Effective discharge is the product of sediment transport and flow duration. Effective
discharge is sometimes equated to channel forming discharge, which is the theoretical discharge
that would transport the same quantity of sediment over time as the variable flows within a
stream if allowed to continuously flow (Goodwin, 2004). The effective discharge controls the
morphology of the stream and is thus responsible for size and shape of the stream channel. The

calculation of effective discharge is fundamental to all stream restoration efforts.

1.2 Scope

Various bed material load prediction equations were used to estimate the quantity of
sediment that would be transported in a number of United States streams. The accuracy of each
equation was assessed by calculating the error associated with each measurement. Methods were
also compared for creating FDCs for an ungaged site in southwestern Colorado. The predicted
FDCs were compared to an FDC developed using USGS streamgage data. Finally, the effective
discharge of the site in southwestern Colorado was calculated using various combinations of
FDCs and bed material load prediction equations. The methods detailed herein can easily be

applied to other locations when required data are available.

1.3  Effective Discharge

The calculation of the effective discharge of a stream is simple and can be done using
three steps: (1) create an FDC using stream discharge data, (2) create a sediment rating curve
using sediment data or a sediment transport prediction equation, and (3) integrate the FDC and
sediment rating curve to produce a histogram whose peak represents the effective discharge
(United States Department of Agriculture, 2007). The size and shape of stream channels, such as
Salina Creek in Utah pictured in Figure 1, are determined by the effective discharge.
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the ratio between mean daily flow and bankfull discharge at the site was 1.0. Thus, the bankfull
discharge for Wolf Creek did not need to be reduced before the DFDC was created.

Once the DFDC was created, the dimensionless discharges were multiplied by the
bankfull discharge of Weminuche Creek of approximately 10.8 cms to make the curve

dimensional. The resulting FDC was taken as the FDC of the ungaged site.

5.3 Effective Discharge Calculations

To calculate the effective discharge for Weminuche Creek, the FDC was used to develop
a flow frequency curve, which was multiplied by the sediment rating curve. Flow frequency
curves were made using the FDCs developed using the USGS regression equations, Rosgen’s
DFDC method, and streamgage data. Log-linear interpolation was used to calculate the
discharges between the exceedance probabilities calculated by the USGS regression equations.

The discharges from the FDCs were divided into class intervals to create flow frequency
curves. A total of 25 class intervals were used for each FDC according to the method outlined by
Crowder and Knapp (2005). Following the determination of the number of class intervals, the log

interval method was used to determine the size of the intervals.

Where
I = log interval [log m?/s]
Qmax = maximum discharge [m>/s]
Qmin = minimum discharge [m?/s]

n = number of class intervals
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The frequency of discharges occurring in each class interval was determined and the
average discharge in each interval was used to predict the bed material load using the Yang,
Brownlie, and Pagosa equations. Using FDCs from the USGS regression equations, Rosgen’s
DFDC method, and streamgage data with each of the three bed material load equations to
calculate the effective discharge allowed all possible combinations to be explored.

The results of the bed material load prediction equations for each of the class intervals
were multiplied by the respective frequency of discharge events corresponding to the class
intervals. Effective discharge plots were developed and the highest peak on the plot was taken as

the effective discharge.
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6 RESULTS

6.1 Sediment Transport Equation Results

In Figure 3 the sediment rating curves for the Susitna River near Talkeetna in Alaska are
shown for the measured data and for each of the three predictive equations. The sediment load
predictions produced by the Yang equation are the furthest away from the measured values while
the predictions from the Brownlie equation are the closest to the measured values for both high
and low flows. The estimates produced using the Pagosa equations are more accurate for high
flows than for low flows.

The RMSEL values for the Susitna River near Talkeetna are displayed in Table 1 for
each of the three equations. As depicted by Figure 3, the Brownlie equation was the most
accurate in its predictions with a RMSEL value of 0.202. The Pagosa equations were only
slightly less accurate than the Brownlie equation with a RMSEL value of 0.252.

