An overview of a priori routing parameters for use in the NWS/OHD Research Distributed Hydrologic Model 
Background:
Both distributed and lumped versions of hydrologic models are currently in operational use within the National Weather Service (NWS).  While the gridded nature of distributed modeling offers many advantages over lumped modeling, it also leads to the need for detailed, gridded model parameters.  In the past, the development of these gridded parameters was approached in a piecemeal fashion, with parameter generation undertaken for local domains on an as-needed basis.  To reduce the amount of effort needed to implement the distributed model in a new location, to facilitate widespread adoption by NWS field offices, and to support uncalibrated uses (e.g. DHM-TF), NWS/OHD has undertaken efforts to derive a priori (static) CONUS-wide parameter data sets.  These data sets are aimed at supporting the three main components of the OHD Research Distributed Hydrologic Model (RDHM)—the Snow17 snow model, the Sacramento rainfall/runoff model, and the kinematic wave routing module.  The Snow17 and Sacramento parameters were derived, successfully tested, and fielded over the past three years.  More recently, a priori routing parameters were developed and assessed.  This document serves to detail the derivation methodology as well as the associated assessment.
The a priori routing parameter data sets are meant to provide a solid, low level-of-effort starting point for RDHM operations.  As is the case with the Snow17 and Sacramento a priori parameters, manual and/or automatic calibration of these values has the potential to lead to improved hydrologic simulations.  Evaluation of model-simulated discharge against gauge observations can serve as a guide to judging the necessity of calibration.      

Runoff routing within RDHM  
RDHM contains both hillslope and channel routing modules.  Fast runoff output (surface, direct, and impervious runoff) from the Sacramento model is passed through the hillslope router (and delayed) before entering into the stream channel.  Slow runoff, including that from interflow, supplemental base flow, and primary base flow, is passed directly into the channel.  These two local channel inflows combine with flow entering the grid cell from upstream and are routed through the cell’s stream channel, and onward to the neighboring cell.  Hillslope routing requires three parameters.  A pre-computed hillslope-slope (SLOPH) field derived from a digital elevation model is provided with RDHM (see the HL-RDHM User’s Manual for more information).  Default and spatially constant values for drainage density (DS) and hillslope roughness (ROUGH) have been used for most OHD studies to date.  Experience shows that channel routing parameters have a greater impact on simulation results of interest, so we focus first on estimating channel parameters in this work.  Regardless, some default estimates of DS and ROUGH are required.  In CONUS-wide grids delivered with HL-RDHM, DS is assigned a spatially constant value of 2.5 and ROUGH a value of 0.15.  These are values estimated for earlier studies in Oklahoma.    
Channel routing centers on the relationship between flow (Q) and cross sectional area (A) as governed by the two parameters qo and qm:

Q=qoAqm







(1)

Two methods exist within RDHM to compute this relationship:  the channel shape method in which slope, a roughness coefficient, a shape parameter, and a top width parameter are used to derive qo and qm, and the rating curve method in which qo and qm are explicitly specified.  It was decided, for the purposes of this research, that explicit a priori data sets of qo and qm would be derived, and thus that the rating curve method would be used.

In order to derive the qo parameter, equation (1) can be rearranged to yield: 

qo=Q/Aqm







(2)

qo can be calculated for a given location if values for flow (Q), cross sectional area (A), and qm are available.  
Towards this end, we first estimate flow and cross-sectional area for one point on the Q-A curve.  We can most easily estimate the point (Aa, Qa) corresponding to mean annual flow from available data sets.  

Mean annual flow was derived from the USGS CONUS-wide dataset of mean average annual runoff (Gerbert et al., 1987) and a 4km HRAP flow direction grid.  

