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EXECUTIVE SUMMARY 

PROJECT TITLE: Belle Fourche River Watershed Management and Project 
Implementation Plan Segment II 

 
SECTION GRANT NUMBER(S): 999818505  

 
PROJECT START DATE: June 2005 
 
PROJECT COMPLETION DATE: December 2006 
 
FUNDING: 
 
TOTAL EPA GRANT BUDGET:  $500,000 
 
TOTAL MATCHING FUNDS BUDGET: $424,325 
 
TOTAL NONMATCHING FUNDS BUDGET:  $291,889 
 
TOTAL BUDGET:  $1,216,214 
 
BUDGET REVISIONS:   
  Total 319 Funds did not change 
 
TOTAL EXPENDITURES OF EPA FUNDS:  $500,000 
 
TOTAL 319 MATCHING FUNDS ACCRUED: $444,593 
 
TOTAL NONMATCHING FUNDS ACCRUED:  $263,100 
 
TOTAL EXPENDITURES:  $1,207,693 
 
 

The Belle Fourche River Watershed Management Project Segment II was sponsored by the 
Belle Fourche River Watershed Partnership (BFRWP) with support from agricultural 
organizations, federal and state agencies, local governments, and South Dakota School of Mines 
& Technology (SDSM&T).  This project continued implementation of the best management 
practices (BMPs) identified in the Total Maximum Daily Load (TMDL) report for the Belle 
Fourche River.  The objectives of this project segment were: 
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• Continue implementation of BMPs in the Watershed to reduce total suspended solids 
(TSS) (15.2 mg/L reduction below the Belle Fourche Reservoir (14 percent of goal), 
1.3 mg/L reduction above the Belle Fourche Reservoir).   

• Conduct public education and outreach to stakeholders within the Belle Fourche River 
Watershed.  

• Track the progress made toward reaching the goals of the TMDL to help ensure that the 
BMPs are being implemented. 

Several activities completed resulted in a reduction of the nonused irrigation water 
discharged into surrounding water by 2,050 acre-feet per year (17.1 percent of the 10-year goal).  
Sixteen flow automation units installed on the gates of check structures on both the north and 
south canals reduced nonused irrigation water by more precisely maintaining the level within 
the canals and laterals.  Nine real-time stage/flow measuring devices were installed at key 
locations in the Belle Fourche Irrigation District (BFID).  The data from these real-time 
structures are viewable from the district office in Newell, South Dakota, which allows the 
district manager to track water delivery and aids in decision making.  Phase I of the water card 
and water order system was developed for the BFID to help check for mathematical errors 
associated with hand calculations.  Data from permanent stage/flow measuring devices, flow 
automation units, and six portable stage measuring units were used to calibrate and validate a 
canal operational model. The BFID installed 2,850 feet of pipeline that delivers water from the 
District to the producers. 

 
Several activities were completed to improve irrigation efficiencies after water was delivered 

to producers.  Pipelines were installed by nine producers to deliver water to crops and four 
center pivot sprinkler systems were installed to replace existing surface irrigation. 

 
Grazing/riparian areas were improved significantly within the watershed.  Approximately 

150 miles of pipeline was installed to provide off-stream livestock with water. Conservation 
plans were written for over 91,789 acres of grazing lands.  An additional 77,860 acres had 
conservation practices installed which resulted in 1,510 acres of riparian vegetation 
improvements. 

 
Several public education and outreach activities were completed during this project segment 

in addition to those described earlier.  The Butte County, Lawrence County, and Elk Creek 
Conservation Districts each sent out newsletters which included project updates.  The BFRWP 
had six general meetings to provide project updates on project work and progress being made.  
The BFID sends out a newsletter called the Ditch Writer informing producers of the activities 
throughout the district. 
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Reductions in TSS associated with BMP implementation cannot yet be evaluated 
statistically because of insufficient number of samples.  Preliminary estimates based on BMP 
installation indicate that TSS load was reduced by 14,318 tons/year, which is 550 tons/year 
greater than what was estimated to be accomplished in this project segment.  
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1.0  INTRODUCTION 

The Belle Fourche River is a natural stream that drains parts of Butte, Lawrence, and 
Meade Counties in South Dakota.  The headwaters are located in Wyoming.  The River flows 
into the Cheyenne River (Figure 1-1) in southern Meade County and ultimately to the Missouri 
River. The Belle Fourche River Watershed encompasses approximately 2,100,000 acres 
(3,300 square miles) in South Dakota and includes Hydraulic Units 10120201, 10120202, 
10120203.  The City of Spearfish (population 8,606) is the largest municipality located in the 
South Dakota portion of the Watershed.  Other South Dakota communities in the watershed 
include Deadwood (population 1,380), Lead (3,027), Sturgis (4,442), Belle Fourche (4,565), 
Fruitdale (62), Nisland (204), and Newell (646). 

 
Land in the Watershed is used primarily for grazing with some cropland and a few urban 

areas.  Wheat, alfalfa, native and tame grasses, and hay are the main crops.  Corn is grown in 
the Belle Fourche Irrigation District (BFID). Gold mining, while reduced in scope from the past, 
and silviculture occur in the Black Hills portion of the Watershed. Approximately 15 percent of 
the Watershed is federally owned.  Of this, eleven percent is managed by the U.S. Forest 
Service and four percent by the Bureau of Land Management. 

 
The Belle Fourche River has five assigned beneficial uses:  (1) fish and wildlife propagation, 

recreation, and stock watering; (2) warm-water permanent fish life propagation; (3) limited 
contact recreation; (4) immersion recreation; and (5) irrigation. 

 
The Belle Fourche River was identified in the 1998 and 2002 South Dakota 303(d) 

Waterbody Lists and the 2004 and 2006 Integrated Report for Surface Water Quality 
Assessment as impaired because of elevated total suspended solids (TSS) and fecal coliform 
levels.  The Belle Fourche River Watershed Partnership (BFRWP) completed a water-quality 
assessment project which led to development of a TSS Total Maximum Daily Load (TMDL) for 
the Belle Fourche River and Horse Creek.  The project period extended from April 2001 through 
2003.  Six TMDLs were approved by the U.S. Environmental Protection Agency (EPA) for the 
Belle Fourche River and Horse Creek in 2005.  Based on the results of the Watershed study, 
the main sources of TSS were determined to be rangeland erosion, irrigation return flows, free 
cattle access to streams, riparian degradation, natural geologic processes, hydraulic alteration 
by irrigation, and reduced stream miles.  The Ten-Year Belle Fourche River Watershed Strategic 
Implementation Plan [Hoyer, 2005] developed to implement the TMDL includes 
recommendations for reducing TSS concentrations using practices that include irrigation water 
management, riparian rehabilitation, and grazing management. TMDLs are in review for 
Whitewood Creek and Bear Butte Creek. These TMDLs include Whitewood Creek listings for 
pH, fecal coliform, and temperature and Bear Butte Creek listings for temperature and TSS. 
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During the winter 2004, the BFRWP applied for and received a Clean Water Act 
Section 319 Grant to begin implementation of the BMPs recommended in the TMDLs for the 
Belle Fourche River. The project is supported by agricultural organizations, federal and state 
agencies, local governments, South Dakota State University (SDSU), and the South Dakota 
School of Mines and Technology (SDSM&T). 

 
This project segment included funding from local ranchers and farmers, BFRWP, South 

Dakota Department of Environment and Natural Resources (DENR), United States Fish and 
Wildlife Service (USFWS), Lawrence County, BFID, Wyoming Department of Environmental 
Quality (WYDEQ), Natural Resources Conservation Service (NRCS), Corps of Engineers, 
Bureau of Reclamation (BOR), United States Geological Survey (USGS), and the Clean Water 
Act Section 319 Grant. Two products of the first implementation project segment were the Ten-
Year Belle Fourche River Watershed Strategic Implementation Plan [Hoyer, 2005] and the Belle 
Fourche Irrigation District Water Conservation Plan [Rolland and Hoyer, 2005]. These plans 
outline BMP installation activities completed in this project segment and those that will be 
completed in future project segments. The associated TSS and nonused water savings are 
presented for each action planned. Some of the BMPs recommended by the TMDLs and 10-year 
plan installed during this project segment include sixteen flow automation units, nine real-time 
stage/flow measuring devices, replacing open irrigation ditches with pipeline, lining open 
irrigation ditches, installing pipelines to deliver water from the BFID system to the fields, 
installation of irrigation sprinkler systems within the BFID, and managed grazing. These 
BMPs were installed in the South Dakota portion of the Belle Fourche River Watershed with 
the irrigation BMPs being installed in the BFID (Figure 1-2). 
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2.0  PROJECT GOALS AND OBJECTIVES 

The goal of the Belle Fourche River Watershed Management Project is to bring the Belle 
Fourche River and Horse Creek into compliance with TSS water-quality standards within 
10 years. To accomplish the goal, a 55 percent reduction (289,910 tons/year) in TSS is required.  
A 41 percent reduction (2,033 tons/year) in TSS is required for Horse Creek.   

 
In this project segment the load reduction goal is 13,768 tons/year. To accomplish this goal, 

this project segment had three objectives: 

1. Continue implementation of BMPs in the watershed to reduce TSS [15.2 mg/L reduction 
(14 percent of goal) below the Belle Fourche Reservoir, 1.3 mg/L reduction above the 
Belle Fourche Reservoir]. 

2. Conduct public education and outreach to stakeholders within the Belle Fourche River 
Watershed. 

3. Track progress toward meeting TMDL goals to help ensure that the BMPs are effective 
and that the proper BMPs are being implemented. 

2.1 PLANNED AND ACTUAL MILESTONES, PRODUCTS, AND COMPLETION 
DATES 

Objective 1. Implement BMPs recommended in the Belle Fourche River Watershed TMDL 
included two tasks:  improving irrigation water management and implementing riparian 
vegetation improvements.  The products of this objective included 16 flow automation units; a 
water card/water ordering system; six portable and nine real-time stage/flow measuring 
devices; a canal operational model for the South Canal; replacement of canals, laterals, and/or 
ditches with pipelines; installation of pipelines to deliver water from the BFID irrigation 
system to fields; installation of ten sprinkler irrigation systems; and implementation of riparian 
vegetation improvements.  Implementation of the BMPs is discussed further in Chapter 3.0.  

 
Objective 2. Conduct public education and outreach to stakeholders within the Belle Fourche 

River Watershed.  To accomplish this objective, at least ten major information activities were to 
take place.  There were nearly 30 outreach activities that are further discussed in Chapter 5.0 
of this report. 

 
Objective 3. Track progress toward meeting TMDL goals.  Water-quality samples were 

collected by USGS at real-time stream gaging sites and DENR at several water-quality 
monitoring (WQM) sites in the watershed. It is not yet possible to statistically determine 
reductions in TSS because of the small number of samples collected and the short time between 
implementation of BMPs and collection of TSS. However, it is expected that implementation of 
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BMPs will reduce TSS exceedances as shown by statistical analysis after sufficient samples 
have been collected. Midyear and annual Grant Tracking and Reporting System (GRTS) reports 
were completed on schedule along with this final project report. 

 
Table 2-1 lists the project objectives along with their products, planned milestone completion 

date, and actual milestone completion date. A comparison of the planned versus actual 
milestones for the quantity of each BMP installed is shown in Table 3-1. 

Table 2-1.  Planned Versus Actual Milestone Completion Dates 

Belle Fourche River Watershed 
Partnership Implementation 

Planned 
Completion 

Actual 
Completion 

Objective 1. Implement BMPs Recommended to Reduce TSS  

Product 1. Improve Irrigation Delivery May 2006 June 2006 

Product 2. Improve Irrigation Application December 2005 December 2005 

Product 3. Complete and Install Riparian 
Vegetation Improvements 

May 2006 May 2006 

Objective 2. Conduct Public Education and Outreach 

Product 4. Supplement Existing Outreach 
Programs 

May 2006 May 2006 

Objective 3. Tracking Progress Toward Meeting Goals 

Product 5. GRTS and Final Reports December 2006 December 2006 

2.2 EVALUATION OF GOAL ATTAINMENT 

Project success was evaluated by comparing project outputs and outcomes with the planned 
milestone.  All objectives established for this project were reached: 

• Implementation of several BMPs from Phase I Watershed Assessment Final Report and 
TMDL [Hoyer and Larson, 2004]. 

•  Load reductions, estimated as a result of BMP installation, of 14,318 tons per year 
which is 550 tons/year greater than the goal for the project. 
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• Completion of nearly 30 successful education and outreach activities which lead to 
greater public participation in the project. 

• Completion of midyear and annual GRTS reports along with this final report.   

Project activities that were not completed during this segment included lining of the Belle 
Fourche Reservoir inlet canal and statistical analysis of reductions of solids in the Belle 
Fourche River and Horse Creek. Lining of the inlet canal was not completed because of water 
shortages in the Reservoir, and is scheduled to be completed during September 2007. Statistical 
analysis of reductions of solids in the Belle Fourche River will be completed after sufficient time 
has elapsed for BMPs to take effect and sufficient samples have been collected. 

 
This project was successful. The project goal was attained.  BMPs were implemented that 

are estimated to reduce total suspended solids in the Belle Fourche River by 13,768 tons/year. 
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3.0  BEST MANAGEMENT PRACTICES 

Installation of the BMPs recommended in the Belle Fourche River TMDL was continued 
during this project segment.  The BMP installation included funding from local ranchers and 
farmers, Belle Fourche Irrigation District (BFID), Bureau of Reclamation (BOR), United States 
Fish and Wildlife Service (USFWS), and Natural Resources Conservation Service (NRCS) as 
well as financial assistance from the project. 

 

The BMPs installed included 16 flow automation units, nine real-time flow measuring 
devices, replacement of open irrigation ditch with pipeline, nine producer pipeline projects that 
deliver water from the BFID system to the fields, installation of four irrigation sprinkler 
systems, 150 miles of off-stream livestock water supply piping, 1,800 feet of lined canal, and 
91,789 acres of managed grazing planning along with 77,869 acres of managed grazing 
implementation. The managed grazing systems implemented resulted in 1,510 acres of riparian 
improvements. Table 3-1 provides a track of BMP implementation planned and implemented to 
date. 

Table 3-1.  BMPs Implemented 

Best Management 
Practice 

10-Year 
Plan 

Milestone 
This Segment 

Installed 
This Segment 

Milestone 
to Date 

Installed 
to Date 

Flow Automation 
Units 

42 16 16 17 17 

Portable Stage/Flow 
Measuring Devices 

15 6 6 6 6 

Real-time Stage/Flow 
Measuring Devices 

15 9 9 9 9 

Line Open Canals and 
Laterals  
(Feet of Lining) 

26,560 1,600 1,800 3,200 3,400 

Replace Open Canals 
and Laterals With 
Pipeline (Feet of 
Pipeline) 

25,000 2,000 2,850 4,000 6,850 

Sprinkler Irrigation 
Systems 

36 2 4 4 6 

Install Pipeline 
Projects Delivering 
Water From BFID to 
Fields (No. of Projects) 

40 1 9 12 19 

Managed Riparian 
Grazing (Acres) 

34,000 1,500 1,510 3,000 4,510 
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3.1 REDUCING NONUSED IRRIGATION WATER AND IMPROVING EFFICIENCY 

To reduce return flows of nonused irrigation waters, BMPs that will improve precision in 
water quantity delivered to irrigators were installed. The installation of the 16 flow automation 
units (Figure 3-1) coupled with the nine real-time flow-measuring devices within the BFID 
delivery system enables water levels to be measured, monitored and adjusted from the BFID 
office in Newell. This allows for continual oversight of canal water levels and the ability to 
immediately adjust levels when necessary, thereby reducing waste and improving efficiency. 
Water-level data at each site is recorded every 10 minutes and stored in a database.  This 
allows for easy summation of the total volume of water delivered during any given time period 
and calculation of efficiencies. 

 
RSI-1540-06-008 

Figure 3-1.  Gate Automation Unit Installed in the Belle Fourche Irrigation District. 

Six portable stage-measuring devices were installed at different locations throughout the 
BFID to monitor the flow of irrigation water. This information is used in the canal operational 
model developed for the BFID South Canal. Currently, the entire south canal is set up in Storm 
Water Management Model (SWMM), an EPA model capable of simulating all the conditions 
within the South Canal (Appendix E).  The model was calibrated and validated using data 
collected with the portable measuring devices during summer 2005 and 2006, and will be used 
during the 2007 irrigation season to assist with irrigation delivery system settings and improve 
irrigation efficiency. The Beals check structure was calibrated and validated as a flow 
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measuring device and is being used to more accurately determine irrigation settings and the 
amount of water being delivered on the South Canal (Appendix F).    

 
Nine segments of open canals were replaced with pipeline, improving irrigation efficiencies 

after the water was delivered to producers. Four center pivot sprinkler systems (Figure 3-2) 
that replaced existing flood irrigation applications were installed. 

RSI-1540-06-009 

Figure 3-2.  Center Pivot Sprinkler Installed in the Belle Fourche Irrigation District. 

Over 1,800 feet of canal lining was completed by the BFID on the Wilson Lateral.  The lining 
of the inlet canal, scheduled for October 2005, was postponed because of drought causing low 
levels in the Belle Fourche Reservoir. First-phase materials have been purchased and are 
scheduled to be installed beginning September 2007. 

 
A total of 2,850 feet of canal and open laterals within the BFID were replaced with pipeline. 

Installation of pipeline eliminated water losses from infiltration and evaporation along these 
sections. 
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3.2 MANAGED GRAZING 

Information from resource inventories of several ranches located in the watershed were used 
to plan and install BMPs that significantly improved grazing/riparian areas within the 
watershed. Approximately 150 miles of pipeline, along with 300 livestock tanks, were installed 
for off-stream livestock water supply. Conservation plans were written for over 91,789 acres of 
grazing systems. Conservation practices such as cross-fencing and hayland seeding were 
implemented on an additional 77,860 acres. Of the grazing system conservation practices 
implemented, 1,510 acres were riparian vegetation improvements.  
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4.0  MONITORING RESULTS 

The scheduled water-quality monitoring throughout the Watershed necessary to perform 
statistical analysis of BMP effectiveness and evaluate progress toward meeting TMDL goals is 
complete. Water-quality and flow monitoring data were collected at USGS gaging stations and 
at three DENR water-quality monitoring sites. USGS began monitoring Horse Creek Above 
Vale (USGS 06436760) for TSS in May 2004. To date, not enough samples have been collected 
to determine trends and calculate TSS reductions associated with BMP implementation 
through rigorous statistical analysis.  Preliminary estimates indicate a load reduction of 14,318 
tons/year for the River as a result of BMP installation.  Based on calculations, TSS has been 
reduced 18 mg/L in this project and 27 mg/L in the Watershed since BMP implementation has 
began.  

 
BMPs implemented in a watershed affect water quality. BMPs such as grazing management 

improvements, off-stream watering, and riparian area exclusion typically require several years 
before reductions in total suspended solids can be noticed and measured. Vegetation in 
pastures and along riparian corridors must be reestablished after years of overgrazing and 
high-density impact. Furthermore, excess loose sediments in streams and rivers that are the 
result of limited vegetation trapping are still present after BMPs are implemented.  Time is 
necessary for this sediment to be flushed from the system or trapped in new vegetation. 
Although the short time period between BMP implementation and sample collection does not 
permit a rigorous statistical analysis of new data, an attempt was made to determine if trends 
or reductions were evident. The sections that follow describe the data collected and report 
statistics calculated using historic and new data. 

4.1 TOTAL SUSPENDED SOLIDS (TSS) DATA 

New TSS data collected by the DENR include six samples from Belle Fourche River at Belle 
Fourche (Appendix B), three samples from Belle Fourche River at Vale (Appendix C), and three 
samples from Belle Fourche River at Highway 79 (Appendix D). Of these samples, two at each 
site are categorized as “preliminary data,” meaning that values have yet to be finalized by 
laboratory staff and are yet unpublished. For each site, statistics were calculated for three data 
sets: data collected before the inception of BMPs (before June 2005), data collected during this 
project, and the entire dataset available. Statistics calculated were mean, median, standard 
deviation, maximum value, and number of samples. Tables 4-1 through 4-3 show descriptive 
statistics for the three DENR sites on the Belle Fourche River. 

 
Reduction in mean TSS at all three sites is evident when new data is included with pre-BMP 

data versus pre-BMP data alone. Mean TSS was 223 mg/l for Belle Fourche River samples 
collected at Belle Fourche; inclusion of post-BMP samples reduces mean TSS to 203 mg/l at this 
site. The other two Belle Fourche River sites also show reduction in mean TSS values when 
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new data is included with pre-BMP data. No samples collected at the three sites exceeded the 
South Dakota State criterion for TSS. Reductions in TSS are likely the result of grazing 
management improvements, limiting livestock access to streams using fencing and off-stream 
watering, and reductions in sediment-laden return flows from irrigation canals. It is expected 
that reductions in sediment concentrations will continue as vegetation has time to reestablish 
itself and irrigation personnel become better acquainted with the irrigation control technology.  

