
 

 

REASSESSMENT OF COYOTE CREEK 
CHANNEL MANAGEMENT REQUIREMENTS 

 
Prepared for  

 
Marin County Flood Control and 

Water Conservation District 
 
 
 

Prepared by 
 

Philip Williams & Associates, Ltd. 
 
 
 
 
 
 
 
 
 

January 10, 2005 
 
 

PWA REF. # 1721  

 
 
 
 
 
 
 

 

720 California Street, Suite 600, San Francisco,  CA  94108-2404
tel: 415.262.2300  fax: 415.262.2303

email:  sfo@pwa-ltd.com 



P:\Projects\1721_Coyote_Creek_OM_Analysis\Task8_Reporting\1721_Final_Report_Out.doc 

01/13/05 

January 10, 2005 
 
Tracy Clay 
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P. O. Box 4186 
San Rafael, CA 94913-4186 
 
RE: REASSESSMENT OF COYOTE CREEK CHANNEL MANAGEMENT 
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 PWA Ref. # 1721 
 
 
Dear Tracy, 
 
We are pleased to provide Marin County Flood Control and Water Conservation District two color copies 
of the final report. Also enclosed at the end of each report is a DVD that contains an electronic copy of 
the final report in pdf format as well as pertinent digital files for your records, i.e. precipitation data and 
ArcGIS shapefiles. 
 
We greatly appreciate the opportunity to work with the District on this project and believe that it 
represents an exceptional opportunity to combine tidal wetland enhancement with reduced dredging costs. 
 
Please contact me if you have any further questions. 
 
Sincerely, 
PHILIP WILLIAMS & ASSOCIATES, LTD. 
 
 
 
 
Chris Campbell, M.S. 
Associate 
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tel: 415.262.2300  fax: 415.262.2303
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Services provided pursuant to this Agreement are intended solely for the 
use and benefit of the Marin County Flood Control and Water 
Conservation District. 
 
No other person or entity shall be entitled to rely on the services, 
opinions, recommendations, plans or specifications provided pursuant to 
this agreement without the express written consent of Philip Williams & 
Associates, Ltd., 720 California Street, 6th Floor, San Francisco,CA  
94108.
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1. INTRODUCTION 
 
1.1 PROJECT UNDERSTANDING 
 
Coyote Creek is a US Army Corps of Engineers (USACE) flood control channel that is managed by 
Marin County Flood Control and Water Conservation District (the County) according to an Operations 
and Maintenance (O&M) manual dating back to the mid-1960’s. The County periodically surveys the 
channel to determine whether dredging is required to restore the channel to its design cross section. 
However, reassessment of the maintenance regime for this channel project is warranted for at least three 
reasons: 
 

1. Part of the basis for the channel’s maintenance design was the eventual placement of fill along the 
downstream margins of the channel, just upstream from Richardson Bay. This part of the channel 
project was never completed, nor is it expected to be.  

2. There is more data available as a basis to estimate channel design hydrology. 

3. The regulatory agencies overseeing dredging operations have become considerably more oriented 
toward limiting disturbance to habitat whenever possible. 

 
As a result, the County is currently interested in obtaining answers to the following questions associated 
with the earthen reaches of the Coyote Creek flood channel: 
 

1. Does lower Coyote Creek currently require dredging to pass the design discharge? 

2. What channel dimensions are required to pass the design discharge? 

3. What are the equilibrium dimensions of the lower Coyote Creek channel under current 
conditions? 

4. What are the differences between the current equilibrium dimensions, the current dimensions, and 
the dimensions required to pass the design discharge? 

5. How much additional tidal prism would be required to create a system in which the channel 
dimensions required to pass the design discharge would be equal to the equilibrium dimensions? 

6. What is the recurrence interval of the design discharge based on the full history of available data, 
and what is the discharge associated with the level of storm protection originally intended by this 
project? 

7. What changes in the maintenance manual to reduce costs and habitat disturbance are 
recommended? 

8. What potential projects could help increase tidal scour for channel maintenance and thereby 
reduce dredging requirements? 

 
This report addresses these questions and provides a basis for consideration of management alternatives 
for the Coyote Creek flood control channel. 
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2. SUMMARY OF FINDINGS AND RECOMMENDATIONS 
 
The following is a brief summary of the work performed by Philip Williams and Associates (PWA) in 
support of the findings and recommendations: 
 

1. The O&M Manual was reviewed to identify existing hydrologic and hydraulic analyses and 
potential revisions to the manual to reduce maintenance costs and habitat disturbance for present-
day operations. 

2. Hydrologic models were developed for Coyote Creek and Arroyo Corte Madera del Presidio 
watersheds. The Arroyo Corte Madera del Presidio hydrologic model was used to calibrate the 
runoff parameters of the Curve Number method. The Coyote Creek hydrologic model was used to 
develop revised flood discharges for the 20-year level of storm protection. 

3. Conceptual alternatives were developed to increase the tidal prism tributary to the lower reaches 
of the flood channel based on the principle of increasing tidal scour to promote a natural scouring 
regime downstream of Highway 1. By increasing the tidal prism tributary to the flood channel, it 
may be possible to develop a channel that would be able to convey the 20-year flood event with 
minimal flood hazards and reduced annual maintenance. 

4. Steady-state hydraulic models were developed for the Coyote Creek flood channel to assess the 
performance of the flood channel under various hydraulic and hydrologic conditions as a means 
of considering alternative management options.  

 
2.1 KEY FINDINGS 
 
Major findings from the O&M Manual review include the following: 
 

1. The manual does not meet present-day USACE requirements for manuals addressing 
operation, maintenance, repair, replacement, and rehabilitation of a flood channel. 

 
Major findings from the hydrologic analysis include the following: 
 

2. Calibration of the hydrologic model was limited to frequent flood events because the 
observed data for larger flood events included missing or erroneous precipitation and/or stage 
records. 

3. Calibration of the hydrologic model runoff parameters was based on adjusting initial 
estimates of the pervious fraction of the weighted curve number, initial estimates of percent 
directly-connected impervious area, and including baseflow. The pervious fraction was 
reduced by 18 percent, the directly connected impervious area was increased by 40 percent, 
and the baseflow was held constant at 10 cfs/mi2.  
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4. Revised peak discharge estimates for the Coyote Creek flood channel downstream of the 
Tennessee Creek confluence using calibrated runoff parameters for wet antecedent moisture 
conditions increased 12 percent from the original design discharge of 1750 cfs to 1952 cfs. 

 
Major findings from the conceptual alternatives analysis include the following: 
 

5. Alternative 4 was selected as the preferred conceptual alternative because it maximized the 
reasonably available area and potential tidal prism tributary to the flood channel. The 
available area to be connected to the flood channel included 32 additional acres of existing 
and proposed future marsh habitat. 

6. It would require another 30 acres of mature marsh area beyond the proposed 32 acres (e.g., 
roughly one and a half times the size of Bothin Marsh) or 40 ac-ft of tidal prism (e.g., roughly 
four times the current condition tidal prism upstream of Highway 1) to achieve equilibrium 
conditions equivalent to the Design Condition (DC) channel width. 

 
Major findings from the hydraulic analysis include the following: 
 

7. The maximum discharge for the Equilibrium Condition (EC), Revised Design Condition 
(RC), and Alternative Condition (AC) scenarios as contained by the left levee concrete wall 
with approximately zero freeboard was modeled to be 1,830, 2,400, and 2,280 cfs 
downstream of the Tennessee Creek confluence, respectively, which roughly corresponds to 
the 15-, 58-, and 45-year flood events. 

8. In the DC scenario, the freeboard in the reach downstream of Highway 1 meets the USACE 
design freeboard criterion of 0.5 feet. (In the remaining model scenarios, freeboard was not 
addressed in this reach as the anticipated overbank fill in this reach was never placed.) 

9. In all of the model scenarios, except for the EC and those assessing maximum performance, 
there is freeboard in excess of the USACE design freeboard criteria of 0.5 feet on the left 
levee between Highway 1 and Flamingo Road. The location of minimum freeboard in all 
model scenarios is at RS 4150 in the vicinity of the Tennessee Creek confluence. 

10. In all of the model scenarios, except for the DC, there is a no freeboard on the right levee 
between Highway 1 and Flamingo Road at RS 4000 where there is a depression in the levee 
that allows flood waters to inundate Tennessee Valley Road and at RS 4400 just downstream 
of Flamingo Road where flood waters are predicted to overtop the levee and inundate 
residences. 

11. In all of the model scenarios, except for the EC, there is freeboard in excess of 0.5 feet on 
both levees between Flamingo Road and the concrete channel. The location of minimum 
freeboard in all model scenarios is at RS 4500 on the left levee just upstream of Flamingo 
Road. 

12. In all of the model scenarios, there is less than the USACE design freeboard criterion of 1 
foot in the concrete channel with the greatest deficiency occurring between RS 5500 and 
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5800 due to the simulated presence of a hydraulic jump. Should discharges in the upstream 
sections of the concrete channel increase and/or shift to subcritical flow due to increased 
roughness, there would be a much higher risk of overtopping the levee. 

13. Common to all water surface profiles was the presence of supercritical flow in the concrete 
channel and the rise in flow depth downstream of the stilling basin that suggests the location 
of a hydraulic jump. While it was the intent of the original flood channel design to contain a 
hydraulic jump in the riprap transition downstream of the stilling basin (USACE, 1959), the 
simulated hydraulic jump is actually predicted to occur within the concrete channel between 
RS 5800 and 6100. It is possible that the hydraulic jump is triggered by the change in flow 
width downstream of RS 6550, where the channel transitioned from 13 feet wide to 16 feet 
wide at RS 6300.  

14. The earthen reach of the flood channel would likely erode during a flood event given that the 
typical value for the critical shear stress for erosion of San Francisco Bay muds is roughly 
0.007 lb/ft2 (Harrison & Owen, 1971). However, the depth of erosion would be dependent on 
the actual erodibility of the muds and flood duration. 

15. The shear stress in the earthen reach downstream of Highway 1 is the lowest in the Current 
Condition (CC) scenario, likely because of the larger width of the channel. 

16. The shear stress in the earthen reach upstream of Highway 1 is the lowest in each of the EC 
scenarios, likely due to the backwater effect caused by the flow constriction at the trestle 
bridge at the mouth of Coyote Creek. 

17. The spikes in shear stress at the trestle bridge and at Highway 1 indicate an increased 
potential for scour. 

18. For the earthen reach of the flood channel, the average channel velocity ranges from 2 to 6 
ft/sec and increases with increasing discharge. The exception is the EC scenario where the 
velocity decreases with increasing discharge due to the backwater effect caused by the flow 
constriction at the trestle bridge. 

19. For the concrete reach of the flood channel, the average channel velocity ranges from 9 to 17 
ft/sec, with the higher velocities being associated with supercritical flow. 

20. The flow in the flood channel is well within the subcritical range downstream of RS 5800, 
except at the trestle bridge for the EC scenarios where the flow is constricted. 

21. The flow in the concrete channel upstream of RS 6100 is supercritical as intended by the 
original design, but is only weakly supercritical, which helps to explain why the flow easily 
transitions to subcritical flow within the concrete channel following the slight expansion.  

22. In weakly supercritical flow, undulations in the flow surface can occur near critical depth if 
small disturbances are present in the channel, increasing the risk of channel overtopping. 

23. The hydraulic jump predicted for the concrete channel appears to be quite weak, and would 
be classified as an undular jump. These are characterized by a wave train; the train’s initial 
wave is particularly high. This type of jump may therefore pose a greater flood hazard than 
would a stronger jump. 
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2.2 ANSWERS TO KEY QUESTIONS 
 
The following are answers to key questions proposed by the County at the initiation of this study: 
 

1. Does the earthen reach downstream of Highway 1 currently require dredging to pass the design 
discharge? 

 
In its current condition, the earthen reach downstream of Highway 1 does not require dredging to 
pass the design discharge provided that the isolated depressions in the levee on the right bank at 
RS 4000 and RS 4400 are addressed. The simulated freeboard in the earthen reach downstream of 
the concrete channel is in excess of the design criteria 0.5 feet.  

 
2. What channel dimensions are required to pass the design discharge? 

 
The channel dimensions in the earthen reach downstream of Highway 1 are variable in the 
scenarios we simulated. Based on hydraulic model results, the channel dimensions represented in 
the CC, DC, RC, and AC scenarios would all pass the design discharge provided that the isolated 
depressions in the levee on the right bank at RS 4000 and RS 4400 are addressed. However, if 
maintenance of the 1.0 feet of design freeboard in the concrete channel is an additional criterion, 
then further analyses are recommended to determine if such channel dimensions exist that would 
also achieve the design freeboard in the concrete channel. 

 
3. What are the equilibrium channel dimensions of the earthen reach downstream of Highway 1 

should the County cease dredging in this reach? 
 

The parabolic channel dimensions for the EC in reference to MHHW include a top width of 46 
feet and a maximum flow depth of 7.2 feet. 

 
4. What are the differences in the channel dimensions in the earthen reach downstream of Highway 

1 for the equilibrium condition, current condition, and condition required to pass the design 
discharge? 

