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Abstract Temporal and spatial nonuniformity in supplies of water and sand in a river network leads to
sand transport that is in local disequilibrium with the upstream sand supply. In such river networks, sand is
transported downstream as elongating waves in which coupled changes in grain size and transport occur.
Depending on the magnitude of each sand-supplying event and the interval between such events, changes
in bed-sand grain size associated with sand-wave passage may more strongly regulate sand transport
than do changes in water discharge. When sand transport is controlled more by episodic resupply of sand
than by discharge, upstream dam construction may exacerbate or mitigate sand-transport disequilibria, thus
leading to complicated and difficult-to-predict patterns of deposition and erosion. We analyzed all
historical sediment-transport data and embarked on a 4-year program of continuous sediment-transport
measurements to describe disequilibrium sand transport in a river network. Results indicate that sand
transport in long river segments can evolve over ≥50-year timescales following rare large sand-supplying
events. These natural changes in sand transport in distal downstream river segments can be larger than those
caused by an upstream dam. Because there is no way to know a priori whether sand transport in a river
has changed in response to changes in the upstream sand supply, contemporary continuous measurements
of sand transport are required for accurate sand loads and budgeting. Analysis of only historical
sediment-transport measurements, as is common in the literature, may lead to incorrect conclusions with
respect to current or future sediment-transport conditions.

Plain Language Summary Recognition of the passage of sand waves is critical to river monitoring
and management. We use modern suspended-sand analyses conducted on historical data to detect the
previously unrecognized passage of large sand waves through a river network. We combine these analyses
with a modern continuous sediment-transport measurement program to show that the migration of these
sand waves can affect rates of sand transport over timescales exceeding 50 years and in river segments
~260 km in length. The coupled grain-size and transport aspects of the migration of these naturally occurring
waves can have a larger impact on sand transport in distal downstream river segments than the construction
and operation of a large dam. Without sufficient sand-transport measurements, it is not possible to a priori
know whether sand transport in a river is controlled by episodic changes in the upstream sand supply.
Therefore, in general, continuous contemporary measurements of sand transport are required when
initiating sand monitoring in rivers.

1. Introduction

Sources of runoff and sediment are not uniformly distributed in time and/or space in many river networks in
semiarid climates (e.g., Andrews, 1991; Howard & Dolan, 1981; Iorns et al., 1964; Schmidt & Wilcock, 2008),
volcanic landscapes (e.g., Dinehart, 1998; Gran et al., 2011; Major, 2004), and other mountainous regions
(e.g., Benda, 1990; Brummer & Montgomery, 2006; Dietrich & Dunne, 1978). Consequently, main-stem sedi-
ment transport in these river networks will be in local disequilibriumwith the sediment supply. Moreover, this
disequilibrium in sediment transport will be exacerbated in cases where the timing of large sediment-
supplying events is episodic, with long intervals of quiescence. When the episodic sediment supply is finer
than the antecedent riverbed sediment, the introduced sediment is transported downstream as an elongat-
ing sediment wave in which substantial coupled changes in grain size and sediment transport occur (Cui,
Parker, Lisle, et al., 2003; Cui, Parker, Pizzuto, et al., 2003; Ferguson et al., 2015; James, 2010; Lisle, 2007;
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Topping, Rubin, Nelson, et al., 2000; Wohl & Cenderelli, 2000). The topographic signature of a sediment wave
in some cases may be small (Ferguson et al., 2015), with the downstreammigration of a sediment wave being
evident mainly in its effects on the transported sediment and the grain-size distribution of the bed (Topping,
Rubin, Nelson, et al., 2000; Topping, Rubin, & Vierra, 2000). Recognition that sediment transport has
responded or is responding to the passage of a sediment wave is critical to river monitoring and manage-
ment (James, 2006, 2010). It can be particularly difficult to detect the former passage of sediment waves
when the legacy of such waves primarily consists of their effects on grain size and sediment transport, and
not their effects on river form. In addition, because repeat topographic data may not be available, it is
generally important to develop methods to detect the former passage of sediment waves using only
sediment-transport and grain-size data.

We use a variety of analyses of historical and modern data to investigate a river network dominated by dis-
equilibrium sediment transport. Specifically, we demonstrate that the passage of large sand waves through a
river network can be detected using a suite of physically based analyses of water discharge and sand trans-
port in a case where no topographic data were available. We show that the passage of such hard-to-detect
waves has affected sand transport in a ~260-km-long river segment over ≥50-year timescales and that
long-term changes in sand transport caused by natural sand-wave migration can exceed those caused by
dam construction. Analyses of discharge data were used to detect sand-wave initiation during tributary
floods and to detect changes in main-stem flow that could affect sand transport. Analyses of suspended-sand
data were used to detect the downstream propagation of the coupled grain-size and transport signature of
sand-wave migration.

1.1. Study Area

The study area is the network of the Green and Yampa rivers that merge within Dinosaur National Monument
to form the middle Green River (Figure 1). This area encompasses (1) the Green River between Green River,
WY, and Jensen, UT; (2) the Yampa River downstream from Maybell, CO; (3) the Little Snake River; and (4)
smaller tributaries (Figure 1). The Green River is divided into “upper” and “middle” segments at its confluence
with the Yampa River, which in turn is divided into “upper” and “lower” segments at its confluence with the
Little Snake River. Most of the streamflow is supplied by snowmelt upstream from the study area, whereas
most of the sand is supplied episodically by tributaries within the study area (Andrews, 1978, 1980;
Resource Consultants, 1991; U.S. Environmental Protection Agency, 2014). Upstream water development
has affected only half of the study area (Andrews, 1986), creating a natural laboratory where changes in sand
transport caused by water development can be compared with those caused by natural processes.

The upper Green River has been regulated since 10 December 1962, when Flaming Gorge Dam was closed
(Linenburger, 1998). There are no large diversions downstream from this dam in the study area, but there
are large dams and diversions upstream, chiefly Fontenelle Dam—constructed between 1962 and 1964
(Linenburger, 1997). Reservoir operations at Flaming Gorge Dam have flattened the annual hydrograph of
the upper Green River by reducing the annual snowmelt flood and increasing base flows (Grams &
Schmidt, 1999, 2002; Vinson, 2001). Beginning in 2012, these operations were modified and a small spring
flood was released for endangered native fish (Bestgen et al., 2011; LaGory et al., 2012; U.S. Bureau of
Reclamation, 2006; U.S. Department of the Interior, 2005).

The Yampa and Little Snake rivers are relatively unregulated, and their flow regimes are still dominated by the
snowmelt flood (Grams & Schmidt, 2002; Manners et al., 2014). Small dams, transbasin diversions, and other
human uses deplete ~13% of the long-term average natural flow (Colorado Water Conservation Board &
Colorado’s Decision Support Services, 2009a, 2009b; U.S. Bureau of Reclamation, 2016; U.S. Department of
Agriculture, 1981; Wyoming Water Planning Program, State Engineer’s Office, 1978). The flow regime of
the middle Green River thus has characteristics of the highly regulated upper Green River and the quasi-
natural Yampa River (Grams & Schmidt, 2002).

Construction of Flaming Gorge Dam cut off the sand supplied to the study area frommost of the upper Green
River watershed. Thus, the only major sources of sand to the upper Green River after 1962 were from erosion
of predam sand from the riverbed and banks in Browns Park or from Red and Vermillion creeks (Figure 1;
Andrews, 1986; Grams & Schmidt, 2005; Mueller, Grams, Schmidt, Hazel, Alexander, et al., 2014; Mueller,
Grams, Schmidt, Hazel, Kaplinski, et al., 2014). After dam completion, the Yampa River became the primary
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source of sand to the middle Green River, with most of this sand supplied by tributaries that drain into the
lower Little Snake River (Andrews, 1978, 1980, 1986; Grams & Schmidt, 2005).

1.2. Previous Sediment Transport Research in the Study Area

Previous sediment-transport and budgeting research in the study area relied on analyses of preexisting
suspended-sediment data sets (Andrews, 1978, 1980, 1986; Grams & Schmidt, 2005; Resource Consultants,
1991) or sediment rating curves fit to short-term data sets (Elliott & Anders, 2005; Elliott et al.,
1984; O’Brien, 1984; Resource Consultants, 1991) to infer contemporary or future sediment conditions.
Interpretations of these data were hindered by a lack of overlap between periods of sediment record among
gaging stations and from large intra-annual and interannual variability in sediment transport, potentially
resulting in highly biased mean-annual sediment loads. For example, Andrews (1986) and Grams and
Schmidt (2005) arrived at differing conclusions as to the signs of postdam sediment budgets for the
Green River.

1.3. Locations and Periods of Data Collection

We segregated sediment data into pre-2012 “historical” and 2012–2016 “modern” periods. To avoid the
limitations of previous studies, we continuously measured sediment transport during 2012–2016 at five “pri-
mary” gaging stations where the U.S. Geological Survey (USGS) had collected data between 1947 and 2011

Figure 1. Maps of the study area depicting the river segments, geographic features, and sediment-budget areas referred to
herein. Shown are the gaging stations (black and white checkered circles) at which data were collected; numbers are
keyed to the abbreviated gaging station names in Table 1 (red numbers indicate primary gaging stations, and black
numbers indicate ancillary gaging stations). Gray-shaded region in (a) indicates extent of Dinosaur National Monument;
gray box around this area indicates extent of (b), in which the river segments and shorter alluvial reaches in each
sediment-budget area are depicted.
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(Figure 1 and Table 1). We analyzed all discharge (Q), sediment-transport, and bed-sediment data at these
stations, and we also analyzed historical Q and sediment-transport data at 12 ancillary gaging stations
(Figure 1 and Table 1).

2. Field Methods

Accurate sediment-load calculation requires near-continuous velocity-weighted measurements of
suspended-sediment concentration (C) in a river cross section (Gray & Gartner, 2009; Gray & Simoes,
2008; Porterfield, 1972; Topping et al., 2000; Topping & Wright, 2016). These measurements are termed
velocity-weighted because they are made using isokinetic depth-integrating suspended-sediment samplers
that collect the water–suspended-sediment mixture at the local flow velocity (Edwards & Glysson, 1999;
Federal Interagency Sedimentation Project, 1952). When velocity-weighted C is measured by the Equal-
Width-Increment (EWI) method, multiplication of C by Q yields the suspended-sediment flux (Edwards &
Glysson, 1999). Integration of this flux over time then yields the sediment load (Porterfield, 1972). The
USGS measured Q at each gaging station using standard methods (Blanchard, 2007; Rantz et al., 1982a,
1982b; Turnipseed & Sauer, 2010), with 15-min Q available since water year 2008. Historically, the USGS
published sediment loads using quasi-daily EWI measurements (Osterkamp & Parker, 1991), with occasional
grain-size-analyzed measurements made to allow load estimation by size class. In the modern period, we
computed sediment loads using 15-min acoustical suspended-sediment measurements calibrated and
verified with EWI and calibrated-pump measurements (methods developed from theory by Topping &
Wright, 2016; Topping et al., 2016). Historically, bedload was measured using Helley-Smith samplers
(Elliott & Anders, 2005; Elliott et al., 1984; Martin et al., 1998); we calculated bedload on the basis of
bedform migration (after Simons et al., 1965).