In Figure 4 the sediment rating curves for the Clearwater River at Spalding in Idaho are
displayed. As discharge increases, the Brownlie equation begins to overpredict the sediment
transport values. The Yang equation is generally high in its predictions and the Pagosa equations

appear to be the most accurate.
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Figure 3: Sediment Rating Curves for the Susitna River near Talkeetna in Alaska

Table 1: RMSEL Values for
the Susitna River near
Talkeetna in Alaska

Equation RMSEL
Yang 0.669
Brownlie 0.202
Pagosa 0.252

23



10000
[
X
1000 ”
N
: "
=}
=100 A
é : 0D
. o O
3 3 o
10 o]
] o]
1 o
100 1000 10000

Water Discharge (m%/s)

O Measured M Yang X Brownlie & Pagosa =—Bankfull Discharge

Figure 4: Sediment Rating Curves for the Clearwater River at Spalding in Idaho

Table 2 shows the RMSEL values for the Clearwater River at Spalding. The RMSEL
value for the Yang equation is the highest with a value of 0.900. The Pagosa equations were the

most accurate with a RMSEL value of 0.479.

Table 2: RMSEL Values for
the Clearwater Creek at
Spalding in Idaho

Equation RMSEL
Yang 0.900
Brownlie 0.660
Pagosa 0.479
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The sediment rating curves for the North Fork of South Platte River at Shawnee in
Colorado are displayed in Figure 5. Both the Yang and Brownlie equations overpredicted the
amount of sediment that would be transported; the Yang equation consistently overpredicted the
values while the overprediction associated with the Brownlie equation increased with increasing

flow. The predictions associated with the Pagosa equations are lower than the measured values.
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Figure 5: Sediment Rating Curves for the North Fork of South Platte River at Shawnee in
Colorado

The RMSEL values for the North Fork of South Platte River at Shawnee in Colorado are
found in Table 3. The error associated with the Yang equation is high with a value of 1.251. The

Pagosa equations had an error that was much lower at 0.120.
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Table 3: RMSEL Values for the
North Fork of South Platte
River at Shawnee
in Colorado

Equation RMSEL
Yang 1.251
Brownlie 0.452
Pagosa 0.120

For the Wisconsin River at Muscoda in Wisconsin, the sediment rating curves are shown
in Figure 6. In the figure, the results of the Yang and Pagosa equations are relatively close, with

the Yang equation being more accurate. The Brownlie equation predicts the lowest sediment

transport values.

The RMSEL values for the Wisconsin River at Muscoda in Table 4 show that the Yang
equation is slightly more accurate than the Pagosa equations with error values of 0.329 and

0.393, respectively. The error associated with the Brownlie equation was much higher with a

value of 0.971.

Figure 7 shows the sediment rating curves for all 20 study sites and the remaining
sediment rating curves and error tables for individual sites can be found in APPENDIX A. A

summary of the RMSEL values for the 20 study sites for each of the three equations is displayed

in Table 5.
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Figure 6: Sediment Rating Curves for the Wisconsin River at Muscoda in Wisconsin

Table 4: RMSEL Values for the
Wisconsin River as Muscoda
in Wisconsin

Equation RMSEL
Yang 0.329
Brownlie 0.971
Pagosa 0.393
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Figure 7: Sediment Rating Curves for all 20 Study Sites

The distribution of the RMSEL values for the Yang, Brownlie, and Pagosa equations are
shown in the box plots in Figure 8 for the 20 study sites. The plots show that the Yang equation
has the largest distribution of errors, followed by the Brownlie equation and then the Pagosa
equations.

Table 6 contains the box plot statistics for the Yang, Brownlie, and Pagosa equations.
The Yang equation has an even error distribution while the Brownlie and Pagosa equations have

narrow error distributions for errors below the median.
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Table 5: Summary of RMSELValues for Each Study Site

