size (Dp) cause several orders of magnitude change in Cg,\, (Topping
et al., 2007; Topping, Rubin, Nelson et al., 2000). Changes in bed-sand grain size can thus completely offset the
sometimes-opposing control of bed-sand area on Cg,\, (Topping et al., 2007); accordingly, changes in bed-sand
area are neglected in our analyses.

Q-independent changes in reach-averaged 7, caused by fill and scour during sand-wave migration are also less
important than the control of bed-sand grain size on Cg,\, and for the purposes of our analyses are also neglected.
The location of a sand patch on the bed is determined by convergence in 7, and a patch will aggrade and enlarge
in the presence of an increased upstream sand supply during sand-wave migration until the convergence disap-
pears and that part of the bed ceases to be a depositional environment (Topping, Rubin, Nelson et al., 2000). Large
increases in sand-patch thickness will therefore cause an increase in the spatially averaged 7, over a patch, thus
leading to an increase in the reach-averaged 7,. Bed-sand area is generally 10%—70% over the reach scale (Anima
et al., 1998; Grams et al., 2019, 2013; Schmidt et al., 2007; Topping et al., 2007) and substantial changes in sand-
patch thickness are localized. For example, between 2009 and 2012, 70% of the total change in sand volume in a
50-km river segment occurred over only 12% of the length of this segment (Grams et al., 2019). The changes in
the spatially averaged 7, over patches caused by fill and scour during sand-wave migration are thus likely to be
<<100% in reaches distal to tributaries. These local changes will therefore cause a change in reach-averaged 7, of

<50% (Topping et al., 2010). Because the shear velocity u, = /t, / p (Where p is water density), this maximum
likely change in 7, corresponds to only a factor of ~1.2 change in u,, the maximum variation in reach-averaged
u, confirmed by measurements (Text S3). This level of variation in reach-averaged u, causes only a factor of ~2
change in Cy,pp, much less than the factor of >20 change in C,, caused by changes in bed-sand grain size (after
Rubin & Topping, 2001; Topping et al., 2007; Text S4).

2. Field Methods

We measured suspended sediment in the Colorado River using a combination of the following five methods:
Equal-Discharge-Increment (EDI), Equal-Width-Increment (EWI), Velocity-weighted-average Point-sample
Array (VPA; Edwards & Glysson, 1999), calibrated-pump (Topping et al., 2010), and acoustical (Topping &
Wright, 2016; Text S4). Before 2002, measurements were made episodically using depth- and point-integrat-
ing suspended-sediment samplers deployed in the EDI, EWI, or VPA methods. Beginning in 2002, measure-
ments were made at 15-min intervals at four stations using single-frequency acoustic-Doppler profilers (ADPs)
augmented by pump samples calibrated using EDI/EWI measurements. One additional station and ADPs at
additional frequencies were added over time such that, by 2008, acoustical methods using two or three frequen-
cies were used to measure the velocity-weighted suspended-silt-and-clay concentration (Cqp 1. ay)> Csanps and
Dy at 15-min intervals in the river cross sections at five stations (Griffiths et al., 2012). Acoustical measurements
were calibrated and subsequently verified using EDI/EWI measurements and EDI/EWI-calibrated-pump meas-
urements (Topping & Wright, 2016). Bed-sediment measurements were generally made on the same days as
the EDI/EWI measurements and typically consisted of three to five samples collected across the cross-section.
No bed-sediment measurements were made at the largely gravel-bedded RKO station. Laboratory methods for
processing samples are described by Topping et al. (2010).
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To better constrain the sediment supply to the Colorado River, we made extensive suspended-sediment measure-
ments in the tributaries (Figure 1). Event-based sampling using EWI, EDI, single-vertical, and calibrated-pump
measurements was conducted in the Paria River at the PR-LF station and Little Colorado River (LCR) at the
LCR-Cam station. Beginning in 2000, this effort included new gaging stations and automatic samplers in a
subset of the formerly ungaged lesser tributaries (Griffiths & Topping, 2017; Griffiths et al., 2014). This effort
was expanded again to include Bright Angel Creek in 2005, and Kanab and Havasu creeks in 2010. Owing to
the remoteness of all tributaries except the Paria River and LCR, suspended-sediment measurements in these
other tributaries were mostly made by calibrated automatic samplers. All data collected for this study, with
user-interactive plots and sediment budgets, are available at: https://www.gcmrc.gov/discharge_qw_sediment/
(Sibley et al., 2015).

All of the suspended-sediment measurements have known field and laboratory errors (Topping
etal., 2010, 2011). Errors in calibrated-pump suspended-sand measurements are larger than those in EDI/EWI
measurements, and depend on intake-tube length, pumped sample volume, Cg,,p, and grain size (Topping
et al., 2010). Relative error in individual acoustical measurements of Cg,\, decreases with increasing Cg, \p»
whereas relative error in individual acoustical measurements of Dy is constant (Topping & Wright, 2016;
Topping et al., 2016).

3. Analytical Methods
3.1. Instantaneous Cross-Section-Integrated Sand Fluxes and Cumulative Sand Loads

Oganp 18 the sum of the cross-section-integrated suspended- and bedload-sand fluxes. The local suspended-sand
flux at each point in a cross section is the product of the local flow velocity and suspended-sand concentration.
Because the cross-section-integrated suspended-sand flux is the surface integral of the local suspended-sand
flux over each point in the cross section, it is equivalent to the product of the velocity-weighted suspended-sand
concentration in the river cross section (i.e., Cg,\p) and Q, that is, the standard method (Guy, 1970) we used
to calculate the cross-section-integrated suspended-sand flux at each 15-min interval. The cross-section-inte-
grated bedload-sand flux in the Colorado River was estimated as 5% of the cross-section-integrated suspend-
ed-sand flux on the basis of dune-migration measurements at the RK99 and RK141 (Rubin et al., 2001) and
RK363 stations (Ashley et al., 2020). The shifting-rating-curve method (Topping et al., 2018, 2010) was
used in conjunction with suspended-sediment measurements and Q to calculate Qg,\p, in the Paria River and
LCR, and in Kanab and Havasu creeks: linearly shifting the relation between Q and Cg,\, over time so that
the rating-curve predictions of Cg,yp, equaled the measured Cg,p, at the time of each suspended-sediment
measurement. Although the cross-section-integrated bedload-sand flux was found to be negligible in the Paria
River and LCR (owing to low Rouse numbers), model estimations of bedload sand transport were included in
the calculations of Qg,\p, in these two rivers (after Topping, 1997). Bedload sand transport was neglected in
all other tributaries on the basis of this result. For the post-2002 period of 15-min Qg, \p at the five Colorado
River stations, the post-1997 period of 15-min Qg,\p, in the Paria River and LCR, and the post-2010 period
in Kanab and Havasu creeks, sand loads were calculated by integrating these data over time (after Porter-
field, 1972). This method was also used at the RKO station, where Cg,\, Was typically measured only during
controlled floods. Methods used for Qg, \, and sand loads in the gaged subset of lesser tributaries are described
in Griffiths and Topping (2017), and for all lesser tributaries in Text S5. Cross-section-integrated silt-and-clay
fluxes and loads were calculated using the same methods as for sand. Annual sand and silt-and-clay loads at
all stations are provided in Text S6.

Uncertainties in sand loads were estimated on the basis of the maximum likely magnitudes of small persistent
biases in the measurements of Cg,\p (€.g., Sabol & Topping, 2013; Topping et al., 2010) and Q (e.g., Kiang
et al., 2016; Sauer & Meyer, 1992). Thus, 5% uncertainties were assigned to Colorado River loads calculated
from the 15-min suspended-sand data. Owing to the larger possible persistent biases in the Q records and from
use of the shifting-rating curve method, 10% uncertainties were assigned to loads in the Paria River and in the
LCR (at LCR—Cam), and 20% uncertainties were assigned to loads calculated using the shifting-rating curve
method on the sparser suspended-sand data in Kanab Creek, Havasu Creek, and elsewhere in the LCR. 50%
uncertainties were assigned to lesser-tributary loads.
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3.2. Discharge Versus Sand-Supply Control of Sand Transport

We evaluated the relative importance of Q versus the upstream sand supply in controlling sand transport
in the Colorado River using @, a nondimensional index derived from suspended-sediment theory by Rubin
and Topping (2001). Bed-sand grain size was used as a proxy for the upstream sand supply, as justified in
Section 1.2.

_L(IOgm ACSAND ] +J

a=( K j{loglo ADsz( K j log,, ADg I
J+1)\ log,, Au. J+1 M log, ACsunp -K
log,, ADg

is a quantitative measure of the relative importance of u, versus Dy in regulating sand transport. The values of
J, K, L, and M in Equation 1 are derived from theory (Rubin & Topping, 2001) and vary as a function of the
bed-sand sorting and whether dunes are present. The bed sand of the Colorado River in our study area is generally
well-sorted, with a mean geometric standard deviation (GSD) of 0.53¢ (Text S7). Dunes are not always present
on the bed owing to changing sand-patch thickness and flow conditions. Thus, the mean values derived by Rubin
and Topping (2001) for well-sorted bed sand (GSD = 0.55¢) among cases with and without dunes, J = 4.3,
K=-2.8,L=0.18, and M = 0.85, are used in Equation 1. A in Equation 1 signifies the ratio of either Cg,y, or
Dy at two different times. To apply Equation 1 to our large datasets, with many hundreds of thousands of meas-
urements, we use the approximation of Rubin and Topping (2001):

log,, ACsup ‘ 2 (10g10 CSAND) )
log,, ADj ‘ o (log10 DS)

where o indicates the standard deviation. We then use the method of Topping et al. (2018) to evaluate the sign of
log,, ACnp / l0g,, AD; and calculate lal. We calculated lal separately for the EDI/EWI/VPA, calibrated-pump,
and acoustical suspended-sand measurements owing to the different error magnitudes between these three meas-
urement types.

a is defined such that u, is more important than Dy in regulating sand transport when lal < 1 and Dy is more
important than «_ in regulating sand transport when lal > 1. Steady, uniform-flow estimation of «, from Q meas-
urements (Text S3) indicates that the positive correlation between cross-section average u, and Q is nearly perfect
in the Colorado River (with correlation coefficient » > 0.97). Thus, lal is also a quantitative measure of the impor-
tance of changes in Q versus changes in Dy in regulating Cy,\p. This result indicates that when lal approaches
zero, Cq,\p 1S insensitive to changes in the upstream sand supply and is controlled only by changes in Q (i.e., the
flow-regulated case), whereas Cg,,, is completely controlled by changes in the upstream sand supply when lal
approaches infinity (i.e., the grain-size regulated case).

