
U.S. Department of the Interior
U.S. Geological Survey

Scientific Investigations Report 2025–5075

Controls on Sediment Transport and Storage in the Little 
Snake, Yampa, and Green Rivers in the Vicinities of Dinosaur 
National Monument and Ouray National Wildlife Refuge, 
Colorado and Utah, with Implications for Fish Habitat in the 
Middle Green River



Cover. Upstream view of a backwater formed downstream of a large bank-attached sandbar in the 
Green River at the location of the sediment-transport monitoring station located near the fishing 
platform in Ouray National Wildlife Refuge, Uintah County, Utah. Photograph taken July 23, 2017, by 
David J. Topping.



Controls on Sediment Transport and 
Storage in the Little Snake, Yampa, and 
Green Rivers in the Vicinities of Dinosaur 
National Monument and Ouray National 
Wildlife Refuge, Colorado and Utah, with 
Implications for Fish Habitat in the Middle 
Green River

By David J. Topping, Ronald E. Griffiths, Joel A. Unema, and David J. Dean

Scientific Investigations Report 2025–5075

U.S. Department of the Interior
U.S. Geological Survey



U.S. Geological Survey, Reston, Virginia: 2025

For more information on the USGS—the Federal source for science about the Earth, its natural and living resources, 
natural hazards, and the environment—visit https://www.usgs.gov or call 1–888–392–8545.

For an overview of USGS information products, including maps, imagery, and publications, visit https://store.usgs.gov/ 
or contact the store at 1–888–275–8747.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the 
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials 
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:
Topping, D.J., Griffiths, R.E., Unema, J.A., and Dean, D.J., 2025, Controls on sediment transport and storage in the 
Little Snake, Yampa, and Green Rivers in the vicinities of Dinosaur National Monument and Ouray National Wildlife 
Refuge, Colorado and Utah, with implications for fish habitat in the middle Green River: U.S. Geological Survey 
Scientific Investigations Report 2025–5075, 117 p., https://doi.org/​10.3133/​sir20255075.

Associated data for this publication:
Griffiths, R.E., Kohl, K.A., and Unema, J.A., 2023, Surveyed coordinates and elevations in a 2020 resurvey of 
previously established cross sections on the Green River between Jensen and Ouray, Utah: U.S. Geological Survey 
data release, https://doi.org/​10.5066/​P9ND61HI.

ISSN 2328-0328 (online)

https://www.usgs.gov/survey-manual/11006-use-copyrighted-material-usgs-information-products
https://doi.org/10.3133/sir20255075
https://doi.org/10.5066/P9ND61HI


iii

Acknowledgments

This study was funded by the National Park Service and Upper Colorado River Endangered Fish 
Recovery Program, with additional support provided in 2013 by the Bureau of Land Management. 
Jack Schmidt (Utah State University and formerly U.S. Geological Survey [USGS]) and Mark 
Wondzell (National Park Service) were instrumental in garnering support for this study within 
the Department of the Interior. Without their tireless efforts and dedication to river science, 
this study would never have been conducted. Discussions with Jack Schmidt, Erich Mueller 
(Southern Utah University), and Paul Grams (USGS) greatly improved the science. Tom Sabol 
and Nick Voichick of the USGS Grand Canyon Monitoring and Research Center helped with data 
collection throughout this study. Cory Williams, Rodney Richards, and Jennifer Moore of the 
USGS also helped with data collection during 2013. Tom Chart and Jonathan Friedman provided 
thoughtful reviews that greatly improved the quality of this report.





v

Contents
Acknowledgments�����������������������������������������������������������������������������������������������������������������������������������������iii
Abstract������������������������������������������������������������������������������������������������������������������������������������������������������������1
Introduction�����������������������������������������������������������������������������������������������������������������������������������������������������2
Study Area�������������������������������������������������������������������������������������������������������������������������������������������������������2
Purpose and Scope����������������������������������������������������������������������������������������������������������������������������������������5
Importance of Tributary-Generated Sand Waves in the Study Area�����������������������������������������������������5
Field Methods��������������������������������������������������������������������������������������������������������������������������������������������������7

Sediment-Transport and Bed-Sediment Measurements at Gaging Stations������������������������������7
Cross-Section Resurveys���������������������������������������������������������������������������������������������������������������������9

Analytical Methods��������������������������������������������������������������������������������������������������������������������������������������12
Silt-and-Clay Load and Suspended-Sand Load������������������������������������������������������������������������������12
Sand Bedload and Sand Total Load��������������������������������������������������������������������������������������������������12
Sediment Budgets�������������������������������������������������������������������������������������������������������������������������������18
Bed Stage����������������������������������������������������������������������������������������������������������������������������������������������19
Regulation of Suspended-Sand Concentration by Flow, Grain Size, and Other 

Processes��������������������������������������������������������������������������������������������������������������������������������19
Bed-Sand Grain Size���������������������������������������������������������������������������������������������������������������������������21
Changes in Cross-Sectional Sediment Area and Topographic Complexity�������������������������������22

Results with Discussion�������������������������������������������������������������������������������������������������������������������������������24
Controls on Sediment Transport��������������������������������������������������������������������������������������������������������24

Supply-Driven Decrease and Variation in Suspended-Silt-and-Clay Concentration������24
Flow versus Grain-Size Regulation of Suspended-Sand Concentration���������������������������24
Placement of the ​​α​ C​​​ Results in Context����������������������������������������������������������������������������������28
Grain-Size-Associated Long-Term Change in Suspended-Sand Concentration�������������42
Evidence for Scour Through an Inversely Graded Bed During the Annual Flood�����������42
Relations Between Discharge and Bed-Sand Grain Size at the Largely 

Gravel-Bedded Stations�����������������������������������������������������������������������������������������������50
Implications of Discharge-Associated Bed-Sand Fining for the Detection of 

Tributary-Generated Sand Waves������������������������������������������������������������������������������50
Discharge-Independent Flow Regulation of Suspended-Sand Concentration 

at the Sand-Bedded Stations Likely Arising from the Downstream 
Migration of Sand Waves��������������������������������������������������������������������������������������������53

Partial Regulation of Suspended-Sand Concentration by 
Discharge-Independent Changes in Bed-Sand Area at the Largely 
Gravel-Bedded Stations�����������������������������������������������������������������������������������������������59

Grain-Size Evidence for Sand Waves During the Annual Flood��������������������������������������������������62
Effects of Sand-Wave Migration on Sand Transport at the Green-Jensen and 

Green-Ouray Stations Leading to Changes in Sand Mass in the Uinta Basin 
Segment of the Middle Green River������������������������������������������������������������������������������������64

Out-Year Floods of 2017 and 2018���������������������������������������������������������������������������������������������67
Year-1 Flood of 2019��������������������������������������������������������������������������������������������������������������������70
Year-2 Flood of 2020 and the Downstream Migration of the Year-1 Sand Wave��������������70
Out-Year Flood of 2021 and Continued Downstream Migration of the Year-1 

Sand Wave���������������������������������������������������������������������������������������������������������������������71
Influence of Flood Magnitude and Source on Sediment Budgets During Annual Floods�������71



vi

Cross-Section Resurveys�������������������������������������������������������������������������������������������������������������������78
Long-Term Changes in Sediment Storage and Cross-Section Geometry�������������������������78
Comparison of Long-Term and Seasonal Changes in Sediment Storage and 

Cross-Section Geometry����������������������������������������������������������������������������������������������95
Changes in Sediment Storage and Channel Complexity����������������������������������������������������100
Bed-Sand Grain Size in the Cross Sections�������������������������������������������������������������������������103

Influence of Yampa River Floods and Flaming Gorge Dam Releases on Fish Habitat 
in the Uinta Basin Segment of the Green River���������������������������������������������������������������104

Conclusions�������������������������������������������������������������������������������������������������������������������������������������������������108
References Cited����������������������������������������������������������������������������������������������������������������������������������������110
Appendix 1.  Sediment Loads at Six U.S. Geological Survey Gaging Stations in the 

Vicinities of Dinosaur National Monument and Ouray National Wildlife Refuge���������������116

Figures

	 1.  Maps of the study area on the Little Snake, Yampa, and Green Rivers�������������������������������3
	 2.  Plots of sand bedload relations at the Green-Lodore station����������������������������������������������13
	 3.  Plots of sand bedload relations at the LS-Lily station�����������������������������������������������������������14
	 4.  Plots of sand bedload relations at the Yampa-Deerlodge station���������������������������������������15
	 5.  Plots of sand bedload relations at the Green-Ouray station������������������������������������������������16
	 6.  Plot comparing the unit bedload-sand fluxes measured during the 

single-vertical bedload-sampler tests�������������������������������������������������������������������������������������18
	 7.  Plots of idealized river cross sections showing the offsetting effects of 

increased variability in bed elevation and channel widening on cross-section 
topographic variance������������������������������������������������������������������������������������������������������������������23

	 8.  Plots of velocity-weighted suspended-silt-and-clay concentration as a function 
of instantaneous water discharge at all stations�������������������������������������������������������������������24

	 9.  Plots of relations between the instantaneous water discharge, 
velocity-weighted suspended-sand concentration, velocity-weighted 
suspended-sand median grain size, and nondimensional bed-sand coarseness 
at the Green-Lodore station�������������������������������������������������������������������������������������������������������29

	 10.  Plots of relations between the instantaneous water discharge, 
velocity-weighted suspended-sand concentration, velocity-weighted 
suspended-sand median grain size, and nondimensional bed-sand coarseness 
at the LS-Lily station��������������������������������������������������������������������������������������������������������������������30

	 11.  Plots of relations between the instantaneous water discharge, 
velocity-weighted suspended-sand concentration, velocity-weighted 
suspended-sand median grain size, and nondimensional bed-sand coarseness 
at the Yampa-Deerlodge station������������������������������������������������������������������������������������������������32

	 12.  Plots of relations between the instantaneous water discharge, 
velocity-weighted suspended-sand concentration, velocity-weighted 
suspended-sand median grain size, and nondimensional bed-sand coarseness 
at the Green-Ouray station���������������������������������������������������������������������������������������������������������34

	 13.  Plots of relations between the instantaneous water discharge, 
velocity-weighted suspended-sand concentration, velocity-weighted 
suspended-sand median grain size, and bed-sand coarseness at the 
Yampa-Maybell station���������������������������������������������������������������������������������������������������������������38



vii

	 14.  Plots of relations between the instantaneous water discharge, velocity-weighted 
suspended-sand concentration, velocity-weighted suspended-sand median 
grain size, and nondimensional bed-sand coarseness at the Green-Jensen station���������40

	 15.  Plots of relations between the instantaneous water discharge, bed stage, 
bed-sand median grain size, the amount of very fine sand on the bed, and 
nondimensional bed-sand coarseness at the LS-Lily station����������������������������������������������43

	 16.  Plots of relations between the instantaneous water discharge, bed stage, 
bed-sand median grain size, the amount of very fine sand on the bed, and 
nondimensional bed-sand coarseness at the Yampa-Deerlodge station��������������������������45

	 17.  Plots of relations between the instantaneous water discharge, bed stage, 
bed-sand median grain size, the amount of very fine sand on the bed, and 
nondimensional bed-sand coarseness at the Green-Ouray station�����������������������������������47

	 18.  Plots of relations between the instantaneous water discharge, bed stage, 
bed-sand median grain size, the amount of very fine sand on the bed, and 
nondimensional bed-sand coarseness at the Green-Lodore station���������������������������������49

	 19.  Plot of nondimensional bed-sand coarseness as a function of instantaneous 
water discharge for the equal-width-increment measurements at the 
Yampa-Maybell station���������������������������������������������������������������������������������������������������������������51

	 20.  Plots of nondimensional bed-sand coarseness as a function of instantaneous 
water discharge and the amount of very fine sand on the bed for the 
equal-width-increment measurements at the Green-Jensen station��������������������������������51

	 21.  Time series of bed-sand coarseness for the entire record of grain-size-analyzed 
equal-width-increment measurements at the LS-Lily, Yampa-Deerlodge, and 
Green-Jensen stations���������������������������������������������������������������������������������������������������������������52

	 22.  Plots evaluating the importance of water-discharge-independent changes in 
shear velocity and the skin-friction component of the shear velocity in helping 
to regulate the velocity-weighted suspended-sand concentration at the 
LS-Lily station�������������������������������������������������������������������������������������������������������������������������������55

	 23.  Plots evaluating the importance of water-discharge-independent changes in shear 
velocity and the skin-friction component of the shear velocity in helping to regulate 
the velocity-weighted suspended-sand concentration at the Yampa-Deerlodge station�������57

	 24.  Plots evaluating the importance of water-discharge-independent changes in 
bed-sand area in helping to regulate the velocity-weighted suspended-sand 
concentration at the post-2015 location of the Green-Jensen station�������������������������������60

	 25.  Plots comparing the time series of peak water discharge, March–July 
median water discharge, and normalized high-flow nondimensional bed-sand 
coarseness at the Green-Lodore, Yampa-Deerlodge, and Green-Jensen stations���������63

	 26.  Plots of correlations at the six stations in our study between peak water 
discharge and the March–July median water discharge, and between water 
discharge at the midpoint time of the equal-width-increment measurement and 
normalized high-flow bed-sand coarseness���������������������������������������������������������������������������65

	 27.  Conceptual model showing the longitudinal positions of the year-1 and year-2 
Yampa-generated sand waves in the middle Green River����������������������������������������������������66

	 28.  Plots of water-discharge—sand-concentration point clouds during the March–
July annual-flood period at the Green-Jensen and Green-Ouray stations�����������������������68

	 29.  Plots of changes in the sediment mass balance in the Deerlodge Park 
sediment-budget area during the annual-flood period of March–July as a 
function of peak water discharge and March–July median water discharge at 
the Yampa-Maybell, LS-Lily, and Yampa-Deerlodge stations����������������������������������������������72



viii

	 30.  Plots of changes in the sediment mass balance in the Dinosaur sediment-budget 
area during the annual-flood period of March–July as a function of peak water 
discharge and March–July median water discharge at the Green-Lodore, 
Yampa-Deerlodge, and Green-Jensen stations�����������������������������������������������������������������������74

	 31.  Plots of changes in the sediment mass balance in the Uinta Basin sediment-budget 
segment of the middle Green River during the annual-flood period of March–July 
as a function of peak water discharge and March–July median water discharge at 
the Green-Lodore, Yampa-Deerlodge, and Green-Jensen stations�����������������������������������������76

	 32.  Plots comparing the Bonanza Bridge cross sections in the Uinta Basin segment 
of the middle Green River in June 1996 and on October 11, 2020����������������������������������������79

	 33.  Plots comparing the Horseshoe Bend cross sections in the Uinta Basin 
segment of the middle Green River in June 1996 and on October 12, 2020�����������������������81

	 34.  Plots comparing the Stirrup cross sections in the Uinta Basin segment of the 
middle Green River in June 1996 and on October 13, 2020���������������������������������������������������84

	 35.  Plots comparing the Baeser Bend cross sections in the Uinta Basin segment of 
the middle Green River in June 1996 and on October 13, 2020��������������������������������������������86

	 36.  Plots comparing the Above Brennan cross sections in the Uinta Basin segment 
of the middle Green River in June 1996 and on October 14, 2020����������������������������������������88

	 37.  Plots comparing the Leota Bottom cross sections in the Uinta Basin segment of 
the middle Green River in September 1995 and on October 15, 2020����������������������������������90

	 38.  Plots comparing the Cindy’s Bar cross sections in the Uinta Basin segment of 
the middle Green River on October 8, 1994, and October 15, 2020��������������������������������������91

	 39.  Plots comparing the Wyasket Bottom cross section in the Uinta Basin segment 
of the middle Green River in September 1995 and on October 16, 2020�����������������������������93

	 40.  Plots comparing the Leota Bottom cross sections in the Uinta Basin segment 
of the middle Green River in March, May, and September 1995 and on 
October 15, 2020���������������������������������������������������������������������������������������������������������������������������96

	 41.  Plots comparing the Cindy’s Bar cross sections in the Uinta Basin segment of 
the middle Green River on March 17, April 30, May 14, May 28, June 16, July 16, 
and on October 8, 1994, and October 16, 2020������������������������������������������������������������������������97

	 42.  Plots comparing the Wyasket Bottom cross section in the Uinta Basin 
segment of the middle Green River in March, May, and September 1995 and on 
October 16, 2020���������������������������������������������������������������������������������������������������������������������������99

	 43.  Plots of change in the variance in cross-section topography at 0.5-meter 
intervals as a function of the change in the cross-sectional sediment area 
between the last survey in 1994–1996 and the 2020 resurvey of the Uinta Basin 
segment of the middle Green River����������������������������������������������������������������������������������������102

	 44.  Plots comparing the time series of water discharge with the time series of total 
backwater area and volume in the Uinta Basin segment of the middle Green 
River following recession of the annual flood����������������������������������������������������������������������106

Tables

	 1.  Names and abbreviations for the gaging and monitoring stations where sediment 
measurements were made, with ancillary information on dates and methods for 
acoustical suspended-sediment measurements and bed-sediment measurements����������������7



ix

	 2.  Condition of the cross-section endpoints during the 2020 resurvey and NAVD  88 
vertical offsets applied to each cross section in the Uinta Basin segment of the 
middle Green River, Utah�������������������������������������������������������������������������������������������������������������10

	 3.  Comparison of single-vertical bedload measurements with 
stationary-echosounder bedform-migration bedload measurements�������������������������������17

	 4.  Results from the αC analyses at each station�������������������������������������������������������������������������26
	 5.  Significance, signs, and magnitudes of correlations between the measure 

of relative coarseness of the bed sand and the velocity-weighted 
suspended-sand concentration������������������������������������������������������������������������������������������������36

	 6.  Channel widths and minimum bed elevations during the last 1994–1996 survey 
and the 2020 resurvey, and the changes in channel width, minimum bed 
elevation, and sediment area between these surveys����������������������������������������������������������94

	 7.  Comparison of changes in channel width, minimum bed elevation, and 
cross-sectional sediment area between surveys conducted during the same 
year and between the last 1990s survey and the 2020 resurvey���������������������������������������100

	 8.  Correlations between changes in cross-sectional sediment area and 
topographic variance at individual cross sections between surveys conducted 
within the same year�����������������������������������������������������������������������������������������������������������������101

	 9.  Topographic variance in each cross section during the last 1994–1996 survey 
and the 2020 resurvey, and the changes in topographic variance, channel 
width, and cross-sectional sediment area between these surveys���������������������������������101

Conversion Factors
Inch/Pound to International System of Units

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

square foot (ft2) 0.09290 square meter (m2)
Volume

ounce, fluid (fl. oz) 0.02957 liter (L)
pint (pt) 0.4732 liter (L)
quart (qt) 0.9464 liter (L)
gallon (gal) 3.785 liter (L)

Flow rate

foot per second (ft/s) 0.3048 meter per second (m/s)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)

Mass

ounce, avoirdupois (oz) 0.02835 milligram (mg)



x

Multiply By To obtain

ounce, avoirdupois (oz) 28.35 gram (g)
pound, avoirdupois (lb) 0.4536 kilogram (kg)
ton, short (2,000 lb) 0.9072 metric ton
ton, long (2,240 lb) 1.016 metric ton

Density

pound per cubic foot (lb/ft3) 0.01602 gram per cubic centimeter (g/cm3)

International System of Units to Inch/Pound

Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)

Area

square meter (m2) 10.76 square foot (ft2)
Volume

liter (L) 33.82 ounce, fluid (fl. oz)
liter (L) 2.113 pint (pt)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)

Flow rate

meter per second (m/s) 3.281 foot per second (ft/s)
cubic meter per second (m3/s) 35.31 cubic foot per second (ft3/s)

Mass

milligram (mg) 35.27 ounce, avoirdupois (oz)
gram (g) 0.03527 ounce, avoirdupois (oz)
kilogram (kg) 2.205 pound avoirdupois (lb)
metric ton 1.102 ton, short (2,000 lb)
metric ton 0.9842 ton, long (2,240 lb)

Density

gram per cubic centimeter (g/cm3) 62.4220 pound per cubic foot (lb/ft3)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as °F = (1.8 × °C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as °C = (°F – 32) / 1.8.

Datum
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the 2011 adjustment of the North American 
Datum of 1983 (NAD 83 [2011]).



xi

Supplemental Information
Concentrations of suspended sediment in water are given in milligrams per liter (mg/L).

By convention, a “water year” is the 12-month period extending from October 1 of the preceding 
calendar year through September 30 of the calendar year used to specify the water year.

By convention, the left and right directions in a river cross section are defined facing 
downstream.

River kilometers are measured downstream from Flaming Gorge Dam, Utah.

Abbreviations
AB	 Above Brennan

ADCP	 acoustic-Doppler current profiler

ADP	 acoustic-Doppler profiler

BA	 Baeser Bend

BB	 Bonanza Bridge

CB	 Cindy’s Bar

EWI	 equal-width increment

GCMRC	 Grand Canyon Monitoring and Research Center

HB	 Horseshoe Bend

L	 left

LEB	 Leota Bottom

NAVD 88	 North American Vertical Datum of 1988

NGVD 29	 National Geodetic Vertical Datum of 1929

R	 right

RK	 river kilometer downstream from Flaming Gorge Dam

RTK-GPS	 Real-Time-Kinematic Global Positioning System

ST	 Stirrup

USGS	 U.S. Geological Survey

WYB	 Wyasket Bottom
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Notation
AB	 spatially averaged fractional area of sediment on the bed, ranges from 0 to 1

​​a​ 0​​​	 station-specific constant determined by regression

​​a​ 1​​​	 station-specific constant determined by regression

CSAND	 velocity-weighted suspended-sand concentration

CSAND-REF	 reference (that is, mean) CSAND over a specified period

CSILT-CLAY	 velocity-weighted suspended-silt-and-clay concentration

D	 sediment grain diameter, in millimeters

D84	 84th-percentile grain size

DB	 cross-section-averaged median grain size of the bed sand

DS	 velocity-weighted suspended-sand median grain size

DS-REF	 reference (that is, mean) DS over a specified period

f	 fractional amount of a given sand size class on the bed, expressed as a percentage

fVF	 cross-section-averaged fractional amount of very fine sand (that is, 0.0625–0.125 mm 
sand) on the bed, expressed as a percentage

hB	 bed stage

J	 3.5; value used in equation 1

K	 −2.5; value used in equation 1

L	 0.35; value used in equation 1

M	 0.75; value used in equation 1

n	 number of measurements

p	 level of significance

Q	 water discharge

QSAND	 cross-sectionally integrated total sand flux

QSB	 cross-sectionally integrated bedload-sand flux

QSS	 cross-sectionally integrated suspended-sand flux

qSB	 bedload-sand flux over a point on the bed (that is, the unit bedload-sand flux)

qSS	 depth-integrated suspended-sand flux over a point on the bed (that is, the unit 
suspended-sand flux)

QSILT-CLAY	 cross-sectionally integrated suspended-silt-and-clay flux

R 2	 coefficient of determination associated with least-squares linear regression

r	 correlation coefficient

T	 the ratio QSB/QSS

​​u​ ∗​​​	 shear velocity

​​​(​u​ ∗​​)​​ sf
​​​	 skin-friction component of the shear velocity



xiii

​α​	 measure of the relative importance of bed-sand grain size versus shear velocity in 
regulating qSS

​​α​ C​​​	 measure of the relative importance of bed-sand grain size versus shear velocity in 
regulating CSAND

β	 measure of the relative coarseness of the bed sand

​Δ​	 the ratio of a quantity at two different times

ε	 exponent on Q in proportionality relating Q to ​​u​ ∗​​​

​ϕ​	 phi unit of sediment grain size, defined as ​ϕ  =  − ​log​ 2​​ D​ (Krumbein, 1934)

σ	 standard deviation

ρ	 density of water

​​τ​ b​​​	 boundary shear stress

​​τ​ cr​​​	 critical shear stress

​​τ​ sf​​​	 skin-friction component of the boundary shear stress

ζ	 exponent on Q in proportionality relating β to Q





Controls on Sediment Transport and Storage in the Little 
Snake, Yampa, and Green Rivers in the Vicinities of 
Dinosaur National Monument and Ouray National Wildlife 
Refuge, Colorado and Utah, with Implications for Fish 
Habitat in the Middle Green River

By David J. Topping, Ronald E. Griffiths, Joel A. Unema, and David J. Dean

Abstract
The transport of sand and finer sediment in the Yampa 

and Green river network is typically in disequilibrium with 
the local sediment supply because of the partial decoupling 
of the sources of water and sediment: most of the water is 
supplied farther upstream than most of the sediment. This 
decoupling leads to sand being transported in the main-stem 
rivers as elongating sand waves following sand resupply during 
tributary floods. Because of the large amount of sand supplied 
to the Yampa River by the Little Snake River, Yampa River 
annual floods generate sand waves that migrate downstream 
in the Green River causing longitudinal patterns in bed-sand 
grain size that, in turn, lead to large spatial changes in sand 
transport. These changes in bed-sand grain size dominate over 
changes in water discharge in regulating sand transport in the 
sand-bedded reaches of these rivers. Furthermore, at any given 
discharge, these changes in bed-sand grain size dominate over 
all other processes in regulating sand transport in both sand- and 
gravel-bedded reaches of these rivers. Consequently, erosion or 
deposition of sand, and the associated changes in fish habitat in 
the Uinta Basin segment of the Green River are only indirectly 
related to Green River discharge and Flaming Gorge Dam 
operations. Owing to the longitudinal patterns of bed-sand grain 
size associated with the downstream migration of sand waves 
generated by the Yampa River, a multi-year sequence of large, 
and likely slightly declining, annual floods on the Yampa River 
is the probable mechanism that increases backwater fish habitat 
in the Uinta Basin segment of the Green River.

Cross-section resurveys indicate that the Uinta Basin 
(Jensen to Ouray) segment of the Green River has undergone 
sand erosion caused by slight channel widening since the 1990s 
(a channel response in opposition to that observed farther 
downstream in Canyonlands National Park during this period). 
These resurveys indicate that sand deposition leads to a decrease 

in channel complexity whereas sand erosion generally leads 
to an increase in channel complexity. The backwaters used as 
native fish nursery habitat consist of deep pools downstream 
from and adjacent to large bank-attached sandbars; thus, 
more extensive backwater habitat equates to greater channel 
complexity. The generation of the sand wave during the first 
large Yampa River flood in a sequence (that is, the year-1 flood) 
causes fining of the bed sand near Jensen. The downstream 
coarsening associated with bed sand that is finer near Jensen 
than downstream near Ouray causes a downstream decrease 
in sand transport in the Uinta Basin segment, leading to net 
sand deposition and decreased channel complexity. Continued 
downstream migration of this sand wave during the following 
year’s annual flood (that is, the year-2 flood) then causes 
downstream fining, leading to erosion of sand and increased 
channel complexity in this segment.

Although the year-1 Yampa River flood supplies the sand 
and deposits the large sandbars required to form backwaters, 
and thereby makes possible future backwater habitat, these 
floods cause a temporary reduction in backwater habitat in 
the Uinta Basin segment because they tend to cause net sand 
deposition. It is the subsequent out-year Yampa River floods 
of likely equal or lesser magnitude that maintain or increase 
backwater habitat because these are the floods that convey 
sand through or erode sand from this segment. These typically 
smaller out-year Yampa River floods rework the sandbars 
deposited during the year-1 annual flood, thereby leading to the 
increases in both backwater area and volume that have been 
measured upon recession of these floods. Although artificial 
floods released from Flaming Gorge Dam might be used to 
simulate the habitat maintenance achieved by out-year Yampa 
River floods, the limited sand supply and stage associated with 
such dam releases precludes their use as a replacement for the 
sandbar-depositing role of year-1 Yampa River floods that is a 
prerequisite for backwater formation in the Uinta Basin segment 
of the Green River.
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Introduction
The network of the Green River and its largest tributary, 

the Yampa River, is characterized by natural disequilibrium 
sediment transport that has been modified in the Green River by 
the construction and operation of Flaming Gorge Dam (Andrews, 
1986; Schmidt and Wilcock, 2008; Topping and others, 2018). 
Disequilibrium transport for sand and finer size classes of 
sediment arises in this river network because the sources of water 
and sediment are not uniformly distributed over space or time. 
Most of the water in this network is supplied from snowmelt in 
the headwaters, whereas most of the sand and finer sediment is 
supplied by tributaries lower in the network during floods that can 
occur during different seasons (Andrews, 1978, 1980; Resource 
Consultants, Inc., 1991; U.S. Environmental Protection Agency, 
2014; Topping and others, 2018). These tributary floods can 
supply large quantities of sediment during floods that precede 
the annual snowmelt flood, coincide with the annual snowmelt 
flood, or occur in the summer thunderstorm season after the 
annual snowmelt flood. Thus, there are both spatial and temporal 
disconnects between the sources of the water and the sediment that 
lead to main-stem sediment transport that is commonly in local 
disequilibrium with the sediment supply.

Tributary floods supply sand that is typically finer than 
the antecedent sand present on the bed in the main-stem rivers, 
resulting in discrete bed-sand fining events below these tributaries 
in the main-stem rivers (Topping and others, 2018; Dean and 
others, 2020). This finite, episodic resupply of sand to the 
main-stem rivers that is largely disconnected from main-stem 
river discharge leads to the generation of sand-dominated 
sediment waves (Topping and others, 2000, 2021; Wohl and 
Cenderelli, 2000; Cui and others, 2003a, b; Lisle, 2007; James, 
2010; Ferguson and others, 2015). These sand waves migrate 
downstream through the river network, causing large associated 
changes in bed-sand grain size and sand transport (Topping and 
others, 2018). In addition to this direct sand-wave-grain-size 
control on sand transport, the downstream migration of sand 
waves can also affect sand transport indirectly by affecting 
channel, bar, and dune geometry. Thus, there are multiple 
discharge-independent mechanisms that may lead to substantial 
variation in sand transport in the Yampa and Green river network, 
causing different longitudinal patterns in sand transport under 
similar discharge conditions.

By virtue of mass conservation, differing longitudinal 
patterns in sand transport give rise to differing longitudinal patterns 
of erosion and deposition, and thereby differing patterns of fish 
habitat. Because these differing longitudinal patterns will occur at 
the same discharge of water, water discharge is a poor predictor 
of the response of both sediment and sediment-related fish habitat 
in the Yampa and Green river network. Herein, we present the 
results from a 9-year study (2013–2021) to investigate sediment 
transport, deposition, and erosion, in the Little Snake, Yampa, and 
Green Rivers and then use the understanding gleaned from that 
effort to evaluate the conditions that can lead to improved habitat 
for endangered fish.

Study Area
The study area is the part of the network of the Little 

Snake, Yampa, and Green Rivers located in Moffat County, 
Colorado, and Uintah County, Utah, in the vicinities of Dinosaur 
National Monument and Ouray National Wildlife Refuge 
(fig. 1). The Little Snake River is the major sediment-supplying 
tributary of the Yampa River and joins the Yampa River just 
upstream from Dinosaur National Monument. The Yampa River 
is the largest tributary of the Green River and joins the Green 
River in the heart of Dinosaur National Monument in Echo 
Park (fig. 1B). For the purposes of this report, the Yampa River 
is divided into “upper” and “lower” segments at its confluence 
with the Little Snake River, and the Green River is divided 
into “upper” and “middle” segments at its confluence with the 
Yampa River (fig. 1B). The division between the “middle” and 
“lower” Green River occurs at Green River, Utah, south of 
our study area. As reviewed in Topping and others (2018), the 
Yampa and Little Snake Rivers are largely unregulated and are 
affected by only small dams, trans-basin diversions, and other 
human uses that together deplete ~13 percent of the natural 
flow. Despite these depletions, no significant trends have existed 
in either annual mean or annual peak discharge in the Yampa 
or Little Snake Rivers, although large inter-annual variability 
has existed in both annual mean and peak discharge (Manners 
and others, 2014; Topping and others, 2018). Thus, the annual 
snowmelt floods in these two rivers are still largely natural. 
In contrast to the minimal regulation of the Yampa and Little 
Snake Rivers, the upper Green River has been highly regulated 
since Flaming Gorge Dam was closed on December 10, 1962 
(Linenburger, 1998). Operation of this dam has flattened the 
annual hydrograph of the upper Green River below the dam 
by largely removing the annual flood and increasing baseflow 
(Grams and Schmidt, 1999, 2002; Vinson, 2001). Beginning 
in the early 1990s, operation of this dam was modified to 
include a typically short-duration artificial spring flood for 
endangered native fish (U.S. Fish and Wildlife Service, 1992; 
Bureau of Reclamation, 2005, 2006); the magnitude of this 
peak was increased and the timing was adjusted to coincide 
with appearance of larval Xyrauchen texanus (razorback sucker) 
starting in 2012 (Bestgen and others, 2011; LaGory and others, 
2012). Operation of Flaming Gorge Dam was modified again 
in 2021 to include a second short-duration artificial flood 
to disadvantage nonnative fish (LaGory and others, 2019). 
Downstream from the Yampa River confluence, the middle 
Green River exhibits flow characteristics of both the highly 
regulated upper Green River and the quasi-natural Yampa River 
(Grams and Schmidt, 2002).

Our study was conducted near six U.S. Geological Survey 
(USGS) streamflow gaging stations (USGS, 2022c) on the Little 
Snake, Yampa, and Green Rivers (fig. 1), and in various reaches 
of the Uinta Basin segment of the middle Green River where 
cross sections were resurveyed (fig. 1C). Sediment-transport 
measurements made at or near the streamflow gaging stations 
were used to construct continuous mass-balance sediment 
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Figure 1.  Maps of our study area on the Little Snake, Yampa, and Green Rivers in Colorado and Utah depicting the river segments, 
geographic features, and sediment-budget areas and segments referred to herein. Shown are the gaging and monitoring stations 
(black and white checkered circles) at which data were collected; red numbers are keyed to the following stations used in this study: 
1, Green River above Gates of Lodore, Colorado, 404417108524900; 2, Yampa River near Maybell, Colo., 09251000; 3, Little Snake River 
near Lily, Colo., 09260000; 4, Yampa River at Deerlodge Park, Colo., 09260050; 5, Green River near Jensen, Utah, 09261000; 18, Green 
River above Jensen, Utah; 19, Green River above Ouray, Utah; 20, Green River at Ouray, Utah, 09272400. Black numbers 6–17 indicate 
the regional ancillary gaging stations that were used for analyses in Topping and others (2018); refer to table 1 in Topping and others 
(2018) for the names and information on the data collected at those stations. Extents of Dinosaur National Monument and Ouray 
National Wildlife Refuge are shown with gray shading in parts A and B and labeled in part C. Panels A and B modified from Topping 
and others (2018). Cross sections that were resurveyed during our study are indicated in C; BB, Bonanza Bridge; HB, Horseshoe 
Bend; ST, Stirrup; BA, Baeser Bend; AB, Above Brennan; LEB, Leota Bottom; CB, Cindy’s Bar; WYB, Wyasket Bottom.
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budgets in the river segments bracketed by these gaging 
stations. The principal gaging and monitoring stations used 
in this study, and depicted in figure 1 using the following 
numbering scheme, are

1.	Green River above Gates of Lodore, Colo., gaging 
station 404417108524900, herein referred to as the 
Green-Lodore station;

2.	Yampa River near Maybell, Colo., gaging 
station 09251000, herein referred to as the 
Yampa-Maybell station;

3.	Little Snake River near Lily, Colo., gaging station 
09260000, herein referred to as the LS-Lily station;

4.	Yampa River at Deerlodge Park, Colo., gaging 
station 09260050, herein referred to as the 
Yampa-Deerlodge station;

5.	Green River near Jensen, Utah, gaging station 09261000, 
one of the two parts of a station herein referred to as the 
Green-Jensen station;

18.	 Green River above Jensen, Utah, monitoring station, 
one of the two parts of a station herein referred to as the 
Green-Jensen station;

19.	 Green River above Ouray, Utah, monitoring station, 
herein referred to as the Green-Ouray station; and

20.	 Green River at Ouray, Utah, gaging station 09272400, 
herein referred to as the Green-Ouray gaging station.

As described below in the “Field Methods” section, 
continuous suspended-sediment measurements were made 
at each of these gaging stations, except at the Green-Ouray 
gaging station and after October 2015 at the Green-Jensen 
station (when equipment at this station was vandalized). 
The continuous suspended-sediment measurements 
associated with the 15-minute water-discharge values at 
the Green-Ouray gaging station were made upstream at 
a monitoring station installed near the fishing platform 
(deck) in Ouray National Wildlife Refuge; this monitoring 
station, located 8.6 kilometers (km) upstream from the 
Green-Ouray gaging station, is named the Green River above 
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Ouray, Utah, station and is herein referred to simply as the 
“Green-Ouray station” and numbered 19 in figure 1C. The 
continuous suspended-sediment measurements associated 
with the 15-minute water-discharge values at the Green 
River near Jensen gaging station were made near this gaging 
station through October 2015 (fig. 1, station 5), and were 
thereafter made at a new second monitoring station installed 
4.1 km upstream (fig. 1, station 18); for simplicity, we use 
“Green-Jensen station” to refer to the Green River both at the 
downstream gaging station through October 2015 and at the 
new upstream Green River above Jensen monitoring station 
after October 2015. The Uinta Basin segment of the middle 
Green River extends from the Green-Jensen gaging station 
(fig. 1, station 5) to the Green-Ouray station (fig. 1, station 19).

By convention in our study area, water discharge (Q) is 
generally reported in units of cubic feet per second. Therefore, 
for maximum utility of this report for water managers and the 
public, we use units of cubic feet per second for Q throughout 
this report; metric (International System) units are used for 
all other parameters. In equations that relate other parameters 
to Q, the appropriate conversion factors are embedded in the 
mathematics.

Purpose and Scope
The purpose and scope of this report are fourfold. First, 

this report provides an update on the study of Topping and 
others (2018) through water year 2021 and presents detailed 
analyses of the importance of the controls on sand transport 
at the gaging stations in that study. Second, this report 
presents results on an extension of that study investigating 
sediment transport and changes in sediment mass (erosion 
and deposition) in the Uinta Basin segment of the middle 
Green River (fig. 1C). Third, cross-section-based results are 
presented on short- and long-term geomorphic change in the 
Uinta Basin segment and how erosion and deposition relate to 
geomorphic complexity. Fourth, this report relates how Yampa 
River floods control changes in sand mass in the Uinta Basin 
segment of the middle Green River and thereby can enlarge or 
reduce backwater habitat in this river segment.

Importance of Tributary-Generated 
Sand Waves in the Study Area

Sand waves generated during large tributary floods 
dominate sand transport in our study area and have had much 
greater influence on sand transport in the middle Green River 
than has construction and operation of Flaming Gorge Dam 
(Topping and others, 2018). Since the 1960s, suspended-sand 
transport in the middle Green River at the Green-Jensen 
station has declined by ~75 percent as the result of the 
bed-sand coarsening caused by the winnowing of the tail of 
sand waves that originated in the Little Snake River basin in 

1956–1966. By comparison, suspended-sand transport only 
declined by ~37 percent in response to the 1962 closure and 
subsequent operation of Flaming Gorge Dam (Topping and 
others, 2018). Of the sand waves that have been documented 
in our study area since the onset of streamflow gaging by the 
USGS in October 1921, the three largest sand waves were 
generated in the Little Snake River basin by extreme floods 
in March 1956, 1962, and 1966 (Topping and others, 2018). 
Gaging-station data indicate that the 1962 and 1966 events 
originated in Sand Creek (fig. 1A), with the 1956 event also 
likely from Sand Creek (Topping and others, 2018). The 
March 27, 1962, Sand Creek flood was, by far the largest of 
these three floods and resulted in a peak Q of 10,200 cubic feet 
per second (ft3/s) at the LS-Lily station on March 28, 1962, 
a peak much larger than the 4,490 ft3/s peak Q of the annual 
snowmelt flood on May 14, 1962 (Topping and others, 2018; 
USGS, 2022a, b). Similarly, the March 14 or 15, 1966, Sand 
Creek flood caused a peak Q of 7,720 ft3/s at the LS-Lily 
station, a peak also much larger than the 2,940 ft3/s peak Q 
of the snowmelt flood on May 12, 1966 (Topping and others, 
2018; USGS, 2022a, b).

The 1956–1966 Sand Creek floods were such large 
sand-supplying events that they affected sand transport by 
causing bed-sand fining as far downstream in the Green River 
as the Green River at Green River, Utah, 0931500 gaging 
station (hereafter, the Green-Green River station), located 
~450 km downstream from the mouth of the Little Snake 
River and ~285 km downstream from the Green-Jensen 
station (Dean and others, 2020). The 1962 flood alone caused 
the bed-sand grain size to fine by ~30 percent at both the 
LS-Lily station and the Green-Jensen station (Topping and 
others, 2018). Similarly, the bed-sand grain size fined by 
~30  percent at the Green-Green River station between 1959 
and 1965, in likely a cumulative response to the 1956 and 
1962 Sand Creek floods (Dean and others, 2020). Following 
the late-1950s to mid-1960s period of bed-sand fining detected 
at gaging stations throughout the part of the Green River 
basin downstream from Sand Creek, the bed-sand grain-size 
distribution at the LS-Lily, Yampa-Deerlodge, Green-Jensen, 
and Green-Green River stations slowly coarsened in response 
to the reduced upstream supply of sand during the post-1966 
period of relative quiescence on Sand Creek (Topping and 
others, 2018; Dean and others, 2020).