Bed-sediment measurements were made more systematically during 2012–2016 than historically, and none
were made anywhere before 1982. Wemade bed-sediment measurements paired with EWI measurements at
the sand-bedded Green-Lodore, LS-Lily, and Yampa-Deerlodge stations, but not at the gravel-bedded
Yampa-Maybell and Green-Jensen stations.

Details of measurement methods, references, and site-specific issues are provided in Text S1 and S3 in
the supporting information. All data collected since 2012, with user-interactive plots and sediment budgets,
are available at https://www.gcmrc.gov/discharge_qw_sediment/ or https://cida.usgs.gov/gcmrc/discharge_
qw_sediment/ (Sibley et al., 2015).

3. Analytical Methods

We focused our analysis on sand, rather than silt and clay, because of the much greater interaction of
suspended sand with the riverbed (e.g., Andrews, 1981; Guy, 1970). The upstream sand supply interacts with
the flow to cause changes in suspended-sand concentration (CSAND) coupled with changes in the grain-size
distribution of the bed and suspended sand (e.g., Rubin & Topping, 2001, 2008; Rubin et al., 1998; Topping,
Rubin, Nelson, et al., 2000; Topping, Rubin, & Vierra, 2000; Topping et al., 2007, 2010). Because silt and clay
are typically transported as wash load, changes in the upstream silt and clay supply generally cause changes
in suspended-silt-and-clay concentration without causing major changes in the bed sediment. Silt-and-clay
analyses parallel to some of our sand analyses are provided in Text S11.

We analyzed Q data sets to evaluate temporal trends and patterns in Q and tributary sand-supplying events.
We then analyzed suspended-sand data sets using α-β analyses—derived from theory and tested using flume
and river data by Rubin and Topping (2001, 2008). β analyses were used to track changes in the bed-sand
grain-size distribution. α analyses were used to identify stations and periods where the temporal changes
in bed-sand grain size associated with possible sand-wave migration played an important role in regulating
CSAND. We then linked changes in β and α to changes in the relations between Q and CSAND. Finally, we com-
puted sand loads and budgets for different parts of the study area. Significant temporal trends (at the
p < 0.05 level of significance) were detected using F tests on least-squares linear regressions (e.g., Davis,
1986). Significant (p < 0.05) differences between data from different periods were detected using
Wilcoxon-Mann-Whitney (WMW) tests (Mann & Whitney, 1947), chosen over t tests because WMW tests do
not require that data be normally distributed.
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3.1. Changes in Water Discharge

We evaluated whether long-term trends or patterns relevant for sand transport existed in annual mean and
peak Q at the Green-Green River, Green-Greendale, Yampa-Maybell, LS-Lily, and Green-Jensen stations. Time
series from the Green-Linwood and Green-Greendale stations were merged to extend the period of the
Green-Greendale station (Text S4). Inspection of time series smoothed over 3 years was used to identify
changes in interannual Q variability.

3.2. Identification and Timing of Large Sand-Supplying Events to the Little Snake River

Previous studies showed that tributaries to the lower Little Snake River are the source of most of the sediment
transported by the Yampa River (Andrews, 1978, 1980; Resource Consultants, 1991). We sought to identify the
timing of large floods in these tributaries that delivered large amounts of sand to the downstream river net-
work. Because these tributaries contribute little to annual Q at the LS-Lily station, the analyses of section 3.1
will not likely detect these floods. The largest of these tributaries are Muddy Creek, which is perennial, and
Sand Creek, which is ephemeral (Figure 1). Sand Creek has never been gaged, whereas Muddy Creek was
gaged by the USGS from 1958 to 1971, 1988 to 1991, and 2004 to present (Table 1).

Owing to its location closer to population and its perennial nature, Muddy Creek has received the most study
of any lower Little Snake River tributary (Dolan & Wesche, 1987; Parker et al., 1985; U.S. Environmental
Protection Agency, 2014). The largest documented flood on Muddy Creek (peak Q = 75 m3/s) occurred on
27 March 1962 (Text S5; U.S. Geological Survey, 2017a), with other notable, but much smaller, floods occur-
ring in 1966 and 1971 (U.S. Geological Survey, 2017a, 2017b, 2017c). Parker et al. (1985) documented channel
incision resulting from large floods sometime after 1905. In the 1990s, U.S. Environmental Protection Agency
(2014) conducted a wetlands-restoration project to mitigate erosion from head cutting during large floods in
the 1960s (U.S. Environmental Protection Agency, 2014). The relatively large amount of information available
for Muddy Creek, however, does not indicate that it is the largest supplier of sand to the lower Little Snake
River. Thus, development of another method was required to comprehensively and objectively identify the
sources and timing of large floods in Little Snake River tributaries.

We met this objective by examining streamflow records from bracketing gaging stations on the Little Snake
River and by examining the limited streamflow records from Muddy Creek (Figure 1). The gaging stations on
the Little Snake River used in these analyses were the LS-Dixon station (~15 km upstream fromMuddy Creek)
and the LS-Baggs station (~7.4 km downstream from Sand Creek). There are no other major tributaries
between these stations; thus, major increases in Q between these stations are caused by floods in Sand
and/or Muddy creeks. Months in which large tributary floods occurred were identified as those with the
largest average increase in the monthly peak daily mean Q between these stations. Because only 7 years
of overlap exist among the LS-Dixon and LS-Baggs stations, we conducted an identical analysis between
the LS-Dixon and LS-Lily stations (63 years of June–September overlap and 37 years of November–March
overlap). We also conducted an identical analysis between the LS-Baggs and LS-Lily stations (7 years of
overlap) to determine the sand-supplying importance of tributaries entering the Little Snake River downstream
from the LS-Baggs station.

3.3. β Analyses

The sparseness of historical bed-sediment measurements limits their use in detecting trends in bed-sand
grain size. Thus, we used the physically based β analyses of Rubin and Topping (2001, 2008) to estimate
bed-sand grain size from suspended-sand measurements. Rubin and Topping (2001, 2008) derived β using
suspended-sediment theory and then tested β using bed-sand grain-size distributions measured in flume
and river experiments. As defined by Rubin and Topping (2001, 2008),

β ¼ DB

DB-REF
¼ CSAND

CSAND-REF

� ��0:1 DS

DS-REF

� �
(1)

is a nondimensional relative measure of the coarseness of the suspendable bed sand, where DB is the
spatially averaged median grain size (D50) of the bed sand “sampled” by the river via physical suspension
processes in the reach upstream from a single EWI measurement, DB-REF is the reference D50 of the bed
sand, CSAND is the suspended-sand concentration in a single EWI measurement, CSAND-REF is the reference
suspended-sand concentration, DS is the D50 of the suspended sand in a single EWI measurement, and
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DS-REF is the reference D50 of the suspended sand. These reference values are the mean values over the per-
iod analyzed. We then evaluated whether detected trends in β reflected measured changes in the bed sand.
β analyses were conducted at the five primary gaging stations and at the Green-Green River station. This
ancillary station provided predam context for the upper Green River because of insufficient data at the
Green-Greendale station and no predam data at the Green-Lodore station.

Depending on Rouse number, β will track DB, the fine tail of the bed-sand grain-size distribution, or both. For
a given flow condition (i.e., constant depth, shear velocity (u*), and skin-friction boundary shear stress), DS

results from the combined influence of DB and the fractional amount of each size class comprising the
bed-sand grain-size distribution (after Garcia & Parker, 1991; McLean, 1992; Parker, 1978; Rouse, 1937;
Schmeeckle, 2014; Smith & McLean, 1977; Topping et al., 2007; van Rijn, 1984a). Thus, for a given flow condi-
tion and constant DB, DS will be finer and β will be smaller when the bed-sand grain-size distribution is
broader or more left-skewed because relatively more sand is present in the finer size classes (i.e., the most
suspendable size classes with the lowest Rouse numbers). Therefore, although, as in the Rubin and
Topping (2001, 2008) definition of β in equation (1), β tracks DB when the Rouse number of DB is relatively
low (Rubin & Topping, 2001, 2008; Topping et al., 2010), β may not track DB when the Rouse number of DB

is > > 1. Under such coarse-bed conditions, as in the rivers in our study, β is more sensitive to changes in
the fine tail of the bed-sand grain-size distribution than it is to changes in DB (Text S6). β provides a good
estimate of bed-sand grain size because the bed-sand grain-size distribution provides a much stronger
and nonlinear control on CSAND than does the areal coverage of sand on the bed (Topping et al., 2007).
Hence, a factor of 2 change in bed-sand area corresponds to only a ~7% change in β (Topping et al., 2010).

3.4. α Analyses

The two dominant regulators of CSAND are Q and the bed-sand grain-size distribution (after Dean et al., 2016;
Grams et al., 2013; Rubin & Topping, 2001; Topping et al., 2000, 2007, 2010). Under constant bed-sand grain
size, an increase in Qwill cause an increase in u* and therefore also an increase in CSAND; similarly, under con-
stant u*, bed-sand fining through a decrease in DB and/or an increase in the fine tail will cause an increase in
CSAND. Thus, we treat bed-sand grain size as an independent variable for the purposes of this paper. Following
Rubin and Topping (2001) and using the language of Einstein and Chien (1953), this approach is justified
because changes in bed-sand grain size have a “strong and immediate” effect on CSAND, whereas changes
in the sand flux (from changes in the upstream sand supply) have only a “weak and slow” influence on the
bed-sand grain size.

α analyses (Rubin & Topping, 2001) were used to determine the stations and periods where CSAND was regu-
lated primarily by changes in Q or by changes in the bed-sand grain-size distribution. We used the same data
analyzed for β, with the addition of the EWI measurements from the Green-Greendale station to provide pre-
dam context for the Green-Lodore station. α analyses were conducted on the entire period of record and on
shorter discrete periods determined by temporal changes in β and large gaps between EWI measurements.
As derived by Rubin and Topping (2001) from suspended-sediment theory,

α ¼ K
J þ 1

� ��L log10ΔCSAND

log10ΔDS

� �
þ J

M log10ΔCSAND

log10ΔDS

� �
� K

(2)

where Δ signifies the ratio of either CSAND or DS at two different times, J = 3.5, K =�2.5, L = 0.35, andM = 0.75.
The values of J, K, L, andMwere determined from the output of a suspended-sandmodel and by integral con-
straints among these variables (Rubin & Topping, 2001; Topping et al., 2010). Equation (2) applies to all cases
of varying DS; equations 4, 6, and 7 in Rubin and Topping (2001) must be used to solve for α in the special case
of constant DS.