 
Continuing on from the answer to Question 3: the channel dimensions for the CC have an 
approximate top width of 100 feet at MHHW and channel depth of 5 feet; the trapezoidal channel 
dimensions for the DC include a top width of roughly 92 feet at an elevation of 4 feet NGVD 29 
and a bottom width of 30 feet with 4H:1V sideslopes for a depth of 7.8 feet; and the parabolic 
channel dimensions for the AC in reference to MHHW include a top width of 68 feet and 
maximum flow depth of 8.3 feet. 
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5. How much additional tidal prism would be required to create a system in which the channel 
dimensions required to pass the design discharge would be equal to the equilibrium dimensions? 

 
Based on the answer to Question 2, the AC can pass the design discharge. To create the 
equilibrium channel dimensions envisioned for the AC would require connecting roughly 32 
acres of existing and proposed future marsh habitat with a tidal prism of 13 ac-ft to the flood 
channel. To create equilibrium channel dimensions that coincide with the DC would require 
finding an additional 30 acres of marsh habitat or creating an additional 40 ac-ft of tidal prism. 

 
6. What is the recurrence interval of the design discharge based on the full history of available data, 

and what is the discharge associated with the level of storm protection originally intended for the 
project? 

 
The level of protection intended by the original flood channel design for future build-out 
conditions was for the 20-year storm event and called for the containment of 1750 cfs in flood 
channel in the vicinity of Highway 1 with freeboard. Based on analyses performed in this study, 
the revised flood discharge associate with 20-year storm event and current build-out conditions 
increased 12 percent to 1952 cfs. Using the revised hydrology, it was estimated that the original 
flood discharge at Highway 1 now has a decreased level of protection approximating the 12-year 
event. 

 
7. What changes in the maintenance manual to reduce costs and habitat disturbance are 

recommended? 
 

Please refer to the O&M Manual recommendations below. 
 

8. What potential projects could help increase tidal scour for channel maintenance and thereby 
reduce dredging requirements? 

 
The conceptual alternatives outlined in this analysis offer excellent potential to increase tidal 
scour and reduce dredging requirements. 

 
2.3 RECOMMENDATIONS 
 
Recommendations to revise the current O&M Manual include the following: 
 

1. Add a section to identify the expected performance of the project. 

2. Update the section that identifies that part of the project has not been transferred to Marin 
County. 

3. Divide the discussion of inspection, maintenance, and monitoring into separate sections or 
subsections so as to clarify requirements for each. 
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4. Add inspection after nearby earthquakes of a significant size. 

5. Clarify the role and responsibilities of the District Engineer. 

6. Include a specific section on emergency operations, describing the chain of command, the 
communications network, available local assistance, guidance on implementing specific measures 
as appropriate. 

7. Identify specific triggers for maintenance to include those for dredging and vegetation 
management. 

8. Identify specific periodic monitoring requirements that can be used as indicators of the need for 
maintenance as well as specific monitoring actions that will help to establish the performance of 
the channel.  

9. Identify expectations for what maintenance actions will accomplish and how those actions will be 
performed. 

10. If the public access features adjacent to the project are part of the project, the entity responsible 
for their operation and maintenance should be identified. 

 
Recommendations based on the hydrologic modeling include the following: 
 

11. Continue to operate and maintain the ALERT station (No. 1833) on Arroyo Corte Madera del 
Presidio. Calibration of the hydrologic model should ideally be performed on larger flood events. 

12. Establish additional monitoring sites to record precipitation and stage-discharge at nested 
locations within Arroyo Corte Madera del Presidio and/or Coyote Creek watersheds. The nested 
monitoring sites could be used to refine the calibration of the runoff parameters between rural and 
urban land uses. 

 
Recommendations based on the hydraulic modeling include the following: 
 

13. Establish monitoring sites to record stage-discharge at a minimum of three locations to assess 
channel performance and assist in calibration of model roughness. 

14. Model the concrete reach of the flood channel in greater detail to assess the likelihood of 
subcritical flow, risk for overtopping, and location of the hydraulic jump. 

15. Consider replacing the trestle bridge with a less constricting structure to potentially reduce flood 
hazards and enhance scour upstream of the bridge. 
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3. PROJECT DESIGN HISTORY 
 
The US Army Corps of Engineers’ (1959) document entitled Detailed Project Report on Coyote Creek, 
Marin County, California provides the project design history, as described below. 
 
The Coyote Creek flood control project was designed in 1959 and included approximately 2,950 feet of 
concrete channel and 4,150 feet of earthen channel. It was envisioned to contain a 20-year recurrence 
interval peak flow of 1,750 cfs downstream of the Tennessee Creek confluence. Freeboard of 0.5 feet was 
provided in the lowest reach, extending to just downstream of Highway 1, 1.0 feet of freeboard in most of 
the concrete section upstream, and an unspecified amount of freeboard in excess of 1 foot at the transition 
zone, designed to contain the unstable flow from a predicted transition from supercritical to subcritical 
flow. Roughness values were assumed to be 0.025 in the earthen reach and 0.014 in the concrete sections. 
A downstream boundary of 2.7 feet, identified as equivalent to mean higher high water, was used for the 
hydraulic design analysis. 
 
The project Design Memorandum indicates that a project controlling a 100-year (standard project flood) 
level of protection was considered but abandoned when it was not found to be economically justified. 
Such a flood was estimated to have a peak flow of 2,350 cfs downstream of the Tennessee Creek 
confluence and 1,350 cfs upstream of the confluence. The proposed channel was predicted to 
“practically” carry this flood without freeboard. 
 
Original plans calling for a slightly more extensive project were modified in the final design stage. Plans 
for an even longer concrete-lined section were abandoned after it was recognized that the underlying bay 
muds would put a concrete channel at high risk of failure due to uneven settlement. The concept of 
providing protection against a higher flow rate was modified after it was recognized that the project 
needed to fit the available local funds and that the level of predicted financial benefit would be similar 
despite a somewhat lesser level of protection. 
 
The document noted that the area had been subject to a substantial degree of recent development, and that 
fill and channel realignment had already occurred to facilitate this development. The reach of creek 
channel from a point 450 feet upstream of Highway 1 had been relocated to the north edge of the valley, 
leaving adjacent lands south of the new channel at a lower elevation than the channel bank. Fill at the bay 
side was constructed higher than the fill on the lands upstream, creating ponding areas when overbank 
flows occur. The proposed project envisioned that development pressure would cause this type of fill 
placement to continue. At the Bothin Marsh reach, the design assumed that the area between Highway 1 
and the Railroad Bridge would be filled to 6.0 feet mean sea level to facilitate development, 1 foot above 
the level above which damage was estimated to begin. 
 
The maintenance envisioned for the project consisted of both annual (or more frequent) removal of silt in 
the earthen section, as well as periodic placement of additional fill along channel banks in the earthen 
section to maintain elevations despite anticipated settlement. It was suggested that excavated silt could be 
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spread within the right of way to maintain bank elevations. No specific mention was made of the potential 
need to remove deposits from the concrete-lined reach. 
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4. REVIEW OF O&M MANUAL 
 
The US Army Corps of Engineers’ (1965) document entitled Coyote Creek Local Flood Protection 
Project: Operation and Maintenance Manual (hereinafter referred to as the O&M Manual) was reviewed 
to identify potential its need for revision and improvement.  
 
4.1 BACKGROUND 
 
US Army Corps of Engineers’ current requirements for the contents of operations and maintenance 
manuals for projects like the Coyote Creek Flood Channel are set out in their Engineer Regulation 1110-
2-401 (available at http://www.usace.army.mil/inet/usace-docs/eng-regs/er1110-2-401/entire.pdf ). Such 
manuals, presently referred to as Operation, Maintenance, Repair, Replacement, and Rehabilitation (or 
OMRR&R) manuals, are expected to address a specific set of topics that is somewhat more extensive than 
those covered in the O&M Manual, published nearly forty years ago: 
 

1. General 
2. Authorization 
3. Location 
4. Pertinent Information 
5. Construction History 
6. Project Performance 
7. Project Cooperation Agreement 
8. Operation 
9. Emergency Operations 
10. Maintenance and Inspection 
11. Surveillance 
12. Repair, Replacement, and Rehabilitation 
13. Notification of Distress 

 
Some of the topics listed above that are covered in the O&M Manual are currently expected to contain 
more detail than was apparently required in 1965. Other topics were not addressed at all in the 1965 
document. 
 
4.2 RECOMMENDATIONS 
 
Our recommendations for revision of the O&M Manual are as follows: 

1. Add a section to identify the expected performance of the project. 

2. Update, if appropriate, the section that identifies that part of the project has not been transferred 
to Marin County (p. 2). 

3. Divide the discussion of inspection, maintenance, and monitoring (called “surveillance” in ER 
1110-2-401) into separate sections or subsections so as to clarify requirements for each. As 
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appropriate, divide discussion by project reach or component type (e.g., earthen channel, concrete 
channel, levee, etc.). 

4. Add inspection after nearby earthquakes of a significant size. 

5. Clarify the role and responsibilities of the District Engineer. 

6. Include a specific section on emergency operations, describing the chain of command, the 
communications network, available local assistance, guidance on implementing specific measures 
as appropriate (e.g., typical details for sandbagging, stage monitoring, conditions that would 
trigger emergency operations). 

7. Identify specific triggers for maintenance (e.g., dredging, restoration of top of bank elevations, 
vegetation thinning or removal). The triggers for dredging might be average depth of deposition 
(or average bed elevation), loss of conveyance area below a certain profile, failure for a hydraulic 
model to predict a water surface profile be at or below a certain profile when bed elevations are 
adjusted to reflect current conditions, or other approaches. For example, dredging might be 
required once 0.5 feet of deposition above the design bed elevation had occurred at two or more 
cross sections within a given reach. Restoration of bank elevations might be triggered by lowered 
bank elevation at any one monitoring location downstream of Highway 1 by 0.25 feet below 
design, or 0.5 feet below design upstream of Highway 1. Triggers for vegetation management 
might be failure to meet certain quantifiable criteria (e.g., no woody vegetation on the bed or 
banks below the bottom of the freeboard stage) or failure to match depictions of acceptable 
vegetative conditions (e.g., as described by a schematic drawing, text description, or photograph). 

8. Identify specific periodic monitoring requirements (e.g., measurement of depth of deposition on 
concrete channel bed at specific locations, surveying of specific cross-sections) that can be used 
as indicators of the need for maintenance. Also identify specific monitoring actions that will help 
to establish the performance of the channel; at minimum, these should include the installation of 3 
or more stage gauges that could be visually monitored during larger flood events and the data 
recorded for a periodic evaluation of performance.  

9. Identify expectations for what maintenance actions will accomplish. In addition to specifying a 
given bed elevation and width (to be equal to or less than and equal to or greater than, 
respectively) as well as side slope by reach, this criteria for dredging may include, for example, 
non-disturbance of the soil surface on at least one bank, as a means to reduce habitat impacts. The 
criteria for vegetation management may be elimination of woody vegetation within part of the 
cross section. 

10.  If the public access features adjacent to the project are part of the project, the entity responsible 
for their operation and maintenance should be identified. The nature of the responsibility may 
also be delineated. 

 
If significant differences exist in the permitting difficulty and/or cost of removing sediment from the 
upper and lower reaches of the channel, it may be desirable to evaluate the merits of a revised sediment 
maintenance program that would include more frequent dredging of the upstream reach as a means of 
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reducing the frequency of need for downstream dredging. If developed, such a program could be reflected 
in a supplement to the O&M Manual. 
 
4.3 CONSIDERATIONS 
 
Different environmental requirements and opportunities may apply to the O&M Manual if it is being 
supplemented, replaced, or revised. For example, current environmental review requirements could be 
triggered by a replacement. Alternatively, a significant revision could create the opportunity to develop a 
multi-year permit with the regulatory agencies. The tradeoffs between replacing, revising, and 
supplementing the manual should therefore be explored before selecting an update strategy. 
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5. HYDROLOGIC MODELING 
 
5.1 MODEL DEVELOPMENT 
 
Following the original hydrology study (USACE, 1959) for the Coyote Creek Flood Control project 
(USACE, 1965), new data has become available. PWA used this new data to develop two hydrologic 
models in HEC-HMS (USACE, 2003) for the present study using the Soil Conservation Service (SCS) 
Curve Number (CN) method (SCS, 1985). The first hydrologic model was developed for the Coyote 
Creek watershed. The second hydrologic model was developed for the Arroyo Corte Madera Del Presidio 
watershed. The latter hydrologic model was used for calibration of the CN method. 
 
This new data that has become available since 1959 as a basis to estimate revised hydrology includes the 
following: 
 

� Local depth-duration-frequency (DDF) data (Goodridge, 2004) in neighboring Mill Valley; 

� Mean annual precipitation (MAP) mapping (Daly et al., 2003) based on PRISM (Parameter-
elevation Regression on Independent Slopes Model) data sets; 

� Current land use mapping for Marin County (ABAG, 2002); 

� Soils mapping for Marin County (NRCS, 2000); 

� Updated topographic mapping for Marin County at 5-foot contours (MCFC&WCD, 
unpublished); and 

� Observed rainfall and stream stage from an ALERT gage in neighboring Arroyo Corte Madera 
Del Presidio (MCFC&WCD, unpublished). 