3.3. Bed-Sand Grain Size

To take advantage of our 1.7 million measurements of suspended-sand concentration and grain size, and not be
analytically limited by relatively sparse bed-sediment measurements (typically between only 4 and 10 per year at
each station), we back-calculated the reach-averaged bed-sand grain size in the Colorado River from the suspend-
ed-sand data using the nondimensional / derived from theory by Rubin and Topping (2001, 2008). This approach
allowed us to develop time series of reach-averaged bed-sand grain size with high temporal resolution that were
then analyzed to determine the effects of Q and the tributary resupply of sand on the Colorado River bed sand

=0.1
eS| (2] (3)
CSAND-REF DS—REF
is a measure of the relative coarseness of the bed sand, where Cg,\, is from a single measurement, Cq,yp rer
is the reference Cg,yp, Dy is from a single measurement, and Dg . is the reference Dg. Reference values

over timescales of 15 min to decades.
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are mean values over an entire dataset (Text S7), such that the bed sand is finer than the mean condition
when f < 1. We calculated f for the three suspended-sand measurement types (i.e., ED/EWI/VPA, cali-
brated-pump, and acoustical) using values of Cg,\pger and Dg g at each station from only the EDI/EW1/
VPA measurements. We used this approach because the EDI/EWI/VPA measurements (made with isokinetic
depth- and point-integrating suspended-sediment samplers) provided the most accurate measurements of
Csanp and Dy. In addition, this approach allowed the § values at each station to be consistent between the
three measurement types. Cg,\p, commonly varies by ~1.5 orders of magnitude and Dy commonly varies by
a factor of ~1.5 in the Colorado River. Therefore, even though Dy is raised to a power 10 times larger than
Cyanp in Equation 3, changes in Cg,,, and Dy tend to equally influence f in the Colorado River in our study
area.

The bed-sand grain-size metric tracked by § depends on the transport mode for the majority of the bed sand. When
most of the bed-sand grain-size distribution is transported in suspension (i.e., the Rouse number for Dy < 1),
P = Dg/Dy ppr by definition, where Dy . is the mean Dy over the entire dataset (Rubin & Topping, 2001, 2008;
Topping et al., 2010; Text S7). However, when a large part of the bed-sand grain-size distribution is transported
as bedload, # can be uncorrelated with Dy and only relate to the amount of finer sand on the bed (Topping
et al., 2018). By the physics that govern suspended sediment, the fractional amount (f) of a sand size class on the
bed surface required to support a given amount of sand in suspension increases nonlinearly with grain size (after
McLean, 1992). Consequently, relations between f and f in the fine tail of the bed-sand grain size distribution

are semi-logarithmic such that 8 oc —log( f); these relations have negative slopes and correlations that decrease
as grain size increases (Text S2). Thus, f is most sensitive to changes in the fractional amount of the finest sand
on the bed.

p should be more representative of the reach-averaged bed-sand grain-size distribution in a river than are direct
bed-sediment measurements made at only one cross-section. Because suspended sand equilibrates with the bed
over the 100s-of-m to 1-km reach scale in the Colorado River (Topping et al., 2007), the f-calculated bed-sand
grain size is that which is "sampled" by the physical processes governing suspended sand over these larger spatial
scales. The bed-sand grain-size distribution in the main channel at one cross-section does not necessarily corre-
late well with the reach-averaged bed-sand grain-size distribution in equilibrium with the suspended sand. Over
decade-plus timescales, the suspended sand in the Colorado River has been regulated more strongly by changes in
the grain-size distribution on the eddy-sandbar surfaces than by changes in the grain-size distribution of the sand
on the channel bed, despite eddies comprising only ~20% of the inundated area of the Colorado River (Topping
et al., 2005, 2008).

Support for f as an accurate measure of the reach-averaged bed-sand grain size is provided by the C-run flume
experiments of Einstein and Chien (1953b). In these experiments, where the D Rouse number ranged from ~0.4
to 0.6, the upstream sediment supply was systematically varied to utilize the physical suspension processes to
form a bed surface in equilibrium with the suspended sediment. Einstein and Chien measured the equilibrium
bed surface at two sections in the flume; hence their bed-surface grain-size distributions are spatial averages. For
these experiments, the Dy .. back-calculated using regression from f = Dy/Dy .. differs from the true Dy p.r
among the measured Dy values by only 4%. Moreover, the correlations between f and Dy, for sand-size sediment
and between f and the log-transformed fractional amount of very fine (0.0625-0.125 mm) bed sand (f,;) are
nearly perfect, with r values of 0.98 and —0.99, respectively. Because these values correspond to respective
R? values of 0.96 and 0.98,  thus explains most of the variance in bed-sand grain size in this well-constrained
dataset. Therefore, weaker correlations between f and bed-sand grain size in rivers likely arise, not from physical
simplifications in the derivation of f, but rather from sparser bed-sediment measurements in rivers being less
representative than f of the reach-averaged bed sand “sampled” by the suspended sand. In addition, although S
was derived for sand-covered beds, it provides a reasonably accurate measure of the bed-sand grain size under
conditions where sand covers a smaller part of the bed and/or the bed-sand area changes over time. Because
bed-sand grain size exerts a much stronger control on C,, than does bed-sand area, a factor of two change in
bed-sand area biases f by only ~7% (Topping et al., 2010).

However, the accuracy of f is limited by the accuracy of the suspended-sand measurements used to calcu-
late . Though all of the suspended-sediment measurement types used in our study are unbiased (Topping
et al., 2010, 2011; Topping & Wright, 2016), only the episodic EDI/EWI/VPA measurements have relatively
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small random error (Topping et al., 2011). Although the continuous 15-min acoustical suspended-sand meas-
urements are the only measurements that capture the full range of Cg,\p and Dy, these measurements have
the largest random error (Topping & Wright, 2016). The random errors in the EDI/EWI/VPA and acoustical
measurements of Cg,\, decrease substantially as Cg,\p, increases (Topping & Wright, 2016). Thus, the C,\p-
weighted mean error in Cg,\, Was chosen to represent the central tendency of the error distribution in Cg,\p
at each station. For individual EDI/EWI/VPA measurements, the mean 95%-confidence-level relative errors
averaged among the Colorado River stations are +12% for Cg,\p, and +10% for Dy. For individual acoustical
measurements, the mean 95%-confidence-level relative error averaged among the Colorado River stations are
+69% for Cg,\p and +34% for Dg. Propagation of these errors through Equation 3 using the methods on pages
61 and 66 in Taylor (1997) indicates that the 95%-confidence-level relative errors in individual values of 8 are
typically £10% for EDI/EWI/VPA measurements and +35% for acoustical measurements. Moreover, because
the relative error in measured Cy, \, decreases with increasing Cg,\p, the relative error in f is lower than these
values under the conditions of higher sand transport that exert greater influence in the lagged-covariance and
sand-budgeting analyses herein.

3.4. Lagged-Covariance Analyses

We detected the downstream migration of tributary-generated sand waves in the Colorado River over 15-min
to annual timescales through analyses of the lagged covariance, that is, cross-covariance (Emery & Thom-
son, 2001), of tributary Qg,\p and Colorado River bed-sand grain size. These analyses utilized the 15-min Qg,\p
values in the Paria River and LCR, and the 15-min multifrequency acoustical measurements of Cg,yp, and Dy in
the Colorado River made during sediment years 2008—-2017. In these analyses, At is equal to 15 min and the cross
covariance of A and B at each lag jAt is:

N-j

—~ ) 1 _ _
covas (jAf) = N—j;(Ai 4)(B,.;-B) “
where A, is Qg \p in either the Paria River (at the PR-LF station) or LCR (at the LCR—-Cam station) and B; is
the value of 1/4, at a station on the Colorado River at a given 15-min interval i. 4 and B are the means of A
and B,, respectively, over all N 15-min intervals in the 10 years of data; j = O through 35,039 because there are
35,040 15-min intervals in a common year. The inverse of Q-detrended p, that is, I/ﬂQ, is used so that increas-
ing covas ( jAt) is associated with bed-sand fining; the reasoning behind using Q-detrended f is explained in
Section 4.3. Changes in the bed-sand grain-size distribution require either erosion or deposition of sand. There-
fore, the location of a minimum in bed-sand grain size indicates the location of a maximum in sand-wave thick-
ness, that is, the peak of a sand wave or sand-/\_v\ave packet. Because peaks in covas ( jAt) indicate a minimum
in bed-sand grain size, the time of maximum cov s ( jAt) indicates the time of the peak of a sand-wave packet.
Maximum cov s ( jAt) likely reflects maximum f,,; and not minimum D because /3 is most sensitive to changes
in the fractional amount of the finest sand on the bed. To test the utility of this method for detecting sand-wave
migration and to evaluate whether large tributary floods occurring in different seasons within the same year
would complicate the results, we conducted similar lagged-covariance analyses for silt and clay and additional
analyses for sand (Text S8). Because large floods in two seasons were found to complicate the LCR-associated
results, the three sediment years with large LCR floods in two seasons (i.e., 2008, 2010, and 2017) were excluded
from the analyses utilizing LCR data.

3.5. Sand Budgets

Continuous mass-balance sand budgets were constructed for the UMC, LMC, EGC, ECGC, and WCGC
segments of the Colorado River (Figure 1) using the sand-load data described in Section 3.1. For the 2002—
2007 period when sand-transport measurements were not made at the RK268 station, the ECGC and WCGC
segments were treated as a single Central Grand Canyon (CGC) segment. Over a given time interval in each
segment,

AS=I1+1.+1,-E )
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where AS is the sand mass balance, / is the measured sand load (input) at the upstream station, /. is the measured
sand load of the major tributaries, /1 is the measured/estimated sand load of the lesser tributaries, and E is the
measured sand load (export) at the downstream station. The only two major tributaries are the Paria River and
LCR, which respectively supply sand to UMC and EGC. The sand loads of Kanab and Havasu creeks (the only
other larger tributaries) are included in the estimated ECGC lesser-tributary sand loads (Text S5). We set I = 0 for
UMC because sand loads at the RKO station are generally negligible, that is, much smaller than the uncertainties
in I and I, 1 for UMC (e.g., Topping et al., 2010).

