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Hydromodification Management Plan 
 

Revised Work Plan1 
(September 13, 2002) 

 
A Hydromodification Management Plan (HMP) is required in Provision C.3.f. of the 
NPDES Permit issued to the Santa Clara Valley Urban Runoff Pollution Prevention 
Program (Program). The plan will focus on developing guidance to manage the 
hydrologic effects of new development and significant re-development on stream stability 
and geomorphology. The HMP is not intended to address water quality and habitat 
considerations explicitly, but these factors will be considered in evaluating and 
recommending control measures. The co-permittees, and staff from the Program and the 
Santa Clara Valley Water District (District) will cooperatively develop the HMP with the 
assistance of consultants and selected experts.  The following describes the draft Work 
Plan and Schedule for developing the HMP. 
 
Work Plan  
 
The HMP Work Plan consists of the following tasks: 
 

1. Develop Problem Statement and Goals  
2. Review Literature and Data Source Availability 
3. Characterize Stream Conditions and Future Development Patterns 
4. Develop Conceptual Model of Processes Affecting Stream Stability  
5. Select Assessment Method 
6. Compile Available Data and Apply Assessment Method 
7. Develop Guidance for Management Measures  
8. Develop Implementation Strategy and Process for Continuous Improvement  
9. Convene Expert Panel 
10. Involve Public 

 
Attachment A to the Work Plan contains a preliminary outline of the Management 
Practice Guidance Document, and Attachment B2 contains the schedule for completion of 
tasks and deliverables. 
 
The following describes each task. Where appropriate, the section in the permit provision 
addressed by the task is noted in parentheses.   
 

                                                 
1 Draft approved by the SCVURPPP Management Committee on February 21, 2002.  Revised draft 
approved by the HMP Work Group on September 6, 2002, as authorized by the Management Committee. 
2 Attachment B, Work Plan Schedule, will be updated in the near future to coordinate the efforts of 
consultants working for the Program and the Santa Clara Valley Water District on various HMP tasks. 
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Task 1 – Develop Problem Statement and Goals 
 
Objective: Describe problem and goals. 
 
Scope: The technical problem and regulatory background leading up this permit provision 
will be described, along with definitions for what hydro-modification means in the 
context of this effort. The goal of the plan will be described, along with supporting 
objectives.  The process followed in developing the plan also will be described.  
 
Product: Brief Technical Memorandum describing problem and goals. 

 
Task 2 -- Review Literature and Data Source Availability (Provision C.3.f.iv.1) 
 
Objective: Summarize relevant literature and data availability. 
 
Scope: The scope of the literature review will support the total HMP development effort.  
The literature review will focus on the effects of urbanization on stream stability, the 
types of problems typically seen from hydromodification, the physical characteristics and 
processes that influence stream stability, assessment methods, and effectiveness of on-site 
and in-stream controls. The focus of the review will be on semi-arid conditions, but 
where information on semi-arid conditions is lacking, the review will include information 
for non-arid conditions. References will include relevant peer reviewed and other 
literature from local, regional, national, and international studies that may provide 
information to help address hydromodification in the Bay Area. Case studies within the 
Santa Clara Valley also will be reviewed to determine the types of conditions or 
perturbations that initiate instability, and the types of control measures that have been 
effectively applied to reduce instability or mitigate negative impacts. Other related 
projects in the Valley (e.g., USGS Rapid Sediment Budget Project on San Francisquito 
Creek) also will be reviewed.  
 
This task will also include review of sources of available data for characterizing stream 
conditions and classifying stream reaches according to a range of levels of erosion 
potential  (Task 3), developing the conceptual model (Task 4), and selecting and applying 
the assessment method (Tasks 5 and 6). Data types of interest include historical maps and 
aerial photographs, hydrologic information, stream channel conditions, geomorphology, 
sediment transport, stream restoration and flood control projects, and road 
crossing/culvert studies. 
 
Product: A draft of the literature review will be prepared for review by the expert panel 
(see Task 9), the Program, and the District.  The product of the literature review will 
include a database  for individual references and a synthesis of the information by topic.  
A final draft of the literature review will be prepared, incorporating review comments, 
submitted to the Program Management Committee for approval, and then submitted to 
the Regional Board as part of the Program’s FY 01-02 Annual Report by September 15, 
2002. 
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Task 3 -- Characterize Stream Conditions and Future Development Patterns (Provision 
C.3.f.ii) 
 
Objective: Develop and apply criteria to identify stream reaches that would be subject to 
plan provisions. 
 
Scope: Based on current and historical information, supplemented with stream surveys, 
stream reaches will be characterized in terms of hydrologic and geomorphic conditions 
(e.g., flow frequency, channel type and geometry) and structural measures introduced 
(e.g., grade control structures, side slope stabilization). The characterization will likely 
include: watershed geology, soil type, and topography; sediment sources, erosional and 
depositional zones; and stream channel slope, stream type, flow magnitude, and bed 
material. At this point in the process, the characterization method will likely consist of 
review of existing information, maps, aerial photographs, and quick observational style 
field assessments. We also will identify where possible the extent to which stream 
conditions have been impacted by natural events (e.g., forest fires) and anthropogenic 
activities (e.g., mining and grazing). Stream segments will be classified as to stream type, 
potential for erosion and/or deposition, and other criteria, and will be identified and 
mapped using GIS. 
 
Anticipated build-out development patterns (including areas of substantial infill) will be 
mapped and superimposed over the stream condition maps using GIS to determine the 
location of stream reaches likely to be subject to urban development. Based on this 
overlay, and criteria for defining erosion potential, non-exempt stream reaches potentially 
at risk will be identified. If the analysis exhibits any patterns, stream reaches will be 
classified into one of several “development/stream scenarios” based on specific 
conditions (e.g., upland steep slope streams subject to low density residential 
development, valley floor stream subject to commercial development) or subwatershed 
location (e.g., subwatershed A versus subwatershed B).  
 
Sources of information for this task will include the District’s stream reach database; data 
and reports compiled by the Watershed Management Initiative including the land use 
analysis and projections conducted by Lucy Buchan for the WMI; and general plan maps 
from municipalities and the county showing potential build-out densities and storm drain 
maps.     
 
Product: A technical memorandum will be developed on the results of this task for 
review by the expert panel, the Program, and the District. 
 
Task 4 -- Develop Conceptual Model(s) 
 
Objective: Identify important processes linking urbanization and stream morphology that 
should be considered in assessment. 
  
Scope: A conceptual model (in the form of a graphic) of the processes that link 
urbanization to stream stability will be developed. The model will illustrate hydrologic 
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and geomorphic processes in watersheds  and how processes are affected with 
development..  The intent of the conceptual model is to identify the important processes 
that would need to be captured in an assessment methodology, and also to be an 
educational tool that will help build consensus on the scope of the problem and overall 
approach.  
  
Product: A graphic and supporting text of the conceptual model will be included with the 
Literature Review and reviewed by the Expert Panel and Program. A final draft of the 
conceptual model will be prepared, incorporating review comments and submitted to the 
Program and the Regional Board with the Literature Review.  
 
Task 5 – Select Assessment Method 
 
Objective: Evaluate options and select assessment tool. 
 
Scope: An assessment tool will be needed to address the effects of urbanization on stream 
stability and to help identify the effectiveness of alternative control measures. The tool 
could range from empirical relationships between channel morphology and flow, creek 
walks and observational style assessments, to watershed-scale hydrologic and sediment 
transport modeling. A matrix will be developed that lists the advantages and 
disadvantages of alternative tools.  The advantage and disadvantages of alternative 
assessment tools will be evaluated on the basis of comprehensiveness and scientific 
defensibility, level of detail, data needs and consistency with available data (determined 
from literature review), cost, and other factors. An assessment method will be selected 
based on these criteria. The method should be sufficiently comprehensive to quantify 
problems and evaluate alternative solutions that could be applied to address a wide 
variety of on-site and in-stream control measures. The assessment method will be used to 
identify where problems may occur and to evaluate the effectiveness of on-site and 
instream controls, as well as identify potential or required stream restoration segments.  
 
The assessment method also will be selected to ensure that the following issues identified 
in Provision C.3.f. would be addressed: 
 

• Applicable range of rainfall events (Provision C.3.f.v.), 
• Instream erosion  thresholds, 
• Effects of urbanization on stream hydrograph change (Provision C.3.f.iv.2.), 
• Cumulative impacts of urbanization (Provision C.3.f.vi.1.), 
• Stream morphology (Provision C.3.f.vi.2.), 
• Minimizing impervious surfaces (Provision C.3.f.vi.3.), and  
• Stormwater detention, retention, and infiltration measures (Provision C.3.f.vi.4.). 
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It is anticipated that the assessment method would be applied to help develop design 
criteria and guidance on control options to meet the design criteria. The assessment 
methodalso would be an ongoing planning tool for the co-permittees that would be 
updated, maintained, and applied as new information is gained (e.g., finer resolution of 
stream conditions), or as conditions change.3   
 
Product: Technical Memorandum Describing Available Assessment Methodss, Selection 
Criteria and Process, and Chosen Assessment Method and Data Needs.   
 
Task 6 -- Compile Available Data and Apply Assessment Method 
 
Objective: Apply Assessment Method to various scenarios or watersheds and obtain 
information required to prepare the HMP  in Tasks 7, 8 and 9. 
 
Scope: The data required to apply the assessment tool would be compiled from various 
sources including the Watershed Management Initiative’s Watershed Assessment 
Consultant, the Santa Clara Valley Water District, the USGS, San Jose State University, 
the City of Palo Alto, and other sources. Existing database formats will be reviewed and 
applied if applicable for the project.  
 
The assessment method will be applied to one watershed (or subwatershed) to first test 
the method, prior to extension to other watersheds.  
 
Product: A technical report will be developed on the results of this task for review by the 
expert panel, the Program, and the District. 
 
Task 7 -- Develop Guidance for Selection, Sizing, Monitoring, and Maintenance of 
Management Practices (Provision C.3.f.iv.5, C.3.f.v, C.3.f.vi, C.3.f.vii) 
 
Objective: Develop requirements and guidance for developers and agencies to guide 
selection and design of management practices. 
 
Scope:  The guidance for management practices will address requirements and 
recommendations for BMP selection and design with the objective of protecting stream 
channels downstream of a development area.   Requirements will define levels of control; 
for example, extent to which post-development volumes must be retained on-site 
(hydrologic source control); or the extent to which in-stream flow levels and duration 
must conform to pre-development conditions.  BMP selection and design guidance may 
include site planning, on-site hydrologic (and water quality) controls, in-stream controls, 
and regional facilities to accommodate the future development conditions. If the guidance 
is followed it is presumed, based upon the assessment results, that downstream channels 

                                                 
3 The District has recently submitted a concept proposal for Prop 13 grant funding to develop a regional 
approach to the treatment/control of stormwater runoff.  The proposal includes development of a planning 
tool and computer model to optimize the selection and location of local and regional stormwater treatment 
systems.  If this project is funded, it may be coordinated with and provide more resources for the 
development of the assessment tool for the HMP. 
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would be protected. The guidance also will address BMP inspection and maintenance 
requirements. 
 
It is likely that the guidance will include BMP requirements that vary depending on 
various factors including the level of stream sensitivity, the size and nature of the 
development, and the feasibility and potential location of regional facilities.  The level of 
detail of the guidance will take into account the availability of applicable existing BMP 
guidance and will likely incorporate some guidance by reference.  The objective would 
be to avoid duplication of effort, but ensure that the guidance is tailored to Santa Clara 
Valley conditions. Guidance will likely also be tailored according to the audience; for 
example, specific guidance for plan reviewers may be necessary, whereas more technical 
guidance will be required for the developers’ engineers. A preliminary outline of the 
guidance document is provided in Attachment A.  
 
Products: This task will include development of the following products: 

• a draft guidance document for expert panel, Program and District review; 

• a draft HMP that incorporates the guidance document and the results of Tasks 1-6, 
for Program and District review and approval; 

• a draft HMP for submittal to Regional Board staff; 

• a final HMP for submittal to the Regional Board, incorporating comments of 
Regional Board staff and other interested parties. 

 
Task 8-- Develop Implementation Strategy and Process for Continuous Improvement 
 
Objective: Provide a road map for implementing the Plan. 
 
Scope: The HMP will contain an implementation element that addresses the roles and 
responsibilities of the co-permittees, developers, and others in implementing the plan. 
Also since the HMP addresses an emerging issue for the co-permittees, it will be re-
evaluated and continuously improved as experience is gained during implementation. The 
HMP will include a program evaluation element that addresses how information from 
inspections, monitoring, and other follow-up activities (e.g., developer surveys) will be 
re-evaluated and how the Plan would be revised. 
 
Local implementation of the guidance will be addressed in individual Co-permittee 
annual work plans submitted as part of the Program’s Annual Work Plan, which is 
submitted in March of each year, beginning March 1, 2003. 
 
Product: Technical Memorandum describing implementation tasks, schedule, and 
responsible entities.  
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Task 9 -- Convene Expert Panel 
 
Objective: Provide outside review to help ensure that HMP is scientifically defensible 
 
Scope: An expert panel consisting of specialists in urban hydrology and water quality, 
fluvial geomorphology, stream restoration, botany, and aquatic ecology will be convened 
to review task products (including technical memoranda and the draft work plan) and 
participate as a team in conducting the work. Regional Board staff representatives also 
will be asked to participate, including staff associated with the Board’s Stream Protection 
Policy.  The schedule in Attachment B illustrates the time frames and topics for expert 
panel review. 
 
Products: Summaries of review comments and responses. 
 
Task 10 -- Involve Public  
 
Objective: Obtain public input and ensure that Plan has public support. 
 
Scope: The public will be involved through periodic presentations to the Watershed 
Assessment Subgroup (WAS) and Flood Management Subgroup (FMS) of the Santa 
Clara Basin Watershed Management Initiative, BASMAA’s New Development 
Committee and other organizations, including the Home Builders Association (HBA) and 
development engineers.  The Program’s HMP Work Group and the BASMAA New 
Development Committee will have the opportunity to review draft work products and 
provide input during the same time period as the expert panel (see Attachment B). 
 
Product: Meeting notes  
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ATTACHMENT A 
 

HMP Guidance Manual Outline 
(Preliminary Draft) 

 
1. Introduction  

2. Problem Definition and Goals 

3. Manual Development Process 

4. Description of Assessment Tool  

5. Design Requirements 

i. Storm Events to be Considered 

ii. Threshold Stream Morphology Conditions 

iii. Non-Exempt and Exempt Stream Segments 

iv. Soil and Site Condition Limitations 

v. Runoff Limitations  

6. BMP Selection and Design Guidance  

i. Site Planning 

ii. On-Site Controls 

iii. In- Stream Controls 

7. Inspection and Maintenance Requirements 

8. Monitoring Requirements 

9. Implementation Guidance 

10. Program Evaluation and Continuous Improvement 
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Santa Clara Valley 
Urban Runoff Pollution Prevention Program 

 
Hydromodification Management Plan 

Literature Review 
 

EXECUTIVE SUMMARY 
 
Background 
The California Regional Water Quality Control Board (RWQCB), San Francisco Bay Region, issued 
a Permit Amendment revising Provision C.3 to the  Santa Clara Valley Urban Runoff Pollution 
Prevention Program on October 17, 2001. The Program’s NPDES Permit is jointly issued to thirteen 
Cities in Santa County, Santa Clara County, and the Santa Clara Valley Water District, all of which 
are Co-permittees. 
 
A literature review was prepared in response to the NPDES Permit requirements to address the 
impacts from new and redevelopment projects on stream morphology, habitat, and erosion potential.  
Permit Provision C.3 requires the Co-permittees to address these impacts through the creation and 
implementation of a Hydromodification Management Plan (HMP).   
 
The purpose of the literature review was:  

1) To meet the permit requirement (Provision C.3.f.viii.2);  

2) To provide technical information to assist in the development of the Plan; and  

3) To educate stakeholders and regulatory staff. 
 
Articles included peer reviewed journal articles and local and regional sources. Topics included 
physical processes that influence stream channel characteristics, effects of urbanization on channel 
stability, thresholds of channel stability, assessment methods, guidance on watershed management 
strategies, control measures, and habitat quality.  Most of the research has been conducted in regions 
with different climatic, geologic and physiographic conditions than those found in the Bay Area.  
Reports on local streams conducted by professionals in the Bay Area were also included.  The 
potential list of literature grew to about 80, of which about 50 were ultimately used in this literature 
review.   

   

Problem Statement (Chapter 1) 
Hydromodification refers to the effects of urbanization on runoff and stream flows that in turn may 
cause erosion and/or sedimentation in the stream channels. Figure E1 presents a Conceptual Model of 
the hydrologic and geomorphic processes that influence the condition of streams and can be affected 
by hydromodification.  Climate, geology, and landscape affect runoff and sediment discharged to 
stream channels.  Land use, soil and vegetation characteristics affect the proportion of rainfall that 
infiltrates the ground or runs off the surface.  Urbanization increases the peak flow and volume of 
surface runoff by adding impervious surfaces and drainage facilities.   Stream flow energy imposed 
on the stream channel may also be increased due to urbanization, causing erosion of the streambed 
and banks, sediment transport, and deposition.   
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HMP Goals and Objectives (Chapter 2)  
 
The primary goal of the HMP and the RWQCB is to protect and restore the physical, chemical, and 
biological functions of stream systems in urban areas.  A top priority is protecting existing healthy 
stream systems with a goal that urbanization will not result in a net loss of ecological functionality. 
For impaired streams, the goal is to achieve the maximum attainable practical restoration of 
functions.  
 
In order to meet these goals the following objectives were defined: 

a) Develop a watershed-based HMP to address the impacts of hydromodification on the 
beneficial uses of streams;  

b) Characterize stream segments currently having erosion problems,   

c) Develop, test, and apply an assessment method to evaluate possible future erosion problems, 

d) Develop design criteria, control measures, and guidance on management strategies, 

e) Involve the public, stakeholders, and other interested parties to ensure acceptability of the 
HMP,  

f) Manage the impacts of hydromodification on streams through the implementation of the 
HMP, 

g) Monitor the effectiveness of the control measures and management strategies, and amend the 
HMP as needed. 

 
 
Hydrologic Processes (Chapter 3)  
 
Urbanization causes increases in the drainage density and degree of networking (rain gutters, 
curbs/gutters, drainage pipes), and increases in the percent imperviousness and connectivity of 
impervious areas. Urbanization also may result in soil compaction, removal of native vegetation, and 
reductions in the width of the riparian corridors. Increases in impervious surface increases peak 
flows, especially in the more frequent events, increases runoff volume, increases the duration of 
smaller flow events, and increases the frequency and duration of sediment transporting flow events. 
Seasonal flow regimes may also change with urbanization.  Dry season baseflows can decrease where 
the loss of infiltration is significant.  In turn, reduced baseflows may limit riparian vegetation.  
Summertime baseflows can increase in areas where excess irrigation is significant compared to 
normal dry season flows and alter wetland and riparian hydro-periods.  
 
Geomorphic Processes (Chapter 4)  
 
Fluvial geomorphology deals with forms and characteristics of stream channels and the processes that 
create them.  Over time and before human disturbances, channel planform, slope, and cross sectional 
dimensions evolved to balance stream flow energy and the need to transport sediment load.  A natural 
stream channel is “stable” when its cross section, plan form, and profile features are in dynamic 
equilibrium such that the stream neither aggrades, degrades, or changes in geometry or meander 
pattern during the present climatic regime.  
 
Increases in impervious surfaces and the associated changes in runoff have the potential to destabilize 
streams.  The degree of change is highly variable and depends on the characteristics of the watershed 
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and on the development style.  Effects include increasing the frequency and duration of 
geomorphically significant flows and increasing the amount of “work done” on the stream bed and 
banks.  These in turn can lead to increases in stream depth, or incision, and erosion of stream banks in 
some segments; increased sediment transport, and deposition in downstream segments closer to the 
Bay. 
 
Riparian Ecology (Chapter 5) 
 
Habitat and its associated plant and animal types are strongly correlated to the available water supply, 
its frequency of inundation, and watershed disturbance patterns.  The frequency and duration of 
inundation on floodplain surfaces and side channels create hydro-periods that establish different 
ecological communities and add to the diversity of the riverine corridor.  Flooding creates habitat that 
varies in its productivity and structural complexity depending on the timing and duration of 
inundation, type of substrate, vegetation, and upstream erosional processes. Riparian vegetation along 
abandoned channels and emergent wetlands creates off stream habitat and provides increased 
physical structure to habitats including refuges, spawning/nesting and rearing habitat, and food 
resources.  
 
Assessment Methods (Chapter 6) 
 
Chapter 6 of the literature review summarizes several assessment tools that can be combined to 
formulate an assessment method.  These tools include classification, empirical methods, mapping and 
modeling. An assessment method must incorporate factors that describe the characteristics of 
watersheds, stream types, development style, and existing riparian conditions.  Watershed and stream 
channel characterization is the first step towards any assessment addressing the physical and 
ecological conditions of a watershed and stream network. The watershed scale characterization helps 
focus attention on the processes impacted by development and the actual causes of the observed 
impacts rather than focusing in on the symptoms, such as bank failures.  
 
Historical information can be used to help explain the observed physical and ecological processes and 
existing stream channel conditions. The historical analysis can provide insight into likely response to 
hydromodification and can be used to verify assumptions on the expected channel response.   
 
The current direction of research is to utilize simplified methods, or indices that can be used to 
distinguish between eroding or non-eroding, or stable and unstable channel conditions. Indices, such 
as ratios of stream power, are attractive because they are simple to use and inexpensive to apply.  
Indices of stability, energy, or erodibility must be referenced to the erodibility of the most sensitive 
boundary condition.   
 
Management Strategies (Chapter 7) 
 
Management strategies often integrate a series of progressive control measures including land use 
planning, distributed on-site control measures, regional facilities, and stream restoration.   
 
Elements of such a strategy are as follows: 

a) Preserve the natural hydrologic conditions and protect sensitive hydrologic features, sediment 
source characteristics and sensitive habitats.  Avoid, to the extent possible, the need to 
mitigate for hydromodification. 
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b) Minimize the effects of development through strategic design (e.g., reduce connected 
impervious surfaces) and through the implementation of environmentally sensitive on-site 
distributed BMP’s (e.g., wetlands, swales, infiltration gardens, etc.)  

c) Manage the stream corridor itself by implementing in-stream controls, such as grade controls, 
biotechnical bank stabilization controls, and restoration. Provide allowances for the modified 
stream flow characteristics and enhance the beneficial uses of streams.   

d) In some cases, a regional stormwater management system may be cost effective.  These 
strategies could include regional floodplain management, secondary collection and drainage 
systems, and large-scale detention and infiltration basins.   

 
 
 
Available Local Data (Chapter 8)  
 

Chapter 8 of the literature review summarizes the Available Local Data that could be useful in 
addressing hydromodification, implementing an assessment method, and identifying solutions.   
 
 
Conclusion 
 
The literature review covered many aspects of hydromodification in response to the RWQCB 
requirements to address the impacts from new and redevelopment projects on the beneficial uses of 
streams in the Santa Clara Basin.  Important elements of hydrologic and geomorphic processes have 
been described and discussed in terms of changes caused by urbanization.  Assessment tools and 
management strategies have also been discussed and summarized.  Information from the literature 
review was used in creating the overall approach to developing the HMP.  
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1 Background 

 

1.1 Problem Statement 

Urbanization is defined as the transformation of land into residential, commercial, and 
industrial properties, and associated drainages, roads, sewers and other community 
planned infrastructure. Urbanization modifies natural watershed and stream processes by 
altering the terrain, modifying the vegetation and soil characteristics, introducing 
pavement and buildings, and installing drainage and flood control infrastructure, and 
altering the condition of stream channels through straightening, deepening, smoothing, 
and sometimes armoring. These changes affect rainfall interception, infiltration, runoff 
and stream flows (i.e., modifies the hydrologic characteristics), and affects sediment 
supply and transport of sediment in the stream system. As the total area of impervious 
surfaces increases, infiltration of rainfall decreases, forcing more water to run off the 
surface as overland flow.  This increases the volume of storm runoff and concentrates it 
into shorter time periods, so that the frequency and duration of intense, fast flows are 
increased. Ultimately, these increases intensify sediment transport, causing changes 
sediment transport characteristics and the hydraulic geometry (width, depth, slope) of 
channels. The larger peak flows and volumes and the intensified erosion of streams 
impair the beneficial uses of the stream channels.  These types of changes have been 
documented in the Bay Area on Wildcat Creek, San Antonio Creek, Novato Creek, San 
Pedro Creek, and others (SFEI, 2001b, 2000, 1998, 2001a).   

The RWQCB, San Francisco Bay Region, under the National Pollutant Discharge 
Elimination System (NPDES) is requiring stormwater programs to develop and 
implement management measures and prepare a Hydromodification Management Plan 
(HMP).  Hydromodification is defined as the change in runoff characteristics from a 
watershed caused by changes in land use conditions.  The HMP must describe how 
dischargers plan to manage changes in urban runoff from specifically new and 
significant redevelopment projects and protect the beneficial uses of streams.  One of the 
requirements in the new permit is to prepare and submit a review of the literature to help 
educate those responsible for preparing and implementing this plan, and to help identify 
assessment methods to predict channel instability due to hydromodification.   

A Conceptual Model of the hydrologic and geomorphic processes relevant to 
hydromodification is presented in Figure 1.  The process begins with the regional factors 
of climate, geology, and physiography, which in turn affect the amount of runoff and 
sediment sources discharged to stream channels.  Land use, soil and vegetation 
characteristics affects the proportion of rainfall that infiltrates the ground or runs of the 
surface. The nature of the local climate, geology, and physiography also affect the 
frequency and type of sediment supplied to the stream system.  The imposed changes in 
the stream flow and sediment load characteristics ultimately change the physical and 
ecological characteristics of stream channels.  This document provides a summary of 
these processes to help develop an understanding of how these features are impacted and 
how they might be controlled.   
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There are many types of impacts to streams from development depending on historical 
landscape practices and natural events. Observed impacts in the Bay Area include 
streambed incision, bank failures, siltation, temperature increases and water quality 
degradation, and loss of habitat features like suitable substrate, pools, tree cover, and 
overhanging banks.  In semi-arid areas where ephemeral streams are common, summer 
base flows may actually increase from irrigation and other outdoor uses of water 
changing the natural hydo-periods and eventually plant and animal communities.  This 
literature is focused on the impacts to the physical changes of stream channels due to 
changes in the runoff patterns from urbanization.  Although no less important, the 
following impacts are not covered in this literature review. These include concrete 
linings, culverts and outfalls, bridge constrictions, riprap and other erosion control, 
floodplain development, water diversions, aggregate extraction, agriculture and seismic 
activity.   

 

1.2 Regulatory Framework 

The California Regional Water Quality Control Board (RWQCB) is the regulatory 
agency that issues NPDES permits to municipal agencies for stormwater discharges to 
San Francisco Bay.  Beginning in 2000, in response to direction from the State Water 
Resources Control Board and changes to NPDES permits in Southern California, the 
RWQCB began to reissue or amend existing permits to include stricter requirements for 
control of stormwater from new development and redevelopment projects.  The first Bay 
Area permit to include the new requirements was Order 01-119 (October 2001), which 
amended Provision C.3. of the Santa Clara Valley Urban Runoff Pollution Prevention 
Program’s reissued NPDES permit (Order 01-024, February 2001).   

Provision C.3. contains requirements to address impacts of new and redevelopment 
projects on beneficial uses of streams resulting from both pollutants in stormwater runoff 
and erosion caused by changes in the amount and timing of stormwater runoff.  Under 
Provision C.3.f. – Limitation on Increase of Peak Stormwater Runoff Discharge Rates, 
new and redevelopment projects above certain impervious surface thresholds must 
include measures to address changes in runoff due to increases in impervious surfaces 
created by the project and to control runoff in a manner to protect streambeds and banks 
from erosion. The permit provision specifically requires the development of a HMP 
which would prioritize stream segments, establish in-stream and runoff criteria, and 
provide guidance on management measures, which could include a combination of on-
site, in-stream, and regional control strategies. The Regional Board has prescribed the 
following: 

a) “Post-project runoff shall not exceed estimated pre-project rates and/or durations, 
where the increased stormwater discharge rates and/or durations will result in 
increased potential for erosion or other adverse impacts to beneficial uses, 
attributable to changes in the amount and timing of runoff (Provision C.3.f.i). 

A number of municipalities in other states (i.e., Maryland, Florida, and Washington) are 
presently implementing measures similar to these requirements.  These states have been 
active in developing standards, procedures and management strategies to control 
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stormwater runoff.  In California, Ventura County, Orange County, Los Angeles County, 
the City of Long Beach, and the City and County of San Diego are in various stages of 
drafting and implementing stormwater permit provisions similar in scope to the revised 
Provision C.3. 

 

1.3 Santa Clara Valley Urban Runoff Pollution Prevent Program 

The Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURPPP) is an 
association of 15 agencies in Santa Clara Valley – 13 cities, Santa Clara County, and the 
Santa Clara Valley Water District (SCVWD) – that share a common NPDES permit to 
discharge stormwater runoff to South San Francisco Bay.  The SCVURPPP incorporates 
regulatory, monitoring and outreach measures aimed at reducing pollution in urban 
runoff to the “maximum extent practicable” to improve the water quality of South San 
Francisco Bay and the streams of Santa Clara Valley.  The Program began in 1990 with 
the signing of a Memorandum of Agreement among the “Co-permittees’’, and in 
February, 2001, the Program received its third 5-year NPDES permit.  Provision C.3. of 
this permit was amended in October, 2001, by the RWQCB to include expanded 
requirements for controlling pollutants from new and redevelopment activities. The 
Program operates according to an Urban Runoff Management Plan (URMP), which 
consists of an area-wide plan and individual Co-permittee plans describing what the 15 
Co-permittees will do, collectively and individually, to reduce urban runoff pollution.  
The URMP contains performance standards for each Program element, including 
Development Planning Procedures and Construction Inspection.  Performance standards 
represent the level of implementation that Co-permittees need to achieve to control 
urban runoff pollutants to the “maximum extent practicable” (the mandate of the NPDES 
permit).  Co-permittee URMPs describe their local work plans, legal authority, best 
management practices, and standard operating procedures to achieve the performance 
standards. 

Under the current Development Planning Procedures Performance Standard, the Co-
permittees have been requiring site design measures and post-construction control 
measures for projects that have “significant stormwater pollution potential” (i.e., projects 
that will have significant impacts on stormwater quality, as determined through an 
environmental review process).  For the most part, control measures implemented to date 
have focused more on removal of stormwater pollutants than on control of increased 
peak flows and volumes of runoff from developed sites.  Provision C.3. requires the 
Program to develop an enhanced performance standard that includes: 1) specific size 
thresholds for defining projects that are subject to the new regulations (based on the 
amount of impervious surface); 2) specific numeric flow- and volume-based criteria for 
design of stormwater control measures; and 3) criteria and guidance for control of runoff 
peak flow and volume based on the results of the HMP. 

 

1.4 Need for literature review 

This literature review is prepared to satisfy the requirement of the HMP and deliver a 
review of the literature by September 2002.  One of the first steps in this process is the 
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development of a literature review that summarizes the various aspects of the effects of 
urbanization on hydrology and geomorphology, available assessment tools that can be 
used to address the problem, and management strategies that agencies can use to 
implement the HMP.   

In addition to meeting the permit requirement, the literature review has the following 
purposes: 

a) To provide the technical basis for the selection and application of methods for 
assessing the hydrologic and geomorphic impacts of urbanization, and for 
developing design criteria and implementation plan.  

b) To educate those who will be approving the HMP (e.g., Management Committee, 
RWQCB) or will have to live with the plan (development community). 

The literature review is focused on the hydrologic and geomorphic impacts from 
hydromodification.  This document does not address many other potential impacts to 
stream channels caused by urbanization, for instance scour at outfalls or bridge 
abutments.  The literature review summarizes the hydrologic and geomorphic processes 
that function to define the physical characteristics of channels and their riparian 
corridors. Although water quality and riparian ecology are critical to the health of the 
riparian corridor, this report focuses primarily on the physical characteristic of stream 
systems.   

The physical and ecological characteristics of the riparian corridor are created and 
maintained by a spatially and temporally dynamic system of stream and watershed 
processes.  The state of the riparian corridor is a result of the time-integrated effects of 
climate, physiography, and land use.  It is therefore imperative to understand the key 
processes that are altered and how such alterations ultimately affect the observable 
stream and riparian attributes.  Watersheds, valleys and streams must be characterized to 
understand the cause of degradation rather than just the symptoms. If this is 
accomplished, we will be able to identify channels that are most sensitive to changes in 
hydrology, sediment supply, or riparian vegetation. Subsequently, we will then be able 
to provide guidance on the most probable geomorphic stream responses, and adequately 
select management strategies that will protect beneficial uses.   

Decades of research have revealed that urbanization frequently results in severe stream 
degradation, but the complexity and variability of stream responses make it difficult to 
predict channel instability and make informed decisions regarding management 
strategies (Bledsoe, 2001). This literature review summarizes the important hydrologic 
and geomorphic processes involved in channel stability and describes expected 
responses to hydromodification.  The literature review also summarizes the various 
assessment tools that researchers have developed and used to address hydromodification 
and the potential management strategies agencies can use to manage future development.   
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2 Goals and Objectives 

 

2.1 Goals  

The primary goal of the HMP requirement is to protect and restore the physical, 
chemical, and biological functions of stream systems in urban areas, subject to 
considerations of benefits and costs. Benefit-cost considerations suggest two secondary 
goals based on stream conditions.  A top priority is protection of existing healthy stream 
systems with a goal that urbanization will not result in a net loss of ecological 
functionality. For impaired systems, the goal is to achieve the maximum attainable 
practical restoration of functions.  In this regard, the emphasis of the HMP is on 
understanding and managing the cumulative effects of urbanization on hydrology, water 
quality, and geomorphology on a watershed scale, rather than on prescribing controls for 
each development without a basis for evaluating the potential benefits.   

These goals are similar to goals already developed by agencies and municipalities in the 
Santa Clara Valley. For example, the Santa Clara Valley Water District’s 15 year Clean 
Safe Creeks & Natural Flood Protection Plan “reflects a comprehensive stream 
stewardship program that seeks to better preserve natural systems. Progressive methods 
make it possible to protect valley residents, while at the same time improving water 
quality, maintaining and restoring riparian corridors for wildlife habitat and creating 
trails and parks for recreational enjoyment.”  The City of San Jose has developed a 
Riparian Corridor Policy, the purpose of which is to “promote the preservation of 
riparian corridors.” The Policy establishes riparian corridor development guidelines that 
include riparian setback requirements for various land uses. The goals for the HMP are 
also consistent with the Regional Board’s Stream Protection Policy, and the Regional 
Board Staff’s recommendations for incorporating stream protection goals into the Basin 
Plan.  

2.2 Objectives 

In order to meet the above goal and the RWQCB requirements (Section 1.2), the 
following objectives have been defined: 

a) Develop a watershed-based HMP for approval by the RWQCB to address the 
impacts of hydromodification on the beneficial uses of streams;  

b) Develop, test, and apply an assessment method to evaluate potential hydrograph 
change and impacts to stream channels from proposed projects, and identify 
where such changes can cause increased erosion of creek beds and banks, silt 
pollutant generation, or other impacts to beneficial uses; 

c) Develop design criteria, control measures, and guidance on management 
strategies to address hydromodification and identified impacts; 

d) Manage the impacts of hydromodification on streams through the 
implementation of the HMP, 
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e) Monitor the effectiveness of the control measures and management strategies, 
and amend the HMP as needed. 

 

2.3 Criteria for Selecting Articles 

Based upon review of the HMP permit requirements and understanding of the goals and 
objectives, the following criteria were used in selecting articles for review: 

a) Peer reviewed journal articles 

b) Local and regional sources,  

c) semi-arid climates,  

d) physical processes that influence stream channel characteristics,  

e) effects of urbanization on channel stability, 

f) thresholds of channel stability, 

g) assessment methods,  

h) guidance (by others) on integrated watershed management,  

i) alternative on-site and in-stream control measures, and 

j) habitat quality.  

 

The above criteria were identified at the beginning of the literature review to focus 
attention on the most important issues for the South San Francisco Bay Area.  However, 
during the collection and review of the articles, it became clear that not all the criteria 
could be satisfied to the same level of detail.  For example, many articles are published 
on hydrologic and geomorphic processes affecting stream channels, many articles on the 
effects of urbanization on stream channels and changes in runoff characteristics.  There 
are few articles on threshold criteria and on assessment methods directed at 
hydromodification.  There are few articles addressing control measures or approaches to 
minimizing the affects of hydromodification. 

Given the constraints on the number of articles addressing some of these criteria, it 
became clear that some of these criteria would be hard to meet.  Few peer-reviewed 
studies have addressed hydromodification in specifically in semi-arid climates.  Most of 
the research has been conducted in the Pacific Northwest, Ontario Canada, and the 
northeast.  Thus the majority of this literature review is based on work conducted in 
different climatic and physiographic regions of the country than that found in the Bay 
Area, and therefore this work will need to be adapted to local conditions.  We 
supplemented peer-reviewed literature with reports on local project conducted by 
professionals in the Bay Area.   

Articles were identified through Internet and library searches, professional journals, 
books, conference proceedings, and the author’s personal files and from the references in 
published articles. Table 1 lists the articles found during the search and its associated 
information.  The Project Team also had personal knowledge of sources of local 
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information relevant to this topic that wouldn’t normally show up in a library search.  
The University of California library system was used to search for relevant articles.  
Internet and library searches involved key words based on the criteria listed above.   

Potential articles were reviewed to see how relevant they were to the topic of interest and 
which of the criteria were satisfied.  Each article was entered into a database (Table 1) 
that identified reference information and the criteria that are satisfied.  Articles believed 
to be the most relevant were reviewed in detail first.  Over time, the potential list of 
literature grew to about 80, of which about 50 were ultimately used in this literature 
review.   
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3  Hydrologic Processes  

Hydrology plays a critical role in influencing the physical characteristics and ecological 
health of stream corridors.  The characteristics of weather, water flow, and sediment 
flow define both the stream’s geomorphic processes and ecological functions.  Rainfall 
and ultimately runoff control the transport of sediment and the characteristics of channel 
forms from headwater streams to ocean discharges.  Chapter 3 briefly describes the more 
important processes of the hydrologic cycle of primary interest to the development of a 
HMP.   

 

3.1 Climate 

One of the important aspects of hydrology is the seasonal distribution of rainfall.  The 
patterns of rainfall in a particular watershed are dictated by the region and local 
topography.  Is the rainfall distributed over several months in small increments or does it 
fall in cloudburst of short duration?  The Santa Clara Basin has a Mediterranean climate, 
characterized by extended periods of precipitation during the winter months with little 
rainfall from spring to fall.  The wet season generally extends from November through 
April, with little rainfall in the months between May through October.  Portion of the 
Santa Cruz Mountains receives 40 to 60 inches of rainfall each year, while the central 
portion of the valley receives 13 to 14 inches per year.  Within the last 100 years of 
record, rainfall in the central part of the valley has ranged from 6 inches to over 30 
inches.  Periods of extended droughts are not uncommon in California and in the Santa 
Clara Valley.  Short-term droughts of 5 to 7 years have occurred several times in the last 
100 years (Balance Hydrologics 1999).   

Leopold et al. (1964) discuss how climate affects weathering of the earth’s surface and 
the erosion process.  Intense rainfall has more erosive energy and its runoff can transport 
greater quantities of sediment than light but constant rainfall.  Intense rainfall can also 
trigger numerous shallow landslides and debris flows when soils are already saturated. 
High amounts of seasonal rainfall in the Bay Area have been known to trigger numerous 
earth flows in terrain dominated by clay-rich stratigraphy.  The characteristics of climate 
influence the nature of watershed processes, stream characteristics, and riparian 
communities that proliferate in these regions.  The natural episodic nature of floods, 
fires, droughts create natural perturbations that temporarily disrupt stream conditions and 
functions.  In California, indigenous plant and animal communities are adapted and are 
actually rejuvenated by these disrupting events (Hecht 1994).  These natural events and 
the changes in stream channels created by them can influence the interpretation of 
observed bank erosion and modeling results.   
 

3.2 Hydrologic Cycle 

Figure 2 illustrates the typical hydrologic cycle in which water is transported in its 
various forms from rainfall, to runoff, to evaporation.  A complete description of the 
hydrologic cycle can be found in most college textbooks (e.g., Linsley, 1982; Mosley 
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and McKerchar, 1993).  This discussion concentrates on those parts of the hydrologic 
cycle most important to hydromodification and defining stream channel conditions.   

Under certain weather conditions, water vapor condenses into water droplets that fall to 
the earth’s surface as rain.  Part of the rainfall is intercepted by vegetation (interception) 
and the rest falls to the ground.  Of the fraction that falls to the ground, a percentage 
infiltrates into the ground and a percentage runs off as overland flow.  Of that portion 
that infiltrates into the ground, some will remain near the surface (interflow) and some 
will percolate to deep groundwater aquifers.  Both shallow and deep subsurface flow 
feed springs, streams and rivers and help sustain year round baseflow.   

There are three flow pathways that runoff can take to reach streams, rivers, lakes and 
oceans – overland flow, interflow, and groundwater flow.  The fraction of total volume 
and how fast this volume is conveyed to streams depends largely on topography, soils, 
and geological characteristics of the watershed.  The rate at which rainfall moves 
through the watershed as overland flow or as subsurface flow influences the dynamics 
and character of the riparian corridor. The amount of water that is temporarily held 
within the watershed can be thought of as temporary storage.  Soil has the capacity to 
store water and slowly release it to streams and rivers, thus providing summertime 
baseflows in perennial streams.   

Stream flow and groundwater flow are interconnected along stream channels.  When 
adjacent groundwater elevations are higher than the water surface in stream channels, 
groundwater discharges to the stream and maintain baseflows (gaining stream).  When 
groundwater elevations are less than the water surface elevation in the stream, surface 
water infiltrates into the ground (loosing stream).  Whether streams are loosing or 
gaining streams is highly variable in both space and time.  The portion of rainfall that is 
intercepted, held in the soil by capillary forces, or used by vegetation is evaporated 
and/or transpired back to the atmosphere.   

Infiltration and Soil Water Storage 

Infiltration is the rate at which rainfall passes through the soil surface into the pores and 
interstices between soil particles.  Infiltration rates can be influenced by the amount of 
antecedent rainfall and resulting amount of water stored in the soil matrix (soil 
moisture).  Initially the rate of infiltration is high, but as the volume of water in the soil 
increases from infiltration, the rate at which additional rainfall infiltrates the ground 
surface is reduced to the rate at which water can percolate to deeper zones.  Percolation 
is the penetration of water through the soil matrix down to the groundwater table.  
Percolation is typically slower than infiltration, at least initially.  When the soil is 
saturated, the rate of infiltration is about equal to percolation.  The total storage available 
in the soil column is equal to the porosity of the topsoil (typically around 43 percent for 
sand and clay to 47 percent for loams).  The field capacity of the soil column  (typically 
around 5 percent for sand to 38 percent for clay) is that percentage of the total water 
storage that is available to evapotranspiration.  The difference between total storage and 
the field capacity is that portion of soil water that can drain to stream channels.   
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Flow Pathways 

Depending on soil types, topography and drainage density a certain percentage of 
rainfall infiltrates into the ground and becomes interflow or groundwater flow (Figure 2).  
Interflow is shallow subsurface flow that migrates down topographic gradients through 
soil pores and fissures eventually to a water body such as a stream or river.  
Groundwater flow is deeper than interflow and also migrates down hydraulic gradients. 
The rate at which rainfall reaches streams and rivers through these two subsurface 
pathways is much slower than the rate at which water reaches streams and rivers by 
overland flow.  Overland flow reaches stream channels on the order of minutes to hours.  
Interflow is much slower than surface runoff.  Interflow can reach streams in hours or 
days after the storm.  Subsurface flow is dependent on the hydraulic conductivity of the 
soil matrix and the hydraulic gradient, which can supply water to springs and streams for 
months and years after the rainy season (Knighton, 1998).   

In locations where soils are highly permeable and slopes are shallow, a significant 
portion of rainfall accumulates and infiltrates into the ground resulting in decreased 
stream flows.  In contrast, where the soils have low permeability and slopes are steep, a 
large fraction of rainfall runs overland and quickly becomes stream flow.  The rate that 
rainfall is transported to streams and rivers can vary considerably between these two 
extremes even within the same watershed. Stream characteristics typically reflect the 
natural properties of its watershed.  Urban planning can take advantage of this 
knowledge when laying out development to avoid and maintain high infiltration zones.   

The dominant runoff process in semi-arid climates is Hortonian overland flow.  
Overland flow is commonly referred to as “Hortonian” or “Saturated” overland flow.  
Hortonian overland flow is said to begin when rainfall intensity is greater than the 
infiltration capacity of the soil. Infiltration depends on soil type, moisture content, 
organic matter, vegetation cover, and season.  In simple terms, infiltration is usually 
greatest in the beginning of the winter season or at the beginning of storms when the soil 
is the driest.  Saturated overland flow occurs when the soil becomes saturated rather than 
having its infiltration capacity exceeded.  Long periods of light rain can saturate soils 
(Knighton 1998).  Saturated soil conditions frequently occur at the base of slopes and in 
surface depressions where flow converges.  Saturated conditions also occur where 
surface soils are thin and underlain by impervious strata – such as duripan.  As a result, 
the antecedent moisture condition of the watershed is important in determining runoff 
characteristics.  A storm of a given size in early winter can produce much less runoff 
than the same size storm in late winter.  Runoff therefore can be highly variable both 
spatially and temporally.  Hydrologic modeling and the assessment of urban 
development should also account for this spatial and temporal variation.   

Drainage Density 

Overland flow starts out as sheet flow, but quickly becomes concentrated in rills, gullies 
and channels. The nature of this network of channels is described in geomorphic 
textbooks. Of interest to this work is the measure of total channel length per unit 
watershed area - or “drainage density”.  Drainage density is governed by the erodibility 
of the surface soils, slope, and high rates of runoff.  Urbanization can increase drainage 
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density through the creation of road shoulders, gutters, ditches and canals.  Increases in 
drainage density also make it easier for overland flow to reach stream channels in a short 
period of time.   

Channel incision in lowland stream reaches has lead to increase channel development in 
headwater segments and an increase in sediment supply to streams. Channel 
development refers to headword expansion of first order streams.  Watershed 
assessments in the Bay Area have documented increases in sediment supply as a partial 
result of increases in drainage density.  These include Wildcat Creek, San Antonio 
Creek, Novato Creek, San Pedro Creek (SFEI, 2001b, 2000, 1998, 2001a).  Changes in 
drainage density have been documented as far back as the 1800’s in the Bay Area when 
grazing and agricultural were the predominant land uses.  Some regions, such as the 
Lake Tahoe Basin, mange land development through measures of drainage density.   

 

3.3 Change in the Hydrologic Cycle 

Urbanization has a major effect on the hydrologic cycle.  When large areas are rendered 
impervious, the area of infiltration is reduced, surface storage and interception may also 
be reduced, and overland flow takes place readily on smooth impervious surfaces 
(Hollis, 1975). Urbanization converts open land into impervious areas for residential, 
commercial and industrial uses through paving, roofs, soil compaction, and loss of 
vegetation.  Booth et al. (1997) uses the increase in percent connected imperviousness as 
the basis to predict the likelihood of channel destabilization.   

Urbanization, or more specifically the increase in impervious surfaces and 
connectedness of drainage channels, has a significant effect on flow pathways and the 
timing of runoff and watershed storage.  Urbanization changes the natural relative 
proportions of overland flow, interflow, and groundwater flow to stream channels 
(Booth et al. 1997).  As a result, the natural storage of water in the watershed is reduced 
and the relationship between groundwater and stream flow are changed.  Hence, more 
erosive energy is available to perform work on the streambed and banks. When there is a 
long-term change in the volume of water supplied, the channel adjusts its hydraulic 
geometry.  Until the channel planform, slope, and cross sectional dimensions have all 
adjusted to a new equilibrium, the channel is said to be unstable.   

Streams can change from mostly perennial streams to ones with flashier discharges and 
reduced intermittent to nonexistent baseflows.  Streams can change from gaining streams 
to loosing streams, and sometime surface flows are known to disappear altogether.  
These types of changes have been documented in the Bay Area on Wildcat Creek, San 
Antonio Creek, Novato Creek, and San Pedro Creek (SFEI, 2001b, 2000, 1998, 2001a). 

In climates where the ecology is adapted to a seasonal cycle of water supply, 
urbanization can increase summertime water availability due to runoff from excess 
irrigation, car washing, and system leaks and changes the ecology to one suited to a 
continuous water supply.  The County of Sacramento has measured summertime urban 
slobber and estimates that about 0.86 cfs of summertime runoff occurs per square mile of 
urban development (Eva Butler & Associates 2002).  In Los Angeles, drainage channels 
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have been measured with 20 cfs of flow in the summertime where historically these 
channels were dry.   

 

3.4 The Stream Flow Hydrograph 

It is well established that stream flow characteristics (magnitude, frequency, duration, 
rate of change and timing) are the major driving forces that control the physical and 
ecological conditions of a riparian corridor.  As water flows downstream, it imposes 
shear and drag forces on the boundary material due to its weight and velocity that scours, 
erodes and otherwise shapes the channel boundary, which in turn shapes the 
environment and ecological processes that exist within the corridor.   

The stream flow hydrograph represents the change in flow magnitude over time (Figure 
3). The hydrograph is characterized by its peak, duration (time period of flow event), and 
a total volume measured as the integrated area under the curve.  From baseflow, there is 
a rising limb as flow rate increases, a peak flow rate, and a gradual falling limb as flows 
recede back towards baseflows.  Peak flow generally occurs when 100 percent of a sub-
basin is contributing runoff to the point of interest.  

Current management practices generally focus on flood control and thus peak flow and 
volume control.  Current issues of stream channel stability must also address duration 
and frequency of occurrence of a range of flow events, especially sediment-transporting 
events.  This is discussed in more detail in Chapter 4.   

 

3.5 Change In Runoff Hydrograph   

Urbanization increases peak flows and runoff volume, and decreases lag time and event 
duration (Booth et al. 1997; Urbonas et al., 1995; Booth, 1990; Hollis, 1975; Hammer 
1972).  Small storms typically generate a small amount of runoff.  Under developed 
conditions, runoff tends to be flashier with a quicker rise and fall of the hydrograph, 
greater peak flow and volume, and shorter duration and times of concentration.  Small 
storms now generate a significant amount of runoff compared to undeveloped 
conditions.   

Hollis (1975) concluded that the effects of urbanization are greatest for the more 
frequent storm events and diminishes as the flood size and recurrence interval increases 
(includes two studies in California: Sacramento Creek and Colma Creek).  The small 
frequent floods are affected more dramatically, while the large episodic floods are not 
significantly affected.  Figure 4 presents a generalization of the results reported by 
Hollis.  This Figure shows the percentage increase in runoff from urbanization from pre-
developed conditions for a range of flow magnitudes under two impervious surface 
percentages.  The relative increase in runoff is most dramatic for flows with a frequency 
of 1 to 2-years and smaller, where flows increased as much as 20 times.   

According to Hammer (1972) and Hollis (1975), at 10, 15 and 30 percent impervious 
development, peak flows with a recurrence intervals of 2 years increased by factors of 2, 
3 and 5, respectively.  Urbonas et al. (1995) reported increases in peak flows from 58 
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times, to 3 times, to 1.8 times, for the 2-year, 5-year and 100-year storms, respectively.  
Considering the discussion on geomorphically significant flows in Chapter 4, these 
changes have a significant impact on stream geomorphology.  Booth (1990) used a 
continuous simulation model to assess the effects of urbanization on runoff and found 
that urbanization increases peak flows and runoff volumes of all storm events.  Urbonas 
et al. (1995) reported increases in runoff volume of 38, 3, and 1.8 for the 2-year, 5-year 
and 100-year storms, respectively.  Booth (1990) also reported significant increases in 
the total hours a stream was at a specified flow rate (flow duration).  For example, at 20 
percent imperviousness, flow duration at the 2-year recurrence level increased by a 
factor of 30 to 100 times.  In other words, the total number of hours that the stream flows 
at the 2-year level increased 30 times.   

Drainage networks increase the drainage density of a watershed and reduce the lag time 
necessary for runoff to reach the creek.  For example, rain gutters, streets and storm 
drains provide a direct connection between impervious surfaces and the stream channel.  
The result is that a large portion of rainfall is translated into runoff, which occurs more 
rapidly.  Increases in roof drains, gutters, ditches, sewers, storm drain networks, 
accelerate the conveyance of the runoff to stream channels.   

The frequency of sediment transporting flows and channel disturbing flows dramatically 
increases by a factor of 10 or more (Booth, 1991; Booth et al. 1997).  Using a two-
dimensional modeling approach, Bledsoe et al. (2001) found that at 18 percent 
imperviousness, the frequency of significant scouring events increases by 5 fold.  They 
also found that connected impervious areas clearly increased runoff magnitude more 
than disconnected impervious areas, especially with high conveyance and connectivity; 
the frequency or duration of sediment transporting events also increased significantly. 
Changes in runoff patterns are more dramatic in more permeable watersheds, and exhibit 
a more abrupt erosive response to urbanization because there is a larger change between 
the pre-developed pervious conditions and the urbanized impervious condition.   

 

3.6 Summary of Impacts on Hydrology 

Although there is a wide range in the degree of change, there are some general 
conclusions that can be drawn on the effects of urbanization on hydrology.  These are 
that urbanization: 

a) Development has varying degrees of influence on stream flow changes depending on 
the natural watershed and development characteristics. Urbanization changes 
watershed storage and pathways of runoff, reducing lag times. 

b) The relative proportion of subsurface to surface flow shifts to primarily surface runoff 
and the natural storage of the watershed is reduced. 

c) Increases peak flows by factors of 2 to 60, especially in the more frequent events. 

d) Increases runoff volume by factors of 2 to 40. 

e) The long-term duration of flows increase, especially for the smaller frequent storms. 
Increases duration of smaller flow events by factors of 30 to 100. 