The computation of cross sectional area for each grid cell is a more complex process, and is based on:

A=Q/V







(3)

where V is velocity, and Q is mean annual flow as computed above.  Velocity, in turn, was calculated through application of an empirical equation developed by Jobson (1996), 
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6

Harthegig Run near Greenfield, PA

4 3 1 2

35

Girtys Run above Grant Avenue at Millvale, PA

3 2 1 4

49

Sager Creek near West Siloam Springs, OK

4 2 3 1

90

Osage Creek near Cave Springs, AR

4 1 3 2

100

Kinzua Creek near Guffey, PA

3 4 2 1

111

Middle Branch Nimishillen Creek at Canton, OH

4 3 2 1

163

West Branch Clarion River at Wilcox, PA

3 4 2 1

164

Decker's Creek at Morgantown, WV

3 2 1 4

285

Flint Creek near Kansas, OK

2 4 3 1

337

Osage Creek near Elm Springs, AR

2 3 4 1

347

Youghiogheny River near Oakland, MD

4 3 2 1

365

Big Sugar Creek near Powell, MO

2 3 4 1

420

Blue R. near Connerville, OK

2 3 4 1

619

Indian Creek near Lanagan, MO

3 4 1 2

666

Chartiers Creek at Carnegie, PA

2 3 1 4

702

Tygart Valley River near Elkins, WV

3 2 1 4

795

Baron Fork at Eldon, OK

1 3 4 2

1233

Blue R. nr Blue, OK

3 2 4 1

1489

Illinois River South of Siloam Springs,  AR

3 4 2 1

1645

Illinois River near Watts, OK 

2 3 4 1

1852

Conemaugh River at Seward, PA

2 1 3 4

2258

Elk River near Tiff City, Mo

4 3 2 1

2367

Tygart Valley River at Philippi, WV

2 1 3 4

2484

Illinois River near Tahlequah, OK

2 3 4 1

2665

Youghiogheny River below Confluence, PA 

3 2 4 1

4442

Youghiogheny River at Sutersville, PA 

2 3 4 1

4727

Kiskiminetas River at Vandergrift, PA 

3 2 4 1

6327

Tuscarawas R At Newcomerstown, OH 

4 3 2 1

8045

Beaver River at Beaver Falls, PA

1 2 4 3

12585

Muskingum R Nr Coshocton, OH 

3 2 4 1

13831

Monongahela River at Elizabeth, PA

1 1 3 4

15493

Allegheny River at Franklin, PA

2 3 4 1

19868

Allegheny River at Parker, PA 

3 2 4 1

23240

Allegheny River at Kittanning, PA

2 1 3 4

AVERAGE RANKING (lower is better)

2.68 2.56 2.85 1.88

Percentage of first place rankings 9% 15% 18% 62%

Percentage of second place rankings 35% 29% 21% 12%

Percentage of third place rankings 35% 41% 21% 3%

Percentage of fourth place rankings 21% 15% 41% 24%

 

(4)
where Da is drainage area, Qa is the mean annual flow, Q is flow, S is channel slope, and g is the gravitational acceleration.

If we once again assume that Q=Qa, equation (4) reduces to:
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(5)

Da, the upstream drainage area, is calculated through use of the flow direction and cell size grids, g is a known constant, channel slope is a pre-existing field computed from DEM data, and Q can be taken as Qa from the mean annual flow grid.
With Va and Qa derived as outlined above, A can be calculated according to equation (3).  This leaves qm as the last quantity needed to solve for qo using equation (2).  Two different approaches to deriving qm were evaluated for the purposes of this research.  The first approach is simply to assign qm a value of 1.3.  This value is supported by research in Fread (1973) and falls in the range of values derived through the standard USGS-gauge-based basin outlet derivation process used at OHD (hereafter referred to as “OHDbasin”).  The set of qo and qm parameters that emerge from this first approach are collectively referred to as “a priori A” in this document.  The second approach, referred to as “a priori B” supports derivation of a spatially varying qm parameter.  It involves application of a regression relationship between the average hillslope in the corresponding HRAP grid cell and qm values that were manually derived at 27 USGS stream gauges in Missouri, Arkansas, Oklahoma, California, Maryland, and North Carolina (Table 1).  Manual derivation of qm at these locations followed the procedures outlined in the HL-RDHM Users Manual, which involve use of R scripts and statistical/graphical parameter fitting techniques.  As seen in Figure 1, the relationship is fairly well behaved, with an R2 value of 0.6151.  The equation is:
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(6)