 
5.1.1 Runoff Methodology 
 
5.1.1.1 Runoff Volume 
 
The SCS CN method was selected for the present study due to its ease of application and wide use 
throughout California. The CN method estimates precipitation excess as a function of cumulative 
precipitation, land use, hydrologic soil type, directly connected impervious area, topography, and 
antecedent moisture conditions using the following equation: 
 

 
( )

SIP
IP

P
a

a
e +−

−
=

2

 (5-1) 

 
where Pe denotes the accumulated excess precipitation at time t, P denotes the accumulated precipitation 
at time t, Ia denotes the initial abstraction or loss, and S denotes the potential maximum retention or the 
ability of a watershed to abstract and retain precipitation. Runoff only occurs when the accumulated 
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precipitation exceeds the abstraction and retention. Incremental excess for a time interval is computed as 
the difference between the accumulated excess at the end of and beginning of the time interval. 
 
The initial abstraction and potential maximum retention are defined as follows: 
 
 SI a 2.0=  (5-2) 

 

 101000
−=

CN
S  (5-3) 

 
where the potential maximum retention is related to the watershed characteristics through CN. Curve 
number values range from 100 for water bodies to approximately 30 for permeable soils with high 
infiltration rates. 
 
5.1.1.2 Runoff Hydrograph 
 
The SCS synthetic unit hydrograph was used to transform the excess precipitation into a runoff 
hydrograph. The unit hydrograph in the CN method is dependent on the subwatershed lag time, which is 
calculated as: 
 

 
( )

5.07.0

7.08.0

1900
91000

YCN
CNLtl

−
=  (5-4) 

 
where tl denotes the lag time in hours, L denotes the hydraulic length measured along the principal water 
course in feet, CN denotes the runoff curve number, and Y denotes the average land slope in percent. The 
above equation is applicable for curve numbers ranging from 50 to 95 (Ponce, 1989). 
 
5.1.1.3 Flood Routing 
 
Following transformation of the excess precipitation, the runoff hydrograph needs to be routed through 
the watershed. Due to limitations in model time step and a lack of measured cross sections, the 
Muskingum-Cunge method (Cunge, 1969) was utilized. The Muskingum-Cunge method is a physically 
based alternative to the Muskingum method (McCarthy, 1938). In contrast to the Muskingum method 
where the parameters need to be calibrated to measured streamflow, the parameters in the Muskingum-
Cunge method are calculated based on flow and channel characteristics. Channel characteristics for 
prismatic channels include length, energy slope, roughness, bottom width, and side slope. In the absence 
of measured cross sections, the latter two parameters defining the channel geometry can be estimated for 
streams in the San Francisco Bay area based on published hydraulic geometry relationships for bankfull 
dimensions (Dunne and Leopold, 1978). Figure 5-1 shows the hydraulic geometry relationships at 
bankfull discharge for San Francisco Bay area streams with 30 inches of annual precipitation. Please note 
that the following relationships were derived from source document graphics: 
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 6298.0452.23 DAA =  (5-5) 
 
 3834.0716.15 DAW =  (5-6) 
 
 2510.05149.1 DAD =  (5-7) 
 
where A denotes the cross sectional area in sq. feet, W denotes the top width in feet, D denotes the depth 
in feet, and DA denotes the drainage area in square miles. 
 
5.1.2 Watershed Delineation 
 
The Coyote Creek and Arroyo Corte Madera Del Presidio watersheds and subwatersheds were delineated 
in GIS. Each watershed was delineated from their respective confluence with Richardson Bay and the 
number of subwatersheds were determined by the number stream junctions. The delineation was based on 
a digital elevation model (DEM) that was derived from the 5-foot topographic contours for Marin County. 
The stream network used to aid in the subwatershed delineation and subsequent parameterization of the 
CN method was based on a composite of the USGS stream network for the areas with little topographic 
relief and the DEM derived stream network elsewhere. 
 
Figure 5-2 shows the resulting watershed delineation and stream network for Coyote Creek and Arroyo 
Corte Madera Del Presidio, respectively. According to the delineation, the Coyote Creek watershed is 
3.50 square miles with 13 subwatersheds and the Arroyo Corte Madera Del Presidio watershed is 6.02 
square miles with 12 subwatersheds. 
 
5.1.3 Watershed Characteristics 
 
Parameterization of the CN method (i.e. subwatershed area, composite curve number, time lag) for each 
subwatershed was performed in GIS using land use, soils, and topographic information. Figures 5-3 and 
5-4 show the land use and hydrologic soil types for the two watersheds of interest. The land use mapping 
(ABAG, 2002) appears to incorporate the parcel mapping for Marin County among other sources and is 
classified according to USGS land use codes (Anderson et al., 1976). The hydrologic soil types were 
derived from publicly available soils data (NRCS, 2000) for Marin County. Hydrologic soil types are 
classified as A, B, C, and D and range from soils with high infiltration rates to soils with low infiltration 
rates. Curve numbers were assigned to each land use-hydrologic soil type complex based on published 
values (SCS, 1986) for average antecedent moisture conditions (AMC II) and are shown in Figure 5-5. 
Table 5-1 shows the adopted curve numbers and the directly connected impervious area embodied in the 
curve numbers for each land use encountered within the study area. Note that curve numbers for local 
streets and roads differ between the two watersheds based on overall differences observed during a site 
visit (this study). Curve numbers for other antecedent moisture conditions were approximated using the 
following relationships (Hawkins et al., 1985): 
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=  (5-8) 
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=  (5-9) 

 
where CNI denotes curve numbers for dry antecedent moisture conditions (AMC I) and CNIII denotes 
curve numbers for wet antecedent moisture conditions (AMC III). 



Table 5-1.  Land use, curve numbers, and percent directly connected impervious area 
 

Existing land use (ABAG, 2002) 
Curve Numbers (AMC II) 
for Hydrologic Soil Type 

Code Description A B C D 
Percent 

Impervious1 Source (SCS, 1986)2 
111 1-plus to 5 acre lots (~ 1 DU/ha) 46 65 77 82 12 Residential district: 2 acre lots 
112 0.334 to 1 acre lots (~ 2 to 8 DU/ha) 54 70 80 85 25 Residential district: 1/2 acre lots 
113 0.126 to 0.333 acre lots (~ 9 to 19 DU/ha) 61 75 83 87 38 Residential district: 1/4 acre lots 
115 Less than 0.126 acre lots (> 20 DU/ha) 77 85 90 92 65 Residential district: < 1/8 acre lots 
12 Commercial and Services 89 92 94 95 85 Urban district: commercial/business 

1418 
Local streets and roads (Coyote Creek 
watershed) 83 89 92 93 73 

Impervious areas: paved streets and 
roads w/ open ditches (incl. ROW) 

1418 
Local streets and roads (Arroyo Corte 
Madera Del Presidio watershed) 98 98 98 98 100 

Impervious areas: paved streets and 
roads (including ROW) 

17 Other Urban and Built-Up Land 49 69 79 84 0 Open space: fair condition 
1711 Golf courses (not the intensive portion) 39 61 74 80 0 Open space: good condition 
172 Cemeteries 39 61 74 80 0 Open space: good condition 
173 Urban parks 39 61 74 80 0 Open space: good condition 
175 Urban vacant undeveloped land 49 69 79 84 0 Open space: fair condition 
1751 Vacant residential 49 69 79 84 0 Open space: fair condition 
1752 Vacant commercial or services 49 69 79 84 0 Open space: fair condition 
31 Herbaceous Rangeland 49 69 79 84 0 Grassland: fair condition 
311 Protected as parkland 39 61 74 80 0 Grassland: good condition 
32 Shrub and Brush Rangeland 35 56 70 77 0 Brush: fair condition 
321 Protected as parkland 30 48 65 73 0 Brush: good condition 
331 Protected as parkland 39 61 74 80 0 Range: good condition 
41 Deciduous Forest 36 60 73 79 0 Woods: fair condition 
411 Protected as parkland 30 55 70 77 0 Woods: good condition 
42 Evergreen Forest 36 60 73 79 0 Woods: fair condition 
421 Protected as parkland 30 55 70 77 0 Woods: good condition 



Existing land use (ABAG, 2002) 
Curve Numbers (AMC II) 
for Hydrologic Soil Type 

Code Description A B C D 
Percent 

Impervious1 Source (SCS, 1986)2 
43 Mixed Forest 36 60 73 79 0 Woods: fair condition 
431 Protected as parkland 30 55 70 77 0 Woods: good condition 
5 Water 100 100 100 100 0  
54 Bays and Estuaries 100 100 100 100 0  
61 Forested Wetlands 30 55 70 77 0 Woods: good condition 
62 Nonforested Wetlands 30 58 71 78 0 Meadow 

[1] Directly connected impervious area 

[2] Tables 2-2a and 2-2c from source document 

 



P:\Projects\1721_Coyote_Creek_OM_Analysis\Task8_Reporting\1721_Final_Report_Out.doc 

01/13/05 
 

19 

With the curve numbers and other topographic parameters such as average land slope and reach length 
estimated from the DEM, the initial abstraction and lag time were calculated according to Equations 5-2 
and 5-4. The routing parameters were also estimated from the DEM based on drainage area and valley 
slope as well as estimates of channel roughness. Tables 5-2 and 5-3 summarize the initial values for the 
runoff and routing parameters, respectively. 
 
5.1.4 Design Storms 
 
Design storms in the original hydrologic analysis (USACE, 1959) for the Coyote Creek flood control 
project were developed for Maple Street and Highway 1 using depth-duration-frequency data, estimated 
losses and lag times, and a unit hydrograph. The depth-duration-frequency data was developed via 
correlation between the Mt. Tamalpais 1S and San Francisco City US Weather Bureau stations for 38 
years of record. The resulting depth-duration-frequency data adopted in the prior analysis is provided in 
Table 5-4 for the level of protection expected to be provided by the flood control project, which is the 20-
year recurrence interval (USACE, 1959). The hypothetical 6-hour storm hyetograph is plotted in Figure 5-
6 along with assumed losses. The 15-minute unit hydrograph used in the prior analysis (USACE, 1959) 
was based on lag relationships and an average S-curve hydrograph modeled after the Snyder synthetic 
unit hydrograph method and developed in a drainage study for the Hamilton Air Force Base in Marin 
County. To reflect build-out conditions and intense precipitation, the peak of the unit hydrograph was 
increased, the peaking time was reduced, and the base length was shortened. The resulting unit 
hydrograph for Highway 1 is shown in Figure 5-7 and plotted in comparison to the SCS unit hydrograph 
and an observed unit hydrograph for Arroyo Corte Madera Del Presidio (this study). Figure 5-7 suggests 
that the SCS unit hydrograph is a better approximation of the watershed response occurring in the Arroyo 
Corte Madera Del Presidio watershed.  
 
Design storms for the present study were developed using depth-duration-frequency data (Goodridge, 
2004) from a neighboring Mill Valley gage (E20 5647 00). The gage has 37 years of record spanning 
from 1958 through 1995. The depth-duration-frequency estimates were developed in accordance with 
Bulletin 195 (DWR, 1976) and are shown in Table 5-4 for the 20-year level of protection intended for the 
flood control project. For comparison, depth-duration-frequency estimates were developed from the 
ALERT data (this study). The ALERT data estimates compare favorably to the Mill Valley estimates, but 
have a slightly smaller rainfall depth and a much shorter period of record. As a result, the Mill Valley 
depth-duration-frequency data was used to develop a hyetograph of 6-hour duration with the storm 
centered at the end of the fifth hour. Centering the storm at the end of the fifth hour was consistent with 
the prior analysis and was an approximation to actual observed storms (see rainfall pattern in Figure 5-
14). Figure 5-8 compares the shape of the hyetographs adopted in the prior and present studies. 
Hyetographs for the Coyote Creek subwatersheds were developed by scaling the Mill Valley balanced 
hyetograph in proportion to the mean annual precipitation (Daly et al., 2003) occurring at the gage and at 
each subwatershed. 