DRAFT – HMP Literature Review 

GeoSyntec Consultants Page  9/13/02 
F:\Sc33\FY01-02AR\Sections 1-10\word docs\Sect8_NewRedev\Appendix G\Final Lit Review 9-12-02.doc 

14 

f) Sediment transporting flows increase by factors of 5 to 10 for the studies reviewed.  
This would be dependent on stream type and the size of bed material.   

g) Reduced base flow can cause a reduction in riparian vegetation. Loss of riparian 
vegetation can be a destabilizing factor of channel stability. 

h) The frequency of occurrence of runoff events increase, especially for the smaller 
frequent storms. 

i) Seasonal flow volume shifts.  Dry season baseflows can decrease where the loss of 
infiltration is significant.  Reduced baseflows may cause a reduction in riparian 
vegetation.   

j) Summertime baseflows can increase in areas where urban dry season flow is 
significant compared to normal dry season flows. 

k) Alter wetland and riparian hydro-periods. 
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4 Geomorphic Processes 

Geomorphology deals with the forms and characteristics of the earth’s surface and the 
processes that create the observed forms and characteristics.  Weathering, erosion and 
transport are the fundamental geomorphic processes that supply much of the sediment 
load to stream channels. Figure 5 conceptually illustrates the geomorphic processes of 
erosion, transport and deposition.  Leopold et al. (1964) wrote, “Streams are the gutters 
downs which flow the ruins of its continents.  Silt, sand, gravel, and solutes carried by 
the stream are the ruins produced largely by weathering.”  Landslides, debris flows and 
hill slope erosion periodically supply eroded material to the valley floor and stream 
channels.  This material is transported downstream, broken down into smaller sized rock, 
sorted, deposited, scoured, and continually reworked.  Fluvial geomorphology deals with 
forms and characteristics of a stream channel and the processes that create them.  The 
processes of runoff and sediment transport interact with the material making up the 
channel boundary, creating features such as terraces, floodplains, channel planform and 
geometry, and instream channel features, such as pools, riffles, bars, and secondary 
channels.   

Over time and before human disturbances, channels evolved to the conditions that 
balanced the need to transport the available water and sediment load with channel 
planform, slope, and cross sectional dimensions. As vegetation co-evolved with the 
channel, it too influenced channel stability.  As sediment is carried downstream to the 
lowlands it is deposited in deltas, on floodplains, terraces, and alluvial fans. It supplies 
sand to coastal beaches and fine sediments to tidal marshes, mudflats, and estuaries.  The 
process can be very complex because of local variability and the episodic nature of 
storms and landslide events.   

 

4.1 The Drainage Basin 

The drainage basin may be defined as the area that is bound by topographic highs, such 
as mountain ridges, collects rainfall and contributes runoff to a particular set of channels.  
Given a point in a stream channel, a drainage area can be defined as the area upstream 
that collects rainfall and contributes runoff to that specific point.  Considering the 
erosional processes, the sediment eroded from the hill slopes within the drainage basin 
might be collected and stored in the valley floor. Fluvial processes can then rework 
sediments and further transport materials downstream forming attributes such as bars, 
fans, floodplains, and terraces.   

A network of stream and river channels form in the drainage basin, which consists of 
several different stream types depending on the channel’s location along the longitudinal 
profile, gradient, sediment load characteristics, and discharge.  Montgomery and 
Buffington (1993) describe the variability in natural watersheds, the variability in stream 
channel characteristics within watersheds, and the variable response a stream channel 
make take depending on local conditions and its location within the network of stream 
channels.  Sediment supply and size, stream discharge and slope vary within the stream 
network and a stream’s response to in these variables will also vary.  Understanding 
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these relationships will help predict a channel’s response to hydromodification and 
identify management strategies.   

Although we speak of specific channel types and divide the longitudinal profile into 
zones, stream morphology and habitat is truly a continuum of form and structure.  The 
physical processes that create the observable channel character do not distinguish 
between arbitrary boundaries.  Water and sediment are transported in a continuum along 
the channel bottom. Stream geometry, planform and profile adjust to distribute the loss 
of flow energy uniformly along the channel alignment. Species of plant and animal 
spread out along the riparian corridor unaffected by the definition of transport zone.  The 
discharge of concentrated urban runoff or the removal of large quantities of sediment can 
affect the channel for great distances both upstream and downstream from the point of 
activity.  Thus an assessment method should consider the complete longitudinal distance.   

 

4.2 Lane’s Principle and Dynamic Equilibrium 

Stream channel size and form are established through a balance between the imposed 
flow energy and the ability of the channel margin to resist erosion, as well as supply and 
transport the available sediment load from its watershed through the stream system.  The 
most frequently referenced relationship on channel equilibrium is Lane’s Principle 
(1955), which states that the product of sediment load and grain size is proportional to 
the discharge and channel slope, thus: 

SQDQ ws ⋅∝⋅ 50  

Where QS is sediment load; D50 is the 50th percentile of the grain size distribution; Qw is 
the stream discharge; and S is the channel slope.  Assume for example, that the sediment 
load characteristics remain constant and discharge is increased due to urbanization, than 
Lane’s Principle says that a concomitant decrease in slope is required to maintain 
equilibrium or there will be an increase in sediment size or volume to establish a new 
equilibrium (Figure 6).  If sediment load is trapped behind a dam or basin and all else 
being equal, then according to Lane’s Principle a decrease in slope is required to 
reestablish equilibrium.  In the field, a decrease in channel slope will be observed as 
channel incision.   

A natural stream channel is often defined as “stable” when its cross section, plan form, 
and profile features are maintained over time such that the stream neither aggrades, 
degrades, or changes in dimension or meander pattern during the present climatic 
regime. When a stream channel migrates laterally by eroding into its outer bank and 
depositing sediment on its inner bank, while maintaining its general shape, channel 
stability is maintained even though the channel is active. The channel is neither 
aggrading nor degrading its bed and it is maintaining its floodplain. Under these 
conditions, the river is said to be in “dynamic equilibrium”.  Channel instability occurs 
when scouring leads to degradation or when excessive deposition leads to aggradation.  
Both aggradation and degradation are often accompanied by bank failures, a change in 
channel dimension, meander pattern, and slope, and the floodplain can often be 
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abandoned.   Prediction of channel instability should include locating zones of 
degradation and aggradation; bank failures, incision, armoring, excessive cut bank 
formation on meander bends, change in slope and loss of floodplain.   

Aggradation / Degradation 

Sediment load and grain size are important factors in the dynamic equilibrium concept.  
Changes in sediment load can lead to channel changes and instability.  Increased 
sediment load (QS) results in increased slope assuming all else remains the same.  
Sediment settles out on the bed until a new slope and shear stress are capable of 
transporting the new load.  In urban areas where sediment load is reduced (due to 
imperviousness, landscaping, dams, aggregate extraction, etc.) the slope is often reduced 
(channel incision) and the bed coarsened if gravelly until a new balance is achieved.  
With all else being equal, a channel with gravel will have a steeper slope than one with 
sand because greater shear stress is require to initiate motion.   

As alluvial channels migrate laterally, part of the sediment load is interchanged with 
bank materials.  If the channel is entrenched, then interchange may be minimal and both 
banks may be dominated by erosion.  Sediment load can accumulate within a reach and 
be augmented by erosion within another part of the same reach.  Sediment continuity 
studies are often conducted to predict the scour effects from development projects.  
Channel instability can also result from sedimentation, as it forms local deposits (in-
channel bars) and force flows into adjacent banks, thus accelerating erosion and 
widening the channel.  Increased discharges (Qw) tend to increase sediment transport 
potential, channel cross sectional area, accelerate meander migration, and eventual 
lengthening of meanders, and changes in the longitudinal profile.  In particular, increase 
discharges tend to flatten stream slopes by incision in upper reaches (headcut migrates 
upstream) and deposition in lower reaches.  Incision tends to be more severe in streams 
dominated by fine and readily erodible bed materials (e.g., sand), and less severe in 
coarse bedded rivers.   

Changes in channel characteristics can be quite complex and evolve over time – from 
catastrophic events that take days to incremental changes that take years to several 
decades.  For example, a channel may fill initially due to large sediment inputs, but 
ultimately scour back to its original grade (Figure 6).  Bank failures caused by channel 
incision may temporarily increase sediment load, thus temporarily preventing incision in 
downstream reaches.  Downstream channels that were initially incised may be refilled 
with sediment from upstream erosion (i.e., aggradation).  This would be considered a 
reach that is alternately filling and scouring. If the floodplain is not abandoned the 
channel would be considered stable. In local streams, such as Wildcat Creek, alternating 
incision and erosion has been documented by SFEI (2001b).  

Head cuts or abrupt steps in channel gradient are over steepened slopes initiated by a 
change in base level or an increase in runoff.  Changes in base level can be caused by 
excavation of the channel bed from gravel mining, and excessive incision below culvert 
outfalls.  Head cuts typically migrate upstream due to over steepened slope; increased 
velocity causing increased shear stress, and increased localized sediment transport.   
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Entrenchment 

Entrenchment can be an important element in understanding and characterizing streams 
in the Bay Area.  Entrenchment describes the relationship between the stream channel 
and its valley features.  Entrenchment defines whether a stream is deeply incised into the 
valley floor or contained by adjacent landforms.  Adjacent landforms control the flood 
prone width adjacent to the stream channel, which may consists of well-developed 
floodplain, a restricting terrace, or narrow valley walls.  The more the stream flow is 
confined, the more flow energy is available to scour and erode the channel bed.  Levee 
and embankments artificially confine flood flows and increase channel erosion.   

Valley types in the Bay Area can be confined in the uplands whose valley floor generally 
consists of bedrock, landslide and earth flow material (SFEI, 1998, 2000, 2001a, 2001b).  
Upland streams have higher energy streams and fewer deposits of sediment in the bed 
itself.  At the point where upland stream segments discharge to valleys with shallower 
slopes, the transported material settles out and forms alluvial fans. The alluvial fan 
generally consists of unconsolidated heterogeneous material washed down from the 
upland valleys. The banks of a stream channel cut into an alluvial fan are often easily 
erodible and have poor riparian vegetation conditions.  As the stream proceeds 
downstream the valley becomes wide and gently sloping lowlands generally consisting 
of fine-grained alluvium (sands and gravel) reworked over time and deposited in layers 
making up wide floodplains.  Downstream further and as the stream discharges to the 
Bay the stream becomes marsh and wetlands consisting of fine silts and clays.   

 

4.3 Modification in Sediment Load Characteristics 

In addition to water supply, sediment supply influences riverine geomorphology and 
ecological conditions. A range of sediment supply conditions can exist, ranging from 
sediment-starved to sediment-overwhelmed that influence morphological characteristics 
of the channel, its habitat and its stability. A sediment-starved stream will have a 
tendency to become unstable by incising its bed, leading to bank failures, or its bed 
could become armored. A sediment-overwhelmed stream will have a tendency to 
increase shear stress on the banks from flows being diverted around deposits. The 
sediment load, its particle size range, input timing and mechanisms, and longitudinal 
distribution contribute to the development of geomorphic surfaces and instream deposits 
that form the foundation for riparian and aquatic habitat.   

Local studies by SFEI have documented sediment supply sources and impacted 
geomorphic processes to varying degrees on Wildcat Creek, San Antonio Creek, Novato 
Creek, and San Pedro Creek (SFEI, 2001b, 2000, 1998, 2001a).  Sediment sources from 
streambed and bank erosion, landslides, earth flows, and headword expansion of 
tributaries were measured or estimated.  Historical assessments were completed and 
evaluated to determine the cause of erosion and its influence on fluvial geomorphic 
processes over time.  Detailed field measurements of the changes in bed elevation and 
channel cross sections, comparisons between historical data and current conditions were 
used to study the changes in sediment transport processes and compared to watershed 
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development.  This assessment process leads to explaining how has the sediment 
transport process change and what are the likely causes of the observed changes.   

The episodic nature of storms (including El Nino), fire and earth flows are believed to be 
dominant controlling factors in defining the characteristics of many stream channels in 
the Bay Area including Santa Clara Valley (Hecht 1994). Sudden influx of sediment to 
the stream channels can occur from landslides following wildfires or from channel banks 
following severe drought with over stressed vegetation.  These episodic and natural 
occurring events temporarily establish a new set of stream conditions and vegetation 
patterns that gradually returns to similar hydraulic geometry over time.  Multiple events 
can often occur in short periods of time, for example during an extremely wet winter 
season.  The sediment carried downstream could initially fill pools and overbank areas, 
followed by gradual scouring and depletion of the in-stream stored sediment.  In stable 
systems, most of the sediment load passes through the stream corridor over a period of 2 
to 5 years following the event.  For the largest events of significant change, streams may 
take decades to reach a new stable equilibrium.  The extent and frequency of occurrence 
can vary along the stream profile and locations where the stream slope decreases rapidly 
tend to be most affected by deposition and scour from the pulse of sediment (Hecht 
1994, Reeves et al. 1995).  

Urbanization can cause spatially variable increases or decreases in sediment supply to 
stream channels. During urbanization with construction and disruption of the land 
surface, sediment loads can increase but for a fairly short time.  However, urbanization 
has often involved putting entire channels, tributaries or stream reaches into storm drains 
or box culverts, These underground systems are usually connected to impervious 
surfaces above ground that might supply negligible amounts of sediment, causing the 
downstream channel to become sediment starved and potentially destabilized. If erosion 
control measures are in place during the construction period, the increased sediment load 
might consist mostly of fine material that is unsuitable for aquatic habitat. Suitable 
habitat generally consists of clean coarse sand and gravel such that water can migrate 
into the substrate and supply oxygen to macroinvertebrates and other organisms that live 
in the bed material. Fine sediment originating from urbanization can smother suitable 
bed material by filling in the small interstices between larger particles and negatively 
impacting aquatic habitat. Years after initial development, once the land surface is 
covered with pavement and other impervious surfaces, the sediment supply is reduced 
significantly as runoff is increased. Runoff is collected on impervious pavement and 
routed through pipes and concrete channels reducing the chance of picking up and 
transporting sediment.  

Although we don’t want to ignore these important spatial and temporal factors, 
incorporating these conditions into an assessment method for hydromodification can 
make the method overly complex, at least for this first stage of developing the HMP.  
Some of this variability can be maintained by incorporating long-term records of rainfall 
in the assessment method. 
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4.4 Modification Of Geomorphically Significant Flows 

Researchers have shown that there is a specific range of flows that are important in 
defining channel form and controlling the rate at which sediment is transported through 
the stream system.  Leopold et al. (1964) suggested that geomorphically significant 
flows range from a lower limit of competence where bed material begins to move in 
quantity to an upper limit established where flood flows are no longer contained in the 
channel.  The frequency and duration of geomorphically significant flows are the 
primary factors that control channel stability, or instability, and should be considered in 
an assessment method.   

Leopold et al. (1964) realized that from the standpoint of “work done” in erosion and 
transport of sediment load carried by rivers, a large percentage of the total sediment 
transported is performed by relatively frequent events of moderate magnitude.  Figure 7 
illustrates Leopold’s effective work concept.  Curve a presents the frequency of 
occurrence (number of hours or days with flow of a specific magnitude) of the range of 
flows in a watershed with the smaller flows occurring more frequently than the 
infrequent large flood events.  Curve b presents the sediment discharge as a function of 
stream discharge. Clearly the larger flows move more sediment during an individual 
event when compared to single events of smaller flows.  However, when the frequency 
of sediment moving events is considered, Leopold found that the frequent but competent 
flow events move the most sediment over time and maintain the channel dimensions. 
Curve c shows the product of sediment discharge and frequency.  The concomitant 
discharge corresponding to the peak sediment load corresponds to the channel forming 
discharge with a recurrence interval around 1.6 years.  In natural stream systems, the 
channel forming discharge is within 80 to 100 percent of bankfull.  Bankfull discharge 
has traditionally been defined as the flow that just fills the main channel to a point where 
water begins to spill out onto its floodplain.  Traditional flood control practitioners still 
frequently use this definition.  Dunne and Leopold (1978) provided a definition that has 
become widely accepted among geomorphologists: 

“Bankfull stage corresponds to the discharge at which channel maintenance 
is most effective, that is, the discharge at which moving sediment, forming or 
removing bars, forming or changing bends and meanders, and generally 
doing work that results in the average morphological characteristics of 
channels.” 

They indicate that the recurrence interval (RI) for bankfull flows is 1.3 to 1.7 years on 
average. Using this definition, bankfull does not necessarily mean top-of-bank. In a 
stable system the floodplain, which can range from a broad flat expanse across a valley 
floor to a slight nick point or inner bench on an entrenched channel, equals the elevation 
of bankfull.  Incised channels can have bankfull (channel forming) elevations lower than 
top-of-bank, or may not exhibit bankfull indicating features at all if recently unstable. 

Carling (1987) measured sediment load (bed material ranged from 110 mm to 135 mm) 
under a range of flows from baseflows to flood flows and defined three regimes: 
winnowing, maintenance, and adjustment.  Figure 8 provides an illustration of these 
three flow regimes in relationship to stream bank. Carling found that the dominant 
process for flows up to 60 percent of bankfull was winnowing of fine material and that 
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bulk gravels were essentially undisturbed.  Within this range of flows, very little of the 
smallest sized bed material was mobilized.  As flows increase above 60 percent of 
bankfull, there is rapid increase in the gravels mobilized over the first flow regime. 
Carling referred to this as a “threshold” for channel maintenance.  For flows greater than 
60 percent and up to bankfull, transport of the available sediment load is most effective 
at sustaining the channel form.  Within this range, gravels up to the 84th percentile are 
mobilized in quantity.  The largest coarse gravel is not yet mobilized.  The third flow 
regime adjustment all bed material sizes are mobilized with the full bed width active  

Urbanization significantly alters the frequency of occurrence and duration of runoff 
events especially for smaller more frequent storms (Figure 8).  This modification in 
hydrology significantly alters the characteristics of geomorphically significant flows, 
including flows defined as the channel forming discharge (MacRae, 1992).  MacRae 
(1992) and MacRae et al. (1993) investigated the role of moderate flow events on bank 
structure and channel response to increases in flow in the mid-bankfull flow range. 
Using frequency analysis, MacRae showed that with urbanization there is a significant 
increase in the frequency of flows in the mid-bankfull to bankfull flow.  He suggested 
that the greatest increase in potential scour following urbanization is likely a result of 
increases in this flow range.  Bledsoe and Watson (2001) reported that the frequency of 
significant scouring events increased by factors of 2.5 to 5 for two watersheds with 18 
percent impervious cover.  This research indicates that the assessment method should 
include an analysis of the changes in the frequency and duration of geomorphically 
significant flows and that control measures could have the most effectiveness by 
focusing in on this range of flows.   

 

4.5 Adjustments in Channel Geometry 

The dynamic equilibrium concept implies that the channel attributes; width, depth, slope 
and planform, can be expressed as functions of discharge and sediment load 
characteristics.  Stream discharge and sediment load act on the boundary materials to 
create the cross-section dimensions, profile and planform.  A change in discharge or 
sediment load initiates a series of adjustments in the channel attributes, resulting in 
direct changes in the characteristics of the river.   

Urbanization of a watershed causes long-term changes in stream morphology and 
channel enlargement is the most common response to urbanization and an increase in 
watershed runoff (Booth, 1990).  Morisawa et al. (1979) observed channel cross-section 
enlargement when 20 to 25 percent of the watershed reached 5 percent impervious 
cover.  Channel cross sectional area increased 5 to 7 times the undeveloped condition at 
full development.  MacRae (1996) reported that the width of channels increased from 
1.63 times to 3.8 times.  MacRae also stated that channel width was closely associated 
with the strength of the least resistant bank stratigraphic layer.   

An increase in the channel forming discharge leads to an increase in both the width and 
depth of the channel to accommodate the additional flow.  Increases in peak flows and 
flow durations either cause quasi-equilibrium expansion where the channel cross section 
increases to accommodate the increased flows, or catastrophic failure involving channel 
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incision and bank collapse. Quasi-equilibrium expansion is the gradual increase in cross 
sectional area to accommodate the new higher flow regime.  This type of change often 
goes unnoticed, yet is still considered an unstable channel.  In contrast, rapid incision 
and bank failures frequently create a proportionately larger channel whose capacity has 
little resemblance to the existing flow regime (Booth, 1990).   

 

4.6 Impacts On Stream Bank Stability 

The erodibility of stream banks is still one of the most difficult aspects in assessing 
stream channel destabilization. Bank erosion can be caused by undercutting, abrasion 
during flow, slumping from positive ground water pressures during waning flood flows, 
water forced into bank from obstructions such as boulders or large woody debris, and 
collapse of bank vegetation by wind throw, disease, fire, or floating large woody debris 
during high flows.  The ability of a stream bank to resist erosion is dependent on many 
factors: soil materials, stratigraphy, vegetation density, root strength and apparent 
cohesion, the amount of clay or cementing of the matrix particles, bank height and slope.  
Stream channels bounded by clays, compacted silts and loess are often more resistant to 
erosion and respond more slowly to hydrologic changes than channels bound by loosely 
consolidated sands and gravels. The vegetation adds apparent cohesion through the 
binding effects of roots. Knighton (1998) reported that root density of about 18 percent 
increased resistance to erosion by more than 100 times.   

Watershed and stream channel soils are highly diverse and are linked to large-scale 
geologic features.  The material making up the channel boundary has significant 
influence on the resulting geometry of the stream channel.  Boundary material influences 
both the erodibility and vegetation assemblages that in-turn provide resistance to bank 
erosion.  Stream banks that are more resistant to erosion tend to have smaller width to 
depth ratios and will respond slower to perturbations.  Stream channels that are less 
resistant tend to have larger width to depth ratios and are likely to respond much more 
quickly by experiencing severe or pervasive bank retreat.  In Sacramento County a 
single stream can flow through several soil types and will have varying channel 
conditions.  Streams that flow through relatively permeable soils tend to be dominated 
by trees and woody plants whose roots help create more erosion resistant banks.  In this 
situation, stream channels tend to evolve into entrenched channel cross sections. Streams 
that flow through impermeable soils tend to be dominated by herbaceous vegetation that 
cannot provide the same level of erosion resistance.  The result is wider-shallower 
channels (Zentner & Zentner, 1999).  

The ability to develop quantitative measures of the potential to erode stream banks is 
difficult at best.  Most research to date has focused on empirical evidence of bank 
failures in relationship to various degrees of development. For example, Booth et al. 
(1997) reported finding a good correlation between channel stability and increases in 
urbanization.  Streams display the onset of degradation at a consistent level of 
development.  Figure 8 is reproduced from Booth’s paper, which shows the ratio of 
undeveloped flows to urbanized flows plotted against the percent imperviousness of the 
contributing watershed.  Instability is clearly observed when the effective impervious 
area increases to 10 percent or more.  Even lower percent imperviousness causes 
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significant degradation is sensitive watersheds and a reduced level of function 
throughout the system as a whole (Booth et al., 1997).  Booth (1990, 1991) and Schueler 
(1994) have reported channel instabilities and abrupt declines in aquatic ecosystem 
health at 10 to 20 percent imperviousness.  Ten to 20 percent imperviousness seems to 
be a consistent level of development upon which the onset of channel adjustment is 
apparent.  The percent of impervious surfaces is surprising low suggesting that the 
fluvial geomorphic balance is highly sensitive to changes in the controlling variables.   

Andrews (1982) found that bank stability in East Fork River in Wyoming appears to be 
controlled by the process of scour and fill.  In order for the banks to be maintained at a 
constant width over time, the rate of bank erosion must be balanced by the rate of 
deposition.  The accumulation and depletion of sand sized bed material is concentrated 
in the near-bank region of a cross section and thus significantly influenced bank stability 
and retreat.  Forty to 70 percent of the change in sediment stored in a cross-section 
occurs in 1/3 of the channel width near the banks.  Andrews (1982) described how the 
process of high flows and sediment transport deposit layers of sediment creating a 
stratified structure to stream banks.  The lower “basal” layer is often made up of loosely 
consolidated coarse sands and gravel, grading upwards to fine sand and silt, overlain by 
organic matter and vegetation (Figure 9).  The basal layer is easily eroded when the 
shear stress exceeds the thresholds for transport.  When scour occurs, the basal bank 
material is eroded and banks become undercut and unstable.  The overhanging bank 
eventually sloughs off into the channel.  Conversely, when sediment accumulates, it 
accumulates along the toe of the bank protecting the basal layer.  Andrews’ work 
suggested that the “critical threshold” for bank stability is dependent on the ability of the 
basal layer (or least resistant layer) to resist erosion.   

 

4.7 Vegetation Effects on Channel Characteristics and Stability 

Vegetation both influences channel processes and is influenced by these same processes. 
Stream channel destabilization is often attributed to a loss of woody vegetation, 
especially if the pre-urban balance was established with vegetation present.  Dense 
vegetation adds roughness and slows flow velocity, reduces shear stresses on stream 
banks and adds soil cohesion through root structure.  Large woody debris (LWD) also 
adds roughness and slows flow velocity, and has the added benefit of creating habitat.  
Removal of LWD as a management practice is known to contribute to bank erosion.   

A study completed by the Missouri Department of Conservation and the Soil 
Conservation Service (1993) reported that dense woody vegetation along the Missouri 
River prevented banks from failing during floods of 1993 (Wallace 1994). Root strength 
of vegetation increases bank stability by holding sediment in place. The influence of 
vegetation on bank stability is greatest in low-gradient, unconfined reaches where a loss 
of vegetation can lead to bank failures and dramatic channel widening.  The removal of 
vegetation for flood control or other purposes can lead to stream bank erosion.   

Channel geometry may be sensitive to the types of riparian vegetation. For example, 
characteristics of its rooting structure can have different effects upon resistant to bank 
erosion, such as lateral spreading roots of alders as opposed to taproots of willows. 
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Different species have varying degrees of tolerance to disturbance such as bays versus 
oaks, where bays may fall into the channel but may still proliferate, but oaks will likely 
die. Different species also have different tolerances to having sediment deposited around 
them or to having their trunks inundated for longer periods of time, such as the 
difference between willows and alders. Some species can tolerate extended periods of 
drought or reductions in water table especially those with deep taproots. 

 

4.8 Summary of Impacts on Fluvial Geomorphology and Stream Stability 

This section focused on the effects of urbanization on the geomorphic characteristics of 
stream and rivers.  Researchers have documented various types of observed channel 
response to urbanization and changing hydrology, these include: 

a) Modification of geomorphically significant flows (e.g., sub-bankfull flows, 
channel forming discharge).  Geomorphically significant flows range from about 
mid-bankfull flows to bankfull or just over bankfull flows.   

b) Hydromodification can reduce the recurrence interval for channel forming 
discharges, increase the frequency and duration of geomorphically significant 
flows and increase the amount of “work done” on the stream boundary. 

c) Modification of the sediment load and its characteristics.  Urbanization can both 
increase and decrease sediment loads to stream channels depending on the nature 
of development.   

d) Adjustment of channel dimensions to accommodate new stream flows (expansion, 
incision and/or aggradation depending upon position in watershed, sediment 
supply, slope, etc.) 

e) Adjustment in channel slope to accommodate new sediment loads and stream 
competence.  Adjustments occur both downstream (aggradation, degradation) and 
upstream through headcutting from the point of discharge.   

f) Adjustments of channel planform, sinuosity, meander belt etc. 

g) The ability of a stream bank to resist erosion is dependent on many factors: soil 
materials, stratigraphy, vegetation density, root strength and apparent cohesion, 
the degree of clay or cementing of the matrix particles, bank height and slope.  

h) Adjustment in species and diversity of riparian vegetation. Vegetation both 
influences channel processes and is influenced by these same processes. 

i) Degradation in habitat quality and complexity, habitat and species diversity, and 
species abundance.  

j) Increases in impervious surfaces and the associated changes in runoff clearly have 
the potential to destabilize streams.  The degree of change is variable and depends 
on the characteristics of the watershed and on the development style  

k) Pulses of sediment originating from landslides and earth flows periodically 
disrupt current channel forms, which over time evolve back to similar conditions 
before the disruption.   
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l) Different stream types can respond in different ways to the same change in the 
controlling variables.  For example, the most likely response to an increase in 
flow in an armored bed with easily erodible bank is widening.  Whereas, the 
response in sand bedded streams with resistant banks is likely incision followed 
by bank collapse.  
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5 Riparian Ecology 

Understanding the relationship between riparian ecology and the hydrologic and 
geomorphic processes is critical to developing adequate management strategies. Habitat 
and its associated plant and animal communities are strongly correlated to the available 
water supply, its frequency of inundation, and watershed disturbance patterns among 
other things.  The frequency and duration of inundation on low-lying floodplain surfaces 
and side channels create hydro-periods that establish different ecological communities 
and add to the diversity of the riverine corridor. Various plant communities have 
different moisture tolerances and consequently colonize different landforms.   

The river, adjacent riparian forests and wetlands are the major habitat types of the 
floodplain ecosystems. Riparian forests are immediately adjacent to the rivers, while 
wetlands occur in low-lying areas - primarily backwater areas extending laterally from 
the main channels. Under natural conditions, moderate to high flows mobilized gravel 
beds, initiated channel migration, inundated floodplains, maintained aerated riffles, deep 
pools, and bed material quality for native fishes and invertebrates, and maintain complex 
channel and floodplain habitat.  Floodplain scour and deposition lead to a complex 
mosaic of habitat types along stream channels that in turn support a rich array of 
biological communities.  Flooding creates habitat that varies in its productivity and 
structural complexity depending on the timing and duration of inundation, type of 
substrate, vegetation, and upstream erosional processes. Native aquatic and riparian 
species evolved under a flow regime and sediment loads with seasonal and year-to-year 
variability.  Riparian vegetation along abandoned channels and emergent wetlands 
creates off stream habitat and provides increased physical structure to habitats including 
refuges, spawning/nesting and rearing habitat, and food resources. Many fish species 
wait until the first sign that the annual spring flood has begun to start breeding. Many 
insect larvae wait for flooding to begin to lay eggs, hatch, or metamorphose. Flooding 
results in increased fertility for the river, as nutrients are washed out of soil and organic 
matter is added to the flow stream. Flood flows can distribute seeds and provide 
maintenance flows for establishment.  

Aquatic species require certain environmental conditions during their life cycle for 
breading, rearing, hiding and migrating.  These conditions include for example, depth 
and velocity of flow, temperature and oxygen levels of the flowing water.  
Hydromodification can erode the streambed eliminate suitable substrate for fish and 
macroinvertibrates.  Siltation from eroding stream banks can smother suitable substrate, 
reduce the oxygen supplied to the interstices of gravel beds, and fill pools that fish and 
other aquatic species depend on.  Failed stream banks also eliminate overhanging banks 
that provide shade and hiding places from predators.  Urban runoff and a loss of riparian 
vegetation increase the temperature of the water from optimum conditions required by 
indigenous aquatic species. In semi-arid areas where ephemeral streams are common, 
hydromodification can increase summer baseflows from irrigation and other outdoor 
uses of water changing the natural hydo-periods and eventually plant and animal 
communities. 
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6 Characteristics of Urbanization That Have The Greatest Impacts 
On Stream Channel Physical Characteristics   

Hammer (1972) evaluated several types of development and conditions on stream 
channel enlargement using data from 78 watersheds in the Philadelphia region of 
Pennsylvania.  Fifty watersheds had large scale residential, commercial and industrial 
land uses. Twenty-eight watersheds were considered rural.  Hammer evaluated 17 
categories of urbanization: three land use groups, three age of development groups, 
existence of streets and sewers, four nonimpervious land uses, land slope and length of 
flow path, slope and length of channel to watershed outlet, and extent of channel 
alterations. The most significant factor affecting channel enlargement is medium to high-
density development; including row houses, commercial areas, airport runways, 
shopping centers and parking lots. The second most significant factor is sewered streets 
followed by row houses fronting on sewered streets.  Houses with rain gutters directly 
connected to sewered streets are as significant as high-density development.  Areas of 
development less than 4 years old showed minor channel changes, while areas greater 
than 4 years old showed noticeable increases in channel dimensions.  The impact of 
impervious development increases with increasing land slope and channel slope and 
decreases with distance of the development from the channel (Hammer, 1972).  Whipple 
et al. (1981) reported that densely developed areas correlated with greater stream erosion 
and wide stream buffers (≥50 feet) of natural vegetation are correlated with less erosion.   

Doyle et al. (2000), Bledsoe (2001), and Bledsoe and Watson (2001) evaluated 
relationships between channel stability and different characteristics of urbanization.  
Doyle et al. found that there was a significant difference in channel stability between 
low-density development and medium/high density development.  Bledsoe wrote, “not 
all impervious surfaces are created equal”.  Various watershed and development 
conditions control the magnitude of change and its impact on the riparian corridor.  
Connected impervious surfaces, especially those areas with high conveyance and 
drainage connectivity, clearly and significantly altered stream flow characteristics and 
impacted stream channel stability (Bledsoe et al 2001).   

The following urbanization factors have been found to effect stream channel stability 
more significantly than other parameters investigated.   

a) Increased drainage density and connectedness from rain gutters, curb & gutters, 
sewers, channels. 

b) Increased imperviousness areas and connectivity of impervious surfaces.  

c) Location of development relative to stream channels, existence of buffer strips. 

d) Natural watershed soil characteristics (high infiltration areas vs. low infiltration 
areas) and the extent these areas were developed. 

e) Decreased interception and evapotranspiration by removal of vegetation. 
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7 Assessment Tools 

 

One of the objectives of this literature review is to describe potential assessment tools 
that can be used to evaluate hydromodification from proposed projects and predict where 
such changes can cause increased potential for erosion of creek beds and banks.  An 
assessment method is defined as a combination of tools used together to study the 
problem at hand.  According to Bledsoe and Watson (2001), an assessment method must 
incorporate factors that describe the characteristics of watersheds, stream types, 
development style, and exiting riparian conditions. They recommend that a combination 
of stream classification, energy based indices, predictive scientific assessment, and risk-
based models be used as the foundation for good decision-making.  Booth (1990), Stein 
and Ambrose (2001) recommend GIS mapping and spatial analysis of watershed and 
stream features.  SFEI (1998, 2000, 2001a, 2001b) has developed and tested a watershed 
assessment approach that combines historical analysis and detailed field measurement to 
predict the health of watersheds, including channel stability. The Oregon Watershed 
Assessment Manual is focused on fish habitat, but has many elements that could be 
adapted for HMP.  It is designed to help determine how well a watershed is working in 
terms of ecological health defined by indicators of fish habitat and water quality.  The 
overall goal of this manual is to help watershed managers determine where there is a 
need to restore natural processes or features. Montgomery and MacDonald (2002) 
propose a diagnostic approach for assessing channel condition, identifying sensitive 
stream segments, and predicting channel response.  Bledsoe (2001) has developed a risk-
based approach incorporating the probability that a stream channel will be unstable to 
assist regulators and managers in implementing control measures.  Recently, the Journal 
of the American Water Resources Association (April 2002) published a series of papers 
addressing “Integrated Decision-Making for Watershed Management: Processes and 
Tools”.  The main theme of this series is to describe methods and tools that can be used 
to make informed decisions regarding the protection of watershed resources, including 
the socioeconomic impacts of these decisions.  The direction of the current state-of-
thinking in this series is to integrate and link physically, ecologically and economically 
based models into a single framework to analyze environmental impacts stemming from 
alternative watershed management strategies (Diplas, 2002).   The sections that follow 
describe some of these assessment tools that could be developed into an assessment 
method for the Santa Clara Basin.   

 

7.1 Stream Classification 

It is clear that the first task of any watershed and stream network assessment must be to 
define and understand the physical and ecological processes of the stream system of 
interest.  Several classification systems have been developed and are being used today: 
Montgomery and Buffington (1993), Rosgen (1996), Schumm (1963) and Pfankuch 
(1975).  The Montgomery and Buffington system and the Rosgen system are discussed 
below.   
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Montgomery and Buffington (1993) recommend that stream channels be classified 
according to their processes-based characteristics to identify which channels are more 
sensitive to changes in the controlling variables, to provide guidance on the probable 
response of these streams, and to adequately select management strategies that will 
protect these stream segments.  The classification system employs a wide range in scales 
that reflects different levels of resolution, including 1) geomorphic province, 2) 
watershed, 3) valley, 4) reach, and 5) in channel scales.  Montgomery and Buffington 
(1993) recommend that classification be completed down to the reach scale to assess 
impacts from urbanization.  The in channel scale includes pools, riffles, glides, runs, 
rapids, etc. as individual units.  This scale is typical of biological assessments.   

Geomorphic Province. The geomorphic province is an area with similar climate and 
physiography that have established similar landforms and erosional processes.  The 
geomorphic province consists of watersheds and ultimately defines the sediment source 
characteristics and the boundary material through which streams flow.   

Watershed Scale. The watershed is an area that is bound by topographic highs and 
contains the discharge and sediment transport processes that define stream channel 
characteristics.  Watersheds can be sub-divided into zones with similar geologic and 
climate conditions (e.g., streams originating from the Santa Cruz Mountain Range versus 
streams originating from the Diablo Mountain Range).   

Valley Scale. The valley scale includes descriptors of valley fill material, sediment 
supply, and transport capacities.  Montgomery et al. classify valley segments into the 
dominant fluvial geomorphic process; i.e., erosional zones vs. transport zones vs. 
depositional zones.  This level of classification can provide insight into the linkage 
between upstream modification in discharge or sediment supply and observed 
downstream impacts.   

Reach Scale. The reach scale is defined as a segment of channel with similar channel 
characteristics.  Montgomery and Buffington (1993) define six channel types for reach 
scale analysis: cascade, step-pool, plane bed, pool-riffle, dune-ripple, and braided 
channel forms.  A complete description of these channel types can be found in 
Montgomery and Buffington (1993).  Stream channels have varying characteristics 
within reaches.  Each of the stream types has varying degrees of sediment supply, 
transport capacity, and sensitivity to changes in discharge and sediment load.  
Furthermore, each stream type can respond differently to changes in discharge and 
sediment load.  Seven possible changes can occur depending on type; these include 
changes in width, depth, slope, sinuosity, bed surface grain size, roughness and scour.  
The sensitivity and response of stream channels will vary among channel types, its 
position within the watershed and its disturbance history.   

Montgomery and Buffington (1993) recommend the following application of their 
classification system: 

a) Identify zones of potential source material, transport, and deposition.  The most 
reliable method is to use field observation and mapping, although it is the most 
time consuming and expensive.  Soil maps and slope measurements from 
topographic maps can be used if cost is an issue, although it is less accurate.   
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b) Evaluate past channel changes and their response using historical information, 
such as aerial photographs, maps, and surveys.  Historical information can be 
valuable in explaining watershed processes, existing channel conditions and 
determining channel response to future changes.   

c) A comparison to adjacent undisturbed channels can be done if historical data 
does not exist. Relationships between channel dimensions (width, depth) and 
discharge can be used to evaluate changes in the disturbed stream.   

d) All comparisons should be made on the basis of stream type.  Stream type is the 
foundation of their assessment method.   

D. L. Rosgen (1985, 1994) developed an alternative stream classification system.  
Rosgen’s classification system has four levels of resolution: 1) geomorphic 
characterization; 2) morphological description; 3) stream “state” or condition; and 4) 
verification.  The system mainly employs morphological field measurements, which in 
effect reflect integrative effects of various factors.  The classification is based on well-
defined, quantitative criteria parameters.  The system is said to be applicable to a wide 
range of streams without modification, including both perennial and ephemeral streams.  
The system was originally developed using hundreds of stream data sets (1985) and was 
later tested against 450 additional streams and refined (1994).  Distribution of 
characteristic values was evaluated and the “most frequently observed” values were 
identified and used to establish his numerical criteria between stream types.  US 
Department of Agriculture (USDA) in a variety of its projects has adopted this 
classification system. 

Geomorphic Characterization (Level 1).  The purpose of this level is to provide a broad 
characterization that integrates landform, valley and channel morphology.  This level 
incorporates the influences of climate and depositional history.  Parameters used in this 
level include entrenchment ratio, slope, cross section morphology (e.g., width/depth 
ratio), and plan view morphology (e.g., sinuosity).  Streams are to be classified into one 
of seven major, plus two supplementary, stream types.   

Morphological Description (Level 2).  At this level, the major stream types are further 
refined into six minor types, based on dominant channel materials and finer slope ranges.  
The stream types are given numbers related to median particle size of the channel 
material.  This produces 41 major stream types.  The parameters used in this level include 
entrenchment, width/depth ratio, sinuosity, slope, and channel material.   

Stream “State” or Condition (Level 3).  Level 3 characterizations relates to the channels 
stability, response potential and functions.  The streams are assigned with sub-types, 
based on the following characteristics (Rosgen, 1985): riparian vegetation, organic debris 
and/or channel blockages, stream size (width), flow regime, sediment supply, 
depositional features, and meander patterns.  Furthermore, such characteristics as 
confinement features, stream bank erodibility, channel stability, and fish habitat indices, 
can also improve the classification of this level. 

Verification (Level 4).  The classification of this level involves direct measurements and 
observation of streams such as sediment transport, bank erosion rates, 
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aggradation/degradation, hydraulic geometry, biological data, etc., to provide site-
specific data and support more comprehensive and detailed evaluation. 

Rosgen (1994) recommends the application of his classification system as follows: 

a) To simplify and facilitate the communication regarding the evolution of streams; 
that is, in lieu of describing changes in individual variables in details, the 
evolution can be summarized by shifts in the streams’ type. 

b) To help establish guidelines for appropriate construction of in-stream structures 
so that they not only meet their objectives, but help maintain the stability and 
function of the streams. 

c) To systematize and improve the estimation of various design parameters for 
engineering work, such as Manning’s n values and constants used in hydraulic-
geometry relations. 

d) To provide good background knowledge on natural tendencies of streams, which 
is critical for any restoration projects. 

e) To support management decision making through ability to predict streams’ 
behavior and responses, based on the stream types. 

 

7.2 Discharge Thresholds for Channel Stability 

Booth (1993) evaluated several other studies that have measured the sediment transport 
and the concomitant discharge in natural systems {i.e., Pickup and Warner, 1976; 
Andrews, 1984; Leopold, 1988; Carling, 1988, and Sidle, 1988}.  Booth (1993) 
concluded that the threshold of bedload transport is around 50 percent of the 2-year flow.  
Reported threshold values ranged from 40 to 60 percent of effective discharge, which 
varied from more than once per year to once in 2-years.  Effective discharge is defined 
as the flow that moves the greatest quantity of sediment over the long-time (Leopold et 
al., 1964).  Effective discharge is often equal to bankfull discharge, but not always 
(Pickup and Warner, 1976).   

Booth (1993) compared flow frequency data generated for King County, Washington, 
and found that the 1-year discharge ranged from 25 to 50 percent of the 2-year flow.  
However, this option became problematic when defining the 1-year flow using the 
annual series or partial duration series. The 1-year partial duration event is 
approximately equal to the 1.6-year event on the annual series. Although no single 
threshold can work on all stream types, a threshold of ½ of the 2-year discharge has 
promise at least for gravel bedded rivers in King County (Booth & Jackson, 1997).  
However, in Ontario Canada, attempts to control the 1-year or 2-year discharge with no 
consideration for the duration of flows have resulted in equally degraded streams as 
implementing no BMP at all (MacRae, 1996).   

Duration thresholds attempt to maintain pre-development durations of all sediment 
transporting flows.  However, without maintaining infiltration in the watershed the total 
volume of runoff increases and so the durations of some flow magnitude(s) must 
increase.   
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Attempting to reduce and control stream flows to levels below the threshold of motion 
for bed material will result in its own set of problems – mainly aggradation.  The 
balanced state between sediment load characteristics, discharge and slope must be 
maintained to prevent channel destabilization.  Furthermore, the basin size to control 
flows below the threshold of motion would have to be about 20 percent of the drainage 
area, which of course would be prohibitively expensive.   

 

7.3 Permissible Velocity Threshold 

One of the earliest methods for evaluating bank erosion was developed in the late 
1920’s.  Fortier and Scobey developed permissible velocities and critical shear stress 
values for a range of cohesive and non-cohesive soil types (ASCE 1992).  This method 
was originally developed for agricultural engineers designing irrigation canals, such that 
the earthen erodible boundary would be stable while water flowed through these canals.  
According to the ASCE manual, the primary factors affecting erosion and scour include 
soil type and composition, velocity, depth, steep slopes, boundary roughness and abrupt 
changes in channel configuration.   Table 2 lists the recommended values for selected 
soil types. 

 

Table 2.  Maximum Permissible Velocities Recommended in ASCE Manual 

Material Type Velocity (fps) Shear Stress 
(lb/ft2) 

Fine sand 1.50 0.027 

Sand loam, noncolloidal 1.75 0.037 

Silt loam, noncolloidal 2.00 0.048 

Alluvial silts, noncolloidal 2.00 0.048 

Firm loam 2.50 0.075 

Stiff clay, very colloidal 3.50 0.26 

Alluvial silts, colloidal 3.75 0.26 

Shales and hardpans 6.00 0.67 

Fine gravel 2.50 0.075 

Graded loam to cobbles, noncolloidal 3.75 0.38 

Graded silts to cobble, colloidal 4.00 0.43 

Coarse gravel, noncolloidal 4.00 0.30 

Cobbles and shingles 5.00 0.91 
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Most of our hydraulic formulations assume that the channels are sufficiently wide that 
the effects of sidewalls are negligible.  However, when dealing with channel bank 
erosion, we are specifically interested in the erosive conditions near the channel sides.  
Features like vegetation add roughness elements that affect the flow conditions near the 
bank.  Generally, the maximum applied shear stress occurs on the channel bottom, while 
the applied shear stress on the channel sides, with channel widths greater than 3 times its 
depth, is about 76 percent of the maximum value.  The ASCE Manual shows an example 
of the relationships of shear stress as a function of the closeness to the channel sidewalls.   

 

7.4 Bed Mobility Indices 

Several authors who have evaluated indices of channel stability have used some form of 
the critical shear stress on bed material to assess potential destabilization.   

One of the earliest and most common relationships of sediment transport “thresholds” is 
Shields diagram of incipient motion.  The derivation of incipient motion was based on a 
balance between the forces acting on a submerged particle on a streambed.  These 
include the drag force defined by the shear stress imposed by the flowing water and the 
resistance force defined by the weight of the particle.  A critical shear stress can be 
defined such that the drag force just balances the resistant force.  Shields defined and 
plotted a dimensionless shear stress (τ*) as the ratio of drag force to gravitational force.   
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Where τb is the bed shear stress, ρs is the density of sediment, ρ is the density of water, g 
is the gravitational constant, D is the grain size, h is depth, and S is the channel slope.  
Shields measured this parameter τ* for a range of particle sizes under a range of flows to 
develop the diagram.  Shields diagram plots τ* against the flow characteristics expressed 
as the particle Reynolds number.  As the flow becomes fully turbulent, which is the case 
for most natural creeks and rivers, τ* becomes approximately constant for hydraulically 
rough surfaces.  This constant is shown as 0.06 on the Shields diagram, but is often taken 
as 0.045, or even 0.03, if absolutely no movement is required.  Using data from the 
Rocky Mountain region of Colorado, Andrews (1984) measured values of the 
dimensionless shear stress for flows at bankfull (τ* = 0.046 for bed material ranging in 
size from 23 mm to 120 mm).  He also noted that it is very rare for τ* to be greater than 
two to three times the threshold for motion and that stable channels cannot be 
maintained when τ* exceeds 0.080.  This approach could be implemented in Santa Clara 
County if bed loads were measured during field studies.  

Shields diagram was derived using uniform grain sizes, but is often used for mixed-
grained beds with the D50 representing the mixture.  In reality however, there is no 
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single τ* to move any particular grain size, but it depends on its surrounding conditions.  
The theory of equal mobility states that all particles in a mixed bed tend to move about 
the same time.  Smaller particles tend to be hidden in between larger particles and thus 
are sheltered from the flowing water.  Larger particles are more exposed to the actions of 
shear and thus are more easily moved.  Andrews, E. D. (1983) developed the following 
relationship for the critical shear stress (τi

*) of particle “i” in a distribution of particle 
sizes:  

β

ττ 
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Where the exponent β is taken to be somewhere between –0.8 to –0.9, reflecting some 
ability of the flow to selectively transport finer grained particles.  Andrews estimated his 
exponent to be –0.872.  True equal mobility requires β of –1.0.  Flood flows tend toward 
equal mobility, whereas low flows tend towards selective transport, leading to armoring. 

Bledsoe and Watson (2001a) developed a mobility index using 270 streams from 
throughout the world and a regression analysis with 80 percent accuracy in separating 
stable meandering streams from braiding or incising streams.  They conclude that the 
best indicators of stability involve a ratio of the erosive forces (or some measure of 
excess power) to the resisting forces.  These ratios outperform absolute measures of flow 
energy.  Bledsoe and Watson (2001a) suggests the following index: 

50D
QS w  

Where Qw is stream flow.  Note that their index is a form of the Shield’s parameter 
(although not unitless), where depth and slope are replaced with discharge.  The above 
indices however are based on the mobility of bed material and do not apply to situations 
where the erosion of stream banks is the dominant failure mechanism or when vegetation 
density is important.  Bledsoe and Watson (2001a) qualified their results by suggesting 
that flow energy be referenced to a more detailed description of the limiting factors 
controlling the boundary’s resistance to erosion.   

 

7.5 Erosion Indices for Channel Stability 

Booth (1990) investigated the effects of urbanization on stream channels in Washington 
State.  Booth’s analysis suggests that unit stream power (Sp) may be reasonable 
measures to distinguish between eroding and non-eroding channels and computed a 
threshold value of 80 watts/m2 for stream power for streams in his area.   

w
SgQSp wρ

=  
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Where w is the width of the stream channel.  Eroding and non-eroding stream channels 
were determined by field inspection of channel banks.  Booth defined eroding channels 
as having cut banks more than 1 year old and higher than the commonly observed 10 to 
30 centimeter banks.   

Rhoads (1995) also supports use of the stream power to assess channel instabilities.  
Stream power is a measure of the “rate of doing work” in overcoming resistance and also 
in moving sediment down gradient and eroding stream banks.  Using published 
literature, Rhoads described how changes in discharge, sediment transport, and channel 
stability could be explained using stream power.  Variations in stream power measures 
include total, reach averaged, cross-section averaged, and stream power per unit width.   

Some measure of the stream resistance to erosion must be included in the 
parameterization.  The D50 is the most common parameter used as an indicator of the 
stream boundary conditions.  MacRae (1993, 1996) found that threshold criteria must 
include a measure of erodibility of the most sensitive boundary material (basal layer) and 
that criterion based on flow alone is not adequate.   

MacRae (1993, 1996) recommends that the erosion potential about the channel 
boundaries should remain the same under both developed and undeveloped conditions 
over the range of expected flows.  A discharge control strategy that maintains the same 
sediment transport characteristics provides the closest reproduction of post-development 
conditions.  MacRae referred to this method as “Distributed Runoff Control”, which has 
been adopted by the Ontario Ministry of the Environment and Energy (1994).  To this 
end, MacRae developed a “time integrated” erosion based index (Es):   
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Where ( insouts qq − ) represents the change in sediment storage within a stream reach, for 
the pre-developed and post developed conditions, respectively, and “a” and “b” represent 
empirically based coefficients.  In MacRae’s method the critical shear stress in the 
sediment transport function is based on the erosion resistance of the bed as well as each 
stratigraphy layer in the stream banks.   

 

7.6 GIS Mapping and Spatial Analysis 

GIS mapping is becoming a widely used and powerful tool for evaluating watershed 
scale issues and management decisions.  In this case, GIS can be used to overlay the 
watershed and stream characterization spatial data on existing and future development 
plans to identify sensitive stream segments at risk of being impacted by urbanization.  
Booth (1990) suggests that flow, topography, geology and channel roughness can be 
used to identify sensitive stream segments susceptible to erosion. Simple map overlays 
of geology, channel slopes, topography, channel roughness, and flow looking for critical 
areas can provide a simple tool to identify areas susceptible to erosion and sensitive 
stream segments. 
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Stein and Ambrose (2001) investigated cumulative impacts of urbanization on riparian 
ecosystems using GIS and spatial analysis on a watershed scale for the Santa Margarita 
Watershed, near Temecula, California.  They investigated changes in land use and 
riparian ecosystem quality over time using aerial photography and Army Corps of 
Engineers 404 permit records.  They used a Rapid Impact Assessment Method to 
qualitatively assess habitat quality using six criteria and spatially analyzed how these 
quality indicators changed over time and space.  Their analysis consists of a measure of 
the concentration of impacted sites and a measure of the degree of autocorrelation 
between sites.  Stein and Ambrose found that the current piecemeal approach to 
development and 404 permits has lead to the overall degradation of the entire stream 
system.  The incremental cumulative impacts of the many small projects disrupted 
watershed scale processes and resulted in fragmented habitat, loss of floodplain, loss of 
migration corridors, and overall channel degradation.  These in turn affect habitat, plant 
and animal species diversity, abundance, and health.  To provide better management of 
cumulative impacts and protection of aquatic resources, Stein and Ambrose recommend 
a watershed level approach that incorporates past and proposed actions and develops an 
understanding of the watershed scale processes.   

They are also developing an Army Corps of Engineers, Special Area Management Plan 
(SAMP) designed to assess cumulative impacts on a watershed scale.  They begin by 
characterizing the watershed, its physical and ecological processes.  They perform a 
historical analysis; map geology, soils, slopes, and land use; model hydrology; 
investigate sediment processes, source and transport; and investigate groundwater – 
surface water interactions.  They then identify opportunities and constraints and 
formulate approaches to future development to minimize impacts to ecological 
resources.  Their alternative management practices are presented in the following section 
of Management Strategies.   

 

7.7 Watershed Science Approach 

The San Francisco Estuary Institute (SFEI) has developed and tested a Watershed 
Science Approach on several stream systems in the Bay Area (SFEI, 1998, 2000, 2001a, 
2001b).  Their approach focuses on identifying the historical changes in land use and 
changing hydrology since European development, and on the changes in sediment 
supply sources and resulting channel geomorphic features.  The approach incorporates 
the use of a decision tree analysis and has a unique way of mapping channel conditions – 
streamline graphs for both the right and left banks, as well as channel thalweg.  Although 
the methodology was developed around detailed field data collection, a simpler modified 
approach has been used when budgets and schedule were limiting.   