Uncertainties in AS are calculated by propagating the load uncertainties described in Section 3.1 through Equa-
tion 5. Because these uncertainties are expressed as relative values, the uncertainties accumulate over time when
expressed as absolute magnitudes. AS is deemed indeterminate when the uncertainty is >1.5 times the absolute
value of the zero-bias value; AS is demonstrably positive or negative when the uncertainty is < the absolute value
of the zero-bias value; and AS is likely positive or negative when the uncertainty falls between these bounds.
Because the uncertainty in AS arises from possible persistent biases in the loads, the distribution of the uncertainty
is unknown, but is likely between uniform and normal. When the uncertainty is 1 or 1.5 times the absolute value of
the zero-bias value, respectively, 100% or 83% of the uncertainty band about the zero-bias value lies either above
or below AS = 0. If the uncertainty is uniformly distributed, the 1.5 value we use thus yields an 83% confidence
interval. Under the more likely possibility that the uncertainty distribution is closer to normal than uniform, the 1.5
value yields a confidence interval similar to the 95% confidence interval we use for our other analyses.

The accuracy of our flux-based sand budgets was evaluated through two independent comparisons with topo-
graphic-based sand budgets (Grams et al., 2019; Kaplinski et al., 2020a, 2020b). These topographic sand budgets
were constructed using bathymetric and topographic measurements made 3 years apart covering ~71% of LMC
and ~50% of EGC.

4. Results
4.1. Tributary Sand Supply

The tributary fine-sediment (i.e., sand, silt, and clay) supply to the Colorado River in our study area is bimodal,
with a clay primary mode and a sand-silt secondary mode (Text S9). The tributary sand supply grades smoothly
into the silt-and-clay supply such that the sand-size sediment comprises the coarser part of this secondary mode,
which occurs in very fine sand (0.0625-0.125 mm) for the Paria River and in medium silt (0.0156-0.0312 mm)
for the LCR. Both tributaries supply more silt and clay to the Colorado River than they do sand. During sediment
years 1998-2017, silt and clay comprised 60.6% and 88.1% of the fine sediment supplied by the Paria River and
LCR, respectively.

The flashy nature of the tributaries causes their sediment supply to be highly episodic. During sediment years
1998-2017, the Paria River was the largest sand supplier, with a mean-annual sand load of 890,000 + 89,000
Mg, and the LCR was the second-largest sand supplier, with a mean-annual sand load of 580,000 + 58,000
Mg (Figure 2). These values are substantially less than those estimated by Topping, Rubin, and Vierra (2000).
Although none of the other tributaries are substantial suppliers of sand (Text S6), since July 2011 they have
collectively supplied a sand amount equivalent to that of the LCR. Of the total amount of sand supplied since
2011, the Paria River has contributed 57%, the LCR has contributed 21%, and all other tributaries combined have
contributed 22% (a value slightly less than the lowest-bound estimate of Webb et al., 2000). The largest quantities
of sand are supplied by the Paria River and LCR during summer thunderstorm-generated floods that last hours
to a day. As the result of the hydrologically flashy nature of these tributaries, half of the 1998-2017 Paria River
and LCR sand supplies were delivered to the Colorado River over only 26 and 27 days, respectively (i.e., 0.4%
of all days).

Owing to this highly episodic behavior, sand loads in the Paria River and LCR are uncorrelated on a daily
basis (r = 0.13) and only weakly correlated on a monthly basis (r = 0.27). This result provides justifica-
tion for the lagged-covariance analysis in Section 3.4 to be conducted independently for these two rivers,
neglecting the influence over shorter timescales of the other tributary on the bed sand in Grand Canyon
(downstream from both tributaries). The highly episodic nature of large sand loads leads to the distributions
of the Paria River and LCR loads during individual months being mostly right-skewed. Thus, the median
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Figure 2. Cumulative tributary sand loads. (a) Cumulative measured sand loads of the Paria River and LCR over the entire period of our study. (b) Sediment year
2012-2017 cumulative measured sand loads of the Paria River, LCR, Kanab Creek (at the Kanab Creek—mouth station), and Havasu Creek, and cumulative estimated
sand loads of the lesser tributaries in each segment. EGC lesser-tributary loads were estimated as equivalent to LMC lesser-tributary loads. For the comparison in (b),
the cumulative measured sand loads of Kanab and Havasu creeks were removed from the estimated sand load of the ECGC lesser tributaries. The cumulative sand load
of Kanab Creek is almost completely hidden behind that of Havasu Creek in (b). Black arrows indicate times of controlled floods. ECGC, East-Central Grand Canyon;
EGC, Eastern Grand Canyon; LCR, Little Colorado River; LMC, Lower Marble Canyon; WCGC, West-Central Grand Canyon.
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sand load is a better indicator of the central tendency of the distribution of monthly loads than the mean. For
example, the maximum January sand load of the Paria River was 660,000 Mg, whereas the January mean
and median sand loads were respectively 43,000 and 2,000 Mg. Large sand loads are rare during winter and
spring months on both rivers, as illustrated by the large disparity between the median and maximum values
(Figure 3).

The tributary sand supply is generally much finer than the Colorado River bed sand, such that the typical Dy, of
the bed sand greatly exceeds the Dy, of the tributary sand supply. The D, Dy, and D, of the Qg,\p-Weighted
grain-size distribution of the sand supplied by the Paria River are 0.079, 0.127, and 0.237 mm, respectively, and
for the LCR are 0.076, 0.121, and 0.228 mm, respectively (Text S9). In addition, the grain-size distributions of the
sand supplied by these tributaries are highly right-skewed such that roughly equivalent large amounts of sand are
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Figure 3. (a) Median and (b) maximum measured sand loads of the Paria River and Little Colorado River (LCR) for each month during sediment years 1998-2017.
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present in each of the Y-¢ size classes between the 0.0625-mm silt bound and the Dy, value. Grain-size analyses
of suspended-sediment measurements in other tributaries indicate that the sand supplied by these other tributaries
is generally as fine or finer than the Paria River and LCR sand. Mean values of the cross-sectionally averaged
bed-sand D, (i.e., Dy pp) at the RK49, RK99, RK141, RK268, and RK363 stations on the Colorado River are
respectively 0.34, 0.34, 0.39, 0.36, and 0.36 mm (Text S7).

4.2. Regulation of Suspended-Sand Concentration by Flow and Grain Size

Graphical analyses of the suspended-sand datasets at all six stations on the Colorado River indicate a hybrid
behavior between strictly flow- and grain-size-regulated scenarios (Figure 4, Text S4). Although Cg, \, generally
increases with increasing Q, variance in the relations between Q and Cg,\, is large, systematic, and associated
with Dg. Consequently, the largest values of Cg,p, are not necessarily associated with the largest values of Q
but are instead typically associated with the smallest values of Dy (Text S4). Although the slopes of the relations
between Q and Dy tend to be positive (as expected in the flow-regulated scenario), the variance about these rela-
tions is very large and the largest values of Dg generally occur at lower values of Q (the opposite of what occurs
in the flow-regulated scenario). Regressions of log,,(Csanp) On log, (D) over small Q increments indicate that
most Q-independent variation in Cg,yp, can be explained by a change in bed-sand grain size at the 95% confidence
interval (Text S4). The average maximum Q-independent variation in Cg,, not attributable to grain size is only
a factor of ~6-8. This small magnitude of variation is well within that plausibly caused by the ranges in reach-av-
eraged bed-sand area and 7;; described in Section 1.2 (cf. Rubin et al., 2020).

a analyses confirm the hybrid flow- and grain-size regulation of Cg,,, suggested by the graphical analyses of
0, Cyunp» and Dy (Table 1). Although variation exists in lal between stations, F-tests indicate that no significant
longitudinal trends exist in lal among each measurement type (p > 0.05). On the basis of the EDI/EWI/VPA and
calibrated-pump measurements, Q is roughly two to four times as important as bed-sand grain size in regulat-
ing Cg,\p- In contrast, on the basis of the less-accurate but more continuous 15-min acoustical measurements,
bed-sand grain size is as or slightly more important than Q in regulating Cg,\p. The most accurate lal values are
obtained when the suspended-sand data used to calculate lal include all Cg,,, and Dg conditions at each Q, in
the proportions that these conditions occur. Although only the 15-min acoustical data meet this criterion, they
may not result in the most accurate lal values because the acoustical measurements are the least accurate of the
suspended-sand measurements used in our study. The acoustical measurements exhibit a broader range in Dy at
low Q than do the other measurement types (Text S4), and these values contribute to higher lal. Thus, bed-sand
grain size likely plays an important secondary role in regulating Cg,\, but does not generally dominate over the
regulation of Cg,\p, by Q in the Colorado River.

4.3. p, Bed-Sand Grain Size, and the Dependence of Bed-Sand Grain Size on Discharge

Changes in f track direct measurements of the bed-sand grain-size distribution in the Colorado River, albeit with
large variance (Text S10). The values of § calculated from the EDI/EWI/VPA suspended-sediment measurements
are significantly correlated with the bed-sand coarseness in the measurement cross-sections at all stations where
direct bed-sediment measurements were made. Except at the RK99 station, the positive correlations between
and Dy are weak (r = 0.3-0.4), and the negative correlations between # and log,(f, ) are moderate to strong
(r = —0.4 to —0.8). This result, where f is better correlated with the fractional amount of very fine sand than it is
with Dy, is identical to the result from longitudinal sampling in 1999 (Text S2) and is the expected result when
the D Rouse number is >1 (Topping et al., 2018).