Values from the pre-existing hillslope data set can be inserted into (6) to produce a CONUS-wide, spatially varying data set of qm values.  Applying this spatially dynamic field to equation (2) yields one set of qo values, while applying the spatially static qm field (qm=1.3) yields a second set of qo values.  

Results  
Two methods were chosen to assess the performance of the two pairs of qm and qo values—the first based on plots of flow versus area created using equation (1), and the second based on a hydrograph analysis of RDHM output using the a priori qo and qm values. 

Method 1 – Flow Versus Area Analyses
As mentioned earlier, routing parameters have typically been generated through a basin outlet-based method (OHDbasin) using USGS stream gauge data.  While producing high-quality parameters, this method is extremely labor intensive and is not well suited for CONUS-wide use.  With no other information, the simplest choice of parameters is to choose qo = 1 and qm = 1.  While this simplistic choice does not properly account for the known non-linear Q-A relationship at specific cross sections, it is consistent with unit hydrograph theory that says velocity is uniform throughout a basin, and assign a default velocity of 1 m/s to channel flows, which is a reasonable average value.  With this in mind, it was decided to test the two new qo and qm derivation methods outlined above against these two baseline methods.   This was accomplished through a four-way Q vs. A comparison among values produced with each set of routing parameters.  Specifically, USGS area and flow measurements at 37 sites (Table 2) were first plotted against each other on X-Y plots (one plot per station, solid triangles in Figure 2)—this served as the “truth” in this analysis.  Next, the observed cross section area values were inserted into equation (1) along with each of the four sets of routing parameters (OHDbasin, Uniform, a priori A, and a priori B).  The resultant flow/area pairs were then plotted on the X-Y graphs alongside the observed flow/area pairs.  The goodness of fit of the derived flow values (and thus the quality of the routing parameters) was assessed through two methods:  1) Computation of RMSE using the complete record of observed USGS flow values at each station as the “truth”, and 2) Subjective visual analysis of how well high flow values are reproduced.  While 1) provides a solid, objective measure of performance, 2) is equally important as it gauges the performance of the routing parameters during the most critical type of situation—high flow.

Table 3 displays a variety of information including the drainage area associated with each USGS stream gauge, the name and location of each gauge, the RMSE value of the flow derived using each set of routing parameters at each gauge location, and the average RMSE of the flow for each set of routing parameters.  It should be noted that the average RMSE values are greatly influenced by the RMSE values in the large river basins, and may not reflect results seen in the smaller river basins.  To remedy this, the table also lists the individual and overall rankings (i.e., 1st through 4th place, also indicated by color) as well as the percentage of 1st place through 4th place rankings for each set of routing parameters.  These ordinal rankings grant equal influence to each river basin, thus providing a more equitable measure of performance.
Overall, as might be expected, the OHDbasin parameters provide the best flow values at the 34 test locations, with an average RMSE of 65.31 cms.  The other three methods are clustered tightly around each other, with the a priori A method performing slightly better (RMSE of 82.15 cms) than the a priori B and Uniform methods (RMSEs of, respectively, 82.63cms and 82.16 cms).  Focusing on RMSE ranking instead of actual RSME value yields similar results—flow values derived using the OHDbasin parameters are the most accurate (average ranking of 1.74), with values from the a priori A, Uniform, and a priori B methods following with rankings of 2.71, 2.76, and 2.79.  