The approach includes detailed field measurements of the voids left behind from past 
erosion and of the channel geometry, planform and longitudinal profile of the stream 
system.  Information on natural and man-caused erosion problems is also identified.  
Variables in the assessment include quantities of sediment stored in the system; rate of 
erosion; sediment supply from streambeds, banks, landslides, earth flows, and headword 
expansion of tributaries; channel cross sectional geometry, planform, and profile 
changes over time; bed material grain size distributions; measurements of pool and large 
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woody debris numbers and frequency.   And like many others, this method includes 
mapping geology, soils, slopes, and land use; and investigate impacts from lowering 
groundwater tables.   

 

7.8 Oregon Watershed Assessment Manual 

The Oregon Watershed Assessment is designed to help determine how well a watershed 
is working in terms of ecological health, defined by indicators of fish habitat and water 
quality.  Although this manual focuses on fish habitat, many of the components and 
activities are relevant to HMP issues.  This manual describes a methodology that could 
be used as a model to help develop the HMP assessment method.   

The assessment manual describes steps for identifying issues, examining the history of 
the watershed, describing its features, and evaluating various resources within the 
watershed.  The overall goal of this manual is to help watershed managers determine 
where there is a need to restore natural processes or features related to fish habitat and 
water quality.  Specific goals include the following: 

a) Identify features and processes important to fish habitat and water quality. 

b) Determine how natural processes are influencing fish habitat and water quality. 

c) Understand how human activities affect fish habitat and water quality. 

d) Evaluate cumulative effects of land management practices over time. 

It is designed to work on any landscape in Oregon, from the coastal rain forests to the 
inland deserts, with its own characteristic geology, climate, physiography and natural 
disturbance regimes (storms, fires, landslides).  The assessment begins with the large-
scale watershed characteristics and processes, and then incorporates reach scale 
information by stratifying streams into a hierarchy of Channel Habitat Types, on the 
basis of channel slope and valley width (i.e., gradient and confinement).  Fifteen channel 
habitat types are considered at a scale that is small enough to predict patterns in channel 
characteristics, yet large enough to be identified from topographic maps and limited filed 
work.  The development of their classification system was based on adapting several 
existing systems to cover the variability of Oregon streams.  This stratification is 
intended to help identify which stream segments have a high potential for fish 
production and which are the most sensitive to disturbances.  This information, along 
with current fish production data, leads to identifying the following: 

a) Areas with the highest potential for improvements. 

b) Highest priority areas for restoration. 

c) The types of improvement actions that will be most effective. 

The watershed assessment methodology consists of four main components:  

1) Start-Up and Identification of Issues. 

2) Watershed Descriptions, incorporating the Historical Assessment and Channel 
Habitat Type Classification. 
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3) Watershed Characterization, incorporating hydrology, sediment sources, channel 
modification, water quality, riparian habitat types, and fish and fish habitat types.   

4) Watershed Assessment, incorporating an evaluation of the Conditions and 
development of a Monitoring Plan.   

 

7.9 Diagnostic Assessment 

Montgomery and MacDonald (2002) propose a diagnostic approach for assessing 
channel condition, identifying sensitive stream segments, predicting channel response, 
and developing monitoring plans to assess impacts.  A diagnostic approach is recognized 
in the medical field as an appropriate method to assess complex systems.  Their example 
approach is essentially a matrix method, or consumers report method, with symbols 
representing measures of sensitivity, response, or other criteria (Figure 9).  The highly 
variable nature of stream channels requires that the assessment method consider the 
location within the stream network, regional and local geomorphic characteristics, 
channel type, spatial and temporal variability of sediment transport and flow, riparian 
vegetation, disturbance history and persistence of the imposed changes.  The diagnostic 
approach includes an evaluation of the geomorphic characteristics that are sensitive to 
changes in transport capacity, sediment load, type and density of vegetation, availability 
and abundance of obstructions (LWD).  

The first step in the diagnostic approach is to define and characterize the stream system 
of interest, including a historical analysis of past influences.  The second step is to 
perform field observations to evaluate various indicators of channel conditions. Potential 
indicators includes channel slope, confinement, entrenchment, riparian vegetation, 
overbank deposits, channel pattern, bank conditions, gravel bars, pool characteristics, 
and bed material.  The energy-based indices could be computed and incorporated into 
this approach. A matrix showing how each stream segment performs according to a set 
of selected criteria is created and explained.   

The diagnostic approach has several advantages over other more rigid methods, such as 
Pfankuch (1975).  Some of these advantages include, 1) attempts to understand the cause 
of degradation rather than characterize the symptom, 2) provides insight into channel 
processes and watershed conditions, 3) more comprehensive, 4) if documented well, 
should be both clear and defensible, 5) should eliminate the desire to treat the symptom 
rather than the causes of channel degradation.  There are also some disadvantages, which 
includes, 1) potential for bias on interpretation, 2) misrepresentation of the certainty of 
the assessment, 3) increased data requirements, 4) requires trained personnel beyond that 
of a workshop and short course, and 5) increased costs.   

 

7.10  Risk-Based Assessment 

Bledsoe and Watson (2001b) presented an interesting approach using a probability 
modeling method to predict channel patterns and instability.  According to Bledsoe and 
Watson this method addresses the uncertainty in using the indices discussed previously 
and provides a means of judging the sensitivity of stream channels to changes in the 
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controlling variables.  Because the characteristics of stream channels are highly variable 
and impacted by random events, a statistical approach allows one to integrate the entire 
seasonal and year-to-year distribution of rainfall as well as the antecedent conditions.  A 
probabilistic methodology may provide a more useful tool for management, planning, 
and policy making.   

Their approach involves logistical regression equations that relate continuous parameters 
like flow energy, slope and bed material to single qualitative dependent variables, such 
as stable or unstable.  The intent is to develop a probabilistic approach to predict the 
occurrence of stable meandering channels versus braiding and incised channels as a 
function of simple measurable hydraulic and sediment variables.  This method was 
developed using various descriptive data for 270 streams, of both sand and gravel, from 
around the world.  They looked at 74 different regression models.  The best results were 
obtained using bed slope in conjunction with annual flood discharge or in some cases 
bankfull discharge.  Results also varied by stream type.  However, models of this type do 
not provide any information on the cause of channel changes or why the change 
occurred.  This method incorporates their mobility index describe above, which was 
used as a first cut at testing this approach, but recommend that the method be developed 
with a better description of the channel boundary, flow regime, soils and wood 
influences, floodplain connectivity, and development style.  Risk-based models that 
include these parameters need to be developed for local conditions based on local data.   

 

7.11 Computer Modeling 

The JAWRA (2002) published a series of papers addressing “Integrated Decision-
Making for Watershed Management: Processes and Tools”.  The main theme of this 
series describes methods and tools that can be used to make management decisions 
regarding the protection of watershed resources, including the socioeconomic impacts of 
these decisions.  The direction of the current state-of-thinking is to integrate and link 
physically, ecologically and economically based models into a single framework to 
analyze environmental impacts stemming from alternative watershed management 
strategies (Diplas, 2002).  For example, Newbold (2002) presents an optimization 
scheme to select management sites to improve habitat and water quality.  This approach 
has been used as an alternative to GIS mapping.  Weinberg and Randall (2002) present 
an integrated approach using hydrodynamic, water quality, fish population, water 
allocation, and economic models for the Central Valley, California.  Their focus is to 
assess water management alternatives on the environment and agricultural economies for 
balancing water allocation and proving sustainable development.  Gassman (2002) uses 
an integrated modeling approach to assess environmental impacts, economics, and 
alternative management decisions on livestock production.   

The Maryland Department of the Environment (MDE, 2000) completed an evaluation of 
stream response to traditional stormwater management practices; all involving some 
form of detention basin design.  This approach is being followed by Ventura County to 
assess channel stability along Calleguas Creek as a pilot test of the method (personal 
communication with Jayme Laber, 2002).  MDE used the hydrologic modeling software 
HSPF to simulate runoff and discharge from detention ponds under four different sizing 
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criteria, existing, 2-year peak flow design, extended detention, and distributed runoff 
control proposed by MacRae (1994).  They investigated channel stability using a critical 
shear stress ratio, where the bed shear stress was predicted using modeling results and 
critical shear was based on bed material samples.  When the shear stress ratio is less than 
1 the channel bed material is stationary.  The channel was considered stable when the 
applied bed shear stress is less than 1.2 times the critical value (i.e., shear stress ratio of 
1.2) and unstable when the applied bed shear was 2.5 times or greater than the critical 
value. These ratios were determined for Maryland streams. Using these threshold ratios, 
the stream discharge that produces these critical shear stress values was computed and 
compared against the discharge from each of the pond volumes investigated and the risk 
of channel instability predicted.  These ratios appear similar to the conditions reported 
by Carling (1987) where the critical value was 60 percent of bankfull and significant 
adjustment in channel geometry was highly probably at 130 percent of bankfull (or 2.2 
times the critical value).  The MDE approach does not address increases in the duration 
of mid-bankfull flows or the actual long-term sediment transport loads.   

 

7.12 Summary of Assessment Methods 

Watershed and stream channel characterization is the first step towards any assessment 
addressing the physical and ecological conditions of a watershed and stream network 
{Bledsoe & Watson (2001a), Montgomery and Buffington (1993), Stein and Ambrose 
(2001), Rosgen (1996), Montgomery and MacDonald (2002)}. The watershed scale 
characterization helps focus attention on the processes impacted by development and the 
actual causes of the observed impacts rather then focusing in on the symptoms, such as 
bank failures. The characterization may take different forms depending on the focus of 
the assessment. Streams can then be classified according to their sensitivity to 
hydromodification, potential to be eroded, or risk of being impacted by future 
development.   

The SFEI supports a watershed assessment approach that combines historical analysis 
with detailed field measurements to estimate the various sources of sediment supply, 
how its changed over time due to changing land uses, and how its changed stream 
channel morphology and ultimately habitat conditions. Historical information is used to 
help explain the observed physical and ecological processes and existing stream channel 
conditions. How has the flow and sediment transport processes, and stream channel 
geometry been altered in the past?  Are the observed stream bank failures a result of past 
agricultural practices or recent hydromodification?  What is the observed stream 
response to increases in stormwater discharge? The historical analysis can provide 
insight into likely response to hydromodification and can be used to verify our 
assumptions on the expected channel response.   

In order to identify sensitive stream channels at risk of being impacted by urbanization, 
characterization of the development patterns, existing, past, and future is required.  
Conditions must be compared to the stream characterization data.  Simple map overlays 
of sensitive stream segments with development patterns can provide a simple tool to 
identify stream segments at risk.  A well-designed GIS based system can be developed to 
identify upstream urbanization at any point in the watershed. 
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The direction of current research is to developed simplified methods, or indices that can 
be used to distinguish between eroding or non-eroding, or stable and unstable channel 
conditions (Booth, 1990; Bledsoe, 2001; and MacRae, 1996). Indices, such as ratios of 
stream power, are attractive because they are simple to use and inexpensive to apply. 
However, as with any simplified scheme, the level of physical representation of true 
conditions is significantly reduced. Bledsoe (2001) recommends that we avoid single 
parameter methods.  Indexes of stability, energy, or erodibility must be referenced to the 
erodibility of the most sensitive boundary condition (e.g., basal layer). The time-
integrated erosion index proposed by MacRae (1993) combined with continuous records 
of discharge and sediment yield analysis provides the most physically based approach to 
address the impacts from hydromodification (Bledsoe 2001).  

The risk-based modeling approach presented by Bledsoe and Watson (2001b) has 
potential to be developed for the Santa Clara Valley.  Although its description is based 
on their energy index, it can be modified to include other relevant parameters measured 
locally.  Similar risk assessment methods have been used in the hazardous waste 
management industry.  Methods that include the limiting stream bank material is not yet 
developed.  The attractiveness of this method is its use as a management, planning, and 
policy-making tool.  For example, it is unlikely or perhaps impossible that a method can 
be developed that explicitly determines that a stream channel will be stable or unstable 
given a certain set of circumstances with 100 percent accuracy.  Thus a probabilistic 
approach would allow managers to define a level of risk, which they are willing to 
accept.   

Reach specific and site-specific thresholds based on hydraulic and sediment transport 
modeling are more scientifically defensible but will be more expensive than using 
indices (Booth, 1990).  The current state-of-thinking published in the JAWRA (April 
2002) suggests that physically, ecologically and economically based models could be 
linked into a single method to assess impacts on stream channels from urbanization as 
well as alternative management strategies (Diplas, 2002).  The Maryland Department of 
the Environment and Ventura County are developing fairly extensive hydrologic and 
sediment transport modeling.  Most all the research on the effects of urbanization and 
development of the tools described above used some form of continuous hydrologic 
modeling.   

Bledsoe et al. (2001) developed some guidance on assessment methods and suggested 
the following steps: 

a) Identify channels that are the most sensitive to changes in stream power, 

b) Understand the context of stream bank erodibility and limiting conditions 

c) Calibrate models and stability criteria regionally 

d) Include key parameters, such as the flow regime, existing conditions and 
characteristics of channel banks, the degree of entrenchment, influences of 
geology and woody debris, floodplain connectivity, and development style.   
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8 Management Strategies 

 

Effective enforcement of regulatory mandates to protect the beneficial uses of stream 
channel and aquatic habitat presumes an ability to reliably evaluate the past and present 
land use decisions on stream channel conditions and functions, and to predict future 
impacts for development.  Effective methods to assess and monitor channel conditions 
are needed to evaluate the success of current efforts and restore degraded streams.   

 

8.1 Maryland’s Low-Impact Development Strategies 

Prince George’s County (PGC) and the Maryland Department of Environmental 
Resources (MDE) have developed a low-impact development (LID) strategy to address 
runoff associated with new development.  As discussed in Chapter 3, development can 
significantly alter the hydrologic processes by reducing or eliminating infiltration and 
modifying the natural runoff hydrographs.  Their manual describes the methods, 
strategies, and controls used to create a “hydrologically functional landscape” that 
mimics the natural hydrologic regime to the extent practical.  The primary emphasis of 
LID is to maintain or recreate the natural hydrologic regime as much as possible.   

The main themes of the LID strategy are to establish a “Hydrologically Functional 
Landscape” using a “Distributed Control” approach along with a set of “Integrated 
Management Practices”.  Their Hydrologically Functional Landscape approach requires 
development to mimic the natural hydrologic cycle to the extent possible using 
distributed management practices.  They recommend characterizing the watershed and 
identifying important hydrologic features that must be maintained, such as highly 
permeable soils, riparian areas, wetlands, etc.  The Distributed Control approach refers 
to retaining and infiltrating as much of the excess runoff volume as possible in discrete 
units throughout the development so that control is not concentrated in single large 
facilities.  The intent is to manage excess runoff at the source rather then at the end-of-
pipe.  Integrated Management Practices are a set of control measures that when 
implemented will help maintain the pre-development hydrograph.  These include for 
example, rain gardens, dry wells, infiltration trenches, swales and buffer strips.   

The preservation of the pre-development hydrology is investigated using runoff volume, 
peak flow, and water quality.  LID attempts to minimize increases in volume, maintain 
pre-development peaks and time-of-concentration, and provides for water quality 
treatment.  Preservation of frequency/duration is assumed if the development can match 
the specified pre-developed design storm hydrograph. For protection of stream channels, 
the design storm is based on the 1-year or 2-year frequency storms.  As discussed in 
Chapter 4, control of the 1- or 2-year storm because it is defined as the flow that controls 
the shape of the stream channel is not adequate.   

The first step in this strategy is design features that minimize the changes in the pre-
development hydrograph by reducing impervious surfaces, disconnecting impervious 
areas, disconnecting roof drains, as well as many others.  Once all the strategies for 
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minimizing the increase in runoff are used, then management practices that retain the 
excess runoff volume are employed (e.g., rain gardens, infiltration, vegetation filters).  
These should be distributed units throughout the development.  In some cases where site 
design and retention are not enough, detention is then employed, where some of the 
excess runoff is held in storage and later released at a slower rate.   

One of the issues using this method is the design storm approach.  The design storm 
approach is traditionally a flood control design approach that is typically found to be 
inadequate for environmental and water quality needs.  The design storm approach 
requires assumptions on soil type, antecedent conditions, storm type and duration.  This 
method typically over predicts runoff from open space and stream flow statistics rarely 
match storm event statistics.  Studies have been done showing the difference between 
single event design storm methods to continuous simulation methods and design storm 
methods often over predict pre-development runoff and if post-development was 
designed to over predicted pre-development flows, then the resulting changes could still 
impact stream channels (Strecker, 2001).   

 

8.2 The Pennsylvania Handbook of Site Planning and Best Management 
Practices 

The Pennsylvania Handbook of Best Management Practices (PHBMP 2000) provides 
site planning and best management practices (BMP) selection guidelines for erosion 
control, stormwater runoff, water quality, watershed management, and habitat 
protection.  The PHBMP summarizes the state-of-the-art in site planning and BMP 
alternatives in a comprehensive watershed management program for the Northwestern 
United States.   

The central premise of Pennsylvania watershed management program is that effective 
site layouts and designs can minimize the need for conventional structures for storm 
drainage and BMP’s, thereby reducing the costs of development.  Strategic site planning 
also provides community benefits by incorporating natural features that maintain the 
sensitive habitats, natural hydrologic functions and enhancing aesthetics and recreational 
value.  Among the many aspects of a comprehensive watershed management program 
are provisions applicable to protecting sensitive and natural habitats.  These include: 

a) Identify and map sensitive areas, soil type and conditions, and natural drainage 
features early in the planning process, 

b) Develop a plan to preserve, protect, or enhance sensitive areas and the natural 
hydrologic and filtering functions, 

c) Preserve protective buffers adjacent to water bodies, 

Among the sensitive hydrologic and habitat areas to be protected include stream 
corridors, wetlands, steep slopes and highly erodible soils.   

Preserve the Natural Hydrologic Conditions.  The first strategy in the PHBMP is to 
minimize the changes in post-development hydrology and maintain, to the extent 
practical, the natural infiltration process.  Preserving areas for infiltration provides stable 
baseflows, groundwater recharge, reduced flood flows, reduced pollutant loads, and 
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reduced costs for conveyance and storage.  The PHBMP recommends the following 
control measures: 

a) Reducing and disconnecting impervious surfaces is considered to be the single 
most important management practice to minimize changes in hydrology. 

b) Preserving natural drainage features, such as swales, channels,  

c) Preserve natural depressional storage areas, such as wetlands, ponds, and pools.  

Minimize the Effects of Development.  The second level of management is protecting 
sensitive areas through site and land use planning. The PHBMP recommends the 
following control measures: 

a) Provide setbacks and buffers between development and sensitive areas, 

b) Cluster development in the least sensitive areas, 

c) Provide conservation easements and tax incentives to preserve sensitive areas, 

d) Minimize the amount of grading and topographic changes.   

Selection and Use of BMP’s.  The intent of the PHBMP is to preserve sensitive natural 
features and to develop stormwater systems that mimic the natural hydrologic cycle as 
much as possible.  BMP’s such as swales, bioretention (rain gardens), permeable 
pavement, dry wells, and vegetated roof covers. Natural features with important 
hydrologic functions include streams, lakes, wetlands, and areas of native vegetation, 
high quality habitats, and natural depressions.  By taking advantage of these natural 
features, the scale and complexity of BMP’s can be reduced.  The choice of BMP;s 
should be done on a watershed scale, where the assessments identify sensitive areas as 
describe above and BMP’s selected to supplement land use measures.  The approach for 
BMP’s includes  

a) Breaking up impervious surfaces and drain to open areas, 

b) Apply BMP’s near the source of runoff and try to emulate the natural hydrologic 
processes, 

c) Identify impervious surfaces that has the potential to degrade water quality and 
evaluate the need for treatment, 

d) Satisfy infiltration and groundwater recharge near the source impervious surfaces 
to emulate the natural hydrologic processes, 

e) Satisfy the hydrologic control measures.   

Regional Stormwater Management.  In some instances the watershed planning studies 
can be used to develop regional stormwater management projects that help achieve the 
goals of the program.  Riparian corridor management is an effective BMP for controlling 
flooding on a regional scale.  Regional facilities are not recommended for infiltration 
and groundwater recharge objectives.  These methods are best utilized as smaller 
dispersed units spread through out the development (PHBMP 2000).  
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8.3 Melbourne Urban Stormwater Management Strategies 

The Melbourne Water Company, Victoria, in cooperation with the Environmental 
Protection Authority (EPA) and local governments formed the Stormwater Committee 
and developed the Best Practice Environmental Management Guidelines for urban 
stormwater to protect environmental values and beneficial uses of receiving waters.  
These guidelines provide information on performance objectives, a range of potential 
BMP’s, BMP selection, public awareness, and management plans. Although no real 
BMP’s are provided to address hydromodification, the Committee recognizes that 
urbanization changes both the quantity and quality of runoff, causing channel 
degradation, reduced groundwater inflows to streams, increases in urban slobber during 
summer, and channel erosion.   

One of the strategies implemented is the formation of Catchment Management 
Authorities (CMA), which is equivalent to a watershed management agency.  The CMA 
combines the role of previous agencies, such as the Land Protection Board, River 
Management Authority, Sustainable Redevelopment Committees, and water quality 
groups.  The goal of the CMA is to ensure sustainable use of natural resources, 
protection of land and water resources, and conservation of natural and cultural heritage.   

The foundation of their environmental protection program is State Environmental 
Protection Policies that stipulate environmental quality objectives and identify beneficial 
uses of Waters of Victoria.  Their program consists of an integrated approach towards 
managing urban runoff peak flow and volumes, water quality and habitats necessary to 
support a healthy aquatic community. Flood protection and public safety remain a 
fundamental aspect of planning and design, but at the same time, BMP’s designed for 
water quality and habitat purposes can benefit flood management (e.g., maintaining 
natural floodplain functions).   

Three principles form the framework to achieve their management objectives: 

! First, AVOID stormwater impacts and preserve existing natural channels, 
wetlands and riparian vegetation through source controls. These measures can 
include such things as land use planning, education, regulation and practices to 
limit changes in quantity and quality before it enters the storm drain system.   

! Second, MINIMIZE impacts to natural waterways by using structural controls to 
reduce or delay runoff, intercept or remove pollutants after entering the storm 
drain system.   

! As a last resort, MANAGE the receiving water body itself by using bed and bank 
stability techniques, treatment measures, and clean-up programs.   

Strategic land use planning in a water sensitive manner is proposed by minimizing the 
extent of impervious surfaces and mitigating changes in the natural hydrograph through 
on-site reuse and storage.  Integrating flow paths and storage features into the landscape 
and development is a key technique in water sensitive urban design and maintaining the 
natural hydrograph.  Stormwater is treated as a resource rather than a burden.  The size 
and costs of the traditional storm drainage system can be reduced. Establishing a multi-
purpose corridor integrating stormwater management with habitat protection and 
recreation is an important design element.  Benefits of this approach include protection 
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of sensitive habitats and wildlife, filtration of stormwater through vegetation, provides a 
public amenity and recreational opportunities (e.g., trails, parks) and flood protection by 
maintaining natural floodplain functions.   

Land use planning begins by strategic Site Planning that includes a site analysis, land 
capability assessment, and finally layout of the development.  The purpose of the site 
analysis is to identify the natural features of the landscape that need to be considered 
during planning and design. Natural features include such things as topography, drainage 
patterns, soils, geology, sensitive areas and natural wetlands, riparian corridors, 
vegetation and wildlife corridors.  Developers are required to demonstrate that the 
proposed development will not affect downstream resources and any proposed control 
measures will sufficiently mitigate potential stormwater impacts.  A land capability 
assessment determines the scale and arrangement of development that protects the 
resources identified through the site analysis.  Once the site analysis and land capability 
assessment are complete the areas of developable land can be identified.  Land use plans 
can then be developed that are consistent with the principles of environmental protection 
and water sensitive design.  Land use plans identify how and where development can 
occur within the site to produce the least impact on the ecosystem.   

Source controls are typical of water quality controls used in the Santa Clara Valley 
Urban Runoff Pollution Prevention Program and include such things as materials 
management, construction site BMP’s, education programs, maintenance activities, and 
monitoring.  Structural controls are also typical and consist of screening type devises, 
settling basins, infiltration, swales and wetland type basins.   

Of most interest are their flow management alternatives. These include filter strips, 
swales, distributed sub-basin storages, hybrid channels, and detention and infiltration 
basins.  The most unique alternatives include minimizing directly connected impervious 
areas, on-site reuse of stormwater, small-distributed storage throughout development, 
and multipurpose recreation-storage facilities.   

 

8.4 Santa Margarita Watershed SAMP 

As describe above, Stein and Ambrose (2001) investigated cumulative impacts of 
urbanization on riparian ecosystems for the Santa Margarita Watershed, near Temecula, 
California. They describe the use of the Army Corps of Engineers Special Area 
Management Plan (SAMP) for Orange County, California that includes a discussion of 
management strategies.  Their proposed strategies include the following: 

a) Development will be concentrated in areas with naturally impervious soils, 

b) Avoid areas that disrupt key sediment sources and maintain the natural episodic 
nature of sediment loads, as well as aggradation/degradation processes,  

c) Avoid areas with high erodibility, 

d) Note timing of peak flows of tributaries and main stem of the river and avoid 
development that concentrates peak flows in downstream reaches, maintain pre-
development time-of-concentration,  
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e) Restrict or eliminate development on floodplains. Use floodplains for flood 
control; riparian habitat, recreation and water quality.   

f) Avoid development in sensitive habitat areas and maintain connectivity between 
habitats, maintain buffer zones between development and riparian corridors.   

g) Maintain the natural hydrologic processes as much as possible, primarily 
maintaining infiltration of rainfall, 

h) Reduce the percentage of impervious surfaces and the connectivity between 
impervious surfaces, eliminate connecting roof rain gutters to streets, reduce the 
degree of storm drain connectivity to the extent possible. 

 

8.5 Integrated solution strategies 

The above example management approaches are essentially integrated strategies in that 
they implement a series of progressive control measures: land use planning, distributed 
on-site control measures, followed by regional solution and stream restoration.   

The progressive integrated strategy can be summarized as follows: 

a) Preserve the natural hydrologic conditions and protect sensitive hydrologic 
features, sediment source and sensitive habitats.  Avoid, to the extent possible, the 
need to mitigate for hydromodification. 

b) Minimize the effects of development through conscientious design (e.g., reduce 
connected impervious surfaces) and through the implementation of 
environmentally sensitive on-site distributed BMP’s (e.g., wetlands, swales, 
infiltration gardens, etc.)  

c) Manage the stream corridor itself by implementing in-stream controls, such as 
grade controls, biotechnical bank stabilization controls, and restoration. Provide 
allowances for the modified stream flow characteristics and enhance the 
beneficial uses of streams.   

d) In some cases, a regional stormwater management system may be cost effective.  
These strategies could include regional floodplain management, secondary 
collection and drainage systems, and large-scale detention and infiltration basins.   

 

8.6 On-site solutions 

This section briefly summarizes potential on-site solutions that could be incorporated 
into the HMP and regional solutions.  The main theme of these alternatives is to 
maintain the natural functions of the hydrologic and geomorphic processes as much as 
possible, minimize the magnitude of change caused by development, and then integrate 
stormwater control measures into the development to mitigate expected impacts.   

a) Preserve the natural proportion of rainfall infiltration and surface runoff to create 
a hydrologically functional landscape within development that mimics the natural 
hydrologic regime to the extent practical.   
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b) Protect sensitive hydrologic features, sediment source and sensitive habitats. 
Avoid, to the extent possible, the need to mitigate for hydromodification. Provide 
setbacks and buffers between development and sensitive areas. 

c) Preserve areas of naturally high infiltration to maintain, to the extent practical, 
stable baseflows and groundwater recharge. Which in turn can reduce flood flows, 
reduced pollutant loads, and reduced costs for conveyance and storage.   

d) Reduce and disconnect impervious surfaces, such as roof drains, gutters, parking 
lots and streets.  Allow surface runoff from impervious surfaces to drain to 
pervious areas, natural and artificial hydrologic features, such as swales and 
wetlands.   

e) Cluster development in the least sensitive areas, such as low infiltration areas, low 
sediment supply zones, and away from natural hydrologic features such as natural 
swales, wetlands, and riparian corridors.   

e) Minimize the amount of grading and topographic changes.  Use sediment control 
measures, such as settling basin and traps, hydroseeding, mulching, terracing, etc. 

f) Integrate water quality and flow controls into the landscape. BMP’s can include 
filter strips, swales, constructed wetlands, dry wells, infiltration trenches, and 
permeable pavement.  

g) Develop integrated flood control, water quality, hydromodification, and habitat 
features in multi-purpose facilities.   

h) Incorporate larger scale detention and infiltration basins when necessary and into 
public open spaces and parks.  Incorporate multi-purpose facilities, such as parks 
and detention basins where practical.   

i) The most unique alternatives include on-site reuse of stormwater, small-
distributed storage throughout development, hybrid channels, bioretention (e.g., 
rain gardens), multipurpose recreation-storage facilities, and vegetated roof 
covers.  

j) Consider stormwater as a resource rather than a burden. 

 

8.7 In-stream solutions 

This section briefly summarizes potential in-stream solutions that could be incorporated 
into the HMP and regional solutions.  The main theme of these alternatives is to protect 
the natural functions of the riparian corridors, and if necessary, modify stream channels 
so that they convey the new urban stream flow hydrology.   

a) Manage and protect natural riparian corridors for flood control on a regional 
scale.  Restrict or eliminate development on floodplains. Use floodplains for flood 
storage; riparian habitat, recreation and water quality.   

b) Implement bed and bank stability techniques, treatment measures, and clean-up 
programs.  Common biotechnical erosion control measures include pole cuttings, 
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brush mattresses, fascines, deflectors, crib walls, in-stream woody material, rock 
grade control structures, root wads, etc. 

c) Provide for the new hydrologic regime by modifying the stream channel so that 
the channel can accept the new flows without erosion and bank failures, and 
damage to habitat.  Stream channels respond and can be modified in several 
different ways: widening, deepening, changing slope, roughening channel surface, 
and changing sinuosity.   

d) Create hybrid channels that include flood control, hydromodification and water 
quality objectives that support habitat for riparian communities.   

e) Maintain physical and hydrologic connectivity between stream channels and 
floodplains, and between upstream habitat patches and downstream habitat 
patches.   

f) Maintain a diversity of habitats, plant communities and physical structure within 
channels and floodplains, and between riparian and upland habitats.   

g) Maintain flow energy dissipation along the stream channel by installing, or 
leaving in place, features that add roughness.  If the stream can’t eat the energy, 
the energy will eat the stream.   
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9 Available local data 

 

SCVWD Fisheries and Aquatic Habitat Collaborative Effort 

The Fisheries and Aquatic Habitat Collaborative Effort (FAHCE), is a multi-agency 
endeavor convened by the SCVWD and the Department of Fish and Game to develop an 
interim fisheries and aquatic habitat management plan. FAHCE participants include the 
SCVWD, the Department of Fish and Game, the U.S. Fish and Wildlife Service, the 
National Marine Fisheries Service, the Natural Heritage Institute, the Guadalupe-Coyote 
Resource Conservation District and the City of San Jose.  The goals for FAHCE include: 
1) identify the contribution of SCVWD facilities and operations to existing fishery 
habitat conditions within the context of the variety of factors impacting salmon and 
steelhead populations; and 2) identify reasonable flow and non-flow measures that will 
improve habitat conditions for such fish populations within the context of competing 
water and land use demands.  The study objectives were to identify and evaluate 
alternative management actions based in part on the above studies and on the following: 

• Improve habitat conditions to maintain fish populations in good condition; 

• Protect, maintain, and improve habitat conditions for species listed under the State 
and Federal Endangered Species Acts or identified as California Species of 
Special Concern; and 

• Improve the availability and suitability of stream corridor and channel habitat for 
a diversity of species of fish and wildlife. 

The FAHCE project quantified the following factors: 1) diversity, abundance, and 
condition of existing salmon and steelhead resources; 2) habitat quantity and quality that 
may limit these target fish populations; 3) types and locations of non-flow measures that 
could change existing conditions; and 4) alternative flow regimes that could change the 
conditions that limit the target fish populations. 

The FAHCE study area included Coyote Creek (below reservoir), Upper Penitencia 
Creek, Stevens Creek below reservoir, and Guadalupe River and its major tributaries 
(Los Gatos, Guadalupe Creek, Alamitos, and Arroyo Calero Creeks).  Analysis of the 
results from the study have not been released due to ongoing litigation, with the 
exception of the salmonid habitat survey database, which was used in the Potentially 
Sediment Impaired Creek Report to prioritize reaches that may be impaired by sediment.  
The location and description of potential anadromous fish barriers and the results from 
temperature modeling analyses were made available to Program staff in 2002.  Program 
staff understands that additional information is forthcoming and will be valuable in 
conducting a limiting factors analysis in Stevens, Coyote and Guadalupe River 
watersheds. 
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SCVURPPP Coyote Watershed Pilot Assessment 

The SCVURPPP’s Pilot Watershed Assessment of Coyote Creek is utilizing mostly 
existing data, but some new data, to characterize and assess the physical and biological 
condition of the watershed.  The assessment includes: 1) the development of a stream 
classification to characterize stream functions and geomorphic processes, 2) evaluation 
of stream functions (e.g., maintenance of aquatic habitat and hydrological regime and 
channel dynamics) and how future and potential management actions will affect these 
functions, 3) identification of information gaps and research opportunities, and 4) 
prioritization of management actions that will improve the physical and biological 
functions in the watershed.  The assessment focused on the mainstem Coyote 
(downstream of reservoir) and Upper Penitencia Creek.  Evaluating sediment impacts to 
fish habitat and aquatic health of streams is one component of the assessment.  The Pilot 
Coyote Watershed Assessment Report is scheduled for release in September 2002.   

Santa Clara Basin Watershed Management Initiative (WMI) Pilot Watershed Assessment 

The WMI is completing pilot watershed assessments of Upper Penitencia Creek, 
Guadalupe River and San Francisquito Creek.  The assessment framework was 
developed to provide a procedure for using environmental indicators, based on existing 
data to conduct a watershed assessment.  Threshold values were identified for 
quantifiable parameters and were used when possible to evaluate the ability of a 
waterbody to support a primary use/interest.  The stakeholder group identified five 
primary beneficial uses/interests as the basis of the assessment.  Logic diagrams were 
developed to systematically determine the level of support of a primary use/interest 
through a “weight of evidence” approach.  Creeks within each of the watersheds were 
classified into stream segments and each segment was assessed to determine support, 
non-support or unknown due to insufficient data. 

The results of the assessment included an identification of limiting factors, which 
focused on physical, chemical and biological conditions in the stream and the riparian 
corridor that caused non support or partial support of primary uses.  The limiting factors 
consist of the indicators that did not meet the threshold criteria specified in the 
assessment framework.  It is the Program staff’s understanding that specific limiting 
factors within each stream segment and the suspected cause, when identifiable, will be 
described in the WMI Watershed Assessment Report (WAR), scheduled to be released 
in Fall 2002.  The WMI limiting factors analysis will be useful to the SCVURPPP 
watershed assessment approach identified in this Workplan. 

Surface Water Ambient Monitoring Program/Regional Monitoring and Assessment 
Strategy (SWAMP/RMAS)  

The goal of the SWAMP/RMAS program is to monitor and assess all waterbodies of the 
San Francisco Bay Region in order to identify reference sites and waterbodies or sites 
that are impaired, based on data and information that provide a weight-of-evidence 
assessment of water quality.  Objectives of the program include: (1) assessing the 
physical, chemical, and biological condition of waterbodies in the region in order to 
determine if waterbodies are impaired and beneficial uses are being protected;  (2) 
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measuring environmental indicators of stressors (e.g., pollutants or other water quality 
parameters), laboratory exposure/effects measurements (e.g., toxicity tests), and 
ecological response (e.g., benthic macroinvertebrate community analyses) from the same 
location and/or season;  (3) generating data and information during different seasonal 
conditions; (4) generating data and information that is somewhat evenly distributed 
across a waterbody to provide a screening level of assessment; (5) determining if 
impacts are associated with specific stressors or land uses; and (6) evaluating monitoring 
tools in the watershed in order to develop a program that uses the best environmental 
indicators to achieve the purposes of the program. 

Six San Francisco Bay watersheds were monitored in FY 00-01 (none were located in 
Santa Clara Basin).  An additional five watersheds were monitored in FY 01-02, 
including two in the Santa Clara Basin (Stevens and Permanente Creeks). Some of the 
data collected in Stevens Creek (e.g., bioassessment, physical habitat assessment, 
suspended sediment concentrations) will be useful to assess the health of the aquatic 
biota and condition of the physical habitat for salmonid fish.  

SCVURPPP Multiyear Monitoring Plan 

A Multi-Year Receiving Waters Monitoring Plan was submitted to the Regional Board 
as part of the SCVURPPP FY 02-03 Draft Workplan in fulfillment of SCVURPPP 
NPDES Permit Provision C.7 and specifically Provision 7b of SCVURPPP’s NPDES 
Permit Order adopted February 21, 2001 by the Regional Board.  The Plan identifies 
monitoring activities in Santa Clara Basin Watersheds over an eight-year period and 
contains the following information: watershed location (prioritized based on WMI and 
SCVURPPP assessment priorities), data type (chemical, biological, physical, and trash), 
number and frequency of sampling events, FYs (8 years starting with FY02-03 through 
FY09-10), rationale, and lead agency.  The information on data type utilizes a tiered 
monitoring approach discussed by the RWQCB staff in its RMAS memo (February 8, 
2001 Draft Monitoring Design in Regional Board-lead Pilot Watersheds, Spring 2001) 
that includes the following monitoring categories: screening level, detailed investigation, 
and status and trends.  Implementation of detailed investigations will be determined from 
the results of screening level monitoring, as well as from the data gaps identified in the 
watershed assessments and other studies described above.   

The Multi-Year Monitoring Plan identified special sediment-related studies to be 
implemented in Stevens, Coyote and Upper Penitencia Creek Watersheds in 
coordination with the focused studies developed in accordance with this Workplan.  The 
Plan addresses data gaps, such as aquatic habitat survey data in Saratoga and Permanente 
Creek, which were identified in the Potentially Sediment Impaired Creek Report.  The 
Plan also includes monitoring activities that will be identified in the Hydromodification 
Management Plan (HMP), which is being developed to satisfy Provision C.3 of the 
SCVURPPP NPDES permit.  Monitoring efforts for the HMP will include identifying 
baseline conditions of stream channels, as well as evaluating the effectiveness of control 
measures that are implemented to reduce the hydrologic effects of land development on 
stream stability and geomorphology.  These activities will be clearly identified each year 
as part of SCVURPPP’s Annual Monitoring Plan.   



DRAFT – HMP Literature Review 

GeoSyntec Consultants Page  9/13/02 
F:\Sc33\FY01-02AR\Sections 1-10\word docs\Sect8_NewRedev\Appendix G\Final Lit Review 9-12-02.doc 

53 

SCVWD Flood Protection Projects 

The SCVWD is currently involved in several projects to increase channel capacities to 
allow for a 100-year flow event.  These projects typically require baseline data collection 
to identify existing channel and flow conditions.  These data include geological 
characterization, sediment loading and transport capacities, flow frequency and flood 
hydrographs, and surface water profiles, and floodplain access.  This information can be 
used to assess potential impacts of sediment to aquatic habitat.  The District is currently 
involved in several flood protection projects in the streams that were identified in 
SCVURPPP sediment report as high and medium priority for future watershed 
assessments.  These watersheds include Coyote Creek mainstem, Upper Penitencia 
Creek and Guadalupe River.  The Guadalupe River flood control projects are near the 
construction phase and provide existing data useful for a watershed analysis.  The other 
projects are still in the planning stages and have less data available; however, they may 
provide opportunities to collect valuable data using available resources. 

SCVWD Stream Maintenance Program (SMP) 

The SMP describes routine stream and channel maintenance on facilities of the Santa 
Clara Valley Water District (District) throughout Santa Clara County.  These activities 
include sediment removal projects, vegetation management and bank protection.  
Location and volume of sediment removal in streams within District jurisdiction were 
used in the SCVURPPP sediment report as a factor to prioritize stream reaches that may 
be impaired by sediment.  Additional analyses on sediment size and accumulation rate at 
these sites can be useful in future sediment analyses.  In addition, bank protection 
projects provide information indicating where instream sources of sediment may occur.  

Alum Rock Park Riparian Management Plan 

Alum Rock Park Riparian Management Plan (published report and data; City of San 
Jose) field measurements within Alum Rock Park, City of San Jose channel cross 
sections, longitudinal profiles, bank stability evaluation.  

SCVWD GIS System 

The following GIS layers are a subset of the total maintained by the SCVWD.  These are 
thought to be the most relevant to the development of the HMP. 

 
Description of GIS Layers 

Partial Index to USGS Quad Sheets Historical Flooding - 1978 to 1997 
Coyote Creek Riparian Station Creek Alignment 
Vegetation Historical Flooding - Points 
City of San Jose Creek Vegetation Buffer Flooding in San Mateo County 
Santa Clara County Creek Vegetation Buffer Artesian Wells in Santa Clara County since 1994 
Barriers to Fish Passage Depth to First Groundwater 
Saratoga Creek Bank Characteristics Elevation of Groundwater 
Saratoga Creek Habitat Characteristics General Geology of the Santa Clara Basin 
Saratoga Creek Pollution Impacts Groundwater - Sub-Basins 
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Saratoga Creek Outfalls Groundwater - Basins 
Saratoga Creek Survey Points Groundwater  - Flow Direction 
California Aqueduct Groundwater - Hydrographic Units 
SCVWD Canals Groundwater Recharge Facilities 
EIR Creeks 500 ft Buffer Portrayal of Land Subsidence - 1934 to 1967 
SCVWD 500 Scale Creeks Storm Drain network in Santa Clara County 
Label Points for SCVWD 500 Scale Creeks USGS 7.5 Minute Quad Grid for Santa Clara County 
EIR Creeks Land-use Buffer Map Index for 1939 Aerial Photography 

Santa Clara County Dams 
Important Farmland 2000 (Farmland Mapping and 
Monitoring Program) 

EIR Routine Maintenance Creeks SCVWD Land Use - 1999 
Barclay Mapworks Hydrology Layer Llagas Watershed Land Use 
Lakes and Reservoirs not found in Reservoirs shapefile Land Use (ABAG) 
Pajaro River Watershed Creeks Open Space Locations (GreenInfo Network) 
Santa Clara County Reservoirs City of San Jose General Plan -2020 
San Benito County Creeks (from TIGER 2000) Important Farmland 1998 
San Benito County Waterbodies (from TIGER 2000) Open Space Areas (GreenInfo Network) 
San Francisquito Watershed Creeks Hydrographic Unit Delineations 
2001 Stream Maintenance Program Canals with Route 
Measures SCVWD Rainfall Stations 
2001 Stream Maintenance Program Sediment Removal 
Work Areas Average Rainfall for Santa Clara County 
2001 Stream Maintenance Program Work Areas Santa Clara Basin Geology 
Historic Stream Monitoring Stations Serpentine Soils in Santa Clara County 
Stream Monitoring Stations Soil Infiltration Rates in Santa Clara County 
Generalized extents of Tidal Influence Soil Types in Santa Clara County 
Historic and current USGS streamflow monitoring 
stations Groundwater Recharge Basins in Santa Clara County 
USGS 100K scale creeks Santa Clara Valley Floor 
Location and Height of Bank Erosion - Guadalupe 
Creek Mitigation Project Santa Clara County General Plan 
Channel Segment Classification - Guadalupe Creek 
Mitigation Project Reservoir Watersheds 
Geomorphic Surfaces - Guadalupe Creek Mitigation 
Project Santa Clara Basin WMI Watershed Delineation 
Instream Woody Material - Guadalupe Creek Mitigation 
Project SCVWD Minor Watersheds 
Location and Depth of Undercut Banks - Guadalupe 
Creek Mitigation Project SCVWD Major Watersheds 
Soil Classification - Guadalupe Creek Mitigation 
Project 

 

Understory and Midstory Vegetation Classification - 
Guadalupe Creek Mitigation Project 
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10 Glossary of Terms 

 

To be completed at a later date. 
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Figure 1.  CONCEPTUAL MODEL ILLUSTRATING THE LINKAGES BETWEEN THE HYDROLOGIC AND
GEOMORPHIC PROCESSES TO BE ADDRESSED IN HYDROMODIFICATION
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Figure 2.  Schematic diagram of the hydrologic cycle 

 

 

 

 

 
 

Figure 3. A hydrograph with separation of sources of stream flow 
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Figure 7. Leopold’s (1964) Effective Work Curve Model
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Figure 9.  Example Results Reported by Booth and Jackson (1997) 

 

 



 
Figure 10.  Example Results Using Diagnostic Assessment Method, Montgomery and 
MacDonald (2002) 
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T E C H N I C A L  
M E M O R A N D U M  # 1  

 
 
TO: Santa Clara Valley Urban Runoff Pollution Prevention Program 
 
FROM: Geosyntec Consultants HMP Project Team 
 
DATE: October 24, 2002 (Draft) 
 
SUBJECT: RECOMMENDED ASSESSMENT METHOD FOR DEVELOPING 

THE HYDROMODIFICATION MANAGEMENT PLAN, 
INCLUDING DATA REQUIREMENTS 

  

Background 

The Geosyntec Project Team1 (Team) is assisting the Santa Clara Valley Urban Runoff 
Pollution Prevention Program (SCVURPPP) in developing a Hydromodification 
Management Plan (HMP) as required in Provision C.3.f. of the updated stormwater permit.  
One of the tasks to be completed, as described in the Work Plan submitted to the Regional 
Water Quality Control Board (RWQCB) on March 1, 2002, is to develop and recommend an 
Assessment Method that can be used to evaluate hydromodification from urban 
development. Technical Memorandum #1 summarizes the Team’s recommended assessment 
method. This memorandum is intended to be a summary of the overall approach including 
tables of expected data requirements.   

A Literature Review and Conceptual Model for the HMP were previously developed and 
submitted to the RWQCB on September 15, 2002.  The goals and objectives in the 
Literature Review and the Conceptual Model were used to guide the development of the 
assessment method.  The overall assessment method is subdivided into four major phases: 1) 
Identify Problem Areas and Reaches/Prioritization, 2) Geomorphic/Historic Assessment, 3) 
Hydrology/Hydraulic Modeling, and 4) Stability Assessment.  Figure 1 illustrates the 
assessment method graphically and shows the sequence and links between phases.  The 
following sections summarize criteria for selection of the assessment method and describe 
the purpose, use and data requirements for each phase of the assessment method. 

 

 
                                                 
1 Project Team consists of Jill Bicknell, SCVURPPP; Peter Mangarella and Gary Palhegyi, GeoSyntec Consultants; Jeff 
Haultiner and Christie Beeman, Phillip Williams & Associates; Barry Hecht, Balance Hydrologics; and Laurel Collins, 
Watershed Sciences.   



Criteria for Method Selection 
 
The goal of the Team was to develop a method that can evaluate changes in hydrology and 
associated stream channel conditions and predict the potential for erosion and deposition or 
other impacts attributed to hydromodification from future urban development.  The method 
was developed based on methods described in the Literature Review and on the expertise of 
the Team, including review comments by the Expert Panel2 on the Literature Review and 
comments from Santa Clara Valley Water District. The assessment method should have the 
following characteristics: 
1. Be able to predict existing erosion and distinguish between stable and unstable 

conditions under existing land use conditions with an acceptable level of accuracy. 
2. Be able to predict future erosion (instability) under future land use conditions and under 

future land use conditions with BMP’s.  
3. Be applicable to natural stream segments, modified segments (i.e., existing conditions 

are not pristine), and restored stream segments (in-stream BMP’s).   
4. Be able to distinguish between direct and indirect anthropogenic effects. 
5. Be testable and verifiable. 
6. Be defendable if challenged legally. 
7. Be based on recognized standards of practice. 
8. Be cost effective and able to be completed by the regulatory due dates.   
9. Be adaptable to new scenarios and updateable as new knowledge is gained during 

implementation. 

Conceptual Model 

The Conceptual Model of the hydrologic and geomorphic processes to be considered in the 
assessment, showing specific attributes considered important in addressing 
hydromodification, is presented in Figure 2.  The process drivers are the regional factors of 
climate, geology, and physiography, which in turn affect the amount of runoff and sediment 
sources discharged to stream channels.  Land use, soil and vegetation characteristics affect 
the proportion of rainfall that infiltrates the ground or runs off the surface as overland flow. 
The nature of local climate, geology, and physiography affect the frequency and type of 
sediment supplied to the stream system.  The imposed changes in stream flow and sediment 
supply characteristics caused by urbanization and hydromodification ultimately change the 
physical and ecological characteristics of stream channels.   

                                                 
2 Expert Panel review consisted of comments from Professor Tom Dunne, SBSU; and Professor Brian Bledsoe, CSU.  



 

Figure 2. 



 

The assessment method must incorporate features that address elements described in the 
Conceptual Model.  The hydrologic process can be handled by traditional rainfall-runoff 
modeling as long as it includes the ability to account for the amount, frequency, duration, 
and timing of geomorphically significant flows (Literature Review).  The hydrologic model 
also must be able to account for variations in land use characteristics as well as urban runoff 
best management practices (BMP’s).   

Geomorphic processes will not be modeled in the same manner as the hydrologic processes.  
The geomorphic processes and their attributes are described through mapping and field 
measurement of select physical characteristics as part of a geomorphic / historic assessment.  
An important aspect of the geomorphic / historic assessment is developing an understanding 
of the existing watershed and stream conditions in sufficient detail to correctly interpret 
which observed channel instabilities are due to urban hydromodification.   

Identify Problem Areas/Reaches & Prioritize (Completed Basin Wide) 

The objective of this phase is to identify stream segments basin wide that are currently 
subject to erosion and/or deposition, and those segments that could potentially be affected 
by future development. Recommended data for problem identification are listed in Table 1.   

The primary activity is to review background data, interview stream management personnel, 
and visit suspected problem sites to identify stream segments that are currently unstable 
from erosion or deposition.  The location of the eroding stream segments will be mapped.  
Future development plans from agency master plans will be mapped and overlain on maps 
showing stream channels to identify streams at risk of being impacted by hydromodification.  
Some stream channels have been hardened by concrete, riprap, gabions or significantly 
modified such that they may be considered exempt from the HMP requirements.  Channel 
characteristics will be identified and mapped to show which stream segments can be 
considered exempt and which segments are subject to regulation.   

Following a basin wide review of the suspected problem areas and reaches, a screening level 
analysis of the eroding stream segments will be conducted to determine which segments are 
the most critical, or that could be considered the highest priority.  The screening will consist 
of site visits to verify the condition of suspected problem areas and reaches, and to identify 
patterns or other features that indicate larger scale system wide problems.   

Geomorphic/Historic Assessment.  Although there is a separate phase describing the 
geomorphic/historic assessment, there are a few features of this assessment that will be 
valuable in assessing problem areas and reaches and selecting test watersheds.  Generally, 
the larger watershed scale elements of a geomorphic/historic assessment will be completed 
under this phase.  The geomorphic/historic assessment is described in more detail in 
following sections and recommended data are listed in Tables 2 and 3.   



Within the Santa Clara Valley Basin, the climatic, geologic and physiographic nature of 
Basin would be mapped and used to identify and group watersheds with similar features.  
However, based on the Team’s experience, the Basin has been conceptually divided into 
three major watersheds that represent the range of climatic, geologic and geomorphic 
conditions in the Basin: 1) Diablo Mt. Range, Coyote Creek Watershed (east side of the 
basin), 2) Guadalupe River Watershed (central basin), and 3) Santa Cruz Mt. Range (west 
side of the basin).  One of the important questions to address early in the assessment is “how 
have past land use practices and water related civil works (e.g., dams and other structures) 
affected the observed stream channel conditions?”  The HMP C.3.f. regulations require the 
assessment to address changes in watershed hydrology from urbanization and to develop and 
implement management strategies for new development and significant redevelopment.  The 
assessment must include elements to distinguish between urbanizing impacts and impacts 
caused by past land use practices and changes drainage patterns.  Review of aerial 
photography of pre-urban versus urban periods provides a cost effective way to evaluate 
changes in stream channels.   

Products:  

a) Map(s) illustrating the stream network, exempt and non-exempt stream segments, 
jurisdictional boundaries, and watershed and sub-watershed boundaries.   

b) Map(s) illustrating existing conditions of the stream channel network, exempt and 
non-exempt stream segments, location of the problem areas and reaches, highlighting 
the higher priority segments, and the areas projected for future development.   

c) Map(s) illustrating the location and timing of past land use activities and changes in 
water related infrastructure or re-routing of stream channels.   

d) Map(s) illustrating the climatic, geologic and physiographic nature of Basin with 
suggested divisions between distinct zones.   

Test Watersheds 

Using the Basin wide information compiled above, the Team will select sub-watersheds to 
develop, test and verify the assessment method.  Considering the Santa Clara Basin, one 
sub-watershed should be selected from each of the three major watersheds to develop and 
test the assessment method that later could potentially be extrapolated to other sub-
watersheds within each major watershed.   

The test watersheds will also be used to test the importance of the recommended assessment 
method tools and parameters.  It may be possible to define a minimum level of analysis that 
still provides the same results as using a more complex approach.   

The first test sub-watershed will be used to develop, test and verify the assessment method 
itself and ask broader questions of adequacy.  For example, “can we correctly predict 
existing erosion and deposition?”  “How successful can we define erosion thresholds?”  The 
second test sub-watershed will be used to verify that the method works in a watershed with 



different characteristics.  At this point, it may be possible to define a reduced level of 
analysis that provides the same results as that proposed in this memorandum.  For example, 
can we reach the same conclusions using hydrologic modeling with stream power as we do 
using hydrologic/hydraulic modeling and excess shear stress?  Ultimately, the final approach 
should satisfy the criteria described on page 2 of this technical memorandum.   

Product: 

a) A tested and verified assessment method that meets the identified criteria, and that 
can be used on the remaining watersheds and sub-watersheds in the Basin.   