Table 4-1.  TSS Statistics (mg/l) for Belle Fourche River at Belle Fourche 

Statistic Pre-BMP Data  
(April 1999–May 2005) 

All Data  
(April 1999–August 2006) 

June 2005–
August 2006 

Mean 223 203 63.4 

Median 8.00 8.00 50.5 

Standard Deviation 745 697 63.1 

Maximum 4520 4520 140 

Number of Samples 41 47 6 

Table 4-2.  TSS Statistics (mg/l) for Belle Fourche River at Vale 

Statistic Pre-BMP Data  
(June 1977–April 2005) 

All Data  
(June 1977–July 2006) 

June 2005–
August 2006 

Mean 76.8 75.2 18.3 

Median 34.5 32.0 15.0 

Standard Deviation 153 151 12.3 

Maximum 885 885 32 

Number of Samples 106 109 3 

Table 4-3.  TSS Statistics (mg/l) for Belle Fourche River at Highway 79 

Statistic Pre-BMP Data  
(June 1977–April 2005) 

All Data  
(June 1977–July 2006) 

July 2005–
July 2006 

Mean 191 186 31.3 

Median 18.0 18.0 32.0 

Standard Deviation 887 875 17.0 

Maximum 6,885 6,885 48 

Number of Samples 106 109 3 
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TSS data collected at Horse Creek Above Vale (USGS 06436760) was analyzed using the 
Mann-Whitney U Test (also known as the “rank-sum test” or “Wilcoxon Rank-Sum test”). This 
is a nonparametric test that evaluates whether the median values of two groups of data are the 
same (the null hypothesis) and returns a confidence level for accepting or rejecting the null 
hypothesis. The confidence level is equivalent to the probability that choosing the alternate 
hypothesis is incorrect. Only data from Horse Creek Above Vale were analyzed with the Mann-
Whitney U Test; not enough new samples are available at the DENR sites to develop a valid 
comparison. 

 
TSS data collected at Horse Creek was separated into samples collected before June 2005 

(group A) and samples collected after June 2005 (group B). The data were converted into total 
load per day by multiplying concentration by the discharge measurement made at the time of 
the sample. Samples collected during flood flows were excluded because TSS values are 
expected to be high during floods. The null hypothesis (H0) in the Mann-Whitney U Test was 
that no significant difference existed in the medians of the two sample sets (i.e., the median 
SSC load of group A was equal to the median TSS load of group B). The alternate hypothesis 
(H1) was that there was a significant difference in medians, and that a probability greater than 
one-half was associated with a higher median TSS load in group A (pre-BMP) than in group B 
(post-BMP). This is expressed mathematically as follows: 

 
o

1

H : Prob [A > B] = 0.5

H : Prob [A > B] > 0.5.
 (4-1) 

The result of the Mann-Whitney U Test indicates rejection of the null hypothesis at a 
confidence level of 0.261. This suggests that there is a probability of 26.1 percent of being 
incorrect (Type I error) when assuming the median value of TSS load before June 2005, is 
greater than median value of TSS load after June 2005. Although this indicates that TSS 
loadings were less after June 2005, the test has little power due to the relatively high 
probability of making a Type I error. Because the lag time between implementation and 
measurable improvements is usually several seasons as vegetation works to reestablish itself 
along impacted streams and overgrazed fields, these results were expected. 

4.2 REDUCTION IN IRRIGATION RETURN FLOWS AND ASSOCIATED TOTAL 
SUSPENDED SOLIDS CONCENTRATIONS 

One goal of the 10-year plan is to reduce irrigation return flows originating from the BFID, 
thereby reducing TSS loading to the Belle Fourche River. This process has begun with the 
implementation of BMPs along the BFID canals (Segment I). Horse Creek receives much of the 
irrigation return flows originating in the BFID. Monthly TSS data, for the period May 2004 to 
August 2006, is available from the USGS stream gaging site Horse Creek Above Vale, South 
Dakota (USGS 06436760, see Appendix A). Instantaneous discharge measurements taken 
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during TSS sampling at this site are also available. Figure 4-1 shows TSS samples at Horse 
Creek converted to units of tons per day. High flows causing high TSS are shown circled on the 
graph. These flows were due to a heavy snowfall event that occurred during late winter 2006 
and the subsequent snowmelt. High flows caused by quick snowmelt or intense rainfall are 
expected to naturally contribute large loadings of TSS.  

 
RSI-1540-06-010 

Figure 4-1.  Suspended Sediment Loads at Horse Creek. 

 
Although insufficient samples have been collected to determine TSS trends using rigorous 

statistical analysis techniques, the graph shows that TSS loadings are being maintained during 
2005 and 2006, and suggests a downward trend from 2004 to present. TSS loading during the 
summer of 2006 varied from about one to ten tons TSS per day. Trend analysis techniques are 
typically used on long-term (i.e., 10+ years) time-series data. Long term TSS data collection 
began in Horse Creek in 2004, thus data is insufficient for analysis. Implementation of BMPs in 
the BFID and in the Belle Fourche River Watershed during 2005 and 2006 resulted in an 
estimated load reduction of 14,318 tons/year, and continued implementation in future years is 
expected to reduce TSS concentrations in the Belle Fourche River by reducing irrigation return 
flows and the high TSS associated with return flows.  

 
Real-time discharge data at Horse Creek was collected by USGS from October 1980 to 

December 2006. As stated previously, implementation of BMPs in the BFID canals are expected 
to reduce return flows impacting Horse Creek. Figure 4-2 shows a box plot of USGS average 
daily discharge data for two time periods, pre-BMP (1980–May 2005) and post-BMP 
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(June 2005–November 2006). The box plot shows 95 percent of the data (the highest and lowest 
2.5 percent of values are considered outliers). Median value of the average daily flow is marked 
with a plus sign, the boxes delineate the inner quartile range (the range bounded by the 1st and 
3rd quartiles), and the whiskers mark the extents of 95 percent of the data. Traditional box plot 
whiskers extend to 1.5 times the inner-quartile range; in this case the lower whiskers would 
extend into negative values, hence the use of whiskers to mark 95 percent of data. 

 
RSI-1540-06-011 

Figure 4-2.  Box plot of Pre-and Post-BMP Average Daily Discharge Data at Horse Creek. 

Box plots are effective and convenient tools for visualizing relationships between datasets 
that are too limited to analyze using other statistical methods. The box plot in Figure 4-2 
implies that flow reductions are occurring in Horse Creek. Values for medians and quartiles are 
less in post-BMP data than in pre-BMP data. Long-term data is expected to show reductions in 
flows in Horse Creek associated with irrigation return flows, and consequential reductions in 
TSS in Horse Creek and the Belle Fourche River. 

 
The Mann-Whitney U test was used to compare pre-BMP flows to post-BMP flows in Horse 

Creek. USGS average-monthly-flow data were used, with data sets separated into before June 
2005 (set A) and after June 2005 (set B). The null hypothesis was that the median monthly flow 
after June 2005 was equal to the median monthly flow before June 2005. The alternate 
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hypothesis was that the median monthly flow after June 2005 was less than the median 
monthly flow before June 2005. This is expressed mathematically as follows: 

 
0

1

: Prob [ ] 0.5

: Prob [ ] 0.5

H B A

H B A

> =

> <
 (4-2) 

The result of the Mann-Whitney U Test indicates rejection of the null hypothesis at a 
confidence level greater than 0.99.  This suggests that there is a probability less than 1 percent 
of being incorrect (Type I error) when rejecting the null hypothesis and assuming the median 
value of monthly flow after June 2005 is greater than median value of monthly flow before June 
2005. Although this test indicates high confidence that irrigation return flows are being 
reduced in Horse Creek, it must be remembered that flows in any stream display long-term 
variations caused by many factors, including drought and above-average precipitation that 
typically extend over periods of years.  Long-term monitoring at Horse Creek and Belle Fourche 
River sites downstream of BMPs is necessary to separate out effects from precipitation and 
BMP improvements and evaluate associated trends in sediment loadings and flows. 

 
Automatic gate controls are included in BMPs recommended to improve irrigation efficiency 

and reduce return flows. Water levels upstream of gate check structures must remain at set 
levels to provide control of the amount of water delivered to irrigators via laterals or turnouts. 
When levels fluctuate, irrigators and ditch-riders must continually adjust lateral and check 
boards, resulting in deliveries of too much or not enough water. This compounds the problem of 
estimating total water deliveries and reservoir releases required to supply orders. Maintaining 
constant upstream water levels by manually adjusting gates is difficult due to changes caused 
by releases at laterals and turnouts, and surges caused by releases from the reservoir. 
Automated gates can continually adjust water levels at check structures, letting surges through 
to supply downstream irrigators with ordered water while maintaining a set water level that 
allows upstream irrigators to receive ordered water. Figure 4-3 shows a comparison of water 
levels behind the Beals check structure before and after an automatic gate was installed. 

 
Water levels before gate installation (2005) fluctuate, are lower, and do not display the 

control required to deliver precise quantities of water to upstream irrigators. The lower water 
levels during 2005 indicate that too much water was being released at the gate to downstream 
canal sections, possibly leaving upstream irrigators without the head required to supply water 
at turnouts. Peaks are caused by surges from reservoir releases or gate/weir board adjustments. 
Fluctuations are caused by combinations of surges along with adjustments at gates and 
upstream turnouts and laterals. When canal water-level fluctuation occurs, gates, turnouts and 
laterals must be adjusted, which causes further fluctuation (the result is level control is 
difficult and time consuming). 

 
Water levels after gate installation (2006) remained at set target levels as shown in 

Figure 4-3. When a surge arrives at a canal check structure, the gate automatically adjusts to 
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let the surge pass to downstream irrigators while maintaining the upstream water level. Rises 
and drops in the canal water level are caused by manual adjustment of the “target” water level 
that the on-site control unit uses to maintain a constant level. The target level can be adjusted 
on site by the ditch rider, or adjusted from the office for those sites which are equipped with 
real-time technology. The graph shows how adjusting the target water level in the controller 
causes immediate response in the canal, which reduces unused high-TSS irrigation water 
returning to Horse Creek and the Belle Fourche River, improves delivery estimates, and 
reduces the time that ditch riders and irrigators must spend monitoring and manually 
adjusting gates and turnouts. 

 
RSI-1540-06-012 

Figure 4-3. Comparison of Water Levels at Beals Check Structure Before and After Automatic 
Gate Installation. 

Another example of the effectiveness of automated checks in reducing irrigation return flows 
was demonstrated at the Vale Lateral, located near the bottom of the South Canal.  The Vale 
Check, which is approximately 50 feet downstream of the Vale Lateral, is used to control the 
pool level above the lateral. Figure 4-4 displays the actual water level maintained at the Vale 
Check from August 1–14, 2006.  During this period, the target level of 4 feet plus or minus 
0.05 feet was maintained over 98 percent of the time. The program moved the automated gate 
55 times to maintain the target water level during this 14 day period, an average of about four 
changes per day.  In personal conversations with the BFID manager, a ditch rider has the time 
to visit a site to adjust gates once each day, which makes this level of control essentially 
impossible without the aid of automation. 

 

Beals Check Comparison: 2005 vs 2006

2

2.5

3

3.5

4

4.5

5

Jun 18 Jun 28 Jul 8 Jul 18 Jul 28 Aug 7 Aug 17

W
at

er
 le

ve
l [

ft]

2006: After auto-gate installation

2005: Before auto-gate installation



 

 19 

RSI-1540-06-013 

Figure 4-4. Automated Gate Position Adjustments Required to Control Target Water Level at 
Vale Check. 

Pool level data from 2005 (preautomation) and 2006 (postautomation) were used to 
determine the change in delivery realized from the automation. Water orders (shown in 
Table 4-4) vary greatly from day to day and year to year. The total water ordered from 
August 1st to the 3rd was nearly identical from 2005 to 2006 (43.5 and 43 cubic feet per second 
(cfs)) and therefore chosen for analysis. 

 
The flow down the Vale Lateral was calculated by inputting the recorded pool level and area 

of the lateral opening into Equation 4-3, where Q is flow in cfs, C is a coefficient, A is area of the 
opening in square feet, g is the gravitational constant, and H is the pool level in feet over the 
opening.  

 2 .Q CA gH=  (4-3) 

While the actual area of the lateral opening was not recorded for either year, it was assumed 
that the ditch rider set the level at 9 a.m. each morning based on the daily water orders for the 
lateral and the water height over the gate at that time. Because the water that flows through 
the lateral head gate empties into an open canal, a free flow condition was assumed (i.e., no 
effects from backwater). 
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Table 4-4. Water Orders for the Vale Lateral in 
cfs from August 1–14, 2005 and 2006 

Date 
2005 

Preautomation 
Orders (cfs) 

2006 
Postautomation 

Orders (cfs) 

August 1 17 13 

August 2 18 13 

August 3 8.5 17 

August 4 8 16 

August 5 4 11 

August 6 0 10.5 

August 7 0 12.5 

August 8 5 10.5 

August 9 1.5 8.5 

August 10 0 9 

August 11 7 9 

August 12 6 6.5 

August 13 4 7.5 

August 14 8.5 7.5 

Total 87.5 151.5 

 
 
Figure 4-5 shows the difference between the water ordered for the Vale Lateral and the 

water actually delivered before automation (2005) and after automation (2006). A negative 
difference indicates that water intended to be delivered bypassed the lateral; a positive 
difference indicates that more water was delivered than was ordered. During the 3-day period 
during 2005, a total of 0.66 acre-feet of ordered water bypassed the Lateral turnout. Assuming 
an average 90-day irrigation season, this translates into a seasonal loss of 19 acre-feet. 
Comparatively, in the same 3-day time period during 2006, 0.11 acre-feet bypassed the Lateral, 
which translates into a seasonal loss of only 3 acre feet and an 84 percent improvement in 
delivery efficiency over the preautomated check gate. Reductions in water bypassing the 
Lateral will reduce high TSS waters being returned to Horse Creek and the Belle Fourche 
River. 
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RSI-1540-06-014 

Figure 4-5. Comparison of Water Delivered Down the Vale Lateral Compared to Water 
Ordered in Years 2005 (Preautomation) and 2006 (Postautomation). 

4.3 EVALUATION OF GOAL ATTAINMENT 

Project success was evaluated by comparing planned versus actual project outputs and 
outcomes.  The goal was attained by reaching the objectives as follows: 

• Implementation of several BMPs from Phase I Watershed Assessment Final Report and 
TMDL [Hoyer and Larson, 2004]. 

• Load reductions, estimated as a result of BMP installation, of 14,318 tons per year which 
is 550 tons/year greater than the goal for the project. 

• Completion of nearly 30 successful education and outreach activities which lead to 
greater public participation in the project. 

• Completion of midyear and annual GRTS reports along with this final report.   

Project activities that were not completed during this segment included lining of the Belle 
Fourche Reservoir inlet canal and statistical analysis of reductions of solids in the Belle 
Fourche River and Horse Creek. Lining of the inlet canal was not completed due to water 
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shortages in the Reservoir, and is scheduled to be completed during September 2007. Statistical 
analysis of reductions of solids in the Belle Fourche River will be completed after sufficient time 
has elapsed for BMPs to take effect and sufficient samples have been collected. 

 
This project was successful in that project goals were attained and BMPs were implemented 

that are estimated to reduce total suspended solids in the Belle Fourche River and Horse 
Creek. 
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5.0  SUMMARY OF PUBLIC PARTICIPATION AND OUTREACH 

The BFRWP partnered with DENR, USFWS, BOR, BFID, Elk Creek Conservation District, 
Lawrence County Conservation District, Butte County Conservation District, South Dakota 
Association of Conservation Districts, National Association of Conservation Districts, USGS, 
and local producers and interested parties to set up a Belle Fourche Watershed tour for a 
congressional staff delegation for over 50 people. The tour included stops at a flow automation 
and real-time monitoring site within the BFID, a sprinkler irrigation system used to improve 
irrigation efficiency, a ranch where new and improved grazing management systems were being 
implemented, and ponds developed for conserving water and improving water quality.   

 
Several public education and outreach events were completed (Table 5-1). The Butte County, 

Lawrence County, and Elk Creek Conservation Districts each sent out newsletters which 
included project updates. The BFRWP hosted six meetings to provide updates on project work 
and progress being made. The BFID sent out a newsletter called the Ditch Writer to 
approximately 490 producers in the District informing them of the status of the projects going 
on throughout the District. Past and current project details are posted to the District’s Web site 
at <http://bfidsite.respec.com/>. Consultants also presented the progress of the automation, 
updated water card system, and the modeling of the South Canal to approximately 
45 producers at the BFID annual meeting. 

 
The BFRWP Web site continues to be updated with happenings and project status, and is 

located at <www.bellefourchewatershed.org>. Table 5-1 shows all outreach and education 
activities that took place during this project segment.  

 
The outreach activities described above helped increase participation and support in the 

Partnership and also gave the Partnership several contacts for BMP installation. 
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Table 5-1.  Summary of Public Outreach and Education during Segment II 

Outreach Type of Education and Outreach Date Number of 
Participants 

1 Belle Fourche River Watershed Partnership 
Meeting 

June 2005 13 

2 Belle Fourche River Watershed Partnership 
Meeting 

August 2005 14 

3 Congressional Tour August 2005 50 

4 Pierre Convention Meeting September 2005 150 

5 Belle Fourche River Watershed Partnership 
Meeting 

October 2005 10 

6 Ditch Writer Publication December 2005 490 

7 Public Information Meeting January 2006 50 

8 Belle Fourche River Watershed Partnership 
Meeting 

January 2006 16 

9 Newell Field and Home Show February 2006 500 

10 Belle Fourche Irrigation District Annual 
Meeting 

February 2006 45 

11 Belle Fourche River Watershed Partnership 
Meeting 

June 2006 16 

12 Area Meeting in Rapid City July 2006 25 

13 Belle Fourche River Watershed Partnership 
Meeting 

August 2006 14 

14 Butte-Lawrence County Fair August 2006 2,000 

15 Crooke County Conservation District 
Meeting 

September 2006 8 

16 Cheyenne River Watershed Meeting  
(Rapid City) 

September 2006 30 

17–20 Happenings Newsletter Quarterly 750 

21–26 Black Hills Multiple Use Coalition 
(Six Meetings) 

 33 

27 Nonpoint Source Task Force Meeting (Pierre) October 2005 45 
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6.0  ASPECTS OF THE PROJECT THAT DID NOT WORK WELL 

The biggest challenge encountered during this project segment was implementing the 
irrigation efficiency improvements within the BFID. The contractor hired to install the 
automation systems did not complete installation within the time constraints of the contract. 
This necessitated the consultant and BFID personnel taking over installation so it could be 
completed before the start of the irrigation season. Once the automation systems were 
installed, there was a steep learning curve for the District personnel. 

 
Another challenge was that several of the installed water-level measuring sensors 

malfunctioned. These sensors have been returned to the manufacturer and will be replaced 
with more durable units prior to the 2007 irrigation season. The sensor malfunctions resulted 
in some water losses, and, coupled with the learning curve and procedural changes the 
automation brought, caused reluctance by some of the BFID personnel to trust and use the 
automation systems. Training sessions are being held during the off-season to inform personnel 
of the reasons for sensor failures, demonstrate system effectiveness when operating correctly, 
and train personnel to correctly use the systems. 
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7. 0  PROJECT BUDGET/EXPENDITURES 

The BFRWP received a $500,000 EPA section 319 Grant through DENR to continue 
installation of the BMPs recommended in the Phase I Watershed Assessment Final Report and 
TMDL [Hoyer and Larson, 2004].  All of the scheduled products were installed with no more 
than $36,542 (7.3 percent of the grant total) being transferred from any one product.  This 
amount was moved from the riparian vegetation improvements budget to the operational model 
budget to facilitate completion of model during this project segment after it was determined 
several planned riparian vegetated improvements would not be installed until summer 2007.  A 
similar adjustment was made to the Project Segment III budget.  The planned and actual 
budgets are shown in Tables 7-1 and 7-2, respectively. 
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8.0  FUTURE ACTIVITY RECOMMENDATIONS 

The second segment of the Belle Fourche River Watershed Management Project was a 
success.  All of the BMPs planned for this project segment were installed on time and within 
the proposed budget.  Also several public outreach activities were completed and were used to 
inform producers and stakeholders of the progress of the current projects and also to promote 
the benefits of implementing recommended BMPs.   