Moving beyond the average values and examining the underlying rankings reveals that while the Uniform and a priori A parameters appear to be very close in performance, the Uniform parameters feature many more last place rankings that do the a priori A parameters.  Thus, the slight advantage in average RMSE and average ranking that the a priori parameters hold over the Uniform parameters is magnified by the more favorable distribution of their rankings—i.e., in practice, it would be more valuable to have a generally solid set of parameters rather than a set that either produced really good or really bad flow values.
Table 3 includes, in part, stations that were used in the derivation of the hillslope relationship used to derive the a priori B parameters, as well as stations that were used to derive the OHDbasin parameters.  To produce a truly independent assessment, one that does not grant unfair advantage to either the OHDbasin parameters or the a priori B parameters, the station list was reduced to 13 independent stations (Table 4) not explicitly involved in the parameter derivation process.  At these 13 locations, routing parameters were derived in the OHDbasin method by propagation from downstream stations, and in the a priori B method through applying the qm and hillslope regression relationship developed using input from other stations.

As expected, stripped of the developmental stations, the gap in performance widens between the a priori A and B methods.  However, in an unexpected development, the OHDbasin method actually performs worse than the a priori A method, while the Uniform parameters perform the best.  Given the extremely small validation sample size (13 stations), these results should be viewed with caution and repeated in the future, if possible, with a larger selection of stations.

Given that the a priori A method outperforms the a priori B method, and given that CONUS-wide application of the OHDbasin method is not feasible, the most informative comparison is a two-way comparison between the a priori A parameters and the Uniform parameters at all 34 USGS gauge sites.  Such a comparison reveals an average ranking of 1.47 for the a priori A method, and 1.53 for the Uniform method—granting use of the a priori A method a small, but clear advantage.  Framed a different way, flow values derived using parameters from the a priori A method are more accurate than Uniform-based flow values in 53% of the cases. 
As valuable as good overall routing performance is, it is much more important to correctly route high flows than low flows in flood forecasting, and as shown in Figure 1, parameter performance can vary greatly with flow regime.  With this in mind the flow values analyzed in the preceding paragraphs were reanalyzed with a strong focus on high flows.  Each plot was visually examined to determine which set of routing parameters most accurately reproduced the upper third of flow values.  As Table 5 shows, the main difference when focusing on high flows is that the a priori B and Uniform methods switch places, with the Uniform method now performing worse, on average, than the a priori B method.  The OHDbasin method still performs the best, while the a priori A method performs the best of the “CONUS-capable” methods.  Rankings for the OHDbasin, a priori A, a priori B, and Uniform methods are, respectively, 1.88, 2.56, 2.68, and 2.85.  Once again, the Uniform method features the most fourth place rankings—41%.  Removing the stations used in the derivation of the a priori B and OHDbasin parameters to perform an independent analysis yields very similar results to those seen in the reduced-station RMSE analysis.

Simplifying the analysis to focus solely on the leading CONUS-capable technique (a priori A) and the baseline CONUS-capable technique (Uniform) yields the results in Table 6.  a priori A produces superior flow values 59% of the time, and features a ranking of 1.41 (versus 1.59 for flow values derived using Uniform parameters).  A pattern can also be observed:  While not without exception, the Uniform routing parameters appear to produce more accurate flow values over the small study basins (< 700km2), while the a priori A parameters produce better flow values over the larger drainage areas (> 700km2).
Method 2 – Hydrograph Analysis

To further investigate the performance of the a priori A routing parameters, three sets of RDHM simulations were conducted over the North Fork of the American River from October 1988 through September of 2006:

1) RDHM simulation using Uniform parameters and uncalibrated a priori Sacramento parameters

2) RDHM simulation using a priori A routing parameters and uncalibrated a priori  Sacramento parameters

3) RDHM simulation using a priori A routing parameters and calibrated Sacramento parameters