α is a quantitative measure of the relative importance of changes in u* and changes in DB in regulating CSAND
(Rubin & Topping, 2001) and is therefore also a measure of the degree to which sand transport is in disequili-
brium with the upstream sand supply. The sign of α is unimportant. α is defined such that changes in u* and
DB are equally important in regulating CSAND when |α| = 1, changes in DB are twice as important as changes in
u* in regulating CSAND when |α| = 2, and changes in u* are twice as important as changes in DB in regulating
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CSAND when |α| = 0.5. By extension, changes in u* completely control CSAND as |α| approaches zero and
changes in DB completely control CSAND as |α| approaches infinity. CSAND is thus “flow regulated” when
|α| < 1 (because u* is linearly related to both velocity and Q) and “grain-size regulated” when |α| > 1.
When |α| = 0, sand transport is in equilibrium with the upstream sand supply and the bed-sand grain-size dis-
tribution does not change over time. In this situation, all of the sand delivered from upstream will pass
through a river cross section without any change in bed-sand grain size such that the only regulator of
CSAND will be u*, and stable relations between Q and CSAND can be derived with zero variation about these
relations. Therefore, equilibrium sand transport implies stationarity in sand-transport relations. As |α|
increases, the degree of sand-transport disequilibria increases; at very large values of |α|, changes in the
upstream sand supply completely control sand transport by influencing bed-sand grain size.

We make the following approximation of Rubin and Topping (2001) so that equation (2) can be applied to an
extensive data set (i.e., more than two cases):

log10ΔCSAND

log10ΔDS

����
���� ≈ σ log10CSANDð Þ

σ log10DSð Þ (3)

where σ indicates standard deviation. Because equation (3) calculates the absolute value but not the sign, the
sign of log10ΔCSAND/log10ΔDS is evaluated as the sign of the slope of log10CSAND regressed on log10DS when
an F test indicates that this regression is significant and the correlation between log10DS and log10CSAND is
moderate or stronger (i.e., r > 0.4). When this regression is insignificant or this correlation is weak, the sign
of log10ΔCSAND/log10ΔDS is indeterminate, and |α| is the mean |α| calculated using positive and negative
σ(log10CSAND)/σ(log10DS) ratios.

3.5. Influence of Changes in β and α on “Relations” Between Discharge and Suspended-Sand
Concentration and Between Discharge and the Sand Bedload Flux

When CSAND is regulated by both u* and bed-sand grain size, substantial systematic variation over time (i.e.,
hysteresis) in CSAND will occur when CSAND is plotted as a function of either only Q or bed-sand grain size. For
example, decreasing bed-sand grain size, and therefore decreasing β, at constant Q or u* will be associated
with an increase in CSAND. Large changes in bed-sand grain size (e.g., those associated with sand-wave
passage) will thus result in increased |α| and variation about Q-CSAND relations. Similarly, because the sand
bedload flux (QSB) depends strongly on a flow parameter (typically the boundary shear stress) and bed-sand
grain size (Einstein, 1950; Fernandez Luque & van Beek, 1976; Meyer-Peter & Müller, 1948; Schmeeckle &
Nelson, 2003; van Rijn, 1984b; Wiberg & Smith, 1989; Wilcock & McArdell, 1993; Wilcock & Southard, 1989;
Yalin, 1963), systematic variation in QSB will also occur when QSB is plotted as a function of only Q under
conditions of changing bed-sand grain size.

We evaluated how changes in Q-C and Q-QSB relations reflected changes in β and how changes in the varia-
tion about Q-CSAND relations reflected changes in α. “Relation” is used loosely in this context, owing to the
large variation in C and QSB arising from the processes described above. For simplicity, we used a one-
coefficient method to describe the mean Q-C and Q-QSB relations: least-squares linear regression forced
through the origin. We then evaluated the strengths of the correlations between β and the slopes of the
Q-CSAND and Q-QSB relations and between log-transformed |α| and the mean sum of squares of the residuals
about the Q-CSAND relations. To reduce the influence of skewness on the correlation coefficient (r), the med-
ian was chosen in place of the mean to characterize the central tendency in β during each period. Similarly,
because |α| is by definition highly right-skewed (i.e., it has a lower bound of zero and an upper bound of infi-
nity), the log-transformed value of |α| was used to reduce the influence of skewness on r. These analyses were
conducted at all five primary gaging stations for suspended sand, with data segregated into the same periods
defined for the analyses of section 3.4. These analyses were conducted for bedload sand using slightly differ-
ent periods (owing to fewer years of data) and at only the Yampa-Deerlodge station because only it has
longer-term grain size-analyzed bedload data.

3.6. Sand Loads

We evaluated whether annual sand loads have changed over time and whether changes in loads have
resulted from changes in β (i.e., bed-sand grain size), Q, or both. For the historical period at the stations
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where the USGS published sediment loads (Table 1) and at the Vermillion Creek station, we subdivided loads
into a silt and clay component and a sand component utilizing the sparser grain-size-analyzed EWI measure-
ments (ranging from 0 to 40 measurements per year). For the 2012–2016 modern period, fluxes and cumu-
lative loads were measured separately for silt and clay and for sand, so no post facto subdivision of loads into
silt & clay and sand components was required.

Historical sand loads were estimated using two methods. (Method 1) Sand rating curve—where a stable rela-
tion was developed by regressing log-transformed CSAND on log-transformed Q. This method was the less
accurate of the two methods and was used only when the number of grain-size-analyzed EWI measurements
per year was insufficient (i.e.,< ~9) to use Method 2, and the variance in CSAND about the rating curve arising
from likely systematic changes in bed-sand grain size was minimal. (Method 2) Shifting sand rating curve—
where rating curves developed by Method 1 were allowed to shift over time. In this method, the ratio of
EWI-measured to rating-curve-predicted CSAND was first calculated at the time of each EWI measurement.
Linear interpolation was then used to estimate these ratios for the days between these measurements.
Multiplication of rating-curve-predicted values of CSAND by these ratios thus resulted in rating-curve-predicted
CSAND that equaled EWI-measured CSAND. The physical assumptions that justify this second method are
described in Wright et al. (2010).

Because bedload rating curves that relate QSB to Q are likely to be dependent on bed-sand grain size, we
developed an alternative approach to estimate QSB on the basis of the ratios of QSB to the suspended-sand
flux (QSS) in paired bedload-EWI measurements. This approach consisted of log-transformed (QSB/QSS)
regressed on log-transformed Q (Text S3). Because changing bed-sand grain size causes changes with iden-
tical sign in both QSB and QSS, this approach incorporated the effects of changing bed-sand grain size as cap-
tured by the suspended sand.

A 10% uncertainty was assigned to the 2012–2016 sand loads. The magnitude of this uncertainty results from
the product of the likely maximum magnitudes of possible undetected, and therefore uncorrected, biases
(i.e., systematic errors) in Q (e.g., Kiang et al., 2016; Sauer & Meyer, 1992) and CSAND (e.g., Sabol & Topping,
2013; Topping et al., 2010) that may persist over long periods (Topping et al., 2010). Even though these pos-
sibly persistent biases are small relative to the random error in individual measurements of Q (Oberg &
Mueller, 2007; Sauer & Meyer, 1992) and CSAND (Topping &Wright, 2016; Topping et al., 2011, 2016), the abso-
lute magnitudes of these biases accumulate over time because they are not random. This condition leads to
an uncertainty that is expressed as a fixed percentage of the cumulative load. Because of greater potential
bias in the methods used to estimate the historical sand loads, a 30% uncertainty was estimated for these
loads. A 50% uncertainty was assigned to sand bedload on the basis of the likely maximum persistent bias
in the Q-dependent relations used to estimate QSB.

3.7. Sand Budgets

We calculated sand budgets (with propagated uncertainty) to determine whether trends detected in the pre-
vious analyses were associated with river segments in sand surplus or deficit and whether sand-wave migra-
tion was greatly affected by longitudinal differences in channel geometry. Continuous mass-balance sand
budgets were constructed for two parts of the study area: the “Deerlodge Park” and “Dinosaur” sediment-
budget areas (Figure 1b). Input to the Deerlodge Park budget area was the combined 15-min sand flux at
the Yampa-Maybell and LS-Lily stations; export from this budget area was the 15-min sand flux at the
Yampa-Deerlodge station. Input to the Dinosaur budget area was the combined 15-min sand flux at the
Green-Lodore and Yampa-Deerlodge stations; export from this budget area was the 15-min sediment flux
at the Green-Jensen station. Sediment budgets could not be constructed pre-2012 owing to the lack of
overlap in historical sediment-load record among gaging stations.

We also constructed a sand budget for the upper Green River between Flaming Gorge Dam and the Green-
Lodore station to help evaluate the likelihood of dam-induced changes in bed-sand grain size (Figure 1a).
This river segment has been interpreted to be in sediment deficit (Andrews, 1986; Schmidt & Wilcock,
2008) and sediment surplus (Grams & Schmidt, 2005). Input to this “Browns Park” budget was the water year
1972–1976 mean-annual sand load at the Red Creek station combined with the estimated mean-annual sand
load of Vermillion Creek. The sand load of Vermillion Creek was estimated by assuming constant sand yield
across this creek’s drainage basin and then multiplying the 1976–1981 sand load at the Vermillion Creek

10.1029/2017JF004534Journal of Geophysical Research: Earth Surface

TOPPING ET AL. 1887



0

20

40

60

80

100

0

5

10

15

20

25

30

35

40

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Yampa annual mean
Yampa 3-year smoothed

Little Snake annual mean
Little Snake 3-year smoothed

Water year

2010
1997

1984

1980

(a)

0

100

200

300

400

500

600

700

800

0

100

200

300

400

500

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Yampa annual peak
Yampa 3-year smoothed

Little Snake annual peak
Little Snake 3-year smoothed

Water year

20101997
1984

1980

(b)

0

20

40

60

80

100

120

140

0

50

100

150

200

250

300

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Green River mean
Green River 3-year

Greendale mean
Greendale 3-year

Jensen mean
Jensen 3-year

Water year

20101997
1984

1980

(c)

0

100

200

300

400

500

600

700

0

200

400

600

800

1,000

1,200

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Green River peak
Green River 3-year

Greendale peak
Greendale 3-year

Jensen peak
Jensen 3-year

Water year

201019971984
1980

(d)

Figure 2. Raw and 3-year smoothed annual (a) mean and (b) peak Q at the Yampa-Maybell and LS-Lily stations and annual
(c) mean and (d) peak Q at the Green-Green River, Green-Greendale, and Green-Jensen stations. Water year 1980 and
peaks of post-1980 cycles described in text indicated by vertical dashed lines. Dashed lines in (a) are linear regressions
indicating the minor (and insignificant) negative trends arising from the progressive increase in the consumptive use of
water in the Yampa and Little Snake River basins (this use is now ~13% of the natural flow of these rivers). Gray-shaded
boxes in (c) and (d) indicate the 1959–1962 construction period of Flaming Gorge Dam.
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station by a factor of 4 to account for the drainage basin downstream from this station being ~3 times larger
than the drainage basin upstream. Export from this budget was the mean-annual load computed from the
water year 2013–2016 sand fluxes measured at the Green-Lodore station.