Geomorphic/Historic Assessment (For Test Watersheds) 

The goal of the geomorphic/historic assessment is to characterize features of the watersheds 
and stream channels necessary to understand the nature and extent of the problem areas and 
stream reaches, explain the existing conditions, and to correctly interpret results and 
formulate solutions.  The objectives of the geomorphic/historic assessment are to: 

! Describe the current watershed/stream conditions and dominant physical processes 
that control stream attributes. 

! Describe the extent and modes of failure for observed eroding banks. 
! Define the sensitivity of stream segments to hydromodification.   
! Define stable channel attributes for in-stream solutions (reference reach). 
! Extrapolate the results for the test watershed to other watersheds with similar 

characteristics. 

The geomorphic/historic assessment involves collecting data at several different spatial 
scales ranging from broad characterization of the watersheds to site-specific descriptions of 
eroding segments, and over different time scales ranging from pre-urban periods to present 
time.  Recommended data are listed in Tables 2 and 3. 

Two important geomorphic data sets are recommended that describe the location of the 
study sites relative to the stream’s longitudinal profile: 1) stream type and/or stream order 
and 2) sediment transport zones; i.e., source, transport, and deposition zones.  Stream 
channel sensitivity to hydromodification, its response, and ultimately its stability are 
influenced by its location within the watershed.  Impacts from urbanization may not occur 
immediately downstream from the discharge location, but may become apparent in more 
sensitive reaches some distance downstream.  The assessment will consider potential 
impacts both upstream (from headcuts) and downstream of stormwater discharge locations 
(outfalls).   

An evaluation of historical conditions can be conducted using a wide range in levels-of-
effort and detail.  At a minimum, the assessment should include a comparison of larger scale 
features between pre-urban and urban periods, as well as a comparison between stream 
attributes over the past 15 to 20 years, to understand the stream system and sufficiently 
predict erosion and deposition problems resulting from urbanization.  The analysis need not 
be elaborate, but should consider the effects from changing land use, constructed water 



works, El Nino, the Loma Prieta earthquake, major fires, and subsidence on channel 
stability, incision, deposition and sediment supply.  The episodic nature of sediment loads 
from landslides, earth flows, etc. and transport of this material through the stream network 
will not be captured quantitatively, but will be incorporated through characterization where 
data exist.  Rainfall episodes will be captured using long-term continuous simulation (see 
description of hydrologic/hydraulic modeling).   

Stream planform, longitudinal profile, cross sectional geometry, bed and bank characteristics 
describe the existing morphology of the stream channel system.  Data on channel sinuosity, 
cross-sections, channel slopes, headcuts, nick points, bed material size (D50, D84) and field 
measured bankfull discharge are needed.  The characterization of stream segments 
geomorphic parameterization provides the basis to assess stream bank resilience.  Locations 
of significant bed and bank erosion, bank height and side slope, estimate of bank material, 
vegetation type and density are necessary to evaluate bank stability.  The importance of 
individual parameters in Santa Clara Basin streams will be tested while evaluating the test 
watersheds.   

Products.   

a) Map(s) illustrating important landforms and stream types, such as narrow canyons, 
alluvial fans, incised channels, deltas; and sediment transport zones, stream type 
and/or stream order.   

b) Plots of the longitudinal profile over time.  The profile should identify channel 
incision and deposition, headcuts, nick points, grade control structures and slopes.   

c) Map(s) of recent landslides, debris flows and earth flows (from existing information) 
with reference to the cause of the event, such as El Nino or the Loma Prieta 
earthquake and how such conditions might have affected stream conditions.   

Hydrologic/Hydraulic Modeling  

The Team recommends using a long-term time series of precipitation data and continuous 
simulation modeling to analyze the effects of hydromodification.  This approach is required 
to correctly analyze the frequency, duration and timing of geomorphically significant flows. 
The data required for the hydrologic and hydraulic models are listed in Table 4.   

The method incorporates the full probability distribution of historical rainfall events and 
antecedent conditions, rather than using artificial design storms.  The product is a time series 
of daily urban runoff and stream flow, channel depth and velocity to be analyzed for 
changes in peak flow, volume, frequency, duration and timing between development 
scenarios.  Stream channel velocity and depth will be predicted using uniform flow 
calculations for individual cross sections of interest (HEC-RAS will be used where 
sufficient data exists). Roughness coefficients will be estimated based on channel 
characteristics during bankfull, or dominant discharges.  These can be different from 
estimates made for flood flow conditions.  



The analysis needs to evaluate thresholds between stable and unstable segments as well as 
predict potential future problems in currently stable reaches.  The assessment will be 
completed at locations along the stream network and longitudinal profile for both eroding 
segments and healthy stable segments.   

Products.   
The following will be included in technical memoranda: 
1) For existing and future land use development scenarios, a time series of watershed 

runoff, stream flows, depth, velocity, and shear stress will be provided at selected 
locations along the stream network. 

2) Results are to be generated at locations of known bed and bank erosion as well as 
locations of healthy-stable stream reaches. 

3) Results are to be calibrated and verified using measured stream flow data and existing 
erosion problem areas and reaches.   

Sediment Transport Modeling 

Sediment transport modeling is not recommended at this time.  Because of the costs and 
complexity of sediment transport modeling, flow energy and erosion indices have been 
developed to simplify the procedure and predict stream bank erosion and instability.  The 
effects of sediment supply and transport will be incorporated through the geomorphic / 
historic assessment by identifying and describing sources of sediment, zones of transport 
and deposition.   

Channel Stability Assessment 

The channel stability assessment will use the time series of stream flow data generated from 
the hydrologic / hydraulic modeling at selected cross sections along the stream network.  
The data required for the stability assessment are listed in Table 5.  Stream flow records 
need to be generated for both eroding and non-eroding stream segments to compare results 
between stable and unstable conditions, and identify stability thresholds.  Potential future 
instabilities need to be assessed along the stream network including healthy stable reaches.   

The literature reported a range of potential stability indices that should be considered and 
carried through the analysis to see if one or more could accurately predict stream bank 
instability (Table 5).  The literature review suggested that each index has varying degrees of 
success at predicting potential erosion.  Using the existing condition scenario, the measures 
of stream flow energy and erosion potential will be compared to the observed conditions in 
the field to evaluate the accuracy of the method.  Thresholds will then be defined and used 
as criteria to limit or control hydromodification.   

The Team recommends that the stability assessment incorporate both the applied hydraulic 
forces (stream flows) and the streams boundary materials ability to resist erosion 
(resilience), i.e. a physical measure of the streams resistance to erosion and 
hydromodification.  Several authors in the literature have used bed material size (D50 or 



D84) as an indicator of the stream’s resilience.  These authors suggest that flows in excess of 
the critical flow for bed mobility is required to cause channel erosion for both the bed and 
banks.  In general, the analysis involves evaluating the frequency and duration of flows 
greater than the critical flow (velocity or shear stress).  Most authors recognize the 
importance of bank material and its characteristics (and specifically the least resistant layer) 
in accurately predicting instability.   

The approach to evaluating stability using one, or more of the energy/erosion potential 
indices would likely consist of the following: 

a) Compute velocity, shear stress, stream power, work done, etc. for each location 
along the stream network where computations of erosion potential is desired.   

b) Evaluate the critical velocity, critical shear stress, and critical stream slope for bed 
mobility and compare eroding stream segments to healthy-stable stream segments.   

c) Evaluate potential thresholds values by comparing computed results and critical 
values for eroding and non-eroding stream segments. Compare the results between 
watershed and stream attributes.   

d) Compute and compare statistical results between data sets (e.g., absolute values, 
frequency distributions, percent change, box plots, tables, etc.). 

e) Develop probability distributions for “Potential Erosion”. 
f) Predict future stability problems areas and reaches. 

 

Products.   

a) Time series and integrated measures of stream flow energy and erosion potential. 

b) Statistical analysis of results showing differences between eroding and non-eroding 
stream segments, difference between stream attributes or sediment transport zones, 
and other relationships that may prove useful. 

c) Thresholds of instability and/or erosion potential. 

d) Probability distributions of results and potential erosion as a function of stream 
attributes (if possible).   

e) Predictions of potential instability of currently healthy-stable stream segments under 
future land use conditions, and future land use conditions with BMP’s.   

 



Table 1.  PROBLEM IDENTIFICATION 

GOAL: To focus the assessment on watersheds and stream segments with existing erosion 
problems and those most likely to be affected by near-term future development.   

1) Collect and review background data on existing problem areas and stream reaches 
a) Interview District maintenance staff and watershed managers to identify and map 

known and suspected eroding stream segments. 
b) Collect sediment removal data from stream maintenance crews (location, volume, 

grain size distribution).  
c) Collect information on past stream maintenance projects: location, date, and type of 

repair (e.g., Concrete, sack-concrete, gabions, riprap, biotechnical, restoration). 
d) Obtain and review stream channel capital improvement plans. 

 

2) Collect and review available historic land use information and water related civil works 
(refer to Table 2 Historical Data) and determine how these activities might contribute to 
the observed channel conditions. 
a) Evaluate date, location and significance of channel disturbing events.  
b) Consider this activity on a watershed wide scale. 

 
3) Collect and review current land use information and future development projections.   

a) City and County Master Plans and General Plans 
b) ABAG projections and other sources.   

 



Table 2.  Historical Assessment Data Requirements 
 

GOAL: To estimate the extent to which observed erosion in streambeds and banks is 
caused by urban development.   

 
1) Assess past land use activities (watershed scale review) 

a) Date, location and description of land use types in the basin. 
i) Time lines of major growth and development (for example, from agricultural and 

grazing practices to present time urbanization). 
b) Date, location and description of various stream or water related civil works. 

i) Dams, reservoirs, diversions, canals, levees. 
ii) In-stream gravel mining and re-routing of stream channels. 
iii) Bed control structures; weirs. 

c) Review of aerial photos to see how channels have changed from pre-urban periods to 
today. 
i) Aerials of pre- urban development (railroad vintage maps, circa 1880’s; USDA 

“ten chains” maps, circa 1930’s) 
ii) Aerials of present time and past 50 years as available (50’s, 70’s, 90’s, 2000) 

d) Groundwater overdraft maps and characteristic data (date, region, depth of water 
table) 

 
2) Assess channel changes over time (stream/reach scale review) 

a) Data, date and location of past stream cross-sections where available. 
i) Typically at bridges, pipe crossings, improvement projects, levee construction 

b) Compare cross sections, aerial photos, longitudinal profiles, and data from bridge 
and pipeline crossings; channel armoring projects and date constructed (riprap, etc.) 

c) Determine changes in channel characteristics (width, depth, slope, roughness, etc.) in 
the last 15 to 20 years.   

 



Table 3.  Geomorphic Assessment Data Requirements 
 

GOAL: To define the geomorphologic processes and attributes in sufficient detail to 
understand the nature of existing problems, to predict the potential for erosion, and 
to formulate adequate solutions. 

 
1) Describe watershed/valley scale attributes 

a) Climate, topography, aspect, geology, soils, 
b) Major land features; i.e., narrow V-shaped valleys, alluvial valleys, alluvial fans, etc. 
c) Describe sediment transport regimes 

i) Zones of source material, transport, and deposition, 
d) Stream type, stream order, and drainage area. 
e) Location of land subsidence. 

 
2) Measure stream channel attributes (at locations along stream network for both eroding 

stream segments and healthy stream segments; e.g., Reference Reaches)  
a) Cross sections; widths, depths, W/D ratio’s, entrenchment ratio’s,  
b) Longitudinal profile; slope, locate headcuts & nick points 
c) Plan form dimensions and sinuosity.   
d) Bed material (D50, D84). 
e) Bankfull dimensions, estimated roughness coefficients at bankfull. 
f) Locations of grade control structures and alignment controls. 

 
3) Existing Stream Bed and Bank Erosion 

a) Estimate of bank material & stratigraphy, vegetation type and density. 
b) Measure eroding bank height, side slope, and length. 
c) Existing bank material data where available (composition, strength; plasticity, 

density, etc.). 
d) Predict mode of failure (incision, widening, loss of vegetation, landslide, etc.).  
e) Note erosion upstream and downstream of bridges, culverts, weirs, etc. 

 



Table 4. Hydrologic Modeling Data Requirements 
 

GOAL: To predict the nature of storm runoff and stream flow along a stream network under 
existing and future land use conditions, and under future conditions with BMP’s.  

1) Incorporate continuous simulation of long-term rainfall records. 
a) Account for antecedent conditions and track soil moisture. 
b) Analyze frequency and duration of stream flows.   
c) Incorporate the historic probability distribution of rainfall events.  

2) Predict peak flow, volume, duration and timing of stream flow. 

3) Predict stream flow at defined locations along the stream network 
a) At locations of known erosion and healthy stream segments. 

4) Calibrate model to available measured stream flow data (gage data) and verify results. 

5) Predict time-series of stream velocity, depth, and bed and bank shear stress 
 
Hydrologic Model Input Data 
1) Watershed and Drainage Network 

a) Area, length, width, slope 
b) Land cover (impervious, pervious) 
c) Roughness 

2) Precipitation 
a) Design storm(s) 
b) Recording gages, locations 
c) Continuous long-term records 

3) Rainfall Loss 
a) Interception/depression storage 
b) Infiltration & percolation 
c) Soils data 

4) Evaporation 
a) Monthly 

5) Flow Routing 
a) Node elevations of channel, pipe, etc. 
b) Channel/pipe dimensions (length, width, 

depth, slope, etc.) 
c) Roughness coefficients 

6) Stream Flow Records (calibration & verification) 
a) Recording gages, location 
b) Baseflows 

7) Storage Routing 
a) Basins, reservoirs, etc. 
b) Stage – discharge relationships 

 

 
Hydraulic Model Input Data 
1) Time series of flows from hydrologic model 
2) Cross section data 

a) Surveyed or roughly measured using tape 
measure 

3) Estimate of roughness coefficients 
a) Field determined 

4) Boundary conditions 
a) Channel slope 

5) Structures data 
a) Bridges, culverts, weirs, etc. 

 

 



Table 5.  Channel Stability Assessment Data Requirements 
 

GOAL: To correctly predict the potential for streambed and bank erosion and deposition 
(instability) under future land development conditions, including future conditions 
with BMP’s.  

 
INPUT DATA REQUIREMENTS 

1. Stream Flow Record (uniform flow, continuous time series) 

a. Flow rate, depth, and velocity 
b. Applied shear stress & stream power 

2. Channel Geometry / Hydraulic Roughness 

a. Cross sectional dimensions and longitudinal slope 
b. Observed hydraulic roughness 

3. Bed Material 

a. Particle size distribution or D50 and D84 

4. Bank Stability Data (geomorphic / historical assessment) 

a. Visually observed bank erosion location, length, etc. 
b. Determination of failure mechanisms 
c. Mode of channel changes over time 
d. Vegetation type and density 
e. Root depth and density 

 

POTENTIAL STABILITY INDICES 

1) Thresholds of Mobility 
a) Critical shear stress 
b) Critical velocity 

2) Time series (statistical analysis: frequency distributions, etc.) 
a) Peak flow, velocity 
b) Stream power, Bledsoe’s erosion index 
c) Shear stress, shear stress ratio 

3) Time Integrated 
a) Work done 
b) MacRae’s potential erosion index 
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T E C H N I C A L  

M E M O R A N D U M  # 4  

 

TO: Onsite Management Measures Subgroup 

 Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURPPP) 

FROM: GeoSyntec Consultants and SCVURPPP Staff 

DATE: April 1, 2004 (REVISED FINAL DRAFT) 

SUBJECT: Evaluation of the Range of Storms for HMP Performance Criteria 
  

Under Provision C.3.f.iv.3 of the SCVURPPP NPDES permit, “the HMP proposal shall identify 
the maximum rainfall event below which the standard applies, or range of rainfall events for 
which the standard applies”1.  This memorandum provides a discussion of technical results for 
evaluating which flows, or range of flows, are the most important when considering stream 
channel erosion and hydromodification impacts.  This analysis is based on the Erosion Potential 
(Ep) methodology developed on Thompson Creek.  Results from the Ross Creek and San Tomas 
Creek studies will be incorporated into this work as they become available.   

The results for two land development scenarios are being compared in this memo: pre-
development represented by 1970 conditions and future development in 2020.  The results and 
discussion should simply be considered as an example of a “before” and “after” watershed 
condition.  The same analysis would be done if we were evaluating a proposed future 
development in a currently undeveloped watershed.  We believe that it is important that the 
Work Group develops an understanding of this simple (and perhaps ideal) comparison before 
moving forward and applying the HMP to more complex mixed development scenarios (e.g., 
partial development, infill, etc.).   

By making this comparison, there is no intent to suggest that cities should require developers to 
reduce existing runoff to pre-urban conditions.  The proposed Standard (TM #3), for example, 
requires discharge from future development to be maintained relative to existing conditions at 
the time of development.  Whether the proposed development is located in an undeveloped 
watershed (or portion thereof) discharging to a healthy creek, or in a partially developed 
watershed discharging to an impacted creek, the intent is to not increase the current potential for 
erosion.  Where the District has plans to repair and/or restore certain reaches of a stream, they 

                                                 
1 RWQCB staff has indicated that, although paragraph C.3.f.iv.3 refers to rainfall events, management of 
hydromodification should be focused on runoff and stream flows (personal communication with Jan O’Hara, 
SFRWQCB).  See discussion in Appendix A regarding the distinction between rainfall event and flow event 
frequencies or return periods. 
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would likely allow for known future development (refer to TM #3 for more specific details).  In 
cases where a developer chooses not to participate with District’s plans, or the development is 
unknown at the time the plans are made, the developer would be required to maintain existing 
runoff conditions and not increase the potential for erosion.  In all cases, the HMP methodology 
can be used to measure changes in the erosion potential, account for altered watershed and 
stream conditions, and evaluate proposed control measures.   

This memo considers the case where the watershed is mostly undeveloped and is being evaluated 
for impacts caused by future build-out conditions.  In this case, the baseline stream condition is 
assumed to be a healthy stable stream.  Once the Work Group understands this scenario, the next 
step is to analyze the scenario where a development is proposed in an already developing 
watershed and the objective is to not increase the potential for erosion, i.e., maintain the existing 
conditions.   

Section 1 presents the predicted range of geomorphically significant flows before development to 
show which flows appear most important in influencing sediment transport and the erosion 
processes.  Section 2 presents similar results under developed conditions to show how this range 
of important flow changes.  Section 3 presents a discussion on managing the impacts of 
hydromodification and which flows must be controlled to minimize impacts.   

 

1 Geomorphically Significant Flows of Thompson Creek before 
Urban Development 

Figure 1 presents the cumulative work curves predicted for a subset of stream cross sections in 
the Thompson Creek subwatershed when the subwatershed was relatively undeveloped.  
Representative cross sections were selected to show the range of flow conditions.  The curves are 
in order of upstream cross section (higher identifying number) to downstream (lower number) 
moving from left to right.  The upstream cross sections, having smaller drainage areas, are 
represented by the lower flow values. 

The intent of Figure 1 is to show that the flows which appear most important in controlling 
sediment transport and the erosion processes range from near zero up to the 10-year peak flow.  
These curves illustrate that a significant amount of the total work done (approx. 90%) on the 
channel bed and banks is done by flows up to the 10-year peak flow.  Flows up to the 2-year 
peak flow are predicted to perform from 30% to 60% of the total work done on the channel 
depending on the local flows, channel slope and geometry.   

One important concept here is that, before urban development, no single storm event size is 
controlling the erosion processes and channel form, but that a wide range of storms up to the 10-
year event are all influencing the physical characteristics of stream channels.  The definition of 
geomorphically significant flows has been provided in previous HMP submittals.   
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Figure 1 - Cumulative Work Curves Showing Range of Significant Flows before 
Development (using Thompson Creek stream segments as an example) 
 

 

2 Geomorphically Significant Flows for the Future Built-Out 
Scenario 

Figure 2 presents the cumulative work curves predicted for the same stream cross-sections after 
the Thompson Creek subwatershed is developed to the build-out condition, based on General 
Plan information.  Comparison of this figure with Figure 1 shows the changes predicted in the 
cumulative work curves resulting from development of the subwatershed.  Peak flows for the 2-, 
5-, and 10-year storms for the pre-development condition have been indicated on Figure 2 to 
illustrate how much additional work is done on the stream for the same flow rate under post-
development conditions. 

Generally, a larger percentage of work is done by lower flows than what was done before 
development.  This is shown by the faster rise in the cumulative work curve between zero and 
approximately 300 cfs.  The percentage of work done by flows up to the 2-year peak flow 
changes widely.  The upper Segment 5 cross section (TC5-7) changes very little, while the others 
show work increases of 10% to 20% (e.g., for TC1-6, work done by flows up to the 2-year peak 
flow increases from 55% to 75%).  The percentage of work done by flows up to the 10-year peak 
flow changes slightly.   

As discussed above, these results help indicate which flows are contributing most to the total 
work done and suggest which flows should be managed for hydromodification.  Flows less than 
and up to the 2-year event become more significant than they were before development, 
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however, flows between the 2-year and the 10-year peak flow still contribute a significant 
percentage of the total.  Management of hydromodification should definitely include flows up to 
the 2-year peak flow where most of the change is observed.  However, flows greater than the 2-
year peak flow are also causing increases in the total work done on the channel.  This is 
discussed further in the following section. 
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Figure 2 - Cumulative Work Curves Showing Range of Significant Flows after 
Development 
 

For comparison, Table 1 provides the pre- and post-development peak discharges for the 2-, 5- 
and 10-year events. 

Table 1.  Return Period Peak Discharges 

Pre-Development Condition Post-Development Condition 
Cross Section 

2-year 5-year 10-year 2-year 5-year 10-year 

TC 1-6 530 1,229 1,752 1,188 2,002 2,519 

TC 2-1 438 1,032 1,480 963 1,707 2,179 

TC 3-1 322 764 1,099 697 1,298 1,676 

TC 5-3 189 451 653 356 700 922 

TC 5-6 127 311 455 182 405 562 

TC 5-7 56 139 203 72 163 232 
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3 Selecting the Range of Storms to Manage 

Consider the case in which an existing undeveloped area is being significantly developed.  
Cumulative work curves such as those presented in Figure 3 can be developed at a cross section 
just downstream from the project’s proposed discharge, for the existing undeveloped land use 
condition (pre-development flows) and the proposed development without any flow controls in-
place (post-development flows).  As described in TM #3, a proposed HMP performance criterion 
is to maintain the Ep ratio (the ratio of post-development to pre-development erosion potential) 
at 1.2 or less (i.e., within 20% of the predeveloped condition).  In the example illustrated in 
Figure 3, the total work done for the existing undeveloped condition is 940 units.  Allowing an 
increase of 20% (i.e., Ep ratio = 1.2) results in an allowable increase in work up to 1128 units.  If 
flows are uncontrolled, the post-development Ep ratio would be 11 (10,340 work units) in this 
stream segment. 

Equating the range of flows to manage to discrete storm sizes helps specify which flows should 
be managed to achieve the HMP objectives.  Both the 2-year and 10-year peak flow magnitudes 
are shown on Figure 3.   

There are two important flow ranges illustrated in Figure 3: 1) the range of flows to be managed, 
and 2) the flows that can be discharged uncontrolled (from an erosion perspective).  The results 
indicate that flows must be controlled in the range where the post-development work curve 
increases most dramatically.  Work must be matched up to a point where the remaining 
uncontrolled flows do not increase the total work beyond the allowable 1128 units.  Although the 
increase in work done by high flows is small relative to the increase caused by lower flows, the 
increase is still measurable.  These higher uncontrolled flows add the allowable increase in work 
(20%).   

Figures 4 and 5 show example post-development work curves for two other stream cross sections 
in Thompson Creek, each with smaller predicted Ep ratios for the post-development condition.  
Cross sections TC3-7 and TC1-6, with Ep ratios of 4 and 7 respectively, are presented to show 
the range of possible conditions and the variability in the extent of hydromodification impacts.  
When flow conditions are the same between cross sections, channel slope, critical shear stress 
and geometry determine the magnitude of the erosion potential.   

All stream systems are likely to have reaches with varying degrees of predicted impacts 
depending on location specific channel characteristics, even within relatively short distances.  
Selecting management criteria on the basis of less sensitive reaches is only partially protective if 
there are more sensitive ones downstream.  The location of a development may influence the 
influence the frequency of storm that the development will be required to mitigate.  However, 
this analysis suggests that in general, for Thompson Creek and similar watersheds on the eastern 
side of the Santa Clara Basin, all flows up to the 10-year peak flow should be controlled to fully 
protect streams from hydromodification caused by future development.   
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Figure 3 - Cumulative Work Curves Illustrating Range of Flows to Manage using Cross 
Section TC 5-4 (Ep ratio for uncontrolled post-development condition = 11) 
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Figure 4 - Cumulative Work Curves for Cross Section TC3-7 (Ep ratio for uncontrolled 
post-development condition = 4) 
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Figure 5 - Cumulative Work Curves for Cross Section TC1-6 (Ep ratio for uncontrolled 
post-development condition = 7) 
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3.1 Discussion on the Range of Storms to Manage 

There have been some questions raised regarding whether selecting the 10-year peak flow as the 
upper limit for the range of storms to manage is conservatively high, and whether  this selection 
is appropriate Basin wide.  This section provides a response to these questions.   

 

Within the Thompson Creek study area, measured Ep ratios vary due to stream channel 
characteristics, with medium and high ratios intermixed with low ratios.  There are several 
factors for this, but slope is an easy one to consider.  Figure 6 provides a simplified illustration of 
a longitudinal profile with both shallow slopes and steep slopes downstream from an outfall 
location.   

 

Figure 6 – Illustration of Longitudinal Profile Showing Cross Sections and Outfall 
 

1. Considering this illustration and the results discussed above, a range of flows should be 
selected to be fully protective of all stream segments downstream of the discharge point.  
For this reason, the 10-year peak flow is believed to be an appropriate upper limit for the 
range of flows to be managed within the Thompson Creek Subwatershed.  There may be 
locations in the downstream portion of the subwatershed that could control for less than 
the 10-year peak flow and still be protective of downstream segments; however, an Ep 
analysis would have to be performed to verify this for a particular project. 

2. Both flow duration and volume control basins are sized to control the difference in runoff 
volume between pre- and post- condition storm events, not the entire event volume.  
Results show that the difference in runoff volume between pre- and post- 10-year storm 
events is roughly equivalent to the total 1.1-year, or slightly larger, storm event volume.   

3. Western Washington selected the 50-year peak flow as its upper limit.  Our tests show 
flows greater than the 10-year peak flows contribute less than 5% to 10% of the total 
work done on the stream channel.   
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The assumption that Thompson Creek is representative of other east side subwatersheds was one 
of the basic assumptions made at the beginning of the project when the Lower Silver/Thompson 
Creek Subwatershed was selected as the first test watershed.  The results from the Thompson 
Creek assessment, indicating that the climate, soils, geology, and vegetation characteristics of 
this subwatershed are the same as those for the east side watersheds, confirms this assumption.  
For this reason, the 10-year peak flow is believed to be an appropriate upper limit for other east 
side subwatersheds of the Coyote Watershed, as well as Thompson Creek.   

Extrapolating these results to the west side watersheds is much less certain, which is one of the 
reasons why the Ross/San Tomas subwatersheds were selected as additional test subwatersheds.  
Results from these subwatersheds will help us determine if aggregating results is appropriate, or 
whether different criteria must be developed.   
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Appendix A 

References To Rainfall Event Versus Flow Event Characteristics 
in C.3.f of the NPDES Permit 

Under Provision C.3.f.iv.3 of the SCVURPPP NPDES permit, the HMP “shall identify the 
maximum rainfall event below which the standard applies, or range of rainfall events for which 
the standard applies”.   RWQCB staff has indicated that, although paragraph C.3.f.iv.3 refers to 
rainfall events, management of hydromodification should be focused on runoff and stream flows 
(personal communication with Jan O’Hara, SFRWQCB).  Reference to rainfall events helps 
communicate management requirements and limitations to developers and others who may be 
involved with implementation.  Management strategies that rely on on-site controls where 
traditional engineering practices are used for design need references to storm size for analysis, 
such as the storm with a 10% chance of occurring in any given year (i.e., 10-year rainfall event).   

It is well known that the 10-year recurrence interval storm (or any other storm) is not necessarily 
the same storm that produces the 10-year peak flow.  Any given event that occurs in the fall 
when soils are relatively dry does not produce as much runoff as it does when the same storms 
occurs in the spring when the soils are saturated.  This effect is more prevalent for smaller storms 
than larger ones (e.g., 2-year events vs. 100-year events) and for low percentage impervious 
areas than for higher ones.  One of the primary purposes of using the continuous simulation 
modeling approach is to account for the effects of antecedent conditions and generate a flow 
record with a specific probability distribution.   

However, for simplicity, water resource professionals frequently assume that the 10-year rainfall 
event produces a 10-year runoff event and peak flow.  This is probably acceptable for 
computations of drainage infrastructure in urban areas and less appropriate for watershed wide 
and stream network modeling, where large areas are undeveloped.   

Assuming, for example, that the 10-year rainfall event is equivalent to the 10-year runoff event 
from a management perspective is reasonable for on-site management strategies, like volume 
control.  Implementing flow duration control or an in-stream erosion control strategy requires 
continuous simulation modeling such that the 10-year event and peak flow can be estimated from 
the predicted long-term flow record.  
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T E C H N I C A L  

M E M O R A N D U M  # 5  

TO: HMP Onsite Management Measures Subgroup 

 Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURPPP) 

FROM: GeoSyntec Consultants and SCVURPPP Staff 

DATE: April 1, 2004 (REVISED DRAFT) 

SUBJECT: Evaluation of Volume Control Effectiveness 
  
 
Background 

This Technical Memorandum (TM) #5 provides a discussion on the effectiveness of using 
volume control to manage hydromodification, for review and discussion by the OMM Subgroup 
and the HMP Work Group.   

TM #3 discusses a proposed hydromodification standard, performance criteria, and 
implementation options.  The three performance strategies that can be used include:  project 
runoff volume control, project runoff flow duration control, and in-stream erosion potential (Ep) 
control.  These strategies differ by the level of detail in the analysis and costs for 
implementation.  Although the erosion potential strategy is considered the most comprehensive 
approach to evaluate HMP impacts and control measures, the project team recognized that a 
simpler approach  such as volume control may be needed for smaller projects.   

Volume control means that only the amount of runoff generated from the existing (pre-project) 
site may be discharged from the site after development, and the difference between the post-
project and pre-project volumes must be retained on-site, discharged to a non-eroding stream 
segment, or discharged at a flow rate that does not increase erosion.  The performance criteria for 
the volume control strategy does not stipulate the shape of the post-project discharge hydrograph, 
only that its volume (i.e., the area under the hydrograph) must be the same as the pre-project 
conditions.  However, this approach may not be as accurate as flow duration control in 
maintaining the existing Ep of stream segment receiving the discharge.  This memorandum 
evaluates and discusses the effectiveness of volume control by comparing the work done on the 
stream by different shaped hydrographs using the erosion potential concept.   

Methodology 

The evaluation was performed using the discrete events as defined in the District’s Design Flood 
Flows Manual (“Green Book”, 1979) and modeled for the Thompson Creek subwatershed.  The 
method used was to compare the work done by various post-development hydrographs with 



D:\SCVURPPP\C3\HMP 4-1-04\submittal-pdf\TM #5 Volume Control rev draft 4-1-04 to RB.doc 2 

volume control to the pre-project hydrograph (in this case, the “pre-urban” hydrograph for 
segments of Thompson Creek), which is assumed to represent the target work value for this 
example.   

The questions to be addressed are:  

1) What is the affect of hydrograph shape on in-stream work when storm runoff volume is 
maintained at pre-project levels? 

2) Is volume control effective? 

 

Hypothetical Hydrograph Shape Test 
To evaluate the effect of hydrograph shape while maintaining pre-project volume, the work done 
by several hypothetical hydrographs of different shapes is compared to the work done by the pre-
project hydrograph.  It was recognized in TM #3 that volume control is not as accurate as flow 
duration control because it does not account for the differences in erosive power for the same 
excess volume at higher flows as compared to lower flows.  Referring back to the work index in 
the draft HMP assessment for Lower Silver/Thompson Creek Subwatershed (equation 1, Section 
5.3, GeoSyntec, July 2003), the reader will notice that work is a non-linear function of excess 
shear stress.  This non-linearity results in these differences in erosive power between 
hydrographs of the same volume which have different flow rates.   

The hypothetical hydrographs, called test hydrographs, were created to compare the amount of 
work done on a stream channel between hydrographs of different shapes, but having the exact 
same total volume (area under hydrograph). The test hydrographs (Figure 1.b.) were designed to 
represent a range of possible conditions between the post-project hydrograph and the pre-project 
hydrograph (Figure 1.a.).  In this example, the pre-development runoff volume 99 ac-ft, and the 
post-development volume is 166 ac-ft.  It is assumed that a developer would begin with a post-
project hydrograph and then consider BMPs to mitigate the effects.  Uniform (rectangular shape) 
hydrographs were selected to have peaks ranging from the post-project peak to the pre-project 
peak, with duration changing as needed to maintain pre-project runoff volume (99 ac-ft.).  Test 
Hydrographs 1 through 3 were selected in this manner (Figure 1.b.).  Test Hydrograph 4 was 
designed to represent the case in which a volume control BMP captured the beginning portion of 
the storm until it is filled, at which time the remaining runoff is discharged uncontrolled.  Test 
Hydrograph 4 consists of the remaining portion of the existing conditions hydrograph that is not 
captured in the BMP, and has a volume equal to the pre-project volume as required.      

 



D:\SCVURPPP\C3\HMP 4-1-04\submittal-pdf\TM #5 Volume Control rev draft 4-1-04 to RB.doc 3 
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Figure 1.a. Pre- and Post-Development 
Hydrographs for TC5-5, 2-Year Event 

Figure 1.b.  Test Hydrographs Used in 
Volume Control Analysis 

 

The work done by each of these hydrographs was computed and compared.  The results are 
summarized in Table 1 below.  

 

Table 1.  Estimated Work Done at TC5-5 by 2-Year Test Hydrographs of Varying Shapes 

Hydrographs 
Peak 
Flow 

 
 

Volume WORK 

Difference in Work 
from Pre-Project 

Percent Higher 
than Pre-Project 

Work 
 (cfs) (ac-ft) (ft-lbs/sq.ft.) (ft-lbs/sq.ft.)  

Pre-Project 189 99 555,937    
Post-Project 267 166 763,129 +207,192 37.3 

Test Hydrograph 1 189 99 656,481 +100,544 18.1 

Test Hydrograph 2 215 99 681,109 +125,171 22.5 

Test Hydrograph 3 240 99 703,608 +147,671 26.6 

Test Hydrograph 4 266 99 615,000 +59,063 10.6 

 
Discussion 

Table 1 shows that each of the test hydrographs does more work on the channel than the pre-
project 2-year storm event hydrograph.  With channel geometry and discharge volume held 
constant, the differences in work are solely a result of changing the hydrograph shapes.   

Other hydrographs, such as uniform hydrographs with smaller peak flows than pre-project and 
triangular shaped hydrographs, could be selected to bring these differences closer to the pre-
project value.   However, there are some observations that we can use to infer the results of most 
other shapes.   
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With volume remaining constant, the following conditions are observed: 

 Higher peaked hydrographs with shorter duration do more work than lower peaked 
hydrographs with longer duration.   

 Test Hydrograph 1 has the same peak as the pre-project hydrograph, but also does more 
work than the pre-project hydrograph because of concentrating volume in a shorter 
duration. 

 Test Hydrograph 4 produces the least difference in work when compared to pre-project, 
because flows are distributed over a longer time with a portion of the hydrograph volume 
discharged at low peak rates creating the long tail of the hydrograph.    

 

Discrete Storm Event Test 
In a second test, hydrographs were developed for the 1.1-year, 2-year, 5-year, and 10-year 
discrete events, for Segment 5 and for a small sub-catchment discharging to Misery Creek, a 
tributary to Thompson Creek.  Two cross sections per segment were used in the evaluation.  For 
example, in Segment 5, both TC5-4 and TC5-6 were evaluated and each of these cross sections 
had 4 tests conducted, so all total there were 8 tests conducted per segment.  The results for 
Segment 5 and Misery Creek are plotted in Figures 2 and 3.   

Discussion 
Figure 2 plots the results for Segment 5 for all the design storms tested.  The results express the 
range of potential work done in excess of the pre-project amount.  For example, the results for 
the 2-year storm show a range of work from 1 to 32 percent greater than the pre-project amount, 
depending on the hydrograph shape.  The range for 1.1-year events is significantly higher at 300 
percent (the largest increase in work would be created by a uniform hydrograph with a high peak 
flow).  The minimum value of 1 is assumed because it is possible to find shapes that create work 
very close to the pre-project amount.   

It is interesting that the magnitude of work done above the pre-project amount gets smaller as the 
storm size increases.  A possible reason for this is that the difference between pre and post 
conditions is larger, percentage wise, for smaller volume hydrographs than larger ones.   

This trend is also observed when comparing downstream cross sections to upstream cross 
sections.  This suggests that smaller catchments with volume controls discharging to smaller 
creeks could potentially have higher post-development increases in work and stream channel 
erosion, than what is shown in Figure 2.  

To test this theory, a volume analysis was conducted on a 250 acre sub-catchment discharging to 
Misery Creek, a tributary to Thompson Creek.  (The previous cross sections in Segment 5 have 
contributing catchment areas of 2,400 to 3,700 acres.) 

As expected, the tests of this smaller catchment area show higher increases in work above the 
targeted pre-project amount.  For example, work done by a post 2-year hydrograph could be up 
to 80% more than the pre-project amount, depending on the shape of the hydrograph.  For both 
the 5 and 10-year storms, the work done by the post-project runoff hydrographs could be up to 
50% more than the pre-project hydrograph.   
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This analysis suggests that specifying only volume control could lead to unexpected increases in 
work and stream erosion, unless other criteria are specified that control the shape of potential 
discharge hydrographs.  One approach would be to require “hydrograph matching” instead of 
volume matching.  Hydrograph matching maintains the volume and distribution of flows for a 
single discrete storm event in a similar manner as that used for flow duration control. [Note – the 
effectiveness of the hydrograph matching approach is evaluated in TM #7.] 

 
Conclusions 

Conclusions that can be drawn from the volume control evaluation include the following: 

 Hydrograph shape does matter and unexpected stream erosion could occur when 
managing volume control alone.   

 Volume control does not appear effective unless other controls are imposed to maintain 
the pre-project hydrograph shape.   

 Adding peak flow matching to the performance criteria helps improve effectiveness, but 
is still not enough.  For example, Test Hydrograph 1 in Figure 1.b. has the same peak as 
the pre-project hydrograph, yet it does more work because the tails of the pre-project 
hydrograph are concentrated in a shorted duration uniform hydrograph.   

 The volume control performance criteria in TM #3 may need to be changed to specify 
“hydrograph” matching, as opposed to “volume” matching.   
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Thompson Creek Segment 5, 2400 to 3700 acres
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Figure 2.  Difference in Work Done for Varying Hydrograph Shapes Having the Same 
Volume.   
 

 

Upper Thompson Creek, 235 Acre Catchment
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Figure 3.  Difference in Work Done for Varying Hydrograph Shapes for a 250 acre 
Catchment.   
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T E C H N I C A L  

M E M O R A N D U M  # 6  

 

TO: HMP Onsite Management Measures Subgroup 

 Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURPPP) 

FROM: GeoSyntec Consultants and SCVURPPP Staff 

DATE: April 1, 2004 (REVISED DRAFT) 

SUBJECT: Volume Control Sizing Example and Cost Analysis 
  

 
1 Introduction 

Technical Memorandum #3 – Draft Hydromodification Control Standard, Performance Criteria, 
and Implementation Options (revised draft dated January 16, 2004) includes a simplified 
hydromodification management strategy centered on maintaining the pre-project runoff volume.  
GeoSyntec concurrently evaluated the effectiveness of this option in Technical Memorandum 
(TM) #5.   

Volume control requires that the increase in surface runoff created by the installation of 
impervious surfaces be retained on-site and not discharged.  As a result, the BMPs considered 
must be able to capture and store a design volume and then dispose this volume through 
infiltration and/or evapotranspiration, or discharge at a very slow rate.   

The draft performance criterion for volume control is that certain projects may meet HMP 
requirements by providing stormwater controls that match pre-project runoff volumes.  The 
Work Group is currently trying to determine  the appropriate range of storms to be managed 
under this criterion.  The objective of TM #6 is to assist the Work Group with this decision by 
providing an example with costs for the range of possible storms.   

This memo discusses the application of the volume control approach to a 17-acre proposed 
development in a city in Santa Clara Valley (Figure 1).  It is assumed that this development 
discharges to a nearby creek and is non-exempt and the HMP requirements apply.  The developer 
chooses to implement the volume control strategy.   

The total proposed development area consists of 9 acres of residential housing, a 1-acre park, and 
a 6-acre senior housing complex.  This example considers the residential area only.  The 
residential area consists of 87 lots at 3,000 square feet each, with 65% of impervious surfaces, or 
1,950 sq. ft per lot, plus 131,040 sq.ft. of street right-of-way (ROW).   
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Two types of facilities are evaluated: 1) surface storage and infiltration (basin), and 2) sub-
surface storage and infiltration (bio-swale & infiltration trench combination).  By-passes and 
low-impact design strategies that minimize the increase in surface runoff should be considered; 
however, this example is intentionally focused on sizing and costs of the two facilities listed 
above.     

There are two fundamental questions to be addressed in this memo related to technical feasibility 
given local soils and rainfall, and to economic feasibility of construction and possibly reserving 
land for HMP controls.  Questions to be addressed include:  

1) What does it take to fully retain and infiltrate the increase in surface runoff for the range 
of possible storm events being considered for HMP management?  

2) What is technically and economically feasible to accomplish with on-site measures?   

The first question is addressed by developing sizing requirements for a range of soil types and 
design conditions as a function of storm size.  A family of curves presenting the results is 
discussed below.  The second question is addressed by applying the volume control methodology 
to a real proposed development, including costs, to help determine what is actually feasible given 
local conditions.   

This example problem also will help us answer the question: 

3)  What storm size should be used (2-year, 5-year or 10-year) as a requirement for sizing 
HMP volume controls?1 

 

1.1 Building-Blocks 

Two fairly simple building-block computational tools were developed and used in this example: 
1) basin sizing charts and 2) cost curves.  The sizing charts are used to help determine what is 
needed in order to meet the HMP requirements for various storm sizes.  These charts express the 
basin size required as a function of the design storm, for several soil types found in the Santa 
Clara Valley.  The cost curves help evaluate the feasibility of volume controls.  These curves 
present construction costs as a function of storm size and soil type.   

 

1.1.1 Sizing Chart Computations 

Table 1a presents the calculations for sizing a surface basin intended for infiltration.  Table 1b 
presents calculations for sizing sub-surface facilities filled with gravel.  The intent is to develop a 
family of curves representing a range of conditions.  

This section summarizes table computations and assumptions: 

 The computations are based on the area of impervious surfaces contributing to the facility 
(column 1).  The intent is to capture only the increase in surface runoff caused by the 
impervious surfaces.  Any runoff from pervious surfaces, for example lawns and 

                                                 
1 The effectiveness of the volume control approach is evaluated in TM #5. 
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landscaped areas, is considered normal and not used in sizing the facility.  Results are 
plotted as a percentage of the impervious area created.   

 Column 2 lists the range of storm sizes considered in terms of total precipitation depth, 
for a 24 hour design storm event, including the 1.1-year, 2-year, 5-year, and 10-year 
return period storms2.  Precipitation of 0.5-inches and 0.75-inches are approximately the 
60th and 85th percentile storm volume for local gages in Santa Clara Valley.  

 Column 3 shows the estimated increase in surface runoff from the area that is planned to 
be impervious.  This increase in runoff is the amount that must be retained and disposed 
of, and is a function of the soil type and infiltration rates (Column 4).  For a given storm 
size, impervious surfaces constructed on soils with high infiltration rates have greater 
increases in surface runoff when compared to soils with low infiltration rates.  The 
method used to compute runoff volume is the SCS Curve Number method.   

 The infiltration rates listed in Column 4 are taken from the Soil Conservation Service’s 
Soils of Santa Clara County (1968), and represent the range of published values for C and 
D soils3 typical of those found in Santa Clara County.   

 Columns 5 and 6 represent assumed design limitations on basin drain time and depth, 
primarily from a public nuisance, construction and safety perspective.  These values are 
fixed to generate the resulting family of curves.   

 Column 7 is the computed volume that must be captured and retained on-site, and is 
simply the product of columns 1 and 3 (converted to acre-feet). 

 Column 8 represents the depth of water that can be infiltrated given the infiltration rate 
and maximum drain time.  In other words, given a certain soil type, how much water can 
be disposed of in 3 days?  In conditions where this value is larger than the maximum 
allowable depth (e.g., row 4: 6 feet vs. 4 feet), the maximum allowable is used in the 
calculation of infiltration area (4 feet).   

 Column 9 computes the surface area required for the range of conditions presented in the 
table.  The required surface area is computed as volume / depth (column 7/column 8).   

 Column 10 computes the surface area as a percentage of the contributing impervious 
surface. 

 

1.1.2 Sizing Chart Results 

Figure 2 presents the resulting family of curves generated from Table 1.  For each of the four soil 
types (infiltration rates), the results indicate how much infiltrating area is required to retain and 
infiltrate the increase in runoff from the selected storm size.  For example, given a 2-year design 
storm of 2.25 inches and a clay soil type with 0.06 in/hr of infiltration capacity, the required 
basin area is nearly 20% of the impervious surface area contributing to the facility.  This is also 

                                                 
2 Storm depths for the 2-, 5-, and 10-year storms were obtained from the City of San Jose and are consistent with the 
City’s hydrologic design standards. 
3 “C” and “D” soils are NRCS Hydrologic Soil Group designations for moderately to poorly infiltrating soils. 
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true for the 5-year and 10-year storm sizes.  For better infiltrating soils, or engineered basin soils, 
the required basin area ranges from 3 to 10% of the contributing impervious surface area.  (If the 
total catchment area draining to the basin is 50 % impervious, then the basin area would range 
from 1.5% to 5%  of the catchment area.)  The more a developer can disconnect and reduce 
directly connected impervious areas, the smaller HMP volume control facilities would need to 
be. 

The results suggest that there is a decreasing dependency of basin size on storm size as storms 
get larger.  This is most apparent for soils with infiltration rates of 0.06 in/hr.  The reason this 
occurs can be traced back to the SCS CN Method, where the difference between pervious and 
impervious runoff volume becomes minimal for large storms.  Another way to think about this 
is, no matter how big the storm is, only a certain amount of precipitation can infiltrate the ground 
surface under saturated conditions, and thus for larger storms the difference between pre- and 
post- surface runoff volumes become very small and nearly constant as storm size increases.   

In Figure 2, the two lower curves overlap.  The reason is that the 1.0 inch/hour curve is 
controlled by the maximum allowable depth rather than the infiltration rates.  Referring back to 
Table 1, for a 1 in/hr soil, 6 feet of water storage could be infiltrated in 3 days.  However, basin 
depth is limited to 4 feet for ease of construction and safety.   

Figure 3 shows the same results for a sub-surface facility that would be filled with gravel, like an 
infiltration trench.  A porosity of 40% has been assumed, and the drain time has been increased 
to 7 days.  The same general trends seen in Figure 2 are also repeated in Figure 3.  Note the 
overlap in the bottom three curves.  Again, the depth limitation is preventing the two infiltration 
curves, 0.63 and 1.0 in/hr, from dropping lower on the graph.   

For all soil types, except 0.06 in/hr, from 8% to 11% of the impervious surface area is needed to 
control storms in the 2 to 10-year range.  Using our 50% impervious catchment area as an 
example, this translates to 4% to 5.5% of the overall drainage area.  There is only a small 
difference in area requirements among the facilities sized for the 2-, 5-, and 10-year storms.   

1.1.3 Cost Curves 

Figures 4 and 5 show the construction cost curves for a surface basin (such as a flow duration 
basin) and a sub-surface facility (such as a bioswale/infiltration trench), respectively.  These 
curves were derived from well detailed cost spreadsheets, including such elements as site 
preparation, earth work, structures, piping, re-vegetation and so forth.  Costs do not include soil 
disposal fees, hauling, or contaminated soil testing, mitigation, or disposal.  In addition, land 
costs have been excluded from this analysis at the request of the Subgroup. 

Detailed spreadsheets are available for review.  These are applied to the example problem in the 
following section.   

 
2 Example Problem – Residential Area 

Recapping from Section 1, the volume control sizing methodology was applied to a 9-acre 
proposed residential housing development (Figure 1).    The residential area consists of 87 lots at 
3,000 square feet each, with 65% of impervious surfaces, or 1,950 sq. ft. per lot, plus 131,040 
sq.ft. of street right-of-way (ROW).    
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Table 2 shows the computational table for a surface infiltration basin to retain and infiltrate just 
the street runoff (131,040 sq.ft. of impervious surface).  These surfaces are considered separately 
from the impervious surfaces on the home lots in case pre-treatment of street runoff is required 
before infiltration.  Drainage swales along the roadside may be possible to treat street runoff.   

The differences from Table 1 presented earlier are the total area of impervious surfaces, storage 
volume, and the resulting BMP areas.  In Column 10, the percentages are the same as shown in 
Table 1, because all other parameters are the same.   

Table 3 shows the computational table for a sub-surface basin on each individual lot to retain and 
infiltrate roof runoff, patio and walkway runoff.  Runoff from these surfaces can be infiltrated 
without pre-treatment.  Like Table 2, only the areas and volumes change and the percentage of 
total impervious area stay the same as shown in Table 1b.  

2.1 Cost Estimates 

Figures 6 and 7 provide the resulting cost curves for volume control for the 9-acre residential 
area.  Figure 6 provides costs for the surface basin capturing runoff from streets and ROW.  
Figure 7 provides the costs for each lot with a house.   

Because land costs are not included in the analysis, the figures show a slight but insignificant 
increase in facility cost as storm size increases.  In addition, the cost of the facility increases with 
infiltration rate; i.e., the curves for the higher infiltrating soils plot highest on the figures. This is 
because the higher the infiltration rate of the pervious areas on site, the greater the difference in 
runoff volume between the pre-project and post-project condition.  When land costs are taken 
into account, there are two effects on the figures:  1) the order of the curves switches and the 
facilities on sites with lower infiltrating soils are more expensive because surface area of the 
basin becomes the dominant cost factor; and 2) the land costs overwhelm the differences 
between basin costs for different storm sizes. 

Figure 6 indicates that costs for a surface infiltration basin range from approximately $115,000 
to $119,000 for all soil types and storm sizes.  The results for the sub-surface lot-level system 
(Figure 7) suggest that costs will range from $3,600 to $4,000 per lot, and are again only slightly 
dependent on soil type and storm size.   

 

2.2 Discussion of Feasibility 

This section lists a summary of findings: 

 The results suggest that volume control is technically feasible for soil types with an 
infiltration rate of 0.2 inches/hour and larger, and may be economically feasible if basin 
area requirements are below 10% of the contributing impervious area. 4 

 Given a dense clayey soil type with 0.06 in/hr infiltration capacity, can volume control 
can be achieved?  Assuming the 0.20 in/hr curve represents a feasible solution, there are 
two approaches: 1) increase allowable storage time to 7 days (not acceptable to vector 

                                                 
4 Another criterion for feasibility is whether costs to implement C.3., including HMP requirements, exceed 2% of 
project costs.  This criterion would have to be evaluated on a site-specific basis. 
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control agencies for surface basins), or 2) decrease the area requirements by half.  
Assuming 3 days detention time, then half of the storage requirements could be obtained 
on-site and the remainder would have to be treated regionally or discharged at a slow 
rate.  Sites with dense clayey soils can achieve about half of the storage requirements on-
site.   

 There appears to be only small differences in the sizes and costs of facilities designed to 
capture the pre- vs. post- volume difference for the 2-year, 5-year or 10-year storms.  
Soils with the lowest infiltration rates have less dependency on storm size than soils with 
higher infiltration rates.   

  

2.3 Example Application to the Residential Area 

The volume control BMPs were applied without making any changes in the layout or number of 
houses.  Other development configurations might be possible that make better use of the BMPs 
proposed in this example. 

Proposed Surface Concept Collecting Street Runoff: 

 Considering the range of results in Table 2, a surface facility size of approximately 
15,000 cubic feet (0.35 ac-ft) would be capable of capturing the 10-year storm volume 
difference for soils with an infiltration rate of 0.2 inches/hour or better.  This works out to 
be a facility that is 0.30 acres in area, or about 10%, of the street ROW area.  A basin 
sized for the 2-year storm volume difference would be 0.21 acres in area, or about 7% of 
the street ROW area. 

 Figure 8 illustrates the placement of this facility using a surface infiltration basin.  This 
facility could be designed as a multi-purpose facility within the designated park area.     

Proposed Sub-Surface Concept Collecting Roof and Patio Runoff: 

 Considering the range of results in Table 3, a sub-surface facility size of 230 cu.ft. and 
surface area of 82 sq.ft. would be capable of capturing the 10-year storm volume 
difference for soils with an infiltration rate of 0.2 inches/hour or better.  This could be 
designed as a facility that is 40-feet long by 2-feet wide, per house.  For a 2-year storm 
volume difference, a facility size of 160 cu.ft. (57 sq.ft. surface area) would be needed. 

 Figure 9 illustrates the placement of facilities using a sub-surface bioswale/infiltration 
trench combination concept.  Essentially, a 4-foot wide strip running along the fence line 
could accept runoff from each adjacent lot.  This strip could be a vegetated garden and/or 
bioswale underlain by an infiltration trench, or bioretention system.   