The performance of these three sets of routing parameters was judged on the basis of the flow output from the two simulations.  Validation was performed against flow measurements from the USGS stream flow gauge located at the basin outlet at the North Fork Dam.
Hydrographs in figures 3 and 4 depict flow behavior which is common throughout the entire period—namely, flow peaks which are overly delayed in both simulations, but which are better placed in the simulation using the a priori A routing parameters than in the one using the Uniform routing parameters.  The two hydrographs also depict an improvement in peak flow magnitude when the a priori A routing parameters are used in conjunction with the uncalibrated Sacramento parameters.  For the two events depicted, use of the calibrated Sacramento parameters results in decreased flow magnitudes and a degraded event simulation.  This degradation does not hold true for the simulation as a whole however, as will be seen in the next section.
Complementing the visual analysis of the three events depicted in Figures 3 and 4 is a statistical investigation of the entire 18 year simulation period.  Table 7 features statistics which focus on three separate portions of the flow record:  1) The entire record, 2) The upper 1/5th of observed flow values, and 3) 68 manually defined flood events.  The equations used to produce these statistics are given in Appendix B at the end of this report.
As judged by almost all of the statistical measures, the a priori A routing parameters produce better simulations of flow than do the Uniform parameters.  When examining the entire flow record, it can be seen that the absolute bias (a measure of event timing), the RMSE, the modified correlation coefficient and the Nash Sutcliffe are all better in the a priori A simulations.  Counter to the findings in the two hydrograph analyses above, use of the calibrated Sacramento parameters improves the overall simulation.  This difference in findings stems from the fact that the calibrated Sacramento parameters improve the flow simulation in low/average flow situations as well as high flow events that were not depicted in figures 3 and 4.
As accurate routing has the highest impact on larger flow events, a similar analysis was performed for the top 1/5th of all flow events.  Results are comparable to those of the overall analysis in that the simulations using a priori A parameters produce superior bias, absolute bias, RMSE, correlation, and Nash Sutcliffe statistics than does the Uniform parameter-based simulation.  However, unlike the overall simulation analysis in the preceding paragraph (but similar to the hydrograph analyses of figures 3 and 4), use of calibrated Sacramento parameters appears to degrade the simulation, worsening both bias and RMSE.   
The use of a priori A parameters versus Uniform parameters also leads to superior results in 68 manually selected flood events.  In particular, the statistics in the bottom panel of Table 7 show that flood overall bias, flood bias, flood RMSE, and peak time error all improve with use of the non-Uniform parameter—peak error is the only measure that worsens.   Of note is the peak time error which is reduced by 32% through use of the a priori A routing parameters.  Use of calibrated Sacramento parameters improves the flow simulations, especially with respect to bias. 
In summary, the results of the North Fork American simulations reinforce the conclusions of the area-versus-flow analyses covered earlier—namely, that use of the a priori A parameters versus the Uniform parameters offers advantages in predicting flow magnitude.  In addition, it offers strong evidence that the timing of flow peaks is greatly improved as well.  Use of calibrated Sacramento parameters in conjunction with the a priori A routing parameters offers more of a mixed message, with the overall simulation (high and low flows) improving, but with the very highest flows appearing to be undersimulated.  This could likely be corrected through joint calibration of both the Sacramento and routing parameters.   
Summary

Accurate routing parameters are essential to proper simulation of stream flow, but are difficult to derive, often requiring extensive gauge and channel geometry information.  The current method of parameter derivation at OHD relies on USGS stream gauge information, and is not practical or efficient enough to be used over the entire CONUS domain.  As such, to support CONUS-wide hydrologic routing, two methods of routing parameter derivation based on a USGS gridded annual runoff data set were assessed:  1) The “a priori A” method which assumes a uniform qm and a variable qo, and 2) The “a priori B” method which assumes a variable (hillslope-related) qm and a variable qo.  Each of these CONUS-wide derivation methods was judged against parameters derived using typical basin outlet-based OHD techniques, and against a CONUS-wide data set where qm and qo were each assigned a uniform value of 1.  
When compared across the 34 available study gauges, results consistently indicate that use of the a priori A parameters produce Q versus A relationships that are more accurate than either of the other two CONUS-capable methods.  Additional long-term simulations over the North Fork of the American River demonstrated that the use of the a priori A parameters also produced superior flow timing.  Use of calibrated Sacramento parameters with the a priori A routing parameters produced superior overall simulation results, but somewhat mixed results for high flow situations.  Calibrated Sacramento parameters, if available, can—and should—be used with the a priori A parameters; however, the analyses suggest that the simulation of certain high flows in particular could be further improved with joint calibration of the routing and Sacramento parameters.    