Though no other extremely large sand-supplying 
events other than the 1956–1966 Sand Creek floods were 
detected in the post-October 1921 period of gaging on the 
Little Snake River (Topping and others, 2018), earlier large 
sediment-supplying events were deduced by Kemper and 
others (2022a, b) to have emanated from Little Snake River 
tributaries. Through analyses of cadastral surveys and aerial 
photographs, Kemper and others (2022b) detected large-scale 
erosion occurring sometime between 1881 and 1906 in Sand 
Wash, between 1882 and 1937 in Sand Creek, and between 
1915 and 1938 in Muddy Creek (fig. 1A). Most of this erosion 
and the associated sediment delivery to the Little Snake River 
likely preceded 1921 based on the hydrologic analyses of 
Topping and others (2018). One of the larger sand-supplying 
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events of Muddy Creek and (or) Sand Wash probably occurred 
in 1912, as evidenced from a dated ~0.5-meter (m)-thick 
sand-rich Yampa River floodplain deposit likely sourced from 
one or both of these tributaries (Kemper and others, 2022a). 
Consequently, an earlier 1881–1921 period of large sand-wave 
generation, perhaps centered in 1912, likely preceded the 
1956–1966 generation of extremely large sand waves in the 
Little Snake River basin.

Tributary floods generate sand waves in a river by 
introducing large amounts of sand that is finer than the 
antecedent sand on the riverbed (Topping and others, 2000, 
2018, 2021). These sand waves elongate as they migrate 
downstream and have components in transport and on the bed 
(Topping and others, 2000). Grain-size segregation occurs 
in the sand wave as it migrates downstream because it takes 
progressively less “finer sand” on the bed to support a given 
amount of sand in suspension (after Rouse, 1937a, b; McLean, 
1992). Consequently, progressively more of the finer size 
classes are in transport and not temporarily stored in the bed, 
thereby leading to longitudinal grain-size segregation and 
elongation of the wave such that the wave becomes highly 
asymmetric with the topographic peak of the sand wave 
closer to the front than the tail. The tributary introduction of 
a large amount of finer sand to a river causes an overloaded 
disequilibrium sand-transport condition, with a net flux of 
sand from suspension to the bed (Parker, 1978; Topping and 
others, 2021). This abrupt increase in the upstream sand 
supply thereby causes the bed sand to fine and possibly 
increase in area (Topping and others, 2007). The cessation of 
tributary flooding causes the opposite, underloaded condition. 
This decrease in the upstream sand supply then causes a net 
flux of sand from the bed to suspension, leading the bed-sand 
grain-size distribution to coarsen by winnowing the finest size 
classes from the bed (Rubin and others, 1998).

Sand-wave migration accordingly causes coupled 
changes in suspended-sand concentration and the suspended- 
and bed-sand grain-size distributions, and it likely also 
changes the amount of sand covering gravel-bedded reaches. 
At an instant in time, the bed-sand grain-size distribution 
in a sand wave fines in the upstream direction over the 
relatively short distance between the front and the topographic 
peak of the sand wave and then coarsens in the upstream 
direction over the longer distance between the peak and the 
tail (Topping and others, 2021). The minimum in bed-sand 
grain size thus coincides with the topographic peak of the 
sand wave. At a gaging station, the passage of a sand wave 
can therefore be detected by rapid bed-sand fining followed 
by slow bed-sand coarsening. Sand waves detected based on 
their grain-size effects were revealed to be a dominant process 
in our study area associated with Q-independent changes in 
suspended-sand concentration of between a factor of 3 to 10, 
manifest mostly through changes in the concentrations of the 
finer sand size classes (Topping and others, 2018). Though 
the sand waves generated by the extremely large Sand Creek 
floods of 1956–1966 were extraordinary with a grain-size 

and sand-transport legacy of ~50 years, the detection of 
those waves indicates that smaller sand waves likely migrate 
downstream in the rivers in our study area every year as a 
result of the more common smaller tributary floods that occur 
each year.

Sand waves are a likely feature of river networks 
where the sources of water and sediment are largely to fully 
decoupled, as has been perhaps most extensively documented 
in the Colorado River downstream from Glen Canyon Dam in 
Marble and Grand Canyons (Topping and others, 2021). In the 
case of our study area and based on the 2013–2021 streamflow 
and sediment data and the historical analyses of Topping and 
others (2018), the sources of water and sand are almost fully 
decoupled in the Little Snake River and largely decoupled 
in the lower Yampa River and the middle Green River. In 
the Little Snake River, most of the sand is likely supplied by 
Sand Creek whereas almost all the water is supplied from the 
Little Snake River upstream from the mouth of Sand Creek. 
At the confluence of the Little Snake and Yampa Rivers, the 
Little Snake River supplies roughly three-quarters of the sand, 
whereas the Yampa River supplies roughly three-quarters of 
the water.1 At the confluence of the Yampa and Green Rivers, 
the Yampa River supplies roughly three-quarters of the sand 
whereas the upper Green River supplies roughly half of the 
water,2 almost all of it from Flaming Gorge Dam releases. 
Though the decoupling between the supplies of water and 
sand appears less in the middle Green River, this is not really 
the case because of a key difference in the timing of the water 
and sand supplies. Most of the sand from the Yampa River 
is supplied during only the few months of the annual flood, 
whereas most of the water supplied from the upper Green 
River is spread out over the entire year owing to Flaming 
Gorge Dam operations. The decoupling of the water and 
sand supplies means that floods on Sand Creek (a tributary 
to the Little Snake River) will cause sand waves in the Little 
Snake River; floods on the Little Snake River (a tributary to 
the Yampa River) will cause sand waves in the lower Yampa 
River; and floods on the Yampa River (a tributary to the Green 
River) will cause sand waves in the middle Green River. 
Consequently, sand-transport measurements made in these 
rivers downstream from these tributaries are expected to show 
evidence of rapid bed-sand fining and associated elevated sand 
transport immediately following tributary floods (a period of 
increased upstream sand supply) followed by slower bed-sand 
coarsening and associated reduced sand transport during 
periods of tributary quiescence (a period of reduced upstream 
sand supply).

1These crude estimates utilize measurements from the Yampa-Maybell 
and LS-Lily stations and do not include any estimates of sand erosion or 
deposition between these stations and the Little Snake-Yampa confluence.

2These crude estimates utilize measurements from the Green-Lodore and 
Yampa-Deerlodge stations and do not include any estimates of sand erosion or 
deposition between these stations and the Yampa-Green confluence.
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Field Methods

Sediment-Transport and Bed-Sediment 
Measurements at Gaging Stations

Suspended-sediment, bedload, and bed-sediment 
measurements were made at six of the principal gaging and 
monitoring stations in figure 1. These measurements were 
used to compute continuous mass-balance sediment budgets 
for three distinct river segments or areas, as described below 
in the “Analytical Methods” section. The suspended-sediment 
measurements were made continuously during ice-free 
periods at 15-minute intervals using bank-mounted arrays 
of side-looking acoustic-Doppler profilers (ADPs) utilizing 
the two-frequency or single-frequency acoustical method of 
Topping and Wright (2016), depending on the station (table 1). 
These acoustical measurements were augmented by episodic 
10-vertical equal-width-increment (EWI) measurements made 
using depth-integrating samplers (Edwards and Glysson, 
1999), and calibrated-pump measurements as described in 
Topping and others (2018). Depending on the water depth, 
the EWI measurements were made using US DH-81, US 
D-74, or US D-96-A1 samplers (Edwards and Glysson, 1999; 
Davis and others, 2005). The EWI measurements were made 
by wading at a tagline at low Q, and typically from a boat at 
a tagline at high Q, except at the LS-Lily station, and during 
water years 2013–2016 at the original Green-Jensen station, 
where these measurements were made from bridges at high 
Q. During May, August, and October 2016, back-to-back 
EWI measurements were made at the new upstream 

Green-Jensen station and at the original Green-Jensen station; 
these measurements confirmed that sediment transport was 
equivalent between these two locations of the Green-Jensen 
station, thus indicating that only negligible erosion or 
deposition occurred within the intervening 4.1-km-long reach. 
Moving the ADPs and pump sampler 4.1 km upstream at 
the Green-Jensen station in 2016 did therefore not affect the 
results from our study. The samples from all 10 sampling 
verticals in the EWI measurements made during our study 
were analyzed for the full sand grain-size distribution. This 
approach differs from that used to make EWI measurements 
during much of the historical period. During the historical 
period, only 1–3 verticals were sampled in the cross section, 
and the suspended-sand grain-size distribution was typically 
analyzed at only one of these verticals; refer to Text S1 
in the Supporting Information document for Topping and 
others (2018) for the sources and sampling-methods for 
the historical EWI measurements. Refer to Text S2 in the 
Supporting Information document for Topping and others 
(2018) for the methods used to identify and remove the likely 
bed-contaminated EWI measurements.

The pump-sampler measurements made during our 
study were calibrated using the EWI measurements; the 
acoustical measurements were calibrated using primarily 
the EWI measurements and secondarily the calibrated-pump 
measurements, as described in Topping and Wright (2016). 
Following this calibration process, all three measurement 
types measured the velocity-weighted suspended-silt-and-clay 
concentration (CSILT-CLAY), velocity-weighted suspended-sand 
concentration (CSAND), and velocity-weighted suspended-sand 
median grain size (DS) in the river cross section at each 

Table 1.  Names and abbreviations for the gaging and monitoring stations where sediment measurements were made, with ancillary 
information on dates and methods for acoustical suspended-sediment measurements and bed-sediment measurements.

[Dates in month-day-year format. CO, Colorado; UT, Utah; freq., frequency]

Gaging or monitoring station
name and number

Abbreviated station 
name

Start of continuous 
acoustical 

measurements

Acoustical 
method used

Bed-sediment 
measurements

Green River above Gates of Lodore, CO, 
404417108524900

Green-Lodore 10-22-2012 a Two-freq. Yes

Yampa River near Maybell, CO, 09251000 Yampa-Maybell 3-21-2013 Single-freq. No
Little Snake River near Lily, CO, 09260000 LS-Lily 3-22-2013 Single-freq. Yes
Yampa River at Deerlodge Park, CO, 

09260050
Yampa-Deerlodge 10-30-2012 Two-freq. Yes

Green River above Jensen, UT b Green-Jensen 4-12-2016 Two-freq. Yes
Green River near Jensen, UT, 09261000 c Green-Jensen 3-19-2013 Two-freq. No
Green River above Ouray, UT Green-Ouray 3-25-2017 Two-freq. Yes

a15-minute single-frequency acoustical measurements were also made at this station during a pilot acoustic-Doppler profiler test on July 19–20, 2012.
bThis monitoring station was installed within Dinosaur National Monument, 4.1 kilometers upstream from the Green River near Jensen, Utah, gaging station 

because of vandalism of the acoustic-Doppler profilers and pump sampler at the previous installation near that gaging station.
cAcoustical and calibrated-pump suspended-sediment measurements were discontinued at this gaging station on Oct. 16, 2015, because of vandalism; episodic, 

paired equal-width-increment measurements continued to be made at the above Jensen station and this station through Oct. 4, 2016, as described in the text.
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gaging station. The EWI measurements were used to verify 
the calibrated-pump measurements during the post-calibration 
period, and the EWI and calibrated-pump measurements were 
both used to verify the calibrated-acoustical measurements 
during the post-calibration period. Plots evaluating the 
calibrations of the pump and acoustical measurements are 
provided in Text S1 in the Supporting Information document 
for Topping and others (2018). Errors in the acoustical 
suspended-sediment measurements are described in Topping 
and Wright (2016); field and laboratory errors associated 
with the pump and EWI measurements are described in 
Topping and others (2010, 2011, 2021). Data from all 
stations are available at the USGS Grand Canyon Monitoring 
and Research Center (GCMRC) website, ht​tps://www.​
gcmrc.gov/​discharge_​qw_​sediment/​ (described by Sibley and 
others, 2015).

Sand bedload measurements were made episodically 
using the bedform-migration methods described in Topping 
and others (2018) and elaborated upon in Dean and others 
(2020); these methods were pioneered by Simons and others 
(1965). High-Q bedform-migration bedload measurements 
were made using repeat multibeam sonar surveys, whereas 
low-Q measurements were generally made using a method 
employing a stationary echosounder mounted to a pole 
driven into the riverbed or, in a few cases at low Q in the 
Little Snake River, using repeat photographs or direct 
observations. In the stationary-echosounder method, the 
measurements of bedform height and migration rate made 
by the stationary echosounder were combined with the 
average bedform wavelength calculated from either direct 
measurements or longitudinal acoustic-Doppler-curren
t-profiler (ADCP) measurements to estimate bedload. The 
stationary-echosounder bedload measurements were made 
concurrently with those using physical bedload samplers at 
three gaging stations in March 2018 to allow comparison 
with historical bedload measurements made in our study 
area. These historical measurements were made using 
Helley-Smith samplers (Edwards and Glysson, 1999) by 
Elliott and others (1984), Martin and others (1998), and 
Elliott and Anders (2005) and were used in the analyses of 
Topping and others (2018).

Bed-sediment measurements were made on the same 
days as the EWI measurements at the gaging stations where 
sand-bedded conditions existed at least some of the time 
(table 1). These bed-sediment measurements generally 
consisted of 10 individual samples collected at the EWI 
verticals using a US BMH-60 bed-material sampler (Edwards 
and Glysson, 1999), a “can” on a pole, or hand grabs, 
depending on flow depth. The median grain sizes and percent 
of very fine sand among these 10 samples were both averaged 
to allow analysis of the cross-section-averaged median grain 
size of the bed sand (DB) and the cross-section-averaged 
fractional amount of very fine sand on the bed (fVF). To ensure 
that DB and fVF were calculated based on a sufficient amount of 
sampled bed sediment distributed across the cross section to be 

representative of the average bed-sand conditions in the cross 
section, we imposed thresholds for the minimum sampled sand 
mass at each sampling location and the minimum number of 
such sampled locations in the cross section. DB and fVF were 
thus calculated for only those bed-sediment measurements 
where samples containing ≥20 grams (g) of sand were 
collected at ≥50 percent of all verticals; this method follows 
Topping and others (2021) and uses their threshold for the 
minimum amount of sampled sediment mass at each vertical 
but uses a slightly lower threshold for the minimum number 
of samples in the cross section (≥50 percent instead of ≥60 
percent), because of the much larger number of bed-sediment 
sampling verticals at each gaging station in our study than in 
the historical measurements analyzed by Topping and others 
(2021). We also used the bed-sediment measurements at the 
post-2015 location of the Green-Jensen station (table 1) to 
estimate changes in the areal coverage of sand. This station 
was the one station in our study where we observed the 
amount of sand overlying the cobbles on the bed to vary over 
time. At this station, we estimated the bed-sand area as the 
fraction of the 10 sampling verticals where a bed-sediment 
sample was possible and contained ≥20 g of sand.

We initiated continuous suspended-sediment monitoring 
in our study area at five gaging stations (fig. 1A, B, stations 
1–5) on the Green, Yampa, and Little Snake Rivers during 
water year 2013 (beginning either in October 2012 or 
March 2013), and then expanded this effort with data 
collection at a new station on the middle Green River in Ouray 
National Wildlife Refuge in March 2017 (fig. 1C, station 
19). The start dates for the continuous suspended-sediment 
measurements and the acoustical method used at each gaging 
station are listed in table 1. Data from the first five stations 
were originally published and analyzed in Topping and others 
(2018). During 2020–2021, several aspects of the acoustical 
calibrations at these original five stations were revised. All 
aspects of the acoustical calibrations were rederived for the 
LS-Lily station on the Little Snake River in December 2020; 
the previous calibration, used in Topping and others (2018), 
was poorly constrained owing to a relative paucity of EWI 
measurements made at higher flows when the ADP was 
submerged and making measurements. In addition, the 
correction for the excess backscatter arising from silt and clay 
(described in Topping and Wright, 2016) was recalculated at 
all five original stations in 2021 using the larger amount of 
data available post publication of Topping and others (2018). 
This recalculation used a silt-and-clay median grain size of 5 
microns (μm), a silt-and-clay geometric standard deviation of 
1.5ϕ, and a silt-and-clay wet density of 2.8 grams per cubic 
centimeter (g/cm3) (a density slightly higher than the quartz 
density of 2.65 g/cm3 owing to the likely presence of illite); 
ϕ units are defined as ϕ = −log2D, where D is the sediment 
grain diameter in millimeters (mm) (Krumbein, 1934). These 
recalibrations caused slight changes in the annual loads at 
these five stations (appendix 1), and only slightly affected the 
sediment budgets in Topping and others (2018).

https://www.gcmrc.gov/discharge_qw_sediment/
https://www.gcmrc.gov/discharge_qw_sediment/
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Cross-Section Resurveys

In October 2020, we resurveyed 27 cross sections in the 
Uinta Basin segment of the middle Green River that were 
last surveyed between 1994 and 1996 by FLO Engineering 
(1996, 1997) or Rakowski (1997). These cross sections 
provide reasonable coverage of the downstream half of this 
river segment and are located between river kilometer (RK) 
196.4 and RK 252.6 (fig. 1); river kilometers in our study are 
measured downstream from Flaming Gorge Dam. As part of 
this effort, we resurveyed all 20 of the cross sections at the 
Bonanza Bridge (BB), Horseshoe Bend (HB), Stirrup (ST), 
Baeser Bend (BA), and Above Brennan (AB) study sites of 
FLO Engineering (1997), located between RK 196.4 and 
231.5. Each of these study sites contained four cross sections 
that were originally surveyed in June 1996. In addition, we 
resurveyed 2 of the 13 cross sections at Leota Bottom (LEB; 
at RKs 244.3 and 246.6) and one of the six cross sections at 
Wyasket Bottom (WYB; at RK 252.6) originally surveyed by 
FLO Engineering (1996) in March, May, and September 1995. 
We resurveyed 4 of the 12 cross sections established in 1992 
by Rakowski (1997) at her study site, which we refer to as 
“Cindy’s Bar” (CB). These four cross sections at Cindy’s 
Bar are located between RK 251.4 and 252.1. In addition to 
the three Leota Bottom and Wyasket Bottom cross sections 
that we resurveyed, FLO Engineering (1996) established 33 
other tightly spaced cross sections along this part of the river 
segment, from approximately RK 236.5 to 263.5, that we 
did not resurvey. Rakowski (1997) resurveyed each of the 
Cindy’s Bar cross sections seven times during 1994, from 
before the rise through after the recession of the annual flood: 
March 17, April 30, May 14, May 28, June 16, July 16, and 
October 8. We used these multiple repeat surveys spanning 
the annual floods in 1994 at Cindy’s Bar and in 1995 at Leota 
and Wyasket bottoms in conjunction with our October 2020 
resurvey of these cross sections to compare the magnitudes 
and styles of seasonal and long-term cross-section change. 
Though Rakowski (1997) also surveyed the Cindy’s Bar 
cross sections in November 1992 and four times during and 
following the recession of the 1993 flood, we did not include 
those surveys in our analyses because they did not provide the 
greater resolution throughout the rise and fall of the annual 
flood captured by Rakowski’s 1994 repeat surveys. We used 
the last (most recent) of the repeat surveys at Leota Bottom, 
Cindy’s Bar, and Wyasket Bottom in 1994–1995 and the 
surveys of the other 20 cross sections in 1996 in conjunction 
with our October 2020 resurvey of all 27 cross sections to 
evaluate the long-term (that is, 1990s–2020) cross-section 
change in the Uinta Basin segment of the middle Green River.

The 2020 resurvey was conducted during 
October 11–16, 2020, using the Real-Time-Kinematic 
Global-Positioning-System (RTK-GPS) method with one 
permanent base station that we deployed at the Ouray 
National Wildlife Refuge headquarters, one local base 
station moved between each cross-section cluster, and one 

rover. We also incorporated data in this resurvey from the 
U.S. National Geodetic Survey Continuously Operating 
Reference Station CNC1 in Rangely, Colorado (https​
://www.ngs​.noaa.gov/​CORS/​Sites/​cnc1.html). Based on an 
analysis of the 1,342 RTK-GPS vectors in our survey, the 
95-percent-confidence-level error in the 2020 survey was 
found to be ±2.0 centimeters (cm) in the horizontal dimension 
and ±2.4 cm in the vertical dimension. During the 2020 
survey, we also collected one bed-sediment sample in the 
center of the main flow in each cross section for comparison 
with bed-sediment measurements collected by FLO 
Engineering (1996); these 2020 bed-sediment measurements 
are available from the USGS GCMRC website at ht​tps://www.​
gcmrc.gov/​discharge_​qw_​sediment/​ under the “Ancillary 
Sediment Data” link for the Dinosaur network, or directly 
from the USGS ScienceBase website at https://​www.scienc​
ebase.gov/​catalog/​item/​5c00​2a4fe4b081​5414cbb856.

Horizontal positions and elevations in the original 
FLO Engineering (1996, 1997) and Rakowski (1997) cross 
sections were determined by digitizing the cross-section 
plots. By convention, the left and right directions in a river 
cross section are defined facing downstream. Comparison 
of the reported endpoint coordinates in FLO Engineering 
(1997) and Rakowski (1997) with our digitized horizontal and 
vertical coordinates of the endpoints of these cross sections 
indicate that the error in our digitization of the cross-section 
topography was generally sub-decimeter. Our digitized 
horizontal positions of the endpoints were, on average, only 
0.04 meter (m) less than (that is, to the left of) the reported 
positions in FLO Engineering (1997); the standard deviation 
about this mean discrepancy in horizontal position was 
0.15 m. Our digitized elevations of the endpoints were, on 
average, only 0.02 m higher than the reported elevations in 
FLO Engineering (1997); the standard deviation about this 
mean discrepancy in elevation was 0.03 m. During this step, 
we detected 12 outliers in the endpoint coordinates and two 
outliers in endpoint elevations reported by FLO Engineering 
(1997) that we excluded from the error analysis. These 
exclusions were justified because the endpoints digitized from 
the cross-section plots in FLO Engineering (1997) agreed 
with our 2020 field-surveyed positions and elevations of these 
endpoints but were not consistent with the tabular-reported 
coordinates of these endpoints in FLO Engineering (1997). 
Likely because of the smaller size of the cross-section plots 
in Rakowski (1997), the absolute value of the discrepancy 
between the digitized and reported horizontal endpoints were 
greater for Rakowski’s (1997) cross sections than for FLO 
Engineering’s (1997) cross sections. Our digitized horizontal 
positions of the endpoints were, on average, 0.41 m greater 
than (that is, to the right of) the reported positions in Rakowski 
(1997); the standard deviation about this mean discrepancy 
was 0.42 m. Despite the small figure size, our digitized 
elevations of the endpoints were, on average, only 0.01 m 
higher than the reported elevations in Rakowski (1997); the 
standard deviation about this mean discrepancy was 0.04 m. 

https://www.ngs.noaa.gov/CORS/Sites/cnc1.html
https://www.ngs.noaa.gov/CORS/Sites/cnc1.html
https://www.gcmrc.gov/discharge_qw_sediment/
https://www.gcmrc.gov/discharge_qw_sediment/
https://www.sciencebase.gov/catalog/item/5c002a4fe4b0815414cbb856
https://www.sciencebase.gov/catalog/item/5c002a4fe4b0815414cbb856
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We could not conduct an error analysis for our digitization of 
the FLO Engineering (1996) cross-section plots because of 
insufficient information in that report. The digitizing errors 
associated with FLO Engineering’s (1996) cross sections are 
assumed to be similar in magnitude to those associated with 
FLO Engineering’s (1997) cross sections because the style and 
size of the cross-section plots in these reports are identical.

The original cross-section endpoints were found 
in the field during our 2020 resurvey using the reported 
coordinates and (or) maps in FLO Engineering (1996, 1997) 
and Rakowski (1997), and a magnetic detector (table 2). 
The FLO Engineering (1996, 1997) endpoints consisted of 
aluminum-capped rebar driven flush with the ground surface, 
stamped with the cross-section abbreviation and riverbank, 
left (L) or right (R). FLO Engineering (1996, 1997) placed 
a T-post 10–40 cm from the capped rebar in line with the 
cross section, typically, but not always, closer to the bank 
than the rebar endpoint. FLO Engineering (1996, 1997) drove 
these T-posts into the ground so that the top of the post was 
typically 0.3–0.6 m above the ground surface. The Rakowski 
(1997) endpoints consisted of uncapped rebar driven to 
within several centimeters of the ground surface, with T-posts 
placed in line with the cross section, several centimeters 
closer to the bank than the rebar. In the seven cases where 
a cross-section-endpoint rebar or T-post was not found 

(table 2), we used triangulation from nearby located endpoints 
to reoccupy the missing endpoint. Once the endpoints of 
each cross section were located, we surveyed between these 
endpoints and collected points at each topographic breakpoint. 
We resurveyed the subaerial part and shallower subaqueous 
parts of each cross section using an RTK-GPS rover mounted 
on a 1.8-m survey rod. For the subaqueous parts of each 
cross section with water depths exceeding 1.8 m, we used 
a boat-mounted single-beam sonar in combination with the 
RTK-GPS rover.

Orthometric elevations in the 2020 resurvey were 
referenced to the North American Vertical Datum of 1988 
(NAVD 88) using the Geoid 18 model. Though FLO 
Engineering (1996, 1997) reported their surveyed elevations 
above sea level, we could not determine whether they used 
the National Geodetic Vertical Datum of 1929 (NGVD 29) 
or NAVD 88; Rakowski (1997) used a local vertical datum. 
We thus converted the elevations in the FLO Engineering 
(1996, 1997) and Rakowski (1997) surveys to the NAVD 
88 datum by applying a vertical offset unique to each cross 
section, determined from our 2020 resurveyed elevations of 
FLO Engineering’s (1996, 1997) capped rebar and Rakowski’s 
(1997) uncapped rebar (table 2). The 2020 resurvey data are 
available from the USGS data release that accompanies this 
report (Griffiths and others, 2024).

Table 2.  Condition of the cross-section endpoints during the 2020 resurvey and NAVD 88 vertical offsets applied to each cross section 
in the Uinta Basin segment of the middle Green River, Utah.

[River kilometers (RK) are measured downstream from Flaming Gorge Dam. Left and right directions in a river cross section and left and right banks are defined facing 
downstream. NAVD 88, North American Vertical Datum of 1988; BB, Bonanza Bridge; HB, Horseshoe Bend; ST, Stirrup; BA, Baeser Bend; AB, Above Brennan; LEB, 
Leota Bottom; CB, Cindy’s bar; WYB, Wyasket Bottom; m, meter; ~, approximately; —, no notes. For locations of cross sections, refer to figure 1C]

RK
Cross 

section

Left-bank 
T-post 
found?

Left-bank 
rebar found?

Right-bank 
T-post found?

Right-bank 
rebar found?

Notes
NAVD 88 

vertical offset 
(m)

196.4 BB-4 No No No No Plowed field on right bank 1.515
196.6 BB-3 Yes No No No Plowed field on right bank 1.515
197.0 BB-2 No Yes No No Plowed field on right bank 1.515
197.3 BB-1 Yes No Yes No — 1.515
203.9 HB-4 Yes Yes No Yes Right-bank T-post recently 

removed, scar from post 
in ground surveyed

1.390

204.2 HB-3 No No Yes Yes — 1.332
204.4 HB-2A a Yes Yes Yes No Right-bank endpoint of 

HB-2A used as the new 
left-bank endpoint of 
HB-2B because it is 
approximately in line with 
HB-2B

1.352

204.4 HB-2B a No No Yes Yes Left-bank endpoint eroded 
by ~61 m of bank retreat 
on island

1.369
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Table 2.  Condition of the cross-section endpoints during the 2020 resurvey and NAVD 88 vertical offsets applied to each cross section 
in the Uinta Basin segment of the middle Green River, Utah.—Continued

[River kilometers (RK) are measured downstream from Flaming Gorge Dam. Left and right directions in a river cross section and left and right banks are defined facing 
downstream. NAVD 88, North American Vertical Datum of 1988; BB, Bonanza Bridge; HB, Horseshoe Bend; ST, Stirrup; BA, Baeser Bend; AB, Above Brennan; LEB, 
Leota Bottom; CB, Cindy’s bar; WYB, Wyasket Bottom; m, meter; ~, approximately; —, no notes. For locations of cross sections, refer to figure 1C]

RK
Cross 

section

Left-bank 
T-post 
found?

Left-bank 
rebar found?

Right-bank 
T-post found?

Right-bank 
rebar found?

Notes
NAVD 88 

vertical offset 
(m)

204.6 HB-1A b No Yes No Yes Right-bank endpoint of 
HB-1A used as the new 
left-bank endpoint of 
HB-1B because it is 
approximately in line with 
HB-1B

1.349

204.6 HB-1B b No No Yes Yes Left-bank endpoint eroded 
by ~29 m of bank retreat 
on island

1.320

218.2 ST-4 Yes Yes Yes Yes — 1.188
218.4 ST-3 Yes Yes Yes Yes — 1.235
218.6 ST-2 Yes Yes Yes Yes — 1.235
218.7 ST-1 Yes Yes Yes Yes — 1.231
223.9 BA-4 Yes Yes Yes No Found left-bank T-post 

and capped rebar 20.2 m 
closer to the bank than the 
position reported in FLO 
Engineering (1997)

1.171

224.0 BA-3 No Yes Yes Yes — 1.154
224.2 BA-2 Yes Yes No No Farmed land and old trash 

pile on right bank
1.219

224.3 BA-1 Yes Yes No No Farmed land on right bank 1.202
230.8 AB-4 Yes Yes Yes Yes — 1.712
231.2 AB-3 Yes No Yes No — 1.700
231.3 AB-2 Yes Yes Yes Yes — 1.664
231.5 AB-1 Yes Yes Yes Yes — 1.723
244.3 LEB-24 Yes No Yes No — 1.378
246.6 LEB-21 Yes Yes No Yes — 1.184
251.4 CB-9 Yes No Yes Yes Left-bank T-post eroded and 

found out-of-place
1,326.380

251.7 CB-7 Yes No Yes No Left-bank T-post eroded and 
found out-of-place

1,326.462

251.9 CB-6 Yes No Yes No Left- and right-bank 
T-posts eroded and found 
out-of-place

1,326.534

252.1 CB-4 Yes No Yes No Right-bank T-post eroded 
and found out-of-place

1,326.380

252.6 WYB-12 Yes No Yes Yes Left-bank T-post labeled 
“WYB-12”

1.231

aBecause of an island in the middle of the river, cross section HB-2 was surveyed in two parts with A denoting the left part and B denoting the right part; the 
two parts do not fall on the same line, and an angle exists between the two parts.

bBecause of an island in the middle of the river, cross section HB-1 was surveyed in two parts with A denoting the left part and B denoting the right part; the 
two parts do not fall on the same line, and an angle exists between the two parts.
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Analytical Methods

Silt-and-Clay Load and Suspended-Sand Load

The cross-sectionally integrated suspended-silt-and-clay 
flux (QSILT-CLAY) and suspended-sand flux (QSS) at each 
15-minute timestep were respectively calculated by 
multiplying CSILT-CLAY and CSAND by Q, the same method 
used by Topping and others (2018). The values of CSILT-CLAY 
and CSAND used to calculate these fluxes primarily were 
those measured by ADPs; in cases where the ADPs were 
out of the water (as happened during low Q at the LS-Lily, 
Yampa-Maybell, and Yampa-Deerlodge stations) or buried 
and (or) blocked by sandbars (as happened episodically at the 
Green-Ouray station), the values of CSILT-CLAY and CSAND from 
the calibrated-pump and EWI measurements were linearly 
interpolated to the 15-minute timesteps. These instantaneous 
values of QSILT-CLAY and QSS were then integrated over time to 
compute the silt-and-clay load and the suspended component 
of the sand load through the river cross section over a given 
time interval (Porterfield, 1972). At the two stations where 
the ADPs were located upstream from the streamflow gaging 
station (that is, the post-2015 Green-Jensen station and the 
Green-Ouray station) discharge travel-time relations were 
developed using 15-minute stage measurements at the 
locations of the ADP array and the streamflow gaging station. 
This method resulted in best-fit average times of −45 minutes 
at Green-Jensen and −150 minutes at Green-Ouray that were 
then applied to the Q timestamps at the gaging stations. 
The worst period of ADP burial and (or) blockage at the 
Green-Ouray station occurred from June 3 through October 1, 
2021, when CSILT-CLAY and CSAND had to be estimated based 
on previous measurements at similar Q and based on the 
continuous measurements made during this period at the 
Green-Jensen station. During prior episodes of ADP burial 
at this station, sufficient calibrated-pump measurements 
were available to interpolate reasonably accurate values of 
CSILT-CLAY and CSAND at the 15-minute timestamps. Given 
that Q was mostly very low during the 2021 period of ADP 
burial at the Green-Ouray station, however, these estimations 
of CSILT-CLAY and CSAND did not introduce unacceptably high 
levels of uncertainty in the values of QSILT-CLAY, QSS, or QSB 
integrated to compute the loads during the annual-flood 
period of March–July (appendix 1) that were used in the 
sediment-budget analyses herein.

Sand Bedload and Sand Total Load

The cross-sectionally integrated bedload-sand flux (QSB) 
at each timestep was calculated using log-linear relations 
between Q and T (following Topping and others, 2018). 
T is defined as the ratio T=QSB/QSS; the sand bedload thus 
dominates over the suspended-sand load when T is >1, 
whereas the suspended-sand load dominates over the sand 
bedload when T is <1. The instantaneous values of QSB were 

then integrated over time to compute the bedload component 
of the sand load through the river cross section over a given 
time interval (also as in Topping and others, 2018). The 
cross-sectionally integrated total sand flux (QSAND) at each 
timestamp was calculated by summing QSS and QSB; these 
instantaneous values of QSAND were then integrated over 
time to compute the sand total load through the river cross 
section over a given time interval (also as in Topping and 
others, 2018).

Dean and others (2022) showed that, under the moderate 
transport-stage conditions that are typically characterized 
by the presence of dunes on the riverbed, the Q-dependent 
T-ratio-based approach is a more accurate estimator of QSB 
than the typical method of using Q—QSB rating curves. 
Transport stage is defined as the ratio of the skin-friction 
boundary shear stress (​​τ​ sf​​​) to the critical shear stress (​​τ​ cr​​​) 
associated with DB. Changes in Q, manifest through changes 
in shear velocity (​​u​ ∗​​​), and changes in bed-sand grain size 
exert roughly similar influence on QSB and QSS at moderate 
transport stage (after equation 2 in Dean and others, 2022). 
The shear velocity is a standard measure of the flow strength 
and is defined as ​​u​ ∗​​  = ​ √ 

_
 ​τ​ b​​ / ρ ​​, where ​​τ​ b​​​ is the boundary 

shear stress and ρ is the density of water. The Q-dependent 
T-ratio-based approach thus provides a more accurate method 
for estimating QSB because this approach incorporates both 
the influence of Q on QSB (which is included in the Q—QSB 
rating-curve approach) and the influence of changing bed-sand 
conditions on QSB (which is excluded from the rating-curve 
approach). Given that moderate transport-stage conditions 
likely dominate at the gaging stations in our study area, 
substantial changes in both Q and bed-sand grain size occur 
at these stations (Topping and others, 2018). Therefore, 
because our continuous suspended-sediment measurements 
capture the effects of changing bed-sand conditions on QSS, 
the Q-dependent T-ratio-based approach for estimating QSB is 
ideally suited to the rivers in our study.

As in Topping and others (2018), T was calculated 
using paired EWI and bedload measurements; the bedload 
measurements were made using either Helley-Smith samplers 
or bedform-migration methods. At the largely gravel-bedded 
Yampa-Maybell and Green-Jensen stations, we used the 
Q—T relations used in Topping and others (2018). These 
relations were derived by Topping and others (2018) using 
the historical EWI and Helley-Smith measurements of 
Elliott and Anders (2005) that were filtered to remove 
likely bed-contaminated measurements. At the sand-bedded 
Green-Lodore, LS-Lily, and Yampa-Deerlodge stations, we 
developed revised Q—T relations using the data in Topping 
and others (2018) augmented by new paired EWI and 
bedload measurements made during water years 2017–2019 
(figs.  2–4). We also developed a new Q—T relation at the new 
Green-Ouray station installed in 2017 using paired EWI and 
bedload measurements made during water years 2017–2018 
(fig. 5). One of the new bedload measurements made at the 
Green-Lodore, LS-Lily, and Green-Ouray stations was made 
using a Helley-Smith sampler, and the others were made using 
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Figure 2.  Plots of sand bedload relations at the Green River above Gates of Lodore, Colorado, gaging 
station 404417108524900 (Green-Lodore station). A, T, the ratio of cross-sectionally integrated bedload-sand 
flux (QSB) to cross-sectionally integrated suspended-sand flux (QSS), plotted as a function of instantaneous 
water discharge (Q). Black line is the least-squares log-linear regression used to estimate T; the equation 
for this regression is shown (R 2 is the coefficient of determination). Dashed black line is the least-squares 
log-linear regression from Topping and others (2018) fit to the 1995–2017 data (dark-gray filled circles and red 
filled circles). B, Cross-sectionally integrated bedload-sand flux (QSB) plotted as a function of Q. Because the 
2017–2018 measurements (purple diamonds) that post-date Topping and others (2018) occupy the same region 
in Q—QSB space as the 1995–2017 measurements (dark-gray filled circles and red filled circles) used by Topping 
and others (2018), the bounding relations applied to preclude QSB outside the range observed at a given Q are 
unchanged from Topping and others (2018). EWI, equal-width increment.
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Figure 3.  Plots of sand bedload relations at the Little Snake River near Lily, Colorado, gaging station 09260000 
(LS-Lily station). A, T, the ratio of cross-sectionally integrated bedload-sand flux (QSB) to cross-sectionally 
integrated suspended-sand flux (QSS), plotted as a function of instantaneous water discharge (Q). Black line is 
the least-squares log-linear regression used to estimate T; the equation for this regression is shown (R 2 is the 
coefficient of determination). Dashed black line is the least-squares log-linear regression from Topping and others 
(2018) fit to the 2001–2017 data (dark-gray filled circles and red filled circles). B, Cross-sectionally integrated 
bedload-sand flux (QSB) plotted as a function of Q. Because the 2017–2018 measurements (purple diamonds) 
that post-date Topping and others (2018) occupy a slightly larger region in Q—QSB space than the 2001–2017 
measurements (dark-gray filled circles and red filled circles) used by Topping and others (2018), the bounding 
relations applied to preclude QSB outside the range observed at a given Q are slightly expanded from those in 
Topping and others (2018) to encompass the 2017–2018 measurements. EWI, equal-width increment.
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Figure 4.  Plots of sand bedload relations at the Yampa River at Deerlodge Park, Colorado, gaging station 
09260050 (Yampa-Deerlodge station). A, T, the ratio of cross-sectionally integrated bedload-sand flux (QSB) 
to cross-sectionally integrated suspended-sand flux (QSS), plotted as a function of instantaneous water 
discharge (Q). Black line is the least-squares log-linear regression used to estimate T; the equation for 
this regression is shown (R 2 is the coefficient of determination). Dashed black line is the least-squares 
log-linear regression from Topping and others (2018) fit to the 1982–2017 data (dark-gray filled circles 
and red filled circles). B, Cross-sectionally integrated bedload-sand flux (QSB) plotted as a function of Q. 
Because the 2017 measurements (purple diamonds) that post-date Topping and others (2018) occupy 
the same region in Q—QSB space as the 1982–2017 measurements (dark-gray filled circles and red filled 
circles) used by Topping and others (2018), the bounding relations applied to preclude QSB outside the 
range observed at a given Q are unchanged from Topping and others (2018). EWI, equal-width increment.
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Figure 5.  Plots of sand bedload relations at the Green River above Ouray, Utah (Green-Ouray station). 
A, T, the ratio of cross-sectionally integrated bedload-sand flux (QSB) to cross-sectionally integrated 
suspended-sand flux (QSS), plotted as a function of instantaneous water discharge (Q). Black line is 
the least-squares log-linear regression fit to these measurements and used to estimate T; the equation 
for this regression is shown (R 2 is the coefficient of determination). B, Cross-sectionally integrated 
bedload-sand flux (QSB) plotted as a function of Q. These measurements were used to develop the 
bounding relations to preclude QSB outside the range observed at a given Q. EWI, equal-width increment.
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bedform-migration methods. Upon development of the revised 
Q—T relations, we recalculated QSB at the Green-Lodore, 
LS-Lily, and Yampa-Deerlodge stations for water years 
2013–2016, which were originally analyzed in Topping and 
others (2018).

