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Predicting Bedload Transport Rates In
Mountain Gravel-Bed Rivers

By Jeff J. Barry, John M. Buffington, and John G. King

Bedload transport is a fundamental
process for alluvial rivers, creating
bedform topography that both stabilizes
the channel and provides adiversity of
habitat for aguatic organisms. Bedload
transport also controls the storage and
mobilization of heavy minerals and
contaminants, and is an important
aspect of channel migration that both
revitalizes river floodplains and can
threaten human infrastructure within
river valleys. Numerous equationshave
been developed to predict bedload
transport, ranging from simple
regressionsto complex multi-parameter
formulations. For the practicing
hydrologist or geomarphologist it is
often unclear which transport equation
is best suited for a given situation, or
which equation is most likely to
generate the most accurate results. A
possible solution is to use a variety of
bedload transport equations at a given
location and average the results.
Unfortunately, the predicted transport
rates often differ by orders of
magnitude, giving little confidence in
the averaged transport rate. In addition,
local conditionsare often very different
from those that many bedload transport
equations were developed from. A
number of attempts have been made to

guantify the performance of existing
bedload transport equations (Gomez
and Church 1989; Yang and Huang
2001). However, the ability to test
equation performance within coarse-
grained mountain streams has, until
recently, been hampered by a lack of
bedload transport data for these stream
types. An extensive dataset recently
compiled by King et a. (2004) provides
an opportunity to further examine
bedload transport processes in
mountain gravel-bed rivers and to
conduct a more thorough comparison
of commonly used bedload transport
equations. We examined 24 of these
study sitesin central |daho, representing
over 2,100 bedload transport
observations collected over a range of
flows from 2 to 181% of the 2-year
flood flow (Q,). The study sites are
single-thread channels with pool-riffle
or plane-bed morphology (asdefined by
Montgomery and Buffington 1997)
with median surface grain sizes (d,))
between 38 and 185 mm, and channel
slopes between 0.0021 and 0.0108.

We find that bedload transport at these
sites is reasonably well described in
log,, space by asimple power function
of total discharge (Q) scaled by Q,
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whereq, isbedload transport rate per unit channel width
(kg/m-s), and aand b are empirical values (Barry et al.
2004; 2005). Thistype of bedload transport equationis
attractive for its simplicity, and several authors have
proposed similar equations (e.g., Leopold et al.1964;
Smith and Bretherton 1972; Whiting et al. 1999;
Emmett and Wolman 2001; Bunte et al. 2004; Goodwin
2004); however, a mechanistic interpretation of the
equation coefficient (a) and exponent (b) is typicaly
lacking in those studies, making it difficult to use such
equations for predicting bedload transport. Here, we
summarize recent work by Barry et al. (2004; 2005)
that parameterizes a and b in terms of channel and
watershed characteristics, and compares the
performance of this equation to other commonly used
bedload transport formulae.

Parameterization of the Bedload
Transport Equation

We hypothesize that the exponent of equation (1) is
principally afactor of supply-related channel armoring.
Emmett and Wolman (2001) discusstwo typesof supply
limitation in gravel-bed rivers. First, the supply of fine
material present on the streambed determines, in part,
the magnitude of Phase | transport (motion of finer
particlesover animmobile armor) (Jackson and Beschta
1982). Second, supply limitation occurswhen the coarse
armor layer limits the rate of gravel transport until the
larger particles that make up the armor layer are
mobilized, thus exposing the finer subsurface material
to the flow (Phase |1 transport) (Jackson and Beschta
1982). Mabilization of the surface material in a well
armored channel is followed by a relatively larger
increasein bedload transport rate compared to asimilar
channel with less surface armoring. Consequently, we
expect that a greater degree of channel armoring, or
supply-limitation, will delay mobilization of the armor
layer and result in asteeper bedload rating curve (larger
exponent of the bedload function [equation 1])
compared to a less armored channel (Emmett and
Wolman 2001).