State Site RMSEL
Yang | Brownlie | Pagosa

AK [Susitna River near Talkeetna 0.669 0.202 0.252
ID (Clearwater River at Spalding 0.900 0.660 0.479
CO [Mad Creek (Site 1) near Empire 0.691 0.003 0.001
CO [Mad Creek (Site 3) near Empire 0.807 0.155 0.004
CO [Jefferson Creek near Jefferson 0.760 0.047 0.019
CO (Craig Creek near Bailey 0.993 0.220 0.007
CO |[Geneva Creek near Grant 0.870 0.185 0.011
CO [Pony Creek near Antero Reservoir 0.014 0.003 0.002
CO |North Fork of South Platte River at Shawnee 1.251 0.452 0.120
CO |North Fork of South Platte River at Crossons 1.193 0.217 0.037
CO |North Fork of South Platte River at Buffalo 1.584 0.578 0.606
CO |North Fork of South Platte River above Vermillion Creek 0.187 0.363 0.270
CO |South Fork of South Platte River at Trumbull 1.385 0.264 0.289
CO |Buffalo Creek at Buffalo 0.094 0.141 0.536
CO |Blue River below Green Mountain Reservoir 1.620 1.024 0.077
CO [Williams Fork near Leal 1.484 0.776 0.074
CO [Rich Creek near Weston Pass 1.090 0.251 0.004
CO [Wisconsin River at Muscoda 0.329 0.971 0.393
CO |Black River near Galesville 0.790 0.980 0.551
CO [Chippewa River at Durand 0.232 0.768 0.311

Average 0.847 0.413 0.202
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Figure 8: Box Plots for the Yang, Brownlie, and Pagosa Equation Errors

Table 6: Box Plot Statistics for the Yang,

Brownlie, and Pagosa Equations

Statistic Yang Brownlie Pagosa
Minimum 0.0140 0.0030 0.0010
First Quartile 0.4140 0.1625 0.0080
Median 0.8385 0.2575 0.0985
Third Quartile 1.2365 0.7410 0.3725
Maximum 1.6200 1.0240 0.6060

To demonstrate the skew of the distribution of RMSEL values for each of the bed

material load equations, histograms were created. Figure 9 shows the histogram for the Yang

equation. The histogram shows a fairly even distribution of error values, with a peak near the

median. Figure 10 shows the histogram for the Brownlie equation. Following the initial peaks
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from the first two quartiles, the graph shows a skew to the right. The histogram for the Pagosa
equations is shown in Figure 11. Like the histogram for the Brownlie equation, the histogram for
the Pagosa equations shows an initial peak corresponding to the first quartile followed by a skew

to the right.
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Figure 9: Histogram of RMSEL Values for the Yang Equation
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Figure 10: Histogram of RMSEL Values for the Brownlie Equation
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Figure 11: Histogram of RMSEL Values for the Pagosa Equations

6.2 Flow Duration Curve Results

The FDCs for Weminuche Creek are shown in Figure 12. The graph shows that the
USGS regression equations underpredicted the discharges that were measured by the streamgage
while Rosgen’s DFDC method overpredicted them.

The RMSEL values were calculated for the USGS regression equations and Rosgen’s
DFDC method. The results of the RMSEL calculations are shown in Table 7. The error
associated with the USGS regression equations was 0.246 while the error associated with

Rosgen’s DFDC method was 0.111.
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Figure 12: Flow Duration Curves for Weminuche Creek in Colorado

Table 7: RMSEL Values
for FDC Methods

Method RMSEL
USGS Regression Equations | 0.246
Rosgen DFDC Method 0.111

6.3 Effective Discharge Results
Figure 13 shows the effective discharge calculation results using the USGS regression
equations with the Yang and Pagosa equations. The Yang and Pagosa equations both resulted in

an effective discharge of approximately 4.5 cms when used with the USGS regression equations.
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Figure 13: Effective Discharge Calculation Results using the USGS Regression Equations
with the Yang and Pagosa Equations

Figure 14 shows the effective discharge calculation results using the Rosgen DFDC
method with the Yang and Pagosa equations. The Yang and Pagosa equations both resulted in an
effective discharge of approximately 13.5 cms when used with the Rosgen DFDC method.

Figure 15 shows the effective discharge calculation results using streamgage data with
the Yang and Pagosa equations. The Yang and Pagosa equations both resulted in an effective
discharge of approximately 13.5 cms when used with streamgage data.