Equivalency of Helley-Smith and bedform-migration 
bedload measurements was evaluated in tests conducted 
at the Green-Lodore, LS-Lily, and Green-Ouray stations 
in March 2018. These tests were required to determine 
whether the Q—T relations developed in Topping and others 
(2018), and revised herein, were unbiased, given that both 
the historical Helley-Smith measurements of Martin and 
others (1998) and Elliott and Anders (2005), and the modern 
bedform-migration measurements of Topping and others 
(2018) were used in these relations. For additional context, 
these tests also included the US BLH-84 bedload sampler 
(Edwards and Glysson, 1999; Davis and others, 2005), a 
bedload sampler found to be generally more accurate than 
the Helley-Smith sampler (Gray and others, 2021). These 
tests consisted of sequential single-vertical bedload samples, 
alternating between the Helley-Smith and US BLH-84 
samplers, collected adjacent to a pole-mounted echosounder 
used to make bedform-migration measurements. To be 
consistent with the historical bedload measurements, both 
samplers were deployed using bags with a 0.25-mm mesh 
size. These tests were conducted at verticals in the left and 
right parts of the cross sections at the Green-Lodore and 
Green-Ouray stations and at one vertical in the center of 
the cross section at the LS-Lily station. In addition, one 
10-vertical Helley-Smith bedload measurement was made 
over the full width of the cross section at each of these stations 
during these tests. The sequential single-vertical bedload 
samples were collected minutes apart at each vertical. At the 
Green-Lodore and Green-Ouray stations, three sequential 
samples were collected, alternating between the two bedload 

sampler types, in two sampling sets spaced hours apart to 
allow improved comparison with the bedform-migration 
bedload measurements (which were made over many hours). 
At the Green-Lodore station, the sampling sets extended for 
~30 minutes at each vertical and were spaced 6 hours apart. 
At the Green-Ouray station, the sampling sets extended for 
~20 minutes at each vertical and were spaced 4.5 hours apart. 
Among the two sets, six samples were collected with each 
bedload sampler type at each vertical. At the LS-Lily station, 
five sequential samples were collected, alternating between the 
two bedload sampler types, in only one sampling set extending 
for 45 minutes.

Results from the bedload-sampler tests indicate that, 
despite Gray and others’ (2021) finding that the US BLH-84 
sampler was more accurate than the Helley-Smith sampler, 
our Helley-Smith measurements were in better agreement 
with the bedform-migration measurements than were the 
US BLH-84 measurements (table 3, fig. 6). Substantial 
overlap between the Helley-Smith and bedform-migration 
measurements at the 95-percent confidence level occurred 
in three of the five tests, with near overlap occurring in 
one additional test and substantial disagreement occurring 
in only one test (table 3, fig. 6). In contrast, only slight 
overlap between the US BLH-84 and bedform-migration 
measurements at the 95-percent confidence level occurred in 
two of the five tests, with substantial disagreement occurring 
in two of the five tests and near overlap occurring in only one 
test. Substantial 95-percent-confidence-level overlap between 
the US BLH-84 and bedform-migration measurements 
never occurred. Thus, bedload measurements made using 
a Helley-Smith sampler appear to be equivalent to those 
made using bedform-migration methods in our study area, 
thereby verifying that the Q—T relations of Topping and 
others (2018) were derived using data that were internally 
unbiased. Given the equivalency of the Helley-Smith and 

Table 3.  Comparison of single-vertical bedload measurements with stationary-echosounder bedform-migration bedload measurements.

[The mean values and ±1standard error values indicated for the US BLH-84 and Helley-Smith measurements are calculated among 6 sequential samples at each 
sampling vertical at the Green-Lodore and Green-Ouray stations and 5 sequential samples at the LS-Lily station. The total bedload flux is the combined sand and 
gravel flux. Station name abbreviations are defined in table 1; locations are shown in figure 1. Sampling vertical locations in the cross section: L, left; C, center; 
R, right. kg/s/m, kilogram per second per meter width]

Abbreviated 
station name

Sampling 
vertical

US BLH-84 sampled 
unit total bedload flux 

(kg/s/m)

Helley-Smith 
sampled unit 

total bedload flux 
(kg/s/m)

US BLH-84 sampled 
unit bedload-sand flux 

(kg/s/m)

Helley-Smith 
sampled unit 

bedload-sand flux 
(kg/s/m)

Bedform-migration 
unit bedload flux 

(kg/s/m)

Green-Lodore L 0.0105±0.0040 0.0383±0.0113 0.0105±0.0040 0.0379±0.0112 0.031
Green-Lodore R 0.0307±0.0094 0.0256±0.0089 0.0301±0.0093 0.0250±0.0086 0.012
LS-Lily C 0.0890±0.0359 0.150±0.055 0.0788±0.0305 0.132±0.048 0.14
Green-Ouray L 0.0455±0.0102 0.164±0.047 0.0453±0.0101 0.163±0.046 0.026
Green-Ouray R 0.00600±0.00431 0.0144±0.0054 0.00596±0.00431 0.0141±0.0053 0.028
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bedform-migration bedload measurements, we included the 
10-vertical Helley-Smith bedload measurements made during 
the 2018 tests at the Green-Lodore, LS-Lily, and Green-Ouray 
stations in the revised and (or) new Q—T relations used herein 
to estimate QSB.

Sediment Budgets

Continuous mass-balance sediment budgets for silt 
and clay and for sand were calculated using the same 
methods described in Topping and others (2018) for two 
sediment-budget areas and one river segment (fig. 1). The 
Deerlodge Park sediment-budget area includes the lower 
segment of the Little Snake River that extends from the 
LS-Lily station (fig. 1B, station 3) downstream to the 
confluence with the Yampa River, the segment of the upper 
Yampa River that extends from the Yampa-Maybell station 
(fig. 1B, station 2) downstream to the confluence with the 
Little Snake River, and the short sand-bedded reach of 
the lower Yampa River that extends from the confluence 
of the Little Snake and Yampa Rivers downstream to the 
Yampa-Deerlodge station (fig. 1B, station 4). The Dinosaur 

sediment-budget area includes the segment of the lower 
Yampa River that extends from the Yampa-Deerlodge 
station (fig. 1B, station 4) downstream to the Yampa-Green 
confluence in Echo Park, the segment of the upper Green 
River (mostly in the Canyon of Lodore) that extends from 
the Green-Lodore station (fig. 1B, station 1) downstream 
to the Yampa-Green confluence, and the segment of the 
middle Green River that extends from the Yampa-Green 
confluence downstream to the original pre-2016 location of 
the Green-Jensen station (at the USGS streamflow gaging 
station) (fig. 1B, station 5). The Uinta Basin sediment-budget 
river segment includes the Uinta Basin segment of the middle 
Green River that extends from the original location of the 
Green-Jensen station (fig. 1C, station 5) downstream to the 
Green-Ouray station (fig. 1C, station 19). The 4.1-km-long 
reach of the Green River between the current (post-2015) and 
original locations of the Green-Jensen station (fig. 1, stations 
18 and 5) is mostly gravel bedded and relatively steep. Thus, 
changes in sand mass and in silt and clay mass within this 
short reach are negligible compared to the changes in mass 
over the much longer river segments within the Dinosaur 
sediment-budget area (fig. 1B), as confirmed by back-to-back 
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Figure 6.  Plot comparing the unit bedload-sand fluxes (qSB) measured during the single-vertical 
bedload-sampler tests. Error bars indicate the 95-percent-confidence-level error in the mean computed based 
on the calculated sample standard error and the assumption of a Gaussian normal error distribution. Station 
name abbreviations are defined in table 1. Abbreviations for sampling vertical location in the cross section are L, 
left; C, center; and R, right. kg/s/m, kilogram per second per meter width.
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EWI measurements made throughout 2016 at both locations of 
the Green-Jensen station that indicated equivalency of CSAND 
and CSILT-CLAY at both station locations. Therefore, it was not 
necessary to change the location of the downstream end of the 
Dinosaur sediment-budget area when the Green-Jensen station 
was moved. Because the continuous suspended-sediment 
measurements at the three gaging stations that bracket these 
sediment-budget areas started at different times, the periods 
of record for the Deerlodge Park and Dinosaur sediment 
budgets began at slightly different times during the early 
part of water year 2013 (table 1 and as described in Topping 
and others, 2018). The period of record for the Uinta Basin 
sediment budget began on March 25, 2017, upon the initiation 
of continuous suspended-sediment measurements at the 
Green-Ouray station (table 1). The periods of record for the 
two sediment-budget areas and the one sediment-budget river 
segment extend through at least the end of water year 2021.

As described in Topping and others (2018), the sediment 
input to each continuous mass-balance sediment budget 
is computed using the 15-minute silt-and-clay loads and 
sand loads at the gaging station(s) bracketing the upstream 
extent of that area or segment. The sediment export from 
each continuous mass-balance sediment budget is computed 
using the 15-minute silt-and-clay loads and sand loads at 
the gaging station bracketing the downstream extent of that 
area or segment. No tributary sediment inputs are estimated 
the two sediment-budget areas or the one sediment-budget 
river segment because most of the tributaries are small, 
mainly ephemeral, and likely supply mainly silt and clay. 
The ramification of this sediment-budgeting approach with 
respect to the tributaries is that, though the sand budgets are 
almost certainly accurate to within the uncertainties applied 
to the sand loads (as justified in Topping and others, 2018), 
the possibility exists that neglecting the small, but not zero, 
amounts of silt and clay supplied by the tributaries causes 
negative step changes in the silt-and-clay budgets that are not 
the result of erosion.

The uncertainties in the sediment budgets are calculated 
by applying uncertainties to the 15-minute cross-sectionally 
integrated sediment fluxes at the bracketing gaging stations. 
These applied uncertainties are then included in the integration 
of the fluxes over time that yield the loads over a selected 
period, and then finally propagated through the standard 
sediment-budget calculation (export minus input yields the 
change in sediment mass). As justified in Topping and others 
(2018), 10-percent uncertainties are applied to the 15-minute 
values of both QSILT-CLAY and QSAND. We applied a 50-percent 
uncertainty to the 15-minute estimations of QSB used in the 
sediment budgets. These levels of uncertainty were chosen 
based on the likely magnitudes of the persistent biases that 
could be present over longer timescales in the values of 
Q, CSILT-CLAY, CSAND, and QSB (Topping and others, 2018). 
As in Topping and others (2018), the sediment budgets are 
indeterminate when the propagated uncertainty is ≥2 times the 
absolute value of the zero-bias value; the sediment budgets are 
demonstrably positive (thus indicating deposition) or negative 

(thus indicating erosion) when the uncertainty is less than 
the absolute value of the zero-bias value; and the sediment 
budgets are likely positive (thus indicating likely deposition) 
or likely negative (thus indicating likely erosion) when the 
uncertainty falls between these bounds.

Bed Stage

The average elevation of the bed in the measurement 
cross section (that is, bed stage) was calculated for the EWI 
measurements at the four sand-bedded stations (Green-Lodore, 
LS-Lily, Yampa-Deerlodge, and Green-Ouray). These 
calculations of bed stage were used to evaluate changes in 
the bed-sand grain-size distribution as a function of elevation 
within the bed (by utilizing bed scour and fill to access 
different elevations within the bed). Bed stage is defined as 
the gage height measured at the gaging station at the midpoint 
time of the EWI measurement minus the mean flow depth 
among the 10 EWI verticals; flow depths at each vertical in 
each EWI measurement can be downloaded from the USGS 
GCMRC website at ht​tps://www.​gcmrc.gov/​discharge_​qw_​
sediment/​. Because this calculation of bed stage includes 
neither the water-surface slope nor the longitudinal distance 
between the gaging station and the EWI-measurement cross 
section, the calculated bed stage is relative to a sloping 
datum parallel to the water surface. Thus, bed stage is only 
approximately in the same datum as gage height, depending 
on the water-surface slope and longitudinal distance. However, 
because the EWI-measurement cross sections tend to be 
at similar longitudinal positions relative to each gaging or 
monitoring station, the bed stages at each station are internally 
consistent and thus can be analyzed for the purpose of 
relating bed-sand grain size to relative elevation within the 
bed. Except at the Green-Ouray station, the ADP arrays and 
EWI measurements are located near the stage sensor used 
to measure gage height at the associated USGS streamflow 
gaging station. Thus, the gage heights used to calculate bed 
stage at the Green-Lodore, LS-Lily, and Yampa-Deerlodge 
stations are those measured at these gaging stations. Because 
the gaging station associated with the Green-Ouray station 
(a monitoring station) is located 8.6 km downstream, gage 
heights were measured at the Green-Ouray station using 
a stage sensor mounted with the ADP array near the EWI 
measurement cross-section location.

Regulation of Suspended-Sand Concentration by 
Flow, Grain Size, and Other Processes

We used a modified version of the theory-derived 
parameter α of Rubin and Topping (2001, 2008) to evaluate 
the relative importance of changes in flow and changes in 
the bed-sand grain-size distribution in regulating CSAND. The 
original version of α was used by Topping and others (2018) 
to evaluate the relative importance of historical changes in 
flow and bed-sand grain size in regulating sand transport in 

https://www.gcmrc.gov/discharge_qw_sediment/
https://www.gcmrc.gov/discharge_qw_sediment/
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the Green, Little Snake, and Yampa Rivers. Changes in bed-sand grain size caused by downstream migration of sand waves were 
important in regulating sand transport in these rivers historically (Topping and others, 2018). For the analyses herein, we used the 
approach described in this section to calculate a modified version of |α| separately for the EWI, calibrated-pump, and acoustical 
suspended-sand measurements; the need for this separation resulted from the different error magnitudes between these three 
measurement types. In addition, we also investigated whether other processes, such as Q-independent changes in the shear velocity 
or changes in the area of the bed covered by sand (for example, Topping and others, 2007; 2021; Rubin and others, 2020) had 
important roles in regulating sand transport. The importance of these other processes in our study area was evaluated graphically.

As defined by Rubin and Topping (2001),

	​ α ​ = ​ (​ K _ J + 1​)​​(​
​log​ 10​​ Δ ​D​ B​​

 _ ​log​ 10​​ Δ ​u​ ∗​​
 ​)​ ​ = ​ (​ K _ J + 1​)​ ​

− L​(​
​log​ 10​​ Δ ​C​ SAND​​

  ___________ ​log​ 10​​ Δ ​D​ S​​ ​)​ + J
  ____________________  

M​(​
​log​ 10​​ Δ ​C​ SAND​​

  ___________ ​log​ 10​​ Δ ​D​ S​​ ​)​ − K
 ​​� (1) 

 

is a quantitative measure of the relative importance of the shear velocity (u
*
) versus the median grain size of the bed sand (DB) in 

regulating the depth-integrated suspended-sediment flux over a point on the bed, that is, the unit suspended-sand flux (qSS). The 
numerator in α describes the variation in qSS associated with a change in DB, whereas the denominator in α describes the variation in qSS 
associated with a change in u

*
.​​ u

* is a measure of the flow strength and is linearly related to velocity (von Karman, 1930), and thereby 
positively correlated with Q; DB is the proxy used to simplify all changes in the bed-sand grain-size distribution. Δ signifies the ratio 
of a quantity at two different times. α is defined so that qSS is equally regulated by u

*
​​ and DB when |α| ​​equals the critical value of one, 

meaning that an observed change in qSS is attributable to an equal change in u
*
​​​​ and DB. Moreover, u

*
 ​​is more important than DB in 

regulating qSS when |α| ​​< 1, whereas DB is more important than u
*
 ​​in regulating qSS when |α| ​​> 1. Changes in sand transport are caused 

entirely by changes in flow when |α| ​​= 0 (that is, the flow-regulated case), whereas changes in sand transport are caused entirely by 
changes in the bed-sand grain-size distribution when |α| ​​= ∞ ​​(that is, the grain-size-regulated case).

The values of J, K, L, and M in equation 1 are derived from theory (Rubin and Topping, 2001) and depend on the sorting of 
the bed-sand grain-size distribution and whether dunes are present on the bed. These exponents are associated with the following 
proportionalities in Rubin and Topping (2001):

				​​    C​ SAND​​  ∝ ​ u​ ∗​ J​ ​D​ B​ K​​, and� (2A)

				         ​​D​ S​​  ∝ ​ u​ ∗​ L​ ​D​ B​ M​​,� (2B)

where, as defined early in this report, DS is the median grain size of the suspended sand. Rubin and Topping (2001) determined the 
values of the exponents J, K, L, and M by contouring the results from a numerical suspended-sediment model based on McLean (1992) 
that was run for 129 size classes of sediment in more than 1,000 combinations of flow and bed-sediment conditions, with cases for dunes 
present and absent on the bed. In essence, this approach allowed Rubin and Topping (2001) to distill the complexities present in the 
full suspended-sediment theory of McLean (1992) to these simple proportionalities to allow easier, but still rigorous, physically based 
analyses of suspended-sediment data.

Analysis of our bed-sediment data indicates that the mean geometric standard deviations of the bed-sand grain-size distributions 
in our study area are intermediate to those used by Rubin and Topping (2001) for poorly and well-sorted beds. Consequently, and for 
consistency with Topping and others (2018), we set J=3.5, K=−2.5, L=0.35, and M=0.75, values within the range of exponents in Rubin 
and Topping (2001) and the same as those used by Topping and others (2018). These values are slightly different from the well-sorted 
bed-sand values of J=4.3, K=−2.8, L=0.18, and M=0.85 used by Dean and others (2020) on the lower Green River and Colorado River 
near Canyonlands National Park and by Topping and others (2021) on the Colorado River in Grand Canyon National Park. Use of 
these different sets of exponents can cause |α| to vary by over 20 percent for the same values of σ (log10CSAND) and σ(log10DS), where σ 
indicates standard deviation. Therefore, although the choice of exponents can affect interpretations of flow versus grain-size regulation of 
sand transport when |α| ​​is close to unity, interpretations of clearly flow- or grain-size-regulated conditions based on |α| values much less 
than (<<) 1 or much greater than (>>) 1 are generally unaffected by the values of the exponents because of the behavior of α depicted in 
figure 4 in Rubin and Topping (2001).

Though Rubin and Topping (2001) derived |α| ​​to evaluate the relative importance of u
*
​​ versus DB in regulating qSS, |α| ​​can also be 

used to evaluate the relative importance of Q versus DB in regulating qSS (Dean and others, 2016, 2020; Topping and others, 2018, 2021). 
Analysis of Q measurements from water years 2013–2021 using the method of Topping and others (2021) with appropriate ranges of the 
bed roughness parameter indicates that the relations between Q and u

*
 ​​are nonlinear described by the proportionality

				          ​​u​ ∗​​  ∝ ​ Q​​  ε​​,� (3)
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where the exponent ε is estimated by regression, as described 
below. The value of u

*
 ​​in equation 3 is estimated using 

equation 1 in Text S3 in the Supporting Information document 
for Topping and others (2021). At the four sand-bedded 
stations (Green-Lodore, LS-Lily, Yampa-Deerlodge, and 
Green-Ouray), the range of the bed roughness parameter used 
in these​​ u

* estimations was 1 to 2 cm, based on the Columbia 
River measurements of Smith and McLean (1977). The bed 
roughness parameter includes the spatially averaged roughness 
of all bed-roughness elements (for example, bars and dunes) 
and is larger than the skin-friction roughness parameter that 
is mostly associated with grain-scale and bedload roughness 
(Smith and McLean, 1977; Wiberg and Rubin, 1989). At 
the two largely gravel-bedded stations (Yampa-Maybell and 
Green-Jensen), the range of the bed-roughness parameter used 
in these u

*
 ​​estimations was 0.1 to 0.2 cm, based on Wiberg and 

Smith (1991) and the observation that the 84th-percentile grain 
size (D84) of the gravel comprising the bed at these stations 
was likely within the cobble size class (that is, 6.4–25.6  cm). 
The values of ε estimated by least-squares log-linear 
regression using these highly approximate ranges of the bed 
roughness parameter were ~0.2 at Green-Lodore, ~0.05 at 
LS-Lily, ~0.1 at Yampa-Deerlodge, ~0.2 at Green-Ouray, ~0.3 
at Yampa-Maybell, and ~0.4 at Green-Jensen. Given these 
values of ε, a large change in Q will cause only a relatively 
small change in u

*
 ​​at all the gaging and monitoring stations in 

our study area. Though the value of the exponent ε is inversely 
related to the assumed value of the bed roughness parameter, 
this inverse dependence is relatively weak. Hence, the result 
that the relations between Q and u

*
 are steeper at the largely 

gravel-bedded Yampa-Maybell and Green-Jensen stations 
than at the four sand-bedded stations is relatively insensitive 
to the chosen value of the bed roughness parameter. The 
steeper relations between Q and u

*
 at the Yampa-Maybell and 

Green-Jensen stations will therefore cause CSAND to increase 
more rapidly as a function of Q at these stations than at the 
other stations.

The correlations between Q and u
*
 are positive and 

generally strong, thus indicating that we can effectively 
exchange Q for u

*
 ​​when interpreting |α| at the gaging and 

monitoring stations in our study area. The correlation 
coefficient (r) between Q and u

*
 ranges from a low of ~0.6 

at the Green-Ouray station to a high of almost 1.0 at the 
Green-Jensen station. Thus, we use the proportionality 
u

*​
  ∝ ​ Q ​​ ε​​ and the above-derived station-specific values of ε to 

convert u
*  to Q for the analyses herein. Despite the strength 

of the correlations between Q and u
*
​​, however, it is important 

to remember that, at especially the sand-bedded stations in 
our study area, substantial variation in u

*
 exists at any given 

Q about the relation u
*
​  ∝ ​ Q​​  ε​​, and this variation can cause 

roughly a factor-of-2 variation in CSAND at any given Q, as 
elaborated upon below.

Because we ultimately wanted to evaluate the relative 
importance of Q versus the bed-sand grain size in regulating 
CSAND, not qSS, we derived a new version of α for CSAND to 
compare with the standard version of α derived for qSS. As defined 

in Rubin and Topping (2001), ​​C​ SAND​​  ∝ ​ u​ ∗​ J​ ​D​ B​ K​​ ​​and 
​​q​ SS​​  ∝ ​ u​ ∗​ J+1​ ​D​ B​ K​​. After making the appropriate substitutions in 
equation 1, the CSAND version of α thus becomes

​​α​ C​​ ​ = ​ (​K _ J ​)​​(​
​log​ 10​​ Δ ​D​ B​​

 _ ​log​ 10​​ Δ ​u​ ∗​​
 ​)​ ​ = ​ (​K _ J ​)​ ​

− L​(​
​log​ 10​​ Δ ​C​ SAND​​

  ___________ ​log​ 10​​ Δ​ D​ S​​ ​)​ + J
  ____________________  

M​(​
​log​ 10​​ Δ ​C​ SAND​​

  ___________ ​log​ 10​​ Δ ​D​ S​​ ​)​ − K
 ​​,� (4) 

where α C is the measure of the relative importance of the shear 
velocity (u

*
​​) versus the median grain size of the bed sand (DB) in 

regulating CSAND. For the values of J =3.5 and K= −2.5 used herein, 
comparison of equations 1 and 4 indicates that α C ​=  1.3α​, and for the 
well-sorted-bed values of J = 4.3 and K=−2.8 used by Dean and others 
(2020) and Topping and others (2021), α C ​=  1.2α​. Consequently, 
the critical value of the standard version of ​​|α|​​ to evaluate whether 
CSAND is regulated by flow or bed-sand grain size is roughly 1.2 
to 1.3. It should be noted, however, that ​​|α|​​ and |αC| can be used 
interchangeably when they are <<1 or >>1 because of the uncertainty 
in the choice of the values of J and K (because bed-sand sorting is 
not constant over time and dunes may not always be present on the 
bed), and because of the behavior of α depicted in figure 4 in Rubin 
and Topping (2001). It is only for cases where ​​|α|​​ or |αC| ​​are near 
unity that it is important to recognize the 20 to 30 percent difference 
between ​​|α|​​ and |αC| when evaluating the relative importance of flow 
versus bed-sand grain size in regulating either qSS or CSAND.

To allow application of equation 4 to our datasets, with 
typically over 100,000 suspended-sediment measurements at 
each gaging station, we used the approximation of Rubin and 
Topping (2001):

                      ​​|​​log​ 10​​ Δ ​C​ SAND​​
  ___________ ​log​ 10​​ Δ ​D​ S​​ ​|​  ≈ ​

σ ​(​log​ 10​​ Δ ​C​ SAND​​)​
  _____________  σ ​(​log​ 10​​ Δ ​D​ S​​)​ ​​.� (5)

We then used the method of Topping and others (2018) to evaluate 
the sign of log10ΔCSAND /log10Δ DS in equation 4 and calculate 
|αC|​​. By this method, the sign of log10ΔCSAND /log10Δ DS was the 
sign of the slope of log10CSAND regressed on log10 DS for cases 
where an F-test indicated that this regression was significant (that 
is, level of significance [p] < 0.05) and the correlation between 
log10 DS and log10CSAND was at least moderate (that is, correlation 
coefficient [r]  > 0.4). When this regression was insignificant or 
this correlation was weak, the sign of log10ΔCSAND /log10ΔDS was 
indeterminate, and |αC| was set equal to the mean |αC| calculated 
using positive and negative σ (log10CSAND)/σ(log10DS) ratios.

Bed-Sand Grain Size

Following Topping and others (2018), we used the 
nondimensional measure of bed-sand coarseness (β) of Rubin 
and Topping (2001, 2008) to link the suspended-sand transport 
to the bed-sand grain-size distribution, and thereby detect the 
changes in the upstream sand supply associated with sand-wave 
migration. Rubin and Topping (2001, 2008) derived β using 
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the suspended-sediment theory of McLean (1992), and then 
tested β against the flume data of Einstein and Chien (1953) 
and data from the Colorado River. β utilizes suspended-sand 
measurements to back-calculate the relative coarseness of the 
spatially averaged bed-sand grain-size distribution in equilibrium 
with the suspended sand in the reach upstream from the location of 
the suspended-sediment measurements. β thereby takes advantage 
of the physical processes governing the suspension of sediment 
to spatially “sample” the bed sand in exactly the way the flow 
interacts with the bed. Consequently, β is more representative of 
the spatially averaged bed-sand grain-size distribution over the 
reach extending hundreds of meters upstream from a measurement 
cross section than are direct bed-sediment measurements made 
only at that cross section (Topping and others, 2021). In addition, 
β has the added benefit of allowing the calculation of the bed-sand 
grain size at the time of every suspended-sediment measurement. 
Because there are many more suspended-sediment measurements 
than bed-sediment measurements, β allows a more continuous 
estimation of bed-sand grain size than is possible using only the 
episodically made direct bed-sediment measurements. 

	      ​β ​ = ​ ​(​ 
​C​ SAND​​

 _ ​C​ SAND−REF​​​)​​​ 
−0.1

​​(​ 
​D​ S​​
 _ ​D​ S−REF​​​)​​,� (6) 

 
where CSAND is from a single measurement, CSAND-REF is the 
reference CSAND, DS is from a single measurement, and DS-REF 
is the reference DS. Reference values are mean values over an 
entire dataset; hence, the bed sand is finer than the mean condition 
when β < 1. Unlike in Topping and others (2018), who used the 
entire period of suspended-sand record at each gaging station 
to calculate the reference values, we use only the water year 
2013–2021 EWI measurements to calculate the reference values at 
each station; thus, the values of β herein are shifted slightly from 
those in Topping and others (2018). Our approach has the benefit 
of normalizing the bed-sand grain size to the modern sediment 
conditions observed during the period of our study. The reference 
values from the EWI measurements were used as the reference 
values for the other measurement types (acoustical and calibrated 
pump) so that the β values among the various measurement types 
would be consistent at each station.

Even though Rubin and Topping (2001, 2008) defined β 
to be a nondimensional measure of DB, the bed-sand grain-size 
metric tracked by β in practice depends on the dominant transport 
mode of the bed sand. Rubin and Topping (2001, 2008) derived 
equation 6 using log-normal bed-sediment grain-size distributions 
in their McLean-based numerical model. They conducted 
two series of model runs for bed sediment with two different 
geometric standard deviations that remained constant among 
the runs in each series. Because the shapes of the bed-sediment 
grain-size distributions in these model runs remained fixed (that 
is, log-normal with a constant geometric standard deviation) no 
change in the bed-sediment grain-size distribution could occur 
without a change in DB. In real rivers where the shape of the 
bed-sand grain-size distribution is free to change, however, and 
especially in rivers where a large part of the bed-sand grain-size 
distribution is transported as bedload, β can be uncorrelated with 
DB and only relate to the amount of finer sand on the bed (Topping 
and others, 2018, 2021). Changes in the bed-sand grain-size 

distribution in these rivers typically involve changes mostly in the 
fine tail of the bed-sand grain-size distribution without necessarily 
a major change in DB. Moreover, because the fractional amount 
(f, expressed as a percentage) of a sand size class on the bed 
surface required to support a given amount of sand in suspension 
increases nonlinearly with grain size (after McLean, 1992), 
relations between β and f in the fine tail of the bed-sand grain-size 
distribution are semi-logarithmic such that ​β  ∝  − log​(f)​​ (Topping 
and others, 2021). Small changes in the cross-section-averaged 
fractional amount of very fine sand (fVF) on the bed thereby cause 
large changes in β. Consequently, changes in β are typically more 
sensitive to changes in log10(fVF) than they are to changes in DB.

Changes in Cross-Sectional Sediment Area and 
Topographic Complexity

The change in cross-sectional sediment area between 
surveys was determined in each cross section by differencing 
the cross-sectionally integrated NAVD 88 elevations over the 
horizontal domains common to all surveys. By this approach, 
positive changes in cross-sectional sediment area corresponded to 
deposition between surveys and negative changes corresponded 
to erosion between surveys. Because of bank retreat between 
the last survey conducted in 1994–1996 and our 2020 resurvey, 
and the need to measure the erosion caused by this bank retreat, 
we had to estimate bank-top elevations in 1994–1996 at eight 
cross sections, as documented below in the “Cross-Section 
Resurveys” subsection in the “Results with Discussion” section. 
Of these eight cases, the horizontal extents of these estimations 
were short except at two cross sections, HB-1B and HB-2B, 
where large-scale bank retreat had occurred between 1996 and 
2020 on the right side of an island (table 2). In addition, we had 
to estimate the 2020 floodplain topography over relatively short 
horizontal distances at two cross sections, HB-3 and AB-4, as 
documented below in the “Cross-Section Resurveys” subsection 
in the “Results with Discussion” section. At cross section HB-3, 
this estimation was required because we terminated the left-bank 
survey near where the 2020 ground surface merged with the 1996 
ground surface at the edge of an extremely dense willow thicket; 
the capped-rebar endpoint and T-post on the left bank could not 
be found in this thicket. At cross section AB-4, this estimation 
was required because we terminated our left-bank survey at an 
apparently misreported capped-rebar endpoint and T-post that 
we found 20.2 m closer to the bank than was reported in FLO 
Engineering (1997) (table 2). The channel width in each cross 
section was measured at the elevation associated with the top of 
the lower of the two banks (the approximate floodplain elevation), 
at the lowest elevation of this bank top among the 1990s and 
2020 surveys.

The topographic complexity in each cross section during 
each survey was evaluated by resampling the surveyed 
elevations at 0.5-m intervals over the domain used to compute 
changes in cross-sectional sediment area and then computing 
the topographic variance among the elevations at these fixed 
intervals, that is, nodes. We used the topographic variance among 
these nodes as a measure of the cross-section channel complexity. 
Changes in the topographic variance between surveys could 
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then be used to evaluate our hypothesis that erosion of sediment 
corresponds to an increase in channel complexity and conversely 
that sediment deposition corresponds to a decrease in channel 
complexity. There is an important caveat that must be first 
acknowledged, however, when using topographic variance 
to detect changes in channel complexity. In the case where 
only a small part of the analyzed domain includes the higher 
elevations associated with the tops of floodplains or terraces, 
as in the resurveyed cross sections presented herein, changes in 
topographic variance provide an accurate measure of changes 

in channel complexity only when minimal change in channel 
width occurs. When only a small part of the domain is at higher 
elevation, the transfer of nodes between high and low elevations 
caused by changes in channel width can dominate over the signal 
in topographic variance arising from the bed-elevation variability 
across the channel that is associated with channel complexity 
(fig. 7). Thus, cross sections with substantial changes in channel 
width must be segregated from those exhibiting minimal changes 
in width when analyzing relations between sediment erosion or 
deposition and cross-section topographic variance.
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Figure 7.  Plots of idealized 
river cross sections showing the 
offsetting effects of increased 
variability in bed elevation and 
channel widening on cross-section 
topographic variance. Topographic 
variance in A–D calculated among 
the elevations at 0.5-meter (m) 
intervals over a 220-m-wide domain. 
Topographic variance increases 
between A and B because of the 
development of a mid-channel bar 
and deeper thalwegs. Topographic 
variance decreases between A 
and C owing to channel widening 
from bank retreat. Although 
topographic variance increases 
between C and D because of the 
development of the mid-channel 
bar and deeper thalwegs, channel 
variance decreases between A and 
D because the effect of channel 
widening offsets and dominates 
over the effect of the development 
of the mid-channel bar and deeper 
thalwegs. m2, square meter.
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Results with Discussion

Controls on Sediment Transport

Supply-Driven Decrease and Variation in 
Suspended-Silt-and-Clay Concentration

Substantial decreases in CSILT-CLAY have occurred at all 
stations except at the Green-Lodore station between the historical 
and 2013–2021 periods (fig. 8). The lack of a discernable 
decrease in CSILT-CLAY at the Green-Lodore station (fig. 8A) owes 
to this station’s relatively short 1997–2002 period of historical 
sediment record, and to the lack of suspended-sediment data 
collected before the construction of Flaming Gorge Dam. No 
historical period of sediment record exists at the Green-Ouray 
station. Among the other stations, the mean CSILT-CLAY at any 
given Q has shifted downward by between a factor of 2 and 10, 
with the greatest decreases in CSILT-CLAY observed at the LS-Lily 
and Green-Jensen stations (fig. 8C, E). These large decreases 
in CSILT-CLAY indicate that there has been a large decrease in the 
amount of silt and clay supplied to the rivers in our study area. 
Despite this net decrease in CSILT-CLAY between the historical 
and 2013–2021 periods, however, roughly two to four orders of 
magnitude variation in CSILT-CLAY in response to changes in the 
upstream supply of silt and clay is still possible at the stations 
in our study area (fig. 8). Most of this variation occurs during 
lower Q in the summer following thunderstorm-driven floods on 
upstream tributaries. As it did historically, the greatest amount of 
variation in CSILT-CLAY at any given Q still occurs at the LS-Lily 
station (fig. 8C), and the least amount of variation in CSILT-CLAY at 
any given Q still occurs at the Yampa-Maybell station (fig 8B).

Flow versus Grain-Size Regulation of 
Suspended-Sand Concentration

The ​​α​ C​​​ analyses summarized in table 4 indicate that CSAND 
is primarily regulated by changes in bed-sand grain size and 
not changes in flow at the four sand-bedded gaging stations in 
our study area: Green-Lodore, LS-Lily, Yampa-Deerlodge, and 
Green-Ouray (fig. 1). In addition, |αC| ​​generally increases at each 
of these stations as the data type becomes more continuous. The 
reaches of these rivers upstream from these stations in which 
the suspended sand equilibrates with the bed are characterized 
by multiple thalwegs and downstream migrating mid-channel 
bars, with dunes present in the thalwegs and on the bars. On 
average among these stations, |αC|​​ increases from ~1.4 for the 
EWI measurements (typically made 3–5 times per year), to ~2.7 
for the calibrated-pump measurements (typically made every 
3–4 days during periods of higher discharge3), and again to 
~3.8 for the 15-minute acoustical measurements. Although part 
of the increase in |αC|​​ can be explained by the increased error 
associated with individual measurements as the measurement 
type becomes more continuous (Topping and others, 2010, 
2011, 2021; Topping and Wright, 2016), the increase in |αC|​​  
mostly arises from the more continuous measurements sampling 
a more complete range of flow and sediment conditions. Thus, 
for the limited flow and sediment conditions sampled by the 
relatively sparse EWI measurements, changes in bed-sand grain 
size are associated with slightly more (that is, ~1.4 times more) 

3The only exception to this pump-sampling scheme was at the Green-Lodore 
station, where pump samples were also collected in some summers during 
periods of higher turbidity. These turbidity-triggered samples were consequently 
clustered during periods following floods on upstream tributaries and collected 
at roughly hourly increments.

Figure 8.  Plots of velocity-weighted suspended-silt-and-clay concentration (CSILT-CLAY) 
as a function of the instantaneous water discharge (Q) at the Green-Lodore (A), 
Yampa-Maybell (B), LS-Lily (C), Yampa-Deerlodge (D), Green-Jensen (E), and Green-Ouray 
stations (F). CSILT-CLAY measurements are plotted individually for each measurement type 
(acoustical, calibrated pump [pump], and equal-width increment [EWI]), with the number 
of measurements (n) indicated. Historical (pre-2013) EWI measurements of CSILT-CLAY are 
also plotted. Error bars on the 2013–2021 EWI and calibrated-pump measurements of 
CSAND and DS are the 95-percent-confidence-level combined field and laboratory errors 
(Topping and others, 2010, 2011); error bars on the acoustical measurements not shown to 
avoid clutter (refer to Topping and Wright, 2016, for the equations for these errors). Error 
bars could not be calculated for the historical EWI measurements owing to insufficient 
information. Years shown in explanation are water years. Station name abbreviations are 
defined in table 1; locations are shown in figure 1.
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of the variation in CSAND than are changes in u
*
​​. And, for the 

more complete range of flow and sediment conditions sampled 
by the calibrated-pump and acoustical measurements, changes 
in bed-sand grain size are associated with much more (that is, 
~3.3 times more) of the variation in CSAND than are changes 
in u

*
. Based on the proportionality u

*
 ​∝ ​ Q​​ 0.05 to 0.2​​, however, 

Q increases roughly 1.7 to 2.1 times faster than u
*
 at the 

sand-bedded stations; the 1.7–2.1 range owes to the 0.05–0.2 
range in the ε exponent on Q among the four sand-bedded 
stations estimated above in the “Regulation of Suspended-Sand 
Concentration by Flow, Grain Size, and Other Processes” 
subsection in the “Analytical Methods” section. Consequently, 
the average ~3.3 value of |αC| evaluated using the pump and 
acoustical measurements indicates that the variation in CSAND 
associated with changes in bed-sand grain size is almost twice 
as great as the variation in CSAND caused by changes in Q. 
This grain-size regulation of CSAND at the sand-bedded stations 
arises from two distinct processes: (1) changes in the bed-sand 

grain size caused by the downstream migration of sand waves 
(Topping and others, 2018), and (2) a tendency for the flow to 
access finer bed sand at higher Q (as described in detail in the 
next two sections).

In contrast to the results at the sand-bedded stations, ​​α​ C​​​ 
analyses indicate that CSAND is primarily regulated by changes in 
flow at the two largely gravel-bedded stations in our study area, 
Yampa-Maybell and Green-Jensen (fig. 1), although changes 
in bed-sand grain size still had important, though differing 
roles at these two stations. Comparison of the 2013–2021 ​​α​ C​​​ 
analyses herein with the pre-2013 α analyses in Topping 
and others (2018)4 indicates that the relative importance 
of flow and bed-sand grain size in regulating CSAND at the 

4The α values in Topping and others (2018) must be divided by 1.3 to allow 
a direct comparison with the ​​α​ C​​​ values provided herein, as described in the 
“Regulation of Suspended-Sand Concentration by Flow, Grain Size, and Other 
Processes” subsection in the “Analytical Methods” section.

Table 4.  Results from the ​​α​ C​​​  analyses at each station.