The strength of the correlation between £ and the direct measurements of bed-sand grain size provides a measure
of how the bed-sand grain size at a single cross-section reflects the spatially averaged bed-sand grain size over
the reach scale. Stronger correlations between f and either Dy or log,(f,;) indicate that the bed-sand conditions
at the measurement cross section are representative of the spatially averaged bed-sand conditions in the upstream
reach and imply that the bed-sand grain-size distribution may be relatively uniform over the reach scale. Given
the moderate to strong correlations between # and log,,(fy), roughly 20% to 60% of the variance in bed-sand
grain size at a single cross section is not explained by f. This unexplained variance does not arise from error
because its magnitude (Figure 1 in Text S10) greatly exceeds the +10% 95%-confidence-level relative error
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Figure 4. Velocity-weighted suspended-sand concentration in the river cross section (Cg,yp) plotted as a function of instantaneous water discharge (Q) segregated

by Dg and measurement type at the (a) RKO, (b) RK49, (c) RK99, (d) RK141, (e) RK268, and (f) RK363 stations. Dy is used to segregate associated values of Cg,\p
into five grain-size bins; bin colors indicated in panel (a). 15-min acoustical measurements connected by line segments (breaks in line segments occur when Cg,yp
transitions between bins), calibrated-pump measurements plotted as diamonds, EDI/EWI/VPA measurements plotted as circles. Error bars on EDI/EWI measurements
indicate 95%-confidence-level combined field and laboratory errors. Error bars on calibrated-pump and acoustical measurements not shown to avoid clutter. At any
given Q, higher Cy,\, is typically associated with finer Dy, and therefore finer bed sand. EDI, Equal-Discharge-Increment; EWI, Equal-Width-Increment; VPA,
Velocity-weighted-average Point-sample Array.
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Table 1 in the EDI/EWI/VPA-calculated  values. Rather, this unexplained variance
Results From a Analyses must arise from real differences between the reach-averaged bed-sand grain
. . size and the bed-sand grain size at only one cross section. The result that the
Station Measurement type Sediment years n lad ] . o ] .
amount of variance in bed-sand grain size unexplained by f is much larger
RKO EDI 1996-2017 69 043 in the Colorado River (i.e., 20%—60%) than in flume experiments (i.e., <4%)
RK49  Multifrequency acoustical 2008-2017 322,449 15 is not unexpected. Dy and f, in Einstein and Chien's (1953b) flume exper-
Calibrated pump 2003-2017 1,760 035 iments were calculated from spatially averaged bed-surface measurements.
EWI/VPA 2001-2017 423 036  Conversely, Dy and f, in the Colorado River were calculated from direct
RK99 AR sy esu el 2007-2017 314549 14 bed-sediment measur.ements at only a single cros.s se?ctlc.)n. By definition, f is
. a measure of the spatially averaged bed-sand grain size in the reach upstream
Calibrated pump 2003-2017 1,752 0.23 . .
from this cross-section.
EWI/EDI/VPA 1996-2017 957 0.21
RK141  Multifrequency acoustical 2005-2017 415,006  0.39 Bed-sand grain size is generally negatively correlated with Q in the Colo-
Ri h is of both irect -sedi
Calibrated pump 20022017 203 038 ra(.io 1ver.on the basis of both # and direc b?d_ sediment measur.ements
(Figure 2 in Text S10). Thus, the bed-sand fining observed during the
IRIARIAT 7 LU i U2 rising limb of controlled floods (Topping et al., 2010, 1999) occurs during
RK268  Multifrequency acoustical 2008-2017 320,084  0.92 most increases in Q. Moreover, this result indicates that the bed sand in the
Calibrated pump 2008-2013 171 0.19 channel does actually fine with increasing Q, and the negative correlation
EWI/VPA 1996-2017 277 0.37 between f and Q does not arise from the suspended sand merely interacting
RK363  Multifrequency acoustical 2008-2017 308428 0.87 with higher-elevation finer sand deposits inundated only at higher Q. There-
. fore, increases in Q cause both an increase in bed-sand area (Section 1.2)
Calibrated pump 2003-2017 1,952 0.29 . L. . .
and a decrease in bed-sand grain size. Because we sought to investigate the
EDI/EWI/VPA 1998-2017 392 0.25

physical linkages between sand-wave-migration, bed-sand grain size, and

Note. n indicates the number of suspended-sand measurements in each

analysis.

EDI, Equal-Discharge-Increment; EWI, Equal-Width-Increment; VPA,
Velocity-weighted-average Point-sample Array.

sand storage, and not the transient response of bed-sand grain size to Q, we
detrended f as a function of Q using the relations in Text S10. We refer to
Q-detrended f as f,.

4.4. Migration of Sand Waves Downstream from Tributaries

Our late-1990s observations suggested that tributary floods generated sand waves that split into two packets, A
and B (Section 1.2): packet A was finer than packet B and migrated downstream in the Colorado River with a
celerity slightly slower than the water velocity (Topping, Rubin, Nelson et al., 2000). The arrival of the front of
packet A caused large preferential increases in the finest size classes of sand in the bed and in suspension, such
that the peak of packet A was associated with minima in $ and Dy and a maximum in f, . (Text S2). Net sand depo-
sition occurred as packet A migrated downstream; between RK31-36 and the RK99 station, the amount of sand
transported in packet A was observed to decrease from ~20%—-30% to <10% of the amount supplied during its
source Paria River flood. Packet B migrated much more slowly than packet A; the amalgamated front of packet B
had migrated only ~10 km in the 3 and 10 days after two Paria River floods (Topping, Rubin, Nelson et al., 2000;
Text S2). Though the arrival of packets A and B caused bed-sand fining, the fining caused by packet A was
restricted to increases in very fine (0.0625-0.125 mm) sand whereas the fining caused by packet B occurred
through increases in the very fine through fine (0.0625-0.25 mm) sand. Because § is most sensitive to changes
in the amount of the finest sand on the bed, the peak of packet A is thus expected to present as the primary peak
in the cross covariance of tributary Qg,yy, and Colorado River 1/f, (hereafter abbreviated as Qg np—1/5 cross
covariance).

Lagged-covariance analyses confirm that the 1990s-observed splitting of tributary-generated sand waves into two
packets is a general characteristic of the sand waves in the Colorado River (Figure 5). The leading part of a sand
wave presents as the primary peak in Qg,yp—1/f, cross covariance and migrates downstream in the Colorado
River at a velocity slightly slower than that of the peak of the silt-and-clay wave (Text S8), which, in turn travels
downstream at a velocity slightly slower than that of the water (Figure 6). The second, trailing, part of a sand wave
has lower celerity and presents as a secondary, broader cross-covariance peak. This style of sand-wave migration
is consistent with the primary cross-covariance peak reflecting the grain-size minimum caused by the maximum
in fy . at the peak of packet A, and the secondary cross-covariance peak reflecting the minimum in Dy, at the peak
of packet B. Inspection of the 15-min data used in the lagged-covariance analyses indicates that the longitudinal
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Figure 5. (a) and (b) Paria Qg,\,—Colorado l/ﬂQ cross covariance and (c) and (d) LCR Qg,n,—Colorado l/ﬂQ cross-covariance plotted as a function of time. (a) and
(c) are expanded views of the first 10 days in (b) and (d), showing the times of the primary cross-covariance peaks associated with packet A. The times of the front,
peak value, and tail of the secondary cross-covariance peaks associated with packet B are indicated in (b) and (d); these times were identified by fitting a smoothed
curve (Text S8). Though Qg,yp—1/f, cross covariance has cross-section-integrated mass-flux units of kg/s because f, is nondimensional, differences in cross
covariance among the Paria River or LCR cases reflect relative differences in bed-sand grain size (Text S8). The broad secondary peak at the RK141 station in (b) is
likely not associated with Paria-River-generated sand waves (Text S8). LCR, Little Colorado River.

differences in the magnitudes of the primary cross-covariance peaks in Figure 6 arise from the times and shapes
of the 1/f, peaks following Paria River and LCR floods being more irregular at the RK141 and RK268 stations

than at the other stations.

The primary peak in Qg,np—1/f, cross covariance decays to background within 7-20 days of a tributary flood

at all but the RK49 station, thus indicating that much of packet A exits our study area quickly (Figure 5). The

primary cross-covariance peak occurs at the RK363 stations 4.9 days after a 15-min period of large Qg,\p in the

Paria River and 4.1 days after a 15-min period of large Qg,\p in the LCR (Figures 5a and 5c¢). Among the 10 days

of largest sand load in these tributaries during 2008-2017, ~7% and ~27% of the sand respectively supplied by
the Paria River and LCR were transported past the RK363 station within the peak of packet A five through 7 days
later (i.e., days 4.0 through 7.0 in Figure 5). These amounts are consistent with our late-1990s observations and

provide a crude estimate of the tributary-supplied sand exported from our study area quickly in packet A. More-
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arrival times from dye measurements of Graf (1995). Ancillary background information for this figure is in Text S8. LCR, Little Colorado River.

over, the respective Qg,\p-Weighted mean values of Dy at the RK363 station during these ten 3-day periods were
0.091 and 0.085 mm, values equivalent to the D,; and D,, of the sand supplied by the Paria River and LCR. Thus,
the amount of very fine sand exported to Lake Mead within a week of a large tributary flood is nonnegligible,
with perhaps a larger fraction of LCR-supplied sand never retained in the Colorado River (cf. Topping, Rubin,
Nelson et al., 2000).

The lower celerity of packet B causes the secondary cross-covariance peak to become distinct from the primary
peak with increasing distance downstream. Following a Paria River flood, the secondary peak (packet B) sepa-
rates from the primary peak (packet A) between the RK49 and RK99 stations, and it takes ~198 and ~290 days
for the tail of packet B to respectively reach these stations. Following an LCR flood, packet B separates from
packet A upstream from the RK141 station, and it takes ~261 days for the tail of packet B to reach this station.
The amplitude of the secondary cross-covariance peak associated with packet B decays in the downstream
direction (Figures 5b and 5d), such that this peak cannot be detected at stations most distal to the flooding
tributary. Although sand-wave dispersion (Cui, Parker, Lisle et al., 2003; Cui, Parker, Pizzuto et al., 2003;
Lisle, 2007) likely contributes to this result, this result may also arise from packet B's celerity becoming more
irregular as it migrates downstream. By this process, the amplitude of packet B does not decay, but rather
the time that packet B's peak passes a given Colorado River station becomes less systematic with greater
migrated distance. If dispersion were the only cause of the downstream decay in the amplitude of the secondary
cross-covariance peak, lal, the grain-size-associated variation in Cg,,, and the variation in bed-sand grain size
(Section 4.5) would all systematically decrease in the downstream direction. As shown in Section 4.2, lal among
each measurement type does not systematically change in the downstream direction, nor does the grain-size-as-
sociated variation in Cg,yp-

4.5. Time Series of Bed-Sand Grain Size

Despite the presence of the large-scale variation in bed-sand grain size caused by the sand-wave migration
documented in the previous section, relatively little net change in bed-sand grain size has occurred in the
Colorado River over the period of our study (Figure 7). Moreover, variation in bed-sand grain size does not
systematically decrease in the downstream direction; for each measurement type, F-tests indicate no signifi-
cant longitudinal trend in the standard deviation in f, among the stations (p > 0.05). Although the f, values
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calculated from the acoustical and calibrated-pump measurements captured more of the shorter-term variability
in bed-sand grain size than did the f, values calculated from the sparser ED/EWI/VPA measurements, we
analyzed trends in the f§, values calculated from the EDI/EWI/VPA measurements, which spanned a much
longer period. Whereas no significant long-term trend in f, was detected at the RKO, RK49, and RK99 stations
(Figures 7a-7c), f, decreased significantly at the RK141 (by ~21%), RK268 (by ~16%), and RK363 (by ~14%)
stations (Figures 7d-7f). These results suggest that, between 1996 and 2017, little net change in bed-sand
grain size occurred in Lower Glen Canyon and in Marble Canyon, whereas bed-sand fining occurred farther
downstream in Grand Canyon. These long-term trends in f-inferred reach-averaged bed-sand grain size are
generally supported by similar long-term trends in Dy and f, . from the single-cross-section direct bed-sediment
measurements (Text S11).