The Brownlie equation was also used to calculate bed material load. However, it
predicted zero bed material load for the site. Thus, effective discharge calculations could not be
performed using the Brownlie equation. Table 8 provides a summary of the effective discharge

results that were calculated in this study along with the 2-year flood and bankfull discharge.
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Figure 14: Effective Discharge Calculation Results using the Rosgen DFDC Method with
the Yang and Pagosa Equations
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Figure 15: Effective Discharge Calculation Results using Streamgage Data with the Yang

and Pagosa Equations

Table 8: Summary of Effective Discharge Calculation Results

Bed Material Effective 2-Year Bankfull
FDC Method
Load Equation | Discharge (cms)| Flood (cms) | Discharge (cms)
USGS Regression Equations Yang 4.5 9.8 10.8
USGS Regression Equations Pagosa 4.5 9.8 10.8
Rosgen DFDC Yang 13.5 9.8 10.8
Rosgen DFDC Pagosa 13.5 9.8 10.8
Streamgage Yang 13.5 9.8 10.8
Streamgage Pagosa 13.5 9.8 10.8
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7 DISCUSSION OF RESULTS

7.1 Sediment Transport Discussion

From Table 5, the Yang equation had the lowest RMSEL value for the North Fork of
South Platte River above Vermillion Creek in Colorado, Buffalo Creek at Buffalo in Colorado,
the Wisconsin River at Muscoda in Wisconsin, and the Chippewa River at Durand in Colorado.
Thus, the Yang equation predicted the bed material load most accurately for 20% of the study
sites. Also from Table 5, the Brownlie equation had the lowest RMSEL value for the Susitna
River near Talkeetna in Alaska, the North Fork of South Platte River at Buffalo in Colorado, and
the South Fork of South Platte River at Trumbull in Colorado. The Brownlie equation performed
most accurately for 15% of the study sites. The bed material load of the remaining 13 sites, or
65% of the study sites, was predicted most accurately by the Pagosa equations.

Although the Yang equation predicted the bed material load mostly accurately for more
sites than the Brownlie equation, the average RMSEL value for the 20 sites was lower for the
Brownlie equation than for the Yang equation. From Table 5, the Yang equation had an average
RMSEL value of 0.847 while the Brownlie equation had an average RMSEL value of 0.413. The
high error value for the Yang equation resulted from overprediction of bed material load for
many of the sites. For the sites in this study, the Brownlie equation performed better than the
Yang equation.

The average RMSEL value for the 20 study sites for the Pagosa equations was 0.202 (see

Table 5). This error value is lower than the average errors value for both the Yang and Brownlie
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equations. For the 20 study sites in the USGS Open-File Report 89-67, the Pagosa equations
developed by Rosgen performed the best overall at predicting bed material load. The superior
performance of the Pagosa equations over the Yang and Brownlie equations is likely due to the
Pagosa equations being calibrated while the Yang and Brownlie equations are uncalibrated. The
accuracy of the Pagosa equations may also result from their purely empirical nature. While the
Yang and Brownlie equations were developed using a combination of both field and laboratory

flume data, the Pagosa equations were developed using only field data.

7.2 Flow Duration Curve Discussion

In Figure 12, Rosgen’s DFDC method overpredicted the discharges and the USGS
regression equations underpredicted the discharges. The underpredictions associated with the
USGS regression equations may result from the manner in which the mean annual precipitation
for the watershed was determined. The RMSEL value for the USGS regression equations was
0.246 and the RMSEL value for Rosgen’s DFDC method was 0.111 (see Table 7). Although
both methods contained errors, the error associated with Rosgen’s DFDC method was smaller
than the USGS regression equation error. For Weminuche Creek, Rosgen’s DFDC method was

more accurate than the USGS regression equations.