Dietrich et al. (1989) proposed that the degree of
channel armoring is related to the upstream sediment
supply relative to the local transport capacity, and
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presented a dimensionless bedload transport ratio, q,
to represent thisrelationship. Here, weuseq” (calcul ated
at the 2-year flood) asan index of supply-related channel
armoring and examine its effect on the exponent (jB) of
the observed bedload rating curves (1). " is defined as
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where 7, isthetotal shear stress at Q, calculated from
the depth-slope product (pgDS, where p isfluid density,
g is gravitational acceleration, D is flow depth at Q,
calculated from hydraulic geometry relationships, and
Sis channel slope) and 7, and T, are the critical
shear stresses necessary to mobilize the surface and
subsurface median grain sizes, respectively. g describes
thetransport rate for the bed material and current degree
of armoring relative to that of the subsurface, or
unarmored bed. Values of q° range from O for low
bedload supply and well-armored surfaces (d,, >>d,,_
and T, = T,) to 1 for high bedload supply and
unarmored surfaces(d,, . ~d,_andt, =T, ). g does
not measure the effect of absolute armoring, but rather
relative armoring (a function of transport capacity
relative to sediment supply; see Barry et al. [2004] for
further discussion).

As expected, we find that the rating curve exponent is
inversely related to q° (figure 1a), supporting the
hypothesis that supply-related changes in armoring
relativeto thelocal transport capacity influencethe delay
in bedload transport and the slope of the bedload rating
curve. Because (' isarelative measure of armoring (i.e.,
relative to bedload supply and transport capacity), itis
unlikely to be biased by site-specific conditions (climate,
geology, channel type, etc.). For example, the relative
nature of q" impliesthat channels occurring in different
physiographic settings and possessing different particle-
size distributions (e.g., afine gravel-bed stream versus
a coarse cobble-bed stream) may have identical values
of g', indicating identical armoring conditions relative
to transport capacity and bedload sediment supply and,
thus, identical bedload rating-curve slopes (B).

In contrast, the coefficient o represents the magnitude
of bedload transport, which is a function of basin-
specific sediment supply and discharge, both of which
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can be expressed as functions of drainage area. In Barry
et al. (2004), we proposed an inverse rel ationship between
o and drainage area because discharge increases faster
than sediment transport rate (Barry et al. 2004). However,
we hypothesize that a direct relationship exists between
o. and drainage areawhen we scal e discharge by the two-
year flow (figure 1b) (Barry et a. 2005). This scaling
incorporates basin-specific differences in runoff
generation and peak flows, causing the relationship
between o and drainage area to be solely a function of
how sediment yield increaseswith drainage area. Assuch,
we hypothesize that the relationship between o and
drainage area is a region-specific function of land use
and physiography (i.e., topography, geology, climate).
Consequently, care should be taken in applying this
function to other regions. In contrast, prediction of the
exponent of our bedload transport equation may be less
restrictive, as discussed above.

Based on the relationships showninfigure 1, we propose
the following empirically derived total bedload transport
function with units of dry mass per unit width and time
(kg/m-s):

B (~2.450%+3.56)
q, = O{QJ = 0.0008A°-45[3J ©)

2 2

The coefficient o is a power function of drainage area A
(km?) (a surrogate for the magnitude of basin-specific
bedload supply) and the exponent 3 is alinear function
of g (an index of channel armoring as a function of
transport capacity relative to bedload supply).

Comparison with Other Equations

In this section we compare predicted total bedload
transport rates to observed values using four commonly
used bedload transport equations and our equation (3) at
17 test sites outside of Idaho, thereby providing atest of
our equation independent from the sites from which it
was developed. The 17 test sites are mountain gravel-
bed riversin Oregon, Wyoming, and Colorado, and they
arefurther described by Barry et a. (2004). The selected
bedl oad transport equations are those of Meyer-Peter and
Muller (1948); Ackersand White (1973) (asmodified by
Day 1980); Bagnold (1980); and Parker (1990). In each
equation we usethe characteristic grain sizeasoriginaly
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Figure 1. Relationships between a) q”and the exponent
of the bed load rating curves (equation [1], from Barry
et al. 2004) and b) drainage area and the coefficient of
the bed load rating curves (equation [1]) for the Idaho
sites (from Barry et al. 2005). Dashed line indicates
95% confidence interval about the mean regression
line. Solid line indicates 95% prediction interval
(observed values).

specified by the author(s) to avoid introducing error
or bias (Barry et a. 2004).