Table 5-2.  Runoff Curve Number method parameters 
 

Subwatershed Curve Numbers Initial Loss (inches) Lag Time (minutes) 
No. Area (mi2) AMC I AMC II AMC III 

Percent 
Impervious AMC I AMC II AMC III AMC I AMC II AMC III 

1 0.58827 65.7 81.2 90.7 29.5 1.04 0.46 0.21 32 21 15 
2 0.64374 59.3 76.7 88.1 12.6 1.38 0.61 0.27 42 27 18 
3 0.39888 67.4 82.3 91.2 35.9 0.97 0.43 0.19 16 10 7 
4 0.01868 74.7 86.8 93.7 45.8 0.68 0.30 0.13 37 25 19 
5 0.10084 57.3 75.3 87.2 13.3 1.49 0.66 0.29 23 14 10 
6 0.04613 69.6 83.7 92.2 40.1 0.88 0.39 0.17 12 8 6 
7 0.56362 54.0 73.0 86.1 3.9 1.70 0.74 0.32 49 30 20 
8 0.07543 50.5 70.3 84.3 0.0 1.96 0.85 0.37 22 13 9 
9 0.11757 51.5 70.9 84.6 2.9 1.88 0.82 0.36 21 13 8 

10 0.42109 51.1 70.7 84.6 0.5 1.91 0.83 0.36 32 20 13 
11 0.29200 64.8 80.2 90.0 30.1 1.09 0.49 0.22 15 10 7 
12 0.01676 71.8 85.1 92.9 45.0 0.78 0.35 0.15 5 3 2 
13 0.21466 75.0 86.6 93.4 39.6 0.67 0.31 0.14 17 12 9 
14 0.33671 47.6 66.5 81.7 0.3 2.20 1.01 0.45 34 21 13 
15 0.39616 49.7 68.3 82.8 1.9 2.03 0.93 0.41 32 20 13 
16 0.81196 62.9 78.2 88.6 32.3 1.18 0.56 0.26 36 24 17 
17 0.39284 56.4 73.9 86.4 6.6 1.55 0.71 0.31 39 25 17 
18 0.64104 53.3 71.0 84.4 7.8 1.75 0.82 0.37 33 21 14 
19 0.82074 67.5 81.3 90.3 39.1 0.96 0.46 0.21 29 19 14 
20 0.23403 78.8 88.6 94.2 62.3 0.54 0.26 0.12 19 14 11 
21 0.97843 60.1 76.7 88.0 19.3 1.33 0.61 0.27 58 37 25 
22 0.09096 81.0 90.0 94.9 66.5 0.47 0.22 0.11 12 9 7 
23 0.90037 68.1 82.0 90.8 34.9 0.94 0.44 0.20 41 27 20 
24 0.06868 78.4 88.5 94.3 57.5 0.55 0.26 0.12 11 8 6 
25 0.34869 77.0 87.7 93.9 55.6 0.60 0.28 0.13 14 10 7 

[1] Directly connected impervious area embodied within the curve numbers



Table 5-3.  HEC-HMS Muskingum-Cunge routing parameters 
 

Routing Reach Hydraulic Geometry1 Muskingum-Cunge Parameters 

Subwatershed 

Drainage 
area, 

DA (mi2) 
Area, 
A (ft2) 

Top 
width, 
W (ft) 

Depth, 
D (ft) 

Side 
slope, 
z (ft/ft) 

Bottom 
width, 
B (ft) 

Slope, 
So (ft/ft) n-value Source2 

3 1.63089    0.0 16 0.0050 0.014 USACE (1959) 
4 1.64957    4.0 22 0.0011 0.025 USACE (1959) 
6 0.14697 7 8 0.9 1.0 6 0.0050 0.040 this study 

10 0.61409 17 13 1.3 1.0 10 0.0451 0.040 this study 
11 1.46971 30 18 1.7 1.0 15 0.0056 0.040 this study 
12 1.63344    4.0 22 0.0011 0.025 USACE (1959) 
13 3.49767    4.0 30 0.0009 0.025 USACE (1959) 
16 1.54483 31 19 1.7 1.0 15 0.0270 0.040 this study 
19 1.85462 35 20 1.8 1.0 16 0.0255 0.040 this study 
20 3.63348 53 26 2.1 1.0 22 0.0124 0.040 this study 
22 4.70287 62 28 2.2 1.0 24 0.0010 0.040 this study 
24 5.67192 70 31 2.3 1.0 26 0.0010 0.040 this study 
25 6.02061 73 31 2.4 1.0 27 0.0010 0.040 this study 

[1] Calculated from drainage area based on Equations 3.5, 3.6, and 3.7 

[2] Source for all Muskingum-Cunge routing parameters (z, B, So, n-value) 

 



Table 5-4.  Maximum rainfall for 20-year recurrence interval 
 

Maximum 20-year Rainfall for Indicated Duration 
Source 5-min 10-min 15-min 30-min 45-min 1-hr 2-hr 3-hr 6-hr 12-hr 1-day 
Mt. Tamalpais 1S1   0.73 0.97 1.12 1.23 1.53 1.94 2.262   
Mill Valley3 0.41 0.51 0.64 0.85  1.17 1.72 2.18 3.12 4.23 5.35 
ALERT data4 0.37 0.54 0.60 0.81  1.14 1.54 2.31 2.74 3.75 5.21 

[1] Source: USACE (1959); period of record: 38 years of record prior to 1959 correlated with USWB station San Francisco City due to frequent moves and elevation changes 

[2] Extrapolated 

[3] Source: Goodridge (2004); period of record: 1958 through 1995 

[4] Source: this study based on MCFC&WCD data for Arroyo Corte Madera Del Presidio (unpublished); period of record: water year 1994 through 2004 (1993 had a partial record) 
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5.2 RESULTS 
 
5.2.1 Model Calibration 
 
Since there are no gaging stations within the Coyote Creek watershed, calibration of the CN method to 
estimate model parameters was performed on the Arroyo Corte Madera Del Presidio watershed. The 
Arroyo Corte Madera Del Presidio watershed has an active ALERT station (No. 1833) located at a retired 
USGS gaging site (No. 11460100). The ALERT station has been recording event-based stream stage and 
precipitation since 1993. 
 
The ALERT station stream stage records were converted to a time series of discharge based on a rating 
curve developed from USGS measurements (this study). Figure 5-9 shows the adopted equilibrium rating 
curve which does not account for hysteresis. Due to hysteresis, as is evident by the scatter apparent in 
Figure 5-9, discharge on the rising and falling limbs could be under- and over-estimated, respectively, on 
the order of 20 to 30 percent for a given stage. The ramification for calibration is that an additional degree 
of uncertainty is introduced into the process. 
 
Calibration of the CN method, which was originally intended for a storm with a recurrence interval in the 
neighborhood of 20 years, was performed on a series of storms with a recurrence interval between 1 and 3 
years due to a lack of ALERT data for larger storms. Figure 5-10 shows the observed precipitation and 
discharge records for the ALERT station. Rainfall hyetographs for the Arroyo Corte Madera Del Presidio 
subwatersheds were developed by scaling the ALERT precipitation in proportion to the mean annual 
precipitation (Daly et al., 2003) occurring at the station and at each subwatershed. Figure 5-11 displays 
the flood frequency analysis for Arroyo Corte Madera Del Presidio at the retired USGS gaging site, as 
developed in this study using PEAKFQ v4.1 (USGS, 1998), and shows that the 20-year storm based on 
USGS observations is approximately 1340 cfs. However, the largest storms either have missing or 
questionable data, and as a result, a series of smaller storms were selected for the calibration. The 
potential implication for this study in calibrating to smaller storms is that the runoff response for larger 
storms is not adequately represented. Figure 5-12 shows the storms selected for the calibration. The storm 
for Case II was of particular interest in that it was a positively skewed storm of roughly 7 hours in 
duration, characteristics that are similar to the hypothetical storm distribution adopted in the original and 
present hydrology studies. 
 
During the calibration process, three parameters were identified as critical in obtaining a satisfactory fit 
between the observed and simulated hydrographs. These were the pervious fraction of the weighted curve 
number, percent directly-connected impervious area, and baseflow. The pervious fraction of the initially 
assigned curve numbers was modified proportionally for all land use-hydrologic soil type complexes and 
primarily affected the magnitude of the peak discharge. The percent directly-connected impervious area 
was increased and primarily affected the magnitude of the peak discharge and increased the discharge on 
the rising limb of the hydrograph by conveying runoff more rapidly. A baseflow component was added 
and primarily affected the base discharge and discharge on the falling limb by adding a delayed discharge 
component. 



P:\Projects\1721_Coyote_Creek_OM_Analysis\Task8_Reporting\1721_Final_Report_Out.doc 

01/13/05 
 

24 

 
The pervious fraction of the initially assigned curve numbers at an average antecedent moisture condition 
were adjusted as follows: 
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where CNadj denotes the revised curve number, CNimp denotes the impervious curve number which is 98, 
IMP denotes the fraction of the watershed that is impervious, ADJ denotes a pervious curve number 
adjustment ranging from 0 to 1, and CNini denotes the initially assigned curve number for average 
antecedent moisture conditions. Adjustments to other antecedent moisture conditions were subsequently 
calculated according to Equations 5-8 and 5-9. Changes to the curve numbers also modified the initial 
loss and lag time as calculated by Equations 5-2 and 5-4. 
 
To account for gross differences in the rising limb of the hydrograph, the directly-connected impervious 
area for all subwatersheds was increased in proportion to the initially assigned directly-connected 
impervious area. While Equation 5-10 could be modified to include this additional adjustment, HEC-
HMS accommodates this adjustment separately. 
 
To account for gross differences in the falling limb of the hydrograph, baseflow was implemented in 
HEC-HMS using the exponential recession model. The exponential recession model is expressed as: 
 
 t

t kQQ 0=  (5-11) 

 
where Qt denotes the baseflow at any time t, Q0 denotes the initial baseflow at time zero, and k denotes an 
exponential decay constant with typical values ranging from 0.3 to 0.9. In HEC-HMS, k is defined as the 
ratio of the baseflow at time t to the baseflow one day prior. For more details regarding the exponential 
recession model, please review the HEC-HMS technical documentation (USACE, 2000). Based on 
practical experience, baseflow in the San Francisco Bay area is roughly 10 cfs per square mile. 
 
The routing parameters were assumed to be reasonably estimated and were held constant during 
calibration of the runoff parameters. Figures 5-13, 5-14, 5-15, 5-16, and 5-17 show the results of the 
calibration. These figures demonstrate the satisfactory fits between the observed and simulated 
hydrographs through the peak. After the peak discharge, under-estimation of the observed hydrograph 
was likely due to exclusion of baseflow from soil storage. Timing of the hydrographs appeared to be 
satisfactory as well, except during Cases I and II which peaked 15 to 20 minutes later than observed. 
 
While calibrating the baseflow model parameters to provide a better fit on the falling limb, it was 
discovered that the same parameters do not adequately describe the baseflow component of the 
hydrograph on the rising limb, i.e. baseflow on the rising limb recedes too quickly and overly adjusts the 
rising limb and peak discharge. Unfortunately, HEC-HMS does not provide a technique to model 
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baseflow as described above. Since the hydraulic model will be constructed as steady-state, only the peak 
discharge is required, and therefore, baseflow was held constant and was specific for each storm event 
modeled. 
  
Table 5-5 shows the calibrated runoff parameters for each Case. In Cases II and III, now known as 
Calibration A, the pervious fraction of the curve numbers (AMC II) was reduced by 18 percent to lower 
the peak discharge (according to Equation 5-10), the directly-connected impervious area was increased by 
40 percent to provide a better fit on the rising limb, and the baseflow was held constant (i.e., k = 1). The 
difference between the two Cases was that Case III used wet antecedent moisture conditions versus 
average conditions whereby Equation 5-9 was used to modify the Case II curve numbers for Case III. In 
Cases I, IV, and V, now known as Calibration B, the pervious fraction of the curve numbers (AMC II) 
was reduced by 10 percent to lower the peak discharge, the directly-connected impervious area was 
increased by 40 percent, and the baseflow was held constant. The distinct difference between Calibration 
A and Calibration B was the rainfall distribution. In Calibration A, Case II had a positively skewed and 
sharply peaked rainfall distribution that approximated the rainfall distribution for the design storms, and 
similarly, Case III had a positively skewed and mildly peaked rainfall distribution. In Calibration B, each 
Case had a rainfall distribution that approximated a mild to moderately shaped normal distribution. For 
purposes of this study, the adopted calibrated values will be based on Calibration A for wet antecedent 
moisture conditions given similarities between observed and design rainfall distributions. 
 
5.2.2 Design Runoff 
 
Runoff hydrographs for the 20-year, 6-hour storm are shown in Figures 5-18 and 5-19, respectively. 
Figure 5-18 shows results for Calibration A assuming wet antecedent moisture conditions (AMC III), an 
18 percent reduction in the pervious fraction of the curve numbers (AMC II), a 40 percent increase in the 
directly connected impervious area, and a constant baseflow of 10 cfs per square mile. For comparison 
purposes, Figure 5-19 shows results for Calibration B assuming wet antecedent moisture conditions 
(AMC III), a 10 percent reduction in the pervious fraction of the curve numbers (AMC II), a 40 percent 
increase in the directly connected impervious area, and a constant baseflow of 10 cfs per square mile. 
Table 5-6 shows the peak discharges in comparison to values adopted in the original study and Table 5-7 
shows a comparison of the total runoff depth. These two tables demonstrate that Calibration A 
downstream of Tennessee Creek is roughly 200 cfs greater than and 40 acre-feet less than the original 
runoff hydrograph and that Calibration B is roughly 540 cfs greater than the original runoff hydrograph 
with similar surface runoff volumes. Since Calibration A best represents the design rainfall response, the 
revised discharge at Highway 1 is 1952 cfs or 12 percent higher than the design discharge of 1750 cfs. 
 