[​​α​ C​​​, measure of the relative importance of bed-sand grain size versus shear velocity in regulating the velocity-weighted suspended-sand concentration (CSAND). Station name 
abbreviations are defined in table 1; locations are shown in figure 1. EWI, equal-width-increment; n, number of measurements; r, correlation coefficient; DS, velocity-weighted 
suspended-sand median grain size; EWI, equal-width increment; Q, water discharge; ft3/s, cubic feet per second; mg/L, milligrams per liter; p, level of significance]

Measurement type
Water years with 

measurements
n

r of log10CSAND regressed 
on log10DS

|αC|

Green-Lodore station
EWI 2012–2021 52 −0.11c 1.5
Calibrated pump 2013–2021 142 −0.91 3.6
Multi-frequency acoustical 2013–2021 256,201 0.017 2.8

Yampa-Maybell station
EWI 2013–2021 23 −0.23c 0.69
Calibrated pump 2013–2021 182 0.42 0.17

LS-Lily station
EWI 2013–2021 43 0.14c 1.3
Calibrated pump 2013–2021 293 -0.82 3.1

Yampa-Deerlodge station
EWI 2013–2021 48 0.21c 1.4
Calibrated pump 2013–2021 193 −0.49 1.3
Multi-frequency acoustical a 2013–2021 57,605 −0.12d 3.2

Green-Jensen station
EWI 2013–2021 45 0.80 0.13
Calibrated pump 2013–2021 278 0.68 0.29
Multi-frequency acoustical b 2013–2021 127,754 0.44 0.36

Green-Ouray station
EWI 2017–2021 27 −0.49 1.4
Calibrated pump 2017–2021 247 −0.59 2.6
Multi-frequency acoustical 2017–2021 43,174 −0.29 4.3

aOnly those acoustical measurements made when Q ≥ 2,000 ft3/s were used in this analysis to avoid using the acoustical measurements with the greatest error. At the 
Yampa-Deerlodge station, the acoustical measurements made when Q < 2,000 ft3/s are associated with acoustical measurements of DS that have much greater variation 
than the other more accurate measurement types (refer to fig. 11B), thus giving rise to unrealistically large values of |αC|​​.

bOnly those acoustical measurements with CSAND ≥ 2 mg/L were used in this analysis to avoid using the acoustical measurements with the greatest error. At the 
Green-Jensen station, the acoustical measurements where CSAND < 2 mg/L are associated with acoustical measurements of DS that have greater variation and much coarser 
values than the other more accurate measurement types (refer to fig. 14D), thus giving rise to unrealistically large values of |αC|. Because relatively little sand transport 
occurs when CSAND < 2 mg/L, it was deemed best to exclude these acoustical measurements from this analysis.

cCorrelation is not significant at the p=0.05 critical level; no sign assigned to log10ΔCSAND/log10ΔDS in equation 4.
dCorrelation is significant at the p=0.05 critical level but less than the r=|0.4| threshold used to assign sign to log10ΔCSAND/log10ΔDS in equation 4.
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Yampa-Maybell station has not changed over time between the 
historical (1951–1979) and the modern (2013–2021) periods. 
However, this same comparison indicates that a large change 
in the relative importance of flow versus bed-sand grain-size 
regulation of CSAND has occurred at the Green-Jensen station. 
The relatively abrupt decrease in the importance of grain-size 
regulation of CSAND at the Green-Jensen station between 2007 
and 2013 represents the greatest fundamental change in the 
boundary conditions that control sand transport in our study 
area, as we elaborate upon below.

At the Yampa-Maybell station, ​​α​ C​​​ analyses indicate that 
changes in flow are more important than changes in bed-sand 
grain size in regulating CSAND, with the relative importance of 
flow regulation likely increasing as Q increases. The Yampa 
River at this station is largely gravel bedded. Though sand is 
present in the interstices of the cobbles on the bed, most of 
the sand in this segment of the Yampa River occurs in point 
bars that are inundated at only higher Q. Based on the EWI 
measurements that yield |αC| ​=  0.69​, the variation in CSAND 
caused by changes in u

*
 is slightly more (that is, ~1.4 times 

more) than the variation in CSAND associated with changes 
in bed-sand grain size. Analysis of the calibrated-pump 
measurements suggests that flow regulation of CSAND becomes 
more important when the lowest flows are excluded; these 
measurements are more continuous than the EWI measurements 
but restricted to only higher Q. ​​α​ C​​​ analysis of these pump 
data suggest that at higher Q, the variation in CSAND caused 
by changes in u

*
 is almost 6 times the variation in CSAND 

associated with changes in bed-sand grain size. Based on the 
proportionality u

*
 ​∝ ​ Q​​ 0.3​​, however, Q increases ~1.6 times 

faster than u
*
 at the Yampa-Maybell station; the 0.3 value of 

the ε exponent on Q was estimated above in the “Regulation of 
Suspended-Sand Concentration by Flow, Grain Size, and Other 
Processes” subsection in the “Analytical Methods” section. 
Consequently, the ​​α​ C​​​ analysis of the EWI data suggest that, over 
the entire range in Q sampled by the EWI measurements, the 
variation in CSAND caused by changes in Q is roughly twice the 
variation in CSAND associated with changes in bed-sand grain 
size. At only the higher Q sampled by the calibrated-pump 
measurements, however, the ​​α​ C​​​ analysis of the pump data 
suggests that variation in CSAND caused by changes in Q is 
perhaps 10 times greater than the variation in CSAND associated 
with changes in bed-sand grain size. These results further 
suggest that the greatest variation in bed-sand grain size occurs 
at lower Q at this station, and that less variation occurs in the 
bed-sand grain-size distribution accessed by the flow once the 
sandy point bars are inundated at higher Q.

At the Green-Jensen station, ​​α​ C​​​ analyses of the modern 
water year 2013–2021 data indicate that changes in flow 
are more important than changes in bed-sand grain size in 
regulating CSAND. Moreover, these analyses indicate that the 
relative importance of grain-size regulation increases as the data 
type analyzed progress from least continuous (EWI) to most 
continuous (acoustical). Analysis of the EWI measurements 
yields |αC| ​=  0.13​, thus indicating that, over the more limited 
range of flow and sediment conditions sampled by these 
measurements, roughly 8 times more of the variation in CSAND 

is caused by changes in u
*
 than is associated with changes 

in bed-sand grain size. Analyses of the more continuous 
calibrated-pump measurements and 15-minute acoustical 
measurements yield an average |αC| of 0.32, thus indicating 
roughly 3 times more of the variation in CSAND is caused by 
changes in u

*
 than is associated with changes in bed-sand 

grain size. Conversion of u
*
 to Q using the proportionality 

u
*
 ​∝ ​ Q​​ 0.4​​ indicates that, for the relatively complete range of 

flow and sediment conditions sampled by the calibrated-pump 
and acoustical measurements, ~4.5 times more variation 
in CSAND is caused by changes in Q than is associated with 
changes in bed-sand grain size at the Green-Jensen station. As 
above, the 0.4 value of the ε exponent on Q was estimated in 
the “Regulation of Suspended-Sand Concentration by Flow, 
Grain Size, and Other Processes” subsection in the “Analytical 
Methods” section.

Comparison of the ​​α​ C​​​ analyses of the historical 
1951–2007 and modern 2013–2021 data at the Green-Jensen 
station indicate that changes in bed-sand grain size were 
far more important in regulating CSAND as recently as 2007. 
Because no continuous suspended-sand measurements were 
made historically, detection of changes in the controls on 
sand transport must unfortunately rely on the relatively sparse 
EWI measurements. Reanalysis of the EWI α analyses in 
Topping and others (2018) as ​​α​ C​​​ analyses indicates that, 
during water years 1951–2007, changes in u

*
 caused twice 

the variation in CSAND as was associated with changes 
in bed-sand grain size. Analysis of only the water year 
1996–2007 EWI measurements confirm that this condition 
persisted through 2007 and was not a direct result of the 1962 
closure of Flaming Gorge Dam. Consequently, comparison of 
the ​​α​ C​​​ analyses of the water year 1951–2007 and 2013–2021 
EWI measurements indicates that a factor-of-4 decrease in 
the importance of bed-sand grain size in regulating CSAND 
occurred at the Green-Jensen station between 2007 and 2013. 
Thus, it is likely that changes in bed-sand grain size were 
associated with the same amount of variation in CSAND as were 
changes in Q prior to 2007 (that is, dividing the factor-of-4.5 
result in the previous paragraph by 4 yields 1.1). This result 
indicates that the historical influence of changing bed-sand 
grain size on CSAND at the Green-Jensen station was more 
like that observed both historically and currently at the four 
sand-bedded stations (that is, at the Green-Lodore, LS-Lily, 
Yampa-Deerlodge, and Green-Ouray stations).

The modern Green River in the vicinity of the 
Green-Jensen station is typically gravel bedded, with patches of 
sand that have been observed to vary in size. After this station 
was moved 4.1 km upstream in 2016 (fig. 1B), the collection 
of bed-sediment samples became a routine part of the sampling 
program. Large changes in bed-sand area have been observed 
between visits, with sand covering large parts of the bed during 
some sampling visits and sand too scarce to be sampled during 
other visits. Because greater grain-size regulation of CSAND 
likely requires a larger amount of sand on the bed, it is possible 
that the post-2007 increase in flow regulation of CSAND at this 
station was associated with a decrease in the average amount of 
sand covering the cobble bed.
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Placement of the ​​α​ C​​​ Results in Context

Graphical analyses of the suspended-sediment measurements in our study area provide guidance on the cause of grain-size regulation 
at each station (figs. 9–14). We describe the interrelations observed between water discharge (Q), suspended-sand concentration (CSAND), 
suspended-sand median grain size (DS), and nondimensional bed-sand grain size (β) at the four sand-bedded stations first.

The mean behavior of CSAND as a function of Q at the four sand-bedded stations (Green-Lodore, LS-Lily, 
Yampa-Deerlodge, and Green-Ouray) is well-described by suspended-sediment theory. Using equation 3 to substitute ​Q ε​ for ​​u​ ∗​​​ 
in equation 2A while holding bed-sand grain size constant yields the following:

				​​    C​ SAND​​ ​ = ​ a​ 0​​ ​u​ ∗​ J​ ​ = ​ a​ 0​​ ​​(​Q​​  ε​)​​​ J​​,� (7)

where a0 is a station-specific constant determined by regression, the station-specific values of ε were estimated in the “Regulation of 
Suspended-Sand Concentration by Flow, Grain Size, and Other Processes” subsection of the “Analytical Methods” section, and J=3.5 
(defined in that same section). Equation 7 is the theoretical relation between Q and CSAND for the condition of constant bed-sand grain 
size, derived for a particular station using the mean relation between Q and u

*
 at that station. This equation was used to fit the orange 

curves in figures 9A, 10A, 11A, and 12A to the modern EWI measurements, with a0 evaluated by regression to provide the best fit at 
each station. Because the flow at all four sand-bedded stations accesses finer bed sand at higher Q, however, agreement between the 
theory-derived mean behavior of CSAND as a function of Q and that observed among the measurements is improved by including the 
systematic effect of fining bed-sand grain size with increasing Q.

At all four sand-bedded stations, DS generally either remains constant or decreases slightly as Q increases (figs. 9B, 10B, 11B, 12B) 
because the flow accesses finer bed sand as Q increases (figs. 9C, 10C, 11C, 12C). As shown in the next section, the most probable cause 
of this response is that increasing Q causes scour through an inversely graded bed at or in the reach upstream from each station, thereby 
causing an increase in the “local” sand supply. By the simplification of suspended-sediment theory in equation 2B (that is, ​​D​ S​​  ∝ ​ u​ ∗​ L​ ​D​ B​ M​​) 
and because ​​u

* generally increases with increasing Q, DS will generally increase with increasing Q unless DB decreases with increasing 
Q. Access of the flow to a constant bed-sand grain-size distribution would thus cause both CSAND and DS to increase as Q increases. At all 
four sand-bedded stations, the fact that DS does not increase (coarsen) with increasing Q is the reason β decreases (fines) with increasing 
Q (figs. 9C, 10C, 11C, 12C). We added this effect of bed-sand fining with increasing Q to the analysis in the previous paragraph by first 
evaluating power-law regression of β on Q for the modern EWI measurements, with ζ being the regression-estimated exponent on Q. 
The proportionality describing this power law was thus ​β  ∝ ​ Q​​ ζ​​. We then included this power law in a version of equation 7 modified 
to include changing bed-sand grain size. The values of ζ estimated by power-law regression at each station were −0.3 at Green-Lodore, 
−0.1 at LS-Lily, −0.06 at Yampa-Deerlodge, and −0.2 at Green-Ouray. By using this approach, all changes in the bed-sand grain-size 
distribution detected by β are assigned to be from changes in DB (Rubin and Topping, 2001, 2008). We do this for simplicity, even 
though the β-detected changes are likely from changes mostly in the fine tail of the bed-sand grain-size distribution, as shown by 
Topping and others (2018), and demonstrated in the next section of this report. Substitution of Q ε for u

*
 in equation 2A (as in equation 7), 

followed by substitution of β for DB in equation 2A, re-substitution of Qζ for β, and inclusion of a new station-specific regression constant 
a1 yielded the following modified version of equation 7:

	​​ C​ SAND​​ ​ = ​ a​ 1​​ ​u​ ∗​ J​ ​D​ B​ K​ ​ = ​ a​ 1​​ ​​(​Q​​  ε​)​​​ J​ ​β​​ K​ ​ = ​ a​ 1​​ ​​(​Q ​​ ε​)​​​ J​ ​​(​Q​​ ζ​)​​​ K​ ​ = ​ a​ 1​​ ​Q ​​ εJ+ζK​​,� (8)

that is, the green curves fit to the modern EWI measurements in figures 9A, 10A, 11A, and 12A. As defined in the “Regulation of 
Suspended-Sand Concentration by Flow, Grain Size, and Other Processes” subsection of the “Analytical Methods” section, J=3.5 and K=−2.5.

Although the theoretical fits capture the mean behavior of CSAND as a function of Q at the sand-bedded stations, substantial variation 
exists about the orange and green curves in figures 9A, 10A, 11A, and 12A. At least a factor-of-3 variation in CSAND above and below 
these curves exists at most Q (for a total factor-of-6 variation), with perhaps a factor-of-10 variation in CSAND present at lower Q. In 
descending order of importance, the two main processes that give rise to this Q-independent variation in CSAND at the four sand-bedded 
stations are (1) changes in the bed-sand grain size caused by changes in the upstream sand supply (described in the next paragraph), and 
(2) changes related to u

*
. The magnitude of the variation in CSAND caused by Q-independent changes related to u

*
 is documented below 

in the “Importance of Discharge-Independent Flow Regulation of Suspended-Sand Concentration at the Sand-Bedded Stations Likely 
Arising from the Downstream Migration of Sand Waves” subsection.

The magnitude of the Q-independent variation in bed-sand grain size caused by changes in the upstream sand supply is of the same 
magnitude as the decrease in bed-sand grain size associated with increasing Q described above. This result is indicated by the magnitude 
of the mean decrease in β with increasing Q being similar to the magnitude of the variation in β at any given Q in figures 9C, 10C, 11C, 
and 12C. Thus, the dominance of grain-size regulation of CSAND at all four sand-bedded stations indicated by the values of |αC| in table 4 
is caused by changes in bed-sand grain size associated with (1) the changes in the upstream sand supply associated with the downstream 
migration of sand waves that were generated by floods on upstream tributaries, and (2) the changes in the local sand supply associated 
with the flow accessing finer bed sand at higher Q. Because CSAND is mostly regulated by bed-sand grain size and not Q (although Q 
is associated with changes in bed-sand grain size as recognized in the previous two paragraphs), CSAND is inversely related to DS at the 
four sand-bedded stations (figs. 9D, 10D, 11D, 12D). Thus, the largest values of CSAND are associated with the smallest (finest) values 
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of DS. This result is the opposite of that expected if CSAND were 
mainly regulated by Q and bed-sand grain size remained constant. 
This inverse relation between DS and CSAND arises because CSAND 
is inversely related to bed-sand grain size, as inferred from β 
(figs. 9E, 10E, 11E, 12E). Consequently, β is almost as good a 
predictor of CSAND as is Q at the four sand-bedded stations because 

the negative correlation between β and CSAND is significant and 
moderate to strong at these stations (table 5), and because the 
largest values of CSAND always correspond to the smallest (finest) 
values of β (figs. 9E, 10E, 11E, 12E). Thus, predictions of CSAND at 
the Green-Lodore, LS-Lily, Yampa-Deerlodge, and Green-Ouray 
stations must take both Q and bed-sand grain size into account.
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Figure 9.  Plots of relations between the instantaneous water discharge (Q), velocity-weighted suspended-sand 
concentration (CSAND), velocity-weighted suspended-sand median grain size (DS), and nondimensional bed-sand coarseness 
(β) at the Green River above Gates of Lodore, Colorado, gaging station 404417108524900 (Green-Lodore station). Values 
plotted individually for each measurement type: acoustical, calibrated pump, historical (pre-2013) equal-width increment 
(EWI), and modern (2012–2021) EWI, with the number of measurements (n) indicated. Error bars on the 2012–2021 EWI and 
calibrated-pump measurements of CSAND and DS are the 95-percent-confidence-level combined field and laboratory errors 
(Topping and others, 2010, 2011); error bars on the acoustical measurements not shown to avoid clutter (refer to Topping 
and Wright, 2016, for the equations for these errors). Error bars could not be calculated for the historical EWI measurements 
owing to insufficient information. Years shown are water years. A, CSAND plotted as a function of Q. Orange curve is the 
theoretical fit to the 2012–2021 EWI measurements using the mean relation between Q and shear velocity (u

*
​​) at this station 

estimated from Q measurements and equation 2A. Green curve is the modification of the orange curve that includes a 
power-law fit to the β-inferred fining of the bed sand with increasing Q at this station. B, DS plotted as a function of Q. C, β 
plotted as a function of Q. D, CSAND plotted as a function of DS. E, CSAND plotted as a function of β.



30    Controls on Sediment Transport and Storage in the Little Snake, Yampa, and Green Rivers

Figure 10.  Plots of relations between the instantaneous water discharge (Q), velocity-weighted 
suspended-sand concentration (CSAND), velocity-weighted suspended-sand median grain size 
(DS), and nondimensional bed-sand coarseness (β) at the Little Snake River near Lily, Colorado, 
gaging station 09260000 (LS-Lily station). Values plotted individually for each measurement type: 
acoustical, calibrated pump, historical (pre-2013) equal-width increment (EWI), and modern 
(2013–2021) EWI, with the number of measurements (n) indicated. Error bars on the 2013–2021 
EWI and calibrated-pump measurements of CSAND and DS are the 95-percent-confidence-level 
combined field and laboratory errors (Topping and others, 2010, 2011); error bars on the 
acoustical measurements not shown to avoid clutter (refer to Topping and Wright, 2016, 
for the equations for these errors). Error bars could not be calculated for the historical EWI 
measurements owing to insufficient information. Years shown are water years. A, CSAND plotted 
as a function of Q. Orange curve is the theoretical fit to the 2013–2021 EWI measurements 
using the mean relation between Q and shear velocity (u

*
​​) at this station estimated from Q 

measurements and equation 2A. Green curve is the modification of the orange curve that 
includes a power-law fit to the β-inferred fining of the bed sand with increasing Q at this station. 
B, DS plotted as a function of Q. C, β plotted as a function of Q. D, CSAND plotted as a function of 
DS. E, CSAND plotted as a function of β.
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Figure 11.  Plots of relations between the instantaneous water discharge (Q), velocity-weighted suspended-sand concentration 
(CSAND), velocity-weighted suspended-sand median grain size (DS), and nondimensional bed-sand coarseness (β) at the Yampa River 
at Deerlodge Park, Colorado, gaging station 09260050 (Yampa-Deerlodge station). Values plotted individually for each measurement 
type: acoustical, calibrated pump, historical (pre-2013) equal-width increment (EWI), and modern (2013–2021) EWI, with the number 
of measurements (n) indicated. Error bars on the 2013–2021 EWI and calibrated-pump measurements of CSAND and DS are the 
95-percent-confidence-level combined field and laboratory errors (Topping and others, 2010, 2011); error bars on the acoustical 
measurements not shown to avoid clutter (refer to Topping and Wright, 2016, for the equations for these errors). Error bars could not 
be calculated for the historical EWI measurements owing to insufficient information. Years shown are water years. A, CSAND plotted as 
a function of Q. Orange curve is the theoretical fit to the 2013–2021 EWI measurements using the mean relation between Q and shear 
velocity (u

*
​​) at this station estimated from Q measurements and equation 2A. Green curve is the modification of the orange curve that 

includes a power-law fit to the β-inferred fining of the bed sand with increasing Q at this station. B, DS plotted as a function of Q. C, β 
plotted as a function of Q. D, CSAND plotted as a function of DS. E, CSAND plotted as a function of β.
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Figure 12.  Plots of relations between the instantaneous water discharge (Q), velocity-weighted suspended-sand 
concentration (CSAND), velocity-weighted suspended-sand median grain size (DS), and nondimensional bed-sand 
coarseness (β) on the Green River above Ouray, Utah, monitoring station (Green-Ouray station). Values plotted 
individually for each measurement type: acoustical, calibrated pump, and 2017–2021 equal-width increment (EWI), 
with the number of measurements (n) indicated. Error bars on the 2017–2021 EWI and calibrated-pump measurements 
of CSAND and DS are the 95-percent-confidence-level combined field and laboratory errors (Topping and others, 2010, 
2011); error bars on the acoustical measurements not shown to avoid clutter (refer to Topping and Wright, 2016, for 
the equations for these errors). Years shown are water years. A, CSAND plotted as a function of Q. Orange curve is the 
theoretical fit to the 2017–2021 EWI measurements using the mean relation between Q and shear velocity (​​u​ ∗​​​) at this 
station estimated from Q measurements and equation 2A. Green curve is the modification of the orange curve that 
includes a power-law fit to the β-inferred fining of the bed sand with increasing Q at this station. B, DS plotted as a 
function of Q. C, β plotted as a function of Q. D, CSAND plotted as a function of DS. E, CSAND plotted as a function of β.
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Table 5.  Significance, signs, and magnitudes of correlations between β and CSAND.

[β, measure of relative coarseness of the bed sand; CSAND, velocity-weighted suspended-sand concentration. Historical equal-width increment (EWI) indicates 
pre-2012. n, number of measurements; p, level of significance; r, correlation coefficient; Q, water discharge; ft3/s, cubic feet per second; DS, velocity-weighted 
suspended-sand median grain size; mg/L, milligrams per liter]

Measurement type
Water years with 

measurements
n p of CSAND regressed on β r of CSAND regressed 

on β
Green-Lodore

Historical EWI 1995–2002 13 0.53 −0.19
EWI 2012–2021 52 4.5×10−5 −0.53
Calibrated pump 2013–2021 142 <1×10−16 −0.89
Multi-frequency acoustical 2013–2021 256,201 <1×10−16 −0.20

Yampa-Maybell
Historical EWI 1951–1979 28 0.028 −0.42
EWI 2013–2021 23 0.016 −0.50
Calibrated pump 2013–2021 182 0.020 −0.17

LS-Lily
Historical EWI 1958–2011 105 2.5×10−7 −0.48
EWI 2013–2021 43 6.0×10−5 −0.57
Calibrated pump 2013–2021 293 <1×10−16 −0.90

Yampa-Deerlodge
Historical EWI 1982–2011 34 5.1×10−5 −0.64
EWI 2013–2021 48 0.0055 −0.39
Calibrated pump 2013–2021 193 <1×10−16 −0.82
Multi-frequency acoustical a 2013–2021 57,605 <1×10−16 −0.26

Green-Jensen
Historical pre-dam EWI 1951–1962 140 0.0013 −0.27
Historical syn-dam EWI b 1963–2007 136 2.1×10−5 −0.36
EWI 2013–2021 45 0.26 0.17
Calibrated pump 2013–2021 278 4.5×10−8 0.32
Multi-frequency acoustical c 2013–2021 127,754 <1×10−16 0.076

Green-Ouray
EWI 2017–2021 27 2.9×10−6 −0.77
Calibrated pump 2017–2021 247 <1×10−16 −0.73
Multi-frequency acoustical 2017–2021 43,174 <1×10−16 −0.41

aAs in table 4, only those acoustical measurements made when Q ≥ 2,000 ft3/s were used in this analysis to avoid using the acoustical measurements with the 
greatest error. At the Yampa-Deerlodge station, the acoustical measurements made when Q < 2,000 ft3/s are associated with acoustical measurements of DS that 
have much greater variation than the other more accurate measurement types (refer to fig. 11B), thus giving rise to potentially anomalous values of β.

bThe values in this row utilize only those EWI measurements made after closure of Flaming Gorge Dam on December 10, 1962.
cAs in table 4, only those acoustical measurements with CSAND ≥ 2 mg/L were used in this analysis to avoid using the acoustical measurements with the greatest error. 

At the Green-Ouray station, the acoustical measurements where CSAND < 2 mg/L are associated with acoustical measurements of DS that have greater variation and much 
coarser values than the other more accurate measurement types (refer to fig. 14D), thus giving rise to potentially anomalous values of β.
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The mean behavior of CSAND as a function of Q at the 
two largely gravel-bedded stations (Yampa-Maybell and 
Green-Jensen) is also well-described by suspended-sediment 
theory, but with some key underlying differences from the 
behavior at the four sand-bedded stations. Using the same 
approach as at the sand-bedded stations for constant bed-sand 
grain size, equation 7 yields the orange curves fit to the 
modern EWI measurements in figures 13A and 14A. Unlike 
at the four sand-bedded stations where the flow universally 
accesses finer bed sand at higher Q, however, the flow 
accesses finer bed sand at higher Q at only the Yampa-Maybell 
station. At this station, DS decreases slightly as Q increases 
between baseflow and ~2,000 ft3/s, and then increases as Q 
continues to increase (fig. 13B). This Q-dependent behavior 
in DS arises because the bed-sand grain size (inferred from β) 
decreases as Q increases between baseflow and ~2,000 ft3/s, 
and then remains constant as Q continues to increase above 
2,000 ft3/s (fig. 13C). Because the bed is largely composed of 
gravel at the Yampa-Maybell station, this behavior does not 
arise from scour through an inversely graded bed (as at the 
sand-bedded stations) and likely owes to a different process, as 
elaborated upon in the next section of this report. Conversely, 
at the Green-Jensen station, DS generally increases as Q 
increases (fig. 14B) and, although variable, no Q-dependent 
trend exists in the bed-sand grain size accessed by the flow 
(fig. 14C). Thus, the theoretical effect of decreasing bed-sand 
grain size with increasing Q was included in the predicted 
mean behavior of CSAND by applying equation 8 at the 
Yampa-Maybell station (ζ = −0.1; green curve in fig. 13A) but 
not at the Green-Jensen station. As at the sand-bedded stations, 
inclusion of this effect at the Yampa-Maybell station improved 
the agreement between the theory-predicted and observed 
mean behavior of CSAND at this station.

Substantial variation exists about the orange and green 
curves defining the theory-derived mean behavior of CSAND 
as a function of Q at both gravel-bedded stations (figs. 13A, 
14A). As at the sand-bedded stations, at least a factor-of-3 
variation in CSAND is present about these curves at most Q 
(for a total factor-of-6 variation), with perhaps a factor-of-10 
variation in CSAND present at lower Q. Although the primary 
process responsible for this Q-independent variation in 
CSAND is the same as at the sand-bedded stations (that is, 
changes in the bed-sand grain size caused by changes in the 
upstream sand supply) the secondary process is different. At 
the sand-bedded stations, differences in cross-section, bar, 
and dune geometry can affect either ​​u​ ∗​​​ or the skin-friction 
component of ​​u​ ∗​​​ (that is, ​​​(​u​ ∗​​)​​ sf​​​), as documented below in the 
“Importance of Discharge-Independent Flow Regulation of 
Suspended-Sand Concentration at the Sand-Bedded Stations 
Likely Arising from the Downstream Migration of Sand 
Waves” subsection. However, the secondary process that gives 
rise to Q-independent variation in CSAND at the gravel-bedded 
stations is likely a change in bed-sand area caused by changes 

in the upstream sand supply, as documented below in the 
“Partial Regulation of Suspended-Sand Concentration by 
Discharge-Independent Changes in Bed-Sand Area at the 
Largely Gravel-Bedded Stations” subsection.

Although Q is more important than bed-sand grain size in 
regulating CSAND at the Yampa-Maybell station and post-2007 
at the Green-Jensen station, Q-independent variation in 
bed-sand grain size still has an important role at these two 
largely gravel-bedded stations. As at the sand-bedded stations, 
the Q-independent variation in bed-sand grain size caused 
by changes in the upstream sand supply is reasonably large 
(figs. 13C, 14C). In fact, the Q-independent variation in β at 
the Green-Jensen station is as large as that observed at any 
of the sand-bedded stations (figs. 9C, 10C, 11C, 12C, 14C). 
In addition, the largest values of CSAND at both stations tend 
to be associated with the smallest values of β (that is, the 
finest bed-sand grain size) and are not necessarily associated 
with the largest Q (figs. 13E, 14E). This result differs from 
that expected when Q regulation of CSAND dominates, where 
changes in bed-sand grain size do not greatly influence CSAND. 
At the Yampa-Maybell station, CSAND is inversely related 
to bed-sand grain size (fig. 13E; table 5), as also observed 
at the four sand-bedded stations. Unlike at the sand-bedded 
stations, however, there is no clear relation between CSAND 
and DS at the Yampa-Maybell station (fig. 13D). Pre-2007, 
CSAND was also inversely related to bed-sand grain size at 
the Green-Jensen station (fig. 14E), although the negative 
correlation between β and CSAND was weaker than at all other 
stations (table 5).

Conditions at the Green-Jensen station changed between 
2007 and 2013, such that no clear relation has existed between 
bed-sand grain size and CSAND at this station since at least 
2013, though the largest values of CSAND still tend to be 
associated with the smallest values of β (fig. 14E). Moreover, 
there was a tendency for the largest values of CSAND to be 
associated with the finest values of DS at the Green-Jensen 
station before 2007 (fig. 14D), as also observed currently at 
the four sand-bedded stations. Since at least 2013, however, 
CSAND has increased with increasing DS at the Green-Jensen 
station. Although the calibrated-pump measurements suggest 
a positive relation between β and CSAND at the Green-Jensen 
station, no significant relation exists between β and CSAND 
for the 2013–2021 EWI measurements, and the extremely 
weak (r=0.076) positive relation between β and CSAND for 
the acoustical measurements is negligible, though significant 
because of the large number of measurements (table 5). 
Despite Q being more important than bed-sand grain size in 
regulating CSAND, predictions of CSAND at the Yampa-Maybell 
and Green-Jensen stations must take both Q and bed-sand 
grain size into account because the largest values of CSAND 
tend to be associated with the smallest values of β (just like 
at all the sand-bedded stations where bed-sand grain size was 
found to be more important than Q in regulating CSAND).
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Figure 13.  Plots of relations between the instantaneous water discharge (Q), velocity-weighted suspended-sand 
concentration (CSAND), velocity-weighted suspended-sand median grain size (DS), and nondimensional 
bed-sand coarseness (β) at the Yampa River near Maybell, Colorado, gaging station 09251000 (Yampa-Maybell 
station). Values plotted individually for each measurement type: acoustical, calibrated pump, historical 
(pre-2013) equal-width increment (EWI), and modern (2013–2021) EWI, with the number of measurements 
(n) indicated. Error bars on the 2013–2021 EWI and calibrated-pump measurements of CSAND and DS are the 
95-percent-confidence-level combined field and laboratory errors (Topping and others, 2010, 2011); error bars 
on the acoustical measurements not shown to avoid clutter (refer to Topping and Wright, 2016, for the equations 
for these errors). Error bars could not be calculated for the historical EWI measurements owing to insufficient 
information. Years shown are water years. A, CSAND plotted as a function of Q. Orange curve is the theoretical fit 
to the 2013–2021 EWI measurements using the mean relation between Q and shear velocity (​​u​ ∗​​​) at this station 
estimated from Q measurements and equation 2A. Green curve is the modification of the orange curve that 
includes a power-law fit to the β-inferred fining of the bed sand with increasing Q at this station. B, DS plotted as a 
function of Q. C, β plotted as a function of Q. D, CSAND plotted as a function of DS. E, CSAND plotted as a function of β.
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Figure 14.  Plots of relations between the instantaneous water discharge (Q), velocity-weighted suspended-sand 
concentration (CSAND), velocity-weighted suspended-sand median grain size (DS), and nondimensional bed-sand 
coarseness (β) at the Green River near Jensen, Utah, gaging station 09261000 and Green River above Jensen, Utah, 
monitoring station. These two nearby stations have equivalent sediment-transport conditions and are collectively 
referred to as the Green-Jensen station in the text. Values plotted individually for each measurement type: 
acoustical, calibrated pump, historical (pre-2013) equal-width increment (EWI), and modern (2013–2021) EWI, with 
the number of measurements (n) indicated. Error bars on the 2013–2021 EWI and calibrated pump measurements 
of CSAND and DS are the 95-percent-confidence-level combined field and laboratory errors (Topping and others, 
2010, 2011); error bars on the acoustical measurements not shown to avoid clutter (refer to Topping and Wright, 
2016, for the equations for these errors). Error bars could not be calculated for the historical EWI measurements 
owing to insufficient information. Years shown are water years. A, CSAND plotted as a function of Q. Orange curve is 
the theoretical fit to the 2013–2021 EWI measurements using the mean relation between Q and shear velocity (​​u​ ∗​​​) 
at this station estimated from Q measurements and equation 2A. B, DS plotted as a function of Q. C, β plotted as a 
function of Q. D, CSAND plotted as a function of DS. E, CSAND plotted as a function of β.
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Grain-Size-Associated Long-Term Change in 
Suspended-Sand Concentration

Substantial decreases in CSAND have occurred in the 
Little Snake, lower Yampa, and middle Green Rivers since 
the 1960s resulting from the bed-sand coarsening caused by 
the winnowing of the tail(s) of the sand wave(s) generated 
by the large Sand Creek floods of March 1956, 1962, and 
1966 (Topping and others, 2018). These decreases in CSAND 
are manifest by downward shifts in the Q—CSAND “point 
clouds” coupled with upward steps in the Q—DS and Q—β 
point clouds defined by the historical and 2013–2021 EWI 
measurements at the LS-Lily (fig. 10A–C), Yampa-Deerlodge 
(fig. 11A–C), and Green-Jensen stations (fig. 14A–C). We 
use the term “point cloud” and not “relation” because of the 
large systematic variation in CSAND, DS, and β when plotted 
as a function of Q, variation which is caused by changes 
in bed-sand grain size, bed-sand area, ​​u​ ∗​​​, and ​​​(​u​ ∗​​)​​ sf​​​, as 
documented in the previous sections of this report. In addition, 
the net bed-sand coarsening that has occurred at these stations 
has resulted in the loss of the largest CSAND values that were 
historically associated with the finest DS and bed-sand grain 
size (β) at these stations (figs. 10D–E, 11D–E, 14D–E). In 
contrast, relatively little change in the Q—CSAND, Q—DS, and 
Q—β point clouds has occurred at either the Green-Lodore or 
Yampa-Maybell stations (figs. 9A–C, 13A–C) because only 
negligible changes in the bed-sand grain size have occurred at 
these stations between the historical and modern (2013–2021) 
periods (Topping and others, 2018). At the Yampa-Maybell 
station, the greater variation in the historical data is the likely 
consequence of a change in the measurement location for this 
station between the collection of the historical and modern 
data, as described in Text S1 in the Supporting Information 
document for Topping and others (2018).

Evidence for Scour Through an Inversely Graded 
Bed During the Annual Flood

The most probable cause of the decreases in bed-sand 
grain size (that is, bed-sand fining) associated with increases 
in Q at the four sand-bedded stations is the progressive 
scour through an inversely graded bed during the rising 
limb of the annual flood, as evidenced from paired EWI and 
bed-sediment measurements. In our study area, this inverse 
grading is manifest mainly in the fine tail of the bed-sand 
grain-size distribution and is not evident in the median grain 
size of the bed sand (DB). We thus use the mean amount of 
very fine sand on the bed in the cross section (fVF) as the 
metric to detect inverse grading. Scour through an inversely 
graded bed has been previously documented through direct 
measurements of bed-sand grain size as a function of 
scour depth in the lower Green River at the measurement 
cross section at the Green River at Mineral Bottom near 
Canyonlands National Park gaging station 09328920 (Dean 
and others, 2020). Moreover, though annual snowmelt floods 

no longer occur on the Colorado River downstream from Glen 
Canyon Dam, this process was also shown to be one of the 
most likely mechanisms to explain the negative correlation 
between bed-sand grain size and Q observed in both direct 
bed-sediment measurements and in β at multiple gaging 
stations on the Colorado River in Marble and Grand Canyons 
(Topping and others, 2021). Thus, bed-sand fining produced 
by scour through an inversely graded bed is likely a common 
occurrence in the sand-bedded parts of the rivers of the 
Colorado River basin. Presumably, the mechanism that would 
create the inversely graded bed would be the winnowing of the 
fine tail of the bed-sand grain-size distribution as the scoured 
parts of the bed refill during periods of reduced upstream sand 
supply under the influence of the moderate and lower Q during 
and following recession of the annual flood.

The LS-Lily station provides the clearest example of 
this process in our study area, with progressively weaker 
evidence observed at the Yampa-Deerlodge, Green-Ouray, 
and Green-Lodore stations. Before examining this evidence, 
however, it is important to note that the location of the 
measurement cross section varies slightly between sampling 
visits at some of these stations, thus the bed-sediment 
conditions measured (scour depth and grain size) are not 
always in the same cross section. EWI and bed-sediment 
measurements are always made in the same cross section 
only at higher Q at the LS-Lily station (at the upstream side 
of the County Road 10 bridge), and, except during one visit, 
at all Q at the Green-Ouray station (at the fishing platform 
in Ouray National Wildlife Refuge; location of cross section 
within photographed view on cover). EWI and bed-sediment 
measurements are typically made at cross sections located 
within tens of meters of the same longitudinal position 
at lower Q at the LS-Lily station and during all Q at the 
Green-Lodore and Yampa-Deerlodge stations; thus, more 
variability may exist in the bed-sediment conditions analyzed 
at these stations than those at the Green-Ouray station and at 
higher Q at the LS-Lily station.

At the LS-Lily station, the negative correlation between 
Q and bed stage (hB) is very strong (r=−0.93) and highly 
significant (fig. 15A). Though there is no significant relation 
between bed stage and DB (fig. 15B), the negative correlation 
between bed stage and log10(fVF) is also very strong (r=−0.73, 
fig. 15C), and the associated positive correlation between 
bed stage and β is also very strong (r=0.81, fig. 15D). In our 
analyses, fVF is log-transformed where it is compared to β 
because β is linearly and negatively related to log10(fVF) by 
the physics that govern suspended sediment (Topping and 
others, 2021). As shown previously for the rivers in this study, 
changes in β track much more strongly with changes in the 
fine tail of the bed-sand grain-size distribution than with 
changes in DB (Topping and others, 2018). Thus, the negative 
correlation between log10(fVF) and β is very strong (r=−0.70, 
fig. 15E). And, because the bed at the LS-Lily station tends 
to scour with increasing Q, thereby exposing finer bed sand 
deeper in the inversely graded bed (that is, increasing fVF), β 
decreases linearly as Q increases (r=−0.76, fig. 15F).
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Figure 15.  Plots of relations between the instantaneous water discharge (Q), bed stage (hB), bed-sand median grain size 
(DB), the amount of very fine sand on the bed (fVF), and nondimensional bed-sand coarseness (β) at the Little Snake River near 
Lily, Colorado, gaging station 09260000 (LS-Lily station). The level of significance (p) evaluated using an F-test and correlation 
coefficient (r) associated with each least-squares linear regression (red line) are shown. Error bars on DB and fVF are one 
standard error, calculated among the samples collected at each vertical in the bed-sediment measurement. A, Bed stage 
plotted as a function of Q. Though regression was fit to the bed stages from all equal-width-increment (EWI) measurements, 
the subset of bed stages for those measurements made at only the cross section at the upstream side of the bridge are 
indicated by blue diamonds for reference. B, DB plotted as a function of bed stage. C, fVF plotted as a function of bed stage; 
the regression depicted by the red line was calculated using log10(fVF). D, β plotted as a function of bed stage. E, β plotted as a 
function of fVF; the regression depicted by the red line was calculated using log10(fVF). F, β plotted as a function of Q.
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At the Yampa-Deerlodge station, the negative correlation 
between Q and bed stage is also very strong (r =−0.80) 
and highly significant (fig. 16A). As at the LS-Lily station, 
there is also no significant relation between bed stage and 
DB (fig. 16B). The negative correlation between bed stage 
and log10(fVF) is much weaker (r =−0.21, fig. 16C) than at 
LS-Lily, and unlike at LS-Lily, is insignificant (p=0.16). 
The relative weakness and insignificance of this correlation 
owes to one bed-sediment measurement (circled in blue in 
fig. 16C), however, in which bed sediment could be sampled 
at only half of the 10 EWI verticals. Of all the bed-sediment 
measurements made at the four sand-bedded stations, this 
bed-sediment measurement is, by far, the measurement 
covering the lowest percentage of the cross section. Thus, 
the likelihood exists that this one measurement is not as 
representative of the bed-sand grain-size distribution in the 
reach upstream from the measurement cross section as are 
the other bed-sediment measurements. Exclusion of this one 
measurement results in the negative correlation between bed 
stage and log10(fVF) becoming stronger, though still weak 
(r =−0.36), and significant (p=0.022). Because the negative 
correlation between bed stage and log10(fVF) is weaker at 
Yampa-Deerlodge than at LS-Lily, the positive correlation 
between bed stage and β is also weaker (r = −0.31, fig. 16D) 
than at LS-Lily (where r =−0.81). In association with these 
weaker correlations between bed stage and bed-sand grain 
size, the negative correlation between log10(fVF) and β at 
Yampa-Deerlodge is also weaker (r=−0.23, fig. 16E) than at 
LS-Lily and is insignificant.