While the existing basin outlet-based OHD parameter derivation method often produces the best results, it is impractical to apply this method across the entire country.  The a priori A method offers a viable and effective alternative that will aid in the execution of CONUS-wide hydrologic simulations.

The a priori A qm and qo parameters have been derived for all 13 River Forecast Center domains on the 4km HRAP CONUS grid, and are now available on the OHD hydrology ftp site for download.  Visualizations of the a priori A qo parameter for all 12 CONUS RFC domains are located in Appendix A. 
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[image: image20.emf]Overall Statistics Uniform a priori A a priori A SacCalb

Bias (%) 2.75 2.76

2.34

Absolute Bias (%) 50.73 48.47

25.4

RMS (%) 140.2 121.8

83.25

Modified Correlation Coeff., Rmod 0.721 0.751

0.834

Nash Sutcliffe 0.56 0.67

0.844

High Flow Statistics Uniform a priori A a priori A SacCalb

Bias (%) -51.1

-30.26

-35.258

Absolute Bias (%) 51.1

31.6

35.942

RMS (%) 54.88

37.45

41.575

Correlation Coeff., R -0.24 -0.16

-0.154

Nash Sutcliffe -95.25

-43.81

-54.23

Flood Event Statistics Uniform a priori A a priori A SacCalb

Modified Correlation Coeff., Rmod 0.387 0.451

0.461

Flood Overall Bias (%) 27.4 27.1

-9.9

Flood Bias (%) 36.6 36.2

15

Flood RMSE (%) 71.4 62.6

38.3

Peak Error (%) 31.01 37.56

24.62

Peak Time Error (hrs) 13.25

8.97

11.31
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[image: image27.emf]USGS ID Gauge Name State

7188653 Big Sugar Creek near Powell

MO

7188885 Indian Creek near Lanagan

MO

7189000 Elk River near Tiff City

MO

7194880 Osage Creek near Cave Springs

AR

7195000 Osage Creek near Elm Springs

AR

7195430 Illinois River South of Siloam Springs

AR

7195500 Illinois River near Watts

OK

7195865 Sager Creek near West Siloam Springs

OK

7196000 Flint Creek near Kansas

OK

7196500 Illinois River near Tahlequah

OK

7197000 Baron Fork at Eldon

OK

7332390 Blue R. near Connerville

OK

7332500 Blue R. nr Blue

OK

11413000 North Yuba River Below Goodyears Bar

CA

11413520 North Yuba River Below New Bullards Bar Dam Near North San Juan

CA

11417500 South Yuba River at Jones Bar Near Grass Valley

CA

11422500 Bear River Below Rollins Dam Near Colfax

CA

11442500 South Fork American River Below Silver Creek Near Pollock Pines

CA

1594440 Patuxent River Near Bowie  MD

1614500 Conococheague Creek at Fairview  MD

1619500 Antietam Creek near Sharpsburg  MD

1637500 Catoctin Creek Near Middletown  MD

1643000 Monocacy River at Jug Bridge Near Frederick  MD

1645000 Seneca Creek at Dawsonville  MD

1649500 North East Branch Anacostia River at Riverdale  MD

2089500 Kinston NC

2091814 Fort Barnwell NC
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Harthegig Run near Greenfield, PA

2 1

35

Girtys Run above Grant Avenue at Millvale, PA

2 1
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Sager Creek near West Siloam Springs, OK