 
During the next 8 years, additional projects segments are planned to finish installing the 

BMPs outlined in the Phase I Watershed Assessment Final Report and TMDL [Hoyer and 
Larson, 2004] and the Ten-Year Watershed Strategic Implementation Plan [Hoyer, 2005].  This 
will ensure that the overall goal for the watershed is met, which is to bring the Belle Fourche 
River and Horse Creek into compliance with state TSS standards.  As additional TMDLs are 
completed for other lakes and tributaries in the watershed, implementation of TMDLs 
developed should be added to the Belle Fourche River Watershed project. 
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APPENDIX A 
 

UNITED STATES GEOLOGICAL SURVEY  
TOTAL SUSPENDED SOLIDS DATA  

AT HORSE CREEK 



 

   A-2 

Table A-1. United States Geological Survey Total 
Suspended Solids Data at Horse Creek 

Date(a) Time TSS, mg/l Discharge, cfs 

5/27/2004 11:10 1280 64 

6/2/2004 11:12 203 15 

7/6/2004 13:05 860 115 

7/8/2004 9:54 320 56 

8/6/2004 12:45 58 22 

8/20/2004 9:30 81 51 

9/7/2004 11:35 41 52 

9/28/2004 10:45 96 5.8 

11/5/2004 9:52 15 1.8 

4/8/2005 12:00 52 1.3 

6/28/2005 9:05 67 1.9 

7/29/2005 11:30 79 48 

8/22/2005 11:25 71 44 

9/7/2005 9:20 55 32 

11/02/2005 11:00 61 28 

04/10/2006 12:40 5830 129 

04/12/2006 14:30 3020 28 

04/21/2006 16:30 6930 811 

04/23/2006 14:55 5300 1680 

05/12/2006 09:55 88 7.7 

06/01/2006 11:15 126 3 

06/13/2006 11:25 88 8.5 

07/14/2006 12:00 83 37 

08/23/2006  99 24 

(a) At the time of report publication, data collected on and after 
November 2, 2005, is preliminary and subject to revision 
pending analysis by USGS. 

 
 



 

   B-1 

APPENDIX B 
 

SOUTH DAKOTA DEPARTMENT OF ENVIRONMENT AND  
NATURAL RESOURCES TOTAL SUSPENDED SOLIDS AT  

BELLE FOURCHE RIVER AT BELLE FOURCHE 



 

   B-2 

Table B-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended Solids 
at Belle Fourche River at Belle 
Fourche (Page 1 of 2) 

Date Parameter Value  
(mg/l) 

1999/04/29 TSS 518 

1999/07/21 TSS 964 

1999/10/26 TSS 7 

2000/01/19 TSS 6 

2000/04/26 TSS 4520 

2000/07/10 TSS 8 

2000/10/17 TSS 11 

2001/01/31 TSS 5 

2001/04/16 TSS 110 

2001/07/17 TSS 330 

2001/10/30 TSS 2.5 

2002/01/24 TSS 2.5 

2002/04/16 TSS 10 

2002/07/16 TSS 12 

2002/10/31 TSS 2.5 

2003/01/07 TSS 7 

2003/04/17 TSS 10 

2003/05/08 TSS 49 

2003/06/04 TSS 15 

2003/07/09 TSS 690 

2003/08/21 TSS 120 

2003/09/16 TSS 130 

2003/10/16 TSS 2.5 

2003/11/18 TSS 8 
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Table B-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended Solids 
at Belle Fourche River at Belle 
Fourche (Page 2 of 2) 

Date Parameter Value  
(mg/l) 

2003/12/09 TSS 2.5 

2004/01/14 TSS 2.5 

2004/02/18 TSS 6 

2004/03/11 TSS 1400 

2004/04/05 TSS 2.5 

2004/05/12 TSS 2.5 

2004/06/08 TSS 21 

2004/07/14 TSS 64 

2004/08/23 TSS 2.5 

2004/09/14 TSS 10 

2004/10/12 TSS 2.5 

2004/11/16 TSS 2.5 

2004/12/08 TSS 5 

2005/02/17 TSS 5 

2005/03/17 TSS 2.5 

2005/04/18 TSS 2.5 

2005/05/24 TSS 64 

2005/06/21 TSS 2.5 

2005/07/13 TSS 16 

2005/08/24 TSS 140 

2005/09/21 TSS 7 

2006/07/26 TSS 85(a) 

2006/08/23 TSS 130(a) 

(a) Data is preliminary and subject to change pending 
review by South Dakota Department of Environment 
and Natural Resources. 
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APPENDIX C 
 

SOUTH DAKOTA DEPARTMENT OF ENVIRONMENT AND  
NATURAL RESOURCES TOTAL SUSPENDED SOLIDS AT  

BELLE FOURCHE RIVER AT VALE
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Table C-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Vale (Page 1 of 5) 

Date Parameter Value,  
mg/l 

1977/06/27 TSS 150 

1977/10/26 TSS 48 

1978/01/12 TSS 885 

1978/03/29 TSS 221 

1978/05/02 TSS 254 

1978/07/11 TSS 54 

1978/10/18 TSS 19 

1979/01/10 TSS 77 

1979/04/17 TSS 31 

1979/11/05 TSS 2 

1980/02/04 TSS 3 

1980/08/06 TSS 61 

1981/05/14 TSS 37 

1981/11/02 TSS 22 

1982/05/06 TSS 24 

1982/08/19 TSS 35 

1982/11/02 TSS 24 

1983/02/03 TSS 9 

1983/05/12 TSS 173 

1983/08/04 TSS 45 

1984/02/08 TSS 13 

1984/05/09 TSS 177 

1984/08/08 TSS 69 

1984/11/14 TSS 17 
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Table C-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Vale (Page 2 of 5) 

Date Parameter Value,  
mg/l 

1985/02/07 TSS 3 

1985/05/08 TSS 64 

1985/08/22 TSS 68 

1985/11/06 TSS 49 

1986/02/21 TSS 2 

1986/05/06 TSS 112 

1986/08/13 TSS 12 

1986/11/05 TSS 34 

1987/02/24 TSS 6 

1987/05/13 TSS 57 

1987/08/19 TSS 39 

1987/11/03 TSS 22 

1988/02/17 TSS 3 

1988/05/25 TSS 63 

1988/08/25 TSS 60 

1988/11/09 TSS 5 

1989/02/14 TSS 3 

1989/05/10 TSS 98 

1989/08/09 TSS 69 

1989/11/08 TSS 14 

1990/02/12 TSS 4 

1990/05/01 TSS 20 

1990/08/14 TSS 104 

1990/11/07 TSS 4 
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Table C-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Vale (Page 3 of 5) 

Date Parameter Value,  
mg/l 

1991/02/11 TSS 4 

1991/05/06 TSS 32 

1991/08/12 TSS 93 

1991/11/12 TSS 11 

1992/02/03 TSS 4 

1992/05/18 TSS 78 

1992/08/10 TSS 105 

1992/11/09 TSS 5 

1993/02/08 TSS 2.5 

1993/05/12 TSS 85 

1993/08/16 TSS 49 

1993/11/10 TSS 11 

1994/01/12 TSS 1 

1994/04/28 TSS 460 

1994/07/19 TSS 88 

1994/10/04 TSS 28 

1995/01/04 TSS 4 

1995/04/13 TSS 29 

1995/07/19 TSS 83 

1995/10/17 TSS 19 

1996/01/10 TSS 10 

1996/04/29 TSS 66 

1996/07/24 TSS 46 

1996/10/15 TSS 22 



 

   C-5 

Table C-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Vale (Page 4 of 5) 

Date Parameter Value,  
mg/l 

1997/01/22 TSS 39 

1997/04/23 TSS 595 

1997/07/22 TSS 43 

1997/10/28 TSS 7 

1998/01/14 TSS 1 

1998/04/20 TSS 140 

1998/07/15 TSS 52 

1998/10/14 TSS 22 

1999/01/20 TSS 44 

1999/04/29 TSS 766 

1999/07/21 TSS 6 

1999/10/26 TSS 9 

2000/01/19 TSS 14 

2000/04/26 TSS 828 

2000/07/10 TSS 81 

2000/10/17 TSS 18 

2001/01/04 TSS 2.5 

2001/04/16 TSS 240 

2001/07/17 TSS 50 

2001/10/30 TSS 15 

2002/01/24 TSS 2.5 

2002/04/16 TSS 79 

2002/07/16 TSS 58 

2002/10/31 TSS 2.5 
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Table C-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Vale (Page 5 of 5) 

Date Parameter Value,  
mg/l 

2003/01/07 TSS 7 

2003/04/17 TSS 65 

2003/07/09 TSS 57 

2003/10/16 TSS 7 

2004/01/14 TSS 18 

2004/04/07 TSS 50 

2004/07/14 TSS 52 

2004/10/12 TSS 10 

2005/01/19 TSS 2.5 

2005/04/18 TSS 53 

2005/07/13 TSS 32 

2005/10/27 TSS 8(a) 

2006/07/26 TSS 15(a) 

(a) Data is preliminary and subject to change 
pending review by South Dakota Department of 
Environment and Natural Resources. 
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APPENDIX D 
 

SOUTH DAKOTA DEPARTMENT OF ENVIRONMENT AND  
NATURAL RESOURCES TOTAL SUSPENDED SOLIDS AT  

BELLE FOURCHE RIVER AT HIGHWAY 79 
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Table D-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Highway 79 (Page 1 of 5) 

Date Parameter Value 

1977/06/27 TSS 6005 

1977/10/26 TSS 6885 

1978/01/12 TSS 200 

1978/03/29 TSS 739 

1978/07/11 TSS 40 

1978/10/18 TSS 7 

1979/01/10 TSS 4.5 

1979/04/17 TSS 88 

1979/11/05 TSS 3 

1980/02/04 TSS 9 

1980/08/06 TSS 31 

1981/02/03 TSS 4 

1981/05/14 TSS 46 

1981/11/02 TSS 18 

1982/05/06 TSS 10 

1982/08/19 TSS 18 

1982/11/02 TSS 22 

1983/02/03 TSS 5 

1983/05/12 TSS 245 

1983/08/04 TSS 40 

1984/02/08 TSS 12 

1984/05/09 TSS 348 

1984/08/08 TSS 31 

1984/11/14 TSS 10 
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Table D-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Highway 79 (Page 2 of 5) 

Date Parameter Value 

1985/02/07 TSS 18 

1985/05/08 TSS 44 

1985/08/22 TSS 36 

1985/11/06 TSS 7 

1986/02/21 TSS 2 

1986/05/06 TSS 39 

1986/08/13 TSS 10 

1986/11/05 TSS 6 

1987/02/24 TSS 11 

1987/05/13 TSS 21 

1987/08/19 TSS 32 

1987/11/03 TSS 7 

1988/02/17 TSS 7 

1988/05/25 TSS 58 

1988/08/25 TSS 24 

1988/11/09 TSS 7 

1989/02/14 TSS 3 

1989/05/10 TSS 740 

1989/08/09 TSS 39 

1989/11/08 TSS 17 

1990/02/12 TSS 17 

1990/05/01 TSS 18 

1990/08/14 TSS 96 

1990/11/07 TSS 11 
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Table D-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Highway 79 (Page 3 of 5) 

Date Parameter Value 

1991/02/11 TSS 8 

1991/05/06 TSS 12 

1991/08/12 TSS 37 

1991/11/12 TSS 2.5 

1992/02/03 TSS 6 

1992/05/18 TSS 23 

1992/08/10 TSS 41 

1992/11/09 TSS 5 

1993/02/08 TSS 4 

1993/05/12 TSS 114 

1993/08/16 TSS 36 

1993/11/10 TSS 5 

1994/01/12 TSS 1 

1994/04/28 TSS 453 

1994/07/19 TSS 42 

1994/10/04 TSS 17 

1995/01/04 TSS 6 

1995/04/13 TSS 21 

1995/07/19 TSS 79 

1995/10/17 TSS 7 

1996/01/10 TSS 12 

1996/04/29 TSS 69 

1996/07/24 TSS 13 

1996/10/15 TSS 5 



 

   D-5 

Table D-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Highway 79 (Page 4 of 5) 

Date Parameter Value 

1997/01/22 TSS 19 

1997/04/23 TSS 553 

1997/07/22 TSS 15 

1997/10/28 TSS 3 

1998/01/14 TSS 3 

1998/04/20 TSS 150 

1998/07/15 TSS 52 

1998/10/14 TSS 55 

1999/01/20 TSS 44 

1999/04/29 TSS 692 

1999/07/21 TSS 129 

1999/10/26 TSS 11 

2000/01/19 TSS 13 

2000/04/26 TSS 662 

2000/07/10 TSS 74 

2000/10/17 TSS 10 

2001/01/04 TSS 6 

2001/04/16 TSS 230 

2001/07/17 TSS 36 

2001/10/30 TSS 6 

2002/01/24 TSS 2.5 

2002/04/16 TSS 35 

2002/07/16 TSS 24 

2002/10/31 TSS 8 
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Table D-1. South Dakota Department of 
Environment and Natural 
Resources Total Suspended 
Solids at Belle Fourche River 
at Highway 79 (Page 5 of 5) 

Date Parameter Value 

2003/01/07 TSS 10 

2003/04/17 TSS 16 

2003/07/09 TSS 28 

2003/10/16 TSS 6 

2004/01/14 TSS 2.5 

2004/04/07 TSS 30 

2004/07/14 TSS 100 

2004/10/12 TSS 8 

2005/01/19 TSS 5 

2005/04/18 TSS 49 

2005/07/13 TSS 32 

2005/10/27 TSS 14(a) 

2006/07/26 TSS 48(a) 

(a) Data is preliminary and subject to change 
pending review by South Dakota 
Department of Environment and Natural 
Resources. 
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ABSTRACT 

The Belle Fourche River is located in northeastern Wyoming, west-central South 
Dakota, and the corner of southeastern Montana, and is identified in the South Dakota 
2004 Integrated Report for Surface Water Quality Assessment 303(d) Waterbody List as 
impaired because of elevated total suspended solids (TSS) concentrations (Belle Fourche 
River Watershed Partnership, 2005). The Belle Fourche River Watershed Partnership is 
sponsoring a project with the overall goal of bringing the Belle Fourche River into 
compliance for TSS within 10 years through the implementation of several best 
management practices (BMPs). One of the recommended BMPs is the development and 
implementation of an operational model for the Belle Fourche Irrigation District (BFID). 
The model will help to improve the operational efficiency in the BFID, which will in turn 
reduce the amount of nonused irrigation return flows. 

A hydraulic computer model of the BFID South Canal was developed using U.S. 
Environmental Protection Agency’s Storm Water Management Model (SWMM) Version 
5.0, which is a key component of the operational model, to provide the BFID with a 
useful tool and resource.  The model was developed with the use of U.S. Bureau of 
Reclamation survey data and contract drawings as well as field measurements.  Stage, 
flow, and structure setting data at various locations throughout the BFID were collected 
during the 2005 irrigation season.  This set of data and measurements was used to 
calibrate/validate the model through the first 26.4 miles, from the Dam to the Vale 
Flume. Data also were collected during the 2006 irrigation season to validate the model 
using fewer assumptions and more exact system operational changes. The simulated 
depths during 2005 calibration/validation were + 10% of the observed depths 94% of the 
simulations and + 5% for 77% of the simulations. The simulated depths during 2006 
validation were + 10% of the observed depths 94% of the simulations and + 5% for 58% 
of the simulations. A sensitivity analysis was conducted on the model to assess effects of 
calibrated parameters on model results and identify important trends in parameter 
adjustment. The model is fully capable of simulating the irrigation system, including 
automated gates, which are being installed at various locations throughout the BFID to 
improve operational efficiency.  Real-time data are used as direct time series flow inputs 
and control rules are used to simulate the structure settings.  The model can simulate the 
many possible combinations of flows and structure settings and will assist the BFID 
personnel in making adjustments to the system, which will aid in improving operational 
efficiency. 
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INTRODUCTION 

Project Background 

The Belle Fourche River watershed encompasses nearly 5 million acres in 

northeastern Wyoming, west-central South Dakota, and a small part of southeastern 

Montana, with just over 2 million of those acres being in South Dakota (Figure 1). Land 

use within the watershed consists primarily of livestock grazing, some cropland, and a 

few urban and suburban areas (Belle Fourche River Watershed Partnership, 2005). 

Approximately 65 percent of crop production in the BFID is alfalfa and hay. Small grains 

and corn account for the remaining crops. Also, some livestock and dairy production 

exists. The soils range from heavy clays with some silts and gravels in the North Canal 

area to clay/sand soils in the South Canal area (Rolland, 2005).  

The Belle Fourche Irrigation District (BFID) maintains and operates irrigation 

facilities in the South Dakota portion of the watershed (Figure 1) for the U.S. Bureau of 

Reclamation (BOR). The irrigation facilities consist of the North Canal and the South 

Canal, both of which are earth canals. The North Canal is 43 miles long and has a design 

capacity of 600 cfs at the dam while the South Canal is 44 miles long with a design 

capacity of 400 cfs at the dam. Each canal feeds a network of approximately 450 miles of 

laterals that deliver water to fields (Hoyer, 2003). The BFID services over 57,000 acres 

of irrigable land and historically has an active water conservation program that includes 

lining of canals, piping, and operational and maintenance procedure improvements. The 

irrigation water allotted to the BFID comes from the Belle Fourche Reservoir (a.k.a. 

Orman Dam), which receives most of its inflow from water diverted from the Belle 



  2

Fourche River. The average water allocation to the BFID is approximately 15 inches, 

almost doubling the amount of water per acre within the irrigated acres that would be 

received from the watershed’s average annual precipitation (Belle Fourche River 

Watershed Partnership, 2005).  

 

Figure 1. Belle Fourche watershed and Belle Fourche Irrigation District (Olson, 2006). 

Irrigation has a significant impact on the Belle Fourche River and other streams 

within the watershed. The Belle Fourche River was listed as impaired on the 1998 South 

Dakota 303(d) Waterbody List (Myers, 2005), the 2002 South Dakota 303(d) Waterbody 

List (Pirner, 2005), and the 2004 Integrated Report for Water Quality Assessment (South 

Dakota Department of Environmental and Natural Resources, 2003) due to elevated total 
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suspended solids (TSS) concentrations (Belle Fourche River Watershed Partnership, 

2005). A total maximum daily load (TMDL) study (Hoyer and Larson, 2004) on the 

watershed identified the primary cause of TSS impairment to be natural bank sloughing, 

quantity of nonused irrigation water discharged to the natural waterways, and riparian 

habitat impairment. Stream entrenchment and bank failure are responsible for 

approximately 75 percent of the TSS in the Belle Fourche River system. Stream energy 

causes natural bank failure, particularly in the eastern portion of the watershed. These 

areas are dominated by high banks composed primarily of clay soils that, when eroded, 

supply suspended solids to the channel. Increased quantities of water resulting from the 

nonused irrigation return flows are the major driver causing the channel to incise, and 

result in additional bank failures and resultant suspended solids. 

Approximately 64 percent of the water released into the BFID from the Belle 

Fourche Reservoir is delivered to the field and the remaining 36 percent is lost in return 

flows due to transportation and operational losses (Belle Fourche River Watershed 

Partnership, 2005). Transportation losses include seepage and evaporation. Operational 

losses include overflow from the canals, laterals, and gates/valves into adjacent 

waterways. The crops use approximately 32 percent of the water delivered to the field 

and the rest is lost through evaporation and nonused water discharged to adjacent 

waterways. Much of the irrigation in the watershed is flood-type. This type of irrigation 

results in sediments being mobilized by three processes: (1) as the tail water/runoff 

crosses the field, (2) in the canals and laterals, and (3) in the intermittent streams carrying 

tail water/runoff to the perennial streams within the watershed. Irrigation and return flow 
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waste are responsible for approximately 20 percent of the TSS in the Belle Fourche River 

system.  

As a result of the Belle Fourche River Watershed TMDL report (Hoyer and 

Larson, 2004), several best management practices (BMPs) were recommended by the 

Ten-Year Implementation Plan (Hoyer and Schwickerath, 2005) with the goal of bringing 

the Belle Fourche River into compliance for TSS. The recommended BMPs included 

improved efficiency for delivery and application of irrigation waters and riparian 

vegetation improvements, and the BMPs were further defined in Segment III of the Belle 

Fourche River Watershed Management and Project Implementation Plan (Belle Fourche 

River Watershed Partnership, 2005). One of the recommended BMPs is the development 

and implementation of an operational model for the BFID. This paper focuses on the 

hydraulic model component of the operational model (Olson, 2006) and its development 

and application towards improving the operational efficiency in the BFID. Operational 

efficiency improvements will reduce the amount of nonused irrigation flows and in turn 

reduce the elevated TSS concentrations in the Belle Fourche River. 

System Characteristics and Operation 

The BFID structural characteristics are well defined by Olson (2006). Each of the 

two major canals, the North and South Canals, are controlled by a series of level pool 

check structures. The checks were designed to control the water surface elevation 

upstream to produce the necessary delivery head at each delivery structure. Water is 

delivered from the two major canals into laterals and farmer turnouts. Laterals are 

complex minor canal systems off the major canal that distribute water to multiple 

farmers. Farmer turnouts generally distribute water to a single farmer off the main canal 
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and feed a field directly. Each ditch rider (system operator) is responsible for all checks, 

laterals, and farmer turnouts within a certain section of the major canal, which are called 

rides. The BFID monitors discharge with Parshall flumes and sharp-crested weirs located 

throughout the district on major canals, and some laterals and farmer turnouts. Discharge 

within a lateral system is monitored by flumes and division box weirs, which also exist 

just downstream of some farmer turnouts. Laterals and farmer turnouts without a weir 

box just downstream of the head gate on the main canal are monitored by ditch rider 

interpretation and experience to obtain correct discharges.  