 A public facility including a trail system could be created using these strips.   
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Table 1a. Surface Basin Computations for a 1-Acre Impervious Catchment 
Open Surface Basin

Impervious 
Surface Area

Design Storm 
Rainfall Depth

Increased 
Runoff

Soil 
Permeability

Maximum Allowable 
Infiltration Basin 

Drain Time

Maximum 
Basin 
Depth

Detention 
Volume

Maximum Depth 
for Max Drain Time 

(plus direct rainfall)

Infiltration 
Basin Surface 

Area

Percent 
Total SA

(ft2) (in) (in) (in/hr) (days) (ft) (ac-ft) (ft) (acre)
60% 43,560 0.5 0.31 0.06 3 4 0.026 0.36 0.072 7.2%

43,560 0.5 0.32 0.2 3 4 0.027 1.20 0.022 2.2%
43,560 0.5 0.32 0.63 3 4 0.027 3.78 0.007 0.7%
43,560 0.5 0.32 1 3 4 0.027 6.00 0.007 0.7%

85% 43,560 0.75 0.48 0.06 3 4 0.040 0.36 0.111 11.1%
43,560 0.75 0.53 0.2 3 4 0.044 1.20 0.037 3.7%
43,560 0.75 0.55 0.63 3 4 0.046 3.78 0.012 1.2%
43,560 0.75 0.55 1 3 4 0.046 6.00 0.011 1.1%

1.1-yr 43,560 1 0.62 0.06 3 4 0.052 0.36 0.144 14.4%
43,560 1 0.71 0.2 3 4 0.059 1.20 0.049 4.9%
43,560 1 0.76 0.63 3 4 0.063 3.78 0.017 1.7%
43,560 1 0.79 1 3 4 0.066 6.00 0.016 1.6%

2-yr 43,560 1.5 0.83 0.06 3 4 0.069 0.36 0.192 19.2%
43,560 1.5 0.99 0.2 3 4 0.083 1.20 0.069 6.9%
43,560 1.5 1.11 0.63 3 4 0.093 3.78 0.024 2.4%
43,560 1.5 1.2 1 3 4 0.100 6.00 0.025 2.5%

5-yr 43,560 2.2 1.03 0.06 3 4 0.086 0.36 0.238 23.8%
43,560 2.2 1.28 0.2 3 4 0.107 1.20 0.089 8.9%
43,560 2.2 1.49 0.63 3 4 0.124 3.78 0.033 3.3%
43,560 2.2 1.65 1 3 4 0.138 6.00 0.034 3.4%

10-yr 43,560 2.6 1.11 0.06 3 4 0.093 0.36 0.257 25.7%
43,560 2.6 1.41 0.2 3 4 0.118 1.20 0.098 9.8%
43,560 2.6 1.66 0.63 3 4 0.138 3.78 0.037 3.7%
43,560 2.6 1.87 1 3 4 0.156 6.00 0.039 3.9%  

 

 

Table 1b. Sub-Surface Basin Computations for a 1-Acre Impervious Catchment 
Below Ground Storages w/Rock Fill Porosity of gravel -> 0.4

Impervious 
Surface Area

Design Storm 
Rainfall Depth

Increased 
Runoff

Soil 
Permeability

Maximum Allowable 
Infiltration Basin 

Drain Time

Maximum 
Storage 
Depth

Req'rd 
Detention 
Volume

Maximum Depth 
for Max Drain Time 

(plus direct rainfall)

Infiltration 
Basin Surface 

Area

Percent 
Total SA

(ft2) (in) (in) (in/hr) (days) (ft) (ac-ft) (ft) (acre)
60% 43,560 0.5 0.31 0.06 7 4 0.026 0.84 0.031 3.1%

43,560 0.5 0.32 0.2 7 4 0.027 2.80 0.010 1.0%
43,560 0.5 0.32 0.63 7 4 0.027 8.82 0.007 0.7%
43,560 0.5 0.32 1 7 4 0.027 14.00 0.007 0.7%

85% 43,560 0.75 0.48 0.06 7 4 0.040 0.84 0.048 4.8%
43,560 0.75 0.53 0.2 7 4 0.044 2.80 0.016 1.6%
43,560 0.75 0.55 0.63 7 4 0.046 8.82 0.011 1.1%
43,560 0.75 0.55 1 7 4 0.046 14.00 0.011 1.1%

1.1-yr 43,560 1 0.62 0.06 7 4 0.052 0.84 0.062 6.2%
43,560 1 0.71 0.2 7 4 0.059 2.80 0.021 2.1%
43,560 1 0.76 0.63 7 4 0.063 8.82 0.016 1.6%
43,560 1 0.79 1 7 4 0.066 14.00 0.016 1.6%

2-yr 43,560 1.5 0.83 0.06 7 4 0.069 0.84 0.082 8.2%
43,560 1.5 0.99 0.2 7 4 0.083 2.80 0.029 2.9%
43,560 1.5 1.11 0.63 7 4 0.093 8.82 0.023 2.3%
43,560 1.5 1.2 1 7 4 0.100 14.00 0.025 2.5%

5-yr 43,560 2.2 1.03 0.06 7 4 0.086 0.84 0.102 10.2%
43,560 2.2 1.28 0.2 7 4 0.107 2.80 0.038 3.8%
43,560 2.2 1.49 0.63 7 4 0.124 8.82 0.031 3.1%
43,560 2.2 1.65 1 7 4 0.138 14.00 0.034 3.4%

10-yr 43,560 2.6 1.11 0.06 7 4 0.093 0.84 0.110 11.0%
43,560 2.6 1.41 0.2 7 4 0.118 2.80 0.042 4.2%
43,560 2.6 1.66 0.63 7 4 0.138 8.82 0.035 3.5%
43,560 2.6 1.87 1 7 4 0.156 14.00 0.039 3.9%
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Proposed Subdivision

 
Figure 1
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Surface Infiltration Basin Sizing Chart
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Figure 2  Results from the Surface Basin Sizing Table 

 

Below Ground Infiltration Trench Sizing Chart
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Figure 3  Results from the Sub-Surface Basin Sizing Table 
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Flow Duration Basin Construction Costs

y = 12479x + 112661
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Figure 4  Estimated Cost for Surface Basin  
 

Bio-Swale-Infiltration Construction Costs
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Figure 5   Estimated Costs for Sub-Surface Facility 
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Table 2.  Pavement Areas, Street Drainage 
Example 1: Pavement Areas

Impervious 
Surface Area

Design Storm 
Rainfall Depth

Increased 
Runoff

Soil 
Permeability

Maximum 
Allowable 

Infiltration Basin 
Drain Time

Maximum 
Basin 
Depth

Detention 
Volume

Maximum Depth 
for Max Drain 

Time (plus direct 
rainfall)

Infiltration 
Basin Surface 

Area

Percent 
Total SA

(ft2) (in) (in) (in/hr) (days) (ft) (ac-ft) (ft) (acre)
60% 131,040 0.5 0.31 0.06 3 4 0.078 0.36 0.216 7.2%

131,040 0.5 0.32 0.2 3 4 0.080 1.20 0.067 2.2%
131,040 0.5 0.32 0.63 3 4 0.080 3.78 0.021 0.7%
131,040 0.5 0.32 1 3 4 0.080 6.00 0.020 0.7%

85% 131,040 0.75 0.48 0.06 3 4 0.120 0.36 0.334 11.1%
131,040 0.75 0.53 0.2 3 4 0.133 1.20 0.111 3.7%
131,040 0.75 0.55 0.63 3 4 0.138 3.78 0.036 1.2%
131,040 0.75 0.55 1 3 4 0.138 6.00 0.034 1.1%

1.1-yr 131,040 1 0.62 0.06 3 4 0.155 0.36 0.432 14.4%
131,040 1 0.71 0.2 3 4 0.178 1.20 0.148 4.9%
131,040 1 0.76 0.63 3 4 0.191 3.78 0.050 1.7%
131,040 1 0.79 1 3 4 0.198 6.00 0.050 1.6%

2-yr 131,040 1.5 0.83 0.06 3 4 0.208 0.36 0.578 19.2%
131,040 1.5 0.99 0.2 3 4 0.248 1.20 0.207 6.9%
131,040 1.5 1.11 0.63 3 4 0.278 3.78 0.074 2.4%
131,040 1.5 1.2 1 3 4 0.301 6.00 0.075 2.5%

5-yr 131,040 2.2 1.03 0.06 3 4 0.258 0.36 0.717 23.8%
131,040 2.2 1.28 0.2 3 4 0.321 1.20 0.267 8.9%
131,040 2.2 1.49 0.63 3 4 0.374 3.78 0.099 3.3%
131,040 2.2 1.65 1 3 4 0.414 6.00 0.103 3.4%

10-yr 131,040 2.6 1.11 0.06 3 4 0.278 0.36 0.773 25.7%
131,040 2.6 1.41 0.2 3 4 0.353 1.20 0.295 9.8%
131,040 2.6 1.66 0.63 3 4 0.416 3.78 0.110 3.7%
131,040 2.6 1.87 1 3 4 0.469 6.00 0.117 3.9%  

 

Table 3.  Roof Drainage, patios, and walkways. 
Below Ground Storages w/Rock Fill Porosity of gravel -> 0.4

Impervious 
Surface Area

Design Storm 
Rainfall Depth

Increased 
Runoff

Soil 
Permeability

Maximum 
Allowable 

Infiltration Basin 
Drain Time

Maximum 
Storage 
Depth

Req'rd 
Detention 
Volume

Maximum Depth 
for Max Drain 

Time (plus direct 
rainfall)

Infiltration 
Basin Surface 

Area

Percent 
Total SA

(ft2) (in) (in) (in/hr) (days) (ft) (ac-ft) (ft) (acre)
60% 1,950 0.5 0.31 0.06 7 4 0.001 0.84 0.001 3.1%

1,950 0.5 0.32 0.2 7 4 0.001 2.80 0.000 1.0%
1,950 0.5 0.32 0.63 7 4 0.001 8.82 0.000 0.7%
1,950 0.5 0.32 1 7 4 0.001 14.00 0.000 0.7%

85% 1,950 0.75 0.48 0.06 7 4 0.002 0.84 0.002 4.8%
1,950 0.75 0.53 0.2 7 4 0.002 2.80 0.001 1.6%
1,950 0.75 0.55 0.63 7 4 0.002 8.82 0.001 1.1%
1,950 0.75 0.55 1 7 4 0.002 14.00 0.001 1.1%

1.1-yr 1,950 1 0.62 0.06 7 4 0.002 0.84 0.003 6.2%
1,950 1 0.71 0.2 7 4 0.003 2.80 0.001 2.1%
1,950 1 0.76 0.63 7 4 0.003 8.82 0.001 1.6%
1,950 1 0.79 1 7 4 0.003 14.00 0.001 1.6%

2-yr 1,950 1.5 0.83 0.06 7 4 0.003 0.84 0.004 8.2%
1,950 1.5 0.99 0.2 7 4 0.004 2.80 0.001 2.9%
1,950 1.5 1.11 0.63 7 4 0.004 8.82 0.001 2.3%
1,950 1.5 1.2 1 7 4 0.004 14.00 0.001 2.5%

5-yr 1,950 2.2 1.03 0.06 7 4 0.004 0.84 0.005 10.2%
1,950 2.2 1.28 0.2 7 4 0.005 2.80 0.002 3.8%
1,950 2.2 1.49 0.63 7 4 0.006 8.82 0.001 3.1%
1,950 2.2 1.65 1 7 4 0.006 14.00 0.002 3.4%

10-yr 1,950 2.6 1.11 0.06 7 4 0.004 0.84 0.005 11.0%
1,950 2.6 1.41 0.2 7 4 0.005 2.80 0.002 4.2%
1,950 2.6 1.66 0.63 7 4 0.006 8.82 0.002 3.5%
1,950 2.6 1.87 1 7 4 0.007 14.00 0.002 3.9%  
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Total Costs for Surface Infiltration Basin 
Collecting Runoff from Roads and other Paved Areas
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Figure 6 

   

Total Costs per Unit 
Below Ground Infiltration Trench
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Figure 7   
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Residential Subdivision
Treatment BMP for Streets and Paved Surfaces

(131,040 sq. ft. impervious surfaces)

Surface Infiltration Basin
(12,300 sq. ft., 9% of impervious area)

If = 0.2 in/hr

Multi-Use Basin

Pipe

Street

 
Figure 8 

(12,850 sq.ft., 0.295 ac, 10% of impervious area)
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Residential Subdivision
Treatment BMP for Roof Tops & Patio’s

(1950 sq. ft. impervious surface per lot)

Backyard Bio-Swales
(4’x50’ = 200 sq. ft. per lot)

If = 0.2 in/hr Pipe

Bio-Swale

Overflow to street system

 
Figure9 

 

(2’x40’ = 80 sq.ft. per lot, 4% of impervious area) 
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T E C H N I C A L  

M E M O R A N D U M  # 7  

 

TO: HMP Onsite Management Measures Subgroup 

 Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURPPP) 

FROM: GeoSyntec Consultants and SCVURPPP Staff 

DATE: April 1, 2004 (REVISED DRAFT) 

SUBJECT: Flow Duration Control Example  
  

 
1 Introduction 

Technical Memorandum #3 – Draft Hydromodification Control Standard, Performance Criteria, 
and Implementation Options, includes a hydromodification management strategy centered on 
maintaining the pre-project flow duration curves for runoff from the project site.  Matching flow 
duration of runoff from project areas is an effective way to manage hydromodification and 
maintain the in-stream erosion potential.   

The draft standard requires that the pre-project flow duration curves be maintained for all flows 
between a lower limit and an upper limit.  Flow duration control is similar to volume control but 
is more effective for managing hydromodification than volume control alone.  Hydrograph 
matching improves on volume control, but is for a single discrete event as opposed to the full 
record of flows.  Matching flow duration curves also maintains runoff volume for the full 
distribution of flows from the lower and upper limit.  Unlike volume control or hydrograph 
matching, flow duration control considers the full multi-year discharge record, including 
antecedent conditions and back-to-back storms.  The objective of this analysis is to apply the 
flow duration control strategy as described in TM#3 (Section 3.2.3).  This memo discusses the 
application of this strategy on a 716-acre residential development in Thompson Creek 
subwatershed (Figure 1) and for a 274-acre development in southern California (Figure 2).  The 
flow duration results of these two projects are compared.   

Flow duration control requires that the increase in surface runoff volume created by the 
installation of impervious surfaces be retained on-site and discharged at less than the critical flow 
of the stream, Qc (the flow rate that begins to cause erosion).  For this example, Qc is assumed to 
be zero because it is assumed that the developer does not have information about the Qc of the 
stream.  As a result, the BMPs considered must be able to capture and store a design volume and 
then dispose of this volume through infiltration and/or evapotranspiration.  This may not be 
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feasible for sites in Santa Clara Valley, and options that allow a slow discharge of water from the 
BMP (a proposed limit is 10% of the 2-year storm runoff for the site) may need to be considered. 

The type of facility considered and evaluated is a surface basin including detention and outlet 
control, storage and infiltration.  Infiltration is assumed to take place within the flow duration 
basin, as opposed to a separate infiltration facility.  By-passes and low-impact development 
(LID) site design strategies that minimize the increase in surface runoff should be considered; 
however, this example is focused on sizing and costs of the flow duration basin without LID 
strategies.  

 
2 Flow Duration Basin Configuration 

The flow duration approach involves: 1) simulating the runoff from the project site, pre- and 
post-development, using a continuous rainfall record; 2) generating flow-duration curves from 
the results; and 3) designing a flow control facility such that when the post-development time 
series of runoff is routed through the facility, the discharge pattern matches the pre-development 
flow-duration curve.  In this example, 50 years of rainfall data from the San Jose Airport gage is 
used to generate the runoff time series.  The continuous runoff time series from the future 
development is routed through a detention basin that diverts and retains a certain portion of the 
runoff.  This portion to be retained is essentially the increase in surface runoff volume created 
between a pre-project and post-project condition.  This captured runoff is assumed to be 
infiltrated in the basin for this example.   

The flow duration basin is designed to have two pools (Figure 3), a low flow pool (Zone A) and 
a high flow pool (Zone B).  The low flow pool is designed to capture the difference in volume of 
runoff between the pre- and post-development conditions.  It will also capture small to moderate 
size storms, the initial portions of larger storms, and dry weather flows.  The high flow pool is 
designed to store and release higher flows to maintain, to the extent possible, the pre-project 
runoff conditions.  The flow duration basin also serves as a water quality treatment facility and 
can be designed to treat dry and wet weather flows using a combination of extended detention 
and natural treatment processes.  Most dry weather “nuisance flows” will also infiltrate in the 
basin.  

The flow duration basin is sized using an iterative process of adjusting basin storage as well as 
selecting and adjusting orifice sizes in the outlet structure.  The low flow pool within the basin is 
initially sized to capture the increase in runoff volume that is generated from the impervious 
surfaces.  This capture volume is dependent on the development characteristics, the soil types, 
and the magnitude of increase in runoff volume created by the proposed development.  Previous 
analyses have shown that area requirements have less to do with the range of storms selected for 
management and more to do with site and development characteristics.   

Once the lower pool is sized to capture the correct volume of runoff, the upper pool of the basin 
is sized to detain and discharge larger flows through a specific set of orifices in such a way as to 
reproduce the flow duration curve.  The number, diameter, and elevation of these orifices are 
determined by a trial and error approach first developed in Western Washington (King County, 
1998).  The combination of sizing the lower portion of the basin and the upper portion to detain 
and discharge high flows has the affect of capturing the correct volume of runoff and matching 
the pre-development distribution of hourly flows.   
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In this example, the basin functions as an infiltration basin such that the excess runoff volume is 
infiltrated. Alternatively, a by-pass pipeline could carry the excess runoff to a safe discharge 
location or other infiltration site, if feasible.  Combining flow duration and infiltration into a 
single facility reduces the overall land requirements for stormwater management.   

The outlet structure is designed to reproduce the pre-developed flow duration (runoff histogram 
such as that in Figure 5) using orifice diameter and elevation above the bottom of the basin.  
Figure 4 illustrates the outlet structure.  The number, size and placement will vary from basin to 
basin depending on project conditions.  A weir and orifice combination could also be designed to 
accomplish the same level of control. 

 

Figure 3.  Generalized Configuration of Flow Duration Basin 

Figure 4.  Generalized Configuration of Outlet Structure 
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3 Thompson Creek Example 

The Lower Silver – Thompson Creek subwatershed (approximately 42 square miles) is located 
within the Coyote Creek watershed, the largest watershed in the Santa Clara Basin, with some of 
its area partially in the City of San Jose and partially in unincorporated Santa Clara County. 

Thompson Creek originates in the Diablo Range foothills at an elevation of about 2,300 feet and 
presently flows northerly to its confluence with Lower Silver Creek near the Eastridge Shopping 
Center at an elevation of approximately 125 feet.  Its tributary streams include, from north to 
south: Quimby Creek, Fowler Creek, Evergreen Creek, Yerba Buena Creek, and Cribari Creek.  
Thompson Creek discharges to Lower Silver Creek.  The Thompson Creek subwatershed 
encompasses about 17.5 square miles. 

This example sizes HMP controls for an existing 716-acre residential development between 
Yerba Buena Creek and upper Thompson Creek, as if HMP controls were required when the 
project was constructed (i.e., the pre-project condition at the site is assumed to be the “pre-
urban” condition simulated in the Thompson Creek modeling effort).  This area now has 71%  
impervious cover.  Existing land use is predominantly single family residential, streets, and park 
and golf course properties.  The infiltration rate for soils at the basin site is assumed to be 0.2 
inches/hour.     
 

3.1 Results 

This section summarizes the flow duration sizing results for the Thompson Creek example.   

Figure 5 presents the results of this method illustrating the pre-project flow duration curve, post-
project (future) and post-project curves with controls at the site outlet point, using a 50-year 
record simulation results from the Thompson Creek hydrologic model.  The post-development 
curve illustrates that the effect of development is to increase the duration of flows; that is, the 
flow duration curve moves to the right indicating that both volume and duration of flows 
increase.  Also note that this is a logarithmic scale on the horizontal axis, so small changes along 
the axis may indicate large changes in volume and duration.  The effect of the BMP is to reduce 
the durations to more closely replicate the existing condition.  This means that the magnitude of 
hourly runoff and the number of hours (duration) that flows occur at those magnitudes are nearly 
the same between pre- and post-project conditions. 

Note that for the simplicity of this example, the analysis assumes that no individual on-site 
control measures or low impact site design techniques were used.  These options would be 
strongly encouraged if an actual project like this was implementing HMP requirements. 

For the 716 acres of development, the resulting basin characteristics are as follows: 

• Basin volume is 120 acre-feet. 

• Basin surface area is 15 acres (2% of the sub-catchment area), assuming a maximum 
basin depth of 10-feet and 3:1 side slopes.  (Note: if the basin depth were limited to 4 
feet, the required surface area would be about 35 acres, or 5% of the drainage area). 

•  Fifteen orifices having diameters of 9-inches each discharge to the creek.     
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When comparing the pre-project curve to the post-project with BMP curve, the results shown in 
Figure 5 would be considered a very good match.  Design of flow duration basins is somewhat of 
a trial and error process, and some design configurations match pre-project curves better than 
others.  Western Washington allows no more than a 10% deviation between the curves over no 
more than 10% of the curves’ length, or range of flows.   

The shape of the post-project with BMP curve is dependent on the type of outlet structure.  In 
our case, we are using orifice holes in a headwall, following Western Washington’s guidelines.  
Orifice holes create the convex shaped sections of the curve, where each section represents the 
change in flows from adding the next row of orifice holes.  In the example in Figure 5, there are 
three convex curve sections between zero and 51 cfs.  Above 51 cfs, flows are spilling over the 
overflow structure.   

 

3.1.1 Cost Curves 

Figure 6 shows the construction cost curves for a surface basin infiltration facility.  This curve 
was derived from well detailed cost spreadsheets, including such elements as site preparation, 
earth work, structures, piping, re-vegetation and so forth.  Costs do not include soil disposal fee, 
hauling, or contaminated soil testing, mitigation, or disposal.  Detailed spreadsheets are available 
for review.  Land costs are not included per direction of the Subgroup.   

The cost estimates presented in this section represent a planning level cost estimate, and 
represent an accuracy of + 50% to -30%.     

The Thompson Creek example construction costs would be approximately $1.6 Million for the 
basin itself.  This does not include pipelines, design, environmental documents, or land costs.   

The $1.6 Million construction cost is equivalent to $2,250 per acre of development area.  
Assuming 4 houses per acre in this location, this flow duration basin construction costs $563 per 
lot, excluding land costs.  
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Upper Thompson Creek
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Figure 5.  Flow Duration Curves for Thompson Creek Example 
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Figure 6.  Estimated Cost for Surface Basin  
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4 Discussion of Gobernadora Creek (Orange County) Example 

GeoSyntec is responsible for preparing the Water Quality Management Plan (WQMP) for a 
project in Southern California to support planning efforts of the San Juan and Western San 
Mateo Watersheds.  The purpose of the WQMP is to assess potential effects of the proposed 
project on water quality, water balance, and hydromodification and recommend control measures 
to address potential impacts.  The Southern California project consists of nine sub-watersheds 
evaluated separately, one of which is Gobernadora Creek subbasin.   

One of the objectives of the this project is to strategically layout the development to protect 
natural resources and reserve certain areas, like high infiltration soils, for stormwater 
management facilities.  The results discussed in this section show the effect of strategic site 
planning when compared to the Thompson Creek example.  The reader will see that the 
difference between the pre- and post-project flow duration curves is small when compared to 
Thompson Creek example.   

The Gobernadora subbasin is an elongated valley that is characterized by deep alluvial deposits 
in the canyon floor.  Hill slopes and ridges are overlain by hardpan or exposed rock.  The 
proposed development addresses approximately 2,156 acres.  Approximately 881 acres would 
remain as open space, with the remainder being developed into estate, single, and multi-family 
residential housing, golf resort, and transportation.   

The Gobernadora subbasin has ten sub-catchments.  The flow duration basin sizing results for 
Sub-catchment 3 is discussed here.  Sub-catchment 3 consists of 274 acres of single family 
residential area and transportation corridors, at 44 percent imperviousness.  The pervious area is 
mostly grassland and riparian area.   

 

4.1 Results 

Figure 7 presents the results for a Gobernadora Creek example.  The post-project flow duration 
curve with BMPs closely matches the pre-project curve, with better accuracy than the curves 
shown in Figure 5.  This means that the magnitude of hourly runoff and the number of hours 
(duration) that flows occur at those magnitudes are nearly the same between pre- and post-
project conditions.   

For the 274 acres of development, the resulting basin characteristics are as follows: 

• Basin volume is 15 acre-feet. 

• Basin surface area is 3.7 acres (or 1.4% of the sub-catchment area) assuming maximum 
basin depth of 5 feet and 3:1 side slopes. 

• 5 orifices having diameters of 7 to 20-inches each discharge to the creek.     

 

Of all the flow duration basins sized for Gobernadora, the range of land area required for the 
facilities ranged from 1.2 to 1.4 percent of their total sub-catchment areas.  It should be noted 
that the soil infiltration rate where the flow duration basins are located were assumed to have 1 
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inch/hour infiltration rates.  The range of percent imperviousness is 40 to 44%.  One sub-
catchment has 50% imperviousness with development on sandier soils.  The resulting basin is 
2.8% of its catchment area.   

When comparing Figures 5 and 7, notice that the difference between the pre- and post-project 
conditions for development in Gobernadora Creek watershed is much smaller than the 
differences observed in Thompson Creek subwatershed.  In Gobernadora Creek watershed, 
residential development was located on low infiltration clay soil and bedrock, reserving the high 
infiltration soils for stormwater management BMP’s.   
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Figure 7.  Flow Duration Curves for Gobernadora Creek Example 
 
5 Hydrograph Matching (Volume Control) Effectiveness 

In TM #5 – Volume Control, volume control as a strategy was found not to be very effective at 
controlling hydromodification impacts, because of the differences in erosive power for the same 
volume at higher flows when compared to lower flows.  The memo concluded that hydrograph 
matching may significantly improve the results by not only controlling runoff volume, but also 
controlling the shape of the hydrograph and preventing higher flows from occurring.   

This section presents and discusses an effectiveness evaluation of hydrograph matching when 
compared to the full 50-year flow duration matching option using the 716-acre sub-catchment in 
Thompson Creek.  Matching the full flow duration curve is the most effective option at 
maintaining the pre-development erosion potential.   
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This analysis compares the effectiveness of different sizing strategies at reproducing the pre-
development flow duration curve.  Four control basins were sized and their outlets designed 
using three independent discrete storm sizes (2-year, 10-year, and 50-year), and one sized using 
the full 50-year hour record of runoff generated by the HEC-HMS hydrologic model.  The basins  
for the 2-, 5- , and 10-year storms were sized and designed to match the discrete pre-project 
hydrographs for those storms, such that both pre-project volume and shape are maintained. 

Figure 7a, 7b and 7c present the results of matching the discrete event hydrographs.  Both the 
storm hydrographs and flow duration curves are plotted for each storm size.  In all cases, the 
storm hydrographs were matched closely in volume and shape.  The basin discharge hydrograph 
lags the pre-project hydrograph by a couple of hours, but this is not a problem.  The result for 
matching the full flow duration curve was presented in Figure 5 above.   

The discrete hydrograph basins are designed to capture and retain the difference in volume 
between the pre- and post-project hydrographs.  It is assumed that this capture volume is slowly 
infiltrated, diverted to another disposal facility, or discharged at a very slow rate.   
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Figure 7a.  2-Year Discrete Hydrograph Matching Results  
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Figure 7b.  10-Year Discrete Hydrograph Matching Results  
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Figure 7c.  50-Year Discrete Hydrograph Matching Results  

 
 

In TM #3 – Draft Standard, one of the control options is intended to provide a simple discrete 
event based approach that could replicate the control effectiveness of continuous simulation 
analysis and flow duration matching.  The next test that was conducted was to evaluate the 
effectiveness of the discrete basins by routing the full 50-year flow record through them and 
plotting the resulting flow duration curves. 

Figure 8 below plots the resulting flow duration curves for each of the four sizing criteria, 2-year, 
10-year, 50-year, and the full 50-year time series.  As shown, the 50-year time series approach 
closely reproduces the pre-project flow duration curve.  The three basins sized using discrete 
events do not match the pre-project curve and would result in stream channel erosion if a large 
percentage of the watershed development was designed using discrete events.   

Also shown in Figure 8 are the resulting basin sizes.  Basin sizes range from 71 acre-feet to 155 
acre-feet for the 2-year and 50-year storms, respectively.  Note that for this example, the size of 
the 50-year time series basin (116 acre-feet) is close to the basin size using the 10-year storm 
(113 acre-feet).  Also recall that these basins are being sized to capture the difference in runoff 
volume between pre- and post-project conditions, not the entire storm event.   

Generally, the end points of the flow duration curves in Figure 8 reflect the different basin sizes.  
For example at the low flow end, the 2-year basin releases more small flows to the stream than 
the 10-year or 50-year basins, all of which release about 5 to 10 times more than the pre-project 
condition.  The high flow end shows the affect of large storm peak flows.  The 2-year basin is 
small such that large storms spill over the overflow uncontrolled.  The 10-year and 50-year 
basins can provide peak control of the larger events and closely approximate pre-urban peaks.  
The middle portion of the flow duration curves is primarily influenced by the outlet structure.  
The shape of the discrete basin curves reflect the design of the outlet structure, where each break 
in the curve shows the affect of stormwater discharge through orifice holes at higher elevations.   

One interesting observation is that the 50-year discrete basin does not match the full time series 
curve even though its basin size is larger.  The reason for this is in the design of the outlet 
structure, which was designed to reproduce the 50-year hydrograph alone.   
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FLOW DURATION CONTROL RESULTS
Upper Thompson Creek, 716 Acre Catchment
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Figure 8.  Comparison of Different Basin Sizing Criteria  
 

 
6 Conclusions 

Sizing hydromodification control basins using discrete events does not closely reproduce the pre-
project flow-duration conditions and will lead to stream channel erosion if widely used 
throughout a catchment. 

The required area for flow duration basins seems to be between 2 to 5 percent of the contributing 
catchment area.  Where projects have good soil infiltration rates and utilize low-impact 
development strategies, less land area is required (1 to 2 percent). 

If infiltration cannot be achieved in the flow duration basin and pre-treatment is required before 
infiltration, then a separate infiltration facility may be required.  In this case, additional land area 
would be required.  Based on the examples completed by GeoSyntec, about twice as much land 
area would be required if flow duration and infiltration had to be done in separate facilities. 
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T E C H N I C A L  

M E M O R A N D U M  # 8  

 

TO: HMP Onsite Management Measures Subgroup 
 Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURPPP) 

FROM: GeoSyntec Consultants and SCVURPPP Staff 

DATE: April 29, 2004 

SUBJECT: Sizing Flow-Duration Controls for a Small Development Project in  
San Jose 

  

This memorandum summarizes the application of the flow duration basin sizing technique to a 
small 12-lot subdivision in San Jose.  The site is located near Alum Rock, and discharges to 
South Babb Creek through the storm drain system. 

The objective was to apply the flow duration methodology to a small size project in San Jose that 
is typical of developments expected in the future.  The first example illustrating the design of a 
flow duration basin was completed for a 716-acre development in the Thompson Creek 
subwatershed.  The site is located between Yerba Buena Creek and Thompson Creek in the 
Village Parkway area and is predominantly single family residential, streets, park and a golf 
course.  The Subgroup requested the application of the flow duration method on a smaller 
development. 

A second objective was to test the effectiveness of the Rational formula and SCS curve number 
method applied in continuous mode to size the flow-duration basin, compared to the HEC-HMS 
continuous model results, to see if a simpler analytical method could be used.   The justification 
for this second objective is described later in this memorandum.   

 

1 Project Description 

This section briefly summarizes relevant project information required for modeling purposes. 

 The catchment area is 3.6 acres, with twelve residential lots of 3,000 square feet each.  
Run-on from the adjacent hill slopes is assumed to be zero.  According to the City of San 
Jose, a ditch will be constructed along the upper boundary of the property to collect hill 
slope runoff and route it around the development to the storm drain system.   

 The estimated time of concentration (Tc) for the pre- and post- project condition is 5.5 
and 5 minutes, respectively.   However, HMS limits the time of concentration to one-half 
of time increment used in running the simulation, thus the modeled Tc = 7.5 minutes.  
The time increment used for this continuous hydrologic example is 15 minutes.  More 
explanation is provided later in this memorandum.   



  DRAFT 

F:\SC46\SC46.31\HMP\Apendices\Appendix C Tech Memos\TM #8 SJ Small Site Example 4-29-04 to OMM2.doc 2 

 The pre-project and post-project percent imperviousness are estimated to be 9 and 45 
percent, respectively.  The post-development impervious surface includes paved roads 
and driveways, patios and roofs of the 12 houses.   

 The soil type in this area is classified as “D” type soils using the SCS classification 
system.  The infiltration rates for this soil type range from 0.06 to 0.20 in/hr.  For 
hydrologic modeling purposes, an average infiltration rate of 0.13 in/hr was used.   

 

2 Discussion 

Time of Concentration 

Because the project size is small, the time of concentration, Tc (i.e., the time for runoff to travel 
from the farthest point in the catchment to the flow duration basin), is also small.  The time step 
of the hydrologic model should be one-half to one-third of Tc.  However, file sizes for a time 
step of 2 or 3 minutes of continuous records for 50 years becomes unmanageable.  This example 
was run with a time step of 15 minutes, which is the smallest manageable time step that can be 
used with 50-years of continuous record given the desk-top computing power available.  The 
smallest permissible Tc within HEC-HMS, regardless of the time step, is 6 minutes.    

Running the hydrologic model with a 15 minute time increment when the Tc is 7.5 minute is 
acceptable when the input rainfall record is hourly.  Using hourly rainfall data means rainfall is 
constant for that hour.  Even if the hourly value was subdivided into 3 minute data, the 3 minute 
values will be constant for that hour.  Given constant rainfall data, with the exception of the first 
7.5 minutes, the hydrograph will be constant.  During the first 7.5 minutes, the hydrograph rises 
from zero to the peak flow at that rainfall magnitude.  Runoff continues at a constant rate for the 
remainder of the hour, when the rainfall magnitude potentially changes.  Running HMS with a 
time increment of 15 minutes with constant rainfall computes the average flow for that period, 
the same value derived with 3 minute constant data, after the first 7.5 minutes. 

In studies done with the Western Washington Hydrology Model, dividing an hourly rainfall 
record into shorter intervals for a shorter time step does not make much difference in the sizing 
of flow control basins, especially considering the detention storage provided in the basin1.  In 
addition, when a rainfall record with 15-minute data was applied to a project at SEATAC 
Airport, the resulting basin size was smaller that when hourly data were used, because the pre-
development peak flows were higher and there was less difference between pre- and post-
development flow duration curves.  This is because short term peak intensities in the pre-
development condition did not infiltrate into pervious areas.  Based on this information, 
GeoSyntec and Program staff believe that the analyses for small sites are not affected by short 
times of concentration 

.Infiltration Rate Assumptions 

As described above, the infiltration rate for class “D” soils ranges from 0.06 in/hr to 0.20 in/hr.  
For modeling, the average infiltration rate was used.  For basin sizing however, it is assumed that 
the basin will be constructed to maximize its infiltration performance.  For example, the basin 

                                                 
1 Personal communication with J. Brascher, Aquaterra Consultants, 4-21-04. 
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could be excavated below final grade of the basin and the soils amended to improve infiltration 
and minimize compactness.  Infiltration at the basin location is assumed to be 0.20 in/hr, the 
upper limit of saturated hydraulic conductivity for class “D” soils.   

Comparison of Analysis Methods 

The Subgroup has concerns that continuous simulation modeling is a complicated method for 
developers to use (and agency staff to review), so it has requested GeoSyntec to look at using 
other analytical methods for estimating runoff, i.e. the Rational Method and Soil Conservation 
Service (SCS) Method.  In order to create flow-duration curves and size basins with these 
methods, these methods were applied in a “continuous mode”, i.e., runoff flows were estimated 
for each interval of rainfall in the 50-year rainfall record.  It is assumed that the Rational, SCS 
and HEC-HMS methods have increasing accuracy (and level of detail) in predicting runoff, with 
the HEC-HMS model being the most accurate.  For this reason, the HEC-HMS model was used 
to test the effectiveness of the Rational and SCS methods.  Neither the Rational nor the SCS 
method accounts for routing, lag, or changing antecedent conditions.  Routing and lag are 
insignificant for a small project such as this one; however, antecedent conditions (e.g., soil 
moisture before a storm event) can be important. 

 

3 Results 

Figure 1 compares the SCS and Rational method results to the HMS model results for pre-project 
and post-project conditions.  The Rational formula predicts runoff using a simple linear 
relationship to rainfall.  Every hour of rainfall produces an hour of runoff.  Because every rainfall 
produces runoff, the pre- and post- total hours of runoff are always the same.  The rational 
formula does not adequately reproduce the HMS flow duration curves.   

The SCS curve number method more closely resembles the HMS flow duration curves (although 
the closeness shown in Figure 1 could be somewhat coincidental).  The SCS method is capable 
of predicting the change in the number of hours of runoff and closely matches the HMS results.  
The post-project SCS results reasonably reproduce the post-project HMS flow duration curve.   

The HMS model predicts the smallest hydrologic change and difference in pre- and post- flow 
duration curves and thus results in the smallest basin size.  One likely reason is that the soil 
moisture stays fairly saturated throughout periods of frequent rainfall, predicting runoff closer to 
impervious conditions.  On the other hand, the SCS method initial abstraction is re-set every 
storm event and does not track soil moisture.   

Table 1 presents the resulting flow duration (FD) basin size information and other details for the 
Rational, SCS and HMS results.  The HMS model predicts the smallest FD basin size, primarily 
because of the small difference in pre- and post- flow duration curves.  The SCS basin is 20% 
larger than the HMS basin.  The Rational basin is twice the volume estimated using the HMS 
method.   Figure 2 presents the matched flow duration curves using the HMS results as an 
example.   

The resulting area requirements range from 2.1% to 2.6% of the total project area (3.6 acres), or 
4.6% and 4.8% of the DCIA (45% imperviousness).  A water quality basin would be about 2% of 
the total project area.  Basin depths range from 1.75 feet to 2.75 feet.  During the sizing 
procedure, basin depth was limited to a maximum of 3 feet.   
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Table 1 also lists the basin volume as a function of the inches over the project area.  Values for 
HMS and SCS range from 0.35 to 0.42 inches.  A water quality basin is often between 0.5 inches 
to 1 inch, thus the flow duration basin is not any larger than and could be combined with a water 
quality basin.   

Drain time ranges from 2.7 days to 3.7 days.  Drain times of 3 days and less are recommended to 
prevent mosquito production. 

Because the scale of this project is small, the resulting flows, basin sizes, and orifice sizes are all 
small.  Orifice sizes are 3 inches in diameter.   

Figure 3 presents the estimated flow duration curves for the Rational and SCS basins when 
routing the HMS time series through each basin.  In other words, the effectiveness of the SCS 
and Rational methods are tested by routing the HMS post-project runoff through these basins.  
The SCS basin provides better results when compared to the HMS basin than the Rational 
method basin.  The SCS method provides better control over the number of hours of flow than 
the Rational method.  Both the Rational and SCS methods under-control flows of 0.2 cfs and 
smaller, while over-controlling flows greater than 0.2 cfs.   

Figure 4 presents the HMS flow duration analysis with each house assumed to have runoff 
controls.  Each lot is assumed to have its roof and patios disconnected from the storm drain 
system and controlled.  Since these areas only need to control the increase in runoff caused by 
the impervious surfaces, runoff is assumed to function like pre-project pervious area.  In other 
words, each house has a bio-infiltration trench (as described for volume control, TM #6) or 
similar BMP designed to maintain pre-project runoff conditions.   

Figure 4 shows that HMS predicts a much smaller difference between pre- and post- flow 
duration curves.  The flow duration basin area and volume are 62% and 77% smaller, 
respectively, than the HMS basin sized to collect roof runoff. 

 

3.1 Discussion of the Application of Qc 

The HMS analysis and flow duration basin sizing was re-computed after adding an allowable 
discharge equal to a Qc value of 0.10 cfs.  Qc is computed as 10% of the 2-year pre-project peak 
flow.  The 2-year peak flow was determined by performing a flood frequency analysis of the 
HMS model results and was estimated to be 1.0 cfs.  Figure 5 presents the resulting matched 
flow duration curves under this scenario.   

In the first flow duration basin example on Thompson Creek, Qc was insignificant.  However, 
Qc turns out to be important when sizing small flow duration basins like the one sized for the 
San Jose small development example.  Qc can be thought of as the discharge rate for the extra 
volume of runoff caused by the impervious surfaces.  Infiltration through the bottom of the basin 
is the other primary means of discharge of this extra volume of runoff.   

For large basins like the one in Thompson Creek, the area is large (29 acres) and thus the 
infiltration loss rate (If * area = 5.5 cfs) is also large.  When compared to the Qc rate of 2.4 cfs 
(10% of the 2-year peak flow of 24 cfs), the infiltration loss rate is twice as important and Qc has 
little affect on basin size.  For small basins, the area is small (0.06 acres) and the infiltration loss 
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rate (If * area = 0.01 cfs) is also small.  The estimated Qc for this small basin is 0.10 cfs and 
much more important for basin sizing.   

The importance of Qc appears to vary depending on the area of the basin and the soil infiltration 
rates.  Qc could be incorporated in every basin design and the analysis would reveal its 
importance.  The Qc rates for small basins require small orifice diameters down to about 2 
inches.   
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Figure 1.  Comparison Between the Rational Formula and the SCS Method to the 
HEC-HMS Model 
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Table 1.  COMPARISON OF MODELS AND RESULTS FOR FLOW DURATION 
BASIN SIZING  

    Size   Percent of Inches Over Orifice Drain 
Model Area Volume Depth Catchment Area Catchment Sizes Time 

  (acres) (Ac-ft) (ft) (%) (inches) (inches) (days) 
            

HMS 0.074 0.106 1.75 2.1% 0.35 1  3-inch 3.7 
            

SCS 0.078 0.125 2 2.2% 0.42 2  3-inch 3.1 
            

Rational 0.095 0.211 3 2.6% 0.70 3  3-inch 2.7 
                
            

Individual House 
Controls 0.046 0.082 1.75 1.3% 0.27 1  3-inch 3.6 

            
HMS, with Qc = 

0.10 cfs 0.060 0.102 2.25 1.2% 0.34 1   1.6 -inch <1 day 

            2    6-inch   
1)  Infiltration rate:  0.2 inches/hour      
2)  Basin has 3:1 side slopes      
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San Jose Small 12-lot Residential Example - using the HEC-HMS Method
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Figure 2.  Matched Flow Duration Curves using the HEC-HMS Model Results 
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Figure 3.  Comparison of Method Effectiveness at Reproducing HMS Results 
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Small 12-Lot Residential Example - using HEC-HMS Method Example
Post-Development without roof-runoff
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Figure 4.  Matched Flow Duration Curves When Disconnecting House Roof Tops and 
Patios from the DCIA 
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San Jose Residential Example - HEC-HMS Method 
Sized with Qc Set at 10% of the Pre-Project 2-Year Peak Discharge
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Figure 5.  Final Basin Sizing Incorporating a Low Flow Discharge at 10% of the Pre-
Project 2-year Peak Flow 
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Appendix D 
 

Expert Panel Review Comments 
 

Introduction 
An Expert Panel was convened to review and provide input on several key documents during the 
HMP development process. The purpose of the Expert Panel is to help ensure that the HMP is 
scientifically defensible and embodies a sound approach to hydromodification management. The 
Expert Panel consists of Professor Brian Bledsoe, Ph.D., Colorado State University1; Professor 
Tom Dunne, Ph.D., UC Santa Barbara2; and Professor Matt Kondolf, Ph.D., UC Berkeley3. The 
panel has reviewed the Literature Review (September 2002), Technical Memorandum #1 - HMP 
Assessment Method (October 2002), the Hydromodification Management Plan, Draft Interim 
Report, Assessment of the Lower Silver–Thompson Creek Subwatershed. (July 2003), 
Hydromodification Management Plan Report – Public Review Draft (June 2004), and specific 
technical aspects of the HMP assessment method approach according to their areas of expertise. 
In addition, Mr. Craig MacRae, P.E. of Aquafor Beech Limited4, and Professor Ted Hromadka, 
Ph.D., P.E., of California State University, Fullerton, and Hromadka & Associates5, also 
provided valuable input on several elements of the methodology.  

This appendix presents a summary of the Expert Panel’s comments regarding the development 
and testing of the hydromodification assessment methods and management strategies. The actual 
comments can be found in a separate binder titled “Expert Panel Review Comments, 
SCVURPPP, Hydromodification Management Plan”.  

Table D-1 indicates the material reviewed and/or commented on by the Expert Panel and others. 
The first five line items represent requested peer reviews of specific work products. The last four 
line items represent personal communications not associated with a specific work product. 

 

                                                 
1 Engineering Research Center,Department of Civil Engineering, Colorado State University, Fort Collins, 
CO 80523  (970) 491-8410 
2 Donald Bren School of Environmental Science and Management, 4670 Physical Sciences North, 
University of California, Santa Barbara, CA 93106-5131  (805) 893-7557 
3 Environmental Planning and Geography, University of California, Hearst Field Annex B, Berkeley, CA 
94720-2000  (510) 644-8381 
4 920 Princess Street, Kingston, Ontario, K7L 1H1  (613) 542-1312 
5 3151 Airway Avenue, Suite H-2, Costa Mesa, CA 92626  (714) 241-0099 
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Table D-1 - Listing Work Conducted By Expert Panel and Other Professionals 
EXPERT PANEL Personal Communication  

Task or Topic Brian Bledsoe, 
Ph.D. 

Tom Dunne, 
Ph.D. 

Matt Kondolf, 
Ph.D. 

Craig 
McRae, 

P.E. 

Ted Hromadka, 
Ph.D. 

Task 2 – Review Literature 
Review 

Yes Yes Yes - - 

Assessment Method Tech 
Memo No. 1 

Yes - Yes - - 

Task 5 – Review Draft HMP 
Report 

Yes Yes Yes - - 

Technical Requirements and 
Geographical Areas for 
Hydromodification 
Management, Chapters 3 to 6 

Yes Yes - - - 

Task 10 - Hydromodification 
Management Plan, June 2004 

Yes Yes - - - 

Use of Index Method Yes - - Yes - 

Simple Approach, Discrete 
Events vs. continuous modeling 

Yes - - - Yes 

Critical Shear Stress for Bank 
Material 

- - - Yes - 

Layout of Cross Sections for 
Stability Assessment 

- - - Yes - 
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Dr. Brian Bledsoe 
 
Literature Review 
 
Dr. Bledsoe thought the following concepts needed to be stated more clearly:  
 

 Sand bed streams and gravel bed streams are fundamentally different in behavior and 
sensitivity to urbanization,  

 
 Bed material type needs to be stated when discussing stream behavior and response, 

 
 There is an important distinction between connected and disconnected imperviousness, 

 
 Maintenance or recovery of geomorphic stability does not necessarily imply habitat 

maintenance or recovery, 
 

 Inflowing sediment loads are a central control on channel response, but different stream 
types respond differently to inputs of sediment (size, amount, timing, network processes 
are important), 

 
 Maintaining the energy dissipation features and processes in urbanizing watersheds is 

critical, 
 
 Streams must be viewed as multi-scaled systems, and the spatial and temporal scales need 

to be defined when discussing stability, 
 
 When discussing bank stability analysis “basal endpoint control” is an important concept, 

emphasizing the significance of a stable ‘toe’. 
 
 
With respect to the risk-based modeling concept, Dr. Bledsoe emphasized that the S(Q/D50)0.5 
parameter was a first cut to show how simple indices can be related to stable versus unstable 
channel forms and that it could be improved with better descriptions of the channel boundary, 
energy  dissipation features, continuous flow regime and regional calibration. Dr. Bledsoe 
suggested that the decision-based models of stream stability he developed should be extended 
using descriptors of key flow regime attributes, the condition of channel banks and riparian 
zones, geologic or wood influences, floodplain connectivity, developments style, etc. 
 
Dr. Bledsoe also identified several essential references that he felt should have been included in 
the review. 
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Tech Memo #1 
 
Dr. Bledsoe brought up the question of how to develop criteria and what information would be 
used for separating stable vs. unstable, healthy vs. unhealthy, quasi-equilibrium vs. habitat 
quality. Classification trees and logistical regression, using probability as the dependant variable, 
were suggested as statistical tools. It was also noted that streams may achieve some new quasi-
equilibrium form after land use change and yet lack geomorphic heterogeneity and a desirable 
habitat structure. 
 
Dr. Bledsoe emphasized the importance of time and channel evolution when defining thresholds. 
He also noted the difficulty in associating hydraulic parameters with severely unstable reaches 
because they have already gone through significant adjustments. He recommended identifying 
reaches at varying stages of adjustment and recognizing that sections which are incipiently 
unstable or in the early stages of evolution may provide some of the best information on how to 
set thresholds. Dr. Bledsoe suggested applying a channel evolution model to incorporate time, 
such as Schumm et al. or Downs. It was also noted that different models may be required for 
erosive and depositional situations. 
 
Dr. Bledsoe liked the continuous modeling approach, but suggested identifying some collection 
of selected single events that could act as surrogate for the entire flow series to facilitate 
practitioner use. He also recommended using a distributed hydrologic model to account for the 
spatial distribution of imperviousness and land use over time, and suggested Dr. Glen Morgan’s 
work at the University of Maryland. 
 
Dr. Bledsoe recommended using a 10m DEM to map a coarse scale picture of stream power in 
the Basin. Using flow accumulation and DEM slope, (Slope*DrainageArea)0.4 could be 
calculated and used as a surrogate for valley stream power. The calculated value could come in 
handy with regard to potential planform change in the predictive model. 
 
Dr. Bledsoe uses a reference discharge (such as a regression relationship between drainage area 
and discharge) to get an idea of channel enlargement. Although there are many exceptions, Dr. 
Bledsoe noted that the ratio of Qbf/Qeffective seems to increase with Q2/Qmeanannuaflow (which is one 
measure of flashiness), indicating that sub-bankfull flows often become most effective in 
urbanizing watersheds. 
 
Dr. Bledsoe mentioned the partitioning of shear stress is important in the use of power to 
“resilience” ratios because non-grain roughness may reduce bed shear and the resulting grain 
size measured on the bed. Some very stable reaches can have relatively high Shields parameters 
due to wood or other roughness elements resulting in smaller gravel. 
 
Dr. Bledsoe also recommended the use of qualitative models such as Schumm’s or Lane’s 
Balance. In addition he suggested some preliminary sediment transport analysis, noting that 
simpler bedload equations such as Meyer-Peter-Muller can be used with the data on grain size, 
excess shear, velocity or unit discharge. He pointed out that a sediment transport relationship 
would need to be chosen to use the erosion indices described by himself and Craig MacRae. 
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Dr. Bledsoe pointed out that a clear identification of calibration and validation steps as well as 
the specific feedbacks used to refine the predictive models needed to be added to Figure 1. In 
Figure 2 it was suggested to use Excess Precipitation and note bed material/resilience as was 
done for bank material. In addition a box for proximity to thresholds could be inserted. 
 
 
Draft HMP Report (July 2003) 
 
General Comments 
 
Overall Dr. Bledsoe felt that GeoSyntec had probably identified meaningful thresholds 
associated with channel degradation in the project watersheds. However, caution and judgment 
in interpretation were stressed due to the question of how much of the differences in cumulative 
work reflect the consequences of incision as opposed to the causes of incision. Dr. Bledsoe 
recommended trying to reconstruct the pre-development condition by adding a reasonable 
floodplain to incised sections or giving less weight to flows that would have gone overbank in 
the pre-development scenario. If widening had occurred, a reference width from hydraulic 
geometry could be used. Schumm’s channel evolution model as modified by Watson et al. 
(2002) could be used to identify the conditions associated with beginnings of instability (CEM 
Type II). For overbank flows, Dr. Bledsoe uses two separate at-a-station effectiveness of 
overbank flows:  one for sub-bankfull flows, and one for flows that go overbank. 
 
Dr. Bledsoe also emphasized that the threshold at which currently stable streams become 
unstable may not be the same as the threshold at which unstable streams stabilize. He noted that 
the hysteresis is probably due in part to the increased effectiveness of flows greater than Q2 in 
incised channels. 
 
Dr. Bledsoe stressed that base level lowering, upstream headcut migration, and instability can 
result from downstream impacts that are not directly related to the flow regime in the reach of 
interest. Caution with imperviousness vis a vis the headwater/undeveloped segments was 
emphasized because even at low or zero imperviousness, the stability of upstream tributaries is 
often threatened by downstream incision if headcuts are not intercepted. 
 
Dr. Bledsoe drew attention to the fact that one of the major benefits of developing continuous 
flow simulations is a better picture of the ranges of flows that are most effective in the current 
and future scenarios. He acknowledged the uncertainty in soil storage and other model 
parameters, but felt that nonetheless it is clear that the effectiveness of flows less than Q2 is 
significant in these streams. Dr. Bledsoe felt that this point was very important for the 
stakeholders to understand if new development was to be managed effectively. 
 
Dr. Bledsoe noted that even in “stable” fine-grained systems the ratio of Qbankfull/Qeffective often 
increases with Q2/Qmeanannual (i.e. it seems the flashier the system, the more work is performed by 
subbankfull flows and the cross-sectional dimensions do not correspond to the computed 
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effective discharge). He asked how much the estimate of Q2 magnitude would change if a partial 
duration series is used instead of the annual maximum series. 
 
Dr. Bledsoe also noted that determining appropriate critical shear values is challenging for the 
bed materials of these channels. He referred to work by Jackson and Beschta (1984) and Wilcock 
and Crowe (2003), which suggest that sand /gravel mixtures are quite complex in terms of 
incipient motion. For the streams in this study, the D50s are the gravel and the % sand seems to 
vary from about 28-57%. In this range the threshold for mobility of the gravel can be greatly 
reduced by the sand component and the more general mobility threshold no longer applies. 
Based on Wilcock’s recent paper, Dr. Bledsoe recommended something on the order of 0.021 for 
critical dimensionless shear of the gravel for the streams in this study. 
 
Dr. Bledsoe mentioned that using a reference reach to set the denominator of the Ep analysis 
could be a little contentious. Because the D50 is fairly consistent and the threshold of erosion is 
exceeded by most flows, Dr. Bledsoe thought it might be feasible to simply use specific stream 
power (SSP) or shear without reference to critical values. Moreover, he suggested identifying the 
SSP of selected “indicator” events (less than Q2 in the partial duration series) that perform well 
in discriminating between stable and unstable reaches. 
 