Table 5-5.  Calibrated runoff CN method parameters 
 

Subwatershed Case I, IV, and V (AMC II) Case II (AMC II) Case III (AMC III) 

No. 
Area 
(mi2) 

Curve 
Number 

Initial 
Loss (in) 

Lag Time 
(min) 

Curve 
Number 

Initial 
Loss (in) 

Lag Time 
(min) 

Curve 
Number 

Initial 
Loss (in) 

Lag Time 
(min) 

Increase 
Percent 

Impervious 

1 0.58827 76.0 0.63 24 71.8 0.79 27 85.5 0.34 18 11.8 
2 0.64374 70.3 0.85 32 65.1 1.07 36 81.3 0.46 23 5.1 
3 0.39888 77.6 0.58 12 73.8 0.71 13 86.8 0.30 9 14.4 
4 0.01868 82.6 0.42 29 79.3 0.52 32 89.9 0.22 22 18.3 
5 0.10084 69.1 0.90 17 64.1 1.12 20 80.6 0.48 12 5.3 
6 0.04613 79.3 0.52 9 75.8 0.64 10 87.9 0.28 7 16.1 
7 0.56362 66.1 1.03 36 60.5 1.30 41 78.1 0.56 26 1.5 
8 0.07543 63.2 1.16 16 57.6 1.47 19 76.0 0.63 11 0.0 
9 0.11757 64.1 1.12 15 58.6 1.41 17 76.7 0.61 11 1.2 
10 0.42109 63.7 1.14 23 58.1 1.44 27 76.3 0.62 17 0.2 
11 0.29200 75.1 0.66 11 71.1 0.81 13 85.1 0.35 8 12.0 
12 0.01676 81.0 0.47 4 77.7 0.57 4 89.0 0.25 3 18.0 
13 0.21466 81.8 0.45 14 78.0 0.57 16 89.2 0.24 11 15.8 
14 0.33671 59.9 1.34 25 54.6 1.66 28 73.7 0.71 17 0.1 
15 0.39616 61.7 1.24 24 56.3 1.55 27 75.0 0.67 17 0.7 
16 0.81196 73.5 0.72 27 69.8 0.87 30 84.3 0.37 20 12.9 
17 0.39284 67.2 0.98 30 61.8 1.24 34 79.0 0.53 21 2.6 
18 0.64104 64.6 1.09 25 59.6 1.36 29 77.4 0.58 18 3.1 
19 0.82074 77.0 0.60 22 73.6 0.72 24 86.6 0.31 16 15.6 
20 0.23403 85.9 0.33 15 83.7 0.39 16 92.3 0.17 12 24.9 
21 0.97843 71.0 0.82 43 66.3 1.02 49 82.1 0.44 31 7.7 
22 0.09096 87.5 0.29 10 85.5 0.34 11 93.2 0.15 8 26.6 
23 0.90037 77.2 0.59 32 73.4 0.73 35 86.5 0.31 23 13.9 
24 0.06868 85.3 0.35 9 82.7 0.42 10 91.8 0.18 7 23.0 
25 0.34869 84.4 0.37 11 81.7 0.45 12 91.2 0.19 8 22.2 



Table 5-6.  Design storm peak discharges 
 

Location Peak Discharge (cfs) 
River Station (ft) Description USACE (1959)1 Calibration A2 Calibration B2 

7920 Maple Street 1000   
7600 Ash Street3  1172 (1156) 1327 (1311) 
4130 Confluence Tennessee Creek  1952 (1919) 2289 (2256) 
2871 Highway 1 1750   
1211 Richardson Bay  1913 (1878) 2199 (2164) 

[1] These values do not include baseflow 

[2] Values in ( ) do not include baseflow 

[3] Ash Street is just downstream of the confluence of the Main and North branches of Coyote Creek 

 

Table 5-7.  Design storm runoff 
 

USACE (1959) Calibration A Calibration B 
Location 

River Station (ft) Description 
Excess P  
(inches) 

Area  
(acres) 

Runoff  
(ac-ft) 

Excess P  
(inches) 

Area  
(acres) 

Runoff  
(ac-ft) 

Excess P  
(inches) 

Area  
(acres) 

Runoff  
(ac-ft) 

7920 Maple Street 1.58   850 111.9       
7600 Ash Street1    1.65 1011 143.2 1.83 1044 159.1 
4130 Conf. Tennessee Ck.    1.38 2101 240.9 1.57 2101 274.4 
2871 Highway 1 1.58 2200 289.7       
1211 Richardson Bay    1.41 2239 263.3 1.60 2239 298.5 

[1] Ash Street is just downstream of the confluence of the Main and North branches of Coyote Creek 
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6. HYDRAULIC MODELING 
 
PWA developed a series of steady-state hydraulic models for the Coyote Creek flood channel in HEC-
RAS v3.1.2 (USACE, 2004). These models were developed to assess performance of the flood channel 
under various channel geometry and hydrology scenarios as a means of considering alternative 
management options. The focus of the following is the presentation of methodology and findings for the 
hydraulic modeling analysis to include the equilibrium channel and conceptual alternatives tasks. 
 
6.1 MODEL DEVELOPMENT 
 
Hydraulic models were developed for the Coyote Creek flood channel from Richardson Bay upstream to 
Ash Street. The upstream extents of the hydraulic models did not fully extend to the upstream flood 
channel project limit above Maple Street because this reach was not identified as a performance area of 
concern.  This reach upstream of Ash Street would likely perform similarly to the concrete channel 
modeled downstream and be unaffected by the performance and maintenance of the lower reach of the 
flood channel. A portion of the concrete reach of the flood channel was included to adequately represent 
the transition from supercritical flow in the concrete reach to subcritical flow. Figure 6-1 shows the 
hydraulic model extents with major features noted. Table 6-1 shows the hydraulic model stationing, 
which was based on the stationing developed by the USACE for the project design. There are seven roads 
that cross the concrete reach and four bridges that cross the earthen reach, which begins above the 
Flamingo Road Bridge and extends downstream to the trestle bridge at the margin of Richardson Bay. 
 
Table 6-1.  Hydraulic model stationing 
 
Location River Station (RS) 

(ft) 
Location River Station (RS) 

(ft) 

Upstream project limit 7942 
Downstream end of  
concrete reach 

5000 

Maple Street 7920 Begin riprap transition 4922 
North Branch confluence 7622 Flamingo Road Bridge 4430 
Ash Street 7600 Tennessee Creek confluence 4130 
Spruce Street 7276 Highway 1 Bridge 2871 
Pine Street 6966 Pedestrian bridge 2837 
Poplar Street 6653 Trestle bridge 1211 
Main Street 6337 Downstream project limit 420 
Ross Drive 5296   
 
Steady-state hydraulic models were developed in HEC-RAS v3.1.2 for the scenarios listed in Table 6-2. 
The scenarios in Table 6-2 were developed in collaboration with the County. The Current Condition (CC) 
model was developed to represent the present state and function of the flood channel in the short-term. 
The Equilibrium Condition (EC) model was developed to represent the future evolution and function of 
the earthen reach under the assumption that the County would cease maintenance dredging in the channel 
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downstream of Highway 1, whereby the reach would evolve to match the equilibrium channel geometry 
associated with the tidal prism it drains. The Design Condition (DC) model was developed to represent 
the original flood channel design, to include levees downstream of Highway 1. The Revised Design 
Condition (RC) model was developed assuming that the earthen reach upstream of Highway 1 would be 
maintained by the County in its present state (similar to the design condition but over widened) through 
continued dredging and that the reach downstream of Highway 1 would be returned to its design 
condition. The Alternative Condition (AC) model was developed to represent the future state of the 
earthen reach downstream of Highway 1 under the assumption that the neighboring areas, to include 
Bothin Marsh, would be connected to the flood channel to increase the flood channel’s active tidal prism 
to promote scour and improve conveyance even without dredging, while providing associated marsh 
habitat benefits. 
 
Table 6-2.  Hydraulic model matrix 
 
ID Scenario Hydrology1 Geometry Description 

CC 
Current 

Condition 
Q20,old 

2004 photogrammetric survey 
augmented with 2003 post-dredge 
survey upstream of Highway 1 
and 1999 pre-dredge survey 
downstream of Highway 1 

Current condition to include 
concrete channel, contained 
earthen reach upstream of 
Highway 1, and aggraded 
uncontained earthen reach  
downstream of Highway 1 

EC 
Equilibrium 
Condition 

Q20,old 

Qmax,EC 

Same as CC except with 
estimated equilibrium geometry2 
downstream of Highway 1 

Condition as above except size 
of channel downstream of 
Highway 1 is based on tidal 
equilibrium geometry without 
changes to the existing tidal 
prism 

DC 
Design 

Condition 
Q20,old 

Design geometry3 (with 
containment downstream of 
Highway 1) 

Conditions required to convey 
the existing design discharge as 
designed by USACE (1959) 

RC 
Revised 
Design 

Condition 

Q20,old 

Q20,new 

Qmax,RC 

Same as CC except with design 
geometry3 downstream of 
Highway 1 

Same as current conditions but 
using USACE (1959) design 
downstream of Highway 1 
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ID Scenario Hydrology1 Geometry Description 

AC 
Alternative 
Condition 

Q20,old 

Q20,new 

Qmax,AC 

Same as CC except with 
estimated equilibrium geometry2 

downstream of Highway 1 based 
on the preferred conceptual 
alternative 

Alternative condition to include 
concrete channel, contained 
earthen reach upstream of 
Highway 1, and uncontained 
earthen reach  downstream of 
Highway 1, where the channel 
would be sized according to the 
tidal equilibrium geometry for an 
enlarged tidal prism 

[1] Q20,old based on USACE (1959) study; Q20,new developed as part of this study; Qmax is the discharge associated with overtopping the left levee 

concrete wall between Hwy 1 and Flamingo Rd. 

[2] Equilibrium conditions based on hydraulic geometry relationships for tidal marshes (Williams et al., 2002). 

[3] Design geometry estimated from the Operations and Maintenance manual (USACE, 1965) drawings. 

 
The following sections describe the hydraulic model inputs to include boundary conditions, channel 
roughness, channel geometry, and bridge geometry. 
 
6.1.1 Boundary Conditions 
 
The downstream boundary condition for the hydraulic models was set at mean higher high water 
(MHHW) to be consistent with the assumption adopted in the original flood control project. The original 
study specified MHHW as 2.70 feet using the datum known as the National Geodetic Vertical Datum of 
1929, or NGVD 29. This value was assumed to be erroneous as MHHW was equal to 2.90 feet NGVD 29 
or 2.70 feet with a mean sea level datum based on tide gage 9414290 for the 1960 to 1978 tidal epoch 
(NOAA, 1996). For the current tidal epoch (1983 to 2001), MHHW was equal to 3.20 feet NGVD 29 
(NOAA, 2003). For this study, the downstream boundary was set to 3.20 feet NGVD 29. 
 
The revised flood discharges developed for this study from the 20-year flood hydrology are shown in 
Table 6-3 and are associated with the peak of the flood hydrograph. The original 20-year flood discharges 
are further detailed in Table 6-4. The original and revised flood discharges as applied in the hydraulic 
model are detailed in Table 6-5 and show that the revised flood discharges are 6 to 12 percent larger than 
the original USACE estimates. In addition, the new hydraulic analysis was conducted more 
conservatively than the original USACE analysis (1959), as the USACE analysis applied flood discharges 
to the reach downstream of the index point rather than upstream (USACE, 1959). For this study, the 
revised flood discharges were applied upstream of the point of interest (except for the reach below 
Tennessee Creek) to more conservatively address distributed inflows. 
 
Table 6-3.  Revised 20-year flood discharges (this study) 
 
Location Peak Discharge (cfs) 
North Branch confluence1 923 
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Location Peak Discharge (cfs) 
End of concrete channel2 1,172 
Below Tennessee Creek confluence3 1,952 
[1] HEC-HMS Index Point J_1-2. 

[2] HEC-HMS Index Point J_3. 

[3] HEC-HMS Index Point J_4-12. 

 
Table 6-4.  Original 20-year design flood discharges (USACE, 1959) 
 
Location Peak Discharge (cfs) 
Upstream project limit 900 
Maple Street  1,000 
Main Street 1,100 
Highway 1 1,750 
 
Table 6-5.  Modeled 20-year peak flood discharges by reach (this study) 
 
Flood Channel Reach Q20,old

1 
(cfs) 

Q20,new
2 

(cfs) 
North Branch confluence to Main 
Street 

1,000 1,1723 

Main Street to end of concrete 
channel 

1,100 1,1723 

End of concrete channel to 
Tennessee Creek confluence 

1,100 1,1724 

Tennessee Creek confluence to 
Richardson Bay 

1,750 1,9525 

[1] Original 20-year design flood discharges (USACE, 1959), but applied to the upstream reach. 

[2] Revised 20-year flood discharges (this study). 