The contribution of sand from the small, ungaged tributaries was neglected in all sand budgets. Exclusion of
this sand source thereby likely biased each budget slightly negative, but this bias is likely smaller than the
magnitude of the propagated uncertainty associated with the measured sand input and export terms
(Griffiths & Topping, 2017).

4. Results
4.1. Changes in Water Discharge

Long-term trends in Q in the Yampa and Little Snake rivers have been relatively slight and unlikely to greatly
influence sand transport (Figures 2a and 2b and Text S7). The progressive increase in the consumptive use of
water in these rivers (Colorado Water Conservation Board & Colorado’s Decision Support Services, 2009a,
2009b) has resulted in slightly negative trends in annual mean Q that are statistically insignificant. Even
though no significant long-term trends were detected, changes in the interannual Q variability have occurred
that could affect sand transport. Three-year-smoothed time series (Figures 2a and 2b) suggest that the inter-
annual variability in Q increased around 1980. This increase was associated with high-amplitude “cycles” of
alternating wet and dry years coincident on both rivers. Manners et al. (2014) first recognized these wet-
dry cycles in the Yampa River and their importance for vegetation-induced channel narrowing. The periodi-
city of these cycles was ~13 years, similar to the 9–12-year periodicity found by White et al. (2005) at stations
on the Colorado and Snake rivers.

The detected changes in Q with the largest sand-transport implications have all occurred in the Green River
as a result of Flaming Gorge Dam. Although dam operations have not significantly affected the annual mean
Q of the upper Green River, they have reduced the mean-annual peak Q by ~50% (Figures 2c and 2d) and
increased base flow. Because the Yampa River somewhat mitigates the effects of dam operations on Q in
the middle Green River, the mean-annual peak Q at the Green-Jensen station decreased by only ~30%.
While construction and operation of the dam has greatly changed peak and base flows in the upper Green
River, it has not removed longer-term hydrologic cycles (cf. White et al., 2005) that potentially affect sand
transport. Post-1980 cycles on the Yampa and Little Snake rivers also largely coincide with cycles in annual
mean Q at the Green-Green River and Greendale stations, which bracket the dam.

4.2. Sources and Timing of Important Sand-Supplying Floods in Little Snake River Tributaries

Tributary floods that supply large amounts of sand to the Little Snake River are rare, and the largest of
these floods have likely originated in Sand Creek. Field reconnaissance, inspection of aerial imagery, and ana-
lysis of the limited grain-size-analyzed suspended-sediment measurements made in these tributaries (U.S.
Geological Survey, 2017d, 2017e, 2017f, 2017g, 2017h, 2017i) suggest that Sand Creek is a more important
supplier of sand to the Little Snake River and that Muddy Creek primarily supplies silt and clay. Although
floods have been documented in Muddy Creek, the analyses of streamflow records indicate that much larger
floods likely occurred in Sand Creek.

Analyses of streamflow records from the Little Snake River indicate that the largest tributary floods have
occurred in March in tributaries that enter the Little Snake River between the LS-Dixon and LS-Baggs stations
(Figures 1 and 3a). Tributaries downstream from the LS-Baggs station only minimally affect Q at the LS-Lily
station and are thus likely minor suppliers of sand. These results require that the detected large March floods
occurred in either Muddy or Sand creeks. Comparison of Little Snake River and Muddy Creek streamflow
records, however, indicates that these tributary floods had to mostly occur in Sand Creek. Analysis of the
LS-Lily time series of March Q peaks indicates that the largest tributary floods occurred, in order of decreasing
peakQ, in 1962, 1966, and 1956 (Figure 3b) and that the peak Q values of these floods greatly exceeded those
of any documented Muddy Creek flood. No large tributary flood has occurred since 1966.

Precise determination that floods originated mostly in Sand Creek could be made for the 1962 and 1966
floods, when the Muddy-above Baggs peak-Q station and all three gaging stations on the Little Snake
River were operating. During these floods, the daily mean Q values at the LS-Baggs and LS-Lily stations were
similar but much larger than at the LS-Dixon station (Figure 4) and also much larger than the 1962 and 1966
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peak instantaneousQ in Muddy Creek. Although less certain because it occurred 1.5 years before Muddy Creek
was gaged, the 1956 flood also likely originated in Sand Creek because the daily mean Q associated with this
flood at the LS-Lily station greatly exceeded the peak Q of the largest documented Muddy Creek flood.

4.3. Trends in β and Trends in Measured Bed-Sand Grain-Size Distributions

Significant time series trends in β were detected at all stations except on the upper Green River at the Green-
Lodore station and on the upper Yampa River at the Yampa-Maybell station (Figure 5). These trends suggest a
large-scale temporal pattern of fining of the sand on the beds of the Little Snake, lower Yampa, and Green
rivers in the 1950s to mid-1960s, followed by bed-sand coarsening from the late 1960s to the present.
Under constant or increasingQ, bed-sand fining (decreasing β) indicates an increasing upstream sand supply,
whereas under constant or decreasing Q, bed-sand coarsening (increasing β) indicates a decreasing
upstream sand supply (Topping et al., 2000). Changes in Q can be ruled out as the cause of the observed pat-
tern of grain-size change. No net change in Q occurred during the periods of grain-size change in the Little
Snake and lower Yampa rivers (Figures 2a and 2b). Furthermore, no net change in Q occurred in the Green
River during the period of bed-sand fining that began before closure of Flaming Gorge Dam, and Q did
not increase during the post-1960s period of bed-sand coarsening in the middle Green River (Figures 2c
and 2d). The regional pattern of grain-size change suggests that sand was delivered to the channel network
throughout most of the study area at a much greater rate in themid-20th century and that the supply of sand
has been much less thereafter.

Bed-sand fining in much of the study area ended in the mid-1960s. Between 1951 and the 1964 completion
of Fontenelle Dam, β significantly decreased at the Green-Green River station (Figure 5a). Flaming Gorge Dam
was thus constructed during a period of bed-sand fining in the upper Green River. A similar temporal pattern
of fining occurred in the Little Snake River, where the greater spatial resolution of gaging stations indicates
that the likely source of the increased sand supply causing the fining was Sand Creek. β significantly
decreased (p = 0.024) between 1958 and 1963 at the LS-Lily station on the Little Snake River (Figure 5d),
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Figure 3. (a) Months and (b) years of large floods in tributaries to the Little Snake River. (a) Average change in monthly peak
daily mean Q between the indicated gaging stations on the Little Snake River. Values calculated for the months during the
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plus two standard deviations among the peak daily mean Q values. Years of tributary floods above this threshold are
indicated.
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withmuch of this decrease occurring immediately after the largest Sand Creek flood that peaked on 28March
1962. As a likely consequence of this tributary flood, the annual mean value of β at the LS-Lily station
decreased from 1.04 in 1961 to 0.72 in 1962. β also significantly decreased (p = 0.0049) between 1951 and
1965 at the Green-Jensen station downstream from the confluence of the upper Green and Yampa rivers,
with the largest and most rapid decrease in β during this period also occurring immediately after the 1962
Sand Creek flood (Figure 5f). Consequently, the annual mean value of β at the Green-Jensen station
decreased from 1.17 in 1961 to 0.82 in 1962 after the Sand Creek flood. This rapid decrease in β in the
middle Green River at the Green-Jensen station is the likely result of the downstream propagation of bed-
sand fining from the Little Snake River because ongoing construction of Flaming Gorge Dam had already
begun disrupting the upstream sand supply to the upper Green River by 1962.

β progressively increased at the LS-Lily, Yampa-Deerlodge, and Green-Jensen stations after the mid-1960s,
indicating net coarsening of the bed sand throughout most of the study area caused by a decrease in the rate
of sand supplied to the river network. Although it is impossible to determine exactly when β began increasing
at the LS-Lily station owing to a 1965–1977 data gap, it is likely that the bed sand in the Little Snake River
began coarsening by the late 1960s, because no large floods on upstream tributaries have occurred since

0

50

100

150

200

250

300

March 11 March 21 March 31 April 10 April 20

LS-Dixon daily mean Q
LS-Baggs daily mean Q
LS-Lily daily mean Q
Muddy-above Baggs 
peak instantaneous Q on
March 27, 1962, of 
largest documented flood 

1962

(a)

0

50

100

150

200

250

300

March 11 March 21 March 31 April 10 April 20

LS-Dixon daily mean Q
LS-Lily daily mean Q

1956

(c)

0

50

100

150

200

250

300

March 1 March 11 March 21 March 31 April 10

LS-Dixon daily mean Q
LS-Baggs daily mean Q
LS-Lily daily mean Q
Muddy-above Baggs peak instantaneous Q of largest 1962 flood

1966

(b)

Figure 4. Daily mean Q at the LS-Dixon, LS-Baggs, and LS-Lily stations during the (a) March 1962 and (b) March 1966
Sand Creek floods, and likely (c) March 1956 Sand Creek flood. Also shown in (a) is the 27 March 1962 peak instanta-
neous Q of the largest documented flood on Muddy Creek (Text S5). Dashed line in (b) indicates the value of the peak
instantaneous Q during the largest 1966 flood on Muddy Creek (reported to have occurred on May 11).

10.1029/2017JF004534Journal of Geophysical Research: Earth Surface

TOPPING ET AL. 1891



15 March 1966. Although no pre-1982 data exist at the Yampa-Deerlodge
station (Figure 5e), it is likely that bed-sand coarsening in the lower Yampa
River also began in the late 1960s, because this station is located between
the LS-Lily and Green-Jensen stations, and most of the sand in the lower
Yampa River is supplied by the Little Snake River. Coarsening of the bed
sand at the Green-Jensen station began between 1965 and 1973, and
β values <0.9 have not reoccurred since 1975.