Dr. Bledsoe recommended superimposing partial duration series frequency curves to see which 
range of flows are most magnified and then examining these as potential indicator events. 
Discriminating stable and unstable sites with the less than 2yr events may be reflecting more 
what happens as a consequence of incision if the predevelopment scenario has some semblance 
of a floodplain. He felt that one often gets a much better picture of hydrologic impacts by using a 
partial duration (peak over threshold) series and selecting key event magnitudes from that. The 
effects of urbanization are generally less detectable as the return period increases. Dr. Bledsoe 
suggested that an intermediate alternative might be to examine the effective work index for flows 
in the range from x*Q1.5 to Q1.5, where x is a fraction like 0.5.  
 
Specific Comments and Questions 
 

 Dr. Bledsoe was glad to see vegetation rooting depth to bank height ratio mentioned. This 
descriptor has really helped his group recently in explaining variability in channel widths 
observed in the field. 

 
 How close are the banks to critical height in the various study segments? 

 
 How were the flow bins set up? 

 
 Were the critical values of erosion based on motion of some fine gravel size? 

 
 Bagnold’s approach for calculating critical specific stream power was recommended over 

using critical velocity * critical shear. 
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 MacRae’s equation uses the integral of the post-development condition minus the 
predevelopment condition. 

 
 Are the critical shear stresses in Table 5-1 from studies of uniform material?  A critical 

shear stress value of 0.047 might be high for even uniform fine gravel. 
 
 
HMP Report (June 2004), plus the SCVWD Technical Requirements and Geographical Areas for 
Hydromodification Management, Chapters 3, 4, 5 and 9 

Dr. Bledsoe’s initial comments were to commend the project participants for developing a 
fundamentally solid strategy for managing hydromodification. He feels that the method is based 
on the correct physical processes without becoming overly complex and cumbersome, and 
reflects the best available science to date.  

Dr. Bledsoe believes that the method correctly and necessarily relies on continuous simulation to 
quantify the duration of erosive flows and geomorphic work done exceeding the threshold for 
erosion of the boundary materials. Dr. Bledsoe commented that this approach is essential for 
adequately managing hydromodification.  

Dr. Bledsoe felt that although the method is based on a sound hydrologic and geomorphic 
understanding, there are still a number of details that need to be worked out to ensure physically 
reasonable and consistent parameterization of the models being used.  

These include the following for example: 

• Selecting correct model input parameters 

• Selecting representative field samples 

• Selecting the in-stream solution approach without proper geomorphic considerations 

Dr. Bledsoe commented that clear guidance needs to be provided on selecting parameter values 
and conducting HMP studies. Given such needs, Dr. Bledsoe strongly supports the development 
of a model akin to the Western Washington model (WWHM) to provide consistency and 
reliability in analysis and results.  

Dr. Bledsoe highlighted the importance of monitoring the effectiveness of this plan, and noted 
that performance criteria may require adjustment and updating as more experience is gained. He 
pointed out that the method does not account for changes in sediment supply for example, and 
that perfectly matching the pre-development flow regime does not unsure channel stability. 
Monitoring is critical for assessing the adequacy of the management strategies and for improving 
the robustness of the method.  

Dr. Bledsoe also pointed out that there must be consideration of larger scale impacts arising from 
changed sediment supplies and headcut migration into upstream reaches that were adequately 
protected. In other words, allowing some degree of instability in lower reaches could have 
geomorphic implications that extend beyond a single destabilizing reach.  
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For these reasons, Dr. Bledsoe recommends continual monitoring and analysis. He also suggests 
these issues make compelling arguments for selecting a low “risk” of instability from the logistic 
regression curve. 

Finally, Dr. Bledsoe provides a number of comments and raises questions relating to specific 
details of the equations, figures, and wording. These were addressed in the report as appropriate.  

 

Dr. Tom Dunne 
 
Literature Review 
 
Dr. Dunne felt that although the report was supposed to be a literature review, there was no 
summary of the literature. He found the assertions largely undefended and did not find any 
quantitative, predictive capability that could be utilized as the basis for plans. Dr. Dunne was 
also not clear on what audience the literature review was intended for and was not sure how well 
the report would succeed in raising the knowledge level of local professionals. Nevertheless, in 
his opinion the review convincingly showed that GeoSyntec had thoroughly informed 
themselves about the current knowledge. The report showed that there is a lot of activity in 
watershed hydrology and geomorphology concerned with some ill-defined aspects of ‘habitat’ 
and that some of the activity is concerned with semi-arid landscapes. Dr. Dunne felt that the 
diagrammatic conceptual model needed clarification, documentation and to be incorporated into 
the report. He also felt that the report was rambling, repetitious and often went into a level of 
detail and speculation which invited unnecessary dispute and had the potential to get readers off-
track.  
 
Dr. Dunne felt that the literature review characterized the important physical processes in 
wildland and urbanized watersheds. He found the information on infiltration, percolation, slope 
stability, and related processes underlying watershed response useful as background information. 
However, he mentioned that these measurements do not scale up to the watershed and the 
knowledge is not often used to predict watershed runoff, erosion, channel response or habitat 
condition.  
 
Specifically, Dr. Dunne recommended defining what hydromodification is likely to include in 
the context of the Santa Clara watershed. He also suggested emphasizing the spatial and 
temporal dimensions of the problem, noting the fact that urbanization spreads through a 
watershed over time, possibly avoiding areas. Dr. Dunne felt that information about the 
transformation of watersheds and how and when changes are likely to happen in the watershed 
would be useful for educating planners and managers. 
 
Dr. Dunne also recommended elaborating on the relevance of physical characteristics for 
“habitat”. Specifically he asked what is it that needs to be expressed quantitatively, explained, 
and predicted about the nature and functioning of a channel bed so that a biologist can take 
predictions of physical change and assess its biological significance. 
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Dr. Dunne noted that relatively few studies have been conducted in semi-arid environments and 
questioned the transferability of studies done in other environments to the Santa Clara Valley. He 
noted that the report did not supply any guidance on how to apply studies/classification systems 
developed for other environments to the Santa Clara Valley. The idea that many of the processes 
documented in these studies are computable by models that can be calibrated needed to be 
emphasized in the report. Otherwise each study appears to be confined to the area in which it was 
conducted. A model based analysis allows the results from these disparate environments to be 
transferred to semi-arid watersheds. However, Dr. Dunne still thought the importance of the 
semi-arid climate in assessing the effects of urbanization in the Santa Clara Valley needed to be 
explained.  
 
Dr. Dunne thought concluding with a review of risk-based approaches was wise. However he felt 
that instead of portraying it as a way around the problem of parameter uncertainty, it is a way of 
avoiding the issue of effective discharge. Dr. Dunne noted that stochastic approaches to 
prediction are also necessary for integrating over the entire probability distribution of rainfall 
events and antecedent conditions. 
 
Dr. Dunne felt that more use could have been made of the literature concerning agricultural and 
wildland environments. The forestry and rangeland management literature contains a lot of basic 
information on runoff and erosion processes in semi-arid environments including mountainous 
watersheds. Dr. Dunne recommended a few chapters and papers, including Branson (1981) on 
urbanization effects on runoff, Trimble (1997) on channel erosion in the suburbs of San Diego, 
and Haible (1980) on channel changes along a small stream in the Bay Area. 
 
 
Draft HMP Report (July 2003) 
 
General Comments 
 
Dr. Dunne’s overall impression of the stability assessment was positive. He thought the report 
would be strengthened and clarified if the purpose of the computer modeling and graphics was 
described, along with examples of potential uses beyond occasional references to “planning” and 
“design”. Dr. Dunne thought the presentation was logical for an insider, but probably would lose 
many a non-technical reader in its sequential, incremental style. Dr. Dunne suggested telling the 
readers upfront what needs to be calculated at the planning and design stages, and then briefly 
telling how the results are going to be provided.  
 
For the methodology, Dr. Dunne questioned how much field data collection would be necessary 
for model calibration, but presumed it was related to how precisely the answers needed to be 
known at the design stage. He also felt that the intended use of the methodology for the planning 
and design stages needed to be explicitly stated. 
  
Dr. Dunne was also unsure whether the report was intended to be a general methodology or a 
restoration plan for particular creeks. He wanted to know why the report was so focused on 
geomorphologic concepts developed for alluvial rivers, and not the rivers depicted in the Santa 
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Clara Valley. Dr. Dunne also asked what the underlying strategy for the restoration was. He 
assumed that the restoration plan was not to revert to the original channels which petered out 
somewhere in the valley floor, instead he assumed the plan was to design channels that would 
stop incising and would be in balance with the new sediment loads and flow spectrum. If so, the 
fact that options for reducing watershed runoff, the sediment budget, channel form roughness to 
take out some of the flow energy, etc, are not in the correlations that the stability assessment 
makes between accumulated work and the indicators of channel instability. Dr. Dunne noted that 
the stability assessment, although it uses the vocabulary of alluvial geomorphology is more 
relevant to the incisional (usually bedrock) parts of drainage basins. Extension to designing 
alluvial channel regimes requires additional thought and Dr. Dunne thinks further work needs to 
be done at the design stage to make the Ep useful. 
 
Specific Comments 
 
In Section 5.3, Dr. Dunne recommended only stating the final equation for work. He indicated 
that the introduction of the first two equations would expose the report to diversionary criticism, 
and were really not equations for work. Dr. Dunne suggested calling them “indices of work” 
rather than “work”, if all three equations were used. 
 
Dr. Dunne questioned the fact that HEC-2 was used, but backwater effects were not considered. 
Since HEC-2 is based on the step-backwater method this did not make sense. Dr. Dunne also 
questioned the computations using normal flow assumptions, and asked if there was a normal 
flow option in HEC-2. 
 
Dr. Dunne was curious how the methodology could be used at the design stage. Without 
extensive calibration and adjustment of τc and vc, it is easier to imagine using the methodology 
for planning purposed rather than design. He reiterated that the report did not lay out the broader 
strategy of how the assessment was going to be used in the restoration. 
 
Dr. Dunne stressed that the original concept, from Wolman/Leopold/Andrews, that the flows 
which carry most of the sediment are responsible for shaping the channel referred to alluvial 
channels, rather than to rapidly eroding, incising channels. He stated that even in the original 
incarnation the mechanism behind the concept is essentially unknown. He added that transferring 
a poorly understood concept outside of the range of its empirical base is unwise. It was not clear 
to him that such a concept should “be used in the design of in-stream solutions” in the case under 
investigation.  
 
Dr. Dunne did not think the cumulative curves were a very clear or helpful way to highlight the 
critical flows. Instead he felt the original figures 5-5 and 5-6 were better. 
 
Dr. Dunne stated that the probability calculation was an important step and needed further 
explanation. Dr. Dunne also felt that the calibration of the rainfall-runoff model needed 
explaining, and it may be necessary to defend hydrologic parameter choices. 
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Dr. Dunne thought an expanded description was needed of how the assessment would be applied 
in various forms of analysis. As an example, he recommended running a set of calculations to 
illustrate how urbanization increases the frequency of moderate flows (the Booth effect), and 
how introducing runoff control in the urbanizing area would change the distribution of the 
erosion potential.  
 
 Report (June 2004), plus the SCVWD Technical Requirements and Geographical Areas for 
Hydromodification Management, Chapters 3, 4, 5 and 9 

Dr. Dunne’s initial comments were to refer to the approach as an attractive procedure that is 
broad and systematic, and one that improves the prediction capability of the effects of land 
surface alteration and hydrologic changes and its effects on channel networks. 

Dr. Dunne commented that the power of this method come from the combination of systematic 
field survey’s, computed assisted modeling, and capacity to efficiently examine alternative 
control strategies. The field surveys provide local calibration and model verification. The model 
provides reproducibility by various analysts, and the ability to evaluate cumulative watershed 
wide effects and solutions.  

Dr. Dunne noted that the methodology is largely based on modeling and that more field 
verification is needed to develop a strong empirical base. He therefore strongly recommends 
continual monitoring to keep track of unforeseen changes. 

Dr. Dunne commented on the logistic regression technique, referring to it as innovative and 
crucial for assessing risk of channel destabilization. He suggests that follow-up work be 
conducted to evaluate the sensitivity of the results to the uncertainties implicit in the method. He 
sites examples, such as selecting parameters in the flow models, and identifying and quantifying 
field conditions as potential process variables to be analyzed.  

Dr. Dunne mentioned that there is some ambiguity in deciding whether the critical shear stress of 
velocity is used from the bed or banks. The text was modified in the report to make it clear.  

Like Dr. Bledsoe, Dr. Dunne also commented on the fact that the method does not address the 
effects of changed sediment supplies. He acknowledged that the method necessarily avoids the 
need to develop sediment transport routing models, which he states are not adequate (sediment 
transport models) for watershed scale analyses. The index method was in fact developed so that 
sediment transport modeling would not be needed.  

Dr. Dunne thought that it would be valuable to express more fully the likely consequences of 
future build-out and the impact to streams. So if the Ep is 1.2 and the chance of instabilities is 1 
in 7 streams, what does this mean exactly?  What type of change and impact do we expect to 
observe?  How many miles of stream does this come too?  Which ones?   

Dr. Dunne concluded by saying that this method is a useful prediction tool for planning and 
design, but moreover, it has provided a valuable database of systematic channel surveys 
throughout each of the three test watersheds. These data provide valuable information to evaluate 
effectiveness and changes observed by future monitoring efforts. He strongly recommends a 
database be developed to keep track of this data.  



HMP Report 
 
 
 

Appendix D D-12 FINAL REPORT 
F:\SC46\SC46.31\HMP Mar 05\Final Report\Appendix D_Expert Panel.doc MARCH 2005 

Santa Clara Valley 
Urban Runoff 
Pollution Prevention Program 

Dr. Matt Kondolf 
 
Literature Review 
 
General Comments 
 
Overall Dr. Kondolf thought the literature review was a good compiling of points from the 
literature relevant to the topic, but that the citations were relatively few. He suggested several 
additional sources. Dr. Kondolf noted that many statements in the literature review were not 
supported and stressed the need to support all statements with citations or arguments from earlier 
points. 
 
Dr. Kondolf suggested a table summarizing the literature on urban changes in hydrology, as an 
efficient way to convey the range of experience reported in the literature and to make the point 
that most of the research has been in different climates and landscapes. A similar table for 
studies of channel changes in urbanized streams was also recommended. 
 
Dr. Kondolf noted that some sections, such as bed mobility thresholds, were not directly linked 
back to the purpose of the literature review. He suggested a flow chart showing how some of the 
cited studies fit in, with a simple statement linking each section back to the problem.  
 
Specific Comments 
 
Dr. Kondolf noted that it is difficult to avoid increasing stormwater discharge duration if the rate 
is limited (as by detention). 
 
Dr. Kondolf also advised defining interflow versus groundwater flow and providing a reference 
for the distinction between the terms. He recommended adopting the terminology of Dunne and 
Leopold (1978). Dr. Kondolf also suggested clarifying that the unconfined, water table aquifer is 
being referred to when discussing groundwater elevations relative to the stream. Also it may be 
necessary to distinguish between groundwater recharge to deep aquifers and water held in 
shallow soil and transpired or evaporated. Dr. Kondolf also made the point that many stream 
channels are perched, e.g. channels flowing across proximal reaches of alluvial fans, where the 
water table could be tens of feet deep a short distance away from the channel, but where fine-
grained sediments clog the gravels directly under the channel, maintaining perennial flow. 
 
Dr. Kondolf pointed out that urbanization can also increase drainage density by causing more 
channels to be cut, and that it may be helpful to emphasize the role of urbanization in converting 
subsurface flow to surface flow and implications for flashiness of runoff. Dr. Kondolf also 
recommended clarifying that an intense local rain will produce the highest peaks from small 
basins, while longer duration rains produce the big peaks from larger basins. 
 
Dr. Kondolf asked for an explanation of why small floods are more affected by urbanization. He 
suggested a figure from Leopold (1968) relating percent urbanized and percent served by storm 
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sewers to increased peak flow. The use of the term “drainage networks” as increasing the 
drainage density was unclear.  
 
Dr. Kondolf also emphasized that not all channels were in equilibrium before human activities, 
referencing tectonics, climate change, periodic big floods etc, especially in semi-arid 
environments. 
 
Dr. Kondolf thought the discussion of slope adjustment may be misleading to some readers, as 
spatial and temporal scales are not defined. He recommended Schumm’s (1977) distinction of 
independent versus dependant variables at different temporal scales.  
 
Dr. Kondolf recommended additional literature of Wolman and Gerson (1978) regarding relative 
importance of frequent versus infrequent events in semiarid environments, as well as Gar 
William’s paper on bankfull discharge. 
 
Dr. Kondolf did not think that dynamic equilibrium implied widths, depths and slopes as 
functions of discharge. Instead he thought the equilibrium channel idea may be better suited, as 
illustrated by Lane’s stable channel balance. Dynamic equilibrium refers to landscape evolution, 
the idea that mountainous areas are like that because they are uplifting, and the erosion rates will 
tend to be greatest there. The idea was proposed by Hack (1960) as an alternative to the Davison 
notion that uplift occurs once and landform evolution occurs by gradually wearing down the 
uplifted blocks (with no further uplift). 
 
Dr. Kondolf asked if “quasi-equilibrium” was a term of Booth’s and if so it needed a citation. 
Also he recommended reminding the reader that these adjustments occur in alluvial channels, 
while bedrock (or otherwise constrained) channels may accommodate increases in Q without 
changing dimensions. 
 
Dr. Kondolf noted that streambed material is not usually thought of as “soil”. He also questioned 
the use of the Sacto County example. If is used, then he suggested using specific streams and 
how their reaches differ, how they have adjusted, and providing values of width in feet etc. The 
significance of alluvial streams having variable stratigraphy was also unclear. Dr. Kondolf was 
not convinced about the differences posited between permeable and impermeable soils; it seemed 
contradictory to Schumm’s findings in Great Plains streams. Also he wasn’t sure if Zenter would 
be a suitable authority on it. 
 
Dr. Kondolf asked how general the statements about 40-70 percent of change in sediment storage 
were. If it was only for the Andrews (1982) study, it needed clarifying. If it was more general, 
support and citations needed to be provided for such generalizations. 
 
Dr. Kondolf thought that the effects of large woody debris (LWD) were a separate and broader 
topic from stressed vegetation getting into the channel. He also noted that citations on LWD 
were needed. 
 



HMP Report 
 
 
 

Appendix D D-14 FINAL REPORT 
F:\SC46\SC46.31\HMP Mar 05\Final Report\Appendix D_Expert Panel.doc MARCH 2005 

Santa Clara Valley 
Urban Runoff 
Pollution Prevention Program 

Dr. Kondolf noted the need to link the classification system discussion back to the purpose of the 
literature review. He also mentioned that there have been lots of classification systems and it 
should be made clear that the report only discusses a few of them. Also, Phankuch may not be a 
channel classification. He mentioned that many restoration projects built based on the Rosgen 
classification system have failed. 
 
Dr. Kondolf felt that the points on bed mobility thresholds need to be related back to the purpose 
of the literature review. He also recommended the review paper by Buffington and Montgomery 
(1997). 
 
Dr. Kondolf also suggested critical citations for the discussion of equal mobility, including 
Parker et al. (1983), Parker and Klingman (1983), as well as more recent work by Peter Wilcock 
on the effects of grain mixtures on bed mobility such as Wilcock and McArdell (1993). 
 
Dr. Kondolf thought the erosion thresholds might be useful for the SCVWD planning, but 
wondered how well the thresholds, developed elsewhere, would apply to the Santa Clara Valley, 
and what kind of input data would be needed to make them work. He asked if field data collected 
in the SF Bay would allow documentation of channel changes as a function of percent basin 
imperviousness. He asked what the data sources were for McRae’s index. It was not clear to Dr. 
Kondolf that the index was such an advance, and he suggested that once the necessary data were 
collected a lot more could be done than the simple index. 
 
 
Tech Memo #1 
 
Overall, Dr. Kondolf felt that the memo correctly identified the salient variables to be considered 
and laid out a logical approach to identifying thresholds for bed and bank erosion. He also 
thought that the proposed development of the method on one test watershed and then application 
to two other watersheds in different physiographic regions of the basin made sense. He 
appreciated the recognition of the importance of geological and historical influences. However 
Dr. Kondolf was concerned about the feasibility of implementing the program over the entire 
Santa Clara Valley. He felt that completing a good field reconnaissance and historical study over 
the entire area, while absolutely essential, would be the equivalent of several masters theses and 
would require an investment.  
 
With respect to cause and effect, Dr. Kondolf questioned the criteria for method selection. He 
emphasized that while the criteria were desirable, there is no a prior reason to assume that such 
an ideal method exists. Determining the causes of channel change is a complex scientific 
question, and it is easy to reach a conclusion based on the data available, which may be 
incomplete and thereby lead to mistaken conclusions. Dr. Kondolf warned that a highly 
standardized approach to predict when erosion will begin, based on GIS data and modeling and 
applied to all channels, may fail if it does not account for local effects which can determine 
whether a channel incises or not. He also noted the difficulty in finding good reference reaches, 
and that in order to determine suitability the reference reaches themselves may need to be studied 
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well to understand their character and history, rather than simply assuming they are healthy 
because they appear unaffected by channel erosion. 
 
Dr. Kondolf recommended three simultaneous distinct efforts for phasing the assessment: 1) 
walking the length of each major stream and all its tributaries, 2) collecting historical data, and 3) 
building the GIS necessary to determine the percent urbanized for each reach in the stream 
network. Based on the results of 1 and 3, and the partial results of 2, a more informed strategy for 
collecting additional data could be developed. Based on the application of these studies to the 
test watershed, conceptual models specific to the Santa Clara Valley could be developed to guide 
data collection elsewhere, but differences among drainages must be considered before 
extrapolating. 
 
Dr. Kondolf stressed the importance of the walking reconnaissance. He noted that while it is a 
significant effort, it is critically important, and that conclusions cannot be drawn about why the 
bed and banks are eroding where they are, or about stability thresholds without knowing the 
locations of grade control structures, bank protection, bedrock/hardpan exposures, and type of 
bank material exposed.  
 
Dr. Kondolf recommended that the historical data collection include evidence of past channel 
planform, channel bed elevations, channel bank conditions and riparian vegetation distribution, 
land-use conditions in catchments, and human alterations to the channel. He also suggested 
examining the historical photos multiple times, iteratively, as insights are gained from other lines 
of evidence such as the field reconnaissance, to guide further field and historical studies. 
 
Dr. Kondolf thought the GIS analysis should provide a framework within which to prioritize data 
collection and to delineate areas long ago urbanized and channels transformed, areas in which 
channels have been recently affected and may continue to adjust, and areas in which such 
adjustments are just getting underway. 
 
Dr. Kondolf expressed concern about the amount of field work and data analysis required and 
questioned whether it was feasible within the given deadlines. He also mentioned the 
considerable data requirements for the hydraulic modeling and stability assessment and stressed 
the danger in using models with widely spaced cross sections, which interpolate channel 
conditions between cross sections. Such models may miss the local features that influence 
channel response. In developing the method on one watershed, results can be compared to actual 
field conditions, allowing evaluation of model utility. Dr. Kondolf also brought up the issue of 
exactly how the tractive force equations are applied to already affected reaches, as the existing 
channel cross-section does not reflect the channel at initiation of incision. He asked if pre-
incision channel geometry was inferred and if flows were routed through the inferred channel 
geometry. 
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Draft HMP Report (July 2003) 
 
Specific Comments 
 
Dr. Kondolf questioned how typical the selected cross sections were, and if results were skewed 
by using “problem sites” that may have more active erosion than elsewhere. He also 
recommended explaining how local field slopes were adjusted and questioned how using 
different slopes would affect the results. Dr. Kondolf also suggested that there may be a problem 
with the bed material sample size, citing Wentworth (1926) and Church (1987) who recommend 
bulk sample sizes based on the largest particle. He also recommended stating the method used 
for measuring bedload. 
 
Dr. Kondolf found it difficult to consider the individual sites outside of their longitudinal 
context, and suggested including both a longitudinal profile and a table showing stationing 
upstream of confluences. He also questioned the longitudinal relationship between stable and 
unstable reaches, and recommended looking into what prevents incision from propagating 
upstream. Dr. Kondolf noted that in the case of regressive erosion, the channel could be affected 
even if the upstream catchment has not been hydrologicaly altered. He specifically mentioned 
Reach D, which is apparently stable. He questioned if this reach was protected by some grade 
control from regressive erosion and if it was passing increased sediment loads from upstream 
without becoming unstable?  If this is the case, then he recommended further study in the reach 
because it may hold clues to controls on channel stability in the system. 
 
Dr. Kondolf stressed the need for closer study of the areas in between the study reaches as well 
as surveying the entire longitudinal profile, capturing all the grade controls, not only bedrock 
outcrops, but also pipeline crossings or other such infrastructure, piles of concrete rubble, etc. He 
emphasized that these features are critical to understanding why certain reaches are incising and 
others are not. Dr. Kondolf also highlighted one key, unstated, assumption underlying the 
analysis is that the stability (or lack) at a given site can be explained wholly on the basis of 
upstream flow (and sediment loads). This may ignore important influences of past management 
activities at the site scale, propagation of incision upstream, etc.  
 
Since increased flows from urbanization are the driver behind the channel changes, and thus the 
entire modeling exercise, Dr. Kondolf recommended calibrating the hydrologic model to actual 
hydrographs, not only to regional regression equations. 
 
Dr. Kondolf suggested mentioning that Wolman and Miller (1960) developed the magnitude-
frequency and effective flow concepts, and that Wolman and Gerson (1978) noted that while Q1.5 
might be useful in some climates, less frequent flows are relatively more influential in semi-arid 
climates. 
 
Dr. Kondolf noted that the effective work concept of Wolman and Miller (1960) was developed 
primarily to determine which flows had the most effect over time and thus the most influence on 
channel form. In the HMP example, the lower flows always have the mode, with very long, 
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extended tails towards the larger floods. Thus, there is no clearly apparent effective discharge in 
the examples shown.  
 
Dr. Kondolf explained that for the purposes of Wolman and Miller (1960), the absolute 
magnitude of the actual stresses exerted did not really matter, it was only the relative importance 
of large versus small floods and that calculating total work over time is quite another thing. Since 
Dr. Kondolf was not familiar and had some reservations with the McRae approach, he suggested 
presenting the approach as experimental. 
 
Given all the estimates, approximations, assumptions, and interpolations involved in modeling 
shear stresses in the channel over a wide range of flows and in study sites distributed over a wide 
area, Dr. Kondolf felt that it would be a miracle if the model actually worked to accurately 
predict shear stresses and resultant channel adjustments. He also noted that selecting the 
dimensionless critical shear stress from a range of 0.03 to 0.06 could introduce more variability 
than the change in flow regime. Moreover, he noted that using a threshold of mobilization 
approach can introduce further imprecision because sites near the threshold will be lumped into 
the stable or unstable category. He also mentioned that values from the ASCE manual are very 
general and selecting values for a given site in the study area could introduce comparable 
variability in results. On top of this, Dr. Kondolf highlighted the fact that runoff rates were 
produced by an uncalibrated model; routed using the Manning equation with the associated 
uncertainty in the selection of ‘n’. 
 
Dr. Kondolf recommended  presenting the model in a way that emphasizes that the testing will 
not only be to determine whether its predictions of instability correspond to actual areas of 
instability but also to determine if the predictions of runoff, stage, and resulting shear stresses 
correspond well with actual values. Dr. Kondolf noted that the model is deterministic with 
considerable uncertainty at each step of the long complicated process from infiltration and runoff 
to channel incision. He stressed that the uncertainty was not currently quantified at each step, nor 
carried forward in the analysis and that if it was the results would be sobering. 
 
The report indicated that the differences among sites would mostly be a question of slope and 
widths and Dr. Kondolf expected this to show the most effects in steep and narrow reaches that 
will have greater flow depths for a given flow. 
 
Dr. Kondolf questioned whether the model predictions would be any better than the predictions 
by Booth of erosion resulting from percent urbanized. He realized that a model is needed to 
model the effects of increased runoff from urbanization as well as the potential benefits of 
detention basins and other stormwater management practices, and that there is a need to predict 
variations in channel impacts spatially and temporally. However, Dr. Kondolf recommended 
taking a more skeptical, experimental tone in the presentation and if possible quantifying the 
uncertainties and carrying them forward in the analysis. 
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Craig MacRae 
 
Mr. MacRae provided guidance on field data collection. He indicated that to predict the impact 
of urbanization on channel form, only the riffle data may be required to use the Enlargement and 
Relaxation Curve approach, which shows how big the channel will get in response to a 
disturbance in the sediment-runoff regime. However both pool and riffle data are necessary if the 
objective is to determine what is going on in the channel today and how it will respond to a 
disturbance within a specific length of channel and what its ultimate form will be. 
 
With regard to cross section location, Mr. MacRae recommended a feature based approach to 
facilitate data interpretation, stream comparisons, and easy of repeating site measurements. In 
addition, measuring features avoids the problem of changes in channel form. Mr. MacRae 
emphasized the key to a feature based approach is consistency in the protocol used for site 
selection. 
 
Mr. MacRae pointed out that he analyzes pools and riffles separately, due to the differences in 
shape and the magnitude and distribution of forces applied to the boundary. He also noted that it 
is difficult to determine the magnitude and distribution of the excess boundary shear stress on the 
banks through a pool section, and more difficult to interpret the physical meaning of these forces 
on channel form unless the forces can be calibrated to lateral migration rates derived from 
historic surveys or aerial photography. If the latter data is not available, Mr. MacRae 
recommended using empirical models to estimate migration rates, although the confidence level 
declines. He noted that the problem may be minimized by applying parallel lines of 
investigation, such as balance of force models, Enlargement Curve assessments, Rapid 
Geomorphic Assessment, sediment mass balance assessment, and Brookes specific stream power 
methods. Confidence in the findings can be gained if the independent means of assessment 
converge on a unique solution. If they don’t converge then the interpretation of the processes 
operating within the system needs to be revisited.  
 
Mr. MacRae also outlined his methods for determining critical shear stress for bank and bed 
material. To determine critical shear stress for bank material, bank stratigraphy units are mapped 
and soil consistence tests are applied to each stratigraphic unit where fine grained sediments are 
found. Soil samples are collected from the strata located with a zone at about one third the 
bankfull depth and tested for Atterberg Limits and percent silt and clay. Vane shear stress tests 
are also completed on all strata from the bank toe to approximately ½ bankfull depth. The soils 
consistence tests are quantified to determine a SCORE value, which is the sum of the values for 
stickiness, plasticity and firmness. The SCORE value is entered into an empirical relation to 
determine critical shear stress. The vane stress strength meter provides a direct measurement of 
the critical shear stress. The particle size data together with the Plastic Limit value from the 
Atterberg Limits tests are used in a multi-variate relationship to predict critical shear stress. The 
soils are also classified and compared to values published in the literature. Root diameter, 
density, and distribution are also mapped by stratigraphic unit and a root binding correction 
factor is applied to estimates of critical shear stress where applicable. Mr. MacRae noted that 
each of these approaches has strengths and weaknesses and the appropriate value is usually 
determined by comparing the value of excess boundary shear stress for all stratigraphic units 
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with stream stability and mode-of-response findings generated from the Rapid Geomorphic 
Assessment as well as Brookes specific stream power approach. 
 
The bed materials are sampled using the pebble count approach if the bed is covered by coarse 
alluvium. Where the channel is composed of fine grained materials a bed sample is collected and 
submitted for particle size and possible Atterberg Limits. The critical shear stress for the bed 
materials is determined using a variety of methods, such as the modified Shields method, various 
empirical relations and values reported in the literature. For bedrock channels the materials are 
classified and literature values are used to estimate the critical shear stress. Mr. MacRae 
recommended papers by Peter Allen and Keith Tinkler.  
 
Mr. MacRae stressed that the estimation of critical shear stress is difficult, but that the selected 
values and resulting excess boundary shear stress estimates should reproduce observed channel 
form and process. For example, if a channel is degrading but not widening the bed should be 
sensitive to scour while the banks are not. Similarly, if the channel is widening but not degrading 
the banks should be sensitive to scour while the bed is not. Mr. MacRae noted that through the 
use of this kind of logic, the excess boundary shear stress can be calibrated using observed 
channel form and mode-of-response.
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Dr. Ted Hrodmadka 
 
Dr. Hrodmadka provided feedback on practical methodology for the hydrology-hydraulics-
stream stability analysis. In his opinion, the major underpinning of using a continuous simulation 
approach was using a constant AMC, despite the fact that knowledge of the soil moisture 
conditions is very important for the most frequent and smaller events. He added that determining 
the “right” AMC would be difficult and lead to a biased model, either over or under predicting or 
runoff quantities.  
 
Dr. Hrodmadka indicated that Multiple Decision Event approaches were useful in identifying 
what threshold of return frequency event impacts a particular watercourse. Using the above 
information, one would only then consider discrete events in excess of the threshold design event 
storm.  
 
Dr. Hrodmadka mentioned that while both the continuous simulation and multiple discrete event 
approaches would involve statistical inference to estimate rare event response, each approach 
would probably produce different conclusions. 
 
Dr. Hrodmadka pointed out that depending on the treatment type envisaged for a watercourse, 
the post treatment response to any of the hydrology methods may be moot: only the most severe 
test is relevant. Therefore, he felt that the selection of the hydrology approach may be primarily 
useful for determining where and when treatment is necessary and if so, a single event test, of a 
rare nature, may be sufficient. He stressed that passing the rare single event test is also necessary, 
regardless; and therefore, the design rare event should be applied uniformly everywhere. 
 
Dr. Hrodmadka suggested two approaches; (1) a single event test, with response adjusted by a 
safety factor to simulate the effects of a continuous series of events over time, (2) a multiple 
discrete event test, with the results synthesized by a summation of weighting factors. Also for 
each discrete event, an average AMC representing those types of storms would be used. He 
pointed out the advantage of using actual point estimates was not having to use statistics to 
leverage off of historical data limited by the record length and period. In addition, decisions 
being made are perhaps more consistent with the flood control hydrology manual that the 
Agency would perhaps still be measured against in the event something were to go wrong. 
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LOGISTIC REGRESSION FOR STREAM STABILITY 

This appendix briefly describes how logistic regression is applied to stream stability issues.  An 
interested reader is referred to Statistical Methods in Water Resources (Helsel D.R. and Hirsch 
R.M., 1992). 

Introduction 
One of the goals of the HMP project is to predict stream stability based on measurable variables 
such as velocity, shear stress, work done to the streams, and erosion potential (EP).  Stream 
stability, categorized into stable or unstable, is a qualitative and discrete variable, whereas the 
measurable variables are quantitative and continuous.  Logistic regression, also called logit 
regression, is an appropriate statistical tool for this situation. 

Within the framework of logistic regression used in this project, stream stability is characterized 
as a binary response variable, expressing itself as either 0 – stable, or 1 – unstable, and the 
measurable variables as continuous explanatory variables.  Given a value of one of the 
explanatory variables, logistic regression provides the probability of the stream stability being 
stable or unstable.  Note that, although multiple logistic regression (i.e., multiple explanatory 
variables) is also possible, in this project, only simple logistic regression (i.e., one explanatory 
variables) will be considered. 

Important Formulae 
Let p be the probability of a stream being unstable.  The valid range of value of p is between 0 
and 1.  Odds ratio is defined as: 

Odds ratio 
p
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The natural log of the odds ratio is called logit.  Thus, 
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At this point, p, whose range is 0 to 1, has been transformed into the logit, which is continuous 
and unbounded, and thus applicable to linear regression.  Logistic regression, or logit regression, 
is essentially simple linear regression relating a continuous explanatory variable to the stream 
stability logit.  In other words, it seeks optimal values of the intercept (bo) and slope coefficient 
(b) in the following equation: 
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where x is a continuous explanatory variable (e.g., velocity, shear stress, work done to the 
streams, or erosion potential (EP)). 

Therefore, p can be predicted for a given value of the explanatory variable x, and is expressed as: 
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Optimal values of bo and b are obtained when log likelihood (l) is maximized (see the equation 
below).  Note that l is always negative; maximizing l is thus bringing it closet to zero. 
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The following is the rationale behind the use of this parameter as the optimality indicator.  A 
good logistic regression model would predict a value closer to 1 for pi when the field observation 
indicates that the stream is unstable (yi=1), and a value closer to 0 when the stream is stable 
(yi=0).  According, 

 When the stream is unstable, yi=1, the second term becomes zero, and only the first term 
contributes to l.  In this case, if pi is high – which is desirable, ln[pi] will be a small 
negative number, closer to 0; In contrary, if pi is low – which is undesirable, ln[pi] will 
be a large negative number. 

 When the stream is stable, yi=0, the first term becomes zero, and only the second term 
contributes to l.  In this case, if pi is high – which is undesirable, ln[1-pi] will be a large 
negative number; In contrary, if pi is low – which is desirable, ln[1-pi] will be a small 
negative number, closer to 0. 
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Therefore, the best logistic regression model, associated with optimal bo and b, results in the 
value of l closet to zero, i.e., being maximized.  The log likelihood (L) may be alternately 
reported as the positive number G2, -2.log likelihood, which is to be minimized to achieve the 
optimal bo and b: 

LG ⋅−= 22  
Hypothesis Testing 

There are several types of hypothesis testing applicable to logistic regression.  However, as only 
simple (one explanatory variable) logistic regression is being considered, only the test for overall 

The range of 
p and (1-p) 
is between 0 
and 1 
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significance is relevant.  In this case, the null hypothesis is that the logistic regression model with 
the slope coefficient b is not significantly better than an intercept-only model (where b = 0, i.e., 
constant p).  The statistic parameter used in this test is overall likelihood ratio (lro): 

)( 22
0 GGlro −=  

where G2 is -2.log likelihood of the non-zero-b model and G0
2 is that of the intercept-only model. 

The overall likelihood lro can be approximated by a chi-square distribution with k degrees of 
freedom, where k is the number of slopes estimated (Helsel and Hirsch, 1992).  In this case, k = 
1.  Consequently, if lro > χ2

1,α, the null hypothesis can be rejected: b is not zero.  In contrary, if 
the null hypothesis cannot be rejected, the best estimate over all values of the explanatory 
variable of p is simply the proportion of the data set that y = 1. 

           
 

lro > χ2
k,α: 

b differs from zero at a 
significance level of α; 
G2 is low; 
l is high (close to zero) 

lro < χ2
k,α: 

b does NOT differs from zero 
at a significance level of α; 

G2 is high; 
l is low (a large negative 

number) OR α 
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Flow Duration Basin Design Guidance 
Prepared by GeoSyntec Consultants and EOA, Inc. 
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INTRODUCTION 

The flow duration (FD) basin design process is essentially an iterative process where the 
designer selects basin storage volumes and outlet configurations and compares the resulting 
discharge flow duration curve to the pre-project results. Guidelines on selecting the initial 
estimates are provided, as well as guidance for adjusting storage and outlet configurations. The 
affects of increasing or decreasing orifice diameter, invert elevation (weir elevation), and number 
(length); and basin storage are summarized.  

DESCRIPTION OF THE FLOW DURATION BASIN 

The flow duration control approach involves: 1) simulating the runoff from the project site, pre- 
and post-project, using a continuous rainfall record (50 years of record in this case); 2) 
generating flow-duration curves from the results; and 3) designing a flow control facility such 
that when the post-project time series of runoff is routed through the facility, the discharge 
pattern matches the pre-project flow-duration curve. The flow control facility is a detention basin 
that diverts and retains a certain portion of the runoff. The portion to be retained is essentially the 
increase in surface runoff volume created between the pre-project and post-project condition. 
This captured increase in volume is typically discharged to the ground via infiltration (and/or 
evapotranspiration if vegetation is present) in the basin, released at a very low rate to the 
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receiving stream (at the critical flow for basin design, Qcp, or 10% of the “pre-project” 2-year 
storm), and/or diverted to a safe discharge location or other infiltration site, if feasible.  For the 
examples presented here, the captured runoff is assumed to be infiltrated in the basin and 
discharged at Qcp (see next section for computation of Qcp).  

The flow duration basin is designed to have two pools (Figure F-1), a low flow pool (Zone A) 
and a high flow pool (Zone B). The low flow pool is designed to capture small to moderate size 
storms, the initial portions of larger storms, and dry weather flows. The high flow pool is 
designed to store and release higher flows to maintain, to the extent possible, the pre-project 
runoff conditions. The flow duration basin can also serve as a water quality treatment facility and 
can be designed to treat dry and wet weather flows using a combination of extended detention 
and natural treatment processes. Most dry weather “nuisance flows” will also infiltrate in the 
basin.  

The flow duration basin is sized using an iterative process of adjusting basin storage as well as 
selecting and adjusting orifice sizes in the outlet structure. The low flow pool within the basin is 
initially sized to capture the increase in runoff volume that is generated from the impervious 
surfaces. This capture volume is dependent on the development characteristics, the soil types, 
and the magnitude of change in runoff created by the proposed development. Previous analyses 
have shown that area requirements have less to do with the range of storms selected for 
management and more to do with site and development characteristics.  

Once the lower pool is sized to capture the correct volume of runoff, the upper pool of the basin 
is sized to detain and discharge larger flows through a specific set of orifices in such a way as to 
reproduce the flow duration curve. The number, diameter, and elevation of these orifices are 
determined by a trial and error approach (King County, 1998). The combination of sizing the 
lower portion of the basin and the upper portion to detain and discharge high flows has the affect 
of capturing the correct volume of runoff and matching the pre-project distribution of hourly 
flows.  

The outlet structure is designed to reproduce the pre-developed flow duration (runoff histogram) 
using orifice diameter and elevation above the bottom of the basin. Figure F-2 illustrates the 
outlet structure. The number, size and placement will vary from basin to basin depending on 
project conditions. The headwall could be constructed using steel plates in a manner that allows 
owner/operators to easily change the outlet configuration to improve basin performance if 
necessary. 
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Figure F-1.  Generalized Configuration of Flow Duration Basin 

 

 

Figure F-2.  Generalized Configuration of Orifice-Type Outlet Structure 
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DETERMINATION OF ALLOWABLE LOW FLOW DISCHARGE, QCP 

The critical flow of a stream (Qc) is defined as the flow that produces the critical shear stress that 
initiates bed movement or erodes the toe of stream banks.  A goal of hydromodification 
management is to control the discharge of the increased flow and volume created by 
development to below Qc, to minimize the potential for increased erosion.  In order for the 
critical flow to be useful to dischargers in design of on-site hydromodification control structures, 
the critical flow in the stream must be partitioned or related to an on-site project-based variable. 
For this purpose, the in-stream critical flow was related to the pre-urban 2-year peak flow in the 
stream. Based on the hydrologic studies of Thompson and Ross Creeks (Chapter 3 of the HMP 
Report), the critical flow was generalized as being approximately 10% of the 2-year peak flow 
under undeveloped land use conditions. 

Using this relationship, the allowable low flow discharge from a flow control structure on a 
project site, Qcp, can be calculated as 10% of the pre-project 2-year peak flow from the site.  In 
computing Qcp, the original condition of the site before development must be considered.  This 
does not imply that the developer is being required to provide flow controls to match pre-
development conditions; rather, it is a means of apportioning the critical flow in a stream to 
individual projects that discharge to that stream, such that cumulative discharges do not exceed 
the critical flow in the stream.   

Qcp can be computed using any standard engineering method for calculating the peak flow for a 
2-year return period storm event.  These include the Rational Method, synthetic design storm 
hydrograph approaches, and continuous simulation model records.  In the Rational Method, the 
equation Q = CiA is used, where discharge (Q) is a function of the drainage area (A), rainfall 
intensity (i), and a runoff coefficient (C). The rainfall intensity can be obtained from local 
agency intensity-duration-frequency curves, using an estimated time of concentration for the 
undeveloped site.  The runoff coefficient should also be selected to represent the undeveloped 
site and can be found in a number of standard engineering references. 

As an example, the allowable low flow discharge for the San Jose Small Site Example (see 
Chapter 6 of the HMP Report and Technical Memorandum #8) was calculated using the Rational 
Method.  The project drainage area (A) for the small site example is equal to 3.6 acres.  The 
runoff coefficient (C) selected for this analysis is equal to 0.36, and is based on the undeveloped, 
pre-urban condition of the project site.  Using a time of concentration of roughly 6 minutes for 
the undeveloped project site, the rainfall intensity (i) for the 2-year event was determined from 
Figure 6 of the County of Santa Clara Drainage Manual (March 1966) to equal 1.5 inches/hour.  
Therefore, the 2-year design discharge for the undeveloped project site is equal to: 

 Q2-yr = CiA = (0.36 * 1.5 * 3.6) = 1.94 cfs 

and 

10% of  Q2-yr =  0.19 cfs 

Therefore,  the design Qcp for the flow-duration-basin sizing analysis of the small site example 
is equal to 0.19 cfs. 
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PROCEDURES FOR SIZING A FLOW DURATION BASIN 
1. Data file preparation 

a. Need long-term (~25-50 years) stormwater runoff records for pre- and post- 
development conditions.  These are generated using hydrologic programs, such as HEC-
HMS, SWMM, and HSPF.  Input to these programs is a long-term precipitation record 
(generally in hours although 15 minute data could be used), project area and 
development information, and soils information, to produce a long-term continuous 
runoff record.   

2. Compute Pre- and Post- Flow Duration Curves 
a. For each of the runoff records, develop a histogram1 and cumulative frequency 

distribution of the hourly runoff values.  Use the post-project record to select histogram 
flow range and bin (interval) increments.  Use consistent increments for the pre-project 
flow histogram and the post-project with control measures in place histogram.   

b. When generating the cumulative frequency distribution it is preferable to begin the count 
with the largest flow bin proceeding downwards to the smallest value.  The cumulative 
frequency distribution is the flow duration curve.   

3. Select Initial Estimates for Basin 
a. Area:  set the starting area at ~2% to 7% of the catchment area.  FD basins in catchments 

with clay soils are about 2%, while basin collecting runoff from sandy soils can be up to 
7%.  This seems to be a reasonable starting point.   

b. Depth:  range from 2 to 10 feet.  The storage of the basin will be determined from the 
iterative analysis; however, local jurisdictions may have limitations on depth of a basin.  
Shallow depths may be preferred for multi-purpose facilities.   

4. Select Initial Estimate for Outlet Structure 
a. Start with ONLY a bottom orifice, which is sized to discharge at a maximum rate equal 

to the critical flow rate (Qcp = 10% of pre-project 2-year peak flow) when the basin is 
full.  The volume of the initial FD basin can be approximated by routing post-project 
flows through this basin with the bottom orifice and weir overflow, and then comparing 
the total number of hours of the resulting FD curve at Qcp to the pre-project curve at this 
flow magnitude.  Adjust the volume of the initial FD basin so that these curves match in 
total number of flow hours at Qcp.  Increasing the basin storage volume moves the FD 
curve to the left.  Decreasing storage volume moves the curve to the right.     

b. After adjusting the basin storage volume, then add one orifice at ¾ of the effective depth 
of the basin.  Set the orifice diameter at 6 inches.  The lowest orifice corresponds to the 
lowest arc of the flow duration curve.   

c. After adjusting the basin storage volume and adding the first orifice, then add a second 
orifice at ⅞ of the effective depth of the basin.  The combined first and second orifice 

                                                 
1 A histogram is a graphical representation of the frequency distribution of a series of data.  The histogram provides 
a visual impression of the shape of the distribution as well as the amount of scatter.  A histogram is developed by 
dividing the range of values in the data set into equal intervals.  The procedure is to count the number of data points 
that fall into each interval, thereby determining the frequency of occurrence of flows with similar magnitudes for 
each interval.   



HMP Report 
 
 
 

Appendix F F-6 FINAL REPORT 
F:\SC46\SC46.31\HMP Mar 05\Final Report\Appendix F_Flow Duration.doc MARCH 2005 

Santa Clara Valley 
Urban Runoff 
Pollution Prevention Program 

corresponds to the second arc of the flow duration curve, and represents the combined 
flows.  

d. Increasing the lower orifice diameter will adjust the slope and curvature of the lowest arc 
of the flow duration curve.  Increasing orifice diameter increases the range of flow 
magnitude that can be discharged through this orifice, which shifts the arc upwards.  
Decreasing orifice diameter reduces the lowest arc. 

e. Increasing or decreasing orifice elevation shifts the transition point between arcs along 
the FD curve.  Increasing the elevation moves the transition point left and upwards, 
while decreasing the elevation moves the point right and downwards.   

f. Increasing storage volume also helps match the curve in the upper high flow range.  In 
most cases, the facility can be sized so that a small amount of overflow occurs during 
infrequent large flows.   

g. Refinements should be made in small increments and performing one change at a time.  
It is best to begin with sizing the storage volume and then adjusting the number/size of 
the lowest orifice to match the lowest part of the FD curve first.  Then proceed upwards 
by adding and adjusting the next highest orifice discharges to match the remaining 
portion of the FD curve.   

5. The range of discharge capacity should approximately match the range of pre-project 
discharge. 
a. Orifice diameters should be selected such that the range of flows, given the range of 

hydraulic head on the orifice, approximates the range of flows discharging from the site 
under pre-project conditions.   

6. Stage-Discharge Relationship 
a. The stage-discharge relationship is defined by the sum of all the outflows from the basin:  

1) discharge by infiltration through the wetted bottom of the basin; 2) discharge through 
a small orifice discharging at the critical flow rate (Qcp); and 3) discharge through the 
outlet structure designed to match the pre-project flow duration curve.   

TEST FOR GOODNESS-OF-FIT 
Matching flow duration curves is the preferred method of hydromodification management to 
protect the beneficial uses of streams. The question addressed in this section is, how close do 
these curves need to match?   

Figure F-3 shows the flow duration curves for the small 12-lot subdivision in San Jose described 
in Section 5.3 of the HMP Report. This figure includes the pre-project, post-project, and post-
project with BMP flow duration curves. Based on this figure, the post-project with BMP curve 
closely matches the pre-project curve for small frequent flows up to 1.5 cfs, than deviates for less 
frequent high flows. Visually this looks like a pretty good match. However, the HMP needs a 
consistent and accurate means to measure the difference and limit deviations above the pre-
project conditions.  

According to the Western Washington flow duration basin sizing guidelines (Washington 
Department of Ecology, 2000), the post-project curve cannot exceed the pre-project curve by 
more than 10%, over no more than 10% of the length of the curve. Deviations less than the pre-
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project condition are allowed and unlimited2. Basins designed with large over control will 
require larger land areas.  

Figure F-4 plots the difference between the pre- and post- cumulative volume, which is simply 
the magnitude of flow for each bin in the histogram times the frequency of that bin, and then 
summed. Flows less than Qcp are not included. The difference is plotted as a percent of the 
cumulative pre-project volume. The figure shows, or expresses, the definition of the goodness-
of-fit in terms of runoff volume. The cumulative post-project runoff volume cannot exceed the 
cumulative pre-project volume by more than 10%, over no more than 10% of the length of the 
curve. Also, the total cumulative runoff volume over the full histogram cannot exceed the pre-
project condition. 

Figure F-3 

San Jose Small 12-lot Residential Example
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Figure F-4 

                                                 
2 Deviations are unlimited with respect to erosion but habitat issues could require limits on too little runoff.  
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REPORTING AND GRAPHICS 
This section describes the recommended reporting information and presentation graphics useful 
for conveying the adequacy of flow duration basin sizing to agencies plan review staff. This 
information includes a table of resulting basin characteristics, histograms of resulting flow 
characteristics, and flow duration curves of resulting flow characteristics.  

TABLE OF BASIN CHARACTERISTICS 
Table 1 below lists the basin characteristic information to be included and presents example 
information for three scenarios. The characteristics presented should include basin volume, area, 
depth, drain time, and discharge modes.  

Table F-1 
Resulting Flow Duration Basin Characteristics 

DESIGN SCENARIOS Basin Characteristics 

Discharge at infiltration 
rate only 

Discharge at infiltration 
rate plus <Qc 

Basin size with roofs 
disconnected 

Basin Volume 
(acre-feet) 

0.11 0.10 0.08 

Basin Size 
(% catchment) 

 2.1%  1.7%  1.3% 

Basin Size 
(%DCIA) 

4.6% 3.7% 2.8% 

Basin Depth (feet) 1.75 ft 2.25 ft 2.5 ft 
Drain time (days) 3.7 days <1 day 3.6 days 
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Qc (cfs) 0 0.1 cfs 0 
Infiltration Rate 
(loss through wetted 
bottom, cfs) 

0.2 in/hr 0.2 in/hr 

(0.01 cfs) 

0.2 in/hr 

Outlet type and 
dimensions (inches) 

Orifice: 3 to 6-inches Orifice: 3 to 6-inches Orifice: 3 to 6-inches 

 

HISTOGRAM SHOWING PRE-PROJECT, POST-PROJECT, AND POST-PROJECT WITH 
BMP RESULTS  
Figure F-5 presents the resulting histograms using the 716 acre Thompson Creek example. The 
histograms for pre-project, post-project and post-project with BMPs are shown. The frequency 
scale is shown as logarithmic to highlight the differences throughout the flow bin scale, 
otherwise the differences at the high flow end would be hard to observe.  
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Figure F-5. Histogram of Discharge from the 716 Acre Test Subcatchment 

 

FLOW DURATION CURVES SHOWING PRE-PROJECT, POST-PROJECT AND POST-
PROJECT WITH BMP  
Figure F-6 presents the resulting flow duration curves for the same Thompson Creek example. 
The flow duration curves for pre-project, post-project and post-project with BMPs are shown. 
The frequency scale is shown as logarithmic to highlight the differences throughout the flow bin 
scale; otherwise the differences at the high flow end would be hard to observe.  
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Upper Thompson Creek
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Figure F-6. Example Flow Duration Curves  

 

OUTLET DESIGN FOR THE PURPOSE OF MATCHING FLOW-DURATION 

The following addresses a number of detention basin outlet design considerations as they pertain 
to the goal of matching pre- and post-project flow-duration distributions. 

Comparison of Multi-tier Rectangular Weir and Circular Orifice Outlet Designs 
In an effort to identify significant outlet design criteria for matching pre- and post-project flow-
duration, the relative performance of two outlet configurations was considered: a 3-tier 
rectangular, sharp-crested weir, and an outlet consisting of three tiers of circular orifices. Each 
outlet was assumed to discharge flows from a detention basin 1200 feet long by 1000 feet wide, 
with a maximum depth of 4 feet and 3:1 side slopes. Infiltration rates through the bottom of the 
wetted surface of the basin were assumed to be 0.2 in/hr. Downstream discharges for each outlet 
were calculated from a 50-year continuous rainfall time-series, input to a runoff-storage-
discharge model. 