Part of the weakness in the correlation between log10(fVF) 
and β at Yampa-Deerlodge is likely because the bed-sand 
grain-size distribution at the measurement cross section becomes 
less representative of the bed-sand grain-size distribution in 
equilibrium with the suspended sand at higher Q. The reach length 
over which suspended sand equilibrates with the bed increases 
as Q increases (Topping and others, 2007, 2021). Consequently, 
β is expected to provide a better measure of the reach-averaged 
bed-sand grain-size distribution than do direct bed-sediment 
measurements made at only one cross section because β uses the 
physical processes that govern suspended sediment to “sample” 
the bed (Rubin and Topping, 2001). Thus, for the flow conditions 
that exist near the Yampa-Deerlodge station at higher Q, the 
suspended sand is likely equilibrating with the bed-sand grain-size 
distribution in a spatially averaged sense over hundreds of meters 
upstream from the measurement cross section. Evidence for 
this effect is provided by the fact that the negative correlation 
between log10(fVF) and β increases to moderate (r =−0.58) and 
becomes significant (p=0.039) when discharges larger than 
600 ft3/s are excluded from the analysis (fig. 16E). Thus, the 
bed-sediment grain size measured at the cross section is in much 
better agreement with β at lower Q, in which the suspended sand 
is equilibrating with the bed over a shorter reach length. Despite 
the additional complexities at the Yampa-Deerlodge station that 
were not observed at the LS-Lily station, the evidence is still 
moderately strong that scour through an inversely graded bed at 
Yampa-Deerlodge exposes finer bed sand that then causes β to 
decrease linearly as Q increases (fig. 16F), albeit with a weaker 
correlation (r=−0.42) than at LS-Lily (where r=−0.81, fig. 15D).
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Figure 16.  Plots of relations between the instantaneous water discharge (Q), bed stage (hB), bed-sand median grain size (DB), 
the amount of very fine sand on the bed (fVF), and nondimensional bed-sand coarseness (β) at the Yampa River at Deerlodge 
Park, Colorado, gaging station 09260050 (Yampa-Deerlodge station). The level of significance (p) evaluated using an F-test and 
correlation coefficient (r) associated with each least-squares linear regression (red line) are shown. Error bars on DB and fVF 
are one standard error, calculated among the samples collected at each vertical in the bed-sediment measurement. A, Bed 
stage plotted as a function of Q. B, DB plotted as a function of bed stage. C, fVF plotted as a function of bed stage; the regression 
depicted by the red line was calculated using log10(fVF). The point circled in blue is the value described in the text that alone 
prevents this regression from being significant. D, β plotted as a function of bed stage. E, β from all equal-width-increment 
(EWI) measurements plotted as a function of fVF; the regression depicted by the red line was calculated using log10(fVF). Those 
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associated least-squares linear regression with its p and r values are indicated in blue. F, β plotted as a function of Q.
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The evidence is weaker at the Green-Ouray and 
Green-Lodore stations that scour through an inversely graded 
bed is the mechanism that explains the negative correlations 
between Q and β, though these correlations are still very 
strong at Green-Ouray and strong at Green-Lodore. No 
significant relation exists between Q and bed stage at either 
of these stations (figs. 17A, 18A). In addition, no significant 
relation exists between bed stage and DB, log10(fVF), or β 
(figs. 17B–D, 18B–D). As at Yampa-Deerlodge, however, the 
tendency exists at both Green-Ouray and Green-Lodore for 
the negative correlation between log10(fVF) and β to strengthen 
and become more significant when larger discharges are 
excluded from the analysis, though this tendency is weaker 
than at Yampa-Deerlodge and the correlations never become 
truly significant as a function of the exclusion of higher Q 
(figs. 17E, 18E). Taken together, these results indicate that the 
bed-sand grain-size distributions sampled at the measurement 
cross sections at the Green-Ouray and Green-Lodore stations 
are much less representative than that equilibrating with the 
suspended sand over the hundreds of meters upstream from 
these cross sections. By extension, the lack of scour and fill at 
the measurement cross sections is also likely not representative 
of the scour that is likely occurring in upstream cross sections 
during increases in Q. During periods of higher Q in rivers 
with mobile beds, some cross sections scour while others fill 
as a function of the interaction of the boundary-shear-stress 
field with the local channel geometry (Colby, 1964; Andrews, 
1979; Howard and Dolan, 1981; Topping and others, 2000). 
Consequently, even though the measurement cross sections at 
the Green-Ouray and Green-Lodore stations do not scour with 
increasing Q, there are likely other cross sections upstream that 
do. Furthermore, it is likely that the bed at the cross sections that 
do scour is inversely graded because there is very little difference 

in the overall characteristics between the river channels upstream 
from the Green-Ouray and Green-Lodore stations compared 
to upstream from the LS-Lily and Yampa-Deerlodge stations; 
all are multi-thalweg streams with downstream migrating bars 
and have dunes on the bed. Thus, scour through an inversely 
graded bed is still the most plausible mechanism explaining the 
negative correlations between Q and β at the Green-Ouray and 
Green-Lodore stations (figs. 17F, 18F).

Differences in the shape of the best-fit relations between Q 
and β at the Green-Ouray and Green-Lodore stations compared 
to at the LS-Lily and Yampa-Deerlodge stations could, however, 
suggest a difference in the grain-size architecture between the 
stations. The best-fit relations between Q and β are log-linear at 
Green-Ouray and Green-Lodore, whereas these relations are linear 
at LS-Lily and Yampa-Deerlodge. At Green-Ouray, β decreases 
(fines) relatively quickly as Q increases from baseflow to ~8,000 
ft3/s, and then remains relatively constant as Q continues to 
increase (fig. 16F). Similarly, at Green-Lodore, β fines relatively 
quickly as Q increases from baseflow to ~2,000 ft3/s, and then 
remains relatively constant as Q continues to increase (fig. 18F). 
Conversely, at both LS-Lily and Yampa-Deerlodge, β fines at a 
roughly constant rate as scour depth and Q both increase (figs. 
15D, F, 16D, F). The two scenarios that best explain the nonlinear 
relation between Q and β at Green-Ouray and Green-Lodore are 
as follows: (1) increasing Q causes scour through a thin coarser 
sand armor layer on the bed that overlies a more uniform finer 
sand substrate, or (2) increasing Q accesses finer bed sand stored at 
higher elevations in the channel. According to scenario 1, the beds 
at Green-Ouray and Green-Lodore would still be inversely graded, 
it is just that the inverse grading would be restricted to a relatively 
thin layer near the bed surface as opposed to occurring over a 
much thicker layer, for example, a 1-m-thick layer as observed at 
LS-Lily (fig. 15A) and Yampa-Deerlodge (fig. 16A).
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Figure 17.  Plots of relations between the instantaneous water discharge (Q), bed stage (hB), bed-sand median grain size (DB), 
the amount of very fine sand on the bed (fVF), and nondimensional bed-sand coarseness (β) on the Green River above Ouray, 
Utah, monitoring station (Green-Ouray station). The level of significance (p) evaluated using an F-test and correlation coefficient 
(r) associated with each least-squares linear regression (red line) are shown. Error bars on DB and fVF are one standard 
error, calculated among the samples collected at each vertical in the bed-sediment measurement. A, Bed stage plotted as 
a function of Q. B, DB plotted as a function of bed stage. C, fVF plotted as a function of bed stage; the regression depicted by 
the red line was calculated using log10(fVF). D, β plotted as a function of bed stage. E, β from all equal-width-increment (EWI) 
measurements plotted as a function of fVF; the regression depicted by the red line was calculated using log10(fVF). Those values 
of β from EWI measurements made at Q < 4,500 cubic feet per second (ft3/s) are indicated by blue diamonds, and the associated 
least-squares linear regression with its p and r values are indicated in blue. F, β plotted as a function of Q. Unlike at the LS-Lily 
and Yampa-Deerlodge stations, where the best-fit relations between Q and β are linear, the best-fit regression of β on Q at the 
Green-Ouray station is not the linear regression (blue line) but rather the log-linear regression shown in red.
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Figure 18.  Plots of relations between the instantaneous water discharge (Q), bed stage (hB), bed-sand median grain size 
(DB), the amount of very fine sand on the bed (fVF), and nondimensional bed-sand coarseness (β) at the Green River above 
Gates of Lodore, Colorado, gaging station 404417108524900 (Green-Lodore station). The level of significance (p) evaluated 
using an F-test and correlation coefficient (r) associated with each least-squares linear regression (red line) are shown. 
Error bars on DB and fVF are one standard error, calculated among the samples collected at each vertical in the bed-sediment 
measurement. A, Bed stage plotted as a function of Q. B, DB plotted as a function of bed stage. C, fVF plotted as a function of 
bed stage; the regression depicted by the red line was calculated using log10(fVF). D, β plotted as a function of bed stage. E, 
β from all equal-width-increment (EWI) measurements plotted as a function of fVF; the regression depicted by the red line 
was calculated using log10(fVF). Those values of β from EWI measurements made at Q < 1,500 cubic feet per second (ft3/s) are 
indicated by blue diamonds, and the associated least-squares linear regression with its p and r values are indicated in blue. 
F, β plotted as a function of Q. Unlike at the LS-Lily and Yampa-Deerlodge stations, where the best-fit relations between Q 
and β are linear, but like at the Green-Ouray station, the best-fit regression of β on Q at the Green-Lodore station is not the 
linear regression (blue line) but rather the log-linear regression shown in red.
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Relations Between Discharge and Bed-Sand 
Grain Size at the Largely Gravel-Bedded Stations

Relations between Q and bed-sand grain size differ between 
the two largely gravel-bedded stations. At the Yampa-Maybell 
station, the β-inferred bed-sand grain size that interacts with the 
flow decreases as Q increases (fig. 19), but at the Green-Jensen 
station, it remains constant as Q increases (fig. 20A), albeit with 
large variance. Given that the bed of the Yampa River at the 
Yampa-Maybell station is almost always entirely composed 
of gravel, no bed-sediment measurements could be made at 
this station to evaluate how β might relate to DB or fVF. At the 
post-2015 location of the Green-Jensen station, however, enough 
bed-sediment measurements could be made (that is, with ≥50 
percent of the verticals returning samples containing ≥20 g of 
sand) to show a moderate negative correlation between β and 
log10(fVF) (fig. 20B), with r=−0.53, though this correlation has low 
significance (p=0.18) given the small number of measurements. 
Though insignificant, the strength of this correlation exceeds that 
observed between β and log10(fVF) at higher Q at the sand-bedded 
Green-Ouray (fig. 17E) and Green-Lodore (fig. 18E) stations.

The mechanism that causes the bed-sand grain size at 
the largely gravel-bedded Yampa-Maybell station to fine with 
increasing Q cannot be the same mechanism (scour through 
an inversely graded bed) that most likely explains this effect at 
all four sand-bedded stations. The relation between Q and β is 
nonlinear at the Yampa-Maybell station, just as at the sand-bedded 
Green-Ouray and Green-Lodore stations. β fines relatively quickly 
as Q increases from baseflow to ~2,000 ft3/s, and then remains 
relatively constant as Q continues to increase (fig. 19). Because an 
inversely graded sand bed does not exist at Yampa-Maybell, the 
most likely explanation for this physical behavior is that increasing 

Q accesses finer bed sand stored at higher elevations in the channel 
(that is, the second scenario described in the previous section 
of this report). This mechanism is plausible at Yampa-Maybell 
because the largest amounts of sand in this part of the Yampa 
River are stored in point bars that are not completely inundated 
until flows greatly exceed baseflow.

Implications of Discharge-Associated Bed-Sand 
Fining for the Detection of Tributary-Generated 
Sand Waves

Although Topping and others (2018) did not recognize the 
effect of scour through an inversely graded bed during increases in 
Q on β at the LS-Lily and Yampa-Deerlodge stations, exclusion of 
this effect did not affect their ability to detect changes in bed-sand 
grain size caused by the downstream migration of the sand waves 
generated by the large Sand Creek floods of 1956–1966. Inclusion 
of this effect by detrending β using the linear relations between 
Q and β in figures 15F and 16F does not greatly affect the β time 
series at these stations (fig. 21). Though the slopes of the trends in 
β are affected, the long-term trends in β remain significant at the 
p=0.05 critical level after β is detrended by Q (fig. 21A, B).

The downstream migration of the sand waves generated 
by the large Sand Creek floods of 1956–1966 caused β-inferred 
bed-sand fining at downstream gaging stations followed by 
β-inferred bed-sand coarsening (Topping and others, 2018). 
At the LS-Lily station, significant bed-sand fining during 
water years 1958–1964 was followed by significant bed-sand 
coarsening (fig. 21A); the lack of suspended-sand data during 
water years 1956, 1957, 1965, and 1966 prevent knowing if 
this fining began earlier or ended later. Significant bed-sand 
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Figure 19.  Plot of nondimensional 
bed-sand coarseness (β) as a function of 
instantaneous water discharge (Q) for the 
equal-width-increment (EWI) measurements at 
the Yampa River near Maybell, Colorado, gaging 
station 09251000 (Yampa-Maybell station). The 
levels of significance (p) evaluated using F-tests 
and correlation coefficients (r) associated with 
each least-squares regression are shown. 
As at the Green-Ouray station (fig. 17F) and 
Green-Lodore station (fig. 18F), the best-fit 
regression of β on Q at the Yampa-Maybell 
station is not the linear regression (blue line) but 
rather the log-linear regression shown in red.
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Figure 20.  Plots of nondimensional bed-sand coarseness (β), as functions of instantaneous water discharge (Q), and 
the amount of very fine sand on the bed (fVF) for the equal-width-increment measurements at the Green River near 
Jensen, Utah, gaging station 09261000 and the post-2015 Green River above Jensen, Utah monitoring station. These two 
nearby stations have equivalent sediment-transport conditions and are collectively referred to as the Green-Jensen 
station in the text. The level of significance (p) evaluated using an F-test and correlation coefficient (r) associated 
with each least-squares linear regression (red line) are shown. A, β plotted as a function of Q at both the original and 
post-2015 locations. Unlike at all other stations in our study, no relation exists between Q and β at the Green-Jensen 
station. The least-squares linear regression shown has almost zero slope and is not significant at the p=0.05 critical 
level of significance. B, β plotted as a function of fVF at the post-2015 location of the Green-Jensen station. Although 
the least-squares linear regression of β on log10(fVF) is not significant owing to too few measurements, the negative 
correlation associated with this regression is moderate.
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Figure 21.  Time series of nondimensional bed-sand coarseness (β) for the entire record of grain-size-analyzed equal-width-increment measurements 
at the LS-Lily (A), Yampa-Deerlodge (B), and Green-Jensen stations (C ). Bed-sand fines during the 1956–1966 period of large Sand Creek floods and 
subsequently coarsens at all three downstream stations. Plots show the effect of Q-detrending β on the β time series at the LS-Lily and Yampa-Deerlodge 
stations, where the bed sand fines with increasing Q. Blue filled circles depict the raw values of β; purple diamonds depict the values of β detrended as a 
linear function of Q. β was not Q-detrended at the Green-Jensen station because no significant relation exists between Q and β at that station. Solid black 
vertical lines labeled “1956”, “1962”, and “1966” indicate the dates of large sand-supplying floods in Sand Creek. Solid green lines are the least-squares 
linear regressions fit to the Q-detrended β values during water years 1958–1964 at LS-Lily and fit to the raw β values at Green-Jensen during water years 
1956–1966; solid red lines are the least-squares linear regressions fit to the Q-detrended β values during water years 1964–2021 at LS-Lily and during 
water years 1982–2021 at Yampa-Deerlodge and fit to the raw β values during water years 1966–2021 at Green-Jensen; significance, p, of each regression 
is indicated. Circled values in C are the two outliers described in the text that were excluded from the 1956–1966 regression at the Green-Jensen station. 
Horizontal blue dashed lines indicate β=1. Gray shaded box in C indicates construction period of Flaming Gorge Dam. Raw values of β in A–C are equal 
to those in Topping and others (2018) divided by 1.44, 1.10, and 1.21, respectively, at the LS-Lily, Yampa-Deerlodge, and Green-Jensen stations, owing to 
the different values of the reference velocity-weighted suspended-sand concentration (CSAND-REF) and suspended-sand median grain size (DS-REF) used in 
equation 6. In Topping and others (2018), these reference values were evaluated over the entire period of record; in our study, these reference values were 
evaluated over only the 2013–2021 period. Station name abbreviations are defined in table 1; locations are shown in figure 1.
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coarsening also occurred during at least the post-1982 period at the 
Yampa-Deerlodge station (fig. 21B); the lack of suspended-sand 
data precludes knowledge of trends in bed-sand grain size at 
this station before 1982. Though the bed-sand fining during 
1956–1966 was not significant at the Green-Jensen station, this 
lack of significance (p=0.12) owes to only two abnormally large 
β values from EWI measurements made at very low Q (938 and 
1,490 ft3/s) in July 1961 (circled in fig. 21C). Exclusion of these 
two outliers reveals that significant bed-sand fining also likely 
occurred at Green-Jensen during 1956–1966 (p=0.036), followed 
by significant bed-sand coarsening. As described above, Dean 
and others (2020) detected a similar pattern ~285 km downstream 
from the Green-Jensen station at the Green-Green River station, 
where significant bed-sand fining occurred between 1959 and 
1965, followed by significant bed-sand coarsening.

Discharge-Independent Flow Regulation 
of Suspended-Sand Concentration at the 
Sand-Bedded Stations Likely Arising from the 
Downstream Migration of Sand Waves

Although CSAND at the sand-bedded stations is more strongly 
regulated by changes in bed-sand grain size than it is by changes 
in flow, the amount of variation in CSAND caused by changes in 
flow-related processes is not small. Consequently, it is important 
to understand the mechanisms by which the shear velocity, u*, 
and the skin-friction component of the shear velocity, (u*)sf ​​ , 
influence CSAND at these stations and to know the magnitude of 
the variation in CSAND caused by these changes. Because some 
of the variation in CSAND caused by changes in u* and (u*)sf occur 
independently of Q, it is especially important to know how the 
resultant Q-independent changes in CSAND compare in magnitude 
to those caused by changes in bed-sand grain size. Moreover, 
it is important to understand the magnitude of the variation in 
CSAND caused by Q-independent changes in u* and (u*)sf because 
these changes are associated with the often subtle topographic 
signature of the downstream migration of sand waves. Though 
the dominant mechanism by which flow regulates CSAND at 
the sand-bedded stations is through the changes in u* caused 
directly by changes in Q, as described in the “Regulation of 
Suspended-Sand Concentration by Flow, Grain Size, and Other 
Processes” subsection in the “Analytical Methods” section, other 
Q-independent changes in u* ​​(caused by changes in channel 
geometry) and Q-independent changes in (u*)sf (caused by 
changes in dune and bar geometry) both help regulate CSAND at the 
sand-bedded stations.

Q-independent changes in ​​u​ ∗​​​ arise from changes in 
channel geometry that are not perfectly coupled with changes 
in Q. This decoupling between Q and channel geometry 
in a sand-bedded river occurs because scour and fill of the 
riverbed are driven both by changes in Q and changes in the 
upstream sediment supply (Colby, 1964; Andrews, 1979; 
Howard and Dolan, 1981; Topping and others, 2000). Though 
Q is the dominant driver of scour and fill in rivers through the 
interaction of the boundary-shear-stress field with the local 
channel geometry, substantial modification of the timing of 

scour and fill during floods will occur as a function of changes 
in the upstream sediment supply owing to the downstream 
migration of sand waves (Topping and others, 2000). 
Consequently, substantial Q-independent variation in the area 
and shape of river cross sections can occur because scour or 
fill of the riverbed is not necessarily exactly in phase or 180° 
out of phase with the hydrograph during floods. Because 
Q is the product of the cross-section area and velocity, 
the Q-independent variation in cross-section area causes 
commensurate but opposing Q-independent variation in the 
mean velocity in the cross section. Moreover, because mean 
velocity is linearly related to ​​u​ ∗​​​ (von Karman, 1930), variation 
in mean velocity causes variation in ​​u​ ∗​​​. These Q-independent 
changes in ​​u​ ∗​​​ caused by changes in cross-section area can 
be detected as a positive relation between mean velocity and 
CSAND at constant Q. Topping and others (2021) estimated that 
this cause of Q-independent variation in ​​u​ ∗​​​ could lead to an 
approximate factor-of-2 variation in CSAND at any given Q on 
the Colorado River in Marble and Grand Canyons. In addition 
to this topographic mechanism of CSAND regulation, associated 
changes in the geometry of the dunes and (or) bars at the same 
Q can also regulate CSAND by causing Q-independent variation 
in ​​​(​u​ ∗​​)​​ sf​​​, as described below.

Following Einstein (1950), Smith and McLean (1977), 
Nelson and Smith (1989), and Wiberg and Smith (1989), 
we use spatially averaged steady, uniform-flow theory to 
partition the boundary shear stress (​​τ​ b​​​) into a component 
arising from the form drag associated with dunes and bars, 
and a skin-friction component (​​τ​ sf​​​) associated with sediment 
transport. It is important, however, to recognize that although 
this stress-partitioning approach provides a valid method 
for estimating the influence of dunes and bars on sediment 
transport, it is not completely correct in detail (Nelson and 
others, 1993; McLean and others, 1999). Because larger 
dunes or bars are associated with greater relative form drag, 
and because larger dunes or bars are also associated with 
greater variation in the bed topography in a river cross section, 
greater topographic variance in a river cross section will be 
associated with a smaller value of the ratio ​​τ​ sf​​ / ​τ​ b​​​. Moreover, 
because ​​u​ ∗​​  = ​ √ 

_
 ​τ​ b​​ / ρ ​​ and ​​​(​u​ ∗​​)​​ sf​​  = ​ √ 

_
 ​τ​ sf​​ / ρ ​​, greater topographic 

variance will be associated with smaller values of the 
ratio ​​​(​u​ ∗​​)​​ sf​​ / ​u​ ∗​​​. The lower boundary condition that regulates the 
flux of sand between the bed and suspension scales with ​​​(​u​ ∗​​)​​ sf​​​, 
whereas the vertical distribution of suspended sand in the 
interior of the flow above the dunes or bars is related to ​​u​ ∗​​​ 
(McLean, 1992). By their influence on ​​​(​u​ ∗​​)​​ sf​​ / ​u​ ∗​​​, relatively 
larger dunes or bars will thereby result in smaller CSAND 
and finer DS at constant ​​u​ ∗​​​ (after McLean, 1992). To detect 
this effect in the EWI measurements, we use the variance 
in flow depth among the 10 sampling verticals in each EWI 
measurement as a measure of topographic variance. We then 
relate greater values of the variance in flow depth at a given Q 
to smaller values of ​​​(​u​ ∗​​)​​ sf​​ / ​u​ ∗​​​, and therefore smaller values of 
CSAND. Q-independent changes in ​​​(​u​ ∗​​)​​ sf​​ / ​u​ ∗​​​ caused by changes 
in dune and (or) bar geometry are thus detected as a negative 
relation between the variance in flow depth among the 10 EWI 
verticals and CSAND at constant Q.
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We analyzed the EWI-measurement datasets among the 
four sand-bedded stations over narrow ranges in Q to search for 
examples of Q-independent changes in CSAND that could not be 
readily explained by changes in bed-sand grain size. Only the 
EWI measurements could be used for this purpose because only 
they include measurements of cross-section topography, that is, 
the flow depth at each vertical. For these analyses, we evaluated 
the influence on CSAND of the bed-sand grain size in both the 
reach upstream from the measurement cross section using β, and 
at the measurement cross section using the direct bed-sediment 
measurements. We then evaluated relations (1) between the 
mean velocity in the EWI-measurement cross section (as a 
proxy for u*​​) and CSAND, and (2) between the variance in flow 
depth among the 10 EWI verticals (as a proxy for (u*)sf  /u*) 
and CSAND. By this approach, we found three examples at the 
LS-Lily station and one example at the Yampa-Deerlodge 
station that serve as good indicators of the importance of these 
types of Q-independent changes in u* or (u*)sf in regulating 
CSAND. The EWI measurements in each of the narrow ranges 
in Q in these examples were made over years and are in good 
agreement with the continuous acoustical measurements, which 
showed only slow changes in CSAND over time. Consequently, 
the process causing the variation in CSAND detected by the 
EWI measurements in these examples was persistent and was 
therefore a systematic, not random, process.

At the LS-Lily station, we found useful examples in 
three narrow ranges of Q: 210–280 ft3/s, 2,500–2,600 ft3/s, 
and 2,900–3,000 ft3/s (fig. 22A). Positive relations between 
DS and CSAND exist for the two higher Q ranges (fig. 22B), 
thus suggesting that the variation in CSAND in these two 
examples owes to Q-independent variation in u* (by equations 
2A and B). The two types of bed-sand data analyzed for 
these three examples provide conflicting information. The 
positive relations between β and CSAND for the two higher Q 
ranges also suggests that the variation in CSAND for these two 
examples owes to Q-independent variation in u* (fig. 22C); the 
slightly coarser bed sand associated with the greater values of 
CSAND would require greater u* by equation 2A to explain these 
greater values of CSAND. Negative relations between DB and 
CSAND for the two lower Q ranges (fig. 22D), and a positive 
relation between log10(fVF) and CSAND for the mid-Q range 
(fig. 22E), however, indicate that changes in the bed-sand 
grain-size distribution cannot be completely ruled out for 
causing some of the Q-independent variation in CSAND. The 
positive relations observed between the mean velocity in the 
cross section and CSAND for the two higher Q ranges (fig. 22F) 
do, nevertheless, indicate that changes in u* are involved in 
the variation in CSAND in at least these two higher Q examples. 
Moreover, all three Q ranges exhibit very strong negative 
relations between the variance in flow depth among the 10 
EWI verticals and CSAND (fig. 22G), with |r| > 0.9 for all three 
Q ranges. This result indicates that changes in the geometry of 
the dunes or bars are largely responsible for the Q-independent 
variation in CSAND at the LS-Lily station that cannot be 

attributed to changes in bed-sand grain size. The magnitude 
of the Q-independent variation in CSAND at the LS-Lily station 
arising from changes in (u*)sf and u* is roughly a factor of 2, 
similar to the amount of Q-independent variation in CSAND 
arising from changes in u* estimated by Topping and others 
(2021) for the Colorado River.

At the Yampa-Deerlodge station, the best example for 
evaluating the importance of Q-independent changes in u* or 
(u*)sf in regulating CSAND is also the Q range with the largest 
variation in CSAND observed among the EWI measurements: 
Q=4,300–5,200 ft3/s (fig. 23A). Although no relation exists 
between DS or β and CSAND (fig. 23B, C), a strong negative 
relation between DB and CSAND (r =−0.74, fig. 23D) in 
conjunction with a very strong positive relation between 
log10(fVF) and CSAND (r =0.96, fig. 23E) suggests that changes 
in the bed-sand grain-size distribution are responsible for some 
of the observed factor-of-4 variation in CSAND in this example. 
Unlike at the LS-Lily station, no relation exists between 
the mean velocity in the cross section and CSAND (fig. 23F), 
thereby indicating that changes in ​​u​ ∗​​​ are not responsible 
for the Q-independent variation in CSAND in this example. 
However, and as at the LS-Lily station, a very strong negative 
relation exists between the variance in flow depth among the 
10 EWI verticals and CSAND (r =−0.90, fig. 23G). This result 
indicates that changes in the geometry of the dunes or bars 
also has a dominant role in the Q-independent variation in 
CSAND at the Yampa-Deerlodge station, and likely contributes 
to at least half of the observed factor-of-4 variation in CSAND in 
this example.

Taken together, the examples shown in figures 22 and 23 
thus suggest that changes in (u*)sf caused by changes in dune 
or bar geometry are responsible for between a factor of 2 and a 
factor of 4 of the Q -independent variation in CSAND observed 
at the sand-bedded stations. It is important to recognize, 
however, that this magnitude of variation in CSAND is less 
than the minimum factor-of-6 Q-independent variation in 
CSAND observed in figures 9A, 10A, 11A, and 12A. Moreover, 
this magnitude of variation in CSAND is also smaller than the 
greater-than-factor-of-6 Q-independent variation in CSAND 
implied by application of equation 2A to the greater than 
factor-of-2 variation in β in figures 9C, 10C, 11C, and 12C. 
In addition, this magnitude of variation in CSAND is also less 
than the factor-of-6 Q-independent variation in CSAND implied 
by application of equation 2A to the roughly factor-of-2 
variation in DB among figures 15B, 16B, 17B, and 18B. Thus, 
even though important, the magnitude of the Q-independent 
variation in CSAND associated with changes in u* or (u*)sf is less 
than that associated with the Q-independent changes in the 
bed-sand grain-size distribution that are caused by changes in 
the upstream sand supply. Therefore, the grain-size signature 
of the downstream migration of sand waves has a larger 
influence on CSAND than does the topographic signature of the 
downstream migration of sand waves, as manifest through 
Q-independent changes in u* or (u*)sf .
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Figure 22.  Plots evaluating the importance of water-discharge- (Q-) independent changes in shear velocity (​​u​ ∗​​​​​) and the skin-friction 
component of the shear velocity ((​u

*
)sf)​ in helping to regulate the velocity-weighted suspended-sand concentration (CSAND) at the 

Little Snake River near Lily, Colorado, gaging station 09260000 (LS-Lily station). Values plotted are from paired equal-width-increment 
(EWI) and bed-sediment measurements; error bars on CSAND and the velocity-weighted suspended-sand median grain size (DS) 
are the 95-percent-confidence-level combined field and laboratory errors (Topping and others, 2010, 2011); error bars on bed-sand 
median grain size (DB) and the amount of very fine sand on the bed (fVF) are one standard error. A, CSAND plotted as a function of Q; 
values in the three narrow ranges of Q used in the examples are indicated, and only these values are plotted in B–G; values outside 
these narrow ranges of Q depicted as purple diamonds. B, CSAND plotted as a function of DS. C, CSAND plotted as a function of the 
nondimensional bed-sand coarseness (β). D, CSAND plotted as a function of DB. E, CSAND plotted as a function of fVF. F, CSAND plotted 
as a function mean velocity in the EWI cross section; the direction of increasing ​​u​ ∗​​​ is indicated. G, CSAND plotted as a function of the 
variance in flow depth among the 10 EWI verticals; the direction of increasing (​u

*
)sf    /u*​ is indicated. ft3/s, cubic feet per second.
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Figure 23.  Plots evaluating the importance of water-discharge- (Q-) independent changes in shear velocity (​u
*
​) and the 

skin-friction component of the shear velocity ((​u
*
)sf)​ in helping to regulate the velocity-weighted suspended-sand concentration 

(CSAND) at the Yampa River at Deerlodge Park, Colorado, gaging station 09260050 (Yampa-Deerlodge station). Values plotted are 
from paired equal-width-increment (EWI) and bed-sediment measurements; error bars on CSAND and the velocity-weighted 
suspended-sand median grain size (DS) are the 95-percent-confidence-level combined field and laboratory errors (Topping and 
others, 2010, 2011); error bars on bed-sand median grain size (DB) and the amount of very fine sand on the bed (fVF) are one standard 
error. A, CSAND plotted as a function of Q; values in the narrow range of Q used in the example are indicated, and only these values 
are plotted in B–G; values outside this narrow range of Q depicted as purple diamonds. B, CSAND plotted as a function of DS. C, CSAND 
plotted as a function of the nondimensional bed-sand coarseness (β). D, CSAND plotted as a function of DB. E, CSAND plotted as a 
function of fVF. F, CSAND plotted as a function mean velocity in the EWI cross section; the direction of increasing ​u

*​
 is indicated. G, 

CSAND plotted as a function of the variance in flow depth among the 10 EWI verticals; the direction of increasing (​u
*
)sf    /u*​

 is indicated. 
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 Q = 4,300–5,200 ft3/s

EXPLANATION

A B

C SA
N

D, i
n 

m
ill

ig
ra

m
s 

pe
r l

ite
r

β

C

DB, in millimeters

DS, in millimetersQ, in cubic feet per second

D

0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

250

0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.10 0.15 0.20 0.25 0.30
0

50

100

150

200

250

0 5,000 10,000 15,000 20,000



58    Controls on Sediment Transport and Storage in the Little Snake, Yampa, and Green Rivers

Mean velocity in the cross section, in meters per second

Increasing u* 

Increasing (u*)sf /u* 

Variance in flow depth among the 10 verticals, 
in square meters

fVF, in percent

0

50

100

150

200

250

0.1 1.0 10.0

0

50

100

150

200

250

0.0 0.1 1.0 10.0 100.0 0.6 0.8 1.0 1.2 1.4 1.6

E F

C SA
N

D, i
n 

m
ill

ig
ra

m
s 

pe
r l

ite
r

G

Figure 23.—Continued



Results with Discussion    59

Partial Regulation of Suspended-Sand 
Concentration by Discharge-Independent 
Changes in Bed-Sand Area at the Largely 
Gravel-Bedded Stations

The spatially averaged areal coverage of sand on the bed 
(bed-sand area) regulates CSAND through the lower boundary 
condition for suspended sediment, where changes in bed-sand 
area cause approximately linear changes in the near-bed 
suspended-sand concentration (Grams and Wilcock, 2007, 2014; 
Topping and others, 2007). Thus, unlike the changes in bed-sand 
grain size, which exert a strong nonlinear control on CSAND 
(eq. 2A; Topping and others, 2000, 2007; Rubin and Topping, 
2001, 2008), changes in bed-sand area exert a weaker quasi-linear 
control on CSAND (Grams and Wilcock, 2007, 2014; Topping and 
others, 2007). Following Topping and others (2010), equation 2A 
can be modified to include this quasi-linear control of bed-sand 
area as follows:

                                 ​​C​ SAND​​  ∝ ​ A​ B​​ ​u​ ∗​ J​ ​D​ B​ K​​,� (9)

where AB is the spatially averaged fractional area of sediment 
on the bed. Increases in bed-sand area are not expected to cause 
changes in DS unless the progressive burial of a relatively rough 
gravel bed results in a substantial reduction in the form drag 
produced by the gravel protruding into the flow (after Nelson and 
others, 1991; Wiberg and Smith, 1991; Topping, 1997). Such a 
large reduction in gravel form drag would cause DS to increase 
as AB increases, not because of the increase in bed-sand area, 
but rather because of an increase in (u*)sf  /u*​​. Given the value of 
K=−2.5 used herein, changes in DB of a factor of 2 are associated 
with the same change in CSAND as are changes in AB of a factor 
of 5.7. Thus, in rivers where changes in bed-sand grain size that 
exceed a factor of 2 are likely, changes in bed-sand grain size 
thus exert a much stronger influence on CSAND than do changes in 
bed-sand area (Topping and others, 2007, 2021; Rubin and others, 
2020), and can easily offset the sometimes-opposing influence on 
CSAND of changes in bed-sand area (Topping and others, 2007). 
Because changes in bed-sand grain size in our study area typically 
do not greatly exceed a factor of 2, however, it is important to 
quantify the likely Q-independent variation of CSAND associated 
with the changes in bed-sand area observed at the gravel-bedded 
stations in our study area.

Changes in bed-sand area have been shown to be associated 
with both changes in the upstream sand supply (as are also 
changes in bed-sand grain size) and changes in Q (Topping 
and others 2021). Because changes in Q change the loci of 
convergence in the boundary shear stress that determines where 
sand can deposit on a gravel bed, large increases in Q tend to 
redistribute sand from deep pools to larger areas of the bed 
(Topping and others, 2000), with sand slowly recollecting in 
these pools after Q decreases. Consequently, sand can occur 
on different parts and cover differing amounts of the bed in a 
gravel-bedded river at different Q. For example, large increases in 
Q have been observed to cause up to an approximately factor-of-3 
increase in bed-sand area in the Colorado River downstream 

from Glen Canyon Dam in Marble and Grand Canyons (Anima 
and others, 1998; Schmidt and others, 2007). To allow exclusion 
of the effect of changing Q on AB, we thus analyzed the effect of 
changing bed-sand area on CSAND in narrow ranges of Q, thus 
ensuring that the observed changes in bed-sand area arose from 
changes in the upstream sand supply. Because the post-2015 
location of the Green-Jensen station was the only largely 
gravel-bedded station that had both the EWI measurements 
and bed-sediment measurements required to evaluate the 
effect of bed-sand area on CSAND, we conducted this analysis 
at that station. We used the fraction of the 10 EWI verticals 
comprising each bed-sediment measurement that returned at 
least 20 g of sand as the measure of AB, as described above in 
the “Sediment-Transport and Bed-Sediment Measurements at 
Gaging Stations” subsection of the “Field Methods” section; AB 
thus ranged from 0 when no sand was present on the bed to 1.0 
when the bed was fully sand-covered. Most other aspects of this 
analysis were the same as in the analyses in the previous section, 
including using the mean velocity in the cross section as a proxy 
for u* and using the variance in flow depth among the 10 EWI 
verticals as a proxy for the variation in (u*)sf  /u* caused by changes 
in dune or bar geometry. Because most of these bed-sediment 
measurements returned sand-size sediment at fewer than 50 
percent of the verticals, greater uncertainty in DB or fVF existed at 
the Green-Jensen station than at the sand-bedded stations. Thus, 
we did not include DB or fVF in this analysis in the same way as in 
the analyses in the previous section of this report.

At the Green-Jensen station, we found good examples 
of relatively large variations in CSAND in two narrow ranges 
of Q: 8,500–9,900 ft3/s, and 15,500–16,900 ft3/s, (fig. 24A). 
The EWI measurements in these two narrow ranges of Q were 
made over years and are in good agreement with the continuous 
acoustical measurements, which showed only slow changes in 
CSAND over time. Thus, as with the variation in CSAND caused by 
Q-independent changes in u* or (u*)sf ​​, the variation in CSAND in 
these examples was also systematic and occurred over longer 
timescales. Positive relations between DS and CSAND exist for both 
these Q ranges (fig. 24B). This result suggests that the variation in 
CSAND in these two examples owes to three possible scenarios (1) 
Q-independent variation in u* owing to changes in cross-section 
geometry, (2) increases in (u*)sf  /u* caused by increasing bed-sand 
area reducing the gravel form drag, or (3) positively coupled 
changes in bed-sand area and grain size. Scenario one can be 
ruled out because the Q-independent variation in cross-section 
geometry is minimal at the Green-Jensen station because the bed 
is largely composed of cobble-size gravel, and the sand patches 
that sometimes overlie parts of this gravel bed tend to be thin. 
Thus, the range in mean velocity associated with the variation in 
CSAND in the two Q ranges is very small, and no consistent positive 
relation between mean velocity and CSAND exists among the two 
Q ranges (fig. 24D). Scenario two cannot be ruled out because 
we have no way to estimate the changes in (u*)sf that could result 
from changes in bed-sand area. Although the lack of relations 
between the variance in flow depth among the 10 EWI verticals 
and CSAND for ether Q range (fig. 24E) does allow us to conclude 
that Q-independent changes in (u*)sf  /u* caused by changes in dune 
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or bar geometry do not occur; this result is not surprising because 
neither large dunes nor sand bars occur at the Green-Jensen 
station. Though scenario three is deemed most likely as a result of 
the presence of positive relations between β and CSAND for both 
examples (fig. 24C) and very strong positive relations between 
bed-sand area and CSAND (r=0.80 for lower Q range and 0.99 for 
higher Q range; fig. 24F), the positive relations between β and 
CSAND could be an artifact arising from the influence in equation 
6 of the positive relations between DS and CSAND in figure 24B. 

Although support for scenario three is provided by a very strong 
negative relation between log10(fVF) and β for the cases used in 
the examples (r=−91; fig. 24G), the certainty of this relation 
is low despite its significance (p=0.0046). Five of the seven 
measurements in this relation in figure 24G are from bed-sediment 
measurements where <50  percent of the 10 EWI verticals returned 
a sand sample with mass ≥20 g; thus, it is uncertain whether 
these measurements are representative of fVF over the entire 
cross section.
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Despite the uncertainty associated with the interpretation of 
β in the examples in figure 24, it is likely that the Q-independent 
variation in CSAND in both examples does arise from scenario 
three (changes in bed-sand area that are likely positively coupled 
with changes in bed-sand grain size). The relations in figure 
24F indicate that the Q-independent increases in CSAND in both 
examples are associated with increases in bed-sand area. This 
result requires that either scenarios two or three are correct. In 
addition, the positive relations between β and CSAND (fig. 24C) 
and negative relation between log10(fVF) and β (fig. 24G) together 
strongly suggest that these increases in bed-sand area are more 
likely associated with increases in bed-sand grain size than they 
are with decreases in gravel form drag. Though the progressive 
burial of the gravel caused by the increase in bed-sand area 
could cause a decrease in the form drag arising from the gravel 
protruding into the flow (scenario two), this effect is not required 
to explain the data. Presumably, the increase in bed-sand area 
associated with the increase in CSAND in each of these examples 
was large enough to overwhelm the opposing nonlinear influence 
on CSAND of the coarsening bed-sand grain size (eq. 9). The 
Q-independent variation in CSAND owing to changes in bed-sand 
area in these examples is roughly a factor of 2, much smaller 
than the minimum factor-of-6 Q-independent variation in CSAND 
at the Green-Jensen station associated with changes in bed-sand 
grain size inferred from the 2013–2021 values of β at any 
given Q (figs.  14C, 20A). Thus, changes in bed-sand area at the 
Green-Jensen station are unlikely to overwhelm the increases 
in the upstream sand supply indicated by large decreases in β. 
Finally, this factor-of-2 Q-independent variation in CSAND is 
consistent with the Q-independent variation in CSAND observed at 
the Yampa-Maybell station, where only minimal Q-independent 
changes in β occur (fig. 13C). Thus, it is plausible that the 
maximum Q-independent variation in CSAND caused by changes in 
bed-sand area is roughly a factor of 2 at both largely gravel-bedded 
stations in our study area: Green-Jensen and Yampa-Maybell.