The long-term changes in β in Figure 5 reflect changes mainly in the fine
tail of the bed-sand grain-size distribution (Figure 6), because of the rela-
tive coarseness of the bed sand in the study area (i.e., high Rouse num-
bers). At the Green-Lodore station, although short-term variation is
present, there was no net change in β between 1995 and 2016, and no
net change in the measured bed-sand grain size between 1982 and 2016
(Figure 6a). Between 1982 and 2016 at the LS-Lily and Yampa-Deerlodge
stations, β increased as the measured bed-sand grain-size distribution
coarsened predominantly through winnowing (Figures 6b and 6c). As a
result of this winnowing process (e.g., Rubin et al., 1998), only bed-sand
D02 increased significantly at these stations, with no significant change in
D05, D10, D16, or D50.

4.4. α Analyses

α-analysis results indicate that sand transport in the study area is generally
in disequilibrium with the upstream sand supply, with changes in the
upstream sand supply partially to fully regulating CSAND through changes
in bed-sand grain size. Although |α| values near unity indicate that changes
in Q and changes in bed-sand grain size were roughly equal in regulating
CSAND in most of the study area over longer timescales, there are periods of
elevated |α| that indicate that changes in bed-sand grain size controlled
sand transport during discrete periods in the Little Snake and middle
Green rivers (Figure 7 and Text S8). Only at the Green-Greendale station
in 1958 was sand transport in quasi-equilibrium with the upstream sand
supply, as evidenced by near-zero |α|. The subsequent large increase in
|α|, from 0.016 at this station to 0.92 in 1995–2016 at the Green-Lodore sta-
tion, suggests that closure of Flaming Gorge Dam greatly increased the
importance of changes in bed-sand grain size in regulating CSAND in the
upper Green River. This increase in grain-size regulation likely arises from
the reduction of the upstream sand supply and greater postdam impor-
tance of Red and Vermillion creeks as the suppliers of sand to the
upper Green River, with episodic bed-sand fining from resupply of sand
from these tributaries interspersed with bed-sand winnowing during per-
iods of tributary quiescence (as evidenced by the short-term variation in β
in Figure 5b).

Not surprisingly, grain-size regulation of CSAND dominates during periods
of rapid change in the upstream sand supply, and flow (i.e., Q) regulation
of CSAND dominates during periods of sustained elevated or reduced sand
supply. Thus, the two largest increases in |α| in the study area occurred in
the Little Snake and middle Green rivers as the result of the bed-sand fin-
ing following large Sand Creek floods (Figures 5d–5f). Although changes in
bed-sand grain size were already important for regulating CSAND in the
Little Snake River (possibly as the result of the likely 1956 Sand Creek
flood), |α| increased from 1.08 to 6,010 at the LS-Lily station following the
largest Sand Creek flood that peaked on 28 March 1962 (Figure 7c).
Downstream propagation of the bed-sand fining caused by the Sand

Figure 5. β time series at the following stations: (a) Green-Green River,
(b) Green-Lodore, (c), Yampa-Maybell, (d) LS-Lily, (e) Yampa-Deerlodge, and
(f) Green-Jensen. Solid red line is the least-squares linear regression fit to
β for the entire period of record; significance, p, of these regressions is
indicated. Horizontal blue dashed lines indicate β = 1. Gray shaded boxes in
(a), (b), and (f) indicate construction period of Flaming Gorge Dam. Solid
black vertical lines labeled “1956,” “1962,” and “1966” in (d) through
(f) indicate the dates of large sand-supplying floods in the Little Snake River
tributary Sand Creek (located upstream from these stations). Of these three
floods, the March 1962 flood had, by far, the largest peak Q and therefore
likely supplied the largest amount of sand to the Little Snake River.
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Creek flood(s) transformed the middle Green River from a river in which CSAND was regulated mostly by
changes in Q to one in which CSAND was almost equally regulated by changes in Q and bed-sand grain
size. |α| thus increased from 0.478 to 0.747 at the Green-Jensen station between the 1951–1958 and 1959–
1964 periods (Figure 7e). The other large increase in |α| (from 0.691 to 1.30) in the study area occurred at
the Green-Jensen station as the bed sand coarsened after 1973 (Figures 5f and 7e).

4.5. Associated Changes Between β, α, and Q-CSAND and Q-QSB Relations

The results described in the preceding sections demonstrate that sand supplied from Sand Creek during an
extremely large flood in 1962 caused the bed of the Little Snake River to fine (β decreased). Associated with

Figure 6. Time series of bed-sand D02, D05, D10, D16, and D50 at the following stations: (a) Green-Lodore, (b) LS-Lily, and
(c) Yampa-Deerlodge. Solid lines are the least-squares linear regressions fit to β for the entire period of record, with
significance, p, of these regressions indicated in the legend. No other grain-size metrics from the 1982 measurement of
Andrews (1986) could be included in (a) because he reported only the D50.
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Figure 7. |α| at the following stations: (a) Green-Lodore (with Green-Greendale for pre-dam context), (b) Yampa-Maybell, (c) LS-Lily, (d) Yampa-Deerlodge, and
(e) Green-Jensen. The extents of the heavy horizontal red and black lines indicate the periods over which |α| was computed. Horizontal blue dashed lines indicate
|α| = 1, the value at which changes in the bed-sand grain size and flow are equally important in regulating CSAND. Gray shaded boxes in (a) and (e) indicate
construction period of Flaming Gorge Dam. Solid black vertical lines labeled “1956,” “1962,” and “1966” in (c) through (e) indicate the dates of large sand-supplying
floods in the Little Snake River tributary Sand Creek (located upstream from these three stations). Of these three floods, the March 1962 flood had, by far, the
largest peak Q and therefore likely supplied the largest amount of sand to the Little Snake River.
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this bed-sand fining, CSAND became dominantly grain-size regulated (|α| increased). Subsequently, these
patterns in β and |α| propagated downstream, and we documented similar patterns in the middle Green
River at the Green-Jensen station downstream from the confluence of the Yampa and upper Green Rivers.
Thereafter, the bed sands of the study area coarsened because there were no more large deliveries of
sand to the Little Snake River from Sand Creek after 1966. At the same time, the flow regime of the Green
River part of the study area also changed as a result of Flaming Gorge Dam operations.

Changes in β infer changes in bed-sand grain size, and these inferences are consistent with the bed-sediment
measurements. Because bed-sand grain size is an important regulator of suspended and bedload sand, it is not
surprising that there were systematic shifts in Q-CSAND and Q-QSB relations that coincided with the β-inferred
changes in bed-sand grain size. These relations shifted upward, with increases in slope, when the bed sand
fined (i.e., β decreased) and shifted downward, with decreases in slope, when the bed sand coarsened
(Table 2). The correlations between β and the slopes of these relations are, as expected, all negative and are

Table 2
Median β and Slopes of Q-C and Q-QSB Relations for Total Sand and Sand in Four Size Classes (Very Fine, Fine, Medium, and Coarse Sand) at Each Station (in Bold) During
Discrete Periods; r Value Next to Each Station Name Indicates the Strength of the Correlation Between the Median β Values and the Slopes of the Q-CSAND or Total-Sand
Q-QSB Relations Among the Discrete Periods

Median
Slope of Q-C relation

Water years n β Total sand Very fine sand Fine sand Medium sand Coarse sand

Green-Greendale
1958 16 1.10 1.36 0.52 0.55 0.27 0.005
Green-Lodore (r = �0.97)
1995–1997 7 1.01 0.60 0.14 0.31 0.14 0.009
2000–2002 6 0.939 0.81 0.30 0.29 0.22 0.000
2012–2016 32 1.12 0.46 0.18 0.21 0.06 0.005
Yampa-Maybell (r = �0.78)
1951–1958 27 1.02 0.19 0.11 0.048 0.030 0.003
1976–1979 4 0.978 0.42 0.20 0.21 0.012 0.000
2013–2016 23 1.05 0.25 0.14 0.084 0.025 0.001
LS-Lily (r = �0.86)
1958–1961 64 0.864 11.13 5.29 3.63 1.85 0.37
1962–1964 61 0.723 11.88 7.17 3.34 1.23 0.13
1978–1983 14 1.03 7.18 3.10 2.27 1.06 0.75
1994–2002 32 1.16 3.41 1.70 1.03 0.56 0.12
2011 1 1.34 --- --- --- --- ---
2013–2016 24 1.67 3.33 0.96 1.36 0.84 0.16
Yampa-Deerlodge (r = �0.98)
1982–1983 21 0.889 0.95 0.49 0.26 0.17 0.038
1994–2001 12 0.984 0.73 0.32 0.23 0.13 0.035
2011 3 1.36 0.25 0.054 0.084 0.078 0.038
2013–2016 27 1.14 0.47 0.16 0.19 0.09 0.024
Green-Jensen (r = �0.84)
1951–1958 82 1.04 1.26 0.52 0.48 0.20 0.054
1959–1964 100 0.895 1.65 0.78 0.64 0.23 0.012
1965–1973 74 0.921 1.50 0.78 0.54 0.17 0.012
1974–1979 26 1.08 0.62 0.20 0.24 0.19 0.017
1996–2007 42 1.30 0.80 0.31 0.37 0.12 0.003
2013–2016 25 1.49 0.54 0.14 0.20 0.16 0.042

Slope of Q-QSB relation

Total sand Very fine sand Fine sand Medium sand Coarse sand

Yampa-Deerlodge (r = �1.0)

1982–1983 31 0.889 0.038 0.00021 0.0017 0.015 0.017
1998–2001 22 1.11 0.029 8.9x10�6 0.00071 0.0088 0.012

Note. n indicates the number of EWI or bedload measurements in each period.
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generally very strong to nearly perfect, with r values ranging from�0.8 to essentially�1.0 (Table 2 and Figure 8a).
During periods of relatively rapid change in β, grain-size regulation of CSAND became more important with
increased values of |α| and, as expected, increased variation in CSAND about the Q-CSAND relations. Thus,
correlations between log-transformed |α| and the mean sum of squares of the residuals about these
relations are positive and generally moderate to very strong, with r values ranging from 0.4 to 0.9 (Figure 8b).

Regardless of the direction of the change in β, the coincident changes in the C and grain-size distribution of
the suspended sand are manifest primarily by changes in the C of the finer size classes of sand, with progres-
sively lesser change in the C of the coarser size classes. Similarly, post-1982 bed-sand coarsening at the
Yampa-Deerlodge station was also associated with downward shifts in the Q-QSB relations that were progres-
sively and relatively larger for the finer size classes of sand. Plots showing the temporal changes in the rela-
tions between Q and CSAND, D50, and C for four size classes of suspended sand are in Text S9. These plots also
show the temporal changes in the variation in CSAND about the Q-CSAND relations. Consistent with the β and α
analyses, the largest changes in the Q-CSAND relations and suspended-sand D50 occurred at the LS-Lily,
Yampa-Deerlodge, and Green-Jensen stations.