7.3  Effective Discharge Discussion

Although the bed material load predictions for the Yang and Pagosa equations were
significantly different for each class interval, both equations resulted in an effective discharge of
approximately 4.5 cms when used with the USGS regression equations. The shape of the curves
for the effective discharge calculation results associated with the Yang and Pagosa equations in
Figure 13 are similar for flows above approximately 2 cms.
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When the Yang and Pagosa equations were used with the Rosgen DFDC method and
streamgage data, the effective discharge was calculated to be approximately 13.5 cms for all
cases. With each FDC, the shape of the curves for the effective discharge calculation results for
the Yang and Brownlie equations are very similar for all discharges (see Figure 14 and Figure
15).

When used with the same FDC, the choice of bed material load prediction equations did
not affect the magnitude of the effective discharge for Weminuche Creek. However, the choice
of FDC did impact the effective discharge when used with the same bed material load prediction
equations in some cases. The FDCs developed using Rosgen’s DFDC method and streamgage
data were similar to one another and had higher discharges than the FDC developed using the
USGS regression equations. The effective discharge that was calculated using Rosgen’s DFDC
method and streamgage data was approximately 9 cms higher than the effective discharge that

was calculated using the USGS regression equations.
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8 CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study was to analyze how estimates of an important geomorphic
parameter, effective discharge, were impacted by the choice of bed material load equations and
FDCs. The Yang, Brownlie, and Pagosa equations for predicting bed material load were
compared using 306 measurements from 20 sites in Alaska, Idaho, Colorado, and Wisconsin
from the USGS Open-File Report 89-67. After comparing the bed material load equations, the
Pagosa equations for bed material load had the lowest error, followed by Brownlie and then
Yang. The superior performance of the Pagosa equations is likely due to the equations being
calibrated while the Yang and Brownlie equations are uncalibrated. The purely empirical nature
of the Pagosa equations may also have contributed to their accuracy.

To compare methods used to develop FDCs for ungaged sites, USGS regression
equations and Rosgen’s DFDC method were compared to the FDC developed using streamgage
data for Weminuche Creek in southwestern Colorado. Rosgen’s DFDC method predicted
discharges that were higher than the measured discharges while the USGS regression equations
predicted discharges that were lower than the measure discharges. Although both methods
contained errors in their estimates, Rosgen’s method of developing a DFDC was more accurate
for Weminuche Creek than the USGS regression equations.

To compare the impact that FDCs and bed material load prediction equations have on the
effective discharge, six different combinations of FDCs and bed material load prediction

equations were used to calculate the effective discharge of Weminuche Creek. The effective
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discharge was calculated by multiplying the flow frequency curve produced from the FDC and
the sediment rating curve. When used with the USGS regression equations, the Yang and Pagosa
equations both produced an effective discharge of approximately 4.5 cms. When the Yang and
Pagosa equations were used with Rosgen’s DFDC method and streamgage data, the effective
discharge was calculated to be approximately 13.5 cms for both equations. For Weminuche
Creek, the bed material load prediction equations did not affect the magnitude of the effective
discharge while the FDCs did influence the effective discharge in some cases.

The methodology employed in this study serves as a template for future research. For this
study, Weminuche Creek was the only site for which adequate information was available to
perform calculations. It is thus recommended that the outlined methods be applied to other
streams and locations to strengthen the statistical significance of the results and conclusions of
this study. The calculation of effective discharge is fundamental to all stream restoration efforts.

Continued research in this area of study will provide further insights into the behavior of streams.
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APPENDIX A

Sediment Transport Equation Results
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Figure 13: Sediment Rating Curves for Mad Creek (Site 1) near Empire in Colorado

Table 9: RMSEL Values for Mad
Creek (Site 1) near Empire
in Colorado

Equation RMSEL
Yang 0.691
Brownlie 0.003
Pagosa 0.001
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Figure 14: Sediment Rating Curves for Mad Creek (Site 3) near Empire in Colorado

Table 10: RMSEL Values for
Mad Creek(Site 3) near
Empire in Colorado

Equation RMSEL
Yang 0.807
Brownlie 0.155
Pagosa 0.004
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Figure 15: Sediment Rating Curves for Jefferson Creek near Jefferson in Colorado

Table 11: RMSEL Values for
Jefferson Creek near
Jefferson in

Colorado
Equation RMSEL
Yang 0.760
Brownlie 0.047
Pagosa 0.019
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