As described by Olson (2006), the operation of the BFID is governed by a series 

of dependent components, including both human and nonhuman. The three components 

to the demand/delivery system are: water call cards, Water Master sheets, and billing 

cards. The water call cards are the link between the farmers and ditch riders in which 

water orders are compiled by lateral or farmer turnout, including any additional water 

needed for proper delivery and system operation. The Water Master sheets include total 

orders according to the water call cards and are used to determine daily changes at the 

Dam. The billing cards document the amount of water allocated and the total water 

delivered to each farmer in the system.  

There are several processes in the BFID that occur daily to operate the system 

smoothly. The daily process, beginning with water orders and ending with delivery of 

water to farmers, involves the following interactions and transfers of information (Olson, 

2006): 
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1. Farmer/Ditch Rider: Farmers order water from the ditch rider taking into 

consideration water travel time as a result of their distance from the Dam. 

2. Ditch Rider/Data Entry: The ditch rider presents the water call card to the data 

entry person, who enters the water orders into the database and calculates a 

summary of demands and the Water Master sheet. 

3. Data Entry/Water Master: The data entry person presents the Water Master 

sheet to the Water Master, who then makes the necessary changes at the dam. 

4. Data Entry/Ditch Rider: A check structure demand schedule is produced using 

the water call cards that can be used to make decisions about system 

operation. 

5. Ditch Rider/Farmer: The ditch rider releases water into farmer turnout and 

lateral systems when available, changes are made if necessary, and the process 

repeats. 

Previous Modeling Efforts 

Previous research efforts included hydraulic model investigation, comparison, and 

simple trials of the BFID South Canal (Rolland, 2005). Two models were originally 

considered, U.S. Environmental Protection Agency’s Storm Water Management Model 

Version 5.0 (EPA SWMM 5.0) and RootCanal (Utah State University). Issues discussed 

and compared between the two models included initial steady state conditions, simulation 

time, modeling turnouts, modeling gates, weir and gate equations used, time series entry, 



  7

and modeling check structure automated gates. Both models had several overall 

advantages and disadvantages for the various issues.  

Rolland (2005) did some simple modeling trials on the South Canal using SWMM 

and RootCanal. The models were used to simulate simplified typical conditions on the 

first eight miles (Dam to Belle Fourche River Siphon Flume) of the South Canal in an 

effort to compare Dam release travel times. Both models produced fairly similar results 

and conclusions. Rolland (2005) concluded from the trials that the time required for a 

change in discharge at the Dam to reach the BFRS Flume is much longer according to the 

models than the time used by the BFID, although the trial results were not validated with 

actual data. These results indicated that the BFID’s problem of “missing water” could 

actually be that the water had not arrived yet.  Work was also done using various sources, 

field measurements, and modeling trials to determine weir and gate discharge coefficients 

at the Vale Check, a typical South Canal check structure. The gate and weir discharge 

coefficients were determined to be 0.65 and 3.0, respectively. 

Rolland (2005) found that despite RootCanal being developed specifically for 

irrigation applications, SWMM would be the better choice for modeling the BFID. 

SWMM seemed the better choice primarily because of its greater capabilities for 

unsteady flow computations and its general reliability, and because RootCanal was still in 

the development phase (Rolland, 2005).  

Objectives 

The overall goal of the Belle Fourche River Watershed Management and Project 

Implementation Plan is to bring the Belle Fourche River into compliance for TSS through 
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the implementation of recommended BMPs (Belle Fourche River Watershed Partnership, 

2005). One segment of BMPs includes reducing nonused irrigation water discharged to 

local waterways from the delivery and application system of the BFID where 

approximately 37 percent of the overall TSS reduction will be achieved. The objective of 

this research is to produce a hydraulic computer model that will provide a useful tool and 

reference that will aid the BFID in making changes and adjustments to the system. 

Scope and Approach 

The research presented in this report focuses on the South Canal of the BFID. A 

hydraulic computer model of the BFID South Canal was developed in an effort to 

improve the operational efficiency in the BFID, which will in turn reduce the amount of 

nonused irrigation flows. The details of the report include model development, model 

calibration/validation using two irrigation seasons of data, model sensitivity analysis, 

model application, conclusions, and recommendations for future modeling efforts. The 

hydraulic model was developed for the entire 44 miles of the South Canal, from the Dam 

to the Wasteway. The calibration/validation of the model was focused on the first 26.4 

miles of the South Canal, from the Dam to the Vale Flume. The hydraulic model 

component of the operational model will help improve the delivery and application 

efficiency of the BFID. The objective of the hydraulic model will be achieved through its 

ability to simulate the many possible flow scenarios and structure setting combinations 

seen throughout the BFID on a day-to-day basis and throughout the irrigation season. 

Model simulations will provide a tool to analyze, predict, and assess operational changes 

and their effects throughout the system. 
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MODEL DEVELOPMENT 

EPA SWMM 5.0 

EPA SWMM 5.0 was chosen to develop the hydraulic model of the BFID South 

Canal for reasons determined by Rolland (2005) and also because it is widely used and 

accepted, well documented and proven, employs powerful hydraulic computational 

methods, and has an easy to use graphical user interface (GUI) and user’s manual. EPA 

SWMM is a dynamic rainfall-runoff simulation model used for single event or long-term 

(continuous) simulation of runoff quantity and quality from primarily urban areas 

(Environmental Protection Agency, 2005). SWMM has two major components that track 

the quantity and quality of runoff and flow though a simulated system: the runoff 

component and the routing component. SWMM was first developed in 1971 and has 

undergone several major upgrades to its current edition, Version 5. SWMM 5 provides an 

integrated environment for editing study area input data, running hydrologic, hydraulic 

and water quality simulations, and viewing the results in a variety of formats 

(Environmental Protection Agency, 2005). Only the hydraulic component of SWMM is 

used in the BFID South Canal model.  

Modeling of the BFID Irrigation System 

Input and Development Data 

BOR survey data and contract drawings were collected and used to develop the 

SWMM model of the BFID South Canal. The survey data collected included: stationing 

of all structures (checks, turnouts, bridges/box culverts, siphons, and flumes), turnout 

pipe diameters, canal centerline invert elevations, turnout pipe invert elevations, top of 
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structure elevations, and left and right toe and top of bank elevations. The survey data 

was mostly complete; where data was not found it was either interpolated or measured in 

the field if possible. BOR contract drawings provided all dimensions of most check 

structures on the canal, including gate/weir chamber dimensions and invert elevations. 

All check structure dimensions were verified with field measurements. Most siphon and 

flume data were also available.  

The horizontal alignment of the South Canal model was laid out using a GIS map 

converted to a BMP file for the background in SWMM. The BFID irrigable acreage land 

maps were then used to place the structures and canal components accordingly. Although 

horizontal alignment is not important in SWMM it provides a realistic picture of the canal 

and serves as a visualization tool. The vertical profile of the South Canal was laid out 

using the BOR stationing and elevations. Figure 2 shows the plan view with all check 

structures and Figure 3 shows the vertical profile of the BFID South Canal modeled in 

SWMM. 

 

Figure 2. SWMM model’s plan view. 
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Figure 3. SWMM model’s vertical profile. 

Simulation of BFID Components 

Modeling of Structures 

A check structure holds a pool at a certain depth in order to serve upstream 

laterals and/or turnouts. Check structures along the South Canal vary in number and size 

of sluice gates and adjustable check-board weirs (Figure 4 and Figure 5). There are a total 

of 32 checks along the South Canal. All check structures were modeled as a combination 

of orifices (sluice gates) and weirs (check-board weirs) in SWMM by appropriately 

varying the number of chambers and dimensions. Figure 6 shows the Vale Check 

modeled in SWMM with an inlet junction node (Vale_Check_I), an outlet junction node 

(Vale_Check_O), and the gate and weir chambers that convey the water through the 

simulated structure.  Sluice gates were modeled initially using the default discharge 

coefficient of 0.65 and the check-board weirs were modeled initially using a discharge 
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coefficient of 2.6 for broad crested weirs. Check structures were also assigned entrance 

and exit loss coefficients of 0.4 and 1, respectively (Mays, 2001; Sturm, 2001).  

 

Figure 4. A common Reach 4 check structure. 

 

Figure 5. Meyer Check structure on Reach 1. 
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Figure 6. Vale Check structure modeled in SWMM. 

Several key check structures throughout the BFID were equipped with automated 

gates prior to the 2006 irrigation season in order to improve operational efficiency. 

Automated gates control the pool level held by a check structure through the use of 

pressure transducer level sensors and gate actuators to maintain a constant pool level and 

account for fluctuations in the canal. Automated gates can be modeled in SWMM by 

assigning control rules that adjust the gate to hold the pool level at the specified depth. 

Automated gates were not simulated during the model calibration because they were not 

installed during the 2005 irrigation season, but they were simulated during validation 

with 2006 irrigation season data. An example application of the SWMM simulation of the 

Vale Check automated gate is presented in Figure 7, in which the automated gate is 

specified to hold a depth of 4 feet. The simple control rules written in SWMM to simulate 

the automated Vale Check gate are: 
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RULE close Vale automation 

     IF NODE Vale_Check_I DEPTH < 4 

     THEN ORIFICE Vale_Check_Gate2 SETTING = 0.2 

     PRIORITY 0.2 

RULE open Vale automation 

     IF NODE Vale_Check_I DEPTH > 4 

     THEN ORIFICE Vale_Check_Gate2 SETTING = 0.8 

     PRIORITY 0.8 

 

Figure 7. SWMM simulation of automated Vale Check structure. 

Siphons are gravity pressurized pipe sections that serve to convey irrigation canal 

water below any major waterways in the canal’s path. There are 5 reinforced concrete 

pipe (RCP) siphons along the South Canal: Belle Fourche River Siphon (BFRS), 

Stinkwater Siphon, Anderson Siphon, Whitewood Siphon, and Cottonwood Siphon.  The 

siphons were modeled using collected or interpolated elevations, stationing, and 
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appropriate pipe diameters in combination with specified surcharge depths at the pipe 

junctions. The surcharge depth in SWMM is the maximum depth before flooding occurs 

and allows the junctions to be modeled as pressurized pipe section fittings. The surcharge 

depth was specified so that it exceeded the maximum depth needed to overcome the head 

increase; the distance from the lowest part of the siphon profile to the inlet elevation. 

Thus, a siphon will function as a pressurized system without flooding. Siphons were also 

assigned entrance and exit loss coefficients of 0.4 and 1, respectively, and each section of 

siphon pipe conduit was also given bend loss coefficients of 0.2 and Manning’s n values 

of 0.013 (Sturm, 2001; Mays, 2001). Figure 8 shows the SWMM water surface elevation 

profile of the BFRS under the typical early-season operating condition of 150 cfs. 

 

Figure 8. SWMM water elevation profile of the BFRS operating at 150 cfs. 

Turnouts and laterals are set perpendicular to flow along the sides of the canal and 

use the head to convey water from the main canal, through the turnouts and laterals, to 
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fields. There are approximately 130 turnout and lateral head gates on the South Canal. 

Turnouts/laterals were modeled as a side orifice at the junction nodes for the 

corresponding locations. The orifices are connected to a free falling outfall to exit the 

water from the main canal system. All outfall invert elevations are set to match the head 

gate turnout pipe invert elevations. The default discharge coefficient of 0.65 was used for 

each turnout/lateral. In reality most turnouts/laterals are controlled by downstream 

conditions along the turnout/lateral canal. Currently in the model the flow out of the 

turnouts/laterals is controlled artificially by using control rules where necessary. The 

physical modeling of the downstream control of turnouts/laterals off the main canal is 

recommended in the next project phase. Figure 9 shows a SWMM plan view of a set of 

turnout/lateral head gates as seen on the South Canal.  

 

Figure 9. SWMM simulation of the Todd Lateral head gates. 
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Bridges and culverts are located along the South Canal to transport water beneath 

roads. There are 28 flow affecting bridges and/or culverts in the system, which vary in 

shape and size. Bridges along the South Canal were modeled as the appropriately 

dimensioned rectangular closed conduits with the appropriate number of barrels specified 

in SWMM. There are circular and arch culverts along the canal and were modeled as the 

appropriately sized and shaped conduits in SWMM. All RCP bridges and culverts were 

given entrance and exit loss coefficients of 0.5 and Manning’s n values of 0.013, while 

corrugated metal pipe (CMP) culverts were given Manning’s n values of 0.03  (Sturm, 

2001; Mays, 2001). 

Flumes are important structures that ditch riders use to estimate the flow going 

through a specific section of channel. The flumes in the BFID are Parshall flumes (Figure 

10) and some may be subject to submergence problems as discussed by Olson (2006). 

There are 3 flumes used for flow measurement along the main canal. The flumes were 

modeled as rectangular open conduits in SWMM. They were given the appropriate throat 

width for the length of the entire flume, which lacks true flume detail. Simulations were 

conducted using more detailed flumes in the model, but they had no significant impacts 

and the simplified flumes produced similar results of flow and depth in the flume. 

Entrance and exit coefficients were assigned to the modeled flumes as 0.4 and 1.0, 

respectively (Sturm, 2001; Mays, 2001). 
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Figure 10. Belle Fourche River Siphon Flume outlet. 

Modeling of Open Channel Canal 

All open channel sections of the canal were modeled as appropriately 

dimensioned trapezoidal conduits. The conduits join all junction nodes in the model. 

BOR survey data was collected at each structure location (turnouts/laterals, checks, 

beginning and end of bridges/culverts, siphons, and flumes), thus all junctions entered 

into SWMM were given these dimensions. A particular section of open channel 

trapezoidal conduit was given the average depth and base width dimensions of its 

respective beginning and end junctions. All trapezoidal conduits were specified with 2:1 

(H:V) side slopes, which is representative of the average for the South Canal. System 

flow stability was an issue near sections of conduit that were short (generally < 25 to 30 

feet). Where stability was an issue, the problem was addressed by giving the linking 

conduit varying entrance and exit loss coefficients. Initial Manning’s n values of 0.03 

were specified for all open channel sections (Sturm, 2001; Mays, 2001). 
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Simulation Computational Method 

During the calibration process the model simulations were run using the Dynamic 

Wave flow routing option in SWMM. Dynamic Wave routing solves the complete one-

dimensional Saint Venant flow equations and therefore produces the most theoretically 

accurate results (Environmental Protection Agency, 2005). The Dynamic Wave routing 

option accounts for channel storage, backwater, entrance/exit losses, flow reversal, and 

pressurized flow, essential to properly simulating the complex hydraulics of the irrigation 

system.   
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MODEL CALIBRATION 

Data Collection 

The data set used for model calibration was collected during the 2005 irrigation 

season (June 20th – September 20th) throughout the BFID South Canal. Because of its size 

and for purposes of organizing data collection, the South Canal was broken into four 

reaches. The four reaches were split at key locations and designated as follows: Reach 1) 

South Canal Dam Flume to BFRS Flume, Reach 2) BFRS Flume to Beals Check, Reach 

3) Beals Check to Vale Flume, and Reach 4) Vale Flume to Wasteway. Figure 11 shows 

a map of the South Canal and locations of key structures (Olson, 2006). Each reach was 

monitored for two to three weeks successively beginning with Reach 1 at the start of the 

irrigation season. Due to time constraints caused by the late irrigation season start, data 

was only collected on Reaches 1 – 3 and calibration data for Reach 4 was unavailable.  

During the time spent on each reach, field measurements were collected nearly 

every day at all laterals, turnouts, and check structures on the main canal. The 

measurements taken at laterals and turnouts were orifice gate stem openings and relative 

stage measurements of water surface to top of structure concrete. The measurements 

taken at each check structure included sluice gate stem openings, check-board weir 

openings, and upstream water surface to top of structure concrete and downstream stage 

measurements. Data loggers and pressure transducers were also placed throughout the 

South Canal. Some transducers and data loggers were left all season at key locations such 

as flumes, and others were moved along with reach changes. Stage measurements were 

also taken at all transducer locations at times of logger data collection for correction 
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purposes. Several discharge measurements were taken at the Beals Check throughout the 

season. Discharge measurements were collected using a Marsh-McBirney Flo-Mate 

digital velocity measurement device and the 0.6-depth method.  

Calibration Process  

Two main steps were taken in calibrating the model of the South Canal. The first 

step was to conduct a water balance and correctly model the observed flows within the 

particular reach being calibrated. Continuous logger stage data were available at the 

South Canal Dam Flume, BFRS Flume, and the Vale Flume. The logger stage data at 

these locations was converted to flow by Olson (2006) using methods from the U.S. 

Bureau of Reclamation Water Measurement Manual (2001). One field measured flow 

was recorded per day at the Beals Check (end of Reach 2 and beginning of Reach 3) for 

most of the reach monitoring dates. Logger data, measured flows, and field 

measurements were used to calculate the water balance along the canal. Because changes 

to the system are made throughout the day and the field measurements were collected at 

one particular time of day for each structure, this task required simplifying assumptions. 

Assumptions were made on when major control changes occurred during the day. It was 

assumed that changes in Dam releases were made at 9 am each morning and that the 

collective structure settings were made at 9 am on the previous day. Changes were made 

to the SWMM control rules accordingly to calibrate to these estimated times. These 

estimated times were accurate within an hour or two in all cases.  
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Figure 11. Map of BFID South Canal key locations (Olson, 2006). 
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In order to account for seepage and evaporation in the system, loss values were 

obtained from estimates found in the BOR Belle Fourche Unit Water Management Study 

(1998). The study indicated an average loss rate of approximately 5.5 cfs per mile for 

South Canal miles 34 – 38. These values were regarded as significantly high and Reach 1 

calibration indicated a lower loss rate that was used consistently throughout the 

calibration process. The loss rate used in the model for seepage and evaporation was 1 cfs 

per mile of canal. SWMM 5 does not yet have the capabilities of simulating infiltration or 

evaporation in conduits, thus other means of addressing these losses were employed.  The 

assumed losses were pumped out of the system at each check structure’s nearest upstream 

node, weighted according to its distance from the dam.  

When the simulated water balance produced end of reach flows that minimized 

the difference from observed flows, the second step was undertaken for the same reach. 

The second step was to correctly model the observed stages, upstream and downstream, 

at each check structure within the reach. There is less uncertainty involved with this 

process as the downstream stage measurements were taken directly and the upstream 

stages were calculated using verified and accurate relative measurements. However, hand 

measurements are inevitably subject to error. Depths on the upstream side of the check 

were taken against the check structure piers (between gate/weir chambers) where water 

“piles up” to the magnitude of a couple tenths of feet. Also, the upstream depths were 

collected using a relative measurement of the water surface to the top of the structure 

where elevations are known. The downstream depths were measured directly, but the 

downstream side of check structures is quite turbulent and the measurements are only 

accurate to a few tenths of a foot.   
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Before the parameter calibration began a sensitivity analysis was conducted at the 

Meyer Check under typical observed structure settings in order to get a feel for how each 

parameter affects depth and flow (Figure 12). During the sensitivity analysis it was 

observed that changing Manning’s n-value had the largest effect on the depth in the 

system, on both sides of the check. It was also observed that the discharge coefficients for 

the gate orifices and weirs only affected the upstream depths of the checks; the 

downstream depths stayed exactly the same for all cases. For simplicity, Manning’s n-

values were held consistent between check structures. Because of the parameter effects, 

Manning’s n-values were first changed to get the simulated downstream depths to match 

observed depths within + 10% and centered about zero. The orifice and weir discharge 

coefficients were then adjusted in the model to match the observed upstream depths to the 

same standards as the downstream depths. Entrance and exit loss coefficients were held 

constant for similar structures over the entire South Canal and were not calibrated for 

individual reaches. The loss coefficients are presented in Table 1.  
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Figure 12. Pre-calibration parameter sensitivity analysis plot at Meyer Check. 
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 Table 1. SWMM loss coefficients used in the model. 

Structure Entrance Exit
Box Culvert 0.5 0.5

Check 0.4 1
Flume 0.4 1

Pipe Bend 0.2 0.2
Siphon 0.4 1

Loss Coefficients

 

Reach 1 

Issues/Assumptions 

The first major issue in matching the observed flows was simulating primed 

turnouts/laterals. Primed turnouts/laterals are usually opened 100% on the main canal and 

controlled by a downstream lateral control box. Field measurements were only collected 

on the main canal (the extent of this model), thus measurements on the turnout/lateral 

downstream control were unavailable. The primed Todd Lateral was addressed by writing 

SWMM control rules to artificially control the gate settings and vary them from observed 

settings. The lateral gate settings were adjusted to best match the reach logger data flows.   