[3] The 1,172 cfs flow at the end of the concrete channel (Index Point J_3) was used since it was higher than the 923 cfs flow estimated at Ash 

Street (Index Point J_1-2). 

[4] The 1,172 cfs flow at the end of the concrete channel (Index Point J_3) was used as it was similar to and slightly higher than the attenuated 

1,166 cfs flow estimated upstream of the confluence (Index Point J_4). 

[5] The 1,952 cfs flow downstream of the confluence Index Point (J_4-12) was used as it was higher than the attenuated estimated 1,913 cfs flow 

at Richardson Bay. 
 
6.1.2 Channel Roughness 
 
Channel roughness, or Manning’s n, in the original study was specified as 0.014 in the concrete reach and 
0.025 in the earthen reach of the flood channel (USACE, 1959). The concrete reach has since roughened 
due in part to the transport of coarse sediments. To account for the roughened condition of the concrete, 
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Manning’s n was increased to 0.017 to be consistent with findings from a study of a similar concrete 
channel, the Corte Madera Creek flood channel (Copeland, 2000). Manning’s n could be lower if the 
degree of surface damage is less, or greater due to the additional effects of sediment transport, but this 
value was judged a reasonable approximation at this stage of analysis. Further data collection would be 
required for refinement. Manning’s n in the earthen reach was maintained at 0.025 to be consistent with 
the original study and observations of similar channels. 
 
6.1.3 Channel Geometry 
 
Channel geometries were developed to reflect different scenarios, as described below. 
 
6.1.3.1 Design Condition Geometry 
 
The DC channel geometry for the concrete and earthen reaches of the flood channel were taken from the 
as-built Coyote Creek Channel Improvements (USACE, 1965). The earthen reach within Richardson Bay 
from RS 420 to RS 1105 was designed for a bottom width of 50 feet with 4H:1V sideslopes and a channel 
slope of 0.00087. The earthen reach between RS 1185 and RS 3600 was designed for a bottom width of 
30 feet with 4H:1V sideslopes and a channel slope of 0.00087. The earthen reach between RS 3650 and 
RS 4900 was designed for a bottom width of 30 feet with 4H:1V sideslopes and a channel slope of 
0.0011. Between RS 4922 and 5030, the channel includes concrete jump blocks and a downstream riprap 
transition. The rectangular concrete reach upstream of RS 5030 was designed with a width of 16 feet up 
to RS 6300, 14 feet at RS 6400 and 13 feet upstream of RS 6550. 
 
6.1.3.2 Current Condition Geometry 
 
The CC channel geometry for the earthen reach of the flood channel was primarily derived from three 
recent surveys provided to PWA by the County. The first, a land survey of the channel between RS 1211 
and RS 4950, was performed in 1999 prior to dredging. The second, a land survey of the channel between 
RS 3050 and RS 4974, was performed in 2003 following dredging upstream of Highway 1. The third, a 
photogrammetric survey of the greater Marin County marsh area, was performed in 2004 to 3-inch 
contour intervals to an elevation of -0.50 feet NGVD 29. The CC channel geometry was constructed to 
include the 2004 survey for the channel and overbanks down to an elevation of -0.50 feet from RS 1211 
to RS 4974, the 2003 survey for the channel below an elevation of -0.50 feet between RS 3050 and RS 
4974, and the 1999 survey for the channel below an elevation of -0.50 feet between RS 1211 and RS 
3000. The CC channel geometry was supplemented with left levee concrete wall elevations surveyed in 
1999 downstream of Highway 1 between RS 2500 and RS 2830 and with left levee concrete wall 
settlement elevations surveyed in July 2002 downstream of Flamingo Road between RS 3300 feet and RS 
4400 feet. 
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6.1.3.3 Equilibrium Condition and Alternative Condition Geometry 
 
The EC and AC channel geometry for the earthen reach of Coyote Creek downstream of Highway 1 was 
estimated using hydraulic geometry relationships developed for mature tidal marshes (Williams et al., 
2002). The hydraulic geometry relationships of Williams et al. (2002) are given below: 
 
 202.031.1 MAD =  (6-1) 
 
 552.044.3 MATW =  (6-2) 
 
 772.040.2 MAA =  (6-3) 
 
 17.1935MATP =  (6-4) 
 
 
where MA denotes the marsh area (hectares) at MHHW, D denotes the channel depth (m) below MHHW, 
TW denotes the top width (m) at MHHW, A denotes the cross sectional area (m2) at MHHW, and TP 
denotes the diurnal tidal prism (m3) at MHHW. The marsh area at MHHW was delineated in GIS for 
current conditions based on the detailed topographic survey provided by the County. The tidal prism 
upstream of Highway 1 was also estimated from the CC hydraulic model to represent the likely tidal 
prism that would be maintained by the County through continued dredging of the earthen reach upstream 
of Highway 1. 
 
6.1.4 Bridge Geometry 
 
There are four bridges that cross the earthen reach of the flood channel and seven capped road sections 
that span the concrete reach of the flood channel. The capped road sections were not included in the 
hydraulic model as the emphasis of this study was on the performance of the earthen reach. The four 
bridges spanning the earthen reach of the flood channel were included in the hydraulic model and are 
detailed in Table 6-6. 
 
Table 6-6.  Bridge geometry 
 
Bridge Location Model Station (ft) Geometry Source(s) 
Flamingo Road 4430 Flamingo Road Bridge General Plan (4/64) 
Highway 1 2871 County survey (3/18/04); as-built Coyote Creek 

Channel Improvements (4/27/65) 
Pedestrian crossing near 
Highway 1 

2837 County survey (7/21/04); as-built Coyote Creek 
Channel Improvements (4/27/65); Coyote Creek 
Pedestrian Bridge Stabilization (3/11/04) 

Trestle bridge 1211 Multi-Purpose Trail (3/80) 
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6.2 CONCEPTUAL ALTERNATIVES 
 
Conceptual alternatives for increasing the tidal prism draining to the lower Coyote Creek flood channel 
were developed in collaboration with the County based on the principle of increasing tidal scour to 
promote a natural scouring regime downstream of Highway 1. By increasing the tidal prism tributary to 
the flood channel, it may be possible to develop a channel that would be able to convey the 20-year flood 
event with minimal flood hazards and reduced annual maintenance (e.g., no dredging or significantly less 
dredging downstream of Highway 1). The alternatives were developed based on identifying neighboring 
areas that would serve as suitable marsh habitat once connected to the flood channel. The neighboring 
areas were delineated in GIS in reference to MHHW for current conditions based on the detailed 
topographic survey provided by the County. 
 
As a result of discussions with the County, four conceptual alternatives were developed, as shown in 
Figure 6-2 and Table 6-7. Elements of those alternatives include the following: 
 

� Area 1 denotes the current channel limits at MHHW; 

� Area 2 denotes an existing area at MHHW that is partially disconnected from Coyote Creek by 
an undersized structure; 

� Area 3 denotes the existing Bothin Marsh at MHHW; 

� Area 4 denotes fringe habitat neighboring Bothin Marsh that is above MHHW; 

� Area 5 denotes a disconnected wetland that is above MHHW; 

� Area 6 denotes primarily high ground with some fringe habitat neighboring Bothin Marsh that 
is above MHHW; and 

� Area 7 denotes high ground that is above MHHW that includes a Caltrans staging area; as it 
may be too difficult to acquire, it was excluded from the alternatives. 

 
Table 6-7.  Conceptual alternatives 
 

Alternative Description 
1 Areas 1 and 2 
2 Alternative 1 + Area 3 
3 Alternative 2 + Areas 4 and 6 
4 Alternative 3 + Areas 5 

 
As shown by Table 6-7, each successive alternative was built on the prior alternative by increasing the 
area or tidal prism tributary to the flood channel. Each alternative is further described below. 
 
Alternative 1 is equivalent to the EC and may require enhancing the connectivity between the flood 
channel and Area 2 just upstream of the trestle bridge for full effectiveness (i.e., installation of a larger 
culvert or footbridge). 
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Alternative 2 would additionally require some earth moving within Bothin Marsh to close off the existing 
tidal inlet through the railroad grade and to connect the marsh to the flood channel (i.e., create a new inlet 
as far upstream as possible and excavate a starter channel). The existing levee separating the marsh from 
the flood channel is just below MHHW is some locations and would require minimal fill placement to 
bolster the levee to ensure an inflow channel does not form further downstream. (e.g., an inflow channel 
appears to be forming at RS 1800 on the left levee opposite Area 4). 
 
Alternative 3 would additionally require grading of Areas 4 and 6 to make them tidal as they represent 
neighboring habitats that are above MHHW. Area 4 would likely become the location of the new inflow 
channel for Bothin Marsh and would need to be graded a few feet below the existing grade. Area 6 would 
likely serve as high marsh for Bothin Marsh and would need to excavated up to 10 feet in some places. 

 
Alternative 4 would additionally require grading of Area 5 to make it tidal. Area 5 may function in one of 
two ways. First, it could be treated as a distinct feature by creating a starter channel and bolstering the 
existing levee and placing an inlet as far upstream as possible. Second, because of its small size, it may be 
better suited to function as high marsh for the flood channel by grading it a couple feet below existing 
grade, sloping in the direction of the flood channel. 
 
The alternatives, detailed in Table 6-7, were evaluated using hydraulic geometry relationships developed 
for mature tidal marshes (Williams et al., 2002), as provided by Equations 1 through 4. The tidal prism 
for Area 1 was further revised to include the likely tidal prism that would be maintained by the County 
through continued dredging of the earthen reach upstream of Highway 1. Table 8 shows the potential tidal 
prism for each of the seven areas (Figure 6-2) that were considered for the alternatives. From Table 6-8, it 
is apparent that while Area 3 (Bothin Marsh) is more than twice the size of Area 1, Area 1 has 44 percent 
more potential tidal prism. Area 1 has more potential tidal prism because the County intends to maintain 
the earthen reach upstream of Highway 1 in its current dredged condition. 
 
The resulting hydraulic geometry for each alternative is shown in Table 6-9 and Figure 6-3. Figure 6-3 
shows the predicted equilibrium channel geometry for each alternative in relation to the CC and DC 
channel geometry at RS 1300. Note that Alternative 1 reflects an equilibrium condition scenario for the 
earthen channel downstream of Highway 1 for current conditions. Figure 6-3 demonstrates that the 
equilibrium channel geometry for each alternative is smaller than the DC channel geometry, but as shown 
by Alternative 4, connecting Bothin Marsh and other neighboring areas may result in a flood channel that 
approaches the DC channel geometry. To fully achieve equilibrium conditions equivalent to the DC 
channel width, an additional 30 acres of mature marsh area (e.g., equivalent to Areas 1 and 3) or 40 ac-ft 
of tidal prism (e.g., roughly four times the current condition tidal prism upstream of Highway 1) would be 
required. Of the four conceptual alternatives that were developed in collaboration with the County, 
Alternative 4 was favored by the County because it maximized the available area and potential tidal 
prism. Thus, Alternative 4 was selected as the Alternative Condition scenario. 
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Table 6-8.  Potential tidal prism 
 

Area Area (acres) Potential Tidal Prism (ac-ft)1 
1 9.6 13.5 
2 0.6 0.2 
3 21.3 9.4 
4 3.8 1.2 
5 2.2 0.7 
6 4.3 1.5 
7 1.3 0.3 

[1] Tidal prism was calculated by Equation 4 except for that portion of Area 1 upstream of Highway 1 where the CC channel geometry was used 

to approximate actual tidal prism. 

 
Table 6-9.  Conceptual alternatives hydraulic geometry 
 

Alternative MA (acres) TP (ac-ft) D (ft) TW (ft) A (ft2) 
1 10.2 13.7 7.2 46 186 
2 31.5 23.1 8.0 61 276 
3 39.7 25.8 8.2 66 308 
4 41.9 26.5 8.3 68 317 

 
6.3 RESULTS 
 
Hydraulic models for each of the scenarios listed in Table 6-2 were constructed in HEC-RAS v3.1.2. 
These model scenarios were developed in collaboration with the County. The overall performance of the 
flood channel for the various model scenarios were evaluated by considering such factors as freeboard, 
shear stress, velocity, and Froude Number. Findings are numbered in sequential order and grouped by 
topic. 
 
6.3.1 Channel Freeboard 
 
The EC, RC and AC model scenarios were developed specifically to assess the maximum performance of 
the flood channel. Overtopping of the left levee concrete wall in the earthen reach between Highway 1 
and Flamingo Road was used to determine the maximum discharge. The left levee concrete wall was 
selected by PWA and the County as the limiting factor for the following reasons: 
 

� the concrete wall has undergone continued settling and would be costly to repair/retrofit; 

� the threat of overtopping the right levee can be arrested with the placement of fill; and 

� the threat of overtopping in the concrete reach is not apparent as it was able to contain 
approximately a 50-year event as observed in 1982. 
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The maximum discharge for the EC, RC, and AC scenarios as contained by the left levee concrete wall 
with approximately zero freeboard was calculated. The discharges are 1,110, 1,420, and 1,360 cfs 
upstream of the Tennessee Creek confluence and 1,830, 2,400, and 2,280 cfs downstream of the 
Tennessee Creek confluence for EC, RC, and AC, respectively. As shown by Figure 4, these flows 
roughly correspond to the 15-, 58-, and 45-year events based on frequency estimates for the revised 
hydrology. The frequency estimates for the revised hydrology are conservative in comparison to the 
estimates provided by the original hydrology study. 
 