Grain-Size Evidence for Sand Waves During the 
Annual Flood

In addition to the episodic sand waves generated by tributary 
floods during other times of the year (the most notable example 
of which are the large Sand Creek floods of 1956–1966), annual 
sand waves are also generated during the annual snowmelt 
flood. Bed-sand grain-size data indicate that these annual sand 
waves originate in the Yampa River basin as the result of the 
flow accessing finer bed sand as Q increases. The most likely 
mechanism responsible for the bed-sand fining with increasing 
Q differs between the sand- and gravel-bedded parts of the 
rivers in the Yampa River basin. At the sand-bedded LS-Lily 
and Yampa-Deerlodge stations, the most likely mechanism is 
scour through an inversely graded bed (figs. 15–16). At the 
gravel-bedded Yampa-Maybell station, the most likely mechanism 
is access to finer sand stored at higher elevations in sandy point 
bars (fig. 19). Both mechanisms result in the generation of a 
sand wave that migrates downstream in the middle Green River, 
as evidenced by β calculated from our annual high-flow EWI 
measurements (fig. 25). Although bed-sand grain size tends 

to be inversely related to Q at the Yampa-Maybell, LS-Lily, 
Yampa-Deerlodge, and Green-Ouray stations, no relation exists 
between bed-sand grain size and Q at the Green-Jensen station 
(figs. 15–17, 19, 20). Thus, bed-sand fining at the Green-Jensen 
station during or immediately following Yampa River floods 
would indicate the likely arrival of a sand wave from the Yampa 
River. In addition, bed-sand fining at the Green-Ouray station that 
is uncorrelated with increases in Q would indicate the arrival of a 
sand wave from upstream.

For the analysis in figure 25, we used the β values calculated 
from the EWI measurements made at the highest Q during the 
last week of May through the first week in June. Though these 
measurements were not necessarily made at peak Q during the 
annual flood, they were typically made within a week of peak Q. 
Though no natural annual flood exists on the upper Green River 
downstream from Flaming Gorge Dam, the EWI measurements 
made during the typically short-duration artificial floods released 
from the dam to advantage native fish (U.S. Fish and Wildlife 
Service, 1992; Bureau of Reclamation, 2005, 2006; Bestgen and 
others, 2011; LaGory and others, 2012) were used to calculate 
high-flow β at the Green-Lodore station. Even though most of 
these EWI measurements were not made at peak Q, we chose 
the EWI measurements over the calibrated-pump or acoustical 
measurements made at peak Q because of the much greater 
accuracy of the EWI measurements. Thus, the greater accuracy of 
the high-flow β values calculated using these EWI measurements 
was given preference over the possible change in β between 
the time of the EWI measurements and peak Q that may not 
be accurately reflected by the β values calculated from the less 
accurate calibrated-pump or acoustical measurements. When two 
EWI measurements were made at similar Q within 24 hours, we 
averaged the β values calculated among these two measurements. 
To easily compare the high-flow β time series between the stations, 
we normalized the β values using the mean β of those calculated 
among all high-flow EWI measurements at a given station. 
Although the much-shorter period of record at the Green-Ouray 
station caused β to be normalized over a much-shorter period 
(2017–2021) than at the Green-Jensen station (2013–2021), 
this difference in record length did not introduce much error in 
this analysis because the mean of the normalized high-flow β 
values at Green-Jensen during 2017–2021 differed from that at 
Green-Ouray by only 1.5 percent.

We use two metrics to describe the annual flood in the 
analysis in figure 25 and in the subsequent analyses in this 
report: peak Q, and the March–July median Q. This approach 
is similar to that used by Dean and others (2020) on the lower 
Green River and the Colorado River upstream from Canyonlands 
National Park. The March–July period encompasses the entire 
annual snowmelt flood; thus, the March–July median Q serves 
as a reasonable proxy for the duration of the higher Q within 
the annual flood. Although peak Q is commonly used as a key 
flood measure in geomorphic analyses, it is not necessarily 
the best metric to use in analyses of sediment transport and 
associated geomorphic change in the case where (1) the “slope” 
of the Q—sediment-concentration point clouds are relatively 
low (meaning that a substantial amount of sediment transport 
occurs at Q lower than peak), and (2) the hydrograph shape is not 
well-correlated with the peak Q during the annual flood. Both 
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aspects of this case occur in our study area. Because Q increases 
much faster than u* at all the stations in our study area, the slopes 
of the Q—CSAND point clouds in figures 9–14 are relatively low. 
In addition, the correlations between peak Q and the March–
July median Q are only significant (p < 0.05) and very strong 
(r  ≥  0.8) at two stations: Yampa-Maybell and Yampa-Deerlodge 
(fig. 26A). Finally, the construction and operation of Flaming 
Gorge Dam has eliminated the annual snowmelt flood on the 
upper Green River in our study area. Although artificial floods are 
released from this dam to advantage native fish or disadvantage 
nonnative fish (U.S. Fish and Wildlife Service, 1992; Bureau of 
Reclamation, 2005, 2006; Bestgen and others, 2011; LaGory and 
others, 2012, 2019), the peak Q of these artificial floods is limited 
by the dam such that the correlation between peak Q and the 
March–July median Q at the Green-Lodore station is insignificant 
and weak (p=0.44, r=0.3; fig 26A). Thus, the March–July median 
Q is a more universal metric than the peak Q in evaluating the 
sediment effects of the annual flood in our study area.

Because both bed-sand and suspended-sand grain size 
are inversely related to Q at the stations on the Little Snake 
and Yampa Rivers (fig. 1), larger Yampa River floods generate 
finer sand waves, as evidenced by the smallest values of β at 
the Yampa-Maybell, LS-Lily, and Yampa-Deerlodge stations 
generally aligning with the larger peaks in both peak Q and 
March–July median Q at the Yampa-Deerlodge station (fig. 25). 
For simplicity, the values of peak Q and March–July median 
Q at the Yampa-Maybell and LS-Lily stations are not shown in 
figure 25 because they are respectively very strongly correlated 
with the values of peak Q (r=0.95, 0.81, respectively) and 
March–July median Q (r=0.99, 0.90, respectively) at the 
Yampa-Deerlodge station. Similarly, the values of peak Q and 
March–July median Q at the Green-Ouray station are not shown 
in figure 25 because they are almost identical to the values of 
peak Q at the Green-Jensen station. Though barely insignificant 
at the Yampa-Deerlodge station (p=0.063), the negative 
correlations between Q at the time of the EWI measurement 
used to calculate β and normalized β are significant at the 
Yampa-Maybell and LS-Lily stations, and strong to very 
strong at the Yampa-Maybell (r=−0.8), LS-Lily (r=−0.7), and 
Yampa-Deerlodge (r=−0.6) stations (fig. 26B). This result 
indicates that the signal detected in the β values calculated from 
only the high-flow EWI measurements is generally consistent 
with the inverse relation between Q and β indicated by all EWI 
measurements at these stations (figs. 15F, 16F, 19). Thus, by 
accessing finer bed sand at higher Q, larger values of peak Q 
or March–July median Q at the Yampa-Deerlodge station are 
associated with the generation of finer sand waves.

The annual sand waves introduced to the middle Green 
River during the annual flood of the Yampa River migrate 
downstream past the Green-Jensen station within the same 
flood and arrive at the Green-Ouray station the following year 
(fig. 25B, C). This result is indicated by the general alignment 
of the peaks and troughs in the high-flow β time series 
among the Yampa-Maybell, LS-Lily, Yampa-Deerlodge, and 
Green-Jensen stations (fig. 25B), and the 1-year lag between 
the peaks and troughs between the high-flow β time series 

at the Green-Jensen and Green-Ouray stations (fig. 25C). 
The similar magnitudes of the peaks and troughs in the 
high-flow β time series among the Yampa-Maybell, LS-Lily, 
Yampa-Deerlodge, and Green-Jensen stations indicate that 
finer annual sand waves in the Yampa River cause greater 
bed-sand fining in the middle Green River at the Green-Jensen 
station. No relation exists between Q at the time of the EWI 
measurement and normalized β at either the Green-Jensen 
or Green-Ouray station (fig. 26B), thus confirming that the 
pattern in high-flow β at these stations (fig. 25) arises from 
the downstream migration of annual sand waves and not from 
changes in Q.

Given that the Yampa River supplies most of the sand at 
the confluence of the Yampa and Green Rivers, sand waves 
generated in the upper Green River likely have only minimal 
influence on the bed-sand grain size in the middle Green River 
at the Green-Jensen station. Thus, even though the peaks 
and troughs in the high-flow β time series are also somewhat 
aligned between the Green-Lodore and Green-Jensen 
stations, the influence of the high-flow β time series at the 
Green-Lodore station on the high-flow β time series at the 
Green-Jensen station is likely restricted to years like 2017 
(figs. 25A, 26A). Sustained large releases from Flaming Gorge 
Dam in 2017 resulted in elevated March–July median Q values 
at both the Green-Lodore and Green-Jensen stations (figs. 25A, 
26A), likely causing the coarsest value of normalized β (from 
extended bed-sand winnowing) at the Green-Lodore station 
(fig. 25B). Importantly, even though high-flow β was at its 
coarsest value at the Green-Lodore station in 2017, this major 
bed-sand coarsening event had, at most, minimal downstream 
influence on β at the Green-Jensen station.

Effects of Sand-Wave Migration on Sand Transport 
at the Green-Jensen and Green-Ouray Stations 
Leading to Changes in Sand Mass in the Uinta 
Basin Segment of the Middle Green River

Changes in sand mass (that is, net deposition or erosion) 
in the Uinta Basin segment of the middle Green River are 
controlled by Q-independent shifts in sand transport at the 
Green-Jensen and Green-Ouray stations associated with 
the downstream migration of sand waves generated during 
a sequence of annual floods on the Yampa River. We refer 
to the first large flood in a sequence of annual Yampa River 
floods as the “year-1 flood,” the second flood in this sequence 
as the “year-2 flood,” and collectively to all floods in this 
sequence after the year-1 flood as “out-year floods.” The 
Q-independent shifts in sand transport at the Green-Jensen 
and Green-Ouray stations result from the changes in bed-sand 
grain size associated with the longitudinal positions of the 
Yampa-generated sand waves.

As inferred from β (fig. 25A, B), large Yampa River 
floods (that is, year-1 floods) generate sand waves with fine 
fronts that emanate into the Green River and migrate into the 
Uinta Basin segment past the Green-Jensen station but may 
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Figure 26.  Plots of correlations at the six 
stations in our study between peak water 
discharge (Q) and the March–July median Q 
(A), and between Q at the midpoint time of the 
equal-width-increment (EWI) measurement 
(used to calculate the normalized high-flow 
nondimensional bed-sand coarseness 
[β] values in figure 25) and normalized 
high-flow β (B). Solid and dashed lines are 
the least-squares linear regressions fit to the 
data at each station; the level of significance 
(p) and correlation coefficient (r) are shown 
for each station; dashed lines indicate the 
regressions and associated correlations that 
are insignificant at the p=0.05 critical level. 
Peak and median Q values for the Green-Ouray 
station are not depicted in A to avoid clutter 
because they are almost identical to those 
at the Green-Jensen station. Circled points 
in A are those associated with the 2017 
sustained large releases from Flaming Gorge 
Dam described in the text. Station name 
abbreviations are defined in table 1; locations 
are shown in figure 1.
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not reach the Green-Ouray station (fig. 27). This longitudinal 
position of the year-1 sand wave is associated with bed-sand 
fining at the Green-Jensen station (fig. 25B). Because the 
Green-Ouray station is downstream from the front of the 
year-1 sand wave, the Green-Ouray station is in the coarser 
tail of an out-year sand wave from a preceding flood sequence 
(fig. 27A). In addition, because this tail of the preceding 
out-year sand wave is winnowed as this sand wave migrates 
downstream during the year-1 flood, this longitudinal position 
of the year-1 sand wave, with its front located between the 
Green-Jensen and Green-Ouray stations, is associated with 

bed-sand coarsening at the Green-Ouray station (fig. 25B). 
Consequently, increased sand transport occurs at the 
Green-Jensen station while decreased sand transport occurs at 
the Green-Ouray station during the year-1 flood. As described 
below in the “Influence of Flood Magnitude and Source on 
Sediment Budgets During Annual Floods” section of this 
report, sand deposition in the Uinta Basin segment thus occurs 
during the year-1 flood owing to a downstream decrease 
in sand transport associated with downstream bed-sand 
coarsening between the Green-Jensen and Green-Ouray 
stations.

Green-OurayGreen-Jensen

Fine bed sand 
Low CSAND

Antecedent coarse bed sand

Green-OurayGreen-Jensen

Year-2 moderate Yampa River flood—CONVEYANCE

Green-OurayGreen-Jensen

High CSAND

Front of year-1 
sand wave

Front of year-1 
sand wave

Front of year-1 
sand wave

Front of year-2 
sand wave

High CSAND

Fine bed sand Fine bed sand 
High CSAND

Year-2 smaller Yampa River flood—or larger Flaming Gorge Dam release—EROSION

Fine bed sand 
High CSANDLow CSAND
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   sand wave

Yampa River
confluence

Yampa River
confluence

Yampa River
confluence

A.

B.

C.

Downstream direction in middle Green River

Year-1 Yampa River flood—first and largest flood in a sequence of annual floods—DEPOSITION

Figure 27.  Conceptual model showing the longitudinal positions of the year-1 and year-2 Yampa-generated sand waves in the 
middle Green River, Colorado and Utah. A, A year-1 flood; B, a moderate year-2 flood; and C, either a smaller year-2 flood or larger 
release from Flaming Gorge Dam. These generalized positions were inferred from the values of water discharge (Q) and normalized 
high-flow nondimensional bed-sand coarseness (β) in figure 25. The relative bed-sand grain size and the velocity-weighted 
suspended-sand concentration (CSAND) near and above Jensen, Utah (Green-Jensen station) and above Ouray, Utah (Green-Ouray 
station) are indicated for each case. The longitudinal difference in bed-sand grain size and associated magnitude of CSAND controls 
whether sand is deposited in (A), conveyed through (B), or eroded from (C) the Uinta Basin segment of the middle Green River 
between the Green-Jensen and Green-Ouray stations. Locations of stations are shown in figure 1.
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The downstream migration of the year-1 sand wave 
during out-year Yampa River floods in combination with the 
generation of out-year sand waves results in either no substantial 
net downstream change in bed-sand grain size between the 
Green-Jensen and Green-Ouray stations or downstream fining 
between these stations (fig. 27B, C). During the year-2 flood, 
the front of the year-1 sand wave migrates downstream past 
the Green-Ouray station causing bed-sand fining at this station 
(figs. 25C, 27B, C). Depending on the magnitudes of the year-2 
and other out-year floods, however, the bed-sand grain size at 
the Green-Jensen station will either not change substantially 
or will coarsen during these floods. The tail of the year-1 sand 
wave will be winnowed as it migrates downstream, thereby 
causing bed-sand coarsening. The degree of this coarsening at the 
Green-Jensen station may be offset depending on the magnitudes 
of the out-year floods. As inferred from β (fig. 25A, B), a series 
of similar-magnitude Yampa River floods will likely generate a 
succession of similar-sized sand waves of similar grain size in the 
Uinta Basin segment. Under this scenario, the resupply of sand 
during each flood could offset the bed-sand coarsening at the 
Green-Jensen station caused by the downstream migration of the 
year-1 sand wave, thereby leading to no substantial downstream 
change in bed-sand grain size between the Green-Jensen and 
Green-Ouray stations (fig. 27B). Moreover, a series of declining 
Yampa River floods will likely generate a succession of 
smaller, coarser sand waves in the Uinta Basin segment. Under 
this scenario, the bed sand at the Green-Jensen station would 
progressively coarsen mostly from the winnowing of the tail(s) of 
the year-1 or amalgamated preceding sand wave(s) and possibly 
also from the addition of coarser sand during these smaller 
out-year floods, thereby leading to downstream fining between the 
Green-Jensen and Green-Ouray stations (fig. 27C).

Successive floods in a sequence of annual Yampa River 
floods of equal or declining Q thus generate annual sand waves 
in the middle Green River of roughly similar or coarsening grain 
size, as inferred from the normalized high-flow β values in figure 
25. Consequently, the continued downstream migration of sand 
waves in the middle Green River during out-year floods can 
result in either no net downstream change in bed-sand grain size 
or downstream fining in the Uinta Basin segment. Thus, out-year 
floods will typically be associated with sand conveyance through 
(fig. 27B) or sand erosion in (fig. 27C) the Uinta Basin segment. 
Because the upper Green River supplies far less sand to the middle 
Green River than does the Yampa River, sustained large releases 
from Flaming Gorge Dam are likely to limit bed-sand fining at 
Green-Jensen and increase bed-sand coarsening at Green-Ouray 
and thereby modify the downstream migration of the sand waves 
generated by Yampa River floods (fig. 27C).

The observed shifts in the Q—CSAND point clouds at the 
Green-Jensen and Green-Ouray stations are consistent with the 
above-described changes in bed-sand grain size associated with 
the downstream migration of sand waves generated during the 
annual flood of the Yampa River (fig. 28). In figure 28, the Q—
CSAND point clouds at Green-Jensen and Green-Ouray are plotted 
for all measurement types during the March–July annual-flood 
period in each year. Because the sand bedload during March–July 

at Green-Ouray is a much larger percentage of the sand total 
load (that is, sand bedload plus suspended-sand load) than at 
Green-Jensen, and because CSAND does not include bedload, 
large overlap of the Q—CSAND point clouds at these two stations 
indicates sand erosion in the Uinta Basin segment. Among the 
2017–2021 March–July annual-flood periods, the sand bedload at 
Green Jensen ranged from 4 to 12 percent of the sand total load, 
whereas the sand bedload at Green-Ouray ranged from 20 to 34 
percent of the sand total load (appendix 1). To place the positions 
of the Q—CSAND point clouds each year in context, the March–
July median Q at the Yampa-Deerlodge and Green-Lodore stations 
are reported, the normalized high-flow β and measured bed-sand 
area (AB) associated with the high-flow EWI measurements are 
indicated, and the “CSAND slopes” are indicated. The “CSAND 
slope” is simply the slope of the least-squares linear regression of 
CSAND on Q, forced through the origin, and is used as a metric for 
the steepness of a Q—CSAND point cloud; all CSAND measurement 
types are included in this regression (EWI, calibrated pump, and 
acoustical). For example, an increase in the CSAND slope indicates 
an upward shift in CSAND at any given Q and thereby an increase in 
sand transport, whereas a decrease in the CSAND slope indicates a 
downward shift in CSAND at any given Q and thereby a decrease in 
sand transport.

For direct comparison of the results in figure 28 to those 
presented in the next section of this report, the geomorphic 
implication of the March–July change in sand mass from the 
continuous mass-balance sand budgets for the Uinta Basin 
segment (from the “Influence of Flood Magnitude and Source 
on Sediment Budgets During Annual Floods” section below) is 
also indicated for each year. This implication is given in each 
figure panel in terms of sand erosion, likely sand erosion, sand 
conveyance, or sand deposition (no years fell into the likely sand 
deposition category). The uncertainty thresholds used to determine 
whether sediment budgets are indeterminate or indicate erosion, 
likely erosion, deposition, or likely deposition are the same as in 
Topping and others (2018) and were reviewed in the “Sediment 
Budgets” subsection in the “Analytical Methods” section. 
Although indeterminate sand budgets typically arise from erosion 
offsetting deposition in a river segment, and not necessarily from 
sand being transported through a segment with zero local erosion 
and deposition, we neglect this complexity to be consistent with 
the conceptual model in figure 17 and simply use the term “sand 
conveyance” for cases with indeterminate sand budgets.

Out-Year Floods of 2017 and 2018
Between the 2017 and 2018 annual floods (out-year floods) 

that preceded the large 2019 Yampa River flood (a year-1 flood), 
the Q—CSAND point cloud at the Green-Jensen station shifted 
slightly downward (QSAND slope decreased slightly from 0.009 
to 0.008) as the Q—CSAND point cloud at the Green-Ouray 
station shifted slightly upward (QSAND slope increased slightly 
from 0.009 to 0.010) (fig. 28A, B). The slight downward shift 
in the Q—CSAND point cloud at Green-Jensen was associated 
with bed-sand coarsening (normalized β increased from 0.95 to 
1.08) that was perhaps slightly offset by an increase in bed-sand 
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annual-flood period at the Green-Jensen and Green-Ouray stations. A, 2017; B, 2018; C, 2019; D, 2020; and E, 
2021. The interpreted March–July change in sand mass in the Uinta Basin segment (that is, sand deposition, 
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area (AB increased from 0.5 to 0.9). The slight upward shift in 
the Q—CSAND point cloud at Green-Ouray was associated with 
negligible change in bed-sand grain size (normalized β remained 
constant at ~1.03) and no change in bed-sand area (the bed is fully 
sand covered at the Green-Ouray station). Given the similarity 
of the CSAND slopes between the Green-Jensen and Green-Ouray 
stations during the March–July 2017 and March–July 2018 annual 
floods, sand was “likely eroded” from the Uinta Basin segment 
during each of these out-year floods because the uncertainty was 
between 1 and 2 times the absolute value of the zero-bias value of 
the change in sand mass, as discussed below in the “Influence of 
Flood Magnitude and Source on Sediment Budgets During Annual 
Floods” section of this report.

Year-1 Flood of 2019
As the result of the large year-1 Yampa River flood in 2019, 

the Q—CSAND point cloud at the Green-Jensen station shifted 
upward (QSAND slope increased from 0.008 to 0.013) as the Q—
CSAND point cloud at the Green-Ouray station shifted downward 
(QSAND slope increased from 0.010 to 0.008) between 2018 and 
2019 (fig. 28B, C). The major upward shift in the Q—CSAND 
point cloud at Green-Jensen was associated with bed-sand fining 
(β decreased from 1.08 to 0.84) that was perhaps slightly offset 
by a decrease in bed-sand area (AB decreased from 0.9 to 0.2); 
this upward shift was thus caused by the fine front of the 2019 
Yampa-generated sand wave passing this station. The downward 
shift in the Q—CSAND point cloud at Green-Ouray was associated 
with bed-sand coarsening (normalized β increased from 1.03 

to 1.17) and no change in bed-sand area; this downward shift 
was caused by the continued downstream migration of an older 
sand wave generated during an earlier Yampa River flood in 
combination with the 2019 Yampa-generated sand wave not yet 
arriving at this station. Given the much steeper CSAND slope at 
Green-Jensen than at Green-Ouray during March–July 2019, sand 
was deposited in the Uinta Basin segment during the 2019 annual 
flood, as discussed below in the “Influence of Flood Magnitude 
and Source on Sediment Budgets During Annual Floods” section 
of this report.

Year-2 Flood of 2020 and the Downstream 
Migration of the Year-1 Sand Wave

Following the year-1 2019 flood, the position of the Q—
CSAND point cloud at the Green-Jensen station remained stable 
(QSAND slope remained constant at ~0.013) as the Q—CSAND point 
cloud at the Green-Ouray station shifted slightly upward (QSAND 
slope increased slightly from 0.008 to 0.009) between 2019 and 
2020 (fig. 28C, D). The lack of change in the Q—CSAND point 
cloud at Green-Jensen was associated with bed-sand coarsening 
(normalized β increased from 0.84 to 1.03); the effect of this 
coarsening on CSAND was apparently completely offset by an 
increase in bed-sand area (AB increased from 0.2 to 0.6). The 
upward shift in the Q—CSAND point cloud at Green-Ouray was 
associated with bed-sand fining (β decreased from 1.17 to 0.95) 
and no change in bed-sand area. The bed-sand coarsening at 
Green-Jensen coincident with the bed-sand fining at Green-Ouray 
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indicated the continued downstream migration of the year-1 
sand wave generated during the 2019 Yampa River flood, with 
the fine front of this sand wave passing the Green-Ouray station 
during 2020. Although the CSAND slope remained much steeper at 
Green-Jensen than at Green-Ouray during March–July 2020, sand 
was likely conveyed through the Uinta Basin segment during the 
year-2 2020 annual flood, as discussed below in the “Influence of 
Flood Magnitude and Source on Sediment Budgets During Annual 
Floods” section of this report. The reason for the sand conveyance 
in 2020 and not sand deposition (as in 2019) arises mainly from 
the 2019 Yampa River flood being much larger than the 2020 
Yampa River flood. Thus, despite the CSAND slopes being similar 
at Green-Jensen between these two annual floods, the sand loads 
were much larger at Green-Jensen during the 2019 annual flood 
because of the much higher Q; Yampa River median Q during 
March–July 2019 was 2.7 times larger than in during March–
July 2020 (fig. 28C, D).

Out-Year Flood of 2021 and Continued 
Downstream Migration of the Year-1 Sand Wave

Between the 2020 and 2021 out-year floods, the Q—CSAND 
point cloud at the Green-Jensen station shifted downward (QSAND 
slope decreased from 0.013 to 0.010) as the Q—CSAND point cloud 
at the Green-Ouray station shifted upward (QSAND slope increased 
from 0.009 to 0.014) (fig. 28D, E). The major downward shift 
in Q—CSAND at Green-Jensen was associated with only slight 
bed-sand fining (normalized β decreased from 1.03 to 1.02), the 
negligible effect of which on CSAND was completely offset by a 
large decrease in bed-sand area (AB decreased from 0.6 to 0.3). The 
major upward shift in the Q–CSAND point cloud at Green-Ouray 
was associated with bed-sand fining (normalized β decreased 
from 0.95 to 0.83) and no change in bed-sand area. The continued 
bed-sand coarsening at Green-Jensen coincident with bed-sand 
fining at Green-Ouray results from the continued 2020–2021 
downstream migration of the year-1 sand wave generated during 
the 2019 Yampa River flood combined with the likely arrival at 
Green-Jensen of the coarser sand waves generated during the 
smaller 2020–2021 out-year Yampa River floods. Given the much 
steeper CSAND slope at Green-Ouray than at Green-Jensen during 
March–July 2021, sand was eroded from the Uinta Basin segment 
during the 2021 annual flood, as discussed in the next section of 
this report.

Influence of Flood Magnitude and Source on 
Sediment Budgets During Annual Floods

Larger Yampa River floods cause erosion in the Deerlodge 
Park and Dinosaur sediment-budget areas but tend to cause 
deposition farther downstream in the Uinta Basin segment of the 
Green River (figs. 29–31). Conversely, although longer duration 
large releases from Flaming Gorge Dam cause no detectable 
change in sand mass in the Dinosaur sediment-budget area 
(fig. 30B), these releases may cause erosion in the Uinta Basin 
segment (fig. 31B). Though small in magnitude, unequivocal 

erosion of sediment from the Uinta Basin segment has only been 
observed during low-flow years with small Yampa River floods 
(fig. 31). These results are consistent with the earlier results of 
Topping and others (2018) for the Deerlodge Park and Dinosaur 
sediment-budget areas. In addition, these results are those expected 
for the Dinosaur and Uinta Basin sediment budgets given the 
bed-sand grain-size changes (fig. 25), and associated shifts in sand 
transport (fig. 28), caused by the downstream migration of the 
sand waves generated during annual floods of the Yampa River 
(fig. 27).

The Deerlodge Park sediment-budget area has been a 
likely source of sand for the lower Yampa River for many years. 
Although minor overlap of the error bars with the line of zero 
change exists for a few cases, net sand erosion has occurred from 
this part of the Yampa River basin during all annual floods where 
the peak Q and the March–July median Q, respectively, exceed 
~7,800 and ~1,500 ft3/s at the Yampa-Maybell station (fig. 29A, 
B), ~2,800 and ~360 ft3/s at the LS-Lily station (fig. 29C, D), 
and ~10,300 and ~1,800 ft3/s at the Yampa-Deerlodge station 
(fig. 29E, F). The negative correlations between these annual-flood 
metrics (peak Q and March–July median Q) and the change in 
sand mass in this sediment-budget area during the March–July 
annual-flood period is moderate to strong (with r ranging from 
0.4 to 0.6). On average, ~70,000±62,000 metric tons of sand 
were eroded from the Deerlodge Park area each year during the 
March–July annual-flood period between 2013 and 2021. Given 
the uncertainties in the loads at the Yampa-Maybell and LS-Lily 
stations, this amount was equal to between 5 and 130 percent of 
the average amount of sand supplied to the Deerlodge Park area 
by the upper Yampa and Little Snake Rivers during the annual 
flood. Thus, a considerable amount of sand supplied to the middle 
Green River during the annual floods of the Yampa River during 
2013–2021 could have been eroded from the Deerlodge Park 
sediment-budget area.

Analysis of aerial lidar (light detection and ranging) surveys 
indicates that ~50,000±130,000 (±95-percent-confidence-level 
uncertainty) cubic meters (m3) of sediment were eroded from 
the downstream ~3.7 km of the Yampa River in Deerlodge Park 
between 2011 and 2015 (Leonard, 2022; volume of sediment 
erosion and uncertainty revised by C. Leonard, National Park 
Service, written commun., May 7–8, 2024). The river segment 
in which this erosion was measured encompassed the lower 
~3.1  km of the Deerlodge Park sediment-budget area and extended 
~0.6 km downstream from the Yampa-Deerlodge station. This 
erosion resulted from a combination of slight net channel-bed 
scour (−0.07±0.24 m) and the lateral migration of the Yampa 
River, which caused the erosion of higher cut banks on the 
outsides of meanders and the deposition of lower banks on the 
insides of meanders (Leonard, 2022; value of net channel-bed 
scour and 95-percent-confidence-level uncertainty revised by 
C. Leonard, National Park Service, written commun., May 6, 
2024). Conversion of this volume of sediment erosion to mass 
yields 80,000±210,000 metric tons of erosion between 2011 
and 2015, assuming 40 percent porosity (after Curry and others, 
2004) and a quartz density of 2,650 kilograms per cubic meter 
(kg/m3). This magnitude of likely predominantly sand erosion 
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Figure 29.  Plots of changes in the sediment mass balance in the Deerlodge Park sediment-budget area (refer to fig. 1) 
during the annual-flood period of March–July as a function of peak water discharge (Q) (A) and March–July median 
Q (B) at the Yampa-Maybell station, peak Q (C) and March–July median Q (D) at the LS-Lily station, and peak Q (E) 
and March–July median Q (F) at the Yampa-Deerlodge station. Lines are the least-squares linear regressions fit to the 
zero-bias mass-balance values (depicted as filled circles); correlation coefficients (r) associated with these regressions 
are shown. Error bars indicate the uncertainty in the calculated changes in sediment mass balance resulting from the 
propagation of the uncertainties in the sediment loads through the sediment-budget calculation. Positive values of the 
sediment mass balance indicate deposition whereas negative values indicate erosion during March–July. Station name 
abbreviations are defined in table 1; locations are shown in figure 1.
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equates to a mean-annual erosion rate of ~20,000 metric tons, an 
erosion rate in agreement with that determined for the 2013–2021 
annual-flood period from the continuous mass-balance sediment 
budget calculated for the longer river segments that comprise the 
entire Deerlodge Park sediment-budget area. Moreover, repeat 
surveys of cross sections suggest that erosion of sand from the 
Deerlodge Park area has been ongoing since at least 1983, with 
a 1997–2017 mean-annual sand erosion rate of ~37,000 metric 
tons (Griffiths and others, 2024), an erosion rate also in agreement 
with that for the 2013–2021 annual-flood period determined 
from our continuous mass-balance sediment budget. Therefore, 
it is likely that sand has been eroded from the Deerlodge Park 
sediment-budget area during the annual flood of the Yampa River 
for quite some time. Although this long-term erosion may be a 
legacy of the bed-sand coarsening associated with the downstream 
migration of the tail(s) of the sand wave(s) generated by the 
1956–1966 Sand Creek floods, as suggested by Topping and 
others (2018), this erosion likely also owes to the natural lateral 
migration of the river (Leonard, 2022).

In contrast to the sediment-budgeting results for sand, 
no net change in the amount of silt and clay stored in the 
Deerlodge Park sediment-budget area has occurred during the 
annual floods of 2013–2021, although large changes in the 
stored amount of silt and clay did occur during some years. 
The mean change in March–July silt and clay mass in the 
Deerlodge Park area among the 2013–2021 annual floods was 
+35,000±77,000 metric tons. Following Topping and others 
(2018), we conclude that sediment budgets are indeterminate 
when the uncertainty is ≥2 times the absolute value of the 
zero-bias value, demonstrably positive or negative when the 
uncertainty is less than the zero-bias value, and either likely 
positive or negative when the uncertainty falls between these 

bounds. In this case, the uncertainty is 2.2 times the zero-bias 
value of 35,000 metric tons, and therefore no net change in 
silt and clay mass can be demonstrated among the 2013–2021 
annual floods. The only annual-flood metric possibly related 
to changes in silt and clay mass in the Deerlodge Park 
sediment-budget area is the peak Q of the Little Snake River 
flood (fig. 29C); the correlation between peak Q at the LS-Lily 
station and deposition of silt and clay in the Deerlodge Park 
area during the annual flood is moderate (r=0.4).

Sand eroded from the Dinosaur sediment-budget area 
during larger Yampa River floods can be deposited farther 
downstream in the Uinta Basin segment of the middle Green 
River (figs. 30–31). The strong tendency toward erosion of 
sand from the Dinosaur sediment-budget area during large 
Yampa River floods is indicated by the strong negative 
correlation between the peak Q of the annual flood at the 
Yampa-Deerlodge station and sand mass balance in the 
Dinosaur sediment-budget area (r=−0.7, fig. 30C), and the 
very strong negative correlation between the March–July 
median Q at Yampa-Deerlodge and sand mass balance in 
the Dinosaur sediment-budget area (r=−0.9, fig. 30D). It is 
not simply the magnitude of the annual flood that causes 
erosion in the Dinosaur sediment-budget area, otherwise the 
very strong negative correlation between the March–July 
median Q at Yampa-Deerlodge and the sand mass balance in 
the Dinosaur sediment-budget area would be reflected in a 
similar negative correlation at the Green-Jensen station, where 
this correlation is, in fact, only weak (r=−0.3, fig. 30F). The 
annual floods that cause the greatest amount of erosion in 
the Dinosaur sediment-budget area are thus the large Yampa 
River floods that also supply the largest amounts of sand to the 
Dinosaur sediment-budget area.

4,000 8,000 12,000 16,000 20,000 0 2,000 4,000 6,000 8,000
−500,000

−400,000

−300,000

−200,000

−100,000

0

100,000

200,000

300,000

400,000

500,000

Sand (r = −0.6)

Silt and clay (r = −0.08)

Yampa-Deerlodge peak Q, in cubic feet per second Yampa-Deerlodge March–July median Q, in cubic feet per second 

DEPOSITION
  

 
        EROSION

     

E

Sand (r = −0.4)

Silt and clay (r = 0.08)

F

De
er

lo
dg

e 
Pa

rk
 

M
ar

ch
–J

ul
y s

ed
im

en
t m

as
s b

al
an

ce
, in

 m
et

ric
 to

ns

EXPLANATION EXPLANATION

Figure 29.—Continued



74    Controls on Sediment Transport and Storage in the Little Snake, Yampa, and Green Rivers

−500,000

−400,000

−300,000

−200,000

−100,000

0

100,000

200,000

300,000

400,000

500,000

Sand (r = −0.4)

Silt and clay (r = −0.5)

Green-Lodore peak Q, in cubic feet per second Green-Lodore March–July median Q, in cubic feet per second 

Yampa-Deerlodge peak Q, in cubic feet per second Yampa-Deerlodge 
March–July median Q, in cubic feet per second 

A

Sand (r = 0.2)

Silt and clay (r = −0.2)

Sand (r = −0.7)

Silt and clay (r = −0.2)

Sand (r = −0.9)

Silt and clay (r = −0.4)

BEXPLANATION EXPLANATION

EXPLANATIONEXPLANATION

Di
no

sa
ur

 M
ar

ch
–J

ul
y s

ed
im

en
t m

as
s b

al
an

ce
, in

 m
et

ric
 to

ns

−500,000

−400,000

−300,000

−200,000

−100,000

0

100,000

200,000

300,000

400,000

500,000

Di
no

sa
ur

 M
ar

ch
–J

ul
y s

ed
im

en
t m

as
s b

al
an

ce
, in

 m
et

ric
 to

ns

4,000 6,000 8,000 10,000

DEPOSITION
       

 
   EROSION

     
DEPOSITION

    
 

EROSION
     

0 2,000 4,000 6,000 8,000

4,000 8,000 12,000 16,000 20,000

C

0 2,000 4,000 6,000 8,000

D

Figure 30.  Plots of changes in the sediment mass balance in the Dinosaur sediment-budget area (refer to fig. 1) during 
the annual-flood period of March–July as a function of peak water discharge (Q) (A) and March–July median Q (B) at 
the Green-Lodore station, peak Q (C) and March–July median Q (D) at the Yampa-Deerlodge station, and peak Q (E) and 
March–July median Q (F) at the Green-Jensen station. Lines are the least-squares linear regressions fit to the zero-bias 
mass-balance values; correlation coefficients (r) associated with these regressions are shown. Error bars indicate the 
uncertainty in the calculated changes in sediment mass balance resulting from the propagation of the uncertainties in 
the sediment loads through the sediment-budget calculation. Positive values of the sediment mass balance indicate 
deposition whereas negative values indicate erosion during March–July. Station name abbreviations are defined in 
table 1; locations are shown in figure 1.
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Although more sediment-transport data at the stations 
bracketing the Uinta Basin segment during larger Yampa 
River floods would help solidify this relation, an equally 
strong tendency toward deposition of sand in the Uinta 
Basin segment during large Yampa River floods is strongly 
suggested by the strong positive correlation between the peak 
Q of the annual flood at Yampa-Deerlodge and the sand mass 
balance in the Uinta Basin segment (r=0.7, fig. 31C), and 
the very strong positive correlation between the March–July 
median Q at Yampa-Deerlodge and the sand mass balance 
in the Uinta Basin segment (r=0.8, fig. 31D). Sand is eroded 
from the Uinta Basin segment during the annual-flood period 
in years with smaller Yampa River floods (fig. 31C, D), 
and possibly also eroded during years with larger sustained 
Flaming Gorge Dam releases (r=−0.5, fig. 31B). Sand 
deposition occurs in the Dinosaur sediment-budget area during 
smaller Yampa River floods (fig. 30C, D), and in the lower Q 
periods during the months of the year outside the March–July 
annual-flood period.

Larger peak Q of Flaming Gorge Dam releases (r=−0.5, 
fig. 30A) or larger March–July median Q in the Yampa River 
(r=−0.4, fig. 30D) provide the most likely mechanisms for 
erosion of silt and clay from the Dinosaur sediment-budget 
area. As with the sand, much of the net deposition of silt and 
clay in the Dinosaur sediment-budget area occurs during the 
months of the year outside the March–July annual-flood period 
shown in figure 30. Flows during the annual flood have little 
effect on the amount of silt and clay stored in the Uinta Basin 
segment of the middle Green River, although larger sustained 
Flaming Gorge Dam releases may erode silt and clay from this 
segment (r=−0.7, fig. 31B).

Over longer sequences of floods in both the Dinosaur 
sediment-budget area and Uinta Basin segment, the change 
in sand mass has been negligible whereas slight silt and clay 
erosion may have occurred. Among the 2013–2021 annual 
floods in the Dinosaur sediment-budget area, the change in 
March–July sand mass was −19,000±88,000 metric tons 
(indeterminate change) and the change in March–July silt and 
clay mass was −90,000±95,000 (likely negative but small 
change). Similarly, among the 2017–2021 annual floods in the 
Uinta Basin segment, the change in March–July sand mass 
was 2,600±82,000 metric tons (indeterminate change) and the 
change in March–July silt and clay mass was −52,000±86,000 
metric tons (likely negative but small change). Because 
tributaries, which likely supply much more silt and clay than 
sand, are not included in these sediment-budget calculations 
(as described in the “Analytical Methods” section), it remains 
possible, however, that these “likely negative” results for 
silt and clay are artifacts of the exclusion of tributaries. If 
the silt-and-clay loads of tributaries were measured and then 
included in the sediment-budget calculations, the changes in 
silt and clay mass, like the changes in sand mass, could also be 
indeterminate when integrated over many annual floods.