4.6. Influence of Flaming Gorge Dam on Bed-Sand Grain Size in the Upper Green River

Although there have been no net changes in bed-sand grain size at the Green-Lodore station since at least
1982, a lack of any older data at this station makes it impossible to know whether closure of Flaming
Gorge Dam caused coarsening of the bed sand in this part of the upper Green River between 1962 and
1982. Comparison of Q-C relations between the Green-Greendale and Green-Lodore stations was therefore
used to determine whether early postdam coarsening of the bed sand at the Green-Lodore station was likely,
merely possible, or unlikely. Though there are no overlapping predam sediment-transport measurements at
the Green-Greendale and Green-Lodore stations, we postulate that the predam sand loads at these stations
were approximately similar because the intervening tributary sand supply is very small compared to the pre-
dam sand load at the Green-Greendale station (Text S10). We therefore assume that the predamQ-CSAND rela-
tions at these stations were also similar, thus allowing application of predam Green-Greendale Q-C relations
at the Green-Lodore station. This operation suggests that the Q-C relations at the Green-Lodore station for
total suspended sand, very fine sand, and fine sand may have shifted downward between 1958 and 1995
(Table 2 and Text S9), with little change in the relations for medium and coarse sand. Because these possible
shifts would have been larger for the finer size classes, the bed sand at the Green-Lodore station could have
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Figure 8. (a) Slope of the Q-CSAND or total-sand Q-QSB relation plotted as a function median β and (b) the mean sum of
squares of the residuals about the Q-CSAND relation plotted as a function of log-transformed |α| during each discrete
period at the five primary gaging stations. Periods listed in Table 2. r values in the legends are the correlation coefficients
associated with the least-squares linear regressions (solid lines) depicted in each figure panel. The slope of the Q-QSB
relation for total sand could be plotted as a function of median β at only the Yampa-Deerlodge station because sufficient
sand bedload measurements existed at only that station.
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been finer predam than during 1982–2016, though this cannot be known for certain. Therefore, because it is
not possible to know whether Flaming Gorge Dam caused bed-sand coarsening at the Green-Lodore station
before 1982, it remains unclear as to whether any of the post-1965 bed-sand coarsening downstream at the
Green-Jensen station was caused by the dam.

4.7. Sand Loads

Temporal changes in annual sand loads generally support the results from the analyses of changes inQ and β,
with a few exceptions owing to sparse annual-load data (Figure 9 and Text S10). This result indicates that the
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Figure 9. Annual suspended-sand load and sand bedload during each water year at the (a) Green-Jensen, (b) Yampa-
Maybell, (c) LS-Lily, and (d) Green-Lodore stations. Error bars are the uncertainties described in section 3.6; p values
from WMW tests comparing the historical and 2013–2016 loads. 1957–1958 loads in (d) are from the Green-Greendale
station. Gray shaded boxes in (a) and (d) indicate construction period of Flaming Gorge Dam.
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analyses presented in the previous sections are more sensitive to detecting changes in sand transport than
are statistical analyses of relatively few years of sand-load data. At the one station where a decrease in peak Q
and increase in β have occurred, that is, the Green-Jensen station, significant decreases in annual suspended-
sand loads were detected between the historical and 2013–2016 periods (Figure 9a), with these decreases
beginning during the historical period upon closure of Flaming Gorge Dam. At the Yampa-Maybell station,
where no significant net change in Q or β occurred over time, no significant difference between historical
and 2013–2016 suspended-sand loads was detected (Figure 9b). However, owing to the small number of
years with data, no statistically significant difference existed between the historical and 2013–2016
suspended-sand loads at the LS-Lily station (Figure 9c) despite large increases in β and associated
downward shifts in the Q-CSAND relations (Figure 5d and Table 2). Similarly, even though it graphically
appears (and is extremely likely) that major decreases in the suspended-sand loads (Figure 9d) occurred at
the Green-Lodore station between 1958 and 2013, there are insufficient data to detect these decreases
using WMW tests.

4.8. Sand Budgets
4.8.1. Deerlodge Park and Dinosaur Continuous Mass-Balance Sand Budgets and β
The sand budgets indicate substantial differences in the patterns of sand deposition and erosion between
the Deerlodge Park and Dinosaur sediment-budget areas (Figures 1b and 10 and Table 3). In the
Deerlodge Park budget area, net erosion of sand occurred during the entire water year 2013–2016 period
and during each of the individual water years. Although no net demonstrable change in sand mass occurred
in the Dinosaur budget area, net deposition of sand likely occurred in water year 2013 and definitely occurred
in water year 2015. These years were lower-Q years, with peak Q < 450 m3/s. The sign of the Dinosaur sand
budget during the two higher-Q years was indeterminate.

In sand-bedded rivers without bed armoring, net accumulation of sand is generally associated with bed-sand
fining, and net erosion of sand is generally associated with bed-sand coarsening (winnowing) (Topping et al.,
2000; Wright et al., 2010). The degree of bed-sand fining or coarsening depends on the volume of sand in the
bed and banks and the thickness of the active layer (Bennett & Nordin, 1977; Parker, 2008). Thus, the sign of a
sand budget and the sign of β at the downstream gaging station will likely be negatively correlated, although
there may be a lag between the response of a sand budget and β depending on the longitudinal distance
between the locations of large changes in sand storage and the downstream gaging station.
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Figure 10. Comparison of the continuous mass-balance sand budgets and β calculated from the EWI measurements made
at the downstream gaging station for the (a) Dinosaur and (b) Deerlodge Park budget areas. Shown are the “zero bias
values,” that is, the sand budgets calculatedwithout any uncertainty, and the upper and lower uncertainty bounds. Budgets
use estimated loads before continuous suspended-sand measurements began in late October 2012 at the Green-Lodore
and Yampa-Deerlodge stations and inmid-March 2013 at the Yampa-Maybell, LS-Lily, and Green-Jensen stations (Text S10).
β calculated using the reference values for the entire period of record at each station (not just water years 2013–2016).
Solid red lines are least-squares linear regressions fit to 2013–2016 β values; p values are from the F tests conducted on
these regressions.
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In the case of the Dinosaur sand budget, the sign of this budget during much of 2013–2016 was positive,
whereas the slope of the trend in β was strongly (and significantly) negative (Figure 10a). In the case of the
Deerlodge Park sand budget, the sign of the budget was negative, whereas the slope of the trend in β was
only weakly (and insignificantly) positive (Figure 10b). The weaker negative correlation between the signs
of the sand budget and β in the Deerlodge Park case suggests that either the active layer is thicker (thus caus-
ing bed-sand grain size to change more slowly) than in the Dinosaur budget area or perhaps the “true” loca-
tion of the budget is closer to the upper uncertainty bound than the zero bias values (owing to the possible
influence of neglected sand from ungaged tributaries).
4.8.2. Estimated Sand Budget for Browns Park
Based on historical measurements from the 1970s and 1980s, the estimated mean-annual sand supply to the
segment of the upper Green River in Browns Park from Red and Vermillion creeks is 34,000 ± 10,000 metric
tons. Given that all stations in our study area show either no net change or a net decrease in sand transport
between the 1960s and 2013–2016, it is unlikely that this is an underestimate of the sand supply from these
tributaries. During water years 2013 through 2016, the mean-annual sand export from Browns Park past the
Green-Lodore station was 79,000 ± 26,000 metric tons. Given the uncertainties, between a factor of 1.2 and
4.4 more sand was therefore exported from this river segment during 2013–2016 than was likely supplied to
it. In addition, between 21 and 64% of this sand export occurred during only the four spring floods released
from Flaming Gorge Dam in this period. Our measurements therefore suggest that the long-term mean-
annual sand budget for Browns Park is negative, consistent with the conditions that would cause the possible
postdam coarsening of the bed sand at the Green-Lodore station inferred in section 4.6.

5. Discussion
5.1. Sand Wave Conceptual Model for Sand Transport Through the Study Area

Sand transport is generally in disequilibriumwith the upstream sand supply in the study area and is governed
by episodic tributary resupply of large amounts of sand and changes in water discharge. Under natural con-
ditions, as in the Little Snake and lower Yampa rivers, pulses of sand from tributaries propagate downstream,
affecting bed-sand grain size and sand transport. These coupled changes in sand grain size and transport
propagate downstream into more distal river segments, as indicated in the middle Green River at the
Green-Jensen station.

The conceptual model governing the natural downstream transport of sand and finer sediment in the study
area is nearly identical to the sand-wave model described by Topping et al. (2000) for the Colorado River
downstream from Glen Canyon Dam. During a large tributary flood, large amounts of sand are supplied to
the main-stem channel. In the case of the Little Snake River, the tributary is Sand Creek; in the case of the
lower Yampa River, the tributary is the Little Snake River; and, in the case of the middle Green River, the tri-
butary is the Yampa River. Because its amount is finite, is episodically supplied to the river, and is finer than
the bed sand, the sand supplied during a tributary flood will result in the initiation of a sand wave in the river,
with a component of this wave in the suspended load, the bedload, and in the bed itself. Owing to their lower

Table 3
Changes in Sand Mass in Metric Tons, With Propagated Uncertainty, in the Deerlodge Park and Dinosaur Sediment-
Budget Areasa

Water years

Deerlodge Park budget area Dinosaur budget area

Change in sand mass Budget status Change in sand mass Budget status

2013–2016b �470,000 ± 320,000 negative 100,000 ± 480,000 indeterminate
2013b �36,000 ± 44,000 likely negative 49,000 ± 69,000 likely positive
2014 �210,000 ± 100,000 negative �59,000 ± 160,000 indeterminate
2015 �110,000 ± 75,000 negative 120,000 ± 110,000 positive
2016 �110,000 ± 95,000 negative �10,000 ± 130,000 indeterminate

aBudgets are indeterminate when the uncertainty is ≥2 times the absolute value of the zero-bias value; budgets are
demonstrably positive or negative when the uncertainty is< the absolute value of the zero-bias value; budgets are likely
positive or negative when the uncertainty falls between these bounds. bValues in this row include the estimated
October 2012 loads at the Green-Lodore and Yampa-Deerlodge stations and the estimated October 2012 to early
March 2013 loads at the Yampa-Maybell, LS-Lily, and Green-Jensen stations (Text S10).
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settling velocities and therefore lower Rouse numbers, the finer size classes in this sand wave will be carried
higher in the water column where velocities are higher and thus be carried downstream at progressively
higher velocities.