In the original study, design freeboard was specified as 0.5 feet in the earthen reach between Highway 1 
and the concrete channel and 1.0 feet in the concrete reach (USACE, 1959). Table 6-10 shows the peak 
water surface elevation for each of the model scenarios, Table 6-11 shows the minimum freeboard for 
selected reaches of the flood channel for the various model scenarios, and Figures 6-5 through 6-9 show 
the peak water surface profiles. Based on Table 6-11 and Figures 6-5 through 6-9, the following 
conclusions can be made regarding the performance of the flood channel: 
 

1. In the DC scenario, there is adequate freeboard in the reach downstream of Highway 1. In 
the remaining model scenarios, freeboard was not addressed in this reach as the 
anticipated overbank fill in this reach does not exist. 

2. In all of the model scenarios, except for the EC and those assessing maximum 
performance, there is freeboard in excess of 0.5 feet on the left levee between Highway 1 
and Flamingo Road. The location of minimum freeboard in all model scenarios is at RS 
4150 in the vicinity of the Tennessee Creek confluence. 

3. In all of the model scenarios, except for the DC, there is no freeboard on the right levee 
between Highway 1 and Flamingo Road at RS 4000 where there is a depression in the 
levee that allows flood waters to inundate Tennessee Valley Road and at RS 4400 just 
downstream of Flamingo Road where flood waters are predicted to overtop the levee and 
inundate residences. The right levee would need to be bolstered at additional locations to 
achieve containment of the estimated maximum discharge. 

4. In all of the model scenarios, except for the EC, there is freeboard in excess of 0.5 feet on 
either levee between Flamingo Road and the concrete channel. The location of minimum 
freeboard in all model scenarios is on the left levee just upstream of Flamingo Road at RS 
4500. If there were flood discharges approaching the maximum discharge, then the left 
levee at RS 4500 would need to be raised. 

5. In all of the model scenarios, there is less than 1 foot of freeboard in the concrete 
channel. The greatest freeboard deficiency is between RS 5500 and 5800 due to the 
simulated presence of a hydraulic jump. The freeboard is also less than 1 foot upstream of 
the hydraulic jump where the flows are supercritical. If there were flood discharges 
approaching the maximum discharge, then there would be risk of overtopping the 
channel. Should discharges in the upstream sections of the concrete channel shift to 
subcritical due to increased roughness (e.g., as a result of sediment transport), there 
would be a much higher risk of overtopping the levee. 
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6. Common to all of the water surface profiles was the presence of supercritical flow in the 
concrete channel and the rise in flow depth downstream of the stilling basin that suggests 
the location of a hydraulic jump. While it was the intent of the original flood channel 
design to contain a hydraulic jump in the riprap transition downstream of the stilling 
basin (USACE, 1959), the simulated hydraulic jump is actually predicted to occur within 
the concrete channel between RS 5800 and 6100. It is possible that the hydraulic jump 
was triggered by the change in flow width downstream of RS 6550, where the channel 
transitioned from 13 feet wide to 16 feet wide at RS 6300. Examination of modeling 
results reveals that the apparent hydraulic jump downstream of RS 5000 visible on the 
profiles in Figures 6-5 through 6-9 is actually not a hydraulic jump but rather a change in 
flow depth associated with rapidly varied flow. By definition, this kind of rapidly varied 
flow can occur when there is a sudden change in the channel geometry, which is the case 
with the rapid expansion provided by the riprap transition. 

 



Table 6-10.  Peak water surface elevations and levee heights (feet NGVD) 
 

CC EC DC RC AC Levee Ht. River 
Sta. Q20,old Q20,new Q20,old Qmax,EC Q20,old Q20,new Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC LB RB 
420 3.20 3.20 3.20 3.20 3.20 3.20 3.20 3.20 3.20 3.20 3.20 3.20   
880 3.21 3.21 3.21 3.21 3.21 3.21 3.21 3.21 3.21 3.21 3.21 3.21   

1105 3.22 3.22 3.22 3.22 3.21 3.22 3.21 3.22 3.23 3.22 3.22 3.23   
1185 3.12 3.10 1.76 2.41 3.05 3.01 3.05 3.01 2.90 2.92 2.83 2.65   
1201 3.10 3.07 2.97 3.11 3.07 3.03 3.07 3.03 2.93 2.94 2.87 2.72   
1221 3.19 3.18 3.73 4.01 3.15 3.14 3.15 3.14 3.10 3.08 3.01 2.99   
1250 3.26 3.27 4.12 4.45 3.17 3.16 3.17 3.16 3.14 3.12 3.06 3.07   
1300 3.28 3.30 4.27 4.56 3.20 3.20 3.20 3.20 3.21 3.19 3.15 3.21   
1350 3.30 3.33 4.44 4.71 3.24 3.25 3.24 3.25 3.28 3.25 3.24 3.33   
1400 3.35 3.39 4.60 4.86 3.27 3.29 3.27 3.29 3.34 3.31 3.32 3.46   
1450 3.39 3.44 4.66 4.91 3.30 3.33 3.30 3.33 3.41 3.37 3.40 3.57   
1500 3.43 3.48 4.72 4.96 3.34 3.37 3.34 3.37 3.48 3.43 3.48 3.66   
1550 3.48 3.54 4.78 5.01 3.37 3.42 3.37 3.42 3.54 3.48 3.55 3.75   
1600 3.53 3.61 4.83 5.06 3.41 3.46 3.41 3.46 3.60 3.54 3.62 3.84   
1650 3.58 3.66 4.88 5.10 3.44 3.50 3.44 3.50 3.66 3.59 3.69 3.92   
1700 3.63 3.72 4.93 5.14 3.48 3.54 3.48 3.54 3.72 3.64 3.75 4.00   
1750 3.69 3.80 4.97 5.18 3.51 3.59 3.51 3.59 3.79 3.69 3.81 4.07   
1800 3.74 3.85 5.02 5.22 3.55 3.63 3.55 3.63 3.85 3.73 3.86 4.14   
1850 3.77 3.88 5.06 5.26 3.58 3.67 3.58 3.67 3.91 3.78 3.92 4.20   
1900 3.78 3.89 5.10 5.30 3.62 3.71 3.62 3.71 3.96 3.82 3.97 4.26   
1950 3.81 3.93 5.14 5.33 3.65 3.76 3.65 3.76 4.02 3.86 4.02 4.32   
2000 3.85 3.98 5.17 5.37 3.69 3.80 3.69 3.80 4.08 3.91 4.06 4.37   
2050 3.88 4.01 5.21 5.40 3.73 3.84 3.73 3.84 4.14 3.95 4.11 4.42   
2100 3.91 4.04 5.25 5.43 3.76 3.88 3.76 3.88 4.19 3.99 4.16 4.47   
2150 3.95 4.09 5.28 5.46 3.80 3.93 3.80 3.93 4.25 4.03 4.20 4.52   
2200 3.99 4.13 5.31 5.49 3.84 3.97 3.84 3.97 4.30 4.06 4.24 4.57   



CC EC DC RC AC Levee Ht. River 
Sta. Q20,old Q20,new Q20,old Qmax,EC Q20,old Q20,new Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC LB RB 
2250 4.03 4.18 5.35 5.52 3.87 4.01 3.87 4.01 4.36 4.10 4.29 4.62   
2300 4.05 4.20 5.38 5.55 3.91 4.06 3.91 4.06 4.41 4.14 4.33 4.66   
2350 4.10 4.25 5.40 5.57 3.95 4.10 3.95 4.10 4.47 4.17 4.36 4.69   
2400 4.14 4.30 5.44 5.61 3.98 4.14 3.98 4.14 4.52 4.21 4.41 4.75   
2450 4.17 4.33 5.44 5.61 4.02 4.18 4.02 4.18 4.58 4.23 4.43 4.76   
2500 4.20 4.36 5.44 5.61 4.06 4.23 4.06 4.23 4.63 4.26 4.45 4.78 5.76  
2550 4.24 4.41 5.47 5.64 4.10 4.27 4.10 4.27 4.68 4.29 4.49 4.82 5.92  
2600 4.26 4.43 5.51 5.68 4.13 4.31 4.13 4.31 4.73 4.33 4.52 4.86 6.00  
2650 4.29 4.46 5.57 5.73 4.17 4.36 4.17 4.36 4.79 4.39 4.59 4.94 5.91  
2700 4.33 4.50 5.58 5.74 4.21 4.40 4.21 4.40 4.84 4.41 4.62 4.96 5.92  
2750 4.29 4.45 5.56 5.72 4.25 4.44 4.25 4.44 4.89 4.43 4.63 4.97 5.93  
2800 4.32 4.48 5.59 5.75 4.29 4.48 4.29 4.48 4.94 4.47 4.67 5.01 5.88  
2830 4.31 4.47 5.77 5.93 4.31 4.51 4.31 4.51 4.97 4.45 4.65 4.99 7.75  
2850 4.42 4.59 5.80 5.96 4.30 4.50 4.30 4.50 4.97 4.53 4.74 5.09 7.75  
2890 4.58 4.79 5.85 6.01 4.53 4.76 4.53 4.76 5.29 4.63 4.86 5.24 9.62 8.50 
2900 4.60 4.81 5.86 6.02 4.54 4.77 4.54 4.77 5.29 4.65 4.88 5.26 9.62 8.50 
2950 4.83 5.05 5.94 6.11 4.57 4.81 4.57 4.81 5.34 4.84 5.09 5.48 8.00  
3000 4.90 5.14 5.98 6.14 4.60 4.84 4.60 4.84 5.38 4.91 5.16 5.57 8.25  
3050 4.99 5.23 6.02 6.18 4.64 4.88 4.65 4.90 5.44 4.98 5.24 5.65 8.50  
3100 5.01 5.26 6.03 6.19 4.67 4.92 4.68 4.92 5.47 5.00 5.26 5.68 8.50  
3150 5.07 5.32 6.06 6.22 4.71 4.96 4.76 5.01 5.57 5.07 5.33 5.75 8.25  
3200 5.09 5.34 6.07 6.23 4.74 4.99 4.77 5.03 5.59 5.08 5.34 5.77 8.50  
3250 5.07 5.32 6.06 6.23 4.78 5.03 4.76 5.01 5.56 5.07 5.33 5.75 7.84  
3300 5.13 5.38 6.09 6.25 4.81 5.07 4.83 5.08 5.64 5.12 5.38 5.81 7.34  
3350 5.16 5.41 6.12 6.28 4.85 5.11 4.86 5.12 5.69 5.15 5.42 5.85 7.41  
3400 5.27 5.54 6.19 6.36 4.89 5.15 4.99 5.26 5.86 5.26 5.54 6.00 7.48  
3450 5.29 5.56 6.20 6.37 4.92 5.19 5.02 5.29 5.90 5.28 5.56 6.03 7.55  
3500 5.28 5.55 6.20 6.36 4.96 5.22 5.01 5.28 5.88 5.28 5.56 6.02 7.62  