1 2

90

Osage Creek near Cave Springs, AR

1 2

100

Kinzua Creek near Guffey, PA

2 1

111

Middle Branch Nimishillen Creek at Canton, OH

2 1

163

West Branch Clarion River at Wilcox, PA

2 1

164

Decker's Creek at Morgantown, WV

2 1

285

Flint Creek near Kansas, OK

2 1

337

Osage Creek near Elm Springs, AR

1 2

347

Youghiogheny River near Oakland, MD

2 1

365

Big Sugar Creek near Powell, MO

1 2

420

Blue R. near Connerville, OK

1 2

619

Indian Creek near Lanagan, MO

2 1

666

Chartiers Creek at Carnegie, PA

2 1

702

Tygart Valley River near Elkins, WV

2 1

795

Baron Fork at Eldon, OK

1 2

1233

Blue R. nr Blue, OK

1 2

1489

Illinois River South of Siloam Springs,  AR

2 1

1645

Illinois River near Watts, OK 

1 2

1852

Conemaugh River at Seward, PA

1 2

2258

Elk River near Tiff City, Mo

2 1

2367

Tygart Valley River at Philippi, WV

1 2

2484

Illinois River near Tahlequah, OK

1 2

2665

Youghiogheny River below Confluence, PA 

1 2

4442

Youghiogheny River at Sutersville, PA 

1 2

4727

Kiskiminetas River at Vandergrift, PA 

1 2

6327

Tuscarawas R At Newcomerstown, OH 

2 1

8045

Beaver River at Beaver Falls, PA

1 2

12585

Muskingum R Nr Coshocton, OH 

1 2

13831

Monongahela River at Elizabeth, PA

1 2

15493

Allegheny River at Franklin, PA

1 2

19868

Allegheny River at Parker, PA 

1 2

23240

Allegheny River at Kittanning, PA

1 2

AVERAGE RANKING (lower is better)

1.41 1.59

Percentage of first place rankings 59% 41%

Percentage of second place rankings 41% 59%
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Appendix A:  Visualizations of the a priori A qo parameter for CONUS RFC domains (derived assuming constant qm value of 1.3)
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AVERAGE RMSE (lower is better)

82.63 82.15 82.16 65.31

AVERAGE Ranking (lower is better)

2.79 2.71 2.76 1.74

Percentage of first place rankings 9% 6% 18% 68%

Percentage of second place rankings 29% 32% 26% 12%

Percentage of third place rankings 35% 47% 18% 0%

Percentage of fourth place rankings 26% 15% 38% 21%
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AVERAGE RMSE (lower is better)
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AVERAGE Ranking (lower is better)

2.77 2.46 2.08 2.69

Percentage of first place rankings 8% 15% 38% 38%

Percentage of second place rankings 23% 38% 31% 8%

Percentage of third place rankings 54% 31% 15% 0%

Percentage of fourth place rankings 15% 15% 15% 54%

  










Appendix B:  Statistical equations used in Method 2 – Hydrograph Analysis above
Percent Bias, P.B. (%)

[image: image6.emf]
Absolute Percent Bias, A.P.B. (%)

[image: image7.emf]
RMS, or Percent RMS Error, % RMSE

[image: image8.emf]
Correlation Coefficient, R
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Modified Correlation Coefficient, Rm (Based on R. McCuen & W. Snyder, 1975)
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Notation:

Bi is runoff bias per i-th flood event, mm,

Y is a total observed runoff of all selected floods, mm,

Yavg is an average observed flood event runoff, mm,

RMSi is a root mean square error per i-th flood, cms

Qavg is an average observed flood event discharge, cms,

Qp,i is an observed peak discharge of the i-th flood event, cms,

Qps,i is a simulated peak discharge of the i-th flood event, cms,

Qp,avg is an average observed peak discharge, cms,

Tp,i is an observed time to the i-th peak, hrs,

Tps,i is a simulated time to the i-th peak, hrs, and

N is a number of selected floods.
Figure � SEQ Figure \* ARABIC �4�. Hydrograph of flow from North Fork of the American River for the ‘storm of record’ for the DMIP2 time period.  Observed flow (white) as well as RDHM flow using a priori A routing parameters with uncalibrated Sacramento parameters (yellow), Uniform parameters with uncalibrated Sacramento parameters (purple), and a priori A routing parameters with calibrated Sacramento parameters (red) is depicted. 