4.6. Continuous Mass-Balance Sand Budgets

Comparison of our flux-based continuous mass-balance sand budgets with topographic-based sand budgets
indicates that the mass-balance budgets are accurate at our specified level of uncertainty. Repeat mapping
indicates that 640,000 + 350,000 Mg of sand were eroded from LMC between May 2009 and May 2012
(Grams et al., 2019). This measurement includes extrapolation of the measured change in sand mass to the
unmapped part of this segment; uncertainty is the 95%-confidence-level error. During this same period,
our flux-based sand budget indicates that 690,000 + 320,000 Mg of sand were eroded from LMC. In EGC,
repeat mapping indicates that 630,000 + 480,000 Mg of sand were eroded between April 2011 and May 2014
(Text S12; Kaplinski et al., 2020a; Kaplinski et al., 2020b), whereas our flux-based sand budget indicates
740,000 + 610,000 Mg of sand erosion. These results from two independent comparisons (i.e., different river
segments and time periods) indicate that our continuous mass-balance sand budgets are sufficiently accurate
for the analyses herein.

The magnitude of accumulating uncertainty was large enough relative to the sand mass balance (AS) such that
AS could not be known in any of the five segments over the entire period of our study (Figure 8, Table 2). Unat-
tainably low uncertainties <5% for I and E, and <10% for I, would be required to know AS over decade-plus
timescales. Although AS remained uncertain over long timescales owing to small differences between large
values of I or I and E, the uncertainty was small enough that AS was rarely indeterminate over shorter timescales.
AS generally had demonstrable sign in all segments over annual timescales (>77% of all 69 segment-years), and
almost always had demonstrable sign over monthly timescales (>90% of all 833 segment-months). Segregation of
the Colorado River into the five UMC, LMC, EGC, ECGC, and WCGC segments allowed better determination of
the loci of erosion and deposition without universally increasing the occurrence of years with indeterminate AS
(Table 2). The use of only two segments, one for Marble Canyon and one for Grand Canyon, reduced the number
of indeterminate AS years in only Marble Canyon.

4.7. Relations Between Sand Storage and Bed-Sand Grain Size

The total amount of sand stored in the Colorado River in our study area should be negatively correlated with
bed-sand grain size because the tributary sand supply is generally much finer than the bed sand in the Colo-
rado River. At any given time, the total mass of sand stored in a segment is equal to the cumulative AS plus an
unknown constant that accounts for the “background” sand storage that existed when monitoring began. As in
Figure 8, “cumulative AS” is the sand mass balance calculated relative to a zero value at the time when continuous
suspended-sediment monitoring began at the stations bracketing that segment. We therefore evaluated whether
we could detect the expected negative relation between reach-averaged bed-sand grain size and cumulative AS
(i.e., the proxy for the total amount of sand storage) using f, calculated from the continuous acoustical data
(Table 3). For these analyses, we used the 15-min f, values at the upstream and downstream stations bracketing
each segment as well as the average fi, of these values.

Although cumulative AS is universally negatively correlated with f, at the upstream station and with f, aver-
aged between the upstream and downstream stations, cumulative AS is negatively correlated with downstream
P in only 60% of all cases. The lesser-tributary sand supply is negligible compared to the upstream sand supply
in each segment, thus almost all of the sand supplied to a segment passes the upstream station. Consequently,
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Figure 7. ﬂQ plotted as a function of time at the (a) RKO, (b) RK49, (c) RK99, (d) RK141, (e) RK268, and (f) RK363 stations. ﬁQ values calculated from the acoustical,
calibrated-pump, and EDI/EWI/VPA suspended-sand measurements plotted separately, with number of measurements (n) and standard deviation (o) in bq indicated.

Pump measurements at the RK268 station were made only during controlled floods; RK268 pump-measurement f, values are thus hidden behind EWI/VPA f, values.
Least-squares linear regressions (purple lines) fit to f, calculated from the EDI/EWI/VPA measurements, with associated levels of significance (p) shown. EDI, Equal-

Discharge-Increment; EWI, Equal-Width-Increment; VPA, Velocity-weighted-average Point-sample Array.
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Figure 8. Continuous mass-balance sand budgets for the (a) UMC, (b) LMC, (c) EGC, (d) ECGC, (e) WCGC, and (f) CGC segments. Cumulative AS in this figure
is the sand mass balance calculated relative to a zero value at the time when continuous suspended-sediment monitoring began at the stations bracketing that segment.
The total amount of sand stored in a segment at any given time equals cumulative AS plus an unknown constant for the sand already in storage in that segment when

monitoring began. CGC, Central Grand Canyon; ECGC, East-Central Grand Canyon; EGC, Eastern Grand Canyon; LMC, Lower Marble Canyon; UMC, Upper Marble
Canyon; WCGC, West-Central Grand Canyon.
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Table 3
Correlations (r) Between f3, and Cumulative AS in Each Segment

Segment 7 using upstream f,, r using average f, r using downstream /3,

UMC 2 2 —0.42 (n = 322,449)
LMC —0.20 (n = 322,450) —0.20 (n = 275,980) —0.30 (n = 314,549)
EGC 2 2 0.13 (n = 415,006)
ECGC —0.087 (n = 353,556) —0.074 (n = 312,272) 0.097 (n = 320,084)
WCGC —0.13 (n = 320,084) —0.28 (n = 296,920) —0.21 (n = 308,428)

Note. n indicates the number of observations.
All correlations are significant at the p = 0.05 critical level.

ECGC, East-Central Grand Canyon; EGC, Eastern Grand Canyon; LCR, Little Colorado River; LMC, Lower Marble
Canyon; UMC, Upper Marble Canyon; WCGC, West-Central Grand Canyon.

“Upstream 15-min f3,, and therefore also average 15-min f3,, could not be calculated for UMC and EGC because the bed-sand
grain size at the upstream ends of these segments is largely determined by the Paria River and LCR, respectively.

changes in upstream f, associated with fining in the leading edge or winnowing in the trailing edge of a sand
wave should immediately reflect changes in sand mass in the downstream segment. Because it takes time for
sand waves to transit a segment, however, there should be a lag between downstream S, and the total amount
of sand stored in the upstream segment. Therefore, it is physically reasonable that the negative correlations
between cumulative AS and upstream f, should be more universal than between cumulative AS and down-
stream f,.

Though the correlations between cumulative AS and f, make sense physically, these correlations are, at best,
weak. This weakness is not unexpected given: (1) the larger absolute magnitude of the uncertainty in AS over
longer timescales (Figure 8), and (2) the shorter lengths of the reaches over which f, applies relative to the longer
lengths of the segments over which AS applies. The segments are 42—-127 km long whereas the bed-sand grain
size measured by f, applies to only the ~1-km-long reach scale, that is, less than a few percent of the segment
length. Furthermore, the bed-sand fining associated with the addition of sand to a segment increases the down-
stream export of sand from that segment owing to the strong nonlinear relation between bed-sand grain size and
Cyanp- Thus, Q places a limit on the bed-sand fining and sand storage in a segment. At low Q, and therefore low
Oganp» the bed sand could conceivably fine to approach the grain size of the tributary sand supply as sand storage
continues to increase. However, at high Q, the amount of bed-sand fining, and thus the amount of sand storage,
is limited by the increased sand export and more rapid depletion of the tributary-supplied finer sand (i.e., more
rapid sand-wave migration). Finally, there are other episodic processes that act to weaken the expected negative
correlation between cumulative AS and f,, namely, winnowing of the bed sand and the deposition of inversely
graded flood deposits (Rubin et al., 1998; Topping et al., 1999; Topping, Rubin, Nelson et al., 2000; Topping,
Rubin, & Vierra, 2000).

4.8. Relations Between Flow, Spatial Change in Bed-Sand Grain Size, and Change in Sand Mass

Sand continuity dictates that erosion and deposition are respectively caused by divergence and convergence in
gsanp (after Exner, 1920, 1925; Smith, 1970):

on 1 W sann

o 1—;LP( ot Wq“”“) ©
where 7 is bed elevation, ¢ is time, A, is bed-sand porosity, Vg,\p is the one-dimensional total volume of
sand in suspension over a point on the bed, and g,y is the depth-integrated local suspended-sand flux over
the same point on the bed. Exner's (1920, 1925) version of Equation 6 was not completely correct because,
in place of gg,\p, he used the depth-averaged velocity of water multiplied by a constant of proportionality
(Paola & Voller, 2005; Smith, 1970); Exner (1925) stated that he used this constant for “simplification.”
Smith's (1970) derivation (his equation 1) is the earliest form of Equation 6 we found that includes all of
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the terms required to conserve sediment mass among suspension, the bedload, and the bed, and is the form
commonly referred to today as the Exner equation (Coleman & Nikora, 2009; Paola & Voller, 2005; Parker,
1991; Parker et al., 2000). 0V, / Ot in Equation 6 is neglected for our purposes because it is negligible
compared to V-gg,,, (following Rubin & Hunter, 1982). Though spatial changes in gg,\ are caused by
spatial changes in 7, under nonuniform flow conditions, they are instead associated with spatial changes
in bed-sand grain size under uniform flow conditions and constant bed-sand area. We, therefore, evaluated
whether the longitudinal gradients in bed-sand grain size produced by migrating sand waves were related to
AS in the manner predicted by theory. For this analysis, we calculated the monthly mean Q at the downstream
station and the monthly mean f, for the two stations bracketing a segment. We then segregated the data into
100 m3/s Q-bins; months with controlled floods were placed in their own bin because most sand transport in
these months occurs during the controlled flood and is not related to monthly mean Q. So that the monthly
mean f, values were representative of the monthly bed-sand conditions, this analysis was conducted only for
those months where acoustical measurements at each station existed at >2,000 (i.e., >70%) of the 15-min
intervals in that month.