Given that most of the demonstrable changes in sediment 
mass in the Dinosaur sediment-budget area during the 
annual-flood period involve Yampa River flows, it is most 
likely that these changes in sediment mass occur within 
the lower Yampa and alluvial reaches of the middle Green 
River and not within the upper Green River in the Canyon of 
Lodore. The geographic scope of where most of the changes 
in sand mass are likely located can be further refined based 
on the stations where the largest shifts in the Q—CSAND point 
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Figure 31.  Plots of changes in the sediment mass balance in the Uinta Basin sediment-budget segment of the middle 
Green River (refer to fig. 1) during the annual-flood period of March–July as a function of peak water discharge (Q) (A) and 
March–July median Q (B) at the Green-Lodore station, peak Q (C) and March–July median Q (D) at the Yampa-Deerlodge 
station, and peak Q (E) and March–July median Q (F) at the Green-Jensen station. Lines are the least-squares linear 
regressions fit to the zero-bias mass-balance values; correlation coefficients (r) associated with these regressions 
are shown. Error bars indicate the uncertainty in the calculated changes in sediment mass balance resulting from 
the propagation of the uncertainties in the sediment loads through the sediment-budget calculation. Positive values 
of the sediment mass balance indicate deposition whereas negative values indicate erosion during March–July. The 
changes in sand mass balance during the annual floods indicated by year in B–D are discussed in the text. Station name 
abbreviations are defined in table 1; locations are shown in figure 1.
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clouds occur as a function of changes in bed-sand grain size. 
The large Yampa River floods that cause substantial upward 
shifts in the Q—CSAND point clouds at the Green-Jensen 
station cause relatively little change in the Q—CSAND point 
clouds at the Yampa-Deerlodge station (for example, the large 
2019 flood). Thus, the location of the net erosion of sand 
from the Dinosaur sediment-budget area associated with the 
bed-sand fining and increase in sand transport at Green-Jensen 
was likely much closer to the Green-Jensen station than the 
Yampa-Deerlodge station. Thus, as suggested by Topping and 
others (2018), it is likely that most of the changes in sediment 
mass occur in the shorter alluvial reaches with the greatest 
sediment accommodation space, for example, Echo, Island, 
and Rainbow Parks (fig. 1B), all of which are along the middle 
Green River, much closer to the Green-Jensen station than the 
Yampa-Deerlodge station.

Although it may seem counterintuitive for large Yampa 
River floods to erode sand from the middle Green River in 
the Dinosaur sediment-budget area because these floods 
supply the largest amount of sand to this river segment, the 
physical basis for this effect is well-established and arises 
from changes in bed-sand grain size. Einstein and Chien 
(1953) were perhaps the first to show that changes in bed-sand 
grain size have a much stronger effect on sand transport than 
changes in sand transport have on the bed-sand grain-size 
distribution (Rubin and Topping, 2001). Consequently, the 
bed-sand fining caused by the downstream migration of the 
front of a sand wave is associated with an immediate increase 
in CSAND and thereby an immediate increase in sand transport. 
Thus, although the finest size classes of sand in a sand wave 
may migrate downstream quickly (Topping and others, 2000, 

2021), the associated increase in CSAND occurs even faster. 
Because of the nonlinear relation between bed-sand grain 
size and CSAND (eq. 2A), small changes in bed-sand grain 
size thus cause large and immediate shifts in sand transport 
at constant ​​u​ ∗​​​, and thereby at constant Q. Depending on the 
rate and depth of the mixing of the fine front of a sand wave 
with the antecedent coarser sand bed, these shifts in the Q—
CSAND point clouds may persist for long enough during the 
annual flood so that the bed-sand fining caused by a large 
Yampa River flood has a larger and longer effect on sand 
transport at Green-Jensen than does the actual amount of sand 
supplied during the Yampa River flood. In essence, the large 
reservoir of sand present on the bed buffers the rate at which 
the bed-sand grain-size distribution can change in response 
to a change in the upstream sand supply. This reservoir effect 
was observed in the laboratory by Einstein and Chien (1953) 
and formed the basis for their conclusion that changes in the 
bed-sand grain-size distribution had a “strong and immediate” 
effect on sand transport, whereas changes in sand transport 
had only a “weak and slow” effect on the bed-sand grain-size 
distribution. More extensive fining of the bed sand upstream 
from the Green-Jensen station during a larger Yampa River 
flood may therefore cause an increase in the sand export from 
the Dinosaur sediment-budget area that exceeds the amount 
of sand supplied to the Dinosaur sediment-budget area from 
both the Yampa and upper Green Rivers, as suggested by the 
increased sand erosion during progressively larger Yampa 
River floods (fig. 30C, D).

Sand deposition in the Uinta Basin segment of the middle 
Green River during a large year-1 annual flood on the Yampa 
River, and sand erosion from this segment during subsequent 
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out-years also occur as the result of the longitudinal patterns in 
bed-sand grain size associated with the downstream migration 
of sand waves generated during Yampa River floods, as 
described in the previous section of this report. Consequently, 
large year-1 floods, like the 2019 Yampa River flood, can 
cause deposition in the Uinta Basin segment (fig. 31C, D). 
Because of the continued downstream migration of the 
year-1 sand wave and the addition of generally smaller and 
coarser sand waves during out-year Yampa River floods, the 
bed sand generally coarsens and sand transport decreases at 
the Green-Jensen station while the bed sand fines and sand 
transport increases at the Green-Ouray station during out-year 
floods (fig. 28D, E). As described in the previous section, the 
degree to which the bed sand coarsens at Green-Jensen during 
these out-year floods is of course limited or potentially offset 
by the magnitude of each out-year flood, thereby affecting 
whether sand will be eroded or deposited in the Uinta Basin 
segment. For example, it took 2 years for the bed sand to 
coarsen sufficiently at Green-Jensen and fine sufficiently at 
Green-Ouray for sand to be eroded from the Uinta Basin 
segment following the large (year-1) Yampa River flood of 
2019 (fig. 31C, D). Over the first year following this large 
flood (year-2), the bed sand coarsened at Green-Jensen 
and fined at Green-Ouray only to the extent that sand was 
conveyed through this river segment during the 2020 annual 
flood. Differences between the sequencing of flows from the 
Yampa River and upper Green River increase the complexity 
of this problem. For example, sustained large releases from 
Flaming Gorge Dam may increase the degree of bed-sand 
coarsening at Green-Jensen (fig. 28A), and thereby increase 
the potential for sand erosion from the Uinta Basin segment 
(fig. 31B). Similarly, the degree to which the bed sand fines 
and sand transport increases at Green-Ouray during the years 
following a large year-1 flood on the Yampa River flood 
depends on magnitude of subsequent out-year floods.

Cross-Section Resurveys

Long-Term Changes in Sediment Storage and 
Cross-Section Geometry

Resurvey of the 27 cross sections suggests that slight 
net erosion of sediment from the Uinta Basin segment of the 
middle Green River occurred between the surveys conducted 
in 1994–1996 and the resurvey in 2020, with most of this 
decrease in sediment storage occurring through channel 
widening owing to bank retreat (figs. 32–39, table 6). We use 
the word “suggest” and not “indicate” because the sample size 
of 27 cross sections is likely too small to state this result with 
absolute certainty (Grams and others, 2019). The mean change 
in cross-sectional sediment area among the 27 cross sections 
between 1994–1996 and 2020 was −13.5±9.1 m2 (±1 standard 
error). Though the mean amount of erosion was slight, the 
erosion was pervasive, with 19 of the 27 cross sections 
exhibiting erosion. Though most cross sections eroded, 
the fewer cross sections that gained sediment exhibited 

larger changes in sediment storage. The mean change in 
cross-sectional sediment area among the 19 cross sections that 
lost sediment was −39.0±6.5 m2, whereas the mean change 
in cross-sectional sediment area among the 8 cross sections 
that gained sediment was +47.2±5.7 m2. Among all 27 cross 
sections, the mean change in minimum bed elevation was 
positive, at +0.46±0.22 m, thus indicating that the slight net 
erosion observed between the last survey in 1994–1996 and 
the 2020 resurvey did not involve net scour of the bed.

Channel widening was almost as ubiquitous as erosion in 
the resurveyed cross sections in the Uinta Basin segment of the 
middle Green River. Nineteen of the 27 cross sections eroded 
between 1994–1996 and 2020, with 17 of these cross sections 
widening. Though widening was almost as pervasive as erosion, 
the amount of net change in channel width among all 27 cross 
sections was negligible. Unlike the slight decrease in sediment 
storage among the 27 cross sections, the mean 1990s–2020 
change in channel width was 0.0±2.0 m. This mean of zero change 
in width, however, resulted from extremely large amounts of 
channel narrowing at only 2 of the 27 cross sections, HB-1 and 
AB-4, which narrowed by 36.2 and 23.1 m, respectively. Among 
the 17 cross sections that widened, the mean amount of channel 
widening was +4.7±1.1  m, with the maximum amount of channel 
widening observed at cross section CB-6, where the river widened 
by 18.7 m.

Although widening was associated with net erosion, 
narrowing was not necessarily associated with deposition, 
but rather with a redistribution of sediment within the 
cross section. The mean change in the cross-sectional 
area of sediment storage among the 17 cross sections that 
widened was −24±8.5 m2, whereas the mean change in the 
cross-sectional area of sediment storage among the 10 cross 
sections that narrowed was 5.7±19.0 m2. The much larger 
standard error (19.0) than the mean (5.7) indicates that a 
substantial amount of net erosion occurred at some of the 
cross sections that narrowed. Indeed, net erosion occurred 
at 4 of the 10 cross sections that narrowed. In contrast, net 
erosion occurred at 15 of the 17 cross sections that widened, 
thus indicating the much tighter association of widening 
and erosion.

Although most of the long-term decrease in sediment 
storage among the 27 cross sections was associated with 
channel widening without net bed scour, changes in bed 
elevation did have a role. Bed aggradation was much larger 
in the cross sections that gained sediment than in those that 
lost sediment. The minimum bed elevation increased by 
0.24±0.24 m among the 19 cross sections that lost sediment, 
whereas the minimum bed elevation increased by 1.00±0.43  m 
among the 8 cross sections that gained sediment. Thus, the 
slight 1990s–2020 decrease in the cross-sectional sediment 
area of −13.5±9.1 m2 was associated with widening and 
bed aggradation, such that the channel of the Uinta Basin 
of the middle Green River likely became slightly wider but 
shallower between 1994–1996 and 2020. As shown in the 
next section, it is likely that the 1990s–2020 channel widening 
and its associated erosion was indicative of a long-term, 
multi-decadal change in cross-section geometry and sediment 
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Figure 32.  Plots comparing the Bonanza Bridge (BB) cross sections in the Uinta Basin segment of the middle Green River, Utah, 
in June 1996 and on October 11, 2020. A, BB-4 at river kilometer (RK) 196.4; B, BB-3 at RK 196.6; C, BB-2 at RK 197.0; and D, BB-1 
at RK 197.3. Vertical arrows indicate the bounds of the domain over which the changes in cross-sectional sediment area and 
topographic variance were evaluated between surveys. Horizontal dashed blue line indicates the elevation at which channel 
width was measured (excluding the widths of shallow floodplain depressions behind levees). The elevations of the tops of the 
right bank in B and C in 2020 were likely affected by farming. NAVD 88, North American Vertical Datum of 1988; m, meter.
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Figure 33.  Plots comparing the Horseshoe Bend (HB) cross sections in the Uinta Basin segment of the middle Green River, Utah, in June 1996 
and on October 12, 2020. A, HB-4 at river kilometer (RK) 203.9; B, HB-3 at RK 204.2; C, HB-2A (left part) at RK 204.4; D, HB-2B (right part) at RK 204.4; 
E, HB-1A (left part) at RK 204.6; and F, HB-1B (right part) at RK 204.6. Because of an island in the middle of the river, cross sections HB-2 and HB-1 
were surveyed in two parts, with an angle between these two parts. Vertical arrows indicate the bounds of the domain over which the changes 
in cross-sectional sediment area and topographic variance were evaluated between surveys. Horizontal dashed blue line indicates the elevation 
at which channel width was measured (excluding the widths of shallow floodplain depressions behind levees). The 2020 ground-surface 
elevations in cross section HB-3 were estimated in the region 6.2 m beyond the left-most extent of the 2020-surveyed topography to smoothly 
merge with the 1996-surveyed topography, as shown in B; the 1996 ground-surface elevations in cross section HB-2B were estimated in the 
region 61.4  m beyond the left-most extent of the 1996-surveyed topography to smoothly merge with the 2020-surveyed topography, as shown in D; 
the 1996 ground-surface elevations in cross section HB-1B were estimated in the region 17.9 m beyond the left-most extent of the 1996-surveyed 
topography to smoothly merge with the 2020-surveyed topography, as shown in F. NAVD 88, North American Vertical Datum of 1988; m, meter.
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Figure 34.  Plots comparing the Stirrup (ST) cross sections in the Uinta Basin segment of the middle Green River, Utah, in June 1996 
and on October 13, 2020. A, ST-4 at river kilometer (RK) 218.2; B, ST-3 at RK 218.4; C, ST-2 at RK 218.6; and D, ST-1 at RK 218.7. Vertical 
arrows indicate the bounds of the domain over which the changes in cross-sectional sediment area and topographic variance were 
evaluated between surveys. Horizontal dashed blue line indicates the elevation at which channel width was measured (excluding the 
widths of shallow floodplain depressions behind levees). The 1996 ground-surface elevations in cross section ST-1 were estimated in 
the region 1.7 m beyond the right-most extent of the 1996-surveyed topography to smoothly merge with the 2020-surveyed topography, 
as shown in D. NAVD 88, North American Vertical Datum of 1988; m, meter.
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Figure 35.  Plots comparing the Baeser Bend (BA) cross sections in the Uinta Basin segment of the middle Green River, 
Utah, in June 1996 and on October 13, 2020. A, BA-4 at river kilometer (RK) 223.9; B, BA-3 at RK 224.0; C, BA-2 at RK 224.2; and 
D, BA-1 at RK 224.3. Vertical arrows indicate the bounds of the domain over which the changes in cross-sectional sediment 
area and topographic variance were evaluated between surveys. Horizontal dashed blue line indicates the elevation at 
which channel width was measured (excluding the widths of shallow floodplain depressions behind levees). NAVD 88, North 
American Vertical Datum of 1988; m, meter.
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Figure 36.  Plots comparing the Above Brennan (AB) cross sections in the Uinta Basin segment of the middle Green River, 
Utah, in June 1996 and on October 14, 2020. A, AB-4 at river kilometer (RK) 230.8; B, AB-3 at RK 231.2; C, AB-2 at RK 231.3; and 
D, AB-1 at RK 231.5. Vertical arrows indicate the bounds of the domain over which the changes in cross-sectional sediment 
area and topographic variance were evaluated between surveys. Horizontal dashed blue line indicates the elevation at which 
channel width was measured (excluding the widths of shallow floodplain depressions behind levees). The 2020 ground-surface 
elevations in cross section AB-4 were estimated in the region 1.9 m beyond the left-most extent of the 2020-surveyed topography 
to smoothly merge with the 1996-surveyed topography, as shown in A; the 1996 ground-surface elevations in cross section AB-1 
were estimated in the region 0.3 m beyond the right-most extent of the 1996-surveyed topography to smoothly merge with the 
2020-surveyed topography, as shown in D. NAVD 88, North American Vertical Datum of 1988; m, meter.
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Figure 37.  Plots comparing the Leota Bottom (LEB) cross sections in the Uinta Basin segment of the middle Green River, 
Utah, in September 1995 and on October 15, 2020. A, LEB-24 at river kilometer (RK) 244.3 and B, LEB-21 at RK 246.6. Vertical 
arrows indicate the bounds of the domain over which the changes in cross-sectional sediment area and topographic 
variance were evaluated between surveys. Horizontal dashed blue line indicates the elevation at which channel width was 
measured (excluding the widths of shallow floodplain depressions behind levees). NAVD 88, North American Vertical Datum 
of 1988; m, meter.
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Figure 38.  Plots comparing the Cindy’s Bar (CB) cross sections in the Uinta Basin segment of the middle Green River, Utah, on October 8, 1994, and 
October 15, 2020. A, CB-9 at river kilometer (RK) 251.4; B, CB-7 at RK 251.7; C, CB-6 at RK 251.9; and D, CB-4 at RK 252.1. Vertical arrows indicate the bounds 
of the domain over which the changes in cross-sectional sediment area and topographic variance were evaluated between surveys. Horizontal dashed 
blue line indicates the elevation at which channel width was measured (excluding the widths of shallow floodplain depressions behind levees). The 
1994 ground-surface elevations in cross section CB-9 were estimated in the region 15.7 m beyond the left-most extent of the 1994-surveyed topography 
to smoothly merge with the 2020-surveyed topography, as shown in A; the 1994 ground-surface elevations in cross section CB-7 were estimated in the 
region 3.4 m beyond the left-most extent of the 1994-surveyed topography to smoothly merge with the 2020-surveyed topography, as shown in B; the 1994 
ground-surface elevations in cross section CB-6 were estimated in both the regions 4.2 m beyond the left-most extent and 2.2 m beyond the right-most 
extent of the 1994-surveyed topography to smoothly merge with the 2020-surveyed topography, as shown in C; the 1994 ground-surface elevations in 
cross section CB-4 were estimated in both the regions 2.6 m beyond the left-most extent and 3.6 m beyond the right-most extent of the 1994-surveyed 
topography to smoothly merge with the 2020-surveyed topography, as shown in D. NAVD 88, North American Vertical Datum of 1988; m, meter.
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Figure 39.  Plots comparing the Wyasket Bottom (WYB) cross section in the Uinta Basin segment of the 
middle Green River, Utah, WYB-12 at river kilometer (RK) 252.6, in September 1995 and on October 16, 2020. 
Vertical arrows indicate the bounds of the domain over which the changes in cross-sectional sediment 
area and topographic variance were evaluated between surveys. Horizontal dashed blue line indicates the 
elevation at which channel width was measured (excluding the widths of shallow floodplain depressions 
behind levees). NAVD 88, North American Vertical Datum of 1988; m, meter.
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Table 6.  Channel widths and minimum bed elevations during the last 1994–1996 survey and the 2020 resurvey, and the changes in 
channel width, minimum bed elevation, and sediment area between these surveys.

[“1990s” refers to the last survey conducted during 1994–1996. RK, river kilometer measured downstream from Flaming Gorge Dam; m, meter; m2, square 
meter; BB, Bonanza Bridge; HB, Horseshoe Bend; ST, Stirrup; BA, Baeser Bend; AB, Above Brennan; LEB, Leota Bottom; CB, Cindy’s Bar; WYB, Wyasket 
Bottom. For locations of cross sections, refer to figure 1C. Elevations are referenced to the North American Vertical Datum of 1988 (NAVD 88). For graphical 
representations of the data, refer to figures 32–39]

RK
Cross 

section

1990s a 
width  

(m)

2020 width 
(m)

1990s–2020 
change in 

width  
(m)

1990s 
minimum 

bed 
elevation 

(m)

2020 
minimum bed 

elevation  
(m)

1990s–2020 
change in 

minimum bed 
elevation  

(m)

1990s–2020 
change in 

sediment area 
(m2)

196.4 BB-4 178.9 183.2 4.3 1,431.57 1,432.19 0.62 −3.6
196.6 BB-3 290.1 296.9 6.8 1,433.10 1,432.23 −0.87 −39.7
197.0 BB-2 278.9 282.5 3.6 1,428.50 1,432.18 3.68 −87.8
197.3 BB-1 172.3 179.7 7.4 1,430.80 1,432.04 1.24 −63.5
203.9 HB-4 115.7 117.2 1.5 1,429.75 1,429.94 0.19 −20.7
204.2 HB-3 207.8 202.4 −5.4 1,430.96 1,430.45 −0.51 −80.3
204.4 HB-2 a 277.3 267.2 −10.1 1,429.48 1,429.46 −0.02 −35.8
204.6 HB-1 a 286.2 250.0 −36.2 1,428.89 1,429.63 0.74 24.5
218.2 ST-4 100.8 101.7 0.9 1,423.30 1,425.14 1.84 −1.1
218.4 ST-3 117.8 122.5 4.7 1,425.51 1,425.64 0.13 −19.2
218.6 ST-2 215.5 218.0 2.5 1,426.97 1,426.83 −0.14 −51.8
218.7 ST-1 293.0 292.7 −0.3 1,427.05 1,426.51 −0.54 −77.5
223.9 BA-4 138.2 115.2 −23.0 1,420.90 1,424.24 3.34 62.0
224.0 BA-3 142.3 141.9 −0.4 1,422.89 1,424.31 1.42 59.8
224.2 BA-2 140.3 140.6 0.3 1,424.19 1,423.88 −0.31 32.8
224.3 BA-1 157.6 161.0 3.4 1,425.01 1,425.02 0.01 −31.6
230.8 AB-4 102.5 100.7 −1.8 1,420.77 1,421.83 1.06 67.4
231.2 AB-3 131.5 131.2 −0.3 1,421.21 1,421.82 0.61 55.0
231.3 AB-2 146.6 147.7 1.1 1,423.37 1,423.31 −0.06 −13.3
231.5 AB-1 188.0 190.1 2.1 1,423.39 1,422.80 −0.59 −41.8
244.3 LEB-24 77.6 77.3 −0.3 1,415.41 1,417.01 1.60 31.7
246.6 LEB-21 228.3 237.6 9.3 1,420.29 1,419.80 −0.49 44.4
251.4 CB-9 218.8 215.1 −3.7 1,418.60 1,418.46 −0.14 −49.6
251.7 CB-7 164.2 169.0 4.8 1,418.31 1,417.48 −0.83 −4.2
251.9 CB-6 173.3 192.0 18.7 1,417.92 1,417.88 −0.04 −76.9
252.1 CB-4 167.2 172.1 4.9 1,418.26 1,418.50 0.24 −6.7
252.6 WYB-12 150.0 154.2 4.2 1,418.30 1,418.58 0.28 −35.9

aWidth is the combined width of the channels in the left (that is, A) and right (that is, B) parts of this cross section. Because of an island in the middle of the 
river, this cross section was surveyed in two parts; minimum bed elevation is the minimum of the bed elevations measured in both the A and B parts of this cross 
section.
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storage in the Uinta Basin segment of the middle Green 
River. However, it is less certain that the bed aggradation was 
indicative of a long-term change or an artifact of a seasonal 
change in cross-section geometry.

The net erosion by channel widening in the Uinta Basin 
segment of the middle Green River between the mid-1990s 
and 2020 is essentially the opposite of the style of channel 
change observed during this period in the lower Green River. 
Unlike in the Uinta Basin segment of the middle Green River, 
net deposition by channel narrowing occurred in the lower 
Green River upstream from and in Canyonlands National 
Park between the mid-1980s and 2014, with almost half of the 
channel narrowing occurring between 1993 and 2009 (Walker 
and others, 2020). This narrowing of the Canyonlands segment 
of the lower Green River occurred episodically during periods 
of smaller annual floods (Grams and others, 2020) and may 
have been ongoing as of 2020 (Walker and others, 2020).

Comparison of Long-Term and Seasonal 
Changes in Sediment Storage and Cross-Section 
Geometry

There are two key differences that distinguish the 
long-term changes from the seasonal changes in sediment 
storage and cross-section geometry, based on analysis of the 
repeat surveys of the Leota Bottom, Cindy’s Bar, and Wyasket 
Bottom cross sections conducted within the same year by 
FLO Engineering (1996) and Rakowski (1997) (figs. 40–42; 
table 7). First, unlike the typically larger changes in channel 
width in these cross sections between the 1990s and 2020, 
only minor changes in channel width occurred in these cross 
sections between surveys conducted within the same year. 
Second, although the changes in cross-sectional sediment 
area in individual cross sections were large between the 

intra-annual surveys and similar to those observed between 
the 1994–1995 and 2020 resurveys, a significant intra-annual 
mean change in cross-sectional sediment area occurred in 
only the Cindy’s Bar cross sections between the May 28 and 
June 16, 1994, surveys and in the FLO Engineering (1996) 
cross sections between the May 1995 and September 1995 
surveys. No significant change in mean cross-sectional 
sediment area occurred between any of the other six 
1994–1995 surveys. In contrast, a large significant change 
in mean cross-sectional sediment area did occur among the 
four Cindy’s Bar cross sections and among the three FLO 
Engineering (1996) cross sections between the last 1994–1995 
survey and our 2020 resurvey. Consequently, the changes in 
channel width and cross-sectional sediment area reported in 
the previous section are likely not overly affected by seasonal 
changes and are thereby likely indicative of real long-term, 
multi-decadal changes in sediment storage and cross-section 
geometry. Conversely, the changes in minimum bed elevation 
at individual cross sections and in the means among cross 
sections observed between the intra-annual surveys were 
similar to those observed between the 1994–1995 and 2020 
resurveys. This result indicates that the changes in minimum 
bed elevation between the 1994–1996 and 2020 resurveys in 
table 6 could be artifacts of seasonal changes, and therefore 
not indicative of long-term, multi-decadal changes in 
cross-section geometry. Therefore, there has likely been a 
long-term, 1990s–2020 decrease in sediment storage in the 
Uinta Basin segment of the middle Green River that has been 
manifest mainly by channel widening, with likely negligible 
changes in minimum bed elevation. The important implication 
of this result is that long-term changes in sediment storage 
are more likely to include changes in channel width, whereas 
shorter term, intra-annual seasonal changes in sediment 
storage are more likely restricted to bed-elevation changes 
without a major change in channel width.
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Figure 40.  Plots comparing the Leota Bottom (LEB) cross sections in the Uinta Basin segment of the middle Green River, 
Utah, in March, May, and September 1995 and on October 15, 2020. A, LEB-24 at river kilometer (RK) 244.3 and B, LEB-21 at 
RK 246.6. Vertical arrows indicate the bounds of the domain over which the changes in cross-sectional sediment area and 
topographic variance were evaluated between surveys. Horizontal dashed blue line indicates the elevation at which channel 
width was measured (excluding the widths of shallow floodplain depressions behind levees). NAVD 88, North American 
Vertical Datum of 1988; m, meter.
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Figure 41.  Plots comparing the Cindy’s Bar (CB) cross sections in the Uinta Basin segment of the middle Green River, 
Utah, on March 17, April 30, May 14, May 28, June 16, July 16, and October 8, 1994, and on October 16, 2020. A, CB-9 at 
river kilometer (RK) 251.4; B, CB-7 at RK 251.7; C, CB-6 at RK 251.9; and D, CB-4 at RK 252.1. Vertical arrows indicate the 
bounds of the domain over which the changes in cross-sectional sediment area and topographic variance were evaluated 
between surveys. Horizontal dashed blue line indicates the elevation at which channel width was measured (excluding 
the widths of shallow floodplain depressions behind levees). NAVD 88, North American Vertical Datum of 1988; dates in 
month-day-year format.
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Figure 41.—Continued
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Figure 42.  Plots comparing the Wyasket Bottom (WYB) cross section in the Uinta Basin segment of the middle Green 
River, Utah, WYB-12 at river kilometer (RK) 252.6, in March, May, and September 1995 and on October 16, 2020. Vertical 
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Vertical Datum of 1988.
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Changes in Sediment Storage and Channel 
Complexity

Analysis of the seven cross sections we resurveyed in 
2020 that had multiple surveys conducted within the same 
year (table 8) and analysis of all 27 cross sections resurveyed 
in 2020 (table 9; fig. 43) indicate that, in cross sections 
with negligible changes in channel width, an increase in the 
cross-sectional sediment area is negatively correlated with 
an increase in topographic variance. This result supports our 
hypothesis that erosion of sediment corresponds to an increase 
in channel complexity and conversely that sediment deposition 
corresponds to a decrease in channel complexity.

Although only very strong and significant in one case 
(that is, at cross section CB-9), the correlation between 
changes in cross-sectional sediment area and topographic 
variance between surveys conducted within the same year 
is almost universally negative (table 8). The significance of 
these correlations is limited by the extremely small sample 
size; cross sections LEB-24, LEB-21, and WYB-12 were 
only surveyed three times in 1995 (corresponding to n=2 in 
our analysis of change between surveys), and cross sections 
CB-9, CB-7, CB-6, and CB-4 were only surveyed seven times 
(corresponding to n=6 in our analysis of change between 
surveys). The change in channel width between surveys 
was negligible, with only the channel at cross section CB-9 
changing in width by more than 2.7 m (that is, 4.4 m) between 
surveys conducted within the same year (table 7). Thus, 
regardless of the lack of significance owing to small sample 
size, this result suggests that sediment erosion is more likely 
to lead to an increase in topographic relief and or variability 
across the cross section than is sediment deposition during 
the passage of a single annual flood when minimal changes in 
channel width are likely to dominate.

Analysis of all 27 cross sections resurveyed in 2020 
reinforces the result that, in cross sections with negligible 
changes in channel width, an increase in the cross-sectional 
sediment area is negatively correlated with an increase in 
topographic variance. Among the 27 cross sections, the 
correlation between changes in cross-sectional sediment area 
and topographic variance between the last 1994–1996 survey 
and the 2020 resurvey is negative (r=−0.39) and significant 
(p=0.043) (fig. 43A). The weakness of this correlation 
arises not from increased scatter, however, but rather from 
the influence of changes in channel width on topographic 
variance (described in the “Analytical Methods” section). 
When cross sections with changes in channel width >3 m are 
excluded, the strength of the negative correlation between 
changes in cross-sectional sediment area and topographic 
variance becomes moderate (r=−0.49), though the correlation 
also becomes insignificant (p=0.13) because the sample 
size decreases from 27 to 11 (fig. 43B). Channel widening 
leads to a decrease in topographic variance, by definition 
(fig. 7). Consequently, the correlation between changes in 
cross-sectional sediment area and topographic variance is 
strongly negative (r=−0.78) though insignificant (p=0.12) 

Ta
bl

e 
7.

 
Co

m
pa

ris
on

 o
f c

ha
ng

es
 in

 c
ha

nn
el

 w
id

th
, m

in
im

um
 b

ed
 e

le
va

tio
n,

 a
nd

 c
ro

ss
-s

ec
tio

na
l s

ed
im

en
t a

re
a 

be
tw

ee
n 

su
rv

ey
s 

co
nd

uc
te

d 
du

rin
g 

th
e 

sa
m

e 
ye

ar
 a

nd
 b

et
w

ee
n 

th
e 

la
st

 1
99

0s
 s

ur
ve

y 
an

d 
th

e 
20

20
 re

su
rv

ey
.

[D
at

es
 in

 m
on

th
-d

ay
-y

ea
r o

r m
on

th
-y

ea
r f

or
m

at
. m

, m
et

er
; m

2 , 
sq

ua
re

 m
et

er
; C

B,
 C

in
dy

’s
 B

ar
; L

EB
, L

eo
ta

 B
ot

to
m

; W
YB

, W
ya

sk
et

 B
ot

to
m

. I
nd

ic
at

ed
 ±

 v
al

ue
s a

ss
oc

ia
te

d 
w

ith
 th

e 
m

ea
n 

va
lu

es
 a

re
 ±

 o
ne

 
st

an
da

rd
 e

rr
or

. F
or

 lo
ca

tio
ns

 o
f c

ro
ss

 se
ct

io
ns

, r
ef

er
 to

 fi
gu

re
 1

C
. F

or
 g

ra
ph

ic
al

 re
pr

es
en

ta
tio

ns
 o

f t
he

 d
at

a,
 re

fe
r t

o 
fig

ur
es

 4
0–

42
]

Su
rv

ey
 s

ta
rt

 
da

te
Su

rv
ey

 e
nd

 
da

te
Ch

an
ge

 in
 w

id
th

 (m
)

Ch
an

ge
 in

 m
in

im
um

 b
ed

 e
le

va
tio

n 
(m

)
Ch

an
ge

 in
 s

ed
im

en
t a

re
a 

(m
2 )

Cr
os

s 
se

ct
io

n:
CB

-9
CB

-7
CB

-6
CB

-4
M

ea
n

CB
-9

CB
-7

CB
-6

CB
-4

M
ea

n
CB

-9
CB

-7
CB

-6
CB

-4
M

ea
n

3-
17

-1
99

4
4-

30
-1

99
4

−0
.6

0
0

0
−0

.2
±0

.2
0.

01
0.

49
0.

95
0.

21
0.

42
±0

.2
0

−4
7.

5
−8

.5
24

.4
−4

.6
−9

.1
±1

4.
8

4-
30

-9
4

5-
14

-1
99

4
1.

9
0

−1
.8

0
0.

0±
0.

8
−0

.2
9

−0
.1

6
−0

.1
0

0.
49

−0
.0

2±
0.

17
5.

4
2.

8
9.

8
−2

5.
3

−1
.8

±8
.0

5-
14

-1
99

4
5-

28
-1

99
4

2.
7

0
0

−0
.5

0.
6±

0.
7

−0
.2

7
−0

.1
8

−0
.3

1
0.

1
−0

.1
7±

0.
09

16
.1

−2
8.

0
−1

3.
3

1.
2

−6
.1

±9
.5

5-
28

-1
99

4
6-

16
-1

99
4

−4
.4

0.
8

0.
9

0
−0

.7
±1

.3
0.

26
−0

.0
9

−0
.5

0
−0

.1
9

−0
.1

3±
0.

16
7.

9
7.

4
4.

9
1.

8
5.

5±
1.

4
6-

16
-1

99
4

7-
16

-1
99

4
0

0
0

0
0

0.
08

0.
05

−0
.0

3
0.

11
0.

05
±0

.0
3

7
−2

.0
−5

.0
−3

.3
−0

.8
±2

.7
7-

16
-1

99
4

10
-8

-1
99

4
0

0
0

0
0

0.
49

−0
.1

8
−0

.1
5

0.
05

0.
05

±0
.1

5
−2

.6
11

.9
9

−1
7.

7
0.

2±
6.

7
10

-8
-1

99
4

10
-2

02
0

−3
.7

4.
8

18
.7

4.
9

6.
2±

4.
6

−0
.1

4
−0

.8
3

−0
.0

4
−0

.2
4

−0
.3

1±
0.

18
−4

9.
6

−4
.2

−7
6.

9
−6

.7
−3

4.
4±

17
.6

Cr
os

s 
se

ct
io

n:
LE

B-
24

LE
B-

21
W

YB
-1

2
M

ea
n

LE
B-

24
LE

B-
21

W
YB

-1
2

M
ea

n
LE

B-
24

LE
B-

21
W

YB
-1

2
M

ea
n

3-
19

95
5-

19
95

0.
5

−0
.1

0.
1

0.
2±

0.
2

−2
.0

7
0.

17
−0

.6
3

−0
.8

4±
0.

66
−1

05
.0

27
.1

4.
9

−2
4.

3±
40

.8
5-

19
95

9-
19

95
0.

2
−1

.7
−0

.1
−0

.5
±0

.6
−1

.8
0

0.
8

0.
05

−0
.3

2±
0.

77
30

.2
−3

2.
4

−2
5.

8
−9

.3
±1

9.
9

5-
19

95
10

-2
02

0
−0

.3
9.

3
4.

2
4.

4±
2.

8
1.

6
−0

.4
9

0.
28

0.
46

±0
.6

1
31

.7
44

.4
−3

5.
9

13
.4

±2
4.

9



Results with Discussion    101

Table 8.  Correlations between changes in cross-sectional sediment area and topographic variance 
at individual cross sections between surveys conducted within the same year.

[RK, river kilometer measured downstream from Flaming Gorge Dam; p, level of significance; r, correlation 
coefficient; n/a, not applicable because n=2. LEB, Leota Bottom; CB, Cindy’s Bar; WYB, Wyasket Bottom. For 
locations of cross sections, refer to figure 1C]

RK
Cross 

section
Number of 

surveys
p of 

correlation
r

Sign of 
correlation

Strength of 
correlation

244.3 LEB-24 3 n/a −1 Negative n/a
246.6 LEB-21 3 n/a −1 Negative n/a
251.4 CB-9 7 0.026 −0.87 Negative Very strong
251.7 CB-7 7 0.84 −0.11 Negative Very weak
251.9 CB-6 7 0.26 −0.55 Negative Moderate
252.1 CB-4 7 0.54 0.32 Positive Weak
252.6 WYB-12 3 n/a −1 Negative n/a

Table 9.  Topographic variance in each cross section during the last 1994–1996 survey and the 2020 resurvey, and the changes in 
topographic variance, channel width, and cross-sectional sediment area between these surveys.

[“1990s” refers to the last survey conducted during 1994–1996. RK, river kilometer measured downstream from Flaming Gorge Dam; m2, square meter; m, 
meter; BB, Bonanza Bridge; HB, Horseshoe Bend; ST, Stirrup; BA, Baeser Bend; AB, Above Brennan; LEB, Leota Bottom; CB, Cindy’s Bar; WYB, Wyasket 
Bottom. For locations of cross sections, refer to figure 1C]

RK
Cross 

section

1990s 
topographic 

variance (m2)

2020 
topographic 

variance (m2)

1990s–2020 change in 
topographic variance 

(m2)

1990s–2020 change in 
channel width (m)

1990s–2020 change in 
sediment area (m2)

196.4 BB-4 1.67 0.97 −0.70 4.3 −3.6
196.6 BB-3 0.74 1.13 0.39 6.8 −39.7
197.0 BB-2 2.26 0.57 −1.69 3.6 −87.8
197.3 BB-1 2.70 0.98 −1.72 7.4 −63.5
203.9 HB-4 2.84 2.94 0.10 1.5 −20.7
204.2 HB-3 0.51 1.02 0.51 −5.4 −80.3
204.4 HB-2 a 2.29 2.70 0.41 −10.1 −35.8
204.6 HB-1 b 2.30 2.28 −0.02 −36.2 24.5
218.2 ST-4 4.14 3.01 −1.13 0.9 −1.1
218.4 ST-3 2.56 2.27 −0.29 4.7 −19.2
218.6 ST-2 1.26 1.44 0.18 2.5 −51.8
218.7 ST-1 1.27 1.85 0.58 −0.3 −77.5
223.9 BA-4 10.22 3.59 −6.63 −23.0 62.0
224.0 BA-3 4.66 2.07 −2.59 −0.4 59.8
224.2 BA-2 3.53 3.33 −0.20 0.3 32.8
224.3 BA-1 1.10 0.94 −0.16 3.4 −31.6
230.8 AB-4 4.93 4.43 −0.50 −1.8 67.4
231.2 AB-3 4.03 4.12 0.09 −0.3 55.0
231.3 AB-2 1.69 1.97 0.28 1.1 −13.3
231.5 AB-1 1.57 1.68 0.11 2.1 −41.8
244.3 LEB-24 9.06 4.67 −4.39 −0.3 31.7
246.6 LEB-21 1.08 1.43 0.35 9.3 44.4
251.4 CB-9 1.39 1.27 −0.12 −3.7 −49.6
251.7 CB-7 0.82 0.81 −0.01 4.8 −4.2
251.9 CB-6 1.33 0.79 −0.54 18.7 −76.9
252.1 CB-4 1.44 0.76 −0.68 4.9 −6.7
252.6 WYB-12 2.79 2.27 −0.52 4.2 −35.9

aBecause of an island in the middle of the river, this cross section was surveyed in two parts. Topographic variance, and the changes in topographic variance, channel 
width, and sediment area were evaluated over the combined domains in both the A and B parts of this cross section (delineated by blue arrows in fig. 33C, D).

bBecause of an island in the middle of the river, this cross section was surveyed in two parts. Topographic variance, and the changes in topographic variance, channel 
width, and sediment area were evaluated over the combined domains in both the A and B parts of this cross section (delineated by blue arrows in fig. 33E, F).
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Figure 43.  Plots of change in the variance in cross-section topography at 0.5-meter (m) intervals as a function of the 
change in the cross-sectional sediment area between the last survey in 1994–1996 and the 2020 resurvey of the Uinta Basin 
segment of the middle Green River, Utah. A, All 27 cross sections; B, the 11 cross sections with a change in channel width 
of less than 3 m; C, the 5 cross sections that narrowed by more than 3 m; and D, the 11 cross sections that widened by more 
than 3 m. The correlation coefficient, r, level of significance, p, associated with the best-fit least-squares linear regression 
(red line) are shown; n indicates the number of cross sections in each category. The largest decreases in topographic 
variance (leading to the least complex cross sections) are all associated with increases in the cross-sectional sediment 
area (that is, sediment deposition).
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because of small sample size among the five cross sections 
that narrowed by more than 3 m (fig. 43C). Furthermore, the 
correlation between changes in cross-sectional sediment area 
and topographic variance is strongly positive (r = 0.64) and 
significant (p=0.032) among the 11 cross sections that widened 
by more than 3 m (fig. 43D). It is this significant, strong 
correlation among the 11 cross sections that widened mixed 
with the insignificant, negative correlations among the 16 
cross sections that either did not change in width or narrowed 
that leads to the significant, weak negative correlation between 
changes in cross-sectional sediment area and topographic 
variance among all 27 cross sections (fig. 43A). Finally, 
although the correlation between changes in cross-sectional 
sediment area and topographic variance is generally negative 
for cases without channel widening, this negative correlation 
arises mainly from sediment deposition and not erosion. The 
largest decreases in topographic variance are all associated 
with increases in cross-sectional sediment area, that is, they all 
occur in the lower right quadrant in figure 43.