The performance of each formula was assessed
statistically using the log,, difference between
predicted and observed total bedload transport. We
found that two of the equationsthat contain atransport
threshold (i.e., the M eyer-Peter and Mller [1948] and
Bagnold [1980] equations) often incorrectly predict
zero transport during low and moderate flows, and
occasionally at flowsgreater than the 2-year discharge.
Although the Ackers and White (1973) equation
contains a transport threshold, this equation only
incorrectly predicted zero transport at one of the 17
sites (Oak Creek). Figure 2ashowsthe distribution of
log,, differences across all 17 test sites from each
equation and illustrates the poor performance of two
of thethreshol d-based equations. Those equationsthat
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Figure 2. Box plots of the distribution of a) log,,
differences between observed and predicted bed load
transport rates and b) critical error (e") for the 17 test
sites. Median values are specified, box ends represent
the 75" and 25'™" percentiles, and whiskers denote
maximum and minimum values. MPM stands for Meyer-
Peter and Muller. See Barry et al. (2004) for the specific
formulation of each equation and for author citations.
d. .. denotes median subsurface grain size,d___is modal
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subsurface grain size, and d, is the mean particle
diameter of the i"" size class.

do not contain atransport threshold (i.e., Parker [1990]
equation and [3]), or that rarely predict zero transport
(Ackers and White 1973) are typically within 2 to 3
orders of magnitude of the observed values.

To further examine formula performance at the 17 test
sites, we use Freese's (1960) x?* test which shows that
none of the equations are accurate within an order of
magnitude (significance level of 0.05). Nevertheless,
some equations are clearly better than others (figure
2a). When we calculate the critical error, € (Reynolds
1984), which asks how much error would have to be
tolerated to accept the results of a given bedload
transport equation, we find that, generally, no equation
predicts total bedload transport within one order of
magnitude of the observed values (figure 2b).
Nevertheless, our bedload transport formula (3)
outperformed all others at the 17 test sites, except for
the Ackers and White (1973) equation, which was
statistically similar to ours (paired x* test of € values,
significance level of 0.05) (Figure 2b).

WH

Formula Calibration

A principal drawback of our proposed bedload
transport equation (3) appearsto be the site-specific
nature of the coefficient function (o). However, it
may be possibleto back-calculate alocal coefficient
from one or more low-flow bedload transport
measurements coupled with prediction of the rating
curve exponent (B) as specified in (3), thus
significantly reducing the cost and time required to
develop a bedload rating curve from traditional
bedl oad sampling procedures. A similar approach of
formula calibration from a limited number of
transport observations was proposed by Wilcock
(2001). Our suggested procedure for back-
calculating the coefficient assumesthat the exponent
can be predicted with confidence (as demonstrated
by Barry et al. 2004).

By way of example, we used (3) to calculate the
exponent of the bedload rating curve at the East Fork
River (Leopold and Emmett 1997) and then
randomly selected 20 low-flow bedload transport
observations to determine 20 possible rating curve
coefficients. Low flowsare defined asthoselessthan
the average annual value. The average predicted
coefficient using this calibration method is 0.39,
which is much closer to the observed value (0.22)
than our original prediction (0.02) from (3). Thus,
our calibration method better approximates the
observed coefficient. Using the exponent predicted
from (3) and the calibrated coefficient of 0.39, we
predict total transport for each observation made at
East Fork River. Results show that the critical error,
€', improves from 1.79 to 0.96 with the above low-
flow calibration.