As a sand wave travels downstream, it will elongate, with the finest size classes outrunning the coarser size
classes, thus causing substantial changes to the grain-size distribution of the bed (e.g., Topping et al.,
2000, 2007). When the dominant transport mode is suspension, the principal equations and parameters that
govern the downstream migration of a sand wave and the exchange of sand between suspension and the
bed are the 2-D version of the suspended-sediment advection-diffusion equation for individual size classes
of sand:
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=∂z ¼ ∂

∂x
2K zð Þ ∂Cm

∂x

� �
þ ∂
∂z

K zð Þ ∂Cm

∂z

� �
(4)

the flux lower boundary condition for suspended sand (Parker, 1978; Topping et al., 2007):
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a
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 !
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the thickness of the active layer (Bennett & Nordin, 1977; Parker, 2008), and the multi-size-class conserva-
tion of mass relation between the bed sand in the active layer and the sand in transport (Exner, 1920,
1925; Ferguson et al., 2015; Parker, 2008). In equations (4) and (5), x is the downstream dimension and
z is the vertical dimension, Cm is the time-averaged concentration of sand in individual size-class m (of
M total size classes), u is the time-averaged downstream component of velocity, wm is the settling velocity
of sand in size-class m, K(z) is the eddy viscosity, and Cm

� �
a is the time-averaged reference concentration

of sand in size-class m at elevation a near the bed (McLean, 1992; Topping et al., 2007). Equations (4) and
(5) must be solved for all M size classes of sand. The 2 in the first term on the right side of equation (4) is
an approximation that arises from the measurements of Fischer (1973). The downstream migration of a
sand wave depends on the amount and grain-size distribution of tributary-supplied sand relative to the
antecedent thickness and grain-size distribution of the riverbed sand under varying flow conditions. By
the physics described by equations (4) and (5), the rate of sand-wave migration, and therefore the rate
of fining and subsequent bed-sand coarsening associated with the passage of a sand wave depends
on the upstream sand supply, the thickness of the bed-sand active layer, the mass conservation between
each size class of sand in the active layer and in transport, the boundary shear stress (both total and skin-
friction), the flow depth, velocity profile, and bed roughness. Many of these quantities are imprecisely
known or unknown in the study area. Numerical solution of a sand-wave model requires adequately
knowing all of these quantities, solving equations (4) and (5) over all M size classes of sand, and solving
for the evolving bed-sand grain-size distribution in the active layer. Thus, we provide only a qualitative
description of the physical implications of equations (4) and (5).

Owing to equations (4) and (5), and mass conservation of sand between suspension and the active layer, the
arrival of a sand wave will result in the condition where the upstream sand supply is enriched and the amount
of finer sand in suspension exceeds that which can be supported over the coarser antecedent grain-size dis-
tribution of the bed (a condition typically referred to as overloading). This process results in a mass transfer of
the progressively finer size classes in suspension to the bed, causing fining of the bed sand. The amount and
rate of change in the bed-sand grain-size distribution depends on (4) and (5), and the thickness of the active
layer. As the bed fines (and β decreases), progressively more finer sand can be suspended, resulting in an
increase in CSAND and a decrease in the D50 of the suspended sand without any change in Q (e.g., the herein
presented upward shifts in Q-CSAND relations). Because the arrival of a sand wave results in an increase in
CSAND associated with a decrease in D50 in both the suspended and bed sand, with no change inQ, this arrival
can be detected as a large increase in |α|. Then, as the fine leading edge of the sand wave passes downstream,
a reverse mass transfer occurs. As the concentration of the finer sand size classes in suspension decreases
below that which can be supported by the grain-size distribution of the bed (a condition typically referred
to as underloading), the bed is winnowed and the finest size classes in the bed are transferred back into sus-
pension, resulting in progressive coarsening of the bed sand (and increase in β). Thus, in the tail of the sand
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wave, CSAND decreases as the D50 of the suspended sand increases, again, without any change in Q (e.g., the
downward shifts in Q-CSAND relations). As this occurs, CSAND becomes progressively more regulated by
changes in Q (e.g., the gradual decreases in |α| at the LS-Lily and Green-Jensen stations). Depending on
the influence of a sand wave on transport (i.e., the magnitude of bed fining and increased sand transport
associated with the downstream migration of the leading edge), there may not be much of a topographic
signature of a sand wave. For example, Ferguson et al. (2015) demonstrated that a sediment wave migrating
over a coarser riverbed could result in relatively little bed elevation change because increases and decreases
in transport can be accommodated by fining and coarsening of the riverbed. Flume studies of gravel-bed
streams have similarly shown that finer sediment pulses have higher wave celerities (Sklar et al., 2009) and
can produce a dramatic change in surface grain size that drives increased sediment transport (Venditti
et al., 2010).

In the case of the Colorado River in Grand Canyon, these same sand-wave processes propagate downstream
with a relatively high celerity such that the episodes of bed fining followed by coarsening back to the ante-
cedent bed condition can occur within 1 year in a 100-km-long river segment (Topping et al., 2000). Our pre-
sent study suggests, however, that this process can operate over many decades when there are few large
sand-supplying tributary floods. In the case of the Little Snake River, although the rapid decrease in β and
rapid increase in |α| following the extremely large Sand Creek flood of 28 March 1962 suggests that the fine
leading edge of a sand wavemay transit the entire ~117-km-long river segment between Sand Creek and the
LS-Lily station within a month, the relatively slow increase in β and slow decrease in |α| from the mid-1970s to
2016 suggests that the coarser tail of a sand wave may take decades to transit this river segment. In fact, our
measurements indicate that the bed at the LS-Lily station is continuing to coarsen, possibly still in response to
the slow downstream migration of the sand wave from the last large tributary flood on Sand Creek
~50 years ago.

The sand-wave conceptual model also describes well the coupled sand-transport and grain-size processes in
the more distal river segments downstream from the Little Snake River. During the late 1950s to mid-1960s
period of large Sand Creek floods, the downstream migration of the resultant sand wave(s) also caused bed-
sand fining in these more distal river segments, as evidenced by the increases in |α|, rapid decreases in β, and
upward shifts in the Q-CSAND relations at the Green-Jensen station, ~260 km downstream from Sand Creek.
Then, over the many decades following this relatively rapid bed-sand fining event, the bed sand slowly coar-
sened, as evidenced by the slow increases in β and downward shifts in the Q-CSAND relations at the Yampa-
Deerlodge and Green-Jensen stations. Thus, the signatures of the slow continued winnowing of the tail of the
sand wave from the last large sand-resupplying event ~50 years ago is evident downstream in both the lower
Yampa and middle Green Rivers.

It is possible that sand waves also migrated down the upper Green River before Flaming Gorge Dam, as sug-
gested by β-detected bed-sand fining at the Green-Green River station, but data in this river segment are
insufficient to conclude this with certainty. In the postdam upper Green River, it is likely that tributary-
originating sand waves are present in this river segment, as evidenced by |α| ≈ 1 and short-term variation
in β at the Green-Lodore station.

5.2. Implications of the Continuous Mass-Balance Sand Budgets for the Downstream Migration of
Sand Waves and Geomorphic Change

The results from our continuous mass-balance sand budgets suggest that the downstreammigration of sand
waves in the study area is not necessarily monotonic. Under certain conditions (under different Q and/or in
different river segments) these sand budgets indicate that even if the long-term trend suggests bed-sand
winnowing (and associated erosion) of the tail of a sand wave, short periods of bed-sand fining (and asso-
ciated accumulation) are possible. The association of sand erosion from the Deerlodge Park budget area with
slight bed-sand coarsening (suggested by β) is consistent with continued winnowing of the tail of the 1950s–
1960s sand wave(s) that likely originated in Sand Creek. Erosion of sand from the Deerlodge Park budget area
occurred every year during 2013–2016 regardless of annual Q magnitude, thus suggesting the continued
downstream progressive migration of this sand wave. The occurrence of net deposition in the Dinosaur bud-
get area during lower-Q years, however, suggests that sand waves may bifurcate or “stall out” as a function of
Q or channel geometry in certain river segments (cf. Madej & Ozaki, 1996). Although more years of data are
required to know this with greater certainty, the sign of the Dinosaur annual sand budget appears to be
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negatively correlated with Q. Net sand deposition occurred during years with peak Q < 450 m3/s, and
probable conveyance of sand occurred during years with peak Q between ~570 and 600 m3/s. Therefore,
net erosion of sand from the river segments in the Dinosaur budget area is likely only during years with
peak Q greater than was observed during 2013–2016, that is, >600 m3/s. The ~30% reduction in mean-
annual peak Q caused by Flaming Gorge Dam may thus seriously limit the number of years when erosion
of sand from the middle Green River is possible. This type of river-channel response is similar to that of the
largely pool-drop segment of the predam Colorado River in Grand Canyon, where sand accumulated
during periods of lower Q and was then eroded during the annual snowmelt flood (Topping et al., 2000).

The control of longitudinal variation in channel geometry on sediment transport will influence sediment-
wave behavior, so that changes in sediment storage may be dominantly focused in shorter alluvial reaches
or “sediment reservoirs” (Lisle, 2007; Lisle & Church, 2002). Thus, the changes in sand mass in our continuous
sediment budgets (Table 4) are likely focused on the short alluvial reaches in our study area (Figure 1b). In the
Deerlodge Park budget area, the alluvial reaches containing the largest amounts of sand are the ~4.5-km-
long, ~100-m-wide lowermost Little Snake River in Lily Park and the ~8-km-long, ~250-m-wide reach of
the lower Yampa River upstream from the Yampa-Deerlodge station. In the Dinosaur budget area, most sand
is stored in the ~14.8-km-long (in total), ~170-m-wide (Grams & Schmidt, 2002) alluvial reaches of the middle
Green River in Echo, Island, and Rainbow parks (Figure 1b), and in the short alluvial reaches of the lower
Yampa River (Manners et al., 2014). If the changes in sand mass during the water year 2013-2016 period were
evenly distributed in these alluvial reaches, assuming 40% bed-sand porosity (Curry et al., 2004), and given

Table 4
Mean-Annual Loads of Total Suspended Sediment (Sand, Silt, and Clay), Suspended Silt and Clay, Suspended Sand, and Sand Bedload at Each Primary Gaging Station (in
Bold) From Previous Studies and From Our 2013–2016 Measurements

Study
Mean-annual load of total

suspended sediment (metric tons)
Mean-annual suspended-silt-
and-clay load (metric tons)

Mean-annual suspended-
sand load (metric tons)

Mean-annual sand
bedload (metric tons)

Green-Lodore (postdam)
Elliott and Anders (2005)a 190,000 64,000 120,000b 71,000c

Our study 200,000 ± 20,000 170,000 ± 17,000 33,000 ± 3,300 46,000 ± 23,000

Yampa-Maybell
Andrews (1978) 380,000 --- --- 110,000cd

Andrews (1986) 350,000 --- --- ---
Grams and Schmidt (2005) 443,000 311,000e 132,000 ± 13,200f ---
Our study 210,000 ± 21,000 170,000 ± 17,000 42,000 ± 4,200 1,900 ± 1,000