Figure F-7 shows the general design of the multi-tiered rectangular weir and circular orifice 
outlets analyzed.  
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b) circular 
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Figure F-7: 3-Tier Sharp-Crested Rectangular Weir (A) and Circular Orifice (B) Outlet Designs 

 

The cumulative flow-duration distribution calculated for a 50-year continuous runoff-storage-
discharge simulation of each outlet design is plotted in Figure F-8 alongside the flow-duration 
curves for the modeled pre-project catchment, post-project without flow control, and the critical 
discharge threshold (Qcp) (2.4 cfs in this simulation). 
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Figure F-8. Flow Duration Control Results 

 
The 3-tier rectangular weir appears to provide a closer match to the pre-project flow-duration 
curve than the 3-tier circular orifice design, particularly for discharges of approximately 30 cfs or 
less, which constitute 96% of the pre-project flow duration. While both the rectangular and 
circular orifice simulations fail to match the pre-project curve above 43 cfs, flows of this 
magnitude represent roughly 1% of the modeled flow duration. If more time were invested, the 
the orifice design could be improved to achieve a closer match.  

The relative performance of the rectangular weir as compared to the circular orifice design is 
more evident when Figure F-8 is re-plotted on a log-log scale, as provided in Figure F-9. 
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Figure F-9. Flow Duration Curve Results – Log-Log Scale 

 

The expanded scale highlights the difference in curve shape between the rectangular and the 
circular orifice outlet designs. The multi-stage rectangular outlet closely follows the smooth, 
convex shape of the pre-project curve, with the exception of large, low-duration flows (Q > 43 
cfs) and flows less than the designated “Critical Discharge”. In contrast, the circular orifice outlet 
curve meanders about the pre-project curve, resulting in a significant proportion of duration 
where post-project flows are greater than those modeled for the pre-project conditions. 

Comparison of the respective stage-discharge curves for each of the two designs, as shown in 
Figure F-10, illustrates the critical difference. For each tier of the circular orifice outlet, the 
stage-discharge relationship is convex, whereas the rectangular outlet yields a smoother, 
approximately concave curve, as is desired to match the pre-project flow-duration. 
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Figure F-10. Stage-Discharge Curves 

 
In summary, these results suggest that an “ideal” outlet design in terms of matching flow-
duration is similar to the multi-tier rectangular weir analyzed here, but with smooth, curved sides 
as shown in Figure F-11, rather than a stepped design. It is assumed that a power equation could 
be derived for such an outlet, thereby facilitating design and sizing calculations.  
 
 

 
Figure F-11.Continuous curve outlet design 
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Alternative Outlet Designs 
The outlet designs compared in this analysis represent only two possible 
configurations. Figure F-12 displays several additional conceptual 
designs. The actual performance of these configurations was not 
analyzed here. However, the performance of these designs can be easily 
evaluated by looking at stage-discharge curves for any proposed design. 

 
 
  

a) perforated plate or pipe 

 
 
 
 
or 

b) circular orifice/rectangular weir 
combination  

c) v-notch/trapezoidal weir 
combination  

 
Figure F-12. Alternative outlet designs 

 

Possible outlet configurations vary in terms of complexity of design and construction, and in 
suitability for matching flow-duration. Of the three above, the perforated outlets (6a) offer the 
greatest flexibility, as essentially any number of orifices of varying diameter may be used to 
achieve the desired stage-discharge relationship; however this design is difficult to construct 
properly. The other two designs combine different outlet shapes to develop this relationship. 
Based on results from the 3-tier rectangular weir analysis, it is presumed that the performance of 
these alternative methods is associated with how well they approximate the shape of the design 
in Figure F-11 and a smooth concave stage-discharge relationship. 

Limitations on Three Stage Outlet Design 
In order to achieve acceptable matching of the pre- and post-project flow duration curves at low, 
high-duration flows (e.g. < 4 cfs) in this analysis, it was necessary to significantly constrict the 
size of the lowermost tier (6” at most for L1 of the rectangular weir, 6.75” diameter for the 
circular orifice outlet)i. Such a small low-flow outlet size exposes the structure to a heightened 
risk of clogging. It is presumed that such an issue arises with any relevant outlet design – 
namely, that to match the very low, high duration pre-project flows, a blockage-prone low-flow 
outlet is required, and will be part of any design configuration.  

A possible solution is to employ an outlet design that is not prone to clogging by incorporating a 
filtration component for low flow in order to screen out small debris. For example, flows could 
pass through a high flow rate (large diameter) perforated vertical riser embedded in crushed 
stone and filter fabric before discharging through the outlet control (e.g. multi-stage weir or 
series of orifices). 
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DATA AND RESOURCE REQUIREMENTS 
The primary data requirements for flow duration basin sizing are long term flow records from the 
project site, representing pre-project and post-project conditions.   The post-project flow record 
is then routed through hydraulic modeling software (e.g. SWMM, HEC-RAS), which 
approximates the effect of a flow duration basin, represented as a stage-storage-discharge curve, 
in order to match the pre-project condition.  
 
The long term precipitation records and watershed hydrologic characteristics, used to create the 
necessary flow records through the application of hydrology modeling software (e.g. HEC-HMS, 
SWMM, HSPF), are also required.     
 
 
 
                                                 
i A secondary issue which arises is that the standard sharp-crested rectangular weir discharge equations break down 
when applied to very narrow crest lengths under high hydraulic head. To account for minor energy losses at the 
contraction of the weir crest, the “effective” length of each stage crest (L) is calculated as follows: 

 
Le = L – 0.1nH 

 
where:  Le = effective length of weir crest (ft) 

L = measured length of weir crest (ft) 
n = number of contractions (2) 

    H = head above crest (ft) 
 
From this equation, the effective length of L1 goes to zero when the head above the crest is 5 times the measured 
crest length, resulting in zero discharge when calculated from the standard equation for a sharp-crested rectangular 
weir. 

 
Q = C Le H3/2 
 where:  Q = discharge (cfs) 
   C = discharge coefficient, C = 3.27 + 0.4 (H/P) 
 

This yields an unsatisfactory result for this stage of the weir. 
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Appendix G 
 

Supplemental Data on Exempt Channels 
 

 

Introduction 

Per Permit Provision C.3.f.ii., projects located within areas that drain to stream channel segments 
that are unlikely to erode or experience other impacts from increased flows are exempt from 
HMP requirements. Chapter 5 of the HMP Report provides a description of project exemptions 
based on the condition of the channels to which they discharge. Channel segments and tributary 
catchment areas considered exempt from HMP requirements are shown on Figure 5-1. There are 
four criteria for project exemption based on channel condition: 

1. Project area drains to a stream channel within the tidally influenced area. 
2. Project area drains to an non-earthen stream channel that is hardened on three sides and 

extends continuously upstream from the tidally influenced area. 
3. Project drains to Sunnyvale East or West Channels 
4. Project drains to an underground storm drain that discharges directly to San Francisco 

Bay. 

This appendix provides additional information supporting exemption of projects under Criteria 2 
and 3 above. 

1. Project area drains to a non-earthen stream channel that is hardened on three sides and 
extends continuously upstream from the tidally influenced area. 

Stream channels that have already been hardened on all sides are not susceptible to erosion. 
Permit Provision C.3.f.ii states that channels that are continuously hardened downstream to their 
outfall to the Bay are exempt from HMP controls. Intermittent hardened segments further 
upstream that discharge to a non-hardened segment are not exempt. 

The designation of hardened channel segments on Figure 5-1 is based on the following data 
sources. The SCVWD’s Water Ways Management Model (WWMM) is the primary available 
information source for channel type and channel material. Specifically, information about 
channel materials contained in attributes that describe channel bottom and channel sides was 
used (e.g., concrete, gabion, or rock). For stream segments that did not contain information on 
channel materials, the channel type attribute was used to identify hardness of channels. Analysis 
of the data showed that certain channel types were typically hardened on all three sides (i.e., 
occurred for more than 90% of the records). These channel types included culverts (e.g., box, 
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pipe) and concrete channels (e.g., trapezoidal and rectangular). Where these channel types had 
no channel material information, they were assumed to be hardened on all three sides. 

In addition, six non-hardened channel segments were considered exempt because they were 
either 1) low gradient channels (within 0.5 miles upstream of a tidal area) and had hardened 
channel segments above them, or 2) less than 1,000 feet in length and had hardened channel 
segments above and below them. These segments are listed in Table G-1 below and their 
location identified on Figure G-1. 
 
Table G-1. Characteristics of non-hardened channel segments identified as exempt  

 
Segment 
Number 

Creek 
Name 

Segment 
Length 
(feet) 

Channel Type Exemption 
Criteria 

Length of 
hardened 
channel above 
segment (mi.) 

1 Permanente  1,400 Levee/earth excavated Low gradient 2.45 

2 Calabazas  3,250 Levee  Low gradient 6.94 

3 San Tomas 2,395 Gabion sides (earth 
bottom) 

Low gradient 9.85 

4 San Tomas 919 Rock sides (earth bottom) Short section below 
long section of 

hardened channel 

9.77 

5 San Tomas 295 Rock sides (earth bottom) Short section below 
long section of 

hardened channel 

8.79 

6 Smith  659 Excavated earth Short section below 
long section of 

hardened channel 

1.19 
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2. Project drains to Sunnyvale East or West Channels 
The Sunnyvale East and West Flood Control Channels and areas draining to them are considered 
exempt from HMP requirements. These channels were constructed by the Water District in 1964-
1967 and 1959, respectively, to provide drainage for a large area of Sunnyvale between Stevens 
Creek and Calabazas Creek, where natural channels did not historically exist. 

Additional information supporting the exemption of projects draining to Sunnyvale East and 
West Channels from HMP requirements is presented below. 

Purpose and History of Construction 

In the early days of Sunnyvale, rainfall and resulting storm water would naturally drain to either 
Stevens Creek or Calabazas Creek. With the ground surface subsidence in the northern portion of 
the City that occurred from artesian wells and groundwater well pumping for agriculture in the 
early 1900's to 1950 time period, the natural surface drainage pattern was disrupted. The City 
began importing water from the Hetch Hetchy system in 1952 to help reduce the potential for 
additional subsidence and provide a reliable water source for the community.1 

In December 1955, a significant flood occurred in the areas between Calabazas Creek and 
Stevens Creek that inundated the northern portions of Sunnyvale. This was partly due to the eight 
to ten feet surface subsidence of land in the northern part of the City, where the creek mouths for 
Calabazas and Stevens Creek were below the normal Bay tide level. 2   There was also a lack of 
adequate drainage outlets to the Bay in the central portion of Sunnyvale as the dikes of the salt 
ponds (owned by the Leslie Salt Company at that time) held the runoff behind them until low 
tides let the water drain into the Bay. 

About 1955,  the Santa Clara County Flood Control and Water Conservation District (now the 
SCVWD) established the North Central Zone for flood protection that included the cities of 
Santa Clara, Sunnyvale, Saratoga, Cupertino, and parts of Los Gatos and San Jose. The "natural" 
creeks listed for this area at that time were Saratoga, Calabazas, and San Tomas Aquino. The 
District decided at that time that two artificial channels should be constructed to provide drainage 
for a significant portion of Sunnyvale between Calabazas Creek and Stevens Creek to help 
prevent flooding. These are now the Sunnyvale West and Sunnyvale East Channels, which 
empty into the Moffett Channel and Guadalupe Slough, respectively. 3  

Channel Construction 

Sunnyvale East and West Channels were constructed as storm water conveyances and were not 
natural creeks that have been modified to deal with storm water flow impacts (such as Calabazas 
Creek).  

Sunnyvale West is constructed of compacted earthen fill from its connection to the Moffett 
Channel to the Mathilda Avenue Crossing. Reinforced concrete box culverts occur at each road 
crossing. South of the Highway 101 crossing, the channel is contained in a 78-inch reinforced 
concrete pipe until it meets the extent of the SCVWD jurisdiction at the Mathilda Avenue 
crossing. The excavated channel has a bottom width ranging from 3.0 to 3.5 feet with side slopes 
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of 2:1 or 1.5:1 respectively.5  The channel is 3.2 miles in length and drains approximately 4.1 
square miles of the City.9  

Sunnyvale East was constructed in an almost straight line that extends from the northernmost 
border of the City on the Guadalupe Slough to its southern border with the City of Cupertino. It 
is 6.4 miles in length and drains approximately 6.35 square miles of the City.8 It is also 
constructed with alternating stretches of compacted earthen dikes  and reinforced box culverts at 
road crossings. The excavated areas have channel bottom widths ranging from 35 feet at its entry 
into the Guadalupe Slough to 4 feet at its start and have side slope ratios from 2:1 to 1.5:1. There 
is an extensive underground portion (box culvert) containing Sunnyvale East in the El Camino 
Real (Highway 82) area and it is enclosed in a 72” concrete pipe in the southernmost section 
adjoining the Junipero Serra channel next to Highway 280.5  The Junipero Serra Channel (in 
Cupertino) discharges into Calabazas Creek. 

Construction for Sunnyvale West was initiated by the SCVWD in 1959 from Highway 101 to the 
Moffett Channel. Extensions of the channel to Maude Avenue from Highway 101 started in 
1964. Construction of Sunnyvale East from the Guadalupe Slough to Highway 101 began in 
1964, as well. The Channel was extended from Highway 101 to Highway 280 in 1967.6 

Impacts of Tidal Influence 

Both Sunnyvale East and Sunnyvale West have significant areas of tidal influence in their 
northern sections. Tidal influence in Sunnyvale East extends south of Highway 237 to the 
Tasman Drive crossing. Tidal influence in Sunnyvale West extends to the Bordeaux Avenue 
crossing, less than 1,000 ft before the channel enters a box culvert that extends under Mathilda 
Avenue and into Moffett Field.4  

According to SCVWD staff , most of the sediment removal that is done in both channels occurs 
in the areas of tidal influence.7  The fine bay muds enter the channels on the tidal prism and 
deposit in the northern portions of the channels. Since most areas of Sunnyvale are relatively flat 
and there is not enough year-round flow to prevent the sediment from depositing in the tidally 
influenced areas, most of the dredging work done as a part of channel maintenance occurs in 
these areas. 

Beneficial Uses Listed for Sunnyvale East and Sunnyvale West Channels 

Neither Sunnyvale East nor Sunnyvale West have beneficial uses listed in the 1995 Dan 
Francisco Bay Basin Plan or amendments included since that time.8 

Restoration Potential 

Since the main purpose of these channels is water conveyance during both dry weather and wet 
weather flows as a part of the Santa Clara Basin’s flood control system, it is extremely unlikely 
that they would be “filled in” to restore them to the state that areas were in prior to their 
construction. In order to maintain their flood conveyance function, the SCVWD does not allow 
for trees to be planted on levees unless additional fill is placed against the levee.10  Maintenance 
of the levees by the SCVWD includes removal of burrowing animal species and vegetation that 
could undermine the structural integrity of the levee system. 
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Based on the requirements described above for the channels, the restoration potential is low and 
would relate not to habitat restoration, but to structural restoration, as the channels were not 
natural creeks. Significant amounts of money would need to be spent  to increase habitat that 
could (at some point in time) lead to the support beneficial uses. (Again, no beneficial uses are 
listed for these channels in the Basin Plan.)  Limited restoration funds that are available would be 
better spent on work in other natural streams in the area (e.g., Stevens Creek or Calabazas Creek) 
to protect or restore critical habitat. 

Erosion and Sediment Removal History 

As stated above, most of the sediment removal in the two channels is done in response to 
sediments depositing in the areas impacted by the tidal prisms at the northern outfalls. 

However, some erosion has occurred in the levees and channel access roads over time, and the 
SCVWD has conducted maintenance on them. In July 2004, the SCVWD completed a bank 
maintenance project on Sunnyvale East Channel from the Central Expressway to Iris Avenue, 
just north of the El Camino Real (Highway 87) crossing. This area is in the central portion of the 
City and has been fully developed for a long time (almost 40 years). Failure of some sackcrete-
reinforced banks had occurred as well as some erosion of the earthen banks and levees. Existing 
concrete rubble was being replaced with rock.11 

Based on discussions with SCVWD staff, the last time any maintenance was done in this area 
occurred over 5 years ago.11  The soils in the drainage channel consist of fine clay muds that 
easily erode. Some of the erosion was due to overshelving from the top of the bank. There are 
continuous groundwater flows seeping into the channel in this area, making it difficult to dewater 
and make repairs.  

Based on this information, it appears that some erosion of the fine mud sediment has occurred, 
but has not caused adverse impacts to beneficial uses, since no beneficial uses are listed in the 
1995 Basin Plan for this Channel.  

Potential for Increased Flows to Channels from New and Redevelopment Projects 

The potential for new development (or significant redevelopment) that will add additional 
impervious surfaces to either the Sunnyvale East or Sunnyvale West Channels is very limited. 
The City is over 97% built out and has less than 30 acres of currently undeveloped land in the 
entire City available for new development.12   

Based on the general trends for new development and redevelopment observed over the past two 
years, more landscaping and “pervious” areas are being added to projects in response to the 
requirements for stormwater treatment prior to discharge to the storm water conveyance 
system.13    

Provision C.3.f.ii allows for exemptions from HMP requirements in highly developed 
watersheds, and the areas draining into both Sunnyvale East and West Channels are “highly 
developed” (i.e. greater than 95% built out). 
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List of Figures: 

 

Figure 3-1:  Cross-section survey at YB1-4.  A tape was stretched between two pins to measure the channel 
dimensions, bed material, bank material, vegetation, roughness and other characteristics were 
described. 

Figure 3-2:  Lower Silver – Thompson Creek Subwatershed Geomorphic Reaches: Locations and Descriptions 

Figure R3-2: Linear bench that is prevalent throughout Geomorphic Reaches A and C, shown here at cross-
section RC-2, Ross Creek. 

Figure S3-2: Cross-section ST-3 was ranked as a “low-erosion” site, San Tomas Creek. 

Figure 3-3: Lower Silver – Thompson Creek Subwatershed Stream Segments, SCVWD Problem Sites and 
Cross-section Locations 

Figure R3-3: Actively eroding channel banks characteristic of Geomorphic Reach B, looking across cross-
section RC-3, Ross Creek. 

Figure S3-3: Boulders in channel bed at cross-section ST-12, San Tomas Creek. 

Figure 3-4: Photo showing a large grade control structure in Segment TC1.  Note the exposed clay-silt 
hardpan just down stream form the structure. 

Figure R3-4: One of several grade control structures located in Geomorphic Reach C, this one is located 
upstream from Camden Road and downstream from cross-section RC-4, Ross Creek. 

Figure 3-5: Photo of the bank material in Segment TC1, near cross-section TC1-3.  Note that the lower unit in 
the bank erodes more easily than the upper layer. 

Figure R3-5: Large trees are present along the banks of Ross Creek in Geomorphic Reach D. 

Figure 3-6: The upper portion of segment TC2 shows less incision than below Aborn Road.  The banks are 
stabilized by tree roots and blackberries, though some bank erosion is still occurring (Photo taken 
at cross-section TC2-9). 

Figure R3-6: Channel bank widening leaving tree roots exposed at cross-section RC-8 in Geomorphic Reach E, 
Ross Creek. 

Figure 3-7:  Segment TC3 is similar to Segment TC2, but with slightly more incision. 

Figure R3-7: Upper portion of East Ross Creek, Geomorphic Reach F. 

Figure 3-8: Photo at cross-section TC5-5.  Note the dense vegetation, relatively straight channel, and exposed 
root mat near water level. 

Figure 3-9: Photo showing contact between cohesive clayey silt (bottom of bank) and non-cohesive clayey 
sand and gravel (upper portion of bank).  Note that the upper portion of the bank is partially 
slumped. 

Figure 3-10: Photo of deeply incised portion of Yerba Buena Creek at cross-section YB1-6.  The creek has 
incised well below the majority of the roots in the bank. 

Figure 3-11: Ross Creek Subwatershed Geomorphic Reaches: Locations and Descriptions 

Figure 3-12: Ross Creek Subwatershed SCVWD Problem Sites and Cross Section Locations 

Figure 3-13: San Tomas Creek Subwatershed SCVWD Problem Sites and Cross Section Locations 

Figure 4-1: Drainage Area Delineation of Thompson Creek Watershed. 

Figure 4-2: Drainage Area Delineation of Ross Creek Watershed 

Figure 4-3: Drainage Area Delineation of San Tomas Creek Watershed 
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Figure 4-4: Soil Classifications for the Thompson Creek Watershed. 

Figure 4-5: Soil Classifications for the Ross Creek Watershed 

Figure 4-6: Soil Classifications for the San Tomas Creek Watershed 

Figure 4-7: Existing Land Use for the Thompson Creek Watershed 

Figure 4-8: Existing Land Use for the Ross Creek Watershed 

Figure 4-9: Existing Land Use for the San Tomas Creek Watershed 

Figure 4-10: Schematic of HEC-HMS Soil Moisture Accounting Model. 

Figure 4-11: Mean Annual Precipitation in Vicinity of Thompson and Ross Creek Watersheds, With Location 
of San Jose Airport Gage. 

Figure 4-12: Flood Frequency for Thompson Creek Junction J-5 Using Continuous Model Results. 

Figure 4-13: Flood Frequency for Thompson Creek Junction J-12 Using Continuous Model Results. 

Figure 4-14: Thompson Creek Peak Flow Frequency Analysis:  Monthly and Annual Recurrence Intervals at 
Location J-5. 

Figure 4-15: Thompson Creek Peak Flow Frequency Analysis:  Monthly and Annual Recurrence Intervals at 
Location J-12. 

Figure 4-16: Percent Flow Increase at Thompson Creek Location J-5. 

Figure 4-17: Percent Flow Increase at Thompson Creek Location J-12. 

Figure 4-18: Thompson Creek Spring 2003 Precipitation. 

Figure 4-19: Cumulative Volume of Discharge – Thompson Creek at Quimby Road. 

Figure 4-20: Cumulative Volume of Discharge – Yerba Buena Creek Watershed. 

Figure 4-21: Event Volume Comparisons – Thompson Creek at Quimby Road. 

Figure 4-22: Event Volume Comparisons – Yerba Buena Creek Watershed. 

Figure 4-23: Thompson Creek Peak Discharge Recurrence Intervals, Event-Based Model at Junction J-5. 

Figure 4-24: Thompson Creek Peak Discharge Recurrence Intervals, Event-Based Model at Junction J-12. 

Figure 4-25: Thompson Creek Flood Frequency, Event-Based Model Results at Junction J-9. 

Figure 4-26: Thompson Creek Flood Frequency, Event-Based Model Results at Junction J-10. 

Figure 4-27: Thompson Creek Flood Frequency, Event-Based Model Results at Junction J-11. 

Figure 4-28: Thompson Creek Flood Frequency, Event-Based Model Results at Cross-Section YB-7. 

Figure 4-29: Thompson Creek Event-Based Storm Hydrographs at Junction J-3 for 2-Yr, 5-Yr and 10-Yr 
Events Using Pre-Urban, Existing and Future Land Use Conditions. 

Figure 4-30: Thompson Creek Event-Based Storm Hydrographs at Junction J-3 for 25-Yr, 50-Yr and 100-Yr 
Events Using Pre-Urban, Existing and Future Land Use Conditions. 

Figure 4-31: Thompson Creek Event-Based Storm Hydrographs at Junction J-12 for 2-Yr, 5-Yr and 10-Yr 
Events Using Pre-Urban, Existing and Future Land Use Conditions. 

Figure 4-32: Thompson Creek Event-Based Storm Hydrographs at Junction J-12 for 25-Yr, 50-Yr and 100-Yr 
Events Using Pre-Urban, Existing and Future Land Use Conditions. 

Figure 4-33: Flood Frequency for Ross Creek Junction J-5 Using Continuous Model Results 

Figure 4-34: Flood Frequency for Ross Creek Junction J-1 Using Continuous Model Results 
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Figure 4-35: Ross Creek Peak Flow Frequency Analysis:  Monthly and Annual Recurrence Intervals at 
Location J-5 

Figure 4-36: Ross Creek Peak Flow Frequency Analysis:  Monthly and Annual Recurrence Intervals at 
Location J-1 

Figure 4-37: Percent Flow Increase at Ross Creek Location J-5 

Figure 4-38: Percent Flow Increase at Ross Creek Location J-1 

Figure 4-39: Pre-Development Calibration Hydrographs for Gage 21 and Model Junction J-5 

Figure 4-40: Pre-Development Calibration Hydrographs for Gage 51 and Model Junction J-1 

Figure 4-41: Existing Calibration Hydrographs for Gage 21 and Model Junction J-5 

Figure 4-42: Existing Calibration Hydrographs for Gage 51 and Model Junction J-1 

Figure 5-1T: Areas and Percent Imperviousness for Sub-catchments Draining to Cross Section and Junctions in 
Thompson Creek  

Figure 5-1R: Areas and Percent Imperviousness for Sub-catchments Draining to Cross Section and Junctions in 
Ross Creek  

Figure 5-2T: Effective Work Curves for Pre-Urban Watershed Conditions for Thompson Creek 

Figure 5-2A: Effective Work Curves for Existing Watershed Conditions for Ross Creek 

Figure 5-2B: Cumulative Work Curves for Pre-urban, Existing, and Future Watershed Conditions for Ross 
Creek 

Figure 5-3T: Effective Work Curves for Pre-urban, Existing, and Future Watershed Conditions for Thompson 
Creek 

Figure 5-3: Effective Work Curves for Pre-urban, Existing, and Future Watershed Conditions for East Ross 
Creek 

Figure 5-4: Effective Work Curves for Pre-urban, Existing, and Future Watershed Conditions for RC-1 and 
RC-2 

Figure 5-5: Total Effective Work Index (W) for Thompson Creek 

Figure 5-6: Total Effective Work Index (W) for Ross Creek 

Figure 5-7: Erosion Potential Chart for Thompson Creek 

Figure 5-8: Erosion Potential Chart for Ross Creek 

Figure 5-8s: Erosion Potential Chart for San Tomas Creek 

Figure 5-9: Probability Curve of the Erosion Potential for the Pooled Data of Ross Creek, San Tomas Creek, 
and Thompson Creek 
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3 Field Geomorphic Assessment 

3.1 Overview  

A field geomorphic assessment was completed for the subwatersheds of Thompson, Ross and San Tomas Creeks as 
part of development of Hydromodification Management requirements.  Conducting a geomorphic assessment is a 
critical step toward understanding the hydrologic and geomorphic processes that influence channel stability within 
an urbanizing watershed.  The historic assessment and geomorphic field work conducted for this study provide the 
foundation for evaluating how past hydrology1 has changed, how modified flow pathways have affected channel 
form and stability, and what this information means in terms of how the system might be managed to create an 
ultimately stable channel. 

The geomorphic assessment complements and supplements information addressed by hydrologic models of storm 
runoff and stability assessment, and it helps in the interpretation of what the models mean in different stream 
systems.     

This chapter describes:  

• Previous work that guided the creation of a geomorphic assessment program 

• The scales at which the geomorphic assessment was conducted (the identification of geomorphic reaches and 
hydrographic segments)   

• Methods used to conduct the geomorphic assessment 

• Results and discussion of the field surveys 

• Subwatershed comparison 

3.2  Previous Work 

Several studies and reference items guided the geomorphic assessment and provided a strong framework for setting 
up and interpreting the results of the field survey:  

• Santa Clara Valley Water District’s Yellow Book2  

• Information from the SCVWD maintenance crew on stream conditions, such as the location and extent of bank 
erosion 

• Design drawings for Ross Creek channel modification from 1955 and 1957 generated by the Santa Clara 
County Flood Control and Water Conservation District 

• Historical USGS topographic maps: 

a. San Jose quadrangle – 1899, 1943, 1953, 1961 

b. Mt. Hamilton quadrangle – 1897, 1943, 1947 

                                                 
1 In this usage, hydrology is taken to be the flow conditions affecting channel stability, with emphasis on the 
magnitude and duration of storm-flow events, but also including consideration of sediment and large-wood transport 
from upstream, channel-disturbing episodic events, and the droughts which may have affected riparian vegetation 
sufficiently to be geomorphically significant. 

2 The Santa Clara Valley Water District Maps of Flood Control Facilities and Limits of 1% Flooding (also known as 
the “Yellow Book”) was prepared in June of 1993 by the Flood Control Planning Division and the Engineering 
Services Drafting Section.  It contains maps of all of the creeks within the Santa Clara Valley Basin at a scale of 
1”=1000’.    
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c. Palo Alto quadrangle – 1899, 1961 

d. Los Gatos quadrangle – 1919, 1940 

A consistent set of historical aerial photographs was sought, but not found, during this study. 

3.3 Divisions Used in the Assessment  

Creeks vary longitudinally—that is, from upstream to downstream, both with respect to channel bed and bank 
properties and with respect to the magnitude and duration of flows which act on them.  Both the intrinsic properties 
of channel bed and banks plus the flows acting on them need to be considered when developing a method for 
predicting how future flows will affect the creek.  Therefore, two different channel divisions were utilized for this 
study – geomorphic reaches and hydrographic segments, which explore the intrinsic properties of channel bed and 
banks and flows acting on them respectively.  

3.3.1 Geomorphic Reaches 

The project team distinguished subwatershed-specific geomorphic reaches that characterize each creek based on the 
longitudinal variation of channel bed and bank conditions. Within a given geomorphic reach, broadly-similar 
influences (whether vegetation, geology, topography, level of upstream development, etc. or some combination 
therein) affect channel form and processes in a similar manner.  Sometimes, it is useful to recognize sub-reaches 
within a given reach. 

The geomorphic reaches developed for the studied watersheds should not be interpreted as a regional classification 
system, but rather they were developed for description purposes aimed specifically for the development of the 
hydromodification management requirements.  The identification of geomorphic reaches allows some generalization 
of channel characteristics and easier identification of patterns within specific sub-watersheds.     

3.3.2 Hydrographic Segments 

Hydrographic segments differ from geomorphic reaches in that they define a creek section based on significant flow 
additions, whether it is from tributaries, diversion structures, and/or stormwater outfalls, rather than physical 
characteristics of the channel. Cross-sections located within a common hydrographic segment are characterized as 
having similar discharges. The segmentation reflects important differences in channel-forming flows.   

Hydrographic segments are more fully explored and utilized in Chapters 4 and 5.   

3.4 Work Conducted 

The geomorphic field work consisted of taking a set of qualitative and quantitative measurements at multiple cross-
sections along Thompson, Ross, and San Tomas Creeks.  Data collected at these cross-sections were primarily used 
as input parameters for the stability assessment calculations (discussed in Chapter 5), but were also used to interpret 
and evaluate feasibility of the results of the stability assessment and provide a field-based understanding of the 
studied subwatersheds.  

Cross-sections were selected in each subwatershed to represent both typical “problem sites” and “stable” sections of 
creek that are not experiencing excessive and/or accelerated erosion.  The selected problem sites typically reflected 
larger-scale erosion patterns versus site-specific erosion.   

One of the goals of this study is to evaluate and test the HMP assessment method.  Selecting cross-sections at sites 
that are currently eroding and stable allows us to test if the stability assessment model can differentiate between the 
two conditions.   

3.4.1 Field reconnaissance 

The project team conducted field reconnaissance surveys along the studied creeks during 2002 and 2003.  The site 
visits consisted of walking most of the length of the creeks and noting problem areas, zones of deposition, sediment 
transportation and erosion, in-stream and bankside structures, and other qualitative observations on the geomorphic 
characteristics of the streams.  Also as part of the field reconnaissance, the project team measured depth from 
“hanging” structures (such as pipes and outfalls) to the existing channel bed to obtain a rough estimate of how much 
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incision has occurred at a specific site.  The hanging structures were dated where possible to give a maximum period 
over which incision may have occurred.  

3.4.2 Cross-sectional channel geometry 

Channel geometry is used in the stability assessment model to calculate water depth, velocity and other hydraulic 
parameters.  The project team measured channel geometry at each problem or non-problem (‘stable’) site by 
establishing a cross section that best represents the site.  Each cross-section was monumented using a piece of rebar 
to allow future re-surveying and comparison.   

The project team then measured the following:  

• Cross-section distance (or ‘station’) across the channel (using a tape) 

• Relative elevations of points along the cross-sections (measured using a automatic level and stadia rod) —see 
Figure T3-4 

• All major breaks in slope, with particular focus on top of bank, toe of slope, edge of channel and in-channel 
bars 

3.4.3 Longitudinal profile 

A longitudinal survey of Ross Creek was performed by William Lettis & Associates, Inc.3, on August 4, 5, 7; 
September 16, 17; and October 16 of 2003.  

A TopCon digital laser theodolite total station was used to collect the Northing (N), Easting (E), and Elevation (Z) 
data for the longitudinal survey. The instrument was oriented to north before each survey using an azimuth 
estimated by Brunton compass. Survey data was first collected in an arbitrary Cartesian coordinate system, and later 
tied in to SCVWD benchmark coordinates. 

Surveyed data were translated into State Plane coordinate system (Zone III, NAD 83). This was done by calculating 
the linear difference between the benchmark x, y, and z collected from our survey and the x, y, and z provided by 
the District. In a spreadsheet, the calculated x, y, and z difference (shift) was then applied to other points collected 
during the survey. Following this operation, a rotation was applied to the surveyed data to correct for small 
variations in the estimated north direction used to orient the Top Con instrument. The points were then imported into 
GIS for plotting on a geo-referenced ortho-photograph. The longitudinal profile was then computed and plotted in 
Excel. During the survey, we used the descriptor “GCS” to indicate portions of the Ross Creek channel that had a 
grade control structure installed. We did not note the specific design or estimate an age since installation. These 
points were included in the long profile calculation because they control the local bed elevation and slope, and were 
also added as an additional series on the long profile chart for illustrative purposes. 

A longitudinal profile for San Tomas Creek was not conducted as part of the fieldwork for the HMP and a 
longitudinal profile for Thompson Creek was constructed using engineer surveys from 1968.  

3.4.4 Local channel slopes 

Channel slope for each cross-section was measured using an automatic level, stadia rod, and tape.  The field crews 
measured an elevation upstream and downstream from the cross-section over a distance that varied depending on the 
homogeneity of the site, steepness of the slope, and visibility with the level.  Field-measured channel slopes were 
then compared to regional slopes calculated from existing topographic maps and longitudinal profiles as a way to 
check the reasonableness of field results.   

                                                 
3 The longitudinal survey methods described in Section 3.4.3 for Ross Creek were written by William Lettis & 
Associates and inserted into this report. 
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3.4.5 Channel bank characterization 

The stability of channel banks (the ability of channel banks to resist erosion) depends on several factors, including 
bank material composition and stratigraphy, bank angle, current and former bank vegetation, and subsurface 
conditions.  These parameters were either directly or indirectly (through survey work) described at each cross-
section.   

At each cross-section, the project team characterized the channel banks by describing bank material; sketching bank 
stratigraphy; noting the type and density of bank vegetation (including root structure); and describing the types, 
frequency, and possible causes of bank failures observed at or near the surveyed cross-section.   

3.4.6 Channel bed characterization  

Channel bed material was characterized primarily to help evaluate channel bed and bank response during different 
flow events.  Quantifying the size distribution of bed material allows the use of equations to calculate entrainment 
and bedload transport rates, and as a measure of grain roughness in the channel (Lane, 1948; Kondolf, 1997).  Two 
methods were employed to characterize bed material at Thompson, Ross, and San Tomas Creeks—bed core samples 
and pebble counts.  Both methods are quantitative methods used to characterize the distribution of particle sizes for 
analysis of sediment entrainment and transport.   

Bed core samples were taken using a 6-inch (15-cm.) sediment canister (3-lb. coffee can) to collect the bed material 
sample at a representative location near the cross-section.  The sample characterizes the distribution of sediment size 
in transport at high flows (those able to remove any armoring layer).  Samples were analyzed at Cooper Testing Lab 
in Mountain View, California for particle size distribution (ASTM D-422, w/ #200 wash). 

A pebble count, a random sampling of sediment particle-size on the river bed, was conducted at cross-sections that 
contained sediment too large to be sampled by the bed-core method.  Grains were selected using the zig-zag method 
(modified from Bevenger and King, 1995), measured (along the intermediate axis), and tallied.  These data were 
then used to develop a particle-size distribution.  Results are summarized by a calculated median value, which is the 
size, in millimeters, for which 50 percent of the sample is finer (D-50). 

It is important to note that there is a substantial difference in the way that sample statistics are calculated from the 
two different sampling methods.  Bed-core calculations are based on weight, whereas pebble count calculations are 
based on the proportion of the bed area occupied.  Additionally, the bed-core method integrates the sediment stored 
beneath the bed (also known as ‘bed material’ or ‘bulk bed material’), whereas pebble counts sample only the 
material at the surface (formally known as ‘bed-surface material’), which may be the result of formation of a surface 
layer or ‘armor’.  A substantial body of emerging research suggests that the bed-surface population may be different 
from that just below the surface.  Median size descriptors for the two populations (sampled as described above) are 
used in a number of analytical methods or sediment-transport formulae.  While we recognize that these differences 
exist, we do not quantitatively analyze differences between the surface and subsurface bed material in the particle-
size results; this may not be necessary for the purposes of evaluating overall channel stability. 

3.4.7 Erosion rankings 

Erosion rankings of ‘high’, ‘medium’, or ‘low’ were assigned to each of the cross-sections along Thompson, Ross 
and San Tomas Creeks by Balance geomorphologists.  These rankings were qualitative in nature, which means that 
no absolute numerical standard was applied.  Instead, all factors affecting channel bank and bed stability (channel 
slope, undercut banks, bank slope, type and density of bank vegetation, in-channel obstructions, knickpoints, etc.) 
were combined with the observed extent, estimated age, and magnitude of existing erosion to designate an 
appropriate erosion ranking.   

Channel cross sections that received “high-erosion” rankings typically showed signs of active reach-wide 
undercutting, bank retreat, and/or incision. “Low-erosion” rankings were assigned if the amount of channel erosion 
(bed and bank) noted at the cross-section was minimal and deemed typical of a natural setting.  Therefore, we did 
not classify all erosion as “medium” or “high,” but instead recognized that erosion is a natural process in stream 
systems.  Our goal was to distinguish severe erosion that had occurred at an accelerated rate over an entire reach or 
sub-reach that would indicate a systematic channel response to a watershed disturbance.  Balance field staff also did 
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not select or classify cross-sections manifesting site-specific problems, such as erosion that occurred around an 
individual stormwater outfall, sackcrete bank protection, or grade control structure. 

3.4.8 Photographic record 

A set of photographs was taken at each cross-section from at least three different vantage points; across the cross-
section, upstream from the cross-section, and downstream from the cross-section.  Additional photographs recorded 
features of interest, such as unique or diagnostic bank stratigraphy, failing grade control structures, and areas where 
depths of incision from bridge abutments or pipes were measured. This photographic record illustrates problems 
sites and can also serve as a frame of reference for evaluating the creeks in the future. 

3.5 Results 

This section describes key results of the geomorphic field work along Thompson, Ross and San Tomas Creeks.  The 
creeks are presented in a consistent format for ease of comparison.4   The Thompson Creek measurements were 
completed in early 2003 to aid in the development of the stability assessment model.  The Ross Creek and San 
Tomas Creek work was completed in the late-summer of 2003 to test the model results in different hydrogeomorphic 
regions of the Basin.  For this reason, the Thompson Creek work is the most comprehensive, and work in the Ross 
and San Tomas subwatersheds was simplified to incorporate a wider geographic range of test cross-sections.  

3.5.1 Thompson Creek 

3.5.1.1 Geomorphic reaches 

The project team distinguished ten geomorphic reaches based on the longitudinal variation of channel bed and bank 
conditions along Thompson Creek. The reaches are shown on Figure T3-1 and include seven along the main stem of 
Thompson Creek and three that describe the major tributaries of Thompson Creek.  Within a given reach, broadly-
similar influences (whether vegetation, geology, topography, level of upstream development, etc. or some 
combination therein) affect channel form and processes.  

The primary geomorphic features of the seven reaches along the main stem of Thompson Creek are as follows: 

• Geomorphic Reach A:  Exposed claypan (and/or hardpan) with localized patches of deposition 

• Geomorphic Reach B:  Incised, with severe bank erosion 

• Geomorphic Reach C:  Incised, with a sinuous planform, and bank erosion at bends 

• Geomorphic Reach D:Channel form presently controlled by dense vine vegetation 

• Geomorphic Reach E: Actively incising with bank erosion 

• Geomorphic Reach F: Upper end of urbanization, less disturbed with minimal bank erosion 

• Geomorphic Reach G:Canyon-like channel with landslides 

The three reaches along the tributaries of Thompson Creek are distinguished as follows: 

• Geomorphic Reach H:Actively incising with bank erosion and large knickpoints 

• Geomorphic Reach I: Stable rock- or clay-cut tributary channels 

• Geomorphic Reach J: Engineered channels or storm drains 

Table T3-1 summarizes the geomorphic reaches along Thompson Creek, the key characteristics defining each, and 
how the reaches overlap with the hydrographic segments discussed below.  

                                                 
4 Because of differences in the work scope tailored for each creek, not all information is available for all reaches of 
all creeks. 
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3.5.1.2 Hydrographic segments 

The project team identified six hydrographic segments based on significant flow increases in the downstream 
direction due to confluences with major tributaries (Figure T3-2).   Each hydrographic segment is assumed to have 
similar stream discharges.   

The six hydrographic segments are as follows (listed from downstream to upstream):  

• Segment TC1: Thompson Creek between Norwood Creek and Quimby Creek 

• Segment TC2: Thompson Creek between Quimby Creek and Fowler Creek 

• Segment TC3: Thompson Creek between Fowler Creek and Evergreen Creek 

• Segment TC4: Thompson Creek between Evergreen Creek and the confluence of Yerba Buena Creek 

• Segment TC5: Thompson Creek upstream of Yerba Buena Creek 

• Segment YB1: Yerba Buena Creek 

The results of the geomorphic fieldwork are presented by segment.  As previously noted, Table T3-1 shows how the 
geomorphic reaches overlap with the hydrographic segments.   

3.5.1.3 Field reconnaissance 

The following observations are among those made during the reconnaissance visits:  

• Upper Thompson Creek near the headwaters has very erodible banks, a canyon-like form, and is prone to 
landslides.  The channel banks there are composed primarily of shaley material. 

• During the November 20, 2002 site visit, most of Thompson Creek was dry.  However, portions of the creek 
were wetted due to urban runoff, particularly near subdivisions upstream from the Yerba Buena confluence.   
The entire creek showed signs of having sustained flow during the November 8th storm, even though most of it 
was dry twelve days later; this illustrates the intermittent nature of the stream.  

• Dense blackberry vines cover the banks and overhang into the channel of Thompson Creek near the Yerba 
Buena confluence.  This appears to have a significant effect on channel stability, as well as on flow.  

• Several old grade control structures, outfall structures, and bank protection projects were observed along the 
length of Thompson Creek.  Many of these structures have failed, and “hanging” structures were deemed a 
useful tool to measure approximate depths of incision. 

3.5.1.4 Channel geometry and channel slope 

Channel geometry and slope measurements are summarized in Table T3-2 and described here by segment and cross-
section in the upgradient direction.  The Yerba Buena Creek tributary is described last.  The channel geometry of 
TC1 is generally variable due to continued changes induced by the historical and current channel modifications 
(described in 3.6.1).  Moving upgradient from TC1-1 to TC1-5, channel width increases from 16.8 ft to 25.8 ft and 
depth increases from 4.3 ft to 9.5 ft.  Cross-section TC1-6 widens to 52.0 ft with a depth of 11.5 ft and drastically 
narrows to 11.1 ft and only 3.4 ft deep at TC1-7.  Local channel slopes range over an order of magnitude (0.002 to 
0.017 ft/ft), varying throughout the reach.  

Segment TC2 through TC3 is extremely variable in width and depth.  The channel attains its greatest width and 
depth of 59.4 ft and 13.2 ft, respectively, at TC2-10.  In contrast, at TC3-7, the width and depth are 13.6 ft and 3.6 ft, 
respectively.  Channel slope is generally steep, averaging 0.010 ft/ft through Segment TC2, decreasing to an average 
slope of 0.007 ft/ft through Segment TC3.   

Segment TC5 shows a rapid transition in channel geometry, because the upgradient extent of incision is located 
within this segment.  TC5-1 is characterized with a channel width of 46.1 ft and a depth of 11.9 ft.  Further 
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upgradient the channel width decreases to less than 20 ft, whereas the channel depth ranges between 1.8 and 7.3 ft.  
TC5 is located in the uppermost reach of the Thompson Creek watershed and averages a slope of 0.012 ft/ft.        

The Yerba Buena Creek tributary increases in width from 4.4 ft, at the upper most cross-section, YB1-0, to 27.2 ft at 
its confluence with Thompson Creek.  Channel depth varies along this reach, but ranges from 0.9 ft to 9.4 ft.  The 
slope of the Yerba Buena tributary is generally steeper than the main stem of Thompson Creek, averaging 0.019 
ft/ft. 

3.5.1.5 Bank material 

Channel banks along Thompson and Yerba Buena Creeks are not homogenous; instead, they consist of multiple 
layers with different sedimentological characteristics that vary longitudinally through the subwatershed.   

In general, the project team identified four distinct types of bank material in the Thompson Creek subwatershed: 

• Well-consolidated (or cohesive) laterally-continuous stiff clay/silty clay 

• Moderately soft silty/sandy loam  

• Colluvium (silty loam, not stiff or dense, and often of limited continuity) 

• Alluvial deposits (mixed sands, gravels, some silt and clay) 

A stiff clay or silty clay layer was generally found in the lower portion of the bank, extending upward from one to 
six feet.  The same type of bank material was found exposed on the channel bed in Segments TC1 and TC3.  This 
material varies in color from dark brown to brownish-orange (near TC5-2) and reflects that there are at least two 
units with similar sedimentological composition and erosive resistance, likely deposited at different times 
historically. The cohesive silty clay/stiff clay layer is very resistant to erosion.  

The silty/sandy loam material was found in many cross-sections of the Thompson Creek subwatershed, and varied 
both in compactness and dominance of silt versus sand.  In some cross sections of Segment TC1 the material 
observed as silty/sandy loam might be artificial fill.  Throughout the subwatershed, this layer was usually observed 
in the upper portions of the banks, where it often holds vertical or near vertical angles.  

Colluvial deposits, composed of non-compacted loam, were generally very erodible.  This unit is the least 
continuous of the identified units, as it is found only locally where the creek has cut into slope wash deposited at the 
base of the stream banks.   

Alluvium, former channel bed and bar material, was often observed in the channel banks.  These layers, composed 
of moderately to well-sorted sands and gravels with some silt and clay, often represented the weakest portion of the 
bank. Widespread undercutting often occurred at the contact between these weaker alluvial deposits and more 
resistant silty clay or dense sandy loam layer.   

3.5.1.6 Bed material 

Table T3-3 summarizes the results of the Thompson Creek bed characterization study.  D-50, the sediment size that 
50% of a sample is finer than, ranged from 3.2 to 10.2 millimeters, with the smallest value from the upper portion of 
Segment TC2 and the largest value from upper Yerba Buena Creek. 

D-50 values are quite varied in the upper portion of Segment TC5 (samples from cross-sections TC5-5 through TC5-
7), reflecting the diverse characteristics of this section of TC5.  The low D-50 value at cross-section TC5-7 is 
possibly influenced by debris flow material from the upper subwatershed. 

The D-50 value at cross-section YB1-7 is finer than that at YB1-1.  However, the bedload sample collected near 
YB1-7 during the December 14, 2002 storm (YBSF)5 is more similar to the bed material at YB1-1.  This may be due 
to recent deposition of sand at the lower cross-section since the December 2002 storms, or an historic shift in the 
material being deposited at the cross-section.  

                                                 
5 See methods section for discussion of bedload sampling. 
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The small (micrometer) D-50 numbers in Table T3-3 reflect the high clay and silt content of the cohesive bed 
material that was sampled at select cross-sections in Segment TC1, TC3, and Yerba Buena.  At these cross-sections, 
the claypan was exposed and a grab sample was collected for hydrometer analysis.  Our intention was to evaluate 
whether the cohesive bed material exposed in Segment TC1 was similar to TC3, and how both of these compared to 
the cohesive bed material found along Yerba Buena Creek.  Results indicate that the cohesive bed material collected 
at TC1-3 and TC3-6 are very similar in clay, silt, and sand content, both being primarily composed of silt 
(approximately 45 percent) with a significant clay component (greater than 30 percent).  The Yerba Buena sample 
(taken at YB1-6) contains more sand and less clay than the samples from Segments TC1 and TC3, resulting in a 
slightly higher D-50. 

3.5.1.7 Vegetation 

The vegetation within the Thompson Creek subwatershed consists mainly of grasses, trees (most frequently bays, 
oaks, and some eucalyptus and maples), blackberries, and poison oak.  Some sections of the creek also have a thin 
layer of moss that is partially stabilizing bank slopes. 

Trees and blackberries probably play the most important role in slope stabilization.  In Segment TC4 and the lowest 
portion of Segment TC5 the blackberry vines are so thick that the plants—not the actual banks—define the channel 
dimensions.  In the upper portion of Segment TC1 and throughout Segment TC2, severe bank erosion often stops 
where there are large trees with a deep root structure that stabilizes the banks. In general, vegetation density below 
the top of the banks decreases downstream.  The lower portion of Segment TC5 and the upper portion of Segment 
TC4 have the densest vegetation, with some portions having in-channel vegetation.  The lower portion of Segment 
TC1 has very little vegetation, with only grasses and small trees on the top of the banks. 

Riparian corridor width also decreases downstream.  This affects stream bank stability, because one row of trees 
provides less stability than a gallery or a more developed riparian corridor.  The vegetated banktop riparian corridor 
width is narrowest in Segment TC2, where roads, fences, and parking lots are present at the top of the stream banks. 

3.5.1.8 Erosion Rankings 

Erosion rankings of high, medium, or low were assigned to each of the cross-sections along Thompson Creek.  A 
rank of “stable” was assigned to two upper sections on Thompson Creek and one on Yerba Buena Creek.   

Cross-sections that received an erosion ranking of “high”’ were typically severely incised or actively incising with 
actively eroding banks, either through processes of undercutting, shearing and/or slumping.  Channel banks were 
generally vertical and bare, with vegetation stabilizing only the very tops of the banks.  A few cross-sections 
designated as “high” did not display tall, vertical banks (such as TC5-5) and with brief visual inspection appear in 
relatively good condition; however, recently exposed roots on the channel bed and banks indicate that incision is just 
starting to occur in these cross-sections on a reach wide scale.  Without change in the existing magnitude and 
frequencies of flow, it is likely that these creek sections will experience further incision and bank erosion 
comparable to cross-sections located in older incised portions of the creek that also received “high” designations.   

In total, nine of the thirty-seven cross-sections were assigned a ”high” erosion ranking, with two additional cross-
sections bordering between “medium” and “high.”  Cross-sections with “high” erosion rankings are located 
throughout the Thompson Creek subwatershed, but particularly concentrated in the lower portion of Segment TC5, 
just downstream from some of the most recently-constructed housing.   

Cross-sections were the erosion ranking was designated “low” typically exhibited banks that were either not eroded 
or eroded but now in a stable configuration. Also, ‘low’ cross-sections generally had gentler slopes and denser 
vegetation, and sometimes were located behind grade control structures where the bed had aggraded.  Cross-sections 
ranked as “medium” had characteristics in between those described for “high” and ‘“low.”  Thirteen out of thirty-
seven cross-sections were designated as “medium” and thirteen designated as either “low” or “low” to “medium.” 

The two uppermost cross sections on Thompson Creek (TC5-6 and TC5-7) were assigned a “stable” condition as 
well as YB-0 on Yerba Buena Creek.  Stable conditions are defined in Chapter 5.   
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3.5.1.9 Segment characteristics 

3.1.1.1 Segment TC1 - Thompson Creek between Norwood Creek and Quimby Creek 

Segment TC1 of Thompson Creek (between Quimby and Norwood Creeks) is the most downstream segment of 
Thompson Creek included in the field survey.  This segment has engineered flood control levees on both sides of the 
channel, with significant bank and instream structures.  Based on aerial photographs, it appears that the lower 
portion of Segment TC1, below cross-section S1-6, was straightened sometime prior to 1968. The bed in Segment 
TC1 has incised in the past, leaving raw, vertical banks in many places.  The amount of incision in this segment is at 
least three feet, based on measurements of a former subsurface pipe that is now exposed in the bank; it is unknown 
when major incision began.  The incision has been effectively halted by a claypan layer that now forms the channel 
bed in many portions of the segment.  The clay layer resists erosion; it appears to incise slowly by the process of 
shear and abrasion rather than by knickpoint propagation, as is seen in Yerba Buena Creek and the upper reaches of 
Thompson Creek.   

Currently, grade control structures are modifying the pattern of bed erosion and deposition in Segment TCI, as 
follows:  

• A weir installed at the Quimby Road crossing has generated localized aggradation that extends about 150 feet 
upstream behind the weir.   

• Upstream from the Quimby Road weir, a large sackrete grade control structure has been installed in the channel 
(see Figure T3-5).    

• A series of four boulder cross-vane grade control structures were recently installed in the middle of Segment 
TC1 as part of a channel stabilization/restoration project.  Sediment has already started to accumulate behind 
these structures.   

• In the middle to upper portion of the segment, an old partially destroyed weir is still acting as a small grade 
control structure and creating a zone of localized aggradation.   

Although Segment TC1 has localized zones of aggradation, much of the segment is still experiencing erosion.  Most 
of the active erosion is targeted at the banks, with undercut and slumped banks common features throughout the 
reach.  

Gravel deposits or hard clays make up the bed material throughout Segment TC1.  The gravel often appears as a thin 
veneer in the lower to mid portions of the segment, where the ‘claypan’ is either directly exposed or is covered with 
only three to four inches of gravel.  The depth of mobile material in this segment rarely exceeds 12 inches, and when 
it does, it is usually behind grade control structures such as the Quimby Road weir.  Most of the gravel is fairly 
transient, moving downstream with each significant flow event.  Little to no pool-riffle morphology is found, 
although the bed is slightly more complex at the upper end of the segment. 