Summary and Conclusions

We calibrated a simpl e discharge-dependent power
function for bedload transport in mountain gravel-
bed riversusing datafrom 24 sitesin Idaho and found
that the exponent of thetransport functionisinversely
related to g, which describes the degree of channel
armoring rel ativeto transport capacity and sediment
supply (Dietrich et al. 1989). Asq isarelativeindex
of supply-limited channel armoring we expect our
exponent equation to be transferable to other
physiographies and channel types. In contrast, we
find that the coefficient of our bedload power
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function is directly related to drainage area and islikely
afunction of site-specific sediment supply and channel
type (Barry et al. 2004). Assuch, the coefficient equation
may not be as transferabl e to other locations, but can be
locally calibrated. We used an additional 17 independent
data sets to test the accuracy of our bedload power
function and found that it significantly outperformed three
of the four transport formulae examined and was
statistically similar to the Ackers and White (1973)
equation.

Furthermore, our bedload transport equation can be
parameterized with simple, commonly collected field data
and as such should present a useful tool to the practicing
hydrologist or geomorphologist. For example, where at-
a-station hydraulic geometry relationships are lacking,
an alternative approach might be to define " based on
field measurements of bankfull parameters. Bankfull
depth can be determined from cross-sectional surveys,
and bankfull discharge can be estimated from the Manning
(1891) equation combined with channel surveysof slope,
bankfull radius, and an appropriate estimate of channel
roughness (Barnes 1967; Hicks and Mason 1998).

Our proposed transport equation also has applicationsfor
channel maintenance flows (e.g., Schmidt and Potyondy
2005) and diversion by-pass flows that are often based
on identifying dischargesthat transport the most sediment
over the long term (i.e., effective flows [Wolman and
Miller 1960]). This type of analysis does not require
knowledge of the actual amount of sediment in transport,
but rather requires only an understanding of how bedload
transport changes with discharge (i.e., quantifying the
bedload rating-curve exponent) (Goodwin 2004).
Consequently, our bedload formulaoffersasimple means
to determine the exponent of the rating curve without the
time or expense of afull bedload measurement campaign.
For example, with the exponent of the bedload rating
curve predicted from (3), the “effective discharge” can
be cal cul ated following the procedure outlined by Emmett
and Wolman (2001) and does not depend on the coefficient
of the bedload rating curve.

References

Ackers, P, and W.R. White, Sediment transport: New approach and
analysis, J. Hydraul. Div., Am. Soc. Civ. Eng., 99, 2041-2060,
1973.

Andrews, E.D., Entrainment of gravel from naturally sorted riverbed
material, Geol. Soc. Am. Bull., 94, 1225-1231, 1983.

ﬂlllu.\

i

Bagnold, R.A., An empirical correlation of bedload transport rates
in flumes and natural rivers, Proc. R. Soc. London, 372, 453
473, 1980.

Barnes, H.H., Roughness characteristics of natural channels, U.S.
Geol. Sur. Water Supply Pap. 1849, 213 pp., 1967.

Barry, J. J., J. M. Buffington, and J. G. King, A general power
equation for predicting bedload transport ratesin gravel bed
rivers, Water Resour. Res., 40, 2004.

Barry, J. J., J. M. Buffington, and J. G King, Reply to Comment
By C. Michel On“A General Power Equation for Predicting
Bedload Transport Rates In Gravel Bed Rivers,” In Press,
2005.

Bunte, K., S.R. Abt, J.P. Potyondy, and S.E. Ryan, M easurement
of coarse gravel and cobble transport using portable bedload
traps, J. Hydraul. Eng., 130, 879-893, 2004.

Day, T.J.,, A study of the transport of graded sediments, Hydraul.
Res. Stat. Rep. IT 190, Wallingford, England, 10 pp., 1980.

Dietrich, W.E., J. Kirchner, H. Ikeda, and F. Iseya, Sediment
supply and the development of the coarse surface layer in
gravel-bedded rivers, Nature, 340, 215-217, 1989.

Emmett, W.W., and M.G Wolman, Effective discharge and
gravel-bed rivers, Earth Surf. Processes Landforms, 26, 1369-
1380, 2001.