LS-Lily
Andrews (1978) 1,200,000 --- --- 64,000cd

Andrews (1986) 1,170,000 --- --- ---
Elliott and Anders (2005)a 370,000 200,000 73,000 61,000c

Grams and Schmidt (2005) 1,012,000 649,000e 363,000 ± 36,300f 291,000
Our study 560,000 ± 56,000 480,000 ± 48,000 77,000 ± 7,700 26,000 ± 13,000

Yampa-Deerlodge
Elliott et al. (1984)a 1,600,000 850,000 560,000b 84,000c

Elliott and Anders (2005)a g 620,000 430,000b 82,000c

Our study 830,000 ± 83,000 620,000 ± 62,000 200,000 ± 20,000f 68,000 ± 34,000

Green-Jensen (post-dam)
Andrews (1986) 2,910,000 --- --- ---
Elliott and Anders (2005)a 930,000 600,000 370,000b 21,000c

Grams and Schmidt (2005) 2,920,000 2,044,000e 876,000 ± 87,600f ---
Our study 1,200,000 ± 120,000 850,000 ± 85,000 300,000 ± 30,000 19,000 ± 10,000

aMean-annual loads for the water year 2013–2016 period calculated using the sediment rating curves developed by Elliott et al. (1984) or Elliott and Anders (2005).
Because a different curve was used to calculate the load in each category, themean-annual load of total suspended sediment does not equal the sum of themean-
annual loads of silt and clay plus sand. bSuspended-sand load calculated by subtracting the rating-curve-predicted bedload from the rating-curve-predicted
sand and gravel load. cMean-annual sand bedload in these cases includes a minor amount of fine gravel. dAndrews (1978) calculated bedload using the
Meyer-Peter and Müller (1948) bedload-transport equation. eCalculated by subtracting the mean-annual suspended-sand load from the mean-annual load of
total suspended sediment. fGrams and Schmidt (2005) estimated the fraction of the total suspended sediment that was sand, with assumed 10% uncertainty.
At the Yampa-Maybell and LS-Lily stations, this approach resulted in suspended-sand loads that were likely 50–70% too large. gBecause of a typographical error
in the equation in Elliott and Anders (2005), the mean-annual load for total suspended sediment at this station could not be calculated.
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the uncertainty bounds, these changes would correspond to between 4 and 20 cm of erosion in the alluvial
reaches in the Deerlodge Park budget area and would correspond to between 9 cm of erosion and 15 cm of
deposition spread evenly in the three alluvial reaches of the middle Green River. Even greater localization of
these changes is the most likely scenario (e.g., Grams et al., 2013), meaning that the local amounts of erosion
or deposition likely exceed these values.

5.3. Likely Sustainability of the Sand Supply in the Upper Green River and Its Effect on Sand Transport
in the Middle Green River

Our results suggest that releases from Flaming Gorge Dam are exporting slightly more sand from the upper
Green River in Browns Park than is being episodically resupplied by tributaries, and the introduction of annual
spring floods to dam operations in 2012 (LaGory et al., 2012) has likely exacerbated this sand imbalance.
Because this imbalance is slight, it remains possible, however, that little net coarsening of the bed sand
has occurred at the Green-Lodore station. Although it may take a very long time because there is a large
amount of predam sand in this river segment (e.g., Grams & Schmidt, 2002, 2005), the sand on the bed of
the river in Browns Park will likely be slowly scoured, resulting in gradual coarsening of the bed sand.
Therefore, despite the documented channel narrowing that largely occurred in two pulses in 1962 and
1983 (with little change in width since ~1994; Alexander, 2007; Grams & Schmidt, 2005; Mueller, Grams,
Schmidt, Hazel, Kaplinski, et al., 2014), it is more likely that this river segment is actually in sediment deficit,
as suggested by Andrews (1986) and Schmidt and Wilcock (2008). Although future bed coarsening at the
Green-Lodore station would result in a reduction of the sand supplied from the upper to the middle Green
River, it remains unclear what effect this possible reduction would have on sand transport in the middle
Green River because this river segment currently receives roughly a factor of 3 more sand from the lower
Yampa River than it does from the upper Green River. The amount of sand that accumulates in the
Dinosaur budget area during lower flow years, and the associated bed sand fining, may therefore potentially
offset any effects of a continued reduction in the upper Green River sand supply on sand transport in themid-
dle Green River.

5.4. Relative Importance of Natural Coarsening Versus Dam Operations on Sand Transport

Sand transport in the middle Green River has generally decreased in response to (1) the abrupt artificial
reduction in annual peakQ arising from operation of Flaming Gorge Dam, (2) the natural progressive coarsen-
ing of the bed sand caused by the continued winnowing of the tail of sand wave(s) that migrated down the
Little Snake and lower Yampa rivers, and (3) the possible, though uncertain, dam-induced coarsening of the
bed sand at the Green-Lodore station between 1962 and 1982. As a result of the step-change ~30% decrease
in mean-annual peak Q associated with dam operations, the mean-annual suspended-sand load at the
Green-Jensen station decreased by ~37% (from ~1.9 million to ~1.2 million metric tons) between the
1948–1958 predam period and the 1963–1972 early postdam period. Then, the post-1973 β-detected coar-
sening of the bed sand at this station resulted in a ~64% reduction in the slope of the Q-CSAND relation, pre-
sumably mostly reflecting the winnowing of the tail of the sand wave(s) that likely originated in Sand Creek in
the 1950s and 1960s. As a result of this increase in β, the mean-annual suspended-sand load at the Green-
Jensen station decreased by ~75% (from ~1.2 million to ~300,000 metric tons) between the 1963–1972
and 2013–2016 periods. Because the more gradual post-1972 decrease in sand transport associated with
bed-sand coarsening was larger than the 1959–1962 abrupt decrease in sand transport caused by the
dam-induced reduction in peak Q, the natural coarsening of the bed sand has had a slightly greater influence
on sand transport in the middle Green River than has operation of Flaming Gorge Dam.

5.5. Requirement of Contemporary Continuous Sediment-Transport Data

Because sediment transport in the study area has been largely in disequilibrium with the upstream sediment
supply over multiyear timescales, the loads measured during our study were very different than the mean-
annual loads calculated on the basis of historical daily or episodic suspended-sediment measurements
(Table 4). At the gaging stations where Andrews (1978, 1986) and Grams and Schmidt (2005) calculated
mean-annual suspended-sediment loads, reductions in silt-and-clay and/or sand concentration have caused
factor of ~2 to 3 reductions in loads between the historical and water year 2013–2016 periods. In addition, at
the gaging stations where Elliott et al. (1984) and Elliott and Anders (2005) developed sediment rating curves,
changes in the sediment supply have resulted in conditions where the mean-annual silt-and-clay and
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suspended-sand loads predicted by these curves can be more than a factor of 3 different than those calcu-
lated from our 2013–2016 continuous 15-min measurements (Table 4).

There is no way to know a priori whether sediment transport in a river has changed over time in response to
changes in the upstream sediment supply. When designing monitoring programs, it should be assumed that
contemporary continuous measurements of sediment transport are required to calculate accurate loads
reflective of current river conditions. Only in cases where sediment transport is not affected by epi-
sodic changes in the upstream sediment supply (occurring over hours or many years) can historical
sediment-transport measurements be used to calculate accurate sediment loads. Because a large
investment in data collection is required to determine whether only occasional or, in fact, continuous
sediment-transport measurements are required to calculate accurate sediment loads, it is perhaps more
prudent to rely on contemporary continuous sediment-transport measurements until proven otherwise
(e.g., Topping & Wright, 2016, p. 1–4).

6. Conclusions

Sand transport in disequilibrium with the upstream sand supply is characteristic of rivers in which large quan-
tities of finer sand are episodically supplied from tributaries. In such cases, the sand supplied to a river during
a large tributary flood moves downstream as an elongating sand wave, with substantial systematic grain-size
variation in the bed, bedload, and suspension. In cases where large tributary sand-supplying floods are rare,
the at-a-station coarsening associated with the downstream passage of a sand wave may persist for many
decades after the last large sand-resupplying event. A novel aspect of our study has been to show howmod-
ern physically based analyses of old suspended-sand data can be used to detect the previously unrecognized
passage of a sand wave through a large river network.

The changes in grain size associated with the migration of sand waves through a river network may be large
enough to dominate over changes in water discharge in regulating sand transport. In particular, the natural
bed-sand coarsening that has occurred in the Little Snake and lower Yampa rivers in response to the last large
sand-supplying event from Sand Creek ~50 years ago has caused a slightly larger reduction in sand transport
in the distal downstream middle Green River in Dinosaur National Monument than has the operation of
Flaming Gorge Dam. As a result of the natural coarsening of the bed sand in the Little Snake River, lower
Yampa River, and middle Green River, sand transport in this ~260-km-long combined river segment has
decreased substantially since the mid-1960s and will likely continue to decrease in the future in the absence
of large floods in Sand Creek. As a result of Flaming Gorge Dammodifying flows and cutting off the upstream
sand supply, sand transport has also decreased in the upper Green River. Even though sand transport in this
segment of the Green River has decreased largely in response to a reduction in peak discharge, it is likely that
sand transport at the downstream end of this river segment exceeds the tributary resupply of sand.

Changes in sand transport have not been uniform over time and space, even though sand transport has
decreased in all of these river segments, thus leading to complicated outcomes with respect to the trans-
port of sand through different river segments. As the result of sand-wave migration, river segments can
be net depositional or erosional at different times at the same water discharge. In a river segment down-
stream from a tributary, net deposition may occur during a large tributary flood, with net erosion of sand
occurring during subsequent years (e.g., the lower Yampa River downstream from the Little Snake River).
In addition, because water discharge regulates the celerity of a sand wave, certain river segments may
tend toward aggradation if sand waves stall in these segments at lower discharge (e.g., the middle
Green River).

In the general case, because the sources of water and sediment are in different locations in many river basins,
it should not be assumed that sediment transport in a river is in equilibrium with the upstream sediment sup-
ply. Thus, sediment-transport measurement programs should rely on contemporary continuous measure-
ments unless proven that either a sparser or historical measurement program provides estimations of
sediment transport that are sufficiently accurate. This result was previously demonstrated for the Colorado
River in Grand Canyon (Griffiths et al., 2012; Melis et al., 2003; Rubin et al., 2002; Topping et al., 2000;
Topping & Wright, 2016) and the Rio Grande in the Big Bend region of Texas and Mexico (Dean et al.,
2016). In the specific case of the rivers of Dinosaur National Monument, because these rivers have undergone
major changes in sand transport driven by changes in the upstream sand supply, it is likely that future
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changes in sand transport in these rivers will also be driven by changes in the upstream sand supply.
Therefore, continuous measurements of sediment transport in the Little Snake, Yampa, and Green rivers will
be required during any period when accurate sediment loads are required for river science or management.
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