Scaling of the one-dimensional form of Equation 6 under conditions of longitudinally constant u,, flow depth,
and bed-sand area (after Grams et al., 2013, and Equation 1 in Text S4) yields the proportionality:

A_”OC B AD:'S
At Ax

@)

where A indicates the change in a quantity and x is longitudinal position. The assumption of longitudinally
constant u,, flow depth, and bed-sand area is justified on the basis of similar monthly flow conditions among the
stations and the reasoning in Section 1.2. AS is the change in sand mass over a given time interval Az, and AS is
the product of A and the following constants: river width, segment length (Ax), sediment density, one minus the
bed-sand porosity, and fractional bed-sand area. Thus, because S, like Dy, is a linear measure of the coarseness
of the bed-sand grain-size distribution, making the appropriate substitutions and rearrangement of Equation 7 for
the purposes of this analysis yields:

monthly AS o —Aﬂ&z'g (8)
Because this analysis requires monthly mean f, at both ends of a segment and because the upstream f in the
UMC and EGC segments is respectively determined largely by the Paria River and LCR, and not determined by
the bed sand at the RKO and RK99 stations, we estimated /3, at the upstream ends of these segments based on the
sand loads of these tributaries. Monthly AS was positive for UMC whenever the Paria River supplied >100,000
Mg of sand, irrespective of Q or f3, at the RK49 station. Likewise, monthly AS was positive for EGC whenever
the LCR supplied 290,000 Mg of sand, irrespective of Q or f3, at the RK141 station. Thus, we excluded months
exceeding these thresholds from the UMC and EGC analyses because such large sand supplies likely caused
extremely low values of upstream f, that we could not accurately estimate. For the other months of relative tribu-
tary quiescence, we estimated the upstream mean f3, for UMC as ~2.5 (because the upstream bed sand was likely
much coarser than at RK49), and we estimated the upstream mean f, for EGC as the value at the RK99 station
(thus neglecting the influence of the LCR).

As predicted by Equation 8, downstream coarsening in a segment typically results in positive AS, whereas down-
stream fining typically results in negative AS (Figure 9). This result is indicated by the generally positive and

~28__AS relations and the fact that the data plot mostly in the lower-left and

significant slopes of the —Af,
upper-right quadrants in Figure 9. Furthermore, smaller longitudinal gradients in bed-sand grain size at high Q
are associated with the same AS as are larger longitudinal gradients in bed-sand grain size at low Q, as indicated
by the O-dependent increases in the slopes of the —A/)’Q’z'g—AS relations. This positive relation between Q and
the grain-size gradient required for similar AS is also behavior predicted by theory. Because Qg,p, is generally
larger at higher Q, smaller longitudinal gradients in bed-sand grain size cause a similar unsigned magnitude of
flux divergence, and therefore a similar magnitude of erosion or deposition, at high Q as would larger longitudinal

gradients in bed-sand grain size at low Q.
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Figure 9. Q-binned monthly AS plotted as a function of —A(monthly mean ﬂQ)‘2'8 in the (a) UMC, (b) LMC, (c) EGC, (d) ECGC, and (e) WCGC segments. Greater
positive —AﬂQ‘“‘ corresponds to greater downstream coarsening, whereas greater negative —AﬂQ‘“ corresponds to greater downstream fining. Error bars indicate the
uncertainty in AS propagated through Equation 5. Color-coded slopes and significance (at the p = 0.05 critical level) of the —AﬁQ’Z-S—AS relations in each Q bin are
indicated. Listed slopes are divided by 100,000 for graphical simplicity. CF, controlled flood; ECGC, East-Central Grand Canyon; EGC, Eastern Grand Canyon; LMC,
Lower Marble Canyon; UMC, Upper Marble Canyon; WCGC, West-Central Grand Canyon.
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Figure 10. Annual AS plotted as a function of annual mean Q for the (a) Marble Canyon and (b) Grand Canyon segments. Data are segregated into high and low annual
sand-supply categories, with least-squares linear regressions fit to each category and the correlation coefficient associated with each regression shown. Error bars
indicate the magnitudes of the uncertainties in annual AS propagated through Equation 5.

4.9. Relations Between Flow, Tributary Sand Supply, and the Change in Sand Mass Over Longer
Segments and Timescales

Bed-sand grain size weakly reflects the magnitude of sand storage (Table 3). Moreover, longitudinal gradients
in bed-sand grain size associated with sand-wave migration largely control whether sand erodes or deposits
(Figure 9). However, only minimal change in bed-sand grain size persists over multiple years despite the down-
stream migration of sand waves causing large shorter-term variation in bed-sand grain size important for sand
transport, erosion, and deposition (Figure 7). This result, in combination with the systematic changes in grain size
associated with sand-wave migration being smaller over longer longitudinal scales (Figure 5) allows relations to
be developed between annual mean Q, tributary sand supply, and AS for all of Marble Canyon and Grand Canyon,
neglecting the influence of bed-sand grain size. Despite the fact that predictions using these relations have larger
error because they neglect grain-size effects and simplify the distribution of Q over each year to only one value,
these relations are advantageous because they allow estimation of AS for periods lacking suspended- or bed-sand
data (i.e., most of the period since the 1963 closure of Glen Canyon Dam).

AS is negatively correlated with mean Q over annual timescales, with the magnitude of the annual tributary
sand supply segregating the data into two groups (Figure 10). On the basis of maximizing the Il values among
the O—AS relations to best segregate the data into two groups, the threshold Paria River annual sand supply for
Marble Canyon is 1.1 million Mg, and the threshold combined Paria River and LCR annual sand supply for Grand
Canyon is 2 million Mg. Negative correlations between annual mean Q and annual AS in these two groups are
very strong in Marble Canyon and moderate to very strong in Grand Canyon. Sand only accumulates in Marble
Canyon during years when mean Q is less than ~380 m3/s and the Paria River supplies >1.1 million Mg of sand.
At higher mean Q, sand erodes from Marble Canyon regardless of the magnitude of the annual sand supply. Simi-
larly, sand only accumulates in Grand Canyon during years when mean Q is less than ~400 m?/s and the Paria
River and LCR collectively supply >2 million Mg of sand. Importantly, these annual sand-supply thresholds are
124% of the Paria River mean-annual sand load and 136% of the combined Paria River and LCR mean-annual
sand load, and the Q thresholds are near the post-1964 average of 388 m?/s released from Glen Canyon Dam. In
lower sand-supply years, AS is typically indeterminate or negative at lower Q, and AS is negative at Q exceeding
~370 m3/s. Thus, well-above-average tributary sand-supply years and near-average or lower Q releases from the
dam are likely required to maintain positive sand mass balances in Marble and Grand canyons. At lower-than-av-
erage Q, tributary sand inputs exceeding ~130% of average are apparently large enough to compensate for the
increased sand export caused by the bed-sand fining resulting from these inputs. Furthermore, below-average Q
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releases from the dam are likely required to prevent net erosion of sand from Marble and Grand canyons during
years of below-average tributary sand supply.

Extension of this result to all years after dam construction suggests that net erosion of sand from Marble Canyon
has occurred in ~69% of all years and net erosion of sand from Grand Canyon has occurred in ~52% of all years
since the 1963 closure of Glen Canyon Dam. The strong to near-perfect correlations between annual mean Q
and sand load for the Paria River and LCR were used estimate the sand supplies from these tributaries in these
calculations (Text S13). The total estimated post-dam sand erosion is ~15 million Mg from Marble Canyon and
~13 million Mg from Grand Canyon, with most of this erosion occurring during the high-Q years of the 1980s
and late 1990s (Text S13). Though this crude estimation approach predicts erosion consistent with that meas-
ured in Marble Canyon during the high-Q sediment year 1984 (Text S13), it does not predict the measured ~13
million Mg of sand eroded from Marble Canyon and EGC during the first higher-Q dam releases in 1965 (Grams
et al., 2007; Topping et al., 2003) and underpredicts the amount of sand eroded from Grand Canyon during
sediment year 1984. These gross underpredictions of erosion arise from this estimation approach neglecting the
effects of the large changes in bed-sand grain size and possibly large reductions in bed-sand area that accompa-
nied these periods of substantial erosion (Text S13). Thus, the estimated total ~28 million Mg of erosion is only a
highly approximate lower bound for the actual net amount of sand eroded from Marble and Grand canyons during
sediment years 1964-2017.

5. Discussion
5.1. Tributary-Generated Sand Waves

Our results confirm that, as originally suggested by Topping, Rubin, Nelson et al. (2000), sediment supplied
during tributary floods travels rapidly downstream in the Colorado River as an elongating sediment wave, with
components in the bed and in transport. Within this sediment wave, the silt-and-clay wave has a celerity slightly
slower than the water velocity, with the front of the sand wave only slightly lagging the front of the silt-and-clay
wave. Although the fine front of the sand wave migrates to Lake Mead within a week of a tributary flood (at
~3-3.5 km/hr), the coarser lagging part of the sand wave can be detected for hundreds of days in Marble and
Grand canyons. The downstream migration of a sand wave is associated with large changes in grain size that
regulate sand transport and storage in the bedrock-canyon Colorado River.