Freese, F. Testing accuracy, Forest Science, 6, 139-145, 1960.

Gomez, B., and M. Church, An assessment of bedload sediment
transport formulae for gravel bed rivers, Water Resour. Res.,
25, 1161-1186, 1989.

Goodwin, P, Analytical solutions for estimating effective
discharge, J. Hydraul. Eng., 130, 729-738, 2004.

Hicks, D.M, and PD. Mason, Roughness Characterigtics of New
Zedand Rivers, Wat. Resour. Pub., Englewood, CO, 329 pp.,
1998.

Jackson, W.L., and R.L. Beschta, A model of two-phase bedload
transport in an Oregon coast range stream, Earth Surf.
Processes Landforms, 7, 517-527, 1982.

Leopold, L.B., M.G Wolman, and J.P. Miller, Fluvial Processesin
Geomorphology, 552 pp., W.H. Freeman, San Francisco,
Cadlifornia, 1964.

Manning, R., On the flow of water in open channels and pipes,
Trans. Ingt. Civ. Eng. Ireland, 20, 161-207, 1891.

Meyer-Peter, E., and R. Miller, Formulas for bed-load transport,
in Proceedings of the 2™ Meeting of the International
Association for Hydraulic Structures Research, pp. 39-64, Int.
Assoc. Hydraul. Res., Delft, Netherlands, 1948.

Montgomery, D. R., and J. M. Buffington, Channel-reach
morphology in mountain drainage basins, Geol. Soc. Am.
Bull., 109, 596-611, 1997.

Parker, G, Surface-based bedload transport relation for gravel
rivers, J. Hydraul. Res., 28, 417-436, 1990.

STREAM SYSTEMSTECHNOLOGY CENTER



Reynolds, M.R.. Estimating error in model prediction, Forest
Science., 30, 454-469, 1984.

Schmidt, L. and J. Potyondy, Quantifying channel maintenance
instream flows: an approach for gravel-bed streamsin the
Western United States, U.S. For. Serv. Gen. Tech. Rep. RM,
RMRS-GTR-128, 33 pp, 2004.

Smith, T.R., and F.P. Bretherton, Stability and the conservation of
mass in drainage basin evolution, Water Resour. Res., 8, 1506-
1528, 1972.

Whiting, PJ., JF. Stamm, D.B. Moog, R.L. Orndorff, Sediment-
transporting flows in headwater streams, Geol. Soc. Am. Bull.,
111, 450-466, 1999.

Wilcock, PR., Toward a practical method for estimating
sediment-transport ratesin gravel-bed rivers, Earth Surf.
Processes Landforms, 27, 1395-1408, 2001.

Wolman, M.G,, and J.P. Miller, Magnitude and frequency of
forces in geomorphic processes, J. Geol., 68, 54-74, 1960.

Yang, C.T., and C. Huang, Applicability of sediment transport
formulas, Int. J. Sed. Res,, 16, 335-353, 2001.

Jeff J. Barry isaCivil Engineer with CH2M HILL,
Water Resources and Environmental Management,
700 Clearwater Lane, Boise, 1D, 83712, (208) 345-
5314 ext 430, jeffrey.barry@ch2m.com

John M. Buffington isaResearch Geomorphologist,
USDA Forest Service, Rocky Mountain Research
Station, Boise, ID 83702, (208) 373-4384,
jbuffington@fs.fed.us.

John G. King is a Research Geomorphologist
(retired), USDA Forest Service, Rocky Mountain
Research Station, Boise, ID 83702, jgking@fs.fed.us.

NCED Jumps Into Stream Restoration

By Peter Wilcock, Karen Campbell, and Jeff Marr

The National Center for Earth-Surface Dynamics
(NCED) isaNational Science Foundation Scienceand
Technology Center founded in August 2002. NCED
is headquartered at the St. Anthony Falls Laboratory,
University of Minnesota and includes principal
investigators from du Lac Tribal and Community
College, the Massachusetts Institute of Technology,
Princeton University, the Science Museum of
Minnesota, the University of California, Berkeley, the
University of Colorado, the University of Illinois, and
Johns Hopkins University.