Taken together, these results suggest that channel 
complexity is maintained or increased when sediment 
does not accumulate in a river segment. When the positive 
relation between channel width and topographic variance is 
taken into account, the cross-section analyses indicate that 
sediment deposition (that is, an increase in cross-sectional 
sediment area) is generally negatively correlated with channel 
complexity (that is, an increase in topographic variance). 
Though there is a moderate tendency for topographic variance 
to increase as sediment erodes in cross sections of constant 
width (fig. 43B), this increase in channel complexity is small 
compared to the substantial decrease in channel complexity 
associated with the largest decreases in topographic variance, 
all of which are associated with sediment deposition 
(fig. 43A–C).

Bed-Sand Grain Size in the Cross Sections
The available data do not suggest that any substantial 

changes in the reach-averaged bed-sand grain size have 
occurred among the cross sections in the Uinta Basin segment 
of the middle Green River between the 1990s and our 2020 
resurvey. For this comparison, we used the bed-sediment 
measurements made by FLO Engineering (1996) in both 
March and September 1995 but excluded the measurements 
they made at higher Q in May 1995. This approach was used 
to ensure that this comparison was not adversely affected by 
changes in the bed-sand grain size associated with changes 
in Q (that we detected at all four sand-bedded stations). The 
daily mean discharges at the Green-Jensen station were most 
similar on the days of their measurements on March 14–20, 
1995, (Q=1,630–2,300 ft3/s) and September 12–16, 
1995, (Q=1,760–1,880 ft3/s) and our measurements on 
October 11–16, 2020 (Q=1,250–1,450 ft3/s). FLO Engineering 
(1996) made bed-sediment measurements in four cross 
sections in March and September 1995. These measurements 
were made in a total of six cross sections because only two 

of the four cross sections sampled in March 1995 were 
resampled in September 1995. Although FLO Engineering 
(1996) did not make bed-sediment measurements in the 
subset of their cross sections that we resurveyed in 2020, 
t-tests indicate that the values of DB and log10(fVF) in the cross 
sections they sampled in either March or September 1995 
cannot be concluded to have come from different distributions 
than the values of DB and log10(fVF) in the cross sections we 
resurveyed in October 2020 (at the p=0.05 critical level of 
significance). The distribution of the March 1995 values of DB 
is different than the distribution of the October 2020 values of 
DB at p = 0.60; the distribution of the March 1995 values of 
log10(fVF) is different than the distribution of the October 2020 
values of log10(fVF) at p = 0.38. The distribution of the 
September 1995 values of DB is different than the distribution 
of the October 2020 values of DB at p = 0.59; the distribution 
of the September 1995 values of log10(fVF) is different than 
the distribution of the October 2020 values of log10(fVF) at 
p = 0.72. The respective mean values of DB in March 1995, 
September 1995, and October 2020 were 0.31, 0.31, and 0.35 
mm. The respective re-transformed mean values of log10(fVF) 
in March 1995, September 1995, and October 2020 were 3.3, 
1.8, and 1.2 percent.

Despite the lack of evidence of a net reach-averaged 
change in bed-sand grain size between 1995 and 2020, the 
bed-sediment samples collected in the center of the main flow 
in the cross sections during the October 2020 resurvey do 
indicate significant downstream bed-sand fining in terms of 
both DB (p=0.027) and log10(fVF) (p=0.033). These p values 
are associated with F-tests conducted on the least-squares 
linear regressions of DB and log10(fVF) on river kilometer. 
Over the 56-km-long segment of Green River encompassing 
the resurveyed cross sections, DB decreased by ~40 percent 
while log10(fVF) increased by ~230 percent (reflecting a 
downstream ~15-fold increase in fVF). The downstream fining 
observed in October 2020 is consistent with the continued 
downstream migration of the sand wave generated by the 
large 2019 Yampa River flood. During the high-flow part of 
the 2019 flood, the β-inferred bed-sand grain-size distribution 
was finer at the upstream end of the Uinta Basin segment 
at Jensen than downstream at Ouray, owing to the ongoing 
large influx of finer sand from the Yampa River (fig. 25). 
Owing to the downstream migration of this sand wave and 
the much smaller 2020 Yampa River flood (that supplied a 
much smaller amount of finer sand), the β-inferred bed-sand 
grain-size distribution during the high-flow part of the 2020 
annual flood fined downstream between the Green-Jensen 
and Green-Ouray stations (fig. 25). The values of β calculated 
from EWI measurements at Green-Jensen between the 2020 
and 2021 floods suggest that the bed-sand grain size at 
this station remained constant between the 2020 and 2021 
floods. Although the values of β calculated from low-flow 
EWI measurements suggest armoring of the bed sand at 
Green-Ouray after recession of the 2020 flood and before the 
rise of the 2021 flood, β decreased between the high-flow parts 
of the 2020 and 2021 floods (fig. 25). Thus, the downstream 



104    Controls on Sediment Transport and Storage in the Little Snake, Yampa, and Green Rivers

fining observed in the bed sand during the October 2020 
cross-section resurvey is consistent with the high-flow 
β-inferred 2020–2021 increase in downstream fining from 
Green-Jensen to Green-Ouray caused by the likely continued 
downstream migration of the sand wave generated by the large 
2019 Yampa River flood.

Influence of Yampa River Floods and Flaming 
Gorge Dam Releases on Fish Habitat in the Uinta 
Basin Segment of the Green River

The low-velocity, warmer water backwater nursery 
habitat utilized by native fish in the middle Green River 
forms downstream of large, bank-attached sandbars that are 
deposited and reworked during the annual flood (Pucherelli 
and Clark, 1989; Rakowski, 1997; Bestgen and Hill, 2016; 
Grippo and others, 2017). Because sandbars tend to grow 
to the water surface during floods given sufficient upstream 
sand supply and time (Cant and Walker, 1978; Andrews and 
Nelson, 1989; Fujita, 1989), the largest sandbars in terms 
of both area and elevation difference in the Uinta Basin 
segment of the middle Green River are deposited during 
longer duration floods with large upstream sand supplies and 
large peak Q, that is, during the annual flood of the Yampa 
River (Rakowski, 1997). Owing to sand-supply and stage 
limitations, artificial floods released from Flaming Gorge Dam 
cannot be used as a replacement for the role of large Yampa 
River floods in depositing large sandbars in this river segment. 
Though large sandbars form the obstacle to upstream flow that 
forms the backwater and allows for warming, the occurrence 
of large sandbars does necessarily indicate the presence of 
large backwaters (Rakowski, 1997). Optimal backwater 
habitat consists of a deep pool with no through-going current, 
blocked from upstream flow yet connected to the main 
channel over the widest range in stage possible (Rakowski, 
1997). Thus, optimal backwater habitat requires a large, 
sand-rich flood to deposit large sandbars followed by a 
sequence of flows that scour and (or) maintain deep pools 
downstream from these bars. The greater channel complexity 
associated with this planform geometry (that is, large sandbars 
upstream and adjacent to deep backwaters) translates to 
greater topographic variance when viewed in cross section. 
Consequently, greater topographic variance in a river cross 
section should indicate greater backwater area and volume. 
In the Uinta Basin segment of the middle Green River, the 
largest reductions in topographic variance are all associated 
with sediment deposition (fig. 43). Increased topographic 
variance is generally associated with erosion, especially over 
the intra-annual seasonal timescales that are most appropriate 
for interpreting the sediment response during an individual 
annual flood (table 8). Because they can cause net deposition 
of sand in this river segment (fig. 31), large Yampa River 
floods can result in a decrease in topographic variance. Thus, 
even though large Yampa River floods are required to deposit 
the large sandbars associated with backwaters, isolated 

large Yampa River floods will not likely create or maintain 
optimal backwater habitat. Therefore, we hypothesize that 
the greatest extent of backwater habitat in this segment of 
the middle Green River is likely created and (or) maintained 
by a sequence of flows following a large Yampa River flood 
that either erode sand from or convey sand through this 
river segment.

We tested this hypothesis by comparing the predicted 
sand response in the Uinta Basin segment conceptualized in 
figure 27 to repeat surveys of backwaters in the downstream 
part of this river segment conducted between 1992 and 
1996 and between 2003 and 2013 by Grippo and others 
(2017). The 1992–1996 surveys are the post-flood surveys 
of Day and others (1999) digitized from figure 23 in Bestgen 
and Hill (2016). Day and others (1999) conducted repeat 
surveys of a total of 1,043 backwaters three times per year 
from August 1990 through September 1996; the 1990 and 
1991 surveys used preliminary methods and were not used 
by Bestgen and Hill (2016). The backwaters surveyed by 
Day and others (1999) were located between RK ~242 and 
~258, bracketing the Green-Ouray station at RK 255.3. The 
2003–2013 surveys made after recession of the annual flood 
by Grippo and others (2017) consisted of repeat annual 
surveys of 13 possible backwaters, located between RK ~237 
and ~261. The surveyed backwaters were mostly located in 
the lower 18-km-long reach of the 103-km-long Uinta Basin 
segment, with 12 of the 13 backwaters located upstream of 
the Green-Ouray station at RK 255.3 and only one backwater 
located downstream of the Green-Ouray station. During each 
survey, Grippo and others (2017) surveyed each of the 13 
possible backwaters that exceeded their minimum area and 
depth thresholds, resulting in 4–6 backwaters being surveyed 
each year. They did not survey every backwater every year 
because not every backwater was present every year. Given 
the sometimes-ephemeral nature of backwaters at a single 
location, we chose to use their total backwater area and 
volume measured among all 13 backwaters as the integrated 
measures of the extent of backwater habitat over the reach 
scale in our comparison. F-tests conducted on regressions 
of total backwater area and volume on the mean Q during 
each survey indicate that there were no significant relations 
between Q and total backwater area (p=0.63) or volume 
(p=0.79). Thus, the backwater areas and volumes Grippo and 
others (2017) measured arose not from flow conditions during 
their surveys but rather from the flow and sediment conditions 
that preceded their surveys, therefore making these surveys 
suitable for the comparison used to test our hypothesis.

For this comparison, we predicted that sand deposition 
in the Uinta Basin segment would occur during the first large 
Yampa River flood (that is, the year-1 flood) in a sequence of 
annual floods, and sand conveyance or erosion would occur 
during the subsequent typically smaller out-year Yampa River 
floods. These predictions directly arise from figures 25, 27, 
28, and 31C, D that together show that the year-1 Yampa 
River flood causes sand deposition in the Uinta Basin segment 
because the bed sand is finer upstream at the Green-Jensen 
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station than downstream at the Green-Ouray station. To 
identify these likely net depositional year-1 floods, we selected 
abrupt large increases in the time series of peak and March–
July median Q in the Yampa River that exceeded thresholds 
of ~12,000 ft3/s for peak Q and ~2,400 ft3/s for March–July 
median Q. These thresholds were based on the ranges of Q in 
figure 31C, D at which the regressions predict a March–July 
sand mass balance greater than zero. As the Yampa River 
sand wave migrates downstream, and the bed sand coarsens 
at Green-Jensen and fines at Green-Ouray (figs. 27B, C, 28D, 
E), sand is either conveyed through or eroded from this river 
segment during the out-year Yampa River floods that follow, 
likely regardless of their peak or median Q. Thus, we assumed 
sand conveyance or erosion occurred in the Uinta Basin 
segment during the Yampa River floods that followed each 
year-1 flood. In addition, based on the results in figures 28A 
and 31B, we assume that longer duration large releases from 
Flaming Gorge Dam will cause greater bed-sand coarsening 
at Green-Jensen and thus a tendency toward greater erosion 
in the Uinta Basin segment. These longer duration large dam 
releases would thereby also limit the sand deposition in this 
river segment if these sustained high dam releases coincided 
with large Yampa River floods (for example, in 2011). Based 
on the results in figure 31B, we assume that the threshold 
March–July median Q for the dam releases that are likely to 
cause this effect is roughly 3,000–4,000 ft3/s.

The results from this comparison indicate that there is 
generally good agreement between the expected sand response 
during annual floods in the Uinta Basin segment (fig. 27) and 
the measured response in backwater total area in the lower 
reach in this segment (fig. 44). Thus, these results provide 
strong support for our hypothesis, stated earlier in this section, 
that “the greatest extent of backwater habitat in this segment 
of the middle Green River is likely created and (or) maintained 
by the sequence of flows following a large Yampa River flood 
that either erode sand from or convey sand through this river 
segment.” We surmise that because the March–July median 
Q in the Yampa River (r=0.8; fig. 31D) is a slightly better 
predictor of changes in sand mass in the Uinta Basin segment 
than peak Q in the Yampa River (r=0.7; fig. 31C), the pattern 
between the expected sand response in this river segment as 
a function of median Q is in slightly better agreement with 
the measured backwater response than is the expected sand 
response as a function of peak Q.

As predicted, major decreases in backwater total area 
were measured upon recession of the year-1 floods where 
March–July median Q in the Yampa River exceeded the 
threshold identified for net sand deposition in the Uinta Basin 
segment, that is, the year-1 floods of 1993, 1995, 2003, 2005, 
2008, and 2011 (fig. 44A, C). In addition, large increases 
in backwater total area were measured upon recession of 
the year-2 floods with lower March–July median Q in the 
Yampa River (1994, 2006, 2009, and 2012); these floods 
were predicted to erode sand from this river segment based 
on median Q. Although the year-2 2004 flood was predicted 
to erode sand from this river segment based on peak Q, this 

flood was instead predicted to convey sand through this 
river segment based on median Q. Continued increases in 
backwater total area were then measured during subsequent 
out-year floods (2010 and 2013) until the median-Q thresholds 
for expected net sand deposition were again exceeded during 
another year-1 flood.

Similarly, major reductions in backwater total area were 
measured upon recession of the year-1 floods where peak 
Q in the Yampa River exceeded the threshold identified for 
net sand deposition in the Uinta Basin segment (1993, 1995, 
2003, 2005, 2008, and 2011) (fig. 44B, D). Large increases 
in backwater total area were measured upon recession of the 
subsequent year-2 floods with lower peak Q in the Yampa 
River (1994, 2004, 2009, and 2012); these floods were 
predicted to erode sand from this river segment based on peak 
Q. Although the year-2 2006 flood was predicted to erode sand 
from this river segment based on median Q, this flood was 
instead predicted to convey sand through this river segment 
based on peak Q. Moreover, although the peak Q of the 2009 
and 2010 Yampa River floods exceeded the peak-Q threshold 
for a year-1 flood, these two floods were instead out-year 
floods because they followed the much larger year-1 2008 
flood. Accordingly, the 2009 and 2010 floods were associated 
with measured increases in total backwater area, in agreement 
with the expected sand response in figure 27. Likewise, even 
though the 1996 Yampa River flood also exceeded the median 
and peak Q values used to identify year-1 floods, no decrease 
in backwater total area was measured between recession of 
the 1995 and 1996 floods. This result likely arises because the 
1996 flood was a year-2 flood of similar magnitude to the 
1995 flood and was therefore predicted to be associated with 
sand conveyance through the Uinta Basin segment (based 
on fig. 27B). Finally, the coincidence of the largest Yampa 
River flood with the sustained large releases from Flaming 
Gorge Dam in 2011 may have limited the sand deposition and 
thereby also limited the associated decrease in backwater total 
area (fig. 44C–D), as expected based on figures 28A and 31B.

The measured response in backwater total volume (Grippo 
and others, 2017) also provides support for our hypothesis, 
but this support is slightly weaker than that associated with 
the response in backwater total area. As with backwater total 
area, upward steps in backwater total volume were typically 
measured upon recession of the year-2 floods. These upward 
steps in volume were measured upon recession of the 2006 and 
2009 floods that followed the 2005 and 2008 year-1 floods with 
larger median and peak Q in the Yampa River (fig. 44C–D). 
Although an upward step in backwater total volume was not 
measured upon recession of the year-2 2012 flood that followed 
the large year-1 2011 flood, an upward step in backwater total 
volume was measured after the subsequent out-year 2013 flood. 
Although backwater total volume was measured to decrease 
only once during the 2003–2013 surveys of Grippo and others 
(2017), this decrease was measured upon recession of the 2008 
flood, an annual flood we predict to have caused sand deposition 
and a reduction in backwater habitat based on both the median 
and peak Q in the Yampa River.
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Figure 44.  Plots comparing the time series of water discharge (Q) with the time series of total backwater area and volume in 
the Uinta Basin segment of the middle Green River, Utah, following recession of the annual flood. A, B, 1992–1996 time series of 
March–July median Q (A) and peak Q (B) and total backwater area surveyed by Day and others (1999). C, D, 2003–2013 time series 
of March–July median Q (C) and peak Q (D) and total backwater area and volume surveyed by Grippo and others (2017). The year-1 
floods predicted to deposit sand in the Uinta Basin segment are indicated by the vertical purple dashed line and the word “DEPOSIT”; 
the out-year floods of similar Q to the year-1 flood and are therefore predicted to cause conveyance of sand through this segment 
are indicated by the word “CONVEY”; the smaller out-year floods that are predicted to cause erosion of sand from this segment are 
indicated by the word “ERODE.” Because 15-minute Q values were not available for this entire period, the March–July median Q at 
the Yampa River at Deerlodge Park, Colorado, gaging station 09260050 (Yampa-Deerlodge station) was calculated using reported 
daily mean Q values; the median Q calculated by this approach is only slightly different from that calculating using 15-minute values. 
Because the Green River above Gates of Lodore, Colorado, gaging station 404417108524900 (Green-Lodore station) was not operated 
for continuous 15-minute Q until October 2012, the Q values shown for Flaming Gorge Dam releases were calculated using the 
reported daily mean and peak Q at the Green River near Greendale, Utah, gaging station 09234500. m2, square meter; m3, cubic meter.
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Our results indicate that larger Yampa River floods 
are not directly responsible for forming large backwaters 
in the Uinta Basin segment because larger floods tend to 
be net depositional for sand in this segment. However, the 
available evidence suggests that larger Yampa River floods 
do facilitate the formation of more extensive backwater 
habitat in subsequent years. Over the period of the 2003–2013 
backwater surveys of Grippo and others (2017), the time series 
of backwater total area and volume both significantly increase 
over time (with respective p values of 0.024 and 0.00055). 

Though no significant trend exists in either March–July 
median or peak Q in the Yampa River during this period, the 
median and peak Q of the three Yampa River floods identified 
to have probably caused sand deposition in this river segment 
based on both median and peak Q (2005, 2008, and 2011) 
did increase over time. Thus, even though no significant 
correlation exists between median or peak Q in the Yampa 
River and backwater total area or volume, the increase in 
median and peak Q among the 2005, 2008, and 2011 Yampa 
River floods does suggest the importance of larger Yampa 
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River floods as a prerequisite to the formation of more 
extensive backwater habitat in the Uinta Basin segment, in 
agreement with Rakowski (1997). Larger year-1 floods likely 
form larger sandbars that are then reworked during subsequent 
out-year floods (Rakowski, 1997), when sand is ultimately 
eroded from this river segment. Consequently, larger year-1 
floods likely facilitate the formation of larger backwaters 
downstream from these bars following the out-year floods. 
Thus, although the size of backwaters in the Uinta Basin 
segment is likely diminished during the years with the largest 
Yampa River floods, the largest backwaters are likely formed 
during the out-year floods that follow these largest floods. 
Hence, the largest total backwater area and volume measured 
by Grippo and others (2017) occurred 2 years after the 
extremely large 2011 Yampa River flood.

Though we have no topographic measurements to evaluate 
the response of backwaters in the upstream Dinosaur segment of 
the middle Green River between the Yampa-Green confluence 
and the Green-Jensen station, it is likely that backwaters would 
be largest in the Dinosaur segment while they are smallest in the 
Uinta Basin segment because of the opposing effects of large 
annual Yampa River floods on the sand mass balance in these 
two segments of the middle Green River. Large annual Yampa 
River floods would thus erode sand from the Dinosaur segment, 
thereby forming larger backwaters, while they deposit sand 
reducing the size of backwaters in the Uinta Basin segment. 
The backwaters in the Dinosaur segment could possibly then 
decrease in size as sand deposits in that river segment during 
the smaller annual Yampa River floods that follow, while the 
backwaters in the Uinta Basin segment enlarge during these 
same smaller annual floods. Additional monitoring could be 
used to evaluate this possibility.

Conclusions
The major conclusions from this study of sediment transport, 

sediment-storage change, and fish habitat in the Little Snake, 
Yampa, and Green Rivers are as follows.

•	 Silt-and-clay concentration in the rivers in our study 
area is largely determined by the upstream supply. 
Large decreases in silt-and-clay concentration have 
occurred throughout our study area since the mid-20th 
century, particularly in and downstream from the 
Little Snake River. However, a factor-of-100 to 10,000 
discharge-independent variation in silt-and-clay 
concentration is still possible as the result of upstream 
tributary activity, mostly during the summer thunderstorm 
season. The greatest amount of modern variation in 
silt-and-clay concentration in our study area occurs in the 
Little Snake River at the LS-Lily station, whereas the least 
amount of variation in silt-and-clay concentration occurs 
in the Yampa River at the Yampa-Maybell station.

•	 Suspended-sand concentration at the sand-bedded 
stations in our study area (Green-Lodore, LS-Lily, 
Yampa-Deerlodge, Green-Ouray) is regulated mainly by 

changes in bed-sand grain size and not by changes in flow. 
Changes in the bed-sand grain-size distribution at these 
stations are associated with almost twice the variation 
in suspended-sand concentration caused by changes in 
discharge. The highest suspended-sand concentration 
at these stations is associated with the finest bed-sand 
grain size and not the highest discharge. Changes in 
bed-sand grain size at these stations arise from two distinct 
processes: (1) the downstream migration of sand waves 
generated during floods on upstream tributaries (which 
affects the upstream sand supply), and (2) scour through 
an inversely graded bed during the annual flood (which 
affects the local sand supply). The amount of variation 
in suspended-sand concentration caused by each of these 
processes is roughly equal.

•	 Suspended-sand concentration at the largely gravel-bedded 
stations in our study area (Yampa-Maybell and 
Green-Jensen) is regulated mainly by changes in flow, 
although changes in bed-sand grain size have important 
though differing roles in controlling suspended-sand 
concentration. At the Yampa-Maybell station, the flow 
accesses finer bed sand at higher discharge; at the 
Green-Jensen station, there is no discharge dependence 
on bed-sand grain size. Changes in bed-sand grain 
size at the Green-Jensen station are caused mainly by 
the downstream migration of sand waves. Changes in 
discharge at the Yampa-Maybell station cause greater than 
2 times the variation in suspended-sand concentration 
associated with changes in bed-sand grain size, a result 
consistent with the analyses of historical data at this 
station. Changes in discharge at the Green-Jensen station 
during water years 2013–2021 caused approximately 
4.5 times the variation in suspended-sand concentration 
associated with changes in bed-sand grain size, a result 
very different than that determined from the analyses of 
historical data at this station. Despite discharge being 
a stronger regulator of suspended-sand concentration 
than bed-sand grain size at these stations, the highest 
suspended-sand concentration at the Yampa-Maybell 
and Green-Jensen stations tends to be associated with the 
finest bed-sand grain size and not necessarily the highest 
discharge, as also observed at the sand-bedded stations.

•	 Prior to 2007, changes in bed-sand grain size were 
as important as changes in discharge in regulating 
suspended-sand concentration at the Green-Jensen 
station. The relatively abrupt decrease in the importance 
of grain-size regulation of suspended-sand concentration 
at the Green-Jensen station between 2007 and 2013 
represents the greatest fundamental change in the 
boundary conditions that control sand transport in our 
study area. This change may have been caused by a 
decrease in the proportion of the gravel bed that was 
covered by sand at this station between 2007 and 2013.

•	 At the sand-bedded stations, changes in the shear velocity 
caused by changes in channel geometry and changes in 
the skin-friction component of the shear velocity caused 
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by changes in dune and bar geometry cause roughly 
a factor-of-2 systematic variation in suspended-sand 
concentration at any given discharge. Though large, 
this magnitude of variation is smaller than the 
greater-than-factor-of-6 discharge-independent variation in 
suspended-sand concentration at these stations associated 
with changes in bed-sand grain size at these stations. 
Thus, it is unlikely that the changes in suspended-sand 
concentration caused by changes in channel, bar, or 
dune geometry can completely offset the variation in 
suspended-sand concentration associated with changes in 
bed-sand grain size.

•	 At the largely gravel-bedded stations, changes in 
bed-sand area cause roughly a factor-of-2 systematic 
variation in suspended-sand concentration at any given 
discharge. Although changes in bed-sand area may be 
the dominant source of discharge-independent variation 
in suspended-sand concentration at the Yampa-Maybell 
station, the factor-of-2 magnitude of this variation is less 
than the greater-than-factor-of-6 discharge-independent 
variation in suspended-sand concentration at the 
Green-Jensen station associated with changes in 
bed-sand grain size. Thus, it is unlikely that the changes 
in suspended-sand concentration caused by changes 
in bed-sand area can completely offset the variation in 
suspended-sand concentration associated with the changes 
in bed-sand grain size at the Green-Jensen station caused 
by the downstream migration of sand waves.

•	 Given that the changes in suspended-sand concentration 
caused by changes in channel, bar, and dune geometry or 
changes in bed-sand area are generally smaller than those 
associated with changes in bed-sand grain size, changes in 
bed-sand grain size are the primary mechanism by which 
changes in the upstream sand supply affect sand transport 
in our study area.

•	 The longitudinal pattern in bed-sand grain size in the 
middle Green River resulting from sand waves generated 
during sequences of annual floods on the Yampa River 
determines whether sand will be eroded from, conveyed 
through, or deposited in different segments of the middle 
Green River. Because the upper Green River supplies 
much less sand to the middle Green River than does the 
Yampa River, Flaming Gorge Dam releases may modify 
but do not likely erase the longitudinal pattern in bed-sand 
grain size in the middle Green River caused by a sequence 
of Yampa River floods. Therefore, because of the limited 
sand supply associated with Flaming Gorge Dam releases, 
these releases may not provide sufficient sand to replace 
the dominant role the Yampa River has in controlling 
sand transport, erosion, and deposition in the middle 
Green River.

•	 Although the Little Snake River supplies most of the sand 
transported by the lower Yampa River, the Deerlodge 
Park sediment-budget area has also likely been a major 
source of the sand supplied to the middle Green River by 

the Yampa River for many years. Larger annual floods on 
the Yampa River erode larger amounts of sand from the 
Deerlodge Park sediment-budget area, with this erosion 
associated with slight net bed scour in combination with 
the erosion of higher banks and the deposition of lower 
banks during the lateral migration of the Yampa River 
(Leonard, 2022).

•	 Because of their effect on the longitudinal pattern of 
bed-sand grain size in the middle Green River, larger 
annual floods on the Yampa River erode sand from the 
Dinosaur sediment-budget area and likely deposit sand 
downstream in the Uinta Basin segment. Moreover, 
smaller annual floods on the Yampa River deposit sand in 
the Dinosaur sediment-budget area while they erode sand 
from the Uinta Basin segment. Sustained large releases 
from Flaming Gorge Dam likely modify the sand response 
in the Uinta Basin segment and may also erode sand from 
this segment depending on the magnitude of the Yampa 
River flood.

•	 Repeat cross-section surveys suggest that slight net 
erosion of sand by channel widening has occurred in 
the Uinta Basin segment between the 1990s and 2020. 
This geomorphic response is the opposite of the channel 
narrowing observed during this same period in the lower 
Green River in Canyonlands National Park by Walker and 
others (2020).

•	 Repeat cross-section surveys indicate that deposition is 
associated with a decrease in cross-section topographic 
variation and is thus associated with a decrease in channel 
complexity. In cases without a substantial change in 
channel width, erosion is associated with an increase 
in cross-section topographic variation and is therefore 
conversely associated with an increase in channel 
complexity. The repeat surveys of the cross sections in the 
Uinta Basin segment indicate that only minor changes in 
channel width are likely to occur seasonally. Therefore, 
within one annual flood, erosion most likely leads to 
an increase in cross-section topographic variation and 
consequently a likely increase in backwater habitat.

•	 Available backwater measurements support our 
hypothesis based on sand-transport and cross-section 
measurements that backwater habitat in the lower part 
of the Uinta Basin segment of the middle Green River 
is maximized following a sequence of likely equal 
or declining annual floods on the Yampa River. The 
longitudinal gradients in bed-sand grain size associated 
with the longitudinal positions of the Yampa-generated 
sand waves during these floods control whether sand 
deposition, conveyance, or erosion occurs in the Uinta 
Basin segment. Accordingly, because the first large 
flood in sequence, termed the year-1 flood, is generally 
associated with finer bed sand at the Green-Jensen 
station than downstream at the Green-Ouray station, 
this flood tends to deposit sand in this river segment 
and builds the large bank-attached sandbars required for 
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backwater formation. Although large annual floods on 
the Yampa River are required to supply the sand, deposit 
large sandbars, and thereby facilitate the formation of 
future backwater habitat in the Uinta Basin segment, 
these floods do not themselves directly form the largest 
backwaters. Because the large year-1 floods deposit sand 
in this river segment, these floods lead to a decrease in 
channel complexity, and a measured decrease in total 
backwater area. It is during the subsequent out-year 
floods of typically lesser magnitude, when the bed sand 
is usually finer at the Green-Ouray station than upstream 
at the Green-Jensen station, that sand is eroded from 
this segment and increases in total backwater area and 
volume have been measured. Thus, optimal backwater 
habitat in the Uinta Basin segment is likely maintained 
by the sequence of net-erosive out-year Yampa River 
floods that rework the sandbars deposited during the 
large year-1 Yampa River flood. Although artificial 
floods released from Flaming Gorge Dam might be 
used to simulate the habitat maintenance achieved by 
out-year Yampa River floods, the limited sand supply 
and stage associated with such dam releases means 
that they cannot serve in the sandbar-depositing role 
of year-1 Yampa River floods that is a prerequisite for 
backwater formation. Despite larger year-1 Yampa 
River floods not directly forming larger backwaters in 
the Uinta Basin segment, these floods do form larger 
sandbars. Consequently, the most extensive backwater 
habitat in this river segment has been measured 
following the declining sequence of out-year floods that 
follow the largest year-1 Yampa River floods.
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Appendix 1.  Sediment Loads at Six U.S. Geological Survey Gaging Stations in the 
Vicinities of Dinosaur National Monument and Ouray National Wildlife Refuge

For information on how sediment fluxes and loads were calculated, please refer to the “Analytical Methods” section in the main 
body of this report.

Table 1.1.  Sediment loads at four U.S. Geological Survey gaging/monitoring stations on the Green, Yampa, and Little Snake Rivers in 
the vicinities of Dinosaur National Monument and Ouray National Wildlife Refuge, Colorado and Utah.

[Green-Lodore station, Green River above Gates of Lodore, Colorado (CO), gaging station 404417108524900; Yampa-Maybell station, Yampa River near Maybell, 
CO, gaging station 09251000; LS-Lily station, Little Snake River near Lily, CO, gaging station 09260000; Yampa-Deerlodge station, Yampa River at Deerlodge 
Park, CO, gaging station 09260050; Green-Jensen station, Green River near Jensen, Utah (UT), gaging station 09261000; Green-Ouray station, monitoring station 
located upstream from the Green River at Ouray, UT, gaging station 09272400; Q, water discharge; ft3/s, cubic feet per second; EWI, equal-width increment. T is 
defined as the ratio T=QSB/QSS, where QSB is the cross-sectionally integrated bedload-sand flux, and QSS is the cross-sectionally integrated suspended-sand flux]

Water 
year

Peak Q
(ft3/s)

Median 
March–
July Q
(ft3/s)

Annual 
suspended-silt-
and-clay load 
(metric tons)

Annual 
suspended-
sand load 

(metric tons)

Annual 
sand bedload 
(metric tons)

March–July 
suspended-silt-
and-clay load 
(metric tons)

March–July 
suspended-
sand load 

(metric tons)

March–July 
sand bedload 
(metric tons)

Green-Lodore station
2013 a 5,380 867 130,000 16,000 47,000 j 18,000 13,000 24,000
2014 8,840 828 170,000 g 33,000 i 46,000 j 18,000 29,000 24,000
2015 7,950 1,860 150,000 47,000 i 68,000 j 100,000 38,000 35,000
2016 8,960 1,050 200,000 h 42,000 i 45,000 j 110,000 36,000 23,000
2017 8,760 6,870 190,000 180,000 73,000 120,000 170,000 36,000
2018 6,500 1,920 75,000 12,000 32,000 42,000 7,500 15,000
2019 8,940 1,500 62,000 37,000 46,000 39,000 33,000 26,000
2020 9,030 1,660 77,000 30,000 47,000 67,000 26,000 29,000
2021 4,620 869 120,000 19,000 51,000 27,000 8,300 22,000

Yampa-Maybell station
2013 b 7,630 1,020 120,000 29,000 1,300 120,000 29,000 1,300
2014 13,600 2,930 160,000 65,000 l 2,700 160,000 64,000 2,700
2015 7,910 2,030 150,000 24,000 1,100 m 150,000 23,000 1,100
2016 11,100 2,880 220,000 k 52,000 2,200 m 220,000 52,000 2,200
2017 8,250 2,360 83,000 27,000 1,200 83,000 27,000 1,200
2018 7,180 1,180 62,000 14,000 690 61,000 14,000 680
2019 14,000 4,150 240,000 44,000 2,300 240,000 44,000 2,300
2020 9,370 1,750 110,000 31,000 1,400 110,000 31,000 1,400
2021 4,510 507 19,000 1,900 130 19,000 1,900 130

LS-Lily station
2013 c 2,230 234 106,000 n 29,000 n 23,000 o 100,000 29,000 22,000
2014 4,660 530 610,000 n 93,000 n 51,000 o 240,000 87,000 39,000
2015 4,840 476 680,000 n 52,000 n 35,000 o 640,000 50,000 28,000
2016 6,530 735 470,000 n 140,000 n 44,000 o 460,000 140,000 40,000
2017 3,270 889 220,000 76,000 40,000 200,000 75,000 33,000
2018 2,080 229 120,000 35,000 32,000 89,000 33,000 24,000
2019 4,200 1,100 430,000 100,000 40,000 400,000 99,000 34,000
2020 5,240 518 250,000 77,000 39,000 250,000 76,000 34,000
2021 1,290 252 75,000 13,000 25,000 74,000 12,000 17,000

Yampa-Deerlodge station
2013 d 10,100 1,280 310,000 66,000 42,000 280,000 64,000 29,000
2014 16,900 3,510 950,000 310,000 85,000 p 590,000 290,000 50,000
2015 10,400 2,480 590,000 130,000 84,000 p 500,000 120,000 42,000
2016 16,200 3,540 620,000 280,000 67,000 p 510,000 280,000 47,000
2017 11,200 2,860 340,000 230,000 95,000 290,000 220,000 67,000
2018 9,630 1,410 220,000 56,000 45,000 200,000 54,000 27,000
2019 16,000 5,700 680,000 200,000 55,000 590,000 200,000 36,000
2020 13,800 2,120 310,000 200,000 79,000 290,000 200,000 51,000
2021 5,310 728 82,000 15,000 35,000 67,000 14,000 20,000
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Table 1.1.  Sediment loads at four U.S. Geological Survey gaging/monitoring stations on the Green, Yampa, and Little Snake Rivers in 
the vicinities of Dinosaur National Monument and Ouray National Wildlife Refuge, Colorado and Utah.—Continued

[Green-Lodore station, Green River above Gates of Lodore, Colorado (CO), gaging station 404417108524900; Yampa-Maybell station, Yampa River near Maybell, 
CO, gaging station 09251000; LS-Lily station, Little Snake River near Lily, CO, gaging station 09260000; Yampa-Deerlodge station, Yampa River at Deerlodge 
Park, CO, gaging station 09260050; Green-Jensen station, Green River near Jensen, Utah (UT), gaging station 09261000; Green-Ouray station, monitoring station 
located upstream from the Green River at Ouray, UT, gaging station 09272400; Q, water discharge; ft3/s, cubic feet per second; EWI, equal-width increment. T is 
defined as the ratio T=QSB/QSS, where QSB is the cross-sectionally integrated bedload-sand flux, and QSS is the cross-sectionally integrated suspended-sand flux]

Water 
year

Peak Q
(ft3/s)

Median 
March–
July Q
(ft3/s)

Annual 
suspended-silt-
and-clay load 
(metric tons)

Annual 
suspended-
sand load 

(metric tons)

Annual 
sand bedload 
(metric tons)

March–July 
suspended-silt-
and-clay load 
(metric tons)

March–July 
suspended-
sand load 

(metric tons)

March–July 
sand bedload 
(metric tons)

Green-Jensen station
2013 e 11,000 2,450 390,000 110,000 12,000 250,000 100,000 10,000
2014 20,100 5,110 1,000,000 500,000 q 29,000 r 560,000 450,000 24,000
2015 15,800 4,390 1,000,000 200,000 q 15,000 r 860,000 180,000 12,000
2016 21,100 6,000 1,000,000 470,000 q 20,000 r 890,000 460,000 19,000
2017 18,300 11,700 660,000 460,000 26,000 530,000 450,000 21,000
2018 12,600 3,430 290,000 100,000 12,000 250,000 94,000 9,000
2019 21,000 7,510 840,000 460,000 21,000 770,000 450,000 18,000
2020 18,300 4,550 440,000 280,000 19,000 419,000 270,000 14,000
2021 9,830 1,810 220,000 38,000 6,100 130,000 36,000 4,700

Green-Ouray station
2017 f 18,500 11,600 630,000 420,000 110,000 600,000 410,000 100,000
2018 11,800 3,280 450,000 130,000 65,000 400,000 100,000 43,000
2019 21,400 7,290 940,000 290,000 85,000 770,000 270,000 68,000
2020 18,100 4,560 410,000 200,000 75,000 390,000 190,000 61,000
2021 9,410 1,760 210,000 s 49,000 t 29,000 u 120,000 v 46,000 w 24,000 x

aLoads during water year 2013 are incomplete and start on 10-23-2012.
bLoads during water year 2013 are incomplete and start on 3-20-2013.
cLoads during water year 2013 are incomplete and start on 3-21-2013.
dLoads during water year 2013 are incomplete and start on 10-30-2012.
eLoads during water year 2013 are incomplete and start on 3-19-2013.
fLoads during water year 2017 are incomplete and start on 3-25-2017.
gValue is 6 percent lower than that reported in Topping and others (2018) owing to a discharge revision.
hValue is 5 percent lower than that reported in Topping and others (2018) owing to a discharge revision.
iValue is slightly higher than that reported in Topping and others (2018) owing to a discharge revision and a revision of the silt-and-clay backscatter correction used in the 

acoustical measurements of suspended-sand concentration.
jValue is higher than that reported in Topping and others (2018) owing to a discharge revision and the application of a revised Q–T relation that incorporated additional paired 

EWI—bedform-migration measurements and a paired EWI—Helley-Smith measurement made during water years 2017–2019; refer to figure 2 in main body of report.
kValue is 4 percent lower than that reported in Topping and others (2018) owing to a discharge revision applied by the U.S. Geological Survey Colorado Water Science Center.
lValue is 3 percent higher than that reported in Topping and others (2018) owing to a revision of the silt-and-clay backscatter correction used in the acoustical measurements of 

suspended-sand concentration.
mValue is 100 metric tons lower than that reported in Topping and others (2018) owing to the effect on the calculated sand bedload of the revision of the silt-and-clay backscatter 

correction used in the acoustical measurements of suspended-sand concentration.
nValue is slightly different than that reported in Topping and others (2018) owing to the application of a revised acoustical-measurement calibration that incorporated the EWI 

and calibrated-pump measurements made during water years 2013–2020.
oValue is higher than that reported in Topping and others (2018) owing to the application of a revised Q–T relation that incorporated additional paired EWI—bedform-migration 

measurements and a paired EWI—Helley-Smith measurement made during water years 2017–2018; refer to figure 3 in main body of report.
pValue is higher than that reported in Topping and others (2018) owing to the application of a revised Q–T relation that incorporated additional paired EWI—bedform-migration 

measurements made during water year 2017; refer to figure 4 in main body of report.
qValue is slightly higher than that reported in Topping and others (2018) owing to a revision of the silt-and-clay backscatter correction used in the acoustical measurements of 

suspended-sand concentration.
rValue is slightly different from that reported in Topping and others (2018) owing to the effect on the calculated sand bedload of the revision of the silt-and-clay backscatter 

correction used in the acoustical measurements of suspended-sand concentration.
s110,000 metric tons of this load (that is, 52 percent) were estimated owing to equipment burial that started on June 3, 2021.
t14,000 metric tons of this load (that is, 29 percent) were estimated owing to equipment burial that started on June 3, 2021.
u9,000 metric tons of this load (that is, 31 percent) were estimated owing to equipment burial that started on June 3, 2021.
v25,000 metric tons of this load (that is, 21 percent) were estimated owing to equipment burial that started on June 3, 2021.
w12,000 metric tons of this load (that is, 26 percent) were estimated owing to equipment burial that started on June 3, 2021.
x6,900 metric tons of this load (that is, 29 percent) were estimated owing to equipment burial that started on June 3, 2021.
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