The second major issue in matching the water balance was accounting for 

Johnson Lateral return flows. The Johnson Lateral returns its unused excess water back 

into the main canal near the end of the reach just upstream of the BFRS Flume. Return 

flow data for the Johnson Lateral were not available during the 2005 irrigation season and 

the model calibration process. A direct inflow time series was entered into SWMM to add 

flow to the system at the Johnson Return junction node. A water balance was done to 

check the flows before the Johnson Lateral return flows were applied to correctly 

simulate the shape of the observed flow curve of the BFRS Flume logger data. 
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Results 

Only one monitoring period was available for Reach 1 and served as the 

calibration period. The dates 7/5/2005 – 7/8/2005 were simulated and the model results 

compared to the observed data. Observed versus modeled flow through the BFRS Flume 

is presented in Figure 13. Observed versus modeled upstream and downstream depths at 

the check structures in Reach 1 are presented in Table 2. The model parameter values of 

Manning’s n and gate and weir discharge coefficients that produced check depth results 

within + 10% and balanced around zero are presented in Table 3 and Table 4, 

respectively. 
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Figure 13. BFRS Flume flow, observed vs. modeled for 7/5/2005 – 7/8/2005. 

Discussion 

The modeled flow at the BFRS Flume varied from the observed by an average 

percent difference of 0.51% and a maximum of 5.7%. The modeled check depth values 

were acceptably close to those observed given that the observed values were hand 
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measured in the field. Given that the accuracy of the hand measurements at check 

structures were approximately + 0.2 to + 0.3 ft, the model results matched well with a 

worst case difference of + 0.10 ft on the upstream side and – 0.15 ft on the downstream 

side. All simulated depths were within + 5% of the observed depths. 

Table 2. Reach 1 check depths, observed vs. modeled for 7/5/2005 – 7/8/2005. 

US US US Percent DS DS DS Percent
Check Observed Observed Modeled Difference Error Observed Modeled Difference Error

Date Structure Time Depth (ft) Depth (ft) (ft) (%) Depth (ft) Depth (ft) (ft) (%)
7/5/2005 Meyer 11:36 AM 2.54 2.52 -0.02 -0.79 1.75 1.82 0.07 4.00
7/7/2005 Meyer 8:55 AM 2.90 2.93 0.03 1.03 2.10 2.11 0.01 0.48
7/8/2005 Meyer 9:20 AM 3.10 3.09 -0.01 -0.32 2.20 2.19 -0.01 -0.45

7/5/2005 Todd 12:14 PM 4.60 4.66 0.06 1.30 4.20 4.20 0.00 0.00
7/7/2005 Todd 10:06 AM 5.28 5.26 -0.02 -0.38 4.90 4.87 -0.03 -0.61
7/8/2005 Todd 9:54 AM 5.10 5.18 0.08 1.57 4.70 4.77 0.07 1.49

7/5/2005 Eide 12:28 PM 4.30 4.40 0.10 2.33 3.20 3.30 0.10 3.12
7/7/2005 Eide 11:02 AM 4.90 4.83 -0.07 -1.43 3.90 3.95 0.05 1.28
7/8/2005 Eide 10:27 AM 4.65 4.75 0.10 2.15 4.00 3.85 -0.15 -3.75

7/5/2005 Sorenson 1:00 PM 4.30 4.21 -0.09 -2.09 3.20 3.09 -0.11 -3.44
7/7/2005 Sorenson 11:25 AM 4.75 4.70 -0.05 -1.05 3.60 3.69 0.09 2.50
7/8/2005 Sorenson 10:45 AM 4.50 4.57 0.07 1.56 3.60 3.58 -0.02 -0.56  

Table 3. Reach 1 Manning’s n values. 

Canal Section Canal Mile Manning's n
Dam to Meyer 0 - 1 0.015
Meyer to Todd 1 - 5 0.015
Todd to Eide 5 - 6.2 0.031

Eide to Sorenson 6.2 - 7.7 0.019
Sorenson to BFRS I 7.7 - 8 0.039  

Table 4. Reach 1 discharge coefficient values. 

Check
Structure Orifice/Gate Weir

Meyer 0.67 3.0
Todd 0.67 3.3
Eide 0.60 3.1

Sorenson 0.30 1.5

Discharge Coefficients

 

The Manning’s n-values fit into ranges that would be expected within this reach 

of the South Canal (straight, uniform earth to winding and rocky); however, 0.015 for the 
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section from the Dam outlet to the Todd Check seems a little low. Possible reasoning for 

the extreme low is that Manning’s n may be accounting for changes in the channel cross 

section due to sedimentation and general morphology since the survey data was obtained 

in 1986. Also, channel cross section modeling generalizations may be a significant factor. 

The gate discharge coefficients were kept similar for the Meyer, Todd, and Eide because 

the gates are essentially the same, structurally and dimensionally. The Sorenson gate 

discharge coefficient seems a little low, but it is a much larger gate than those in the other 

checks. The weir discharge coefficients vary a little more. The weir boards used in the 

irrigation district vary and are not the same from check to check, or even within a single 

check. The values were all in the range commonly used for broad crested weirs, 2.6 to 

3.3, except for those at the Sorenson. A discharge coefficient value of 3.3 is generally 

defined for a sharp crested weir. It seems that the boards are neither broad crested nor 

sharp crested, so the range of values is reasonable.  

The Sorenson Check required unusually low discharge coefficients to match 

observed depth measurements as discussed previously. This may be because the Sorenson 

has three larger gate and weir chambers as opposed to the four or five smaller chambers 

more commonly seen in the district, or some possible errors in field measurements. At 

any rate, the low Sorenson discharge coefficients are the cause of the steep peak in flow 

through the BFRS Flume modeled on 7/6/2005 and the smaller peak on 7/7/2005. The 

peak correlated with a change made in the gate at the Sorenson; the source was confirmed 

in a plot of flow through the check. The weir discharge coefficient was less susceptible to 

producing peaks in flow, but was less effective at matching upstream depths at lower 
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flows. Since the calibration focus was on check structures, depth accuracy and 

consistency had priority over any discrepancy in flow through the reach’s flume. 

Reach 2 

Issues/Assumptions 

Flow data through the BFRS Flume at the beginning of the reach were continuous 

and sufficient and were modeled as observed. However, flow data at the end of the reach, 

at the Beals Check, were not continuous and deemed to be insufficient. Even though 

flows were collected with the Flo-Mate on nearly all the days of Reach 2 monitoring, the 

one flow per day does not provide a good picture of what is happening in detail enough 

needed for the complete and accurate reach water balance. Even a few measurements 

during the day would not make much of a difference; continuous flow data would be the 

best and is needed for a complete picture of what is happening on the reach.  

Downstream control was more prominent on this reach. When the turnout/lateral 

settings were modeled as observed, even with the known primed laterals (e.g., Butte/Hall) 

taken into consideration, much more flow was being taken out of the system than what 

observations indicated. To address this issue water orders were used as a system outflow 

guide. Olson’s (2006) water demand/order macro was used to compile the orders during 

the period. The water orders were then compared to the turnout/lateral settings observed. 

There were many gates that were observed as open, but had no water orders for the 

period; these gates were modeled as closed (fully primed). There were also many gates 

that were observed with settings that produced much more outflow from the model 

system than what was ordered. The differences between excess model outflow and water 

orders at these gates were minimized in the model (partially primed). The water orders 
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were matched in the model by adjusting the turnout gates until they produced similar 

flows to the water cards (+ 0.5 to 1 cfs depending on order magnitude) including 

operation and transportation losses.  

Lastly, Reach 2 is the longest and has the most structures of the first three 

reaches. The BOR survey data was fairly incomplete for the reach. Most check structure 

(five of eight) invert elevations could not be found, specifically: Stinkwater (and siphon), 

Minor, Anderson (and siphon), 12.5, and Whitewood. These were linearly interpolated 

initially, but adjusted accordingly to produce optimal calibration results (Table 5). The 

adjusted invert elevations were limited and still fit into an acceptable and probable range. 

Table 5. Pre- and post-calibration Reach 2 check invert elevations. 

Check Structure
Interpolated 
Elevation (ft)

Calibrated 
Elevation (ft)

Stinkwater 2864.6 2865
Minor 2864 2863.5 I, 2863 O

Anderson 2861.2 2862.5 I, 2858.6 O
12.5 2860 2859

Whitewood 2851 2851  

Results 

Three monitoring periods were available for the calibration and validation of 

Reach 2. Validation in this context represents running the model for a different period 

where the inflows and outflows within the reach are changed but the hydraulic 

characteristics of the model are not adjusted. The additional validation monitoring 

periods were conducted using the same assumptions as the calibration periods. Reach 2 

was calibrated using the monitoring period dates 7/11/2005 – 7/14/2005. For the 

calibration period flows were collected at the Beals Check on 7/12 and 7/13. The Beals 

flows were used as the end-of-reach check on water balance. Observed versus modeled 
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Beals flows are presented in Table 6. Observed versus modeled upstream and 

downstream depths at the check structures in Reach 2 are presented in Table 7. The 

resulting Manning’s n and gate and weir discharge coefficient parameters for Reach 2 are 

presented in Table 8 and Table 9, respectively. 

Table 6. Beals Check flow, observed vs. modeled for 7/11/2005 – 7/14/2005. 

Flow (FloMate) Water Card Model Flow Percent 
Date/Time [cfs] Expected Flow [cfs] [cfs] Error (%)

7/12/05 11:05 AM 149 151.5 150 -1.0%
7/13/05 2:30 PM 129 149 151 1.3%  

Table 7. Reach 2 check depths, observed vs. modeled for 7/11/2005 – 7/14/2005. 

US US (I Node) DS DS (O Node)
Check Observed Observed Modeled Difference Percent Observed Modeled Difference Percent

Date Structure Time Depth (ft) Depth (ft) (ft) Error (%) Depth (ft) Depth (ft) (ft) Error (%)
7/11/2005 Stinkwater 9:51 AM 7.01 7.04 0.03 0.43 6.35 6.38 0.03 0.47
7/12/2005 Stinkwater 8:51 AM 6.80 6.86 0.06 0.88 6.20 6.22 0.02 0.32
7/13/2005 Stinkwater 12:53 PM 6.65 6.57 -0.08 -1.20 n/a 5.97 n/a n/a
7/14/2005 Stinkwater 9:14 AM 6.90 7.10 0.20 2.90 6.30 6.39 0.09 1.43

7/11/2005 Minor 10:30 AM 5.80 5.72 -0.08 -1.38 6.20 6.15 -0.05 -0.81
7/12/2005 Minor 9:10 AM 5.40 5.54 0.14 2.59 5.80 5.97 0.17 2.93
7/13/2005 Minor 1:12 PM 5.40 5.27 -0.13 -2.41 5.60 5.70 0.10 1.79
7/14/2005 Minor 9:31 AM 5.50 5.53 0.03 0.55 5.60 5.96 0.36 6.43

7/11/2005 Anderson 10:48 AM 6.30 6.20 -0.10 -1.59 10.00 9.93 -0.07 -0.70
7/12/2005 Anderson 9:18 AM 5.90 5.99 0.09 1.53 9.60 9.72 0.12 1.25
7/13/2005 Anderson 1:20 PM 5.75 5.65 -0.10 -1.74 9.40 9.37 -0.03 -0.32
7/14/2005 Anderson 9:37 AM 6.10 5.98 -0.12 -1.97 9.80 9.70 -0.10 -1.02

7/11/2005 12.5 11:20 AM 6.85 6.98 0.13 1.90 6.58 6.78 0.20 3.04
7/12/2005 12.5 9:24 AM 6.70 6.86 0.16 2.39 6.60 6.67 0.07 1.06
7/13/2005 12.5 1:25 PM 6.60 6.68 0.08 1.21 6.54 6.51 -0.03 -0.46
7/14/2005 12.5 9:42 AM 6.80 6.85 0.05 0.74 6.63 6.67 0.04 0.60

7/11/2005 Kiery 12:10 PM 5.10 5.02 -0.08 -1.57 4.10 4.07 -0.03 -0.73
7/12/2005 Kiery 9:44 AM 5.00 4.95 -0.05 -1.00 4.00 4.02 0.02 0.50
7/13/2005 Kiery 1:44 PM 4.90 4.97 0.07 1.43 4.10 4.04 -0.06 -1.46
7/14/2005 Kiery 9:57 AM 5.20 5.06 -0.14 -2.69 4.20 4.11 -0.09 -2.14

7/11/2005 Simmons 1:10 PM 4.40 4.29 -0.11 -2.50 3.20 3.22 0.02 0.63
7/12/2005 Simmons 10:01 AM 4.20 4.24 0.04 0.95 3.10 3.13 0.03 0.97
7/13/2005 Simmons 2:00 PM 4.15 4.29 0.14 3.37 3.10 3.22 0.12 3.87
7/14/2005 Simmons 10:09 AM 4.40 4.38 -0.02 -0.45 3.20 3.30 0.10 3.12

7/11/2005 Whitewood 1:55 PM 6.40 6.25 -0.15 -2.34 6.00 5.90 -0.10 -1.67
7/12/2005 Whitewood 10:13 AM 6.00 6.09 0.09 1.50 5.80 5.75 -0.05 -0.86
7/13/2005 Whitewood 2:15 PM n/a 6.11 n/a n/a n/a 5.75 n/a n/a
7/14/2005 Whitewood 10:25 AM 6.30 6.36 0.06 0.95 6.00 6.01 0.01 0.17

7/11/2005 Beals 3:00 PM n/a 3.90 n/a n/a n/a 3.24 n/a n/a
7/12/2005 Beals 10:50 AM 3.90 3.80 -0.10 -2.56 3.20 3.16 -0.04 -1.25
7/13/2005 Beals 2:30 PM 3.60 3.80 0.20 5.56 3.10 3.16 0.06 1.94
7/14/2005 Beals 10:55 AM 3.80 3.68 -0.12 -3.16 3.10 3.09 -0.01 -0.32  
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Table 8. Reach 2 Manning’s n values. 

Canal Section Canal Mile Manning's n
BFRS O to Stinkwater 8 - 9.4 0.023

Stinkwater to Minor 9.4 - 11 0.022
Minor to 12.5  11 - 12.5 0.027
12.5 to Kiery 12.5 - 15.1 0.032

Kiery to Simmons 15.1 - 16.2 0.022
Simmons to Whitewood 16.2 - 17.4 0.024

Whitewood to Beals 17.4 - 18.6 0.028  

Table 9. Reach 2 discharge coefficient values. 

Check
Structure Orifice/Gate Weir
Stinkwater 0.40 2.6

Minor 0.70 3.0
Anderson 1.00 3.3

12.5 0.65 2.8
Kiery 0.60 2.6

Simmons 0.55 2.6
Whitewood 1.00 3.3

Beals 0.70 2.8

Discharge Coefficients

 

 
The Reach 2 calibration period was validated using data for monitoring period 

dates 7/18/2005 – 7/22/2005. For the validation period flows were collected at the Beals 

Check on 7/19 and 7/22. Observed versus modeled Beals flows are presented in Table 10 

and observed versus modeled upstream and downstream depths at the check structures in 

are presented in Table 11. 

Table 10. Beals Check flow, observed vs. modeled for 7/18/2005 – 7/22/2005. 

Date/Time
Flow (FloMate) 

[cfs]
Model Flow 

[cfs]
Percent 

Error (%)
7/19/05 1:55 PM 152.1 150.1 -1.3

7/22/05 11:35 AM 143.4 147.1 2.6  
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Table 11. Reach 2 check depths, observed vs. modeled for 7/18/2005 – 7/22/2005. 

US US (I Node) DS DS (O Node)
Check Observed Observed Modeled Difference Percent Observed Modeled Difference Percent

Date Structure Time Depth (ft) Depth (ft) (ft) Error (%) Depth (ft) Depth (ft) (ft) Error (%)
7/18/2005 Stinkwater 10:59 AM 6.65 6.88 0.23 3.46 6.20 6.21 0.01 0.16
7/19/2005 Stinkwater 12:42 PM 6.70 6.62 -0.08 -1.19 6.00 6.01 0.01 0.17
7/20/2005 Stinkwater 10:55 AM 6.60 6.86 0.26 3.94 6.00 6.21 0.21 3.50
7/22/2005 Stinkwater 9:28 AM 6.45 6.92 0.47 7.29 6.00 6.21 0.21 3.50

7/18/2005 Minor 11:21 AM 5.65 5.29 -0.36 -6.37 5.70 5.72 0.02 0.35
7/19/2005 Minor 12:56 PM 5.30 5.20 -0.10 -1.89 5.70 5.63 -0.07 -1.23
7/20/2005 Minor 11:32 AM 5.38 5.32 -0.06 -1.12 5.80 5.74 -0.06 -1.03
7/22/2005 Minor 9:46 AM 5.10 5.04 -0.06 -1.18 5.60 5.46 -0.14 -2.50

7/18/2005 Anderson 11:28 AM 5.85 5.67 -0.18 -3.08 9.60 9.38 -0.22 -2.29
7/19/2005 Anderson 1:01 PM 5.80 5.55 -0.25 -4.31 9.50 9.28 -0.22 -2.32
7/20/2005 Anderson 11:40 AM 5.98 5.69 -0.29 -4.85 9.70 9.41 -0.29 -2.99
7/22/2005 Anderson 9:54 AM 5.60 5.33 -0.27 -4.82 9.00 9.06 0.06 0.67

7/18/2005 12.5 11:35 AM 6.70 6.63 -0.07 -1.04 6.50 6.45 -0.05 -0.77
7/19/2005 12.5 1:06 PM 6.60 6.57 -0.03 -0.45 6.33 6.41 0.08 1.21
7/20/2005 12.5 12:00 PM 6.70 6.63 -0.07 -1.04 6.58 6.46 -0.12 -1.87
7/22/2005 12.5 10:00 AM 6.55 6.45 -0.10 -1.53 6.38 6.29 -0.09 -1.33

7/18/2005 Kiery 12:05 PM 5.00 4.73 -0.27 -5.40 4.00 3.99 -0.01 -0.25
7/19/2005 Kiery 1:18 PM 4.80 4.73 -0.07 -1.46 4.20 3.92 -0.28 -6.67
7/20/2005 Kiery 12:26 PM 4.85 4.74 -0.11 -2.27 4.20 3.92 -0.28 -6.67
7/22/2005 Kiery 10:22 AM 4.60 4.59 -0.01 -0.22 4.20 3.79 -0.41 -9.76

7/18/2005 Simmons 12:41 PM 4.30 4.09 -0.21 -4.88 3.30 3.19 -0.11 -3.33
7/19/2005 Simmons 1:29 PM 4.00 3.91 -0.09 -2.25 3.30 3.12 -0.18 -5.45
7/20/2005 Simmons 12:51 PM 4.00 3.90 -0.10 -2.50 3.45 3.10 -0.35 -10.14
7/22/2005 Simmons 10:49 AM 3.70 3.62 -0.08 -2.16 3.20 2.89 -0.31 -9.69

7/18/2005 Whitewood 12:54 PM 6.08 6.15 0.07 1.15 5.80 5.82 0.02 0.34
7/19/2005 Whitewood n/a n/a n/a n/a n/a n/a n/a n/a n/a
7/20/2005 Whitewood 1:07 PM 6.15 5.97 -0.18 -2.93 6.00 5.66 -0.34 -5.67
7/22/2005 Whitewood 11:01 AM 5.70 5.61 -0.09 -1.58 5.70 5.37 -0.33 -5.79

7/18/2005 Beals 1:35 PM 3.85 3.74 -0.11 -2.86 3.10 3.13 0.03 0.97
7/19/2005 Beals 1:46 PM 3.85 3.62 -0.23 -5.97 3.10 3.16 0.06 1.94
7/20/2005 Beals 1:41 PM 3.85 3.60 -0.25 -6.49 3.25 3.14 -0.11 -3.38
7/22/2005 Beals 11:21 AM 3.75 3.58 -0.17 -4.53 3.10 3.12 0.02 0.65  

The Reach 2 calibration period was also validated using data for monitoring 

period dates 7/25/2005 – 7/26/2005. For the validation period flows were collected at the 

Beals Check on 7/25 and 7/26. For the validation period 7/25/2005 – 7/26/2005, observed 

versus modeled Beals flows are presented in Table 12 and observed versus modeled 

upstream and downstream depths at the check structures in are presented in Table 13. 

Table 12. Beals Check flow, observed vs. modeled for 7/25/2005 – 7/26/2005. 