These results are largely consistent with previous empirical observations, observations in flumes, and with
theory; the few discrepancies with theory arise because existing sediment-wave theory was developed for rela-
tively high-Rouse number conditions. Existing sediment-wave theory does not predict the splitting of sand
waves into two packets because it does not adequately incorporate the Rouse-number control on transport
mode for grain-size distributions spanning the continuum from washload to bedload (Einstein & Chien, 1953a;
Einstein et al., 1940; Woo et al., 1986). The mathematics that characterize the physics of such a broad-Rouse
number model of sand-wave behavior were described by Topping et al. (2018). Under the Q range released from
Glen Canyon Dam, the grain-size distribution of the tributary sand supply includes size classes transported as
washload, resuspended bed sediment, and bedload in the Colorado River. Nevertheless, though existing sedi-
ment-wave theory does not predict the observed grain-size-controlled splitting of Colorado River sand waves,
it does adequately describe the dispersion and translation observed in the coarser size classes that comprise
packet B. As observed in flume run 4b of Cui, Parker, Lisle et al. (2003), a limited supply of higher-Rouse
number sand transported over a coarser bed under lower-Froude number conditions forms a wave that broadens
(i.e., exhibits dispersion) as it migrates (i.e., translates) downstream. We observed this behavior through the
lagged-covariance analyses that detected the translation and dispersion of packet B's secondary covariance
peak, behavior explained by the modified theory in Section 6 of Cui, Parker, Pizzuto et al. (2003) and consistent
with Lisle (2007).

Though the splitting of sand waves into two packets is not predicted by existing sediment-wave theory, it is
consistent with the Rouse-based suspended-sediment theory of McLean (1992). This theory illustrates that rela-
tively little sand in the finest size classes is required on the bed to support a relatively large amount of these
size classes in suspension. Because the typical Dy associated with packet A is ~0.09 mm, the Rouse numbers of
the finest half of packet A in suspension thus range from 0.1 to 0.3 under common dam-released Q (Text S14).
Under such Rouse numbers, there is relatively little concentration gradient in the vertical dimension, and these
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size classes are transported as quasi-washload, transitional between washload and suspended bed sediment (e.g.,
Figures 3.18 and 4.10 in Topping, 1997). Thus, the bulk of the size classes comprising packet A are transported
in suspension, with relatively little interaction with the bed sand. As observed in September 1999, the finer 50%
of the suspended sand comprised only ~0.85% of the bed sand at the front of packet A and comprised only ~12%
of the bed sand at the peak of packet A (Text S2). The most likely physical explanation for this behavior that
likely controls the splitting of the sand waves into two packets is that the thickness of the active layer (Bennett
& Nordin, 1977) varies in a quasi-step-change fashion as a function of grain size. The finest size classes of sand
with the lowest, near-washload Rouse numbers have excursion lengths that likely exceed the wavelengths of
the dunes (Mohrig & Smith, 1996; Nagshband, Hoitink et al., 2017; Nagshband, McElroy et al., 2017), thereby
bypassing the dunes and limiting the depth to which these size classes mix into the bed during sand-wave migra-
tion. Consequently, the thickness of the active layer will roughly equal the maximum dune height (Church &
Haschenburger, 2017) for the coarser size classes that comprise packet B but will be negligible for the finest sand
size classes that comprise packet A, a hypothesis to be tested in future numerical model development using the
equations in Topping et al. (2018).

5.2. Implications of Sand-Wave Migration for the Timing of Controlled Floods Conducted to Rebuild
Sandbars

The finest bed sand is associated with the largest Cg,, and highest sandbar-deposition rates during controlled
floods (after Grams et al., 2015, 2013; Schmidt et al., 1993; Topping, Rubin, Nelson et al., 2000; Topping,
Rubin, & Vierra, 2000; Topping et al., 2019, 2007). During our study, maximum bed-sand fining in packet
B occurred at the RK49 and RK99 stations ~63 and 144 days, respectively, after a large Paria River flood
(Figure 5b). Thus, controlled floods conducted <63 days after a large Paria River flood will likely result in
the largest sandbars upstream from the RK49 station in UMC, whereas controlled floods conducted between
63 and 144 days after a large Paria River flood will likely result in the largest sandbars between the RK49 and
RK99 stations in LMC. However, because Cg,\, depends primarily on Q and secondarily on bed-sand grain size
(Section 4.2), the temporal window for conducting controlled floods for maximum sandbar deposition could be
lengthened if dam-released Q were decreased between the Paria River flood(s) and the controlled flood (Rubin
et al., 2002).

5.3. Implications of Sand-Wave Migration for Grain-Size Patterns During Floods, and for the Grain-Size
Architecture of Bedrock-Canyon Alluvium

Peak Q lags the sand supply during both natural and dam-released floods (Topping, Rubin, & Vierra, 2000;
Topping et al., 2010, 2005). The ramification of this lag is that peak Q occurs long after the downstream export
of packet A from our study area and typically during the migration of the trailing edge of packet B, where the
bed sand coarsens in the upstream direction. As the result of this downstream fining, Cg,\p, increased in the
downstream direction during the rising limb of pre-dam snowmelt floods (Topping, Rubin, & Vierra, 2000), and
Cganp also typically increases in the downstream direction during controlled floods depending on the longitu-
dinal location of the peak of packet B (Topping et al., 2010). The acute supply limitation of the finer sand size
classes caused by the downstream-fining-driven increase in Cg,yp, feeds back to cause winnowing of the bed
sand. Greater winnowing of the finest size classes from the bed thus occurs as packet B migrates more quickly
during floods (Rubin et al., 1998; Topping, Rubin, Nelson et al., 2000). This enhanced bed coarsening causes
Cganp to decrease and the suspended sand to coarsen over time, thereby producing inversely graded deposits both
during natural pre-dam and dam-released floods (Draut & Rubin, 2013; Rubin et. al., 1998; Topping, Rubin,
Nelson et al., 2000; Topping et al., 2010, 1999; Topping et al., 2005, 2006). These deposits laterally erode upon
flood recession, re-exposing the finer underlying sand (Topping et al., 1999, 2005, 2007). Partial preservation
of these deposits persists for decades (Topping, Rubin, Nelson et al., 2000; Topping et al., 2005), and in isolated
circumstances for up to ~4,500 years (O'Connor et al., 1994). Though seemingly long, this retention of minor
amounts of sand in a bedrock-canyon river is still transient compared to the much longer sand retention possible
in alluvial rivers (Bradley & Tucker, 2013).
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The depth of bed-sand winnowing during sand-wave migration likely controls the vertical grain-size architecture
of the alluvial cover in bedrock-canyon rivers, thus leading to large variance in bed-sand grain size for a given
magnitude of sand storage. Although the overall grain-size architecture of Colorado River alluvium fines upward
from the channel bed to the banks (Rubin et al., 2020, 1998), individual deposits on the bed, bars, and banks may
coarsen upward. The thickness of the active layer (Bennett & Nordin, 1977) scales with dune height (Church &
Haschenburger, 2017), and the dune height during Colorado River floods (Topping et al., 2007) is less than the
maximum bed-sand thickness (Grams et al., 2013). Therefore, it is likely that winnowing during floods does not
affect the full thickness of the sand everywhere. Depending on the scour depth during successive floods, the
interaction of floods with migrating sand waves thus leads to a likely multilayer, inversely graded (i.e., armored)
architecture. The presence of inversely graded deposits means that the volume and the surface grain size of the
sand in storage may be positively correlated. Therefore, “more sand” may not always equate to the presence of
finer sand on the surfaces of the bed, bars, and banks (Section 4.7; Topping et al., 2005, 2008), and long-term
fining trends (Section 4.5) may not indicate sand-storage increases.

5.4. Regulation of Suspended-Sand Concentration Arising from Changes in Discharge and Bed-Sand
Grain Size

Studies in a number of rivers in the western United States have shown that the bed-sand grain-size distribution
can play an important role in regulating sand transport (Dean et al., 2016; Rubin and Topping, 2001, 2008;
Topping, Rubin, Nelson et al., 2000; Topping et al., 2007, 2018). Herein, we document two different styles of
change in bed-sand grain size that affect Cy,,, one arising simply from changes in Q and the other arising from
the migration of tributary-generated sand waves.

Both direct measurements and £ indicate that there is a general tendency for the bed sand in the Colorado River
to fine as Q increases, and that this fining is manifest mainly by an increase in the finest size classes. Three
possibilities exist to explain this behavior: (1) increasing Q erodes finer sand from sandbars and higher-elevation
deposits (Andrews et al., 1999) that then mixes with the bed sand (Topping et al., 1999, 2010); (2) increasing Q
disrupts the bed armoring that was produced from winnowing (Rubin et al., 1998) by increasing the thickness
of the active layer over which the bed sand mixes (Bennett & Nordin, 1977) as dune height increases (Topping
etal., 2007); or (3) increasing Q disrupts the bed armoring produced from winnowing by scouring the sand stored
in deeper pools (Topping, Rubin, Nelson et al., 2000). The finer sand scoured by process (3) is then redistrib-
uted to other parts of the bed (Topping, Rubin, Nelson et al., 2000), thus causing the increase in bed-sand area
at higher Q observed by Anima et al. (1998) and Schmidt et al. (2007). Regardless of its genesis, the bed-sand
fining detected as a ~38% decrease in /3 over a factor of 8.5 increase in Q causes Cy,, to increase by a factor of
~3.8 (Equation 1 in Text S4).

Though the changes in bed-sand grain size caused by Q are important, the downstream migration of sand waves
causes much larger changes in bed-sand grain size that are, in turn, associated with much larger changes in Cg, .
Direct bed-sediment measurements and /3, both indicate a typical change in bed-sand grain size of a factor of ~3
(Figure 7, Text S11) in response to sand-wave migration. This magnitude of change in either Dy or f, is asso-
ciated with a factor of ~22 change in Cy,y, (Equation 1 in Text S4). Depending on exactly how the fine tail of
the grain-size distribution changes, however, a change in Dy of only a factor of two can be associated with much
larger changes in Cg,\p, (factor of ~30; Topping et al., 2007).

These two styles of grain-size change together lead to the lal values ranging from 0.2 to 0.4 for the EDI/EWI/
VPA and calibrated-pump measurements. Over the factor of ~8.5 range in Q in Figure 4, a factor of ~300 change
in Cgy,\p (Equation 1 in Text S4) is caused by the factor of ~3.8 change in u, associated with this change in Q
(Text S3). Over this same range in Q, a combined factor of ~84 change in Cg,,, is caused by the changes in
bed-sand grain size arising from changes in Q and sand-wave migration. Simple division of the amount of change
in Cg,\p caused by bed-sand grain size (factor of ~84) by the amount of change in Cg,\, caused by Q (factor of
~300) yields 0.28, a value consistent with the 0.2 to 0.4 range in lal.
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higher Q.