CC EC DC RC AC Levee Ht. River 
Sta. Q20,old Q20,new Q20,old Qmax,EC Q20,old Q20,new Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC LB RB 
3550 5.27 5.54 6.19 6.35 4.99 5.26 5.00 5.27 5.87 5.27 5.54 6.00 7.67  
3600 5.41 5.69 6.27 6.43 5.03 5.30 5.16 5.45 6.06 5.40 5.69 6.16 7.57  
3650 5.42 5.69 6.27 6.44 5.06 5.34 5.17 5.46 6.07 5.41 5.70 6.16 7.47  
3700 5.45 5.72 6.28 6.45 5.10 5.37 5.21 5.49 6.10 5.44 5.73 6.19 7.36  
3750 5.50 5.78 6.32 6.49 5.14 5.41 5.27 5.56 6.18 5.50 5.79 6.26 7.26  
3800 5.50 5.78 6.32 6.49 5.17 5.45 5.27 5.56 6.17 5.49 5.78 6.26 7.16  
3850 5.57 5.87 6.38 6.54 5.21 5.49 5.35 5.65 6.29 5.57 5.87 6.36 7.07  
3900 5.58 5.87 6.38 6.54 5.25 5.53 5.36 5.66 6.29 5.57 5.87 6.35 7.00  
3950 5.62 5.92 6.41 6.57 5.28 5.57 5.41 5.71 6.35 5.62 5.92 6.41 6.93  
4000 5.64 5.94 6.42 6.59 5.33 5.62 5.43 5.74 6.38 5.64 5.94 6.43 6.86 5.28 
4050 5.67 5.97 6.44 6.61 5.37 5.66 5.47 5.77 6.42 5.67 5.98 6.47 6.79 7.50 
4100 5.75 6.06 6.49 6.66 5.36 5.65 5.56 5.87 6.52 5.75 6.06 6.56 6.80 8.75 
4150 5.93 6.27 6.63 6.80 5.67 6.01 5.75 6.09 6.79 5.93 6.27 6.80 6.82  
4200 5.94 6.27 6.63 6.81 5.69 6.03 5.75 6.09 6.80 5.93 6.27 6.80 6.83 7.23 
4250 5.92 6.25 6.62 6.80 5.71 6.04 5.74 6.08 6.78 5.92 6.26 6.78 6.85 7.00 
4300 5.94 6.27 6.63 6.80 5.73 6.06 5.76 6.09 6.80 5.93 6.27 6.80 6.86 7.09 
4350 5.94 6.27 6.64 6.81 5.75 6.08 5.76 6.10 6.81 5.94 6.28 6.82 6.87 6.50 
4400 5.95 6.28 6.64 6.81 5.77 6.09 5.77 6.11 6.81 5.95 6.28 6.81 6.89 5.88 
4450 5.94 6.27 6.65 6.83 5.82 6.15 5.76 6.10 6.84 5.94 6.28 6.84 7.25 7.31 
4500 6.03 6.36 6.71 6.89 5.85 6.17 5.86 6.19 6.96 6.03 6.36 6.95 6.86 7.00 
4550 6.02 6.35 6.71 6.89 5.87 6.19 5.85 6.18 6.94 6.02 6.35 6.93 7.25 7.06 
4600 6.04 6.36 6.72 6.90 5.89 6.21 5.87 6.20 6.95 6.03 6.37 6.94 7.50 7.50 
4650 6.05 6.37 6.73 6.90 5.92 6.24 5.88 6.21 6.96 6.05 6.38 6.95 8.20 7.75 
4700 6.07 6.39 6.74 6.91 5.94 6.26 5.90 6.23 6.98 6.06 6.39 6.97 8.50 8.00 
4750 6.07 6.40 6.74 6.92 5.97 6.28 5.91 6.24 6.99 6.07 6.40 6.98 8.75 8.00 
4800 6.08 6.40 6.74 6.92 5.99 6.30 5.91 6.24 6.99 6.07 6.40 6.98 8.75 8.38 
4850 6.12 6.44 6.77 6.95 6.02 6.33 5.96 6.28 7.04 6.12 6.44 7.02 8.99 8.75 
4900 6.14 6.46 6.79 6.96 6.04 6.35 5.98 6.30 7.06 6.14 6.46 7.04  8.03 



CC EC DC RC AC Levee Ht. River 
Sta. Q20,old Q20,new Q20,old Qmax,EC Q20,old Q20,new Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC LB RB 
4950 6.23 6.55 6.85 7.02 6.07 6.38 6.08 6.40 7.15 6.23 6.55 7.13  7.50 
4974 6.15 6.47 6.79 6.96 5.81 6.10 6.00 6.32 7.06 6.15 6.47 7.04  7.71 
5000 5.64 5.93 6.38 6.56 5.52 5.80 5.45 5.75 6.34 5.64 5.94 6.40 7.00 7.00 
5007 5.42 5.71 6.23 6.42 5.28 5.55 5.20 5.50 6.03 5.41 5.71 6.13 7.00 7.00 
5015 5.29 5.57 6.14 6.33 5.14 5.41 5.06 5.35 5.80 5.28 5.57 5.95 7.00 7.00 
5030 5.21 5.46 6.04 6.23 5.07 5.30 4.99 5.24 5.59 5.20 5.47 5.77 7.00 7.00 
5050 5.25 5.50 6.07 6.26 5.12 5.35 5.04 5.30 5.68 5.24 5.51 5.83 7.00 7.00 
5250 5.70 5.97 6.35 6.53 5.61 5.87 5.56 5.83 6.45 5.70 5.98 6.44 7.00 7.00 
5500 6.44 6.72 6.85 6.99 6.40 6.67 6.38 6.65 7.43 6.44 6.72 7.31 7.00 7.00 
5800 7.49 7.76 7.65 7.74 7.48 7.74 7.47 7.74 8.60 7.49 7.76 8.42 7.83 7.83 
6100 7.82 8.03 7.81 8.75 7.83 8.03 7.83 8.03 8.71 7.83 8.03 8.55 9.01 9.01 
6200 8.24 8.49 8.23 8.30 8.24 8.49 8.24 8.49 9.11 8.24 8.49 8.94 9.41 9.41 
6300 8.05 8.10 8.05 7.95 8.05 8.10 8.05 8.10 8.67 8.05 8.10 8.54 9.80 9.80 
6400 9.76 9.38 9.76 9.19 9.76 9.38 9.76 9.38 10.10 9.76 9.38 9.93 11.20 11.20 
6550 10.22 10.85 10.22 10.62 10.22 10.85 10.22 10.85 11.72 10.22 10.85 11.52 11.15 11.15 
6700 11.34 11.97 11.34 11.74 11.34 11.97 11.34 11.97 12.84 11.34 11.97 12.64 12.27 12.27 
6900 12.84 13.46 12.84 13.23 12.84 13.46 12.84 13.46 14.34 12.84 13.46 14.13 13.77 13.77 
7100 14.33 14.96 14.33 14.74 14.33 14.96 14.33 14.96 15.83 14.33 14.96 15.63 15.27 15.27 
7300 15.84 16.47 15.84 16.23 15.84 16.47 15.84 16.47 17.33 15.84 16.47 17.12 16.77 16.77 
7486 17.28 17.89 17.28 17.66 17.28 17.89 17.28 17.89 18.76 17.28 17.89 18.55 18.17 18.17 

7569.3 17.96 18.58 17.96 18.36 17.96 18.58 17.96 18.58 19.44 17.96 18.58 19.23 18.80 18.80 
7621.79 18.25 18.87 18.25 18.65 18.25 18.87 18.25 18.87 19.75 18.25 18.87 19.54 19.69 19.69 
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Table 6-11.  Minimum freeboard by reach (in feet) 
 

CC EC DC RC AC 
Reach 

Q20,old Q20,old Qmax,EC Q20,old Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC 
1221 to 2830 (1) (1) (1) 0.49 (1) (1) (1) (1) (1) (1) 

2890 to 4400 
LB2 0.89 0.19 0.02 0.63 1.07 0.73 0.03 0.89 0.55 0.02 

2890 to 4400 
RB3 -0.36 -1.14 -1.31 0.63 -0.15 -0.46 -1.10 -0.36 -0.66 -1.15 

4450 to 49744 0.83 0.15 -0.03 0.74 1.00 0.67 -0.10 0.83 0.50 -0.09 
5000 to 76225 0.34 0.15 0.01 0.35 0.36 0.09 -0.77 0.34 0.07 -0.59 

[1] Not calculated, as no “levee” exists.  

[2] Minimum freeboard occurred at RS 4150 along concrete wall. 

[3] Minimum freeboard occurred at RS 4000 where there is a depression in the levee in the vicinity of Tennessee Valley Road. 

[4] Minimum freeboard occurred at RS 4500 just upstream of Flamingo Road on left bank. 

[5] Minimum freeboard occurred between RS 5500 and 5800 when the flow transitions to subcritical. 
 
6.3.2 Channel Shear Stress 
 
Figure 6-10 and Table 6-12 show the simulated shear stress for each model scenario. The following can 
be interpreted from the results presented in Figure 6-10 and Table 6-12: 
 

7. The earthen reach of the flood channel would likely erode during a flood event given that 
the typical value for the critical shear stress for erosion of San Francisco Bay muds is 
roughly 0.007 lb/ft2 (Harrison & Owen, 1971). However, the depth of erosion would be 
dependent on the actual erodibility of the muds and flood duration. 

8. The shear stress in the earthen reach downstream of Highway 1 is the lowest in the CC 
scenario, likely because of the larger width of the channel. 

9. The shear stress in the earthen reach upstream of Highway 1 is the lowest in each of the 
EC scenarios, likely due to the backwater effect caused by the flow constriction at the 
trestle bridge at the mouth of Coyote Creek. 

10. The spikes in shear stress at the trestle bridge and at Highway 1 indicate an increased 
potential for scour. 

 
While Figure 6-10 and Table 6-12 provide a simple means to evaluate the performance of the flood 
channel under flood conditions, it is not useful for evaluating the evolution of the flood channel over the 
long-term. To better evaluate the long-term morphology of the flood channel with the goal of creating a 
maintenance regime that requires less dredging and channel disturbance, it would be necessary to develop 
a shear stress frequency distribution under tidal conditions (unsteady). 
 



P:\Projects\1721_Coyote_Creek_OM_Analysis\Task8_Reporting\1721_Final_Report_Out.doc 

01/13/05 
 

44 

Table 6-12.  Reach average shear stress (lbf/ft2) 
 

CC EC DC RC AC 
Reach 

Q20,old Q20,old Qmax,EC Q20,old Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC 
1221 to 2830 0.17 0.26 0.24 0.21 0.21 0.25 0.33 0.25 0.29 0.34 
2890 to 4100 0.19 0.13 0.13 0.22 0.20 0.22 0.26 0.19 0.21 0.24 
4150 to 4400 0.06 0.05 0.05 0.12 0.07 0.07 0.07 0.06 0.06 0.07 
4450 to 4974 0.12 0.09 0.08 0.13 0.12 0.12 0.13 0.12 0.11 0.12 
5000 to 5800 0.63 0.51 0.49 0.65 0.66 0.68 0.82 0.63 0.64 0.74 
6100 to 7622 1.29 1.29 1.34 1.29 1.29 1.40 1.53 1.29 1.40 1.50 

 
6.3.3 Channel Velocity 
 
Figure 6-11 and Table 6-13 show the simulated channel velocity for each model scenario. The following 
can be interpreted from Figure 6-11 and Table 6-13: 

 

11. For the earthen reach of the flood channel, the average channel velocity ranges from 2 to 
6 fps and increases with increasing discharge. The exception is the EC scenario where the 
velocity decreases with increasing discharge due to the backwater effect caused by the 
flow constriction at the trestle bridge. 

12. For the concrete reach of the flood channel, the average channel velocity ranges from 9 to 
17 fps, with the higher velocities being associated with supercritical flow. 

 
Table 6-13.  Average channel velocity by reach (ft/sec) 
 

CC EC DC RC AC 
Reach 

Q20,old Q20,old Qmax,EC Q20,old Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC 
1221 to 2830 3.82 5.00 4.93 4.41 4.41 4.81 5.60 4.86 5.25 5.76 
2890 to 4100 4.26 3.53 3.58 4.51 4.35 4.59 5.05 4.24 4.48 4.80 
4150 to 4400 2.44 2.17 2.13 3.30 2.52 2.53 2.72 2.44 2.45 2.60 
4450 to 4974 3.31 2.92 2.86 3.50 3.42 3.42 3.60 3.31 3.31 3.46 
5000 to 5800 10.53 9.53 9.39 10.70 10.81 10.99 12.17 10.53 10.72 11.60 
6100 to 7622 15.00 15.01 15.31 15.00 15.00 15.73 16.64 15.00 15.73 16.43 

 
6.3.4 Channel Froude Number 
 
Figure 6-12 and Table 6-14 show the simulated Froude Number for each model scenario. When the 
Froude Number is less than 1, the flow is subcritical, with the opposite being true for supercritical flow. 
The following can be interpreted from Figure 6-12 and Table 6-14: 
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13. The flow in the flood channel is well within the subcritical range downstream of RS 
5800, except at the trestle bridge for the EC scenarios where the flow is constricted. 

14. The flow in the concrete channel upstream of RS 6100 is supercritical as intended by the 
original design, but is only weakly supercritical, which helps to explain why the flow 
easily transitions to subcritical flow within the concrete channel following the slight 
expansion. Additionally, undulations in the flow surface can occur near critical depth if 
small disturbances are present in the channel, increasing the risk of channel overtopping. 

15. The hydraulic jump predicted for the concrete channel appears to be quite weak, and 
would be classified as an undular jump. These are characterized by a wave train; the 
train’s initial wave is particularly high. This type of jump may therefore pose a greater 
flood hazard than would a stronger jump. 

 
Table 6-14.  Average Froude Number by reach 
 

CC EC DC RC AC 
Reach 

Q20,old Q20,old Qmax,EC Q20,old Q20,old Q20,new Qmax,RC Q20,old Q20,new Qmax,AC 
1221 to 2830 0.36 0.36 0.35 0.36 0.36 0.39 0.45 0.38 0.40 0.43 
2890 to 4100 0.34 0.27 0.27 0.37 0.35 0.36 0.38 0.34 0.35 0.37 
4150 to 4400 0.18 0.16 0.15 0.28 0.19 0.19 0.19 0.18 0.18 0.18 
4450 to 4974 0.26 0.22 0.21 0.30 0.27 0.26 0.26 0.26 0.25 0.25 
5000 to 5800 0.76 0.65 0.64 0.78 0.79 0.78 0.83 0.76 0.76 0.79 
6100 to 7622 1.18 1.19 1.18 1.18 1.18 1.19 1.18 1.18 1.19 1.18 
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