Date/Time
Flow (FloMate) 

[cfs]
Model Flow 

[cfs]
Percent 

Error (%)
7/25/05 11:35 AM 169.2 170.8 0.9
7/26/05 10:30 AM 154.9 178.6 15.3  
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Table 13. Reach 2 check depths, observed vs. modeled for 7/25/2005 – 7/26/2005  

US US (I Node) DS DS (O Node)
Check Observed Observed Modeled Difference Percent Observed Modeled Difference Percent

Date Structure Time Depth (ft) Depth (ft) (ft) Error (%) Depth (ft) Depth (ft) (ft) Error (%)
7/25/2005 Stinkwater 1:58 PM 6.70 7.32 0.62 9.25 6.10 6.59 0.49 8.03
7/26/2005 Stinkwater 8:56 AM 6.60 7.36 0.76 11.52 6.20 6.65 0.45 7.26

7/25/2005 Minor 2:14 PM 5.40 5.75 0.35 6.48 5.80 6.18 0.38 6.55
7/26/2005 Minor 9:14 AM 5.40 5.92 0.52 9.63 5.80 6.35 0.55 9.48

7/25/2005 Anderson 2:19 PM 6.00 6.22 0.22 3.67 9.50 9.93 0.43 4.53
7/26/2005 Anderson 9:20 AM 6.00 6.42 0.42 7.00 9.50 10.14 0.64 6.74

7/25/2005 12.5 2:25 PM 6.70 6.90 0.20 2.99 6.50 6.70 0.20 3.08
7/26/2005 12.5 9:27 AM 6.70 7.03 0.33 4.93 6.60 6.82 0.22 3.33

7/25/2005 Kiery 2:52 PM 4.75 4.73 -0.02 -0.42 4.20 3.89 -0.31 -7.38
7/26/2005 Kiery 9:43 AM 4.85 4.84 -0.01 -0.21 4.20 3.98 -0.22 -5.24

7/25/2005 Simmons 3:07 PM 4.10 3.82 -0.28 -6.83 3.40 3.07 -0.33 -9.71
7/26/2005 Simmons 9:58 AM 4.10 3.98 -0.12 -2.93 3.40 3.21 -0.19 -5.59

7/25/2005 Whitewood 3:18 PM 6.10 5.99 -0.11 -1.80 6.00 5.75 -0.25 -4.17
7/26/2005 Whitewood 10:09 AM 6.10 6.24 0.14 2.30 6.00 6.00 0.00 0.00

7/25/2005 Beals 3:37 PM 4.05 3.97 -0.08 -1.98 3.70 3.41 -0.29 -7.84
7/26/2005 Beals 10:32 AM 3.90 4.05 0.15 3.85 3.40 3.49 0.09 2.65  

Discussion 

The simulated Beals flows matched the observed measured flows within + 3% 

with the exception of flows on 7/13 and 7/26. Early in the calibration process during the 

first period it was observed that there was a clear trend of the observed depths on 7/13 

and 7/14 being considerably lower than 7/11 and 7/12. It seemed that the observed flow 

of 129 cfs at the Beals on 7/13 is low and may be in error. It did not fit the trend of Beals 

flows, which are very near 150 cfs for all the monitored dates. Also, the water orders on 

7/13 (or the 7/12 if considering a lag in delivery) indicated that the expected flow at the 

Beals would be around 150 cfs. Thus, it was assumed that the Beals Check flow on 7/13 

was approximately 150 cfs rather than the measured 129 cfs. The Beals flow on 7/26 was 

modeled larger than observed (+ 15.3 %) and produced check depth results that matched 

up with observed depths quite well. The observed measured flow was significantly lower 

than the expected flow from a water balance of incoming flows at the BFRS Flume, water 
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orders in the reach, and assumed losses throughout the reach. The modeled flow better 

reflects the expected flow at the Beals for 7/26. 

 The check depths matched quite well considering observed depths were 

measured by hand as stated in the discussion of Reach 1 results. For the calibration period 

the simulated depths were all within + 7% of the observed depths. The validation period 

produced simulated depths all within + 12% of the observed, with the majority being + 

8% of the observed depths. 

The resulting Manning’s n values for Reach 2 vary much less than on Reach 1 

and seem to be more consistent and fit into an expected range. However, the check gate 

and weir discharge coefficients vary more than on Reach 1. This may be due to more 

physical variance between the actual check structures themselves, both in overall 

dimension and number of gate and weir chambers. The Stinkwater Check produced 

discharge coefficients on the lower end of the range similar to the Sorenson Check. The 

Stinkwater Check is similar to the Sorenson Check in that it has fewer and larger gate and 

weir chambers. Also, the Anderson and Whitewood Checks both produced values on the 

upper end of the discharge coefficient range, which may be explained by their both being 

just upstream of siphons, which may cause some unusual hydraulics and backwater 

effects. 

Reach 3 

Issues/Assumptions 

As described for Reach 2, flows at the Beals Check (beginning of Reach 3) were 

not continuous and for this reach were not used as the inflow point during the calibration 
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process. Simulated flows were entered at the BFRS Flume and exited at the Wasteway. 

Because flows were entered at the BFRS Flume and not at the Beals Check two extra 

days were simulated at the beginning of the period to allow the system to fill prior to 

evaluation. Flows were taken out at three arbitrary turnouts (12.5, Butte/Hall, and 

Shaw/Baldwin) in Reach 2 to match the measured flows at the Beals Check. To create 

realistic backwater effects downstream of Reach 3 all Reach 4 gates and weirs were 

modeled as half open and flows were uniformly taken out of arbitrary turnout/laterals to 

achieve realistic Reach 4 water deliveries. Turnout/lateral priming was also an issue on 

this reach and was addressed as described for Reach 2. 

There was a significant flow problem during the calibration and validation periods 

for Reach 3. The water balance between the BFRS Flume and the Beals Check presented 

no problems and matched up well. However, between the Beals Check and the Vale 

Flume there was a water balance issue. When Reach 3 was simulated by taking the 

approximate water orders out of the system, the modeled Vale Flume flow was 

significantly lower than the logger data flow as presented in Figure 14, Figure 15, and 

Figure 16. The simulated flow curve shape generally matched well, but was 

approximately 10 – 30 cfs lower than the observed logger data flows. The Beals Check 

flows measured during the monitoring period as well as calculated flows using 

measurements and equations are also shown in Figure 15 and Figure 16. The logger data 

for the Vale Flume was higher than what was measured or calculated at the Beals Check 

for some measurements, which did not make sense. It seemed that the logger data at the 

Vale Flume might be subject to errors when converting from depth to flow. There are a 

few possible sources of error in collective flows leading up to the Vale Flume. First, the 
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measured flows at the Beals are subject to hand and device measurement errors. Second, 

the Vale Flume was submerged over 80% nearly the entire season (Olson, 2006), which 

leads to flow correction errors of + 5 – 10% and + 10 – 25% for over 90% submergence 

(U.S. Bureau of Reclamation, 2001). 

Simulations were also run assuming the possibility that there were no Reach 3 

outflows during the simulation periods. This made the model match the logger more 

closely but still simulated approximately 10 cfs lower than observed (worst case), which 

is about the amount of assumed flow lost through seepage and evaporation. If the 

assumptions of no Reach 3 outflows and no Reach 3 evaporation and seepage losses were 

true, then the modeled Vale would match very well. Both of these assumptions are most 

unlikely. The calibration was continued using the lower simulated flows assuming water 

order outflows, evaporation and seepage losses, and errors in the Vale Flume logger data 

flow calculations/corrections. 

Results 

Three monitoring periods were available for calibration and validation of Reach 3. 

Reach 3 was calibrated using the monitoring period dates 8/1/2005 – 8/4/2005. For the 

calibration period, flows were collected at the Beals Check on 8/3 and 8/4. Observed 

versus modeled Beals flows are presented in Table 14 and observed versus modeled 

flows at the Vale Flume for the period are presented in Figure 14. Observed versus 

modeled upstream and downstream depths at the check structures are presented in Table 

15. The resulting Manning’s n and gate and weir discharge coefficient parameters for 

Reach 3 are presented in Table 16 and Table 17, respectively. 
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Table 14. Beals Check flow, observed vs. modeled for 8/1/2005 – 8/4/2005. 

Flow (FloMate) Model Flow Percent
Date/Time [cfs] [cfs] Error [%]

8/3/05 9:05 AM 142.2 142.3 0.06
8/4/05 10:40 AM 156.3 157.3 0.66  
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Figure 14. Vale Flume flow, observed vs. modeled for 8/1/2005 – 8/4/2005. 

Table 15. Reach 3 check depths, observed vs. modeled for 8/1/2005 – 8/4/2005. 

US US (I Node) DS DS (O Node)
Check Observed Observed Modeled Difference Percent Observed Modeled Difference Percent

Date Structure Time Depth (ft) Depth (ft) (ft) Error (%) Depth (ft) Depth (ft) (ft) Error (%)
8/1/2005 Lee 1:52 PM 4.00 4.11 0.11 2.75 2.75 2.98 0.23 8.36
8/2/2005 Lee 12:07 PM 3.55 3.45 -0.10 -2.82 2.50 2.43 -0.07 -2.80
8/3/2005 Lee 9:34 AM 3.55 3.51 -0.04 -1.13 2.70 2.48 -0.22 -8.15
8/4/2005 Lee 11:04 AM 3.75 3.93 0.18 4.80 2.60 2.84 0.24 9.23

8/1/2005 Lull 2:15 PM 5.05 5.30 0.25 4.95 4.80 5.11 0.31 6.46
8/2/2005 Lull 12:22 PM 4.65 4.55 -0.10 -2.15 4.50 4.42 -0.08 -1.78
8/3/2005 Lull 9:55 AM 4.80 4.63 -0.17 -3.54 4.45 4.45 0.00 0.00
8/4/2005 Lull 11:15 AM 4.90 5.13 0.23 4.69 4.60 4.94 0.34 7.39

8/1/2005 Cottonwood 2:34 PM 3.50 3.53 0.03 0.86 2.40 2.54 0.14 5.83
8/2/2005 Cottonwood 12:33 PM 3.10 2.80 -0.30 -9.68 2.10 2.07 -0.03 -1.43
8/3/2005 Cottonwood 10:06 AM 3.15 2.85 -0.30 -9.52 2.10 2.11 0.01 0.48
8/4/2005 Cottonwood 11:35 AM 3.20 3.36 0.16 5.00 2.30 2.56 0.26 11.30

8/1/2005 Foos 2:43 PM 3.80 3.90 0.10 2.63 2.85 2.83 -0.02 -0.70
8/2/2005 Foos 12:40 PM 3.50 3.31 -0.19 -5.43 2.50 2.40 -0.10 -4.00
8/3/2005 Foos 10:13 AM 3.50 3.45 -0.05 -1.43 2.40 2.46 0.06 2.50
8/4/2005 Foos 11:45 AM 3.60 3.78 0.18 5.00 2.80 2.78 -0.02 -0.71

8/1/2005 Ollilla 2:58 PM 4.40 4.33 -0.07 -1.59 3.00 3.09 0.09 3.00
8/2/2005 Ollilla 12:52 PM 3.95 3.79 -0.16 -4.05 2.70 2.72 0.02 0.74
8/3/2005 Ollilla 10:21 AM 3.95 3.93 -0.02 -0.51 2.80 2.70 -0.10 -3.57
8/4/2005 Ollilla 11:55 AM 4.10 4.32 0.22 5.37 2.80 2.96 0.16 5.71

8/1/2005 Vale 10:45 AM 4.55 4.65 0.10 2.20 2.70 2.88 0.18 6.67
8/2/2005 Vale 1:26 PM 4.30 4.07 -0.23 -5.35 2.60 2.48 -0.12 -4.62
8/3/2005 Vale 10:44 AM 4.30 3.99 -0.31 -7.21 2.50 2.42 -0.08 -3.20
8/4/2005 Vale 12:15 PM 4.30 4.39 0.09 2.09 2.70 2.69 -0.01 -0.37  
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Table 16. Reach 3 Manning’s n values. 

Canal Section Canal Mile Manning's n
Beals to Lee 18.6 - 20.6 0.010
Lee to Lull 20.6 - 21.5 0.009

Lull to Cottonwood 21.5 - 22.1 0.010
Cottonwood to Foos 22.1 - 22.7 0.022

Foos to Ollilla 22.7 - 23.7 0.017
Ollilla to Vale 23.7 - 26.4 0.017

Vale to 69C-0001 26.4 - 28.1 0.030
69C-0001 to Wasteway 28.1 - 43.8 0.025  

Table 17. Reach 3 discharge coefficient values. 

Check
Structure Orifice/Gate Weir

Lee 0.50 2.6
Lull 0.50 2.6

Cottonwood 0.60 2.0
Foos 0.45 2.6
Ollilla 0.65 2.6
Vale 0.50 2.6

Discharge Coefficients

 

The Reach 3 calibration was validated using data for monitoring period dates 

8/8/2005 – 8/11/2005. For the validation period flows were collected at the Beals Check 

on 8/8, 8/9, and 8/11. Observed versus modeled Beals flows are presented in Table 18 

and observed versus modeled flows at the Vale Flume for the period are presented in 

Figure 15. Also presented in Figure 15 are the measured flow at the Beals Check and the 

calculated flow at the Beals Check using measurements and equations for each check 

chamber (gate and weir) (Olson, 2006). Observed versus modeled upstream and 

downstream depths at the check structures are presented in Table 19. 

Table 18. Beals Check flow, observed vs. modeled for 8/8/2005 – 8/11/2005. 

Flow (FloMate) Model Flow Percent
Date/Time [cfs] [cfs] Error [%]

8/8/05 8:40 AM 119.6 122.4 2.34
8/9/05 11:40 AM 119.5 117.4 -1.77
8/11/05 9:50 AM 107.5 106.4 -1.02  
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Figure 15. Vale Flume flow, observed vs. modeled for 8/8/2005 – 8/11/2005. 

Table 19. Reach 3 check depths, observed vs. modeled for 8/8/2005 – 8/11/2005. 

US US (I Node) DS DS (O Node)
Check Observed Observed Modeled Difference Percent Observed Modeled Difference Percent

Date Structure Time Depth (ft) Depth (ft) (ft) Error (%) Depth (ft) Depth (ft) (ft) Error (%)
8/8/2005 Lee 10:31 AM 3.70 3.51 -0.19 -5.14 2.70 2.78 0.08 2.96
8/9/2005 Lee 12:15 PM 3.50 3.42 -0.08 -2.29 2.50 2.71 0.21 8.40
8/11/2005 Lee n/a n/a n/a n/a n/a n/a n/a n/a n/a

8/8/2005 Lull 10:41 AM 5.10 5.29 0.19 3.73 4.80 5.19 0.39 8.13
8/9/2005 Lull 12:25 PM 4.90 5.23 0.33 6.73 4.65 5.14 0.49 10.54
8/11/2005 Lull 10:11 AM 4.85 4.98 0.13 2.68 4.60 4.90 0.30 6.52

8/8/2005 Cottonwood 10:50 AM 3.75 3.77 0.02 0.53 3.50 3.39 -0.11 -3.14
8/9/2005 Cottonwood 12:36 PM 3.50 3.71 0.21 6.00 3.20 3.34 0.14 4.38
8/11/2005 Cottonwood 10:18 AM 3.45 3.48 0.03 0.87 3.20 3.17 -0.03 -0.94

8/8/2005 Foos 10:55 AM 4.90 4.95 0.05 1.02 2.30 2.32 0.02 0.87
8/9/2005 Foos 12:43 PM 4.80 4.92 0.12 2.50 2.10 2.26 0.16 7.62
8/11/2005 Foos 10:24 AM 4.80 4.79 -0.01 -0.21 2.30 2.05 -0.25 -10.87

8/8/2005 Ollilla 11:02 AM 4.10 3.87 -0.23 -5.61 2.60 2.47 -0.13 -5.00
8/9/2005 Ollilla 12:53 PM 3.75 3.80 0.05 1.33 2.35 2.41 0.06 2.55
8/11/2005 Ollilla 10:33 AM 3.70 3.55 -0.15 -4.05 2.30 2.24 -0.06 -2.61

8/8/2005 Vale 11:25 AM 4.20 3.88 -0.32 -7.62 2.50 2.24 -0.26 -10.40
8/9/2005 Vale 1:16 PM 3.85 3.77 -0.08 -2.08 2.40 2.17 -0.23 -9.58
8/11/2005 Vale 10:54 AM 3.75 3.41 -0.34 -9.07 2.20 1.93 -0.27 -12.27  
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The Reach 3 calibration period was also validated using data for monitoring 

period dates 8/15/2005 – 8/17/2005. The validation period flows were collected at the 

Beals Check on 8/15, 8/16, and 8/17. Observed versus modeled Beals flows are presented 

in Table 20. The difference between Flo-Mate and equation calculations for Beals flows 

during this period was significant so an average value of the two was used because it was 

unclear as to which was more accurate.  Observed versus modeled flows at the Vale 

Flume for the period are presented in Figure 16. Also presented in Figure 16 are the 

measured flow at the Beals Check and the calculated flow at the Beals Check using 

measurements and equations for each check chamber (gate and weir) (Olson, 2006). 

Observed versus modeled upstream and downstream depths at the check structures are 

presented in Table 21. 

Table 20. Beals Check flow, observed vs. modeled for 8/15/2005 – 8/17/2005. 

Calculated Flow Flow (FloMate) Model Flow % Error % Error
Date/Time [cfs] [cfs] [cfs] Calculated FloMate

8/15/05 11:40 AM 101.0 87.8 94.2 -6.75 7.29
8/16/05 10:15 AM 92.8 76.9 84.4 -9.08 9.75
8/17/05 10:55 AM 83.0 64.9 72.4 -12.82 11.56  
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Figure 16. Vale Flume flow, observed vs. modeled for 8/15/2005 – 8/17/2005. 
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Table 21. Reach 3 check depths, observed vs. modeled for 8/15/2005 – 8/17/2005.  

US US (I Node) DS DS (O Node)
Check Observed Observed Modeled Difference Percent Observed Modeled Difference Percent

Date Structure Time Depth (ft) Depth (ft) (ft) Error (%) Depth (ft) Depth (ft) (ft) Error (%)
8/15/2005 Lee 12:03 PM 2.95 2.71 -0.24 -8.14 2.00 2.15 0.15 7.50
8/16/2005 Lee 10:41 AM 2.75 2.39 -0.36 -13.09 1.85 1.95 0.10 5.41
8/17/2005 Lee 11:12 AM 2.50 1.89 -0.61 -24.40 1.65 1.55 -0.10 -6.06

8/15/2005 Lull 12:13 PM 4.20 4.60 0.40 9.52 4.00 4.53 0.53 13.25
8/16/2005 Lull 10:51 AM 4.10 4.35 0.25 6.10 3.85 4.29 0.44 11.43
8/17/2005 Lull 11:20 AM 3.90 3.72 -0.18 -4.62 3.65 3.66 0.01 0.27

8/15/2005 Cottonwood 12:22 PM 2.80 3.12 0.32 11.43 2.20 2.56 0.36 16.36
8/16/2005 Cottonwood 11:02 AM 2.60 2.87 0.27 10.38 1.75 2.35 0.60 34.29
8/17/2005 Cottonwood 11:31 AM 2.40 2.22 -0.18 -7.50 1.40 1.72 0.32 22.86

8/15/2005 Foos 12:28 PM 3.70 4.21 0.51 13.78 1.80 1.70 -0.10 -5.56
8/16/2005 Foos 11:10 AM 3.40 4.00 0.60 17.65 1.70 1.61 -0.09 -5.29
8/17/2005 Foos 11:47 AM 2.90 3.38 0.48 16.55 1.60 1.44 -0.16 -10.00

8/15/2005 Ollilla 12:37 PM 3.20 2.90 -0.30 -9.38 2.30 2.05 -0.25 -10.87
8/16/2005 Ollilla 11:20 AM 2.90 2.75 -0.15 -5.17 2.00 1.96 -0.04 -2.00
8/17/2005 Ollilla 11:55 AM 2.70 2.41 -0.29 -10.74 2.00 1.77 -0.23 -11.50

8/15/2005 Vale 1:00 PM 3.50 3.34 -0.16 -4.57 2.00 1.66 -0.34 -17.00
8/16/2005 Vale 11:43 AM 3.10 3.23 0.13 4.19 1.85 1.60 -0.25 -13.51
8/17/2005 Vale 12:02 PM 2.40 2.71 0.31 12.92 1.90 1.41 -0.49 -25.79  

Discussion 

During the calibration period the modeled flow produced nearly correct depth 

results at the Vale Flume when the water orders were added up for Reach 3 

(approximately 8 – 14 cfs over the period) and combined with the seepage and 

evaporation losses (8 cfs). During the validation periods the outflows between the Beals 

Check and the Vale Flume included assumed evaporation and seepage losses (8 cfs) and 

water orders/deliveries (~ 8-10 cfs) and produced fair results within the + 13% range.  