Figure � SEQ Figure \* ARABIC �3�.  Hydrograph of flow from North Fork of the American River.  Observed flow (white) as well as RDHM flow using a priori A routing parameters with uncalibrated Sacramento parameters (yellow), Uniform parameters with uncalibrated Sacramento parameters (purple), and a priori A routing parameters with calibrated Sacramento parameters (red) is depicted. 





Table � SEQ Table \* ARABIC �6�.  As in Table 5, except focusing on only two sets of routing parameters--a priori A method with constant qm of 1.3 and the current basin outlet-based (OHDbasin) method of deriving routing parameters.  Stations in bold are those that were also used to derive the regression relationship between hillslope values and the qm parameter.





Table � SEQ Table \* ARABIC �5�.  Average and individual subjective rankings for high flow cases calculated using four sets of routing parameters—from left to right, a priori method with qm derived from hillslope regression, a priori method with constant qm of 1.3, qm and qo set to 1, and the current basin outlet-based (OHDbasin) method of developing routing parameters.  Values are color-coded according to ranking at each station (light yellow=1st place, yellow=2nd place, orange=3rd place, blue=4th place), and summary rankings are given at bottom of table.  Stations in bold are those that were also used to derive the regression relationship between hillslope values and the qm parameter.





Table � SEQ Table \* ARABIC �4�.  As in Table 3, but for only the 13 USGS gauge stations that were not used to develop the qm hillslope regression relationship and not used in deriving the OHDbasin-method parameters. 





Table � SEQ Table \* ARABIC �3�.  Average and individual RMSE values of flow (cms) calculated using four sets of routing parameters—from left to right, a priori method with qm derived from hillslope regression, a priori method with constant qm of 1.3, qm and qo set to 1, and the current basin outlet-based (OHDbasin) method of developing routing parameters.  Values are color-coded according to ranking at each station (light yellow=1st place, yellow=2nd place, orange=3rd place, blue=4th place), and summary rankings are given at bottom of table.  Stations in bold are those that were also used to derive the regression relationship between hillslope values and the qm parameter.





Figure � SEQ Figure \* ARABIC �2�.  Example of flow versus area plots used to assess the performance of the four sets of routing parameters discussed in this study.  This plot is for USGS gauge 03041500 (Conemaugh River at Seward, PA)





Table � SEQ Table \* ARABIC �2�.  List of USGS gauge sites used to validate flow values derived using four methods discussed in study.  Stations in bold are those that were also used to derive the regression relationship between hillslope values and the qm parameter. 





Table � SEQ Table \* ARABIC �1�.  List of USGS gauge sites used to derive qm and hillslope regression relationship





Figure � SEQ Figure \* ARABIC �1�.  Regression relationship between hillslope values and the qm parameter at 27 USGS gauge sites.








Table � SEQ Table \* ARABIC �7�.  Statistics assessing simulated flow from RDHM simulations using Uniform routing parameters with uncalibrated Sacramento parameters (“Uniform”), a priori A routing parameters with uncalibrated Sacramento parameters (“a priori A”), and a priori A routing parameters with calibrated Sacramento parameters (“a priori A SacCalb”).  Statistics were computed for all flow values (“Overall Statistics”), for flow values in the upper 1/5th of the flow record (“High Flow Statistics”) and for 68 manually specified flow event periods.   Numbers in bold indicate superior statistical values.
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