Sand storage in bedrock-canyon rivers like the Colorado River is therefore

self-limiting. In essence, though adding finer sand increases the amount of
sand storage, this addition of finer sand also increases the sand export, with export also increasing with Q. Thus,
sand storage within a bedrock canyon is limited by Q and the episodic sand resupply. This self-limiting behavior
also occurred before the construction of Glen Canyon Dam. Despite the fact that the Colorado River transported
~20-30 times its modern dam-altered sand supply, sand only accumulated in the pre-dam Colorado River at
lower Q and was supply limited at higher Q (Topping, Rubin, & Vierra, 2000).

5.6. Need for Continuous Sand-Transport Data

Calculation of sand loads sufficiently accurate for the construction of meaningful mass-balance sand budgets
requires continuous measurements of Cg,\, owing to the systematic supply-driven changes in C,\, discussed
above. The importance of this requirement is inversely related to the duration of the prediction interval over
which accurate sand loads and budgets are needed (Figure 11), as indicated by the comparison of the suspend-
ed-sand loads estimated by log-linear relations between Q and Cy, , (sand rating curves) with the loads calcu-
lated from continuous measurements (Text S15). The sand rating curves used in this analysis were derived
using standard methods (Helsel & Hirsch, 2002), and were fit to the first 3 years of EDI/EWI measurements
of Cy\p at each station. The 95%-confidence-level relative error in the rating-curve-estimated load decreased
in a semi-log-linear fashion at each station as the prediction interval increased (Figure 11). Regardless of this
inverse relation between error and prediction interval, the errors in the rating-curve-estimated suspended-sand
loads over all prediction intervals in Figure 11 are so large that they prevent knowing the sign, let alone the
magnitude of AS.

This finding agrees with that of Grams et al. (2019) who showed that Cg,y, must be measured continuously
over short timescales for the sand-transport “signal” to exceed “noise,” but largely contradicts those of Cohn
et al. (1992), Horowitz (2003), Cohn (1995), and Horowitz et al. (2015) who concluded that accurate loads
could be calculated using rating curves that utilized relatively few measurements. In justifying the use of
sediment rating curves, Cohn et al. (1992) stated that errors in measured loads can be large owing to the
sampling error of individual observations, whereas rating-curve errors may be smaller because they are based
on the entire dataset. That argument assumed random variability in Cg,\ about rating curves, an incorrect
assumption in rivers where Cg,\, is regulated by a process other than Q. Hirsch (1988) showed that accu-
rate constituent rating curves required both a large dataset and incorporation of systematic hysteresis effects.
Wright et al. (2010) showed that reasonably accurate sand rating curves could be constructed for supply-limited
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conditions given a large dataset that allowed for the inclusion of supply-driven hysteresis. Both of these data-in-
tensive approaches produce, in essence, time-variant sediment rating curves. However, in many applications
the dataset used to define rating curves is relatively sparse and/or hysteresis effects are not included; indeed,
the attraction of the sediment—rating-curve approach is that it is inexpensive (Cohn, 1995) and curves can be
developed with relatively little data. Given the intensive data requirements for the approaches of Hirsch (1988)
or Wright et al. (2010), and because it is impossible to know whether this sampling requirement has been met
without a large investment in many measurements of Cg,\p. it is best to rely on continuous measurements of
Cganp When initiating river sediment monitoring.

6. Conclusions

Sand supplied during tributary floods migrates downstream in the Colorado River downstream from Glen Canyon
Dam as a sand wave that splits into two packets on the basis of Rouse number. The leading packet migrates down-
stream at nearly the velocity of water, with some newly supplied sand in this packet never being retained in the
Colorado River. The lagging packet migrates more slowly and takes hundreds of days to be exported to Lake
Mead. Substantial changes in the bed-sand grain size distribution occur as these packets migrate, leading to in
excess of an order-of-magnitude discharge-independent variation in suspended-sand concentration. Although the
analyses we use herein can inform the design of sediment-transport monitoring programs, there is no “short cut”
to monitoring sediment transport in a river with such large, systematic supply-driven variation in suspended-sand
concentration; ongoing continuous suspended-sediment measurements are required. The bed-sand fining caused
by sand-wave migration persists for <63 days in UMC and <144 days in LMC. Thus, only those controlled floods
released from the dam within several months of a large Paria River flood will have access to the finest sand size
classes that lead the highest suspended-sand concentrations, and hence the largest sandbar-deposition rates in
Marble Canyon.

Sand storage in the bedrock-canyon Colorado River in Marble and Grand canyons is largely self-limiting. Fining
of the bed-sand grain size as sand storage increases leads to higher suspended-sand concentrations, and therefore
greater downstream sand export, a negative-feedback mechanism likely operating in other bedrock-canyon rivers.
Except in the river segments proximal to the major sand-supplying tributaries, bed-sand grain size plays a domi-
nant role in regulating whether sand erodes or deposits in the Colorado River. By virtue of this self-limitation,
substantial increases in sand storage, as occurred during periods of low discharge pre-dam, are likely impossible
in the Colorado River in Marble and Grand canyons at the higher discharges generally released from Glen Canyon
Dam. Multiyear sand accumulation is only possible in the Colorado River in GCNP during years when the tribu-
tary sand supply exceeds ~130% of average and dam-released discharges are below average. Sand erodes during
years of below-average to average tributary sand supply and average to above-average discharge; net erosion of
at least 28 million Mg of sand from the Colorado River in GCNP has occurred since the 1963 closure of Glen
Canyon Dam. Thus, sand storage sufficient for maintaining sandbars in the Colorado River may require timing
periods of higher and lower dam-released discharge based on tributary sand-supply conditions. Whether the sand
resources of the Colorado River in GCNP can be sustainably managed in perpetuity therefore remains an open

question.

Notation

CGC Central Grand Canyon segment

ECGC East-Central Grand Canyon segment

EDI Equal-Discharge-Increment suspended-sediment measurement
EGC Eastern Grand Canyon segment

EWI Equal-Width-Increment suspended-sediment measurement
GCNP Grand Canyon National Park

LCR Little Colorado River

LMC Lower Marble Canyon segment

RK river kilometer

UMC Upper Marble Canyon segment
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VPA Velocity-weighted-average Point-sample Array suspended-sediment measurement

WCGC West-Central Grand Canyon segment

A, variable A at position 7 in a time series (dimensions vary between lagged-covariance analyses in
paper and Text S8)

A mean of variable A, over the entire time series (dimensions vary between lagged-covariance anal-
yses in paper and Text S8)

A, area of active deposits measured for topographic change in Text S12 (L?)

A total area of active deposits in Text S12 (L?)

a, constant of proportionality in Text S4

a, constant of proportionality in Text S4

B, variable B at position i in a time series (dimensions vary between lagged-covariance analyses in
paper and Text S8)

B mean of variable B, over the entire time series (dimensions vary between lagged-covariance anal-
yses in paper and Text S8)

Cyanp velocity-weighted suspended-sand concentration (ML)

CyAND-REF reference, i.e., mean, Cg,y, over a specified period (ML)

CynrcLay velocity-weighted suspended-silt-and-clay concentration (ML)

D grain diameter (L)

D, reference grain diameter of 1 mm in ¢ unit

Dy median grain size of the bed sand (L)

Dy rer reference, i.e., mean, D over a specified period (L)

Dy median grain size of the suspended sand (L)

Dy per reference, i.e., mean, Dy over a specified period (L)

Dy Xt percentile grain size (L)

E downstream sand export from a river segment over a given period (M)

f fractional amount, expressed as a percentage, of the bed sand composed of a given size class
(dimensionless)

N fractional amount, expressed as a percentage, of the bed sand composed of very fine, i.e., 0.0625—
0.125 mm, sand (dimensionless)

h flow depth in Text S3 (L)

1 upstream sand supply to a river segment over a given period (M)

It sand supply from lesser tributaries to a river segment over a given period (M)

I sand supply from major tributaries to a river segment over a given period (M)

i number indicating position in a time series; used in lagged-covariance analysis

J 4.3; value used in Equation 1 and in Text S4

j number indicating position in a time series relative to a given position i; used in lagged-covariance
analysis

K —2.8; value used in Equation 1 and in Text S4

k 0.408; von Karman's constant (dimensionless)

L 0.18; value used in Equation 1 and in Text S4

M 0.85; value used in Equation 1 and in Text S4

N number of total 15-min intervals analyzed in lagged-covariance analysis

n number of observations

p level of significance

DPr Rouse number in Text S14 (dimensionless)

0 discharge of water (L3t™")

Oganp cross-section-integrated mass flux of sand (Mt~

dsanp depth-integrated local flux of suspended sand over a point on the bed (L*t~!)

OgircLay cross-section-integrated mass flux of suspended silt and clay (Mt™!)

r correlation coefficient

t time (t)

u downstream component of the flow velocity vector in Text S3 (Lt~1)

u, shear velocity (Lt™1)

Vsanp 1-dimensional total volume of suspended sand over a point on the bed (L)
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ws sediment settling velocity in Text S14 (Lt™!)

X longitudinal position in the downstream direction (L)

z, area-weighted mean change in elevation where topographic or bathymetric measurements were
made in Text S12 (L)

2 bed roughness parameter in Text S3 (L)

a measure of the relative importance of bed-sand grain size versus shear velocity in regulating
sand transport (dimensionless)

p measure of the relative coarseness of the bed sand (dimensionless)

Bo p detrended as a function of water discharge (dimensionless)

AS change in the amount of sand, i.e., the sand mass balance, in a river segment over a given period
M)

AS measured topographic-based sand budget in Text S12 (L?)

AS k. extrapolated topographic-based sand budget in Text S12 (L?)

At time interval in lagged-covariance analysis (t)

[0} phi unit of sediment grain size (Krumbein, 1934); ¢ = —log, (D / D,)

n bed elevation (L)

p bed-sand porosity (dimensionless)

P water density

c standard deviation

Opms uncertainty in the extrapolated topographic-based sand budget in Text S12 (L3)

7, boundary shear stress (ML~'t72)
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Erratum

The originally published version of this article included several typographical errors in which a variable was used
when words were needed. These errors have been corrected, and this may be considered the official version of
record.
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