For the calibration period 8/1/2005 – 8/4/2005 the simulated depths were all 

within + 12% of the observed with the majority being + 8% of observed depths. The 

simulated depths for the first validation period 8/8/2005 – 8/11/2005 were all within + 

13% of the observed with the majority being + 8% of observed.  The check depth results 

for second validation period 8/15/2005 – 8/17/2005 certainly varied more than the 

calibration period and first validation period with a simulated range of + 35%. When 
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percent differences were compared, the validation period did not seem to match observed 

that well; however, the actual depth differences were similar when compared to the 

calibration and first validation periods. The flows were lower during 8/15/2005 – 

8/17/2005, thus lower depths resulting in higher percentage errors for depths.  

The resulting Manning’s n parameters from the Beals Check outlet to the 

Cottonwood Check and Siphon are unusually low. It would seem that this may be due to 

the siphon pipe size being too small in the model, restricting flow, and increasing the 

upstream depths, but BOR drawings are available for this check and siphon and are 

modeled according to the drawings. Another likely reason for the low Manning’s n 

parameters is that it is accounting for general cross sectional changes or morphology and 

sedimentation since the survey data was collected in 1986. The discharge coefficients did 

not vary as much as other reaches. The Foos Check fell into a discharge coefficient 

pattern observed in the first two reaches; the Foos Check has one larger gate that led to a 

lower discharge coefficient as did the Sorenson and the Stinkwater Checks. The Vale 

Check gate and weir discharge coefficients differed from those that Rolland (2005) found 

in her investigations; this study: 0.5 and 2.6, Rolland: 0.65 and 3.0. The differences may 

be due to more recently discovered submergence issues at the Vale Flume. Rolland 

(2005) was unclear whether or not submergence corrections at the Vale Flume were taken 

into account in the check calibration investigation.   

Results Summary 

The compiled calibration results for check structure depth differences and percent 

differences on the upstream and downstream sides are presented in Table 22 and 

histograms in Figure 17 and Figure 18, respectively. There were a total of 131 depth 



  44

measurements simulated during calibration. The compiled validation results are presented 

in Table 23 and histograms in Figure 19 and Figure 20, respectively. There were 164 total 

depth measurements simulated during the validation periods. Notice that the histograms 

show an approximately normal distribution about zero for the simulated depths meaning 

that the model did not simulate with trends of over or under predicting. The calibration 

simulated depths were + 10% of the observed depths 99% of the simulations and + 5% 

for 89% of the simulations. The validation simulated depths were + 10% of the observed 

depths 89% of the simulations and + 5% for 66% of the simulations. 

The resulting Manning’s n values and orifice and weir discharge coefficients for 

the entire South Canal are presented in Table 24 and Table 25. 

Table 22. Upstream and downstream calibration results statistics. 

US US DS DS
Difference  (ft) % Difference Difference  (ft) % Difference

maximum 0.25 5.56 0.36 11.30
minimum -0.31 -9.68 -0.22 -8.15
average 0.00 -0.12 0.03 0.91
std dev 0.13 3.23 0.12 3.47  

 

Table 23. Upstream and downstream validation results statistics. 

US US DS DS
Difference  (ft) % Difference Difference  (ft) % Difference

maximum 0.76 17.65 0.64 34.29
minimum -0.61 -24.40 -0.49 -25.79
average 0.01 -0.13 -0.01 -0.70
std dev 0.27 6.81 0.27 8.60  
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Figure 17. Upstream and downstream calibration results difference (ft) histogram. 
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Figure 18. Upstream and downstream calibration results % difference histogram. 
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Figure 19. Upstream and downstream validation results difference (ft) histogram. 
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Figure 20. Upstream and downstream validation results % difference histogram. 
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Table 24. South Canal Manning’s n values. 

Canal Section Canal Mile Manning's n
Dam to Meyer 0 - 1 0.015
Meyer to Todd 1 - 5 0.015
Todd to Eide 5 - 6.2 0.031

Eide to Sorenson 6.2 - 7.7 0.019
Sorenson to BFRS I 7.7 - 8 0.039

BFRS O to Stinkwater 8 - 9.4 0.023
Stinkwater to Minor 9.4 - 11 0.022

Minor to 12.5  11 - 12.5 0.027
12.5 to Kiery 12.5 - 15.1 0.032

Kiery to Simmons 15.1 - 16.2 0.022
Simmons to Whitewood 16.2 - 17.4 0.024

Whitewood to Beals 17.4 - 18.6 0.028
Beals to Lee 18.6 - 20.6 0.010
Lee to Lull 20.6 - 21.5 0.009

Lull to Cottonwood 21.5 - 22.1 0.010
Cottonwood to Foos 22.1 - 22.7 0.022

Foos to Ollilla 22.7 - 23.7 0.017
Ollilla to Vale 23.7 - 26.4 0.017

Vale to 69C-0001 26.4 - 28.1 0.030
69C-0001 to Wasteway 28.1 - 43.8 0.025  

 

Table 25. South Canal check structure discharge coefficient values. 

Check
Structure Orifice/Gate Weir

Meyer 0.67 3.0
Todd 0.67 3.3
Eide 0.60 3.1

Sorenson 0.30 1.5
Stinkwater 0.40 2.6

Minor 0.70 3.0
Anderson 1.00 3.3

12.5 0.65 2.8
Kiery 0.60 2.6

Simmons 0.55 2.6
Whitewood 1.00 3.3

Beals 0.70 2.8
Lee 0.50 2.6
Lull 0.50 2.6

Cottonwood 0.60 2.0
Foos 0.45 2.6
Ollilla 0.65 2.6
Vale 0.50 2.6

Discharge Coefficients
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SENSITIVITY ANALYSIS 

A sensitivity analysis was conducted on the South Canal SWMM model after the 

calibration/validation of Reaches 1 through 3 was completed. The check structures at the 

three most important locations along the South Canal were used to assess the sensitivity 

of the model; the Sorenson (mile 8), Beals (mile 19), and Vale (mile 26) Checks. The 

model parameters adjusted were main canal Manning’s n roughness coefficients and 

check structure orifice and weir discharge coefficients. Check structure depths and their 

sensitivity to the parameters were the focus of the sensitivity analysis.  

The model was run using a typical mid-to-upper range dam release of 250 cfs. 

The check structure settings were as normally seen during each respective reach (1 – 3) 

monitoring period and Reach 4 checks were all set at fifty percent open. In order to 

observe only the effect of the parameters being adjusted no turnouts or laterals were used 

to take flow out of the system. If turnouts/laterals were used the outflows would fluctuate 

with canal depth and therefore produce indeterminate depth changes during the analysis. 

In order to simulate controlled outflows, which were necessary to prevent system 

flooding, pumps were used to discharge amounts that were consistent and independent of 

canal depth. The pumping rates were determined for each reach by evaluating the normal 

mid-to-upper range of flows at the key flow measuring structures.   

Manning’s n was adjusted + 10% and + 25% for each of the three checks, which 

were analyzed separately. Manning’s n was adjusted using two different methods. First, it 

was adjusted over the entire length of the South Canal. Second, it was adjusted to the 

nearest upstream and downstream checks of the check being analyzed. The results for the 

first method are presented in Table 26, which contains Manning’s n, upstream (US) and 
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downstream (DS) depth, and discharge percent changes. Also shown in the table are 

results of relative percent sensitivity, S, for upstream and downstream depths and 

discharge. Relative percent sensitivity is calculated by dividing the percent change in the 

model result by the percent change in the parameter, and a larger S value indicates higher 

sensitivity.  The results for the second method of Manning’s n adjustment are presented 

in Table 27, which contains the same information as Table 26 except the discharge results 

because they were found to be insignificant during the first method analysis.  

There were two observed patterns that developed from the sensitivity analysis of 

Manning’s n roughness coefficient. The first observed pattern was that Manning’s n has a 

greater effect on the downstream side of check structures. The downstream depth was 

affected more for all three checks and for both methods of parameter adjustment. Possible 

explanation is that the downstream depths are most often significantly less than the 

upstream depths with the exception of siphon check structures. Depths of lesser value 

become more sensitive in terms of percent changes than greater depths.     

The second observed pattern was that check structure depths become increasingly 

sensitive to changes in Manning’s n farther downstream, which was true for both 

methods of parameter adjustment. A possible explanation for this pattern is that when 

Manning’s n is adjusted over the entire length of canal it will have a cumulative effect on 

the flow as it travels down the canal, thus affecting downstream checks more than those 

located close to the Dam. 



  50

Table 26. Sensitivity analysis results for Manning’s n method 1. 

Check 
Structure

Manning's n   
% Change

US Depth   
% Change

DS Depth  
% Change

Discharge  
% Change

US Depth 
S

DS Depth 
S

Discharge
S

Sorenson -25 -4.22 -7.19 0.19 0.17 0.29 -0.007
-10 -1.74 -3.13 0.06 0.17 0.31 -0.006
10 1.74 3.12 -0.19 0.17 0.31 -0.019
25 4.47 7.81 -0.25 0.18 0.31 -0.010

Beals -25 -6.59 -13.47 0.35 0.26 0.54 -0.014
-10 -2.33 -5.18 0.09 0.23 0.52 -0.009
10 2.33 4.66 -0.09 0.23 0.47 -0.009
25 5.43 11.92 -0.26 0.22 0.48 -0.011

Vale -25 -11.08 -20.69 0.44 0.44 0.83 -0.018
-10 -2.77 -5.91 0.11 0.28 0.59 -0.011
10 2.77 5.91 -0.11 0.28 0.59 -0.011
25 6.77 14.29 -0.33 0.27 0.57 -0.013  

Table 27. Sensitivity analysis results for Manning’s n method 2. 

Check 
Structure

Manning's n  
% Change

US Depth  
% Change

DS Depth  
% Change

US Depth  
S

DS Depth 
S

Sorenson -25 -3.97 -6.88 0.16 0.28
-10 -1.74 -2.81 0.17 0.28
10 1.74 3.12 0.17 0.31
25 4.47 7.81 0.18 0.31

Beals -25 -6.95 -12.44 0.28 0.50
-10 -2.70 -5.18 0.27 0.52
10 1.93 4.66 0.19 0.47
25 5.02 11.40 0.20 0.46

Vale -25 -7.38 -13.79 0.30 0.55
-10 -2.77 -5.91 0.28 0.59
10 2.77 5.42 0.28 0.54
25 6.77 13.79 0.27 0.55  

 
Orifice and weir discharge coefficients were adjusted + 25% using three different 

methods. First, both orifice and weir discharge coefficients were all adjusted at the same 

time for each particular check structure. Second, only the orifice discharge coefficients 

were adjusted and third, only the weir discharge coefficients were adjusted. The results 

for all three situations are presented in Table 28, which contains discharge coefficient and 

upstream (US) depth percent changes, and relative percent sensitivity, S. The downstream 
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depth results are not presented because they were not affected by the discharge 

coefficients. 

The discharge coefficient effects on check structure depths seemed to be variable 

and depend on the particular check structure. The Beals has the larger discharge 

coefficient values for both orifice and weir of the three checks analyzed; thus it makes 

sense that it was the most sensitive to parameter adjustment. Following the same 

reasoning it makes sense that the Vale was moderately sensitive and the Sorenson was the 

least sensitive. Note that the same pattern of check sensitivity order was followed for the 

orifice only adjustment. However, in the weir only adjustments the Sorenson was the 

most sensitive, which may be explained by the relative size of the weirs present at the 

Sorenson. Although all three checks have two adjustable weirs apiece, the Sorenson has 

two weirs that are larger by 3 to 4 feet than those of the Beals and the Vale. It is also 

important to note that the orifice discharge coefficient had a significantly larger effect 

than the weir discharge coefficient, which may be explained by the way that flow is 

conveyed through each respective control structure. The sluice gate orifices convey water 

underneath and the weirs convey water over the top, thus the sluice gates have larger 

head pressure that control flow conveyance.   

Table 28. Sensitivity analysis results for orifice & weir discharge coefficients. 

Check 
Structure

Discharge 
Coefficient    
% Change

Orifice & Weir 
US Depth      
% Change

Orifice     
US Depth 
% Change

Weir       
US Depth 
% Change

Orifice & Weir 
US Depth     

S

Orifice   
US Depth  

S

Weir      
US Depth  

S
Sorenson -25 12.16 5.21 4.71 -0.49 -0.21 -0.19

25 -6.70 -4.22 -3.72 -0.27 -0.17 -0.15

Beals -25 30.23 25.97 0.78 -1.21 -1.04 -0.03
25 -28.29 -28.29 -0.39 -1.13 -1.13 -0.02

Vale -25 18.77 16.92 0.31 -0.75 -0.68 -0.01
25 -12.62 -12.62 -0.31 -0.50 -0.50 -0.01  
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In summary, check structure depth sensitivity to Manning’s n adjustments 

depended on the depths usually occurring at the check, and the checks distance 

downstream from the dam. Check structure depth sensitivity to discharge coefficient 

adjustments depended on the number of orifices (gates) and weirs, and the magnitude of 

the calibrated discharge coefficients. Sensitivity plots of the Sorenson, Beals, and Vale 

Checks under the conditions described above are shown below in Figure 21, Figure 22, 

and Figure 23. 
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Figure 21. Sorenson Check sensitivity analysis plot. 
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Figure 22. Beals Check sensitivity analysis plot. 
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Figure 23. Vale Check sensitivity analysis plot. 
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MODEL VALIDATION 2006 

Data for the model validation was collected during the 2006 irrigation season, 

which started on June 7th. Data was only collected for a few weeks due to time and effort 

being focused on unforeseen problems with new equipment and technology installed in 

the BFID. The 2006 model validation was done using fewer assumptions than the 

calibration/validation using 2005 data. First, continuous Johnson Lateral return flows on 

Reach 1 were collected using a data logger and pressure transducer at the return box weir 

and calculated flows were put into the model as time series data. Second, more ditch rider 

communication was conducted in order to correctly model the time of structure setting 

changes at check structures and turnouts/laterals. The ditch riders filled out a structure 

setting change sheet daily that was used to address the changes in the model. Third, 

newly available real-time data were used to enter observed Dam releases into the model 

as time series data.  

Flush Wave 

Travel times of the leading edge of water were collected from personal 

observations by the author or ditch riders during the initial season flush. The flush is done 

every season at the start up to clean debris out of the canal prior to deliveries. A 

comparison of the observed and model predicted arrival times of the front edge of the 

South Canal flush wave was conducted. The flush Dam release was approximately 77 cfs 

released at 6:30 am on Wednesday, June 7. The flush was modeled with all check 

structure gates and weirs 100% open, all turnouts/laterals closed, and all seepage and 

evaporation losses in effect (1 cfs/mile). During the flush the water was checked up and 

released out of wasteways at the Anderson, Whitewood, and Perry Checks for 1 hour, 1 



  55

hour 45 minutes, and 4 hours, respectively. These checked up wasting times were 

modeled accordingly and the nearby upstream head gate was opened 100% to serve as the 

wasteway.  

The observed versus modeled arrival times are presented in Table 29. The 

observed travel times to the BFRS Flume and Vale Flume were 8 hours 40 minutes and 

37 hours 30 minutes, respectively.  The model predicted all flush wave arrival times 

within 2 hours. Most of the modeled arrival times were earlier than observed, which may 

be explained by additional losses or slower travel rates due to the wetting front and dry 

canal conditions at start up.  

Table 29. June 7, 2006 flush wave arrival time model comparison. 

Sorenson Check 6/7 3:10 PM ----- 2:30 PM -40 min
BFRS Flume 6/7 3:30 PM ----- 2:50 PM -40 min

Anderson Check 6/7 8:00 PM 9:00 PM 8:30 PM +30 min
Whitewood Check 6/8 6:30 AM 8:15 AM 5:10 AM -1 hr 20 min
Cottonwood Check 6/8 2:00 PM ----- 12:30 PM -1 hr 30 min

Culvert DS S.C. 23.5 6/8 4:10 PM ----- 2:40 PM -1 hr 30 min
Vale Check 6/8 8:00 PM ----- 6:00 PM -2 hr
Perry Check 6/9 5:00 AM 9:00 AM 3:30 AM -1 hr 30 min

Meade Check 6/9 10:30 AM ----- 11:40 AM +1 hr 10 min

South Canal 
Location

Modeled 
Arrival Times

Observed 
Arrival 
Times Modeled Difference

Checked Up 
Waste 

ReleasedDate

 

Reach 1:  6/19/2006 – 6/22/2006 

Check structure and turnout/lateral data was collected on Reach 1 during the dates 

6/19/2006 – 6/22/2006. Dam releases for the period ranged from 190 cfs to 305 cfs. 

Continuous real-time flow data at the Dam Flume was available and used in the model. 

Continuous flow data at the BFRS Flume was unavailable over the period due to newly 

installed real-time data equipment issues, thus daily staff gage measurements were used. 

Downstream data at turnouts/laterals with a weir box or flume were collected and used to 
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assess the model outflows. Where downstream flow data did not exist on the 

turnouts/laterals the water cards and ditch rider input were used to assess the model 

outflows where water was actually being delivered.  

The modeled flows at the BFRS Flume versus the observed daily measurement 

flows are presented in Figure 24. The modeled BFRS Flume flows matched well towards 

the beginning of the simulation. However, modeled flows were approximately 25 cfs 

(10%) and 17 cfs (7%) lower than the observed towards the end of the simulation. It 

seems that largest difference on 6/21 may be a timing issue. The resulting modeled check 

structure depths versus observed are presented in Table 30. The model predicted all of the 

check structure depths within 10%, except for two extreme low values of – 11% and – 

16%.  
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Figure 24. BFRS Flume flow, observed vs. modeled for 6/19/2006 – 6/22/2006. 
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Table 30. Reach 1 check depths, observed vs. modeled for 6/19/2006 – 6/22/2006. 

US US US Percent DS DS DS Percent
Check Observed Observed Modeled Difference Error Observed Modeled Difference Error

Date Structure Time Depth (ft) Depth (ft) (ft) (%) Depth (ft) Depth (ft) (ft) (%)
6/19/2006 Meyer 10:30 AM 2.45 2.43 -0.02 -0.82 1.80 1.78 -0.02 -1.11
6/21/2006 Meyer 11:40 AM 3.00 3.24 0.24 8.00 2.40 2.37 -0.03 -1.25
6/22/2006 Meyer 11:18 AM 3.20 3.52 0.32 10.00 2.40 2.59 0.19 7.92

6/19/2006 Todd 11:18 AM 5.25 5.24 -0.01 -0.19 3.90 4.17 0.27 6.92
6/21/2006 Todd 11:17 AM 5.50 5.80 0.30 5.45 5.00 5.22 0.22 4.40
6/22/2006 Todd 11:49 AM 5.80 6.36 0.56 9.66 5.20 5.55 0.35 6.73

6/19/2006 Eide 11:51 AM 4.15 4.14 -0.01 -0.24 3.60 3.18 -0.42 -11.67
6/21/2006 Eide 11:50 AM 5.20 5.20 0.00 0.00 4.30 4.06 -0.24 -5.58
6/22/2006 Eide 12:03 PM 5.35 5.52 0.17 3.18 4.50 4.31 -0.19 -4.22

6/19/2006 Sorenson 12:17 PM 4.10 3.41 -0.69 -16.83 2.85 3.03 0.18 6.32
6/20/2006 Sorenson 12:10 PM 4.30 3.91 -0.39 -9.07 3.20 3.44 0.24 7.50
6/21/2006 Sorenson 12:08 PM 4.70 4.47 -0.23 -4.89 3.60 3.92 0.32 8.89
6/22/2006 Sorenson 12:18 PM 4.90 4.71 -0.19 -3.88 3.80 4.12 0.32 8.42       

Reaches 1 – 3: 7/11/2006 – 7/14/2006 

Check structure and turnout/lateral data was collected on Reaches 1 through 3 

during the dates 7/11/2006 – 7/14/2006. Continuous data was available real-time at the 

South Canal Dam Flume, BFRS Flume, Beals Check, and Vale Flume. Problems with the 

downstream pressure transducer in the Vale Flume caused submergence to be unavailable 

over the validation period. A daily submergence calculation was done each day from staff 

gage readings at the flume and submergence values were 81%, 81%, and 82%. The 

submergence correction was approximately 2 cfs for each single measurement. Because 

submergence was not available from the real time data, the 2 cfs was assumed constant 

and taken off the logger recorded flow values.  Downstream flow measuring devices, 

water cards, and ditch rider structure setting change sheets were used to assess the system 

outflow changes. Automated check structures functioning during the period were the 

Beals, Cottonwood, and Vale Checks and were simulated in the model. 