NCED existsto better understand stream channelsand
channel systems that shape the Earth’'s surface.
Motivated by the ever increasing stream restoration
activity in this country, with its associated expense
and potential impact for better or worse, NCED has
decided to make stream restoration one of three
overarching projects that organize the center’s
activities. This effort includes a variety of research
studies intended to improve our understanding of
channel dynamics, which can lead to improved
channel design. Weare also very interested in making
this work useful, which means it cannot be done in
isolation, but in collaboration with practitioners and
regulators who deal with restoration issueson adaily
basis. Together, we plan to look at the restoration
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business, its scope, details, and missing links, so that
we can define the most relevant research and the best
ways of getting the latest information to those who
useit.

At the heart of this effort is the NCED Stream
Restoration Partners Group (SRPG), whose goal isto
improve stream restoration practice by identifying
research needs and by facilitating and coordinating
method development and training. A segment of this
group met in February 2005 in Minneapolis with the
goal of identifying knowledge gaps, evaluating
research contributions and model development, and
devel oping means of coordinating training and model
application.

The group identified several priority issues for
improving stream restoration practice, including the
need to better define linkages between geomorphic
design and ecological outcomes, the need to more
efficiently get the latest science and methods to
practitioners, better guidance on the effect of
vegetation on bank erosion and channel stability, the
need for more frequent and more effective project
evaluation, and the observation that institutional and
socia barriersto restoration practice are asimportant
as knowledge barriers. These issues are being
addressed through NCED research and collaboration
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Figure 1. The NCED Stream Restoration Group website, http://www.nced.umn.edu/streamrestoration.html.

with NCED Stream Restoration Partners. A transcript of
the meeting and all presentation materials will soon be
available at the NCED website (figure 1):
http://www.nced.umn.edu/streamrestoration.html.

The NCED website also provides apoint of referencefor
stream restoration research, methods, and training. One
of the main features of the site will be the NCED Stream
Restoration Toolbox, which will contain open source
methods and models with explanation and guidance.
Among the first tools we will post are models for
estimating bankfull channel dimensions and discharge,
determining the uncertainty associated with a range of
hydraulic and transport calculations, and defining the
boundary between threshold and alluvial channels.

Another early feature of thewebsitewill beacompendium
of stream restoration training courses and materials. We
hope to publish not only titles, but also syllabuses and
content listings and, eventually, teaching materials
following the OpenCourseéWare model. A single source
presenting an organized collection of available materials
and approachesisan important first step toward defining
the range of methods and supporting knowledge needed
to do restoration well. We are happy to accept models
and materialsfor evaluation and inclusion on the Stream
Restoration website.

The underlying agenda of the stream restoration effort at
NCED issimply to devel op and promote the most useful
and relevant methods and models. By its position —

STREAM SYSTEM

affiliated with, but outside of both agencies and
practitioners — we hope that NCED may be able to
help clearly state issues, propose solutions, and
provide continuity and coordination without the
constraints that can restrict commercial,
environmental, or governmental organizations.

The NCED Stream Restoration effort is not a closed
shop. All partners are welcome. Anyone interested in
improving restoration practice is a partner and we
welcome any input, comments, and contributionsyou
might wish to provide. Those interested are also
encouraged to subscribe to the NCED Restoration
Newsletter.

Peter Wilcock is aProfessor in the Dept. of
Geography and Environmental Engineering, Johns
Hopkins University, Baltimore, MD, 21218, (410)
516-5421, wilcock@jhu.edu.

Karen Campbell is Director of Higher Education
and Knowledge Transfer Programs at NCED,
University of Minnesota, St. Anthony Falls Lab.,
Minneapolis, MN, 55414 (612) 624-4607,
kmc@umn.edu.

Jeff Marr isaNCED Engineer and Stream
Restoration Project Manager, University of
Minnesota, St. Anthony Falls Lab., Minneapolis,
MN, 55414, (612) 624-3931, marrx003@umn.edu.
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