For the validation period 7/11/2006 – 7/13/2006 the South Canal Dam releases 

ranged from 315 cfs to 345 cfs. The observed versus modeled flows at each of the major 
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flow measuring structures on the South Canal are presented in Figure 25, Figure 26, and 

Figure 27. The worst case modeled flows differed from observed flows by approximately 

– 5 cfs (2%) at the BFRS Flume, and – 5 cfs (3%) at the Beals Check. The modeled 

versus observed flows at the Vale Flume produced more variability and differed by as 

much as – 12 cfs (8%). As discussed for the model calibration of Reach 3, accuracy at the 

Vale Flume is somewhat limited due to submergence and the accuracy has an attenuating 

negative effect by the time it reaches the end of Reach 3. The resulting observed versus 

modeled check structure depths are presented in Table 31. The check structure depths 

simulated by the model had results similar to the 2005 calibration/validation periods with 

most modeled values being + 10% and a few values exceeding that range, which were 

consistently at or near automated check structures where depths are relatively cyclic and 

unstable. 
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Figure 25. BFRS Flume flow, observed vs. modeled for 7/11/2006 – 7/14/2006. 
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Figure 26. Beals Check flow, observed vs. modeled for 7/11/2006 – 7/14/2006. 
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Figure 27. Vale Flume flow, observed vs. modeled for 7/11/2006 – 7/14/2006. 
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Table 31. Check structure depths, observed vs. modeled for 7/11/2006 – 7/14/2006. 

US US US Percent DS DS DS Percent
Check Observed Observed Modeled Difference Error Observed Modeled Difference Error

Date Structure Time Depth (ft) Depth (ft) (ft) (%) Depth (ft) Depth (ft) (ft) (%)
7/11/2006 Meyer 8:08 AM 3.45 3.79 0.34 9.86 2.95 2.78 -0.17 -5.76
7/11/2006 Todd 8:55 AM 5.60 6.17 0.57 10.18 5.30 5.70 0.40 7.55
7/11/2006 Eide 9:11 AM 5.30 5.47 0.17 3.21 4.60 4.51 -0.09 -1.96
7/11/2006 Sorenson 9:33 AM 4.95 4.91 -0.04 -0.81 4.50 4.19 -0.31 -6.89
7/11/2006 Stinkwater 10:21 AM 6.30 6.41 0.11 1.75 5.80 5.79 -0.01 -0.17
7/11/2006 Minor 12:30 PM 5.00 4.96 -0.04 -0.80 5.20 5.38 0.18 3.46
7/11/2006 Anderson 12:47 PM 5.40 5.16 -0.24 -4.44 8.65 8.64 -0.01 -0.12
7/11/2006 12.5 1:00 PM 6.35 6.20 -0.15 -2.36 6.25 6.03 -0.22 -3.52
7/11/2006 Kiery 1:30 PM 4.80 5.26 0.46 9.58 4.00 4.10 0.10 2.50
7/11/2006 Simmons 1:46 PM 4.40 4.53 0.13 2.95 3.00 2.91 -0.09 -3.00
7/11/2006 Whitewood 1:58 PM 5.90 5.42 -0.48 -8.14 4.80 5.15 0.35 7.29
7/11/2006 Beals 2:22 PM 4.35 4.24 -0.11 -2.53 3.25 3.15 -0.10 -3.08
7/11/2006 Lee 2:45 PM 4.00 4.28 0.28 7.00 2.60 2.93 0.33 12.69
7/11/2006 Lull 2:54 PM 4.95 5.24 0.29 5.86 4.80 5.10 0.30 6.25
7/11/2006 Cottonwood 3:00 PM 3.40 3.54 0.14 4.12 2.60 3.01 0.41 15.77
7/11/2006 Foos 3:11 PM 3.95 4.34 0.39 9.87 2.95 2.77 -0.18 -6.10
7/11/2006 Ollilla 3:20 PM 4.20 4.27 0.07 1.67 2.75 2.90 0.15 5.45
7/11/2006 Vale 3:37 PM 4.00 4.00 0.00 0.00 2.65 2.88 0.23 8.68

7/12/2006 Meyer 10:25 AM 3.30 3.63 0.33 10.00 2.50 2.67 0.17 6.80
7/12/2006 Todd 10:40 AM 5.50 6.05 0.55 10.00 5.10 5.60 0.50 9.80
7/12/2006 Eide 10:52 AM 5.10 5.41 0.31 6.08 4.50 4.50 0.00 0.00
7/12/2006 Sorenson 11:05 AM 4.90 5.06 0.16 3.27 4.70 4.36 -0.34 -7.23
7/12/2006 Stinkwater 11:30 AM 6.25 6.34 0.09 1.44 5.80 5.73 -0.07 -1.21
7/12/2006 Minor 11:39 AM 5.10 4.93 -0.17 -3.33 5.25 5.34 0.09 1.71
7/12/2006 Anderson 11:45 AM 5.40 5.11 -0.29 -5.37 8.60 8.59 -0.01 -0.12
7/12/2006 12.5 12:02 PM 6.35 6.18 -0.17 -2.68 6.25 6.01 -0.24 -3.84
7/12/2006 Kiery 12:10 PM 4.80 5.25 0.45 9.38 4.00 4.10 0.10 2.50
7/12/2006 Simmons 12:16 PM 4.50 4.53 0.03 0.67 3.20 2.90 -0.30 -9.38
7/12/2006 Whitewood 12:23 PM 6.00 5.41 -0.59 -9.83 5.10 5.15 0.05 0.98
7/12/2006 Beals 12:30 PM 4.30 4.24 -0.06 -1.40 3.40 3.16 -0.24 -7.06
7/12/2006 Lee 12:53 PM 4.15 4.28 0.13 3.13 2.95 2.94 -0.01 -0.34
7/12/2006 Lull 1:00 PM 5.00 5.24 0.24 4.80 4.80 5.11 0.31 6.46
7/12/2006 Cottonwood 1:04 PM 3.40 3.55 0.15 4.41 2.70 3.02 0.32 11.85
7/12/2006 Foos 1:10 PM 4.10 4.34 0.24 5.85 3.20 2.78 -0.42 -13.13
7/12/2006 Ollilla 1:14 PM 4.40 4.28 -0.12 -2.73 2.90 2.90 0.00 0.00
7/12/2006 Vale 1:21 PM 4.00 4.07 0.07 1.75 2.50 2.71 0.21 8.40

7/13/2006 Meyer 10:48 AM 3.25 3.56 0.31 9.54 2.55 2.61 0.06 2.35
7/13/2006 Todd 11:00 AM 5.40 5.76 0.36 6.67 5.10 5.44 0.34 6.67
7/13/2006 Eide 11:10 AM 5.10 5.24 0.14 2.75 4.30 4.36 0.06 1.40
7/13/2006 Sorenson 11:20 AM 4.80 4.88 0.08 1.67 4.50 4.17 -0.33 -7.33
7/13/2006 Stinkwater 11:48 AM 6.10 6.30 0.20 3.28 5.50 5.70 0.20 3.64
7/13/2006 Minor 11:58 AM 4.90 4.87 -0.03 -0.61 5.00 5.29 0.29 5.80
7/13/2006 Anderson 12:02 PM 5.10 5.03 -0.07 -1.37 8.40 8.52 0.12 1.43
7/13/2006 12.5 12:09 PM 6.20 6.13 -0.07 -1.13 6.05 5.97 -0.08 -1.32
7/13/2006 Kiery 12:20 PM 4.75 5.21 0.46 9.68 3.95 4.06 0.11 2.78
7/13/2006 Simmons 12:26 PM 4.25 4.49 0.24 5.65 2.95 2.87 -0.08 -2.71
7/13/2006 Whitewood 12:35 PM 5.75 5.37 -0.38 -6.61 4.70 5.11 0.41 8.72
7/13/2006 Beals 1:01 PM 4.15 4.20 0.05 1.20 3.25 2.89 -0.36 -11.08
7/13/2006 Lee 12:53 PM 3.70 4.00 0.30 8.11 2.50 2.75 0.25 10.00
7/13/2006 Lull 1:07 PM 4.75 5.09 0.34 7.16 4.65 4.97 0.32 6.88
7/13/2006 Cottonwood 1:10 PM 3.40 3.46 0.06 1.76 2.30 2.66 0.36 15.65
7/13/2006 Foos 1:14 PM 3.70 4.06 0.36 9.73 2.70 2.60 -0.10 -3.70
7/13/2006 Ollilla 1:18 PM 4.00 4.09 0.09 2.25 2.70 2.79 0.09 3.33
7/13/2006 Vale 1:29 PM 4.00 4.00 0.00 0.00 2.40 2.82 0.42 17.50  
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Discussion 

A few changes were made to the model either prior to or during the validation 

runs. First, the 12.5 Check culvert diameters were unknown at the time of model 

calibration with 2005 data. The model was developed with an assumed 4.5 feet diameter 

that was used during the calibration process. Prior to the 2006 irrigation season the 

culvert diameters were measured to be 5.5 feet and the model was changed accordingly. 

The adjustment of the 12.5 Check culverts produced minimal effects on nearby upstream 

and downstream reaches, which may be explained by the culverts not being at full 

capacity even at high flows. Second, locations of main canal lining were determined from 

the BFID manager and Water Master to be most of the canal between the Todd Check 

and the Beals Check. During the validation simulations the lined stretch of main canal 

was assumed to have no seepage or evaporation losses and the loss pumps were turned 

off in the model. Third, errors in depth measurements at the Sorenson Check collected 

during the 2005 irrigation season were observed during the 2006 irrigation season 

monitoring. The Sorenson Check discharge coefficients were re-calibrated to the correct 

depth measurements during the validation period simulations with minimal effects on 

nearby reaches. The resulting orifice and weir discharge coefficients at the Sorenson 

Check were 0.5 and 2.6, respectively. The updated discharge coefficient values fit more 

into an expected range and better match other calibrated values. 

During the validation runs there was a water balance problem observed on Reach 

1, which was also being observed by the BFID manager and ditch rider in the field. It 

seemed that the canal was gaining water somewhere between the Dam Flume and the 

BFRS Flume. The ditch rider was certain he was delivering the correct amount of water, 
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but the difference in flow between the Dam Flume and the BFRS Flume indicated that he 

was delivering 6 – 8 cfs less than he should have been. The model simulations were 

producing similar results; the observed BFRS Flume flows were approximately 6 – 8 cfs 

higher than the model was predicting. As verification, both outside staff gages that the 

ditch rider reads were checked against the calibrated staff gages inside the stilling wells at 

the flumes. The BFRS Flume staff gage was calibrated correctly; however, the Dam 

Flume staff gage was reading 0.04 feet less than the stilling well gage. Thus, there was 

approximately 6 – 8 cfs (U.S. Bureau of Reclamation, 2001) more being released from 

the Dam than expected. With the Dam staff gage calibrated correctly, the water balances 

better matched up in reality and in the model simulations.   

Results Summary 

During the 2006 validation periods with upstream and downstream depths 

compiled (134 measurements), 94% of the simulated depths were within + 10% of 

observed, 58% within + 5%, and 40% within + 2.5%. The model validation of 2006 

produced results similar to the model calibration/validation of 2005. However, the 

validation results were slightly skewed to the positive, which may be explained by 

variability in the water balances. 
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MODEL APPLICATION 

In order for the model to fit into the BFID daily routine a structured system must 

be developed. There are three necessary updating steps required in order to run the South 

Canal model each morning: update simulation dates and times, update Dam release and 

Johnson Lateral return time series data, and update structure setting control rules. Since 

the model will be used as a predictive tool, best guess predictions of Dam releases, 

Johnson Lateral returns, check structure adjustments, and turnout/lateral adjustments 

must also be assessed. A possible structured scenario of preparing the model simulation 

for the day might be as follows: 

1. Modeler updates the dates and times for the day’s simulation. 

2. Water cards are entered into database, summarized, and used to 

determine the day’s or period of days projected Dam release. Modeler 

updates Dam release time series data. 

3. Some means of predicting Johnson Lateral return flows are assessed, 

perhaps an average of the last day or few days. Modeler updates 

Johnson Lateral return flows time series data. 

4. Ditch riders give modeler a sheet of structure setting changes made 

during the previous day with times and adjusted measurements. 

Modeler updates control rules to simulate current structure settings. 

5. Modeler uses water cards and ditch rider input to assess any farmer 

turnout shut-offs or turn-ons, and also any major lateral increases or 
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decreases expected during the simulated day or period of days. Modeler 

updates control rules to simulate expected water delivery changes. 

6. The model is run simulating up-to-date BFID system characteristics to 

predict possible scenarios for the day or period of days. 

There are a couple of options concerning how the model can be used, which will 

depend on what exactly the modeling objective is. First, the model could be run as a 

whole, from the Dam to the Wasteway, with the only real-time flow inputs being Dam 

releases and Johnson Lateral returns. Running the model as a whole may be beneficial in 

assessing effects on the lower reaches of the South Canal from upstream changes or Dam 

releases, and the travel times that may be expected for these effects to reach specific 

locations. It is important to keep in mind the complexity and attenuating variability 

further downstream. Second, the model could be broken down into individual ditch rider 

rides where real-time data is available at the beginning and end of the ride, such as the 

South Canal Dam Flume, BFRS Flume, Beals Check, and Vale Flume. The model could 

be broken down even further as more real-time flow sites become available in the BFID. 

A possible benefit of breaking the model into rides is that the model can be easily 

corrected at each real-time flow site with actual data. Inputting correct real-time flow data 

would lead to less variability on each ride, which is especially important for the lower 

reaches of the canal. The model being run for an individual ride would also make it easier 

to analyze and predict possible scenarios and situations specific to the ride. Each 

modeling situation may have its own beneficial uses and applications that would be 

determined by the objective of the situation. 
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The model could also be used to obtain information on check structures 

throughout the South Canal. The model could be used to run different flow scenarios at 

check structures to obtain a range of possible settings for optimal operation. There are 

two or three common flow regimes that should be looked at with the model, each varying 

with the flow demand for each particular reach (Olson, 2006). The model calibration was 

completed with a priority on check structures and the goal of producing useful outputs 

that will aid the ditch riders in making decisions on setting their check structure gates and 

weirs. The district could also use the model for timing issues. The model will allow the 

district to predict when changes at the Dam will affect the flow and water stages at 

various locations along the South Canal. These predictions will better allow the ditch 

riders to get to their structures at the optimal time and adjust them to account for 

fluctuations in the canal. The ditch riders accounting for canal fluctuations will lead to 

more accurate deliveries and reduce the amount of nonused water applied to fields. 
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RECOMMENDATIONS AND CONCLUSIONS 

Recommendations for Future Modeling Efforts 

The following recommendations will help the BFID improve operational 

efficiency in an overall effort to reduce nonused irrigation return flows to the Belle 

Fourche River system by 12,000 acre-feet by the year 2015. Recommendations are 

provided for BFID hydraulic computer modeling efforts (in no particular order): 

1. Complete Development of Physical Data: It is recommended to have the 

model development data as complete as possible. All means of data 

collection should be exhausted prior to building the North Canal model, 

including possible surveying efforts. It would be best to not have to 

interpolate or make educated guesses on the input data as was done on 

some sections of the South Canal. Calibrating a model to sections of 

unknown elevation or geometry data proved to be frustrating and less 

satisfying. Additional effort could also be put into completing the 

missing data of the South Canal, such as the check structure elevations 

in Table 5. This additional effort may improve the South Canal model. 

2. Collecting More Accurate Check Depth Data: The methods of taking 

check structure upstream and downstream depths used during the 2005 

irrigation season monitoring can be improved upon. Rather than taking 

the relative upstream measurement from water surface to top of 

structure concrete at a chamber divider where backwater effects are 

present, it would be better to take the measurement at the very edge of 

the canal, perhaps in front of the automatic weir. On the edge of the 
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canal there are no visible backwater effects and the water is quite 

tranquil allowing for a more accurate relative measurement. The same 

measurement should be employed on the downstream side of the check 

structure. In 2005 a direct downstream depth measurement was taken in 

the middle of the canal where it is most turbulent. A more accurate 

measurement could be obtained by taking a relative water surface to top 

of concrete measurement at the edge of the canal. The water at the edge 

of the canal on the downstream side is more tranquil than the middle of 

the canal, but still more turbulent than the upstream side. Note that 

taking relative measurements on the downstream side may require 

different depth conversions at certain check structures that have drops, 

such as the Beals Check. 

3. Collecting More Accurate Flow Measurements: During the 2005 

monitoring season the 0.6-depth method was employed at the Beals 

Check flow measurements with the Flo-Mate device. This method is 

only suggested and accurate for depths less than two feet. Depths at the 

Beals Check measurement location were consistently greater than two 

feet and the two-point method should have been employed. The two-

point method is more time consuming, but leads to more accurate 

results. It is recommended that future hand measured flows at all sites 

be conducted using the two-point method.   

4. Modeling Primed Laterals/Turnouts: As discussed previously, primed 

laterals/turnouts are important in assessing system outflows. It is time- 
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consuming to balance observed lateral/turnout head gate structure 

settings with actual measured outflows or water orders by artificially 

controlling and adjusting the modeled head gate settings. Additional 

effort should be made in modeling the lateral and turnout systems off 

the main canal, especially those that are used the majority of the 

irrigation season and those that convey significant amounts of water 

from the main canal. These additional modeling efforts are 

recommended for the South Canal in the next phase of the project. A 

temporary solution for addressing primed laterals/turnouts may be to 

calibrate each model head gate by adjusting its discharge coefficient to 

obtain a more accurate match between stem height and discharge.  

5. Collection of Johnson Lateral Return Flows: The Johnson Lateral return 

flows are a significant issue in calculating the South Canal Reach 1 

water balance as discussed previously. 2006 monitoring data shows that 

the returns are as high as 12 cfs with an average of 5 cfs. Continuous 

data should be collected at the Johnson Lateral return box just before it 

enters the South Canal. The return box has a weir in it that can be used 

to calculate flow from continuous stage data. This continuous flow data 

could then become a time series input into the hydraulic model and will 

provide for a more complete water balance assessment. Similar data 

collection efforts should be made high priority on the North Canal if 

necessary. 
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6. Continuous Data at Each Check Structure: Especially in efforts towards 

calibration and validation of a hydraulic model, it would be beneficial to 

have continuous data collected at each check structure along the reach 

being assessed. One advantage to having continuous data at each check 

is that it would provide a graphical indication of the time any structure 

settings were changed either at the check structure or at the nearby 

upstream head gates. Also, the continuous stage data could be converted 

to approximate continuous flow data through the use of standard orifice 

and weir equations and calibrated discharge coefficients. This would 

provide a more detailed assessment of the water balance between points 

on the canal, which would be useful in quantifying and correctly placing 

system outflows. Also, having continuous data at the beginning and end 

of a reach is a must for calibration purposes, as discussed for the Beals 

Check structure.  

7. South Canal Vale Flume to Wasteway Model Calibration: If found to be 

valuable by the BFID manager or personnel, effort should be put into 

extensive monitoring and data collection to complete the calibration of 

the South Canal model from the Vale Flume to the Wasteway, 

approximately miles 26.4 to 44. As discussed previously, the South 

Canal model was developed for the entire length of the canal, but was 

only calibrated and validated from the Dam to the Vale Flume. A 

complete calibration will improve the model’s usefulness as a tool.  
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8. Ditch Rider Communication: A model cannot be properly calibrated, 

validated, or implemented if the system operation dynamics cannot be 

assessed. It is of utmost importance to be on the same page with the 

ditch riders, the operators who are constantly making changes to the 

system. For the South Canal model to be implemented and used in the 

future it will be important to have some form of documented system 

structure conditions. The information needed from the ditch riders is 

when a check or head gate structure was adjusted and how much it was 

adjusted. This will be necessary for keeping continuous model 

simulations up to date and useful. The same ditch rider interaction and 

information is essential in providing the district with a well calibrated 

and validated North Canal model.  

Conclusions 

This research focused on improving the operational efficiency of the BFID 

through the development and implementation of a hydraulic computer model for the 

South Canal using EPA SWMM 5.0. The model was developed over the entire 44 miles 

of the South Canal from the Dam to the Wasteway. Field monitoring was conducted 

during the 2005 irrigation season and the collected data was used to calibrate the first 

26.4 miles of the South Canal model, from the Dam to the Vale Flume. The model was 

also validated using data from monitoring periods in addition to the calibration 

monitoring periods. A sensitivity analysis was conducted on the model to assess its 

sensitivity to the calibrated parameters and identify the crucial parameters and important 

trends in parameter adjustments effects on model results. Additional data were collected 
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during the 2006 irrigation season and used to validate the model. The 2006 validation 

employed fewer assumptions, mainly Johnson Lateral return flows were collected, and 

times of Dam releases and structure setting changes were known from real-time data and 

thorough ditch rider interaction. The model produces simulation results that do not over 

or under predict and present no skew to the positive or negative. The simulated depths 

during 2005 calibration/validation were + 10% of the observed depths 94% of the 

simulations and + 5% for 77% of the simulations. The simulated depths during 2006 

validation were + 10% of the observed depths 94% of the simulations and + 5% for 58% 

of the simulations.  The model is fully capable of simulating the entire BFID irrigation 

system and all of its structural components, including automated check structure gates. 

The model will provide the district with a useful tool and reference that will aid them in 

making decisions concerning system operation and structure adjustment. The improved 

operational efficiency of the BFID will reduce nonused irrigation return flows and reduce 

the TSS loads entering the Belle Fourche River system. 
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APPENDIX F 
 

OPERATIONAL MODEL OF THE  
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