The banks are composed primarily of hard clay near the channel bed and a thick silty loam layer (possibly artificial 
fill) extending to the top of bank.  At some sites, sand and silty gravel deposits are interspersed between the hard 
clay and fill material. The weakest layers are these alluvial deposits composed of sand and gravel.  Undercutting 
occurs at the interfaces between the weak sandy gravel and the more resistant clay and fill layers (see Figure T3-6). 

Grasses and small woody vegetation make up most of the bank vegetation along the lower portion of Segment TC1 
near Quimby Road.  Larger trees become more common near the confluence with Quimby Creek.  The deep roots of 
these larger trees aid in stabilizing some of the eroded banks in the upstream portions of Segment TC1. 

3.1.1.2 Segment TC2 - Thompson Creek between Quimby Creek and Fowler Creek 

Segment TC2 (just upstream of segment TC1, between Quimby and Fowler Creeks) can be divided into two sub-
segments based on geomorphic characteristics, with the break at the Aborn Road crossing.  The lower portion of 
TC2 is very similar to the upper portion of TC1 (above TC1-5), with steep banks about ten feet high and many areas 
with vertical, actively eroding faces.  Undercutting and slumping of banks is common in this sub-segment; mature 
trees are growing below the top of the banks, partially stabilizing the banks in some areas. 
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The portion of Segment TC2 above Aborn Road has a slightly higher sinuosity than that downstream.  In general, 
vegetation is denser than in the lower portion of Segment TC2 and, partially because of that, the channel banks are 
more stable (see Figure T3-7).  Several areas with severely eroding banks are present within this section of Segment 
TC2, mostly at outside bends in the creek, though they are not as extensive or as common as those downstream.  
Development (roads, parking lots, fences) in this area is often very close to the top of the stream bank, which makes 
bank stability of particular concern. 

Throughout Segment TC2, the lower portion of the channel banks are typically composed of clayey sand and gravel 
to moderately well-sorted sand and gravel.  Above this is a layer of dense, poorly sorted material about five feet 
thick, probably fill material underlying the surrounding developed areas.  Because the fill has been compacted, it is 
slightly more resistant to erosion than the lower layers; as a result, there is undercutting (up to a foot) below the fill 
layer. 

The bed in the upper portion of Segment TC2 is more complex than segment TC1 and has distinct pools (deeper 
areas) and bar forms, likely due to its meandering planform.  Depth of mobile sediment is generally greater than one 
foot, but is highly variable because of the more complex bed morphology.   

A grade control structure is present at the downstream end of the Aborn Road crossing; the structure arrested any 
downcutting that may have been occurring and probably caused local aggradation upstream from the structure.  
There is also a concrete slab (probably an old bridge crossing) upstream from cross-section TC2-6 that provides a 
grade control for the upper portion of this segment. 

3.1.1.3 Segment TC3 - Thompson Creek between Fowler Creek and Evergreen Creek 

Segment TC3 is very similar morphologically to the upper portion of Segment TC2 and as a segment is fairly 
homogenous in terms of bed and bank characteristics, as well as channel geometry.  Like the upper portion of 
Segment TC2, the channel planform is quite sinuous, exhibiting in places very tight meander bends (see Figure T3-
8).  Severe erosion is occurring at the outside of meander bends where the creek is close to the road, including in 
some sections where the creek is constrained by a retaining wall.  

The bed consists of a mixture of sand, gravel, and some cobbles. The median grain size is mostly fine gravel. The 
bank material throughout the segment consists of a silty pebbly loam or silty clay loam with some embedded 
gravels.  

Segment TC3 is characterized by very dense vegetation, with more shrubs and vines than trees. There is a significant 
amount of debris in the channel, resulting in shifts in flow path direction, scour holes, and bank erosion.  The types 
of debris found in the channel include telephone poles, riprap, old bridge structures, remnants of previous retaining 
walls, and trees.  

3.1.1.4 Segment TC4 - Thompson Creek between Evergreen Creek and Yerba Buena Creek 

Segment TC4 was not included in the field survey because no problem sites identified by SCVWD were located 
there and dense vegetation made access to the segment very difficult. However, based on the project team’s 
familiarity with the upstream and downstream segments, and some observations during early reconnaissance walks, 
it appears that Segment TC4 shares similar qualities with Segment TC3, at least in the lower portion.  Near the 
Yerba Buena confluence, the banks are covered with blackberry vines, as occurs in the downstream-most sections of 
Segment TC5.   

3.1.1.5 Segment TC5 - Thompson Creek upstream of Yerba Buena Creek 

Segment TC5 (located upstream of the Yerba Buena Creek confluence) includes the headwaters of Thompson 
Creek, however the most upstream cross-section surveyed was located at Early Morning Drive (TC5-7), a little over 
two miles upstream of the confluence with Yerba Buena Creek.  Upstream from this cross-section the watershed 
remains relatively undeveloped, with only scattered homes and roads.  

From cross-section TC5-7 to at least cross-section TC5-6 the creek has been relatively unaffected by development 
except where it is crossed by roads.  The banks are well vegetated (mainly with grasses and trees), there has been 
little or no incision, and the banks are stable throughout most of the section.  Some slumping of the banks has 
occurred, primarily where the creek is confined against the valley wall by San Felipe Road. 
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The portion of Segment TC5 just upstream of the bridge crossing near The Villages Parkway subdivision, at cross-
section TC5-5, is characterized by thick vegetation, and a straight channel with a relatively steep local slope.  Bed 
degradation is beginning at this cross-section, as there are many exposed roots and root mats at the base of the 
channel banks and on the stream bed (see Figure T3-9). 

Downstream of cross-section TC5-5 the stream generally shows an increase in incision and bank degradation.  
Between cross-sections TC5-2 and 5-3 is an old bridge crossing dated 1947.  The creek has down-cut about 3.2 feet 
below what looks to be the original base of the abutment (see Table T3-4). 

Several portions of lower Segment TC5 are now underlain by a tan, compact clayey silt, similar to that seen in 
Segments TC1 and TC2.  This has certainly slowed incision, and provides some stability for the lower portions of 
the banks (see Figure T3-10).  

The section of creek just upstream of Yerba Buena is characterized by dense vegetation, mostly blackberries, poison 
oak, and shrubby trees.  In one section, the blackberries were so dense that they seemed to be the primary feature 
channeling high flows, rather than the banks.  Because of this dense vegetation, no cross-sections were surveyed in 
this portion of the segment. 

3.1.1.6 Segment YB1 - Yerba Buena Creek  

Segment YB1 is Yerba Buena Creek, a tributary to Thompson Creek.  The two streams join at the upper end of 
Segment TC4.  Yerba Buena Creek is actively incising throughout most of its length, except for the uppermost 
sections of the creek, above the golf course and the upstream-most urban-area outfalls, and possibly near the 
confluence with Thompson Creek where it is locally aggrading.  

Segment YB1 is one of the most complex and diverse segments in the Thompson Creek subwatershed.  This 
segment has several large knickpoints that divide it into several sub-segments with different geomorphic 
characteristics, especially with respect to channel geometry.  The characteristics of this segment are described from 
upstream to downstream.  

The portion of Yerba Buena Creek upstream of Villa Vista Road is in a fairly stable configuration, with only minor 
bank erosion evident at localized sites.  This section of Yerba Buena Creek is comparable to the upper portions of 
Thompson Creek, described for Segment TC5.  The bed consists of angular to subangular coarse material (mainly 
coarse gravel with some cobbles), and these materials seem to be readily entrainable during high flows.  The upper 
portion of Yerba Buena Creek is not as sinuous as the downstream section.  Most of the banks are composed of the 
pebbly silty loam complex, with the exception of one location where fine-grained sedimentary rock is exposed.  The 
bed slope is gentle and the banks appear stable, although the bed is incising progressively downstream from the first 
outfall.  

The first large knickpoint (with an approximate drop of seven feet) in a series of knickpoints along Yerba Buena 
Creek occurs just downstream from this upper section, approximately 50 feet downstream from the new SCVWD 
sediment sampling and gage site near the upstream end of Villa Vista Road (YBVV).  This knickpoint has 
temporarily stopped migrating upstream due to a sackrete sill built across the channel at the location of an outfall 
structure.  The knickpoint may be associated with additional stormwater runoff from this outfall structure, which is 
located just at the head of the knickpoint.6 

Downstream of Villa Vista Road, another outfall structure with sackrete is being threatened by significant incision.  
Downstream from this incision, the channel recovers back to the shape similar to the more stable upstream reach, 
although wider. At some locations, it is also deeper. In general, the banks average two to three feet. 

Continuing downstream, the channel becomes tightly confined, with deep, vertical banks.  There are two knickpoints 
in the section between Silver Estates Road and Creek Estates Road. The first knickpoint is located between the two 

                                                 
6 During each of the significant rainfall events during water years 2003 and 2004, we repeatedly found discharges of 
more than three cubic feet per second (cfs) emanating from this outfall during rainfall events, while the channel 
upstream remained dry.  Even when it was not raining up to 0.25 cfs of was flowing from the outfall structure. 
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roads. It has a drop of approximately five to six feet. Upstream from this knickpoint, the channel is about six feet 
deep and six feet wide.  Downstream from the knickpoint, the channel is approximately 12 to 15 feet deep. Further 
downstream, immediately after the pedestrian bridge west of Creek Estates Road, there is another knickpoint with a 
drop of approximately eight feet. At this portion of Yerba Buena Creek, near cross-section YB1-5, the channel is 
deeply incised (approximately 20 to 25 feet) and very narrow (see Figure T3-11), and hard clays are exposed on the 
channel bed. This narrow and deep section is relatively short (about 700 feet) and ends downstream of Sunny Creek 
Road.   

Downstream from Sunny Creek Road, the channel reverts to a geometry with five to six feet of depth and 
approximately eight feet of width, and meanders tightly.  Further downstream and immediately upstream of the 
confluence, the channel is wider and the banks are shallower.  

The bed material varies between fine gravel and coarse gravel depending on the sand and cobble content. There is 
significant local supply throughout the segment, with active transport of sediment from the upper watershed to 
downstream portions of the creek.  

The large knickpoints in Yerba Buena Creek will likely continue to propagate upstream and therefore Yerba Buena 
Creek will continue to supply high amounts of sediment to Thompson Creek. 

3.1.1.7 5.5.1.10     Discussion 

This section of the report discusses what the field observations may mean, primarily with respect to: 

• Speculating on how these findings might be extenable to other subbasins in the Thompson Creek catchment and 
other watersheds in the Santa Clara Basin.    

• Developing useful local criteria for managing hydromodification 

• Working toward design criteria for evaluating likely future channel configurations 

3.1.1.8 Range of values 

The project team compared the values of the data collected for Thompson Creek to data recorded from other 
streams.  Some parameters, such as slope and width-to-depth ratio, appear broadly typical of other stream systems in 
the region that are affected by hydromodification.  

Width-to-depth ratios recorded in Thompson Creek are typically in the range of three to five, compared to ratios of 
four to six reported for channels throughout clayey soils in southern Contra Costa and central Alameda Counties.  
The difference is not large and may be due to recent incision along Thompson Creek and the fact that the banks 
there have not yet retreated to a semi-stable position.  The field measurements and reconnaissance indicate that most 
channel banks in the Thompson Creek subwatershed can hold steep, nearly vertical angles.  This is especially true in 
Yerba Buena Creek.  It is possible that some sections of the creek may not retreat into a semi-stable position in the 
near future and will instead preferentially incise instead of widen (such as the canyon-like banks of Yerba Buena 
Creek where the banks are over 20 feet deep – see Figure T3-11).  This is most likely to occur where the banks are 
composed of very cohesive clay and silt material. 

Data may not be directly applicable to streams with non-cohesive banks, where width-to-depth ratios of 8 to 20 are 
more typical.  Coyote Creek and reaches of Uvas and Llagas Creeks are examples of such the latter type of channel. 

3.1.1.9 Stable versus unstable cross-sections 

The Thompson Creek subwatershed is fairly diverse in terms of channel form, geology, hydrology, vegetation, and 
the classes of erosion problems manifested, which is reflected in the classification of ten distinct geomorphic reaches 
along Thompson Creek and its major tributaries. Even with such complexity, much of Thompson Creek (except the 
upper portions of Thompson and Yerba Buena Creeks) is considered unstable or excessively eroding, where the 
hydrology has changed and the existing channel form is no longer stable.  

The terms “stable” and “unstable” are often used as a shorthand when conducting geomorphic assessments, with 
stable indicating that all forces (erosive and resisting) are in balance, or equilibrium.  Generally, the designation of a 
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cross-section, site, reach or watershed as stable or unstable is qualitative and based on visual inspection (see Chapter 
5 for a discussion of stability).7   

The field crew identified three stable cross-sections during the field campaign: YB1-0, TC5-6 and TC5-7. These 
cross-sections can be cautiously extended to state that Geomorphic Reaches F, G and I are ‘stable’ reaches. 
Geomorphic Reaches F and G are located above most existing development (Figure 3-1).  Downstream changes in 
channel form as a result of hydromodification have not yet influenced these upstream reaches.  Geomorphic Reach I 
is stable because the channel bed in this reach is cut into bedrock or hard, dense clay.  It is also possible that Reach 
D is stable due to the dense vegetation cover that is protecting the channels banks throughout the reach.  However, 
no cross-sections are located in this reach and visual inspections of channel bed stability were not conducted. 

The remaining thirty-four cross-sections, including all cross-sections in Segments TC1, TC2 and TC3 were 
identified as unstable. The lower portions of Thompson Creek have experienced incision of at least three feet and as 
a result channel banks are steep, bare, and failing in many places.  Although some individual cross-sections appear 
in a relatively stable configuration, there is high potential for instability to develop.  Active incision is still occurring 
along the lower to mid portion of Segment TC5 and in Yerba Buena Creek, causing the cross-sections located in 
these reaches to be defined as ‘unstable.’   

3.1.1.10 Role of vegetation 

Vegetation appears to be a significant stabilizing element for many of the channel banks along Thompson and Yerba 
Buena Creeks.   In the Thompson Creek subwatershed, the principal means by which vegetation stabilizes the 
channels appears to be: 

• Banktop vegetation.  Such vegetation holds the looser soils in place, and the roots strengthen the banks or (when 
exposed to high flows) reduce the velocities impinging on the bank.  The banktop vegetation often includes 
large coast live oaks or bays, but sometimes includes deciduous trees or brush. 

• Roots as grade control.  Root systems or major roots of larger trees frequently serve to inhibit incision, even 
sometimes serving as a local base level.  With a very few exceptions, roots inhibit incision only in channels up 
to a certain size.  Stabilizing roots are found on upper Thompson Creek beginning perhaps one mile upstream of 
the Yerba Buena confluence, and also on Yerba Buena Creek as far downstream as the lower end of Evergreen 
College. 

• Smaller woody vegetation. Vines and brush are the predominant stability-lending element in some of the 
channels, at least up to certain thresholds. Thompson Creek upstream of the mouth of Yerba Buena Creek 
provides a good example of stabilizing brush covering the banks. 

• Small woody debris jams. While small woody debris jams temporarily stabilize the channel, their effects are 
considered transient and are not as long-lasting as those imparted by large-conifer logjams. 

The role of vegetation in stabilizing the banks and bed is considered in the stability assessment through the selection 
of the hydraulic roughness coefficient.  Higher values of roughness slow velocity and reduce shear stress on the 
boundary.   

                                                 
7 References throughout this report to sites or reaches as ‘stable’ or ‘unstable’ are solely for the fluvial geomorphic 
planning-level analysis underlying this report.  They are expressly not intended to substitute for the detailed site 
geotechnical or slope-geomorphic investigations required prior to site evaluation or design of facilities and 
structures.  
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3.5.2 Ross Creek 

3.5.2.1 Geomorphic reaches 

The project team distinguished six geomorphic reaches based on the longitudinal variation of bed and bank 
conditions along Ross Creek; five along the main stem of Ross Creek, with the tributary of East Ross Creek 
identified as a distinct reach. The reaches are shown on Figure R3-1 and further described in Table R3-1.  

The primary geomorphic features of the six reaches along Ross Creek are as follows: 

Geomorphic Reach A:  Earthen trapezoid channel with meandering low flow channel and in-channel 
“bench” 

Geomorphic Reach B: Earthen trapezoid channel with steep channel banks and severe bank erosion 
(widening) 

Geomorphic Reach C:  Earthen trapezoid channel punctuated with grade control structures 

Geomorphic Reach D: Non-engineered, ‘natural’ channel with numerous bank protection projects, low 
erosion  

Geomorphic Reach E:  Non-engineered, ‘natural’ channel with active bank widening 

Geomorphic Reach F:  East Ross Creek; a headwaters tributary 

3.5.2.2 Hydrographic segments 

Hydrographic segments were not defined for Ross Creek due to the high number of stormwater outfalls that 
discharge to the channel over small intervals of channel length. Clear increments in flow volume were not as 
distinguishable in the channel profile as with Thompson Creek, which had several tributaries and large outfalls that 
marked clear transitions between different hydrographic segments.   

3.5.2.3 Field Reconnaissance 

The following observations are among those made during reconnaissance visits to Ross Creek in July 2003:  

• Approximately two feet of consistent incision is observable in the lower, channelized8 reaches of Ross Creek.  
This incision occurred sometime after channelization during the mid- to late-1950’s and has in many instances 
been halted due to local grade control or, where active erosion is minimal, the establishment of a new quasi-
equilibrium form.  

• The former channel bed of the engineered channel is now a distinct linear “bench” along much of the 
channelized portion of Ross Creek. 

• The lower, engineered reaches of Ross Creek do not support a riparian corridor, as the channel is often confined 
between two gravel maintenance roads at the top of the banks.  Some vegetation, mostly grasses, forbs and 
some shrubs, cover the channel banks, but trees are rare.  All bank vegetation along the lower extent of the main 
stem of Ross Creek (where maintenance roads exist) is regularly mowed to maintain flood capacity. 

• At the time of our reconnaissance in July 2003, Ross Creek was flowing throughout much of its length.  The 
stream was dry below Cherry Avenue, but flowing throughout the upper reaches.  East Ross Creek was dry in 

                                                 
8 The terms ‘channelized’ and ‘channelization’ are used in this report to mean ‘engineered’ (see discussion in 
Knighton, 1998). In the specific case of Ross Creek, the ‘channelized’ reaches are those that were altered in the late 
1950’s for flood control purposes. The ‘channelized’ portion of Ross Creek extends from the confluence with the 
Guadalupe River upstream to Camino Del Cerro.  Similarly, ‘unchannelized’ is used to describe the unmodified, 
‘natural’ reaches of creek upstream from Camino Del Cerro and including most of East Ross Creek.  
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the upper portion of its watershed (at ERC-3), but flowing through much of the lower portion of the watershed 
(at and below ERC-2).  

3.5.2.4 Channel geometry and channel slope 

Several channel geometry parameters were calculated from the cross-section survey data for Ross Creek, including 
top-of-bank (TOB) widths, average depths from TOB, width-to-depth ratios, and in relevant cross-sections, widths 
and depths of natural or artificial in-channel “benches.”  Top-of-bank was used as a reference for width and depth 
measurements because bankfull dimensions, which are geomorphically more meaningful in self-formed alluvial 
channels than TOB dimensions, were not relevant in the highly modified Ross Creek system.  The top of bank for 
each cross-section was identified in the field where possible, and interpreted from plotted cross-sections when field 
data did not explicitly designate a TOB. The top of bank can roughly be defined as the first significant break in slope 
the field crew encountered when conducting the cross-section surveys.  In the lower reaches, this generally 
corresponded to the edge of the gravel maintenance roads. Channel geometry and local channel slope measurements 
are summarized in Table R3-2. 

Top-of-bank widths at cross-sections along the main stem of Ross Creek range from approximately 24 to 41 feet.  
The channelized cross-sections have the widest channels from TOB, averaging around 38 feet.  This reflects the 
engineered channel form that was initially constructed in the mid- to late-1950’s and perhaps subsequent channel 
maintenance and modifications9.  East Ross Creek has smaller TOB widths than the main stem of Ross Creek, with 
the upstream-most cross-section, ERC-3, having a TOB width of 4.3 feet.   

Channel depths from TOB range from 6.0 to 10.4 feet in the main stem of Ross Creek, and from 0.7 to 6.5 feet in 
East Ross Creek. The channelized reaches of Ross Creek are the deepest, with depths of around nine feet.  Width-to-
depth ratio (top-of-bank width divided by mean depth) is a channel geometry parameter that can be used to compare 
different reaches within the same stream system to evaluate incision and widening. Typically, a high width-to-depth 
ratio represents a wide and shallow channel and a low width-to-depth ratio represents a narrow and deep channel.  
What constitutes a “high” value compared to a “low” value is dependent on the characteristics of the watershed and 
will vary by soil type and region.  Width-to-depth ratios for the channelized cross-sections in Ross Creek all 
calculate to about 4.0, which is not surprising due to the relative uniformity of engineered, trapezoidal channels.  
Width-to-depth ratios for the unchannelized cross-sections RC-7 and RC-8 are 4.3 and 3.8 respectively and width-
to-depth ratios for lower East Ross Creek are 3.0 for cross-section ERC-1 and 4.1 for ERC-2.  Only cross-section 
ERC-3 has a width-to-depth ratio that deviates from 4.0 by more than 1.0, at 6.4.  Width-to-depth ratios are fairly 
uniform for most of Ross Creek, especially when compared to the range of width-to-depth ratios for nearby 
watersheds, such as Thompson and San Tomas Creeks.      

A prominent, linear “bench” was noted at several cross-sections in the channelized reaches of Ross Creek, 
specifically at cross-sections RC-1, RC-2, RC-4, RC-5, and RC-6.  The “bench” is nearly unbroken and appears to 
be a remnant of the original engineered channel.  The depth from the top of the “bench” to the channel bed ranges 
from approximately 2 to 3 feet in cross-sections RC-1, RC-2, RC-4, and RC-6.  This corresponds to the amount of 
incision Balance staff measured at various culverts and outfall structures located in these reaches suggesting that the 

                                                 
9 Although available, engineering drawings from the 1950’s showing the original designs planned for the 
channelized portions of Ross Creek offer minimal assistance for evaluating channel change over time.  It appears 
that the design drawings either substantially differed from what was actually constructed or that subsequent large-
scale maintenance and/or repair activities altered the channel from the original design so that comparisons to current 
conditions are not relevant.  For instance, the design drawings suggest that TOB widths were to range from 18 to 22 
feet, which is over ten feet less than what exists today.  No field observations made by Balance staff suggest that 
channel banks have retreated over ten feet to their current position.  Also, current channel depths from TOB are up 
to two feet shallower than what is shown in the design drawings, yet we found evidence of channel bed incision (not 
aggradation) over much of the channelized length of Ross Creek.  
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observed “bench” is actually the former channel bed of the original engineered channel. At the one cross-section, 
RC-5, where the depth from the “bench” to the channel bed exceeds 4 feet, design drawings from the 1950’s show a 
mid-bank bench incorporated into the design.   

Local channel slopes range from 0.0039 to 0.0067 (ft/ft) in the channelized reaches of Ross Creek.  Slopes in the 
unchannelized reaches of Ross Creek are 0.0145 and 0.0078 for cross-sections RC-7 and RC-8 respectively. Cross-
sections in the East Ross Creek tributary have local channel slopes that increase upgradient from 0.0098 to 0.0191.  
Since all of Ross Creek was flowing during our surveys, water surface elevations were used to measure local slope 
unlike Thompson Creek where all local slopes were calculated from bed topography.  Chapter 5 describes how these 
local slopes were applied in the stability assessment model.  

3.5.2.5 Bank material 

Channel banks along Ross Creek vary longitudinally through the subwatershed, but the types of bank material 
present in Ross and East Ross Creeks can be generalized into several types: 

• Silty sand and gravel with some cobbles (alluvial deposits) 

• Poorly consolidated fine sand, silt, and clay (overbank deposits) 

• Poorly sorted silt, sand, clay, and gravel (construction fill) 

• Poorly sorted clay, silt, sand, and gravel (debris flow deposits) 

Throughout the engineered section of Ross Creek, the upper portion of the banks is predominately composed of 
engineering fill material.  This fill typically overlies layers of alluvial deposits, with varying amounts of gravel and 
cobbles.  The non-engineered portions of Ross Creek have banks composed of similar alluvial deposits, without the 
overlying layer of fill material. 

The bank material in the upper portion of East Ross Creek is almost exclusively old debris flow deposits, often a 
matrix-supported mixture of clay, sand, silt, and gravel, with some angular cobbles.  At ERC-1, however, there are 
several feet of engineering fill material on top of debris flow/alluvial deposits. 

3.5.2.6 Bed material 

Table R3-3 summarizes the results of the Ross Creek bed characterization study.  D-50 values, the sediment 
diameter, in millimeters, for which 50 percent of the sample is finer, ranged from 1.7 to 23 millimeters.  The lowest 
value was from a sample taken at ERC-3, the cross-section highest up in the watershed, and consisted predominately 
of sand.  The other four samples had median (D-50) sizes similar to one another (between 15 and 20 millimeters), 
and were composed mainly of gravel-sized particles.  Differences in these values may in part be due to differences 
in sampling methods.   

Depth of mobile bed material in Ross and East Ross Creeks (where measurable) was generally less than two feet, 
ranging from six to eighteen inches.  In the lower reaches, mobile material was underlain by moderately well-
consolidated fine sand and silt.  In the upper reaches the underlying material was a cohesive mixture of clay, sand, 
and silt.    
3.1.1.11  3.5.2.7 Vegetation 

The vegetation within the Ross Creek subwatershed is sparse in the lower reaches of the main stem of Ross Creek 
from the confluence with the Guadalupe River upstream to Camino Del Cerro. These channel reaches have been 
modified and constructed into a trapezoidal shape.  Gravel maintenance roads border both sides of the channel on 
top of the channel bank.  Bank vegetation is maintained through mowing and trimming activities on a regular basis 
in these lower reaches of Ross Creek.  Little to no woody vegetation is present, with grasses and some shrubs most 
prevalent.  Vegetation has become established on in-channel benches and/or bars where erosion is minimal.  

A riparian corridor is first evident at the transition from earthen trapezoid channel to the “natural” channel upstream 
from Camino Del Cerro.  Bank vegetation density and riparian corridor width generally increase in the upstream 
direction toward the headwaters and where residential development decreases in density.   
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3.1.1.12 3.5.2.8   Erosion rankings 

In total, 6 of the 11 cross-sections were assigned a ”medium” or ”high” erosion ranking, with one additional cross-
section bordering between “medium” and “high.”  Cross-sections with “medium” or “high” erosion rankings are 
located throughout the Ross Creek watershed, but are especially clustered in Geomorphic Reaches B and C, where 
the earthen trapezoid channel is eroding and has yet to reach a quasi-equilibrium state as observed in Geomorphic 
Reach A.   

Cross-sections where the erosion ranking was designated “low” typically had banks that were either not eroded or 
eroded but now in a stable configuration.   Two out of 11 cross-sections were designated as “low to medium” 
erosion and two designated as “low” erosion.  The two cross-sections classified as “low to medium” erosion are RC-
1 and RC-2, which are the downstream-most cross-sections evaluated. The bed at these cross-sections, and all of 
Geomorphic Reach A, has experienced incision since channelization in the late 1950’s, but now seems to be in or 
approaching a quasi-equilibrium state. A low flow meandering channel has developed within the channel and bars 
have formed that support vegetation in the summer. Active incision is not apparent and bank erosion, although still 
occurring, is not of the magnitude observed upstream.  

Only cross-section ER-1 was deemed “stable” in the Ross Creek subwatershed.  Stable conditions are defined in 
Chapter 5.    

3.1.1.13 3.5.2.9  Geomorphic reach characteristics 

Geomorphic Reach A 

Geomorphic Reach A extends from the confluence of Ross Creek with the Guadalupe River to Meridian Avenue and 
is characterized as having an earthen, trapezoid channel with a meandering low-flow channel located within the 
engineered channel. The channel in Geomorphic Reach A was constructed into its current engineered form in the 
late-1950s prior to large-scale urbanization of the watershed. The current channel path does not follow the historical, 
‘natural’10 path of the channel. 

Geomorphic features observed in the reach include pools and riffles that occur at fairly regular intervals. This reach 
is considered meta-stable (at or approaching a quasi-equilibrium form), with recent bed incision and bank widening 
evident, but not currently active on a reach-wide scale. It is likely that the 1.5 to 2.0 feet of incision observed 
throughout the reach occurred as a response to a) channelization in the late 1950’s and/or b) the urbanization of the 
watershed soon thereafter. A mid-bank linear bench is found in Geomorphic Reach A at a relatively consistent 
height above the existing channel bed (Figure R3-2).  This linear bench is likely the former channel bed at the time 
of initial channelization.  Subsequent incision lowered the bed approximately 2 feet below the linear bench, which is 
also consistent with measurements of “hanging” structures found within the reach.  

As with most of the channelized reaches of Ross Creek, gravel maintenance roads border both sides of Geomorphic 
Reach A and vegetation is sparse and mainly limited to grasses and other non-woody vegetation.   

Bank material in Geomorphic Reach A consists of a bottom layer of sandy silt with some gravels and a top layer of 
fill material.  The bottom layer varies in thickness throughout the reach, and in some instances has distinct bedding, 
suggestive of a former stream channel bed.  The engineered fill layer is composed of loose silt and gravels and is 
prone to gullying.  Median size (D-50) of bed material in Geomorphic Reach A is approximately 15 mm.    

Geomorphic Reach B 

Upstream from Meridian Avenue to Camden Road is defined as Geomorphic Reach B.  Several large stormwater 
outfalls enter the channel in this reach, which is characterized by actively eroding channel banks (Figure R3-3).  
Like Geomorphic Reach A, this reach has an earthen, trapezoid channel constructed in the mid- to late-1950’s.  
                                                 
10 Although we use the term ‘natural’ when referring to Ross Creek prior to channelization, the channel at that time 
(1950’s) had already been modified in sections, especially near bridges and due to some farming practices. 
Therefore, we do not mean to indicate that Ross Creek was completely undisturbed at that time, rather it still 
retained a meandering planform and had not yet been engineered at a reach-wide scale.  
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However, unlike Geomorphic Reach A, the engineered channel occasionally follows the former ‘natural’ channel 
path (Santa Clara County Flood Control District, 1955).  Where the former channel intersects the engineered 
channel is often an area of instability.   

The active channel bed in Geomorphic Reach B is considerably wider than the other channelized reaches along Ross 
Creek.  And the prominent “bench” observed in Geomorphic Reaches A and C is almost completely absent. 

Bank stratigraphy consists of a lower layer of sandy silt that is relatively more resistant to erosion than the upper 
layers. A middle layer, approximately 2 to 3 feet thick, is composed of alluvial material that is mostly sands and 
gravels. This middle layer is often observed where the former ‘natural’ channel bed intersects the engineered 
channel and is the weakest layer, being the most susceptible to erosive flows.  The upper-most layer is engineered 
fill typical of the channelized reaches.  The mechanics of bank erosion in Geomorphic Reach B consists of active 
shearing and undercutting of the middle alluvial layer and resultant slumping of the upper fill layer.  

Channel bank vegetation is sparse and regularly maintained by mowing and trimming throughout the reach.  Gravel 
maintenance roads border both sides of the channel. Median size (D-50) of bed material in Geomorphic Reach B is 
approximately 15 mm.    

Geomorphic Reach C 

Geomorphic Reach C is located between Camden Road and Camino del Cerro, and is also an earthen, trapezoid 
channel constructed in the late 1950’s.  In this reach, the engineered channel intersects the former ‘natural’ channel 
at several locations because the engineered channel was constructed in straight segments roughly centered on the 
meandering ‘natural’ channel path (Santa Clara County Flood Control and Water Conservation District, 1957).   

Geomorphic Reach C is characterized by several grade control structures that have experienced failure (Figure R3-
4).  Reach-wide bank widening is prevalent although less severe than the bank erosion observed in Geomorphic 
Reach B. Approximately 1.5 to 2.0 feet of recent or historical incision is noted, but the incision does not appear 
active and is controlled by the grade control structures.   

The linear mid-bank “bench” present in Geomorphic Reach A is again found in Geomorphic Reach C.  Bank 
material and stratigraphy vary throughout the reach based on whether the area surveyed intersects the former 
channel, was constructed through the floodplain of the former channel, etc.  Regardless of the bottom-most layers, 
the top bank layer is consistently fill material as with the other channelized reaches.  Median size (D-50) of bed 
material in Geomorphic Reach C is approximately 20 mm, slightly larger than the downstream reaches of Ross 
Creek. Channel banks have minimal grassy vegetation and provide little in the way of bank stabilization.        

Geomorphic Reach D 

Geomorphic Reach D is a relatively small reach extending upstream from Camino del Cerro to upstream of Linda 
Court. Camino del Cerro marks the transition from an earthen, trapezoid channel to a less modified channel form.  
The channel in Geomorphic Reach D is confined between residential neighborhoods on both sides, however, still 
has a narrow riparian corridor with several woody species. The amount of erosion is low in this reach, with some 
areas experiencing minor undercutting stabilized by large trees (Figure R3-5).  Several sections of the reach are 
hardened by sackcrete structures and a large grade control structure is located at the downstream end of the reach.   

Bed material is large throughout the reach, with a median grain size (D-50) of approximately 30 mm, measured 
using the conventional pebble-count technique (see Section 3.4.6).     

Geomorphic Reach E 

Upstream from Linda Court and downstream from the confluence with Ross Creek is Geomorphic Reach E. This 
channel reach has banks that are actively being eroded and are widening, leaving small roots exposed along the 
banks (Figure R3-6).  Bed material in Geomorphic Reach E is smaller than that measured downstream, with a 
median grain size (D-50) of approximately 14 mm.  

Geomorphic Reach F 

Geomorphic Reach F is East Ross Creek, one of the major tributaries to Ross Creek. East Ross Creek joins Ross 
Creek upstream from Blossom Hill Road, and is underground for a portion of its length near the confluence.  East 
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Ross Creek has been modified for flood control purposes in the downstream-most sections (cross-section ER-1).  
However, the upstream, headwater portions of East Ross Creek remain in an unmodified form (Figure R3-7). The 
cross sections located on East Ross Creek progress from “high” erosion to “low” erosion in the upstream direction. 

3.1.1.14 3.5.2.10     Discussion 

3.1.1.15 Range of values 

The project team compared the values of the data collected for Ross Creek to data recorded from other streams, 
including Thompson and San Tomas Creeks.  Some parameters, such as slope and width-to-depth ratio, appear 
broadly typical of other stream systems in the region that are affected by hydromodification.  

Width-to-depth ratios recorded in Ross Creek are typically in the range of three to four, compared to ratios of two to 
five reported for Thompson Creek and two to ten for San Tomas Creek.  The range of width-to-depth ratio values is 
quite narrow for Ross Creek, with a standard deviation of only 0.40 for the mean value of 3.9, when excluding ER-3. 
This is due to the highly modified nature of most of Ross Creek.  

Channelization and channel maintenance activities 

 The activity of constructing channels into a straightened planform with trapezoidal channel geometry affects the 
stability of these channels.  Much of Ross Creek was initially channelized in the late-1950s for flood control 
purposes. One of the reasons Ross Creek was chosen as a test watershed was to test the HMP assessment method in 
these highly modified channels.  Discussed below are some of the more pertinent ideas regarding channelization and 
Ross Creek that lend a framework for our results.  

• Typical geomorphic responses associated with channelization, especially where channel straightening has 
occurred, are changes in channel morphology via re-meandering processes, incision, downstream aggradation, 
and bank failure.  It is therefore extremely difficult to discern a specific cause of incision and general channel 
instability in the lower reaches of Ross Creek, rather it is likely a combination of factors that include major 
channel modification in the 1950s and increasing urbanization and runoff in the watershed since channelization.    

• Distinct zones of channel bank instability occur along Ross Creek at intersections with the former ‘natural’ 
channel. One potential effect of straightening a meandering channel is creating a zone of weakness where the 
new channel intersects the former channel.  The project team observed several of these channel intersections in 
the field in reaches that were experiencing large-scale bank failure.  

• Channelization indirectly affects channel bank stability in similar ways as urbanization by the removal of bank 
and bank-top vegetation.  This is compounded at Ross Creek by the construction of maintenance roads on one 
or both sides of the channel and regular vegetation maintenance activities, such as mowing.    

3.5.3 San Tomas Creek (Upper) 

3.5.3.1 Geomorphic reaches 

Geomorphic reaches were not defined for San Tomas Creek because the number of cross-sections surveyed for the 
project was too small to fully characterize the stream longitudinally, given the diversity of observed conditions.  The 
San Tomas Creek watershed is fairly diverse in terms of channel form, erosion pattern, and vegetation 
characteristics compared to Ross Creek, where geomorphic reaches were adequately defined and described by only 
eleven cross-sections. In general, the surveyed portion of San Tomas Creek had less engineered flood control 
structures than are present in Ross Creek.  Also, not all of San Tomas Creek was surveyed due to access limitations.  

3.5.3.2 Hydrographic segments 

Hydrographic segments were also not defined for San Tomas Creek for similar reasons as Ross Creek. 

3.5.3.3 Field Reconnaissance 

Not all sections of the San Tomas Creek watershed were surveyed due to limited access in areas of private property.  
The following observations are among those made during reconnaissance visits in August 2003:  
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• Definition of geomorphic reaches in San Tomas Creek was not conducted; as the creek often changes physical 
characteristics (channel geometry, bank vegetation, and presence of dry-season flow) with each culvert/road 
crossing. 

• San Tomas Creek flows into a concrete-lined channel downstream from McCoy Avenue and remains hardened 
to the Bay. Upstream from McCoy Avenue, San Tomas Creek is either an earthen trapezoid channel or an 
unmodified, ‘natural’ channel.  

• Most of San Tomas Creek was dry during the August 2003 visits.  Patchy areas of creek that sustained flow 
during the dry season were found in the lower sections of the watershed, where urban nuisance flows from 
outfalls were the likely source.  

3.5.3.4 Channel geometry and channel slope 

Several channel geometry parameters were calculated from the cross-section survey data for San Tomas Creek, 
including top-of-bank (TOB) widths, average depths from TOB, and width-to-depth ratios.  Top-of-bank was used 
as a reference for width and depth measurements because bankfull dimensions, which are geomorphically more 
meaningful than TOB dimensions in self-formed alluvial channels, were not always present in modified and/or 
eroded sections of San Tomas Creek.  The top of bank for each cross-section was identified in the field where 
possible, and interpreted from plotted cross-sections when field data did not explicitly designate a TOB. The top of 
bank can roughly be defined as the uppermost significant break toward a steeper slope that the field crew 
encountered when conducting the cross-section surveys.  Channel geometry and local channel slope measurements 
are summarized in Table S3-1. 

Top-of-bank widths at cross-sections along San Tomas Creek range from approximately 12 to 38 feet.  Cross-
sections ST-1 and ST-2, which appear to have been widened and deepened for flood control purposes, have the 
widest channels, with TOB widths greater than 30 feet.  Channel depths from TOB range from 2.0 to 11.4 feet at the 
surveyed cross-sections for San Tomas Creek.  The modified cross-sections ST-1 and ST-2 also had the deepest 
channels. However, cross-sections ST-3 and ST-4, which have also been modified into straight, trapezoidal channels 
had shallow channel depths from TOB, of about 2 to 3 feet. This is because we designated the TOB as the bench that 
has formed closer to the bottom of the channel instead of the top of the levee. Top-of-bank dimensions were not 
calculated for cross-section ST-12 because TOB was not distinguishable. Cross-section ST-12 is the uppermost site 
surveyed and represents a steep, headwater channel within a canyon. 

Width-to-depth ratio (top of channel width divided by mean depth) is a channel geometry parameter that can be used 
to compare different reaches within the same stream system to evaluate incision and channel widening. Typically, a 
high width-to-depth ratio represents a wide and shallow channel and a low width-to-depth ratio represents a narrow 
and deep channel.  What constitutes a “high” value compared to a “low” value is dependent on the characteristics of 
the studied watershed and will vary by region.  Width-to-depth ratios for San Tomas Creek vary from 3.1 up to 10.7.    

Local channel slopes range from 0.0008 to 0.085 (ft/ft), with channel slopes generally increasing in the up-stream 
direction. Most measurements of local channel slope were conducted using bed surface elevations following the 
channel thalweg. Some water surface slopes were measured where there was flow. 

3.5.3.5 Bank material 

The banks in San Tomas Creek are primarily composed of three different types of material: 

• Gravel and cobbles in a sandy, silty, matrix (alluvial deposits) 

• Poorly consolidated sand and silt (colluvium or non-gravel bar deposits) 

• Moderately-well consolidated sand, silt, and clay with gravel (sometimes engineered fill) 

All but three cross-sections had banks composed primarily of alluvial deposits, with varying amounts of gravel and 
cobbles (ST-1, ST-2, ST-5, ST-7, ST-8, ST-9, ST-10, ST-11, and ST-12).  Cross-sections ST-1 and ST-2 had several 
feet of engineered fill on top of the alluvial deposits.  The three remaining cross-sections (ST-3, ST-4, and ST-6) had 
banks composed of poorly consolidated sand and silt, with little gravel and no cobbles. 
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3.5.3.6 Bed material 

Table S3-2 includes results of the San Tomas Creek bed characterization study.  D-50 values ranged from 13 to 32 
millimeters, significantly higher than Ross Creek values.  D-50 sizes increase upstream. There is some difficulty in 
directly comparing D-50 values, as the upper cross-sections were sampled using the pebble count method rather than 
by bed core.  The bed material at cross-section ST-12 was not measured because the D-50 was assumed to be too 
large (cobbles and boulders) for most flows to transport.  

3.5.3.7 Vegetation 

San Tomas Creek has diverse vegetation characteristics, ranging from only grasses and shrubs to a full, dense 
riparian corridor. The type and density of bank vegetation often was dependent on location within the watershed, 
with the upper watershed cross-sections supporting more woody and dense vegetation on channel banks and 
floodplain areas than the lower cross-sections, which generally supported grasses and shrubs with some scattered 
trees.  Cross-sections ST-5, ST-6, ST-7, ST-8, ST-9, ST-10 and ST-11 supported vines in conjunction with trees and 
grasses.     

3.5.3.8 Erosion rankings 

In total, 7 of the 12 cross-sections were assigned a “medium” or “high” erosion ranking, with one additional cross-
section bordering between “medium” and “high.”  Cross-sections with “medium” or “high” erosion rankings are 
located throughout the San Tomas Creek watershed, with the exception of the headwaters and locations where the 
creek has been modified for flood control purposes.    

Cross-sections where the erosion ranking was designated “low” typically had banks that were not eroded, eroded but 
now in a stable configuration, or eroding but at a typical rate and scale of natural channels.   Four out of 12 cross-
sections were designated as having “low” erosion.  Two of these cross-sections (ST-3 and ST-4) are located in a 
section of San Tomas Creek that has been modified into an earthen trapezoid. These cross-sections show signs of 
former incision, but current, active erosion is low.  Also, cross-sections ST-11 and ST-12, which are located in the 
headwaters of San Tomas Creek, were classified as “low-erosion” sites. 

3.1.1.16 3.5.3.9     Cross-section characteristics 

Twelve cross-sections were studied in detail in the San Tomas subwatershed.  The cross-sections represent portions 
of the San Tomas subwatershed, rather than the entire subwatershed.  Some sections of San Tomas Creek were not 
studied due to inaccessibility.  Although no continuous geomorphic reaches were established for San Tomas Creek, 
the cross-sections can be grouped in some instances based on similar geomorphic characteristics and/or geomorphic 
history.  

Cross-sections ST-1 and ST-2 

Cross-sections ST-1 and ST-2 are located just upstream from McCoy Avenue and where San Tomas Creek first 
becomes hardened for a substantial length.  This section of creek has been channelized in the past and is currently 
unstable. At both cross-sections the channel banks are actively eroding, and incision is noted in the thalweg at cross-
section ST-1.   

Near cross-section ST-2, the left channel bank around a rock gabion structure in the channel has eroded laterally 
approximately four to five feet. The gabion structure was likely initially installed for toe protection; another 
suggestion that bank widening has been and continues to be a problem in this section of San Tomas Creek.    

Cross-sections ST-3 and ST-4 

It is unclear if both cross-sections ST-3 and ST-4 have been channelized in the past based on field evidence alone, 
although ST-3 most likely has undergone substantial modification and possible straightening.  This section of creek 
has several grade control structures that maintain a fairly gentle slope. A maintenance road is located on the top of 
the channel bank.  

Some minor bank undercutting was evident at cross-section ST-3, but it was deemed minimal. Both cross-sections, 
ST-3 and ST-4, were ranked as “low-erosion” sites (Figure S3-2). Cross-section ST-4 might be experiencing 
aggradation due to the location of a grade control structure approximately 500 feet downstream. 
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Cross-section ST-5 

Cross-section ST-5 is located just upstream from Pollard Road.  This section of creek appears highly unstable, with 
active bank erosion and possible incision.  There are tree roots exposed along the channel banks.  The channel banks 
are steep although vegetated at the top of the bank and are without maintenance roads. Cross-section ST-5 was 
ranked as a “high-erosion” site.   

Cross-section ST-6 

The field crew located cross-section ST-6 at a section of San Tomas that was experiencing active bank erosion.  
Cross-section ST-6 was ranked as a “medium-erosion” site. This cross-section has steep banks that are eroding at 
two different levels, a) the bottom layer on the right bank composed of silty and sandy clay with organics is being 
actively undercut and b) the upper layer on both banks composed of non-consolidated silty and sandy clay has 
several active failures (bank slumping).  

Cross-section ST-7 

Cross-section ST-7 is located just downstream from Saratoga Road (Route 9) in a densely vegetated section of San 
Tomas Creek. Recent incision has occurred in this section of San Tomas Creek of about six to eight inches, which is 
seen best upstream from the cross-section.  Active bank erosion is also occurring at cross-section ST-7 in the form 
of undercutting and shearing.  A retaining structure failed downstream from the cross-section due to a combination 
of incision and bank widening. Cross-section ST-7 was ranked as a “high-erosion” site.  

Cross-sections ST-8, ST-9, and ST-10 

Cross-sections ST-8, ST-9, and ST-10 are all located in close proximity to each other upstream from Saratoga Road 
and near Bantier Way. They are ranked as either “medium-erosion” or “high-erosion” sites. Cross-section ST-8 is 
located downstream from a large stormwater outfall, whereas cross-sections ST-9 and ST-10 are located upstream 
from the outfall where the watershed is relatively un-urbanized, limited to large-acreage residential uses  

Several faults and geologic contacts are located in this section of San Tomas Creek and represent a significant 
transition between the tectonically active, headwaters and the alluvial plain (Santa Clara County Geologic Map, 
1974). Based on field evidence, it is likely that cross-sections ST-9 and ST-10 have been influenced by a series of 
historic debris flows and that some of the incision and bank instability noted at these sites are due to these naturally 
recurrent episodic events.   

Cross-sections ST-11 and ST-12 

The upstream-most cross-sections of ST-11 and ST-12 are similar in that both are relatively stable and not actively 
eroding more than what is typical for headwater streams. The bed material carried in the upper watershed of San 
Tomas is quite large, cobbles at ST-11 and boulders at ST-12 (Figure S3-3). Even less urbanization has occurred 
upstream from these cross-sections compared to ST-9 and ST-10.  

3.1.1.17 3.5.3.10   Discussion 

3.1.1.18 Range of values 

The project team compared the values of the data collected for San Tomas Creek to data recorded from other 
streams, including Thompson and Ross Creeks.  Some parameters, such as slope and width-to-depth ratio, appear 
broadly typical of other stream systems in the region that are affected by hydromodification.  

Width-to-depth ratios recorded in San Tomas Creek have a fairly broad range from two to ten, compared to three to 
four at Ross Creek and two to five at Thompson Creek. This reflects the diverse channel morphologies the project 
team observed in the field.  

3.1.1.19 Dry-season flows 

Due to our fieldwork being conducted in the summer and fall months, the field crew was able to observe and 
evaluate dry season flows along San Tomas Creek.  During the survey, which was conducted in September 2003, 
four of the twelve cross-sections were flowing; ST-2, ST-4, ST-5, and ST-7.  The field crew could see where the 
water table was intercepting the channel bank at cross-section ST-2, but signs of water further upstream (ST-4, ST-5 
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and ST-7) likely indicate dry season nuisance flows entering the system from stormwater outfalls rather than ground 
water sources because no seeps were observed and the segments of ponded or flowing water were discontinuous.      

3.6 Subwatershed comparison 

Field geomorphic surveys are an essential component of developing, testing, and ultimately implementing a set of 
methods and effective control measures that address hydromodification.    

By comparing the geomorphic characteristics of three creeks investigated for the HMP study (Ross, San Tomas and 
Thompson Creeks), one can better understand what influences channel stability in different physical settings.  One 
can also compare parameters thought to be critical in defining stability (or the ability of channel to resist erosion), 
such as bed-material size, bank-material composition, vegetation, and others to see if patterns are detected in the 
different regions of the Basin. 

 The single physical parameter that best reflects the stability of a cross-section in these streams is the width-
to-depth ratio (top of bank width divided by the average depth from top of bank). Stable channels, or “low-
erosion” sites, tended to have larger width-to-depth ratios than unstable channels, ranging from three to ten 
with an average of approximately 5.5. Unstable channels, or “high-erosion” sites, however, exhibited a 
much narrower range of width-to-depth ratios of between one and five, with an average of 3.2.  Only two 
unstable cross-sections had width-to-depth values greater than 3.9.  Channel width values in isolation were 
not substantially different between stable and unstable channels.11 

 In general, similar modes of bank failure were observed in the three test watersheds even though they are 
located in different geologic/geomorphic regions of the basin. The primary mode of failure being shear 
erosion at the toe of the bank and bed, which results in incision and over-steepened bank.  An array of 
secondary factors, such as vegetation or lack thereof, can play important roles in bank failure in 
conjunction with erosion resulting from shear stress.  It is meaningful to note that some of the secondary 
modes of bank failure were more prominent than others in specific watersheds due to differing 
environmental settings.  

o The key secondary modes of bank failure in the Thompson Creek watershed are a lack of bank and 
top of bank vegetation in highly urbanized and/or space-constrained reaches and rapid drawdown 
of flows, which is a product of the flashiness of the hydrograph.   

o Secondary modes of bank failure in the Ross Creek watershed are a result of channel modification 
in the lower reaches of the creek.  These secondary modes of failure are a) a lack of bank and top 
of bank vegetation (especially woody species) due to the construction of maintenance roads that 
run parallel to the channel and b) contacts between the former channel and the engineered channel 
that create zones of weakness in channel banks.   

o San Tomas Creek also experiences bank failure due to a lack of bank vegetation, but is unique 
amongst the three watersheds because its headwaters are located in the Santa Cruz mountains; an 
especially tectonically active part of the Basin. The upper portions of San Tomas Creek are 
periodically subject to debris flows and landslides, both of which affect channel bank stability.      

                                                 
11 Hupp and Simon (1991) present a model of channel evolution that describes how channels respond to 
disturbances, such as urbanization.  In their model, incision is the initial mode of channel response followed by 
channel widening. It is possible that although channel widths do not differ much among the three subwatersheds at 
present, future widening could occur in channels that are currently experiencing incision.  
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4 Hydrology 

This chapter describes the project team’s hydrologic modeling of the Thompson and Ross and  San Tomas 
Creek watersheds.  Modeling was conducted for the hydromodification assessment and planning process. 

4.1 Modeling Approach  

The project team modeled creek flows under pre-urban, existing, and future land use conditions.  The watershed 
models convert rainfall input sequences to estimated stream flow rates at various selected points throughout the 
project watersheds.  The model rainfall input consists of simulated “design storms” and continuous rainfall 
records.  Design storms were developed for various rainfall magnitudes, intended to simulate major flood-
causing events, such as the 2-, 10- or 100- year rainstorms.  We refer to this type of modeling as “event-based” 
because only a single rainstorm event (ranging from perhaps 3 hours to 24 hours) is simulated.  Alternatively, 
we may input actual measured rainfall from a nearby gage over a long period of time.  This is referred to as 
“continuous simulation.”   

Within event-based and continuous simulations, the model incorporates information about the watershed 
characteristics (topography, soils, vegetation, land use, urbanization, etc.) to estimate how much rainfall is held 
in the watershed (“losses”, including infiltration to the soil, trapping on vegetation or shallow depressions, etc.), 
and how much precipitation results in surface runoff, eventually reaching stream channels. 

The project team chose to model the Thompson and Ross and Upper San Tomas Creek watersheds using the 
U.S. Army Corps of Engineers’ Hydrologic Engineering Center - Hydrologic Modeling System (HEC-HMS) 
rainfall-runoff model.  The U.S. Army Corps of Engineers developed HEC-HMS to supersede the HEC-1 Flood 
Hydrograph Package.  Unlike HEC-1, HEC-HMS allows continuous hydrograph simulation over long periods 
of time in addition to event-based analysis. 

Event-based modeling is useful because it provides a simple method for comparing hydrograph results under 
different land use conditions for statistically relevant design storms.  In addition, event-based modeling is a 
convenient and commonly accepted approach for evaluating flood risk and design alternatives.  Continuous 
modeling, however, allows for continuous accounting of soil moisture and infiltration and other losses for an 
extended time period.  Therefore, continuous modeling is preferable to event-based modeling when trying to 
identify the hydromodification effects of development on small, frequent flows and to evaluate their impacts on 
stream stability.   

4.2 HEC-HMS Model 

The following sections describe the methods and data sources used to generate input for the HEC-HMS models.  
The modeling approach generally followed methods and procedures for HEC-1 modeling outlined in Santa 
Clara Valley Water District’s Hydrology Procedures (SCVWD, 1998) as noted below.  A previous Thompson 
Creek hydrology study conducted by Nolte Associates (2000) and a Ross Creek study described in SCVWD’s 
Hydrology Procedures also provide background information and estimated flow peaks for model comparison.  

4.2.1 Drainage Area Delineation 

Project watersheds were subdivided into smaller subwatersheds or catchments to provide a detailed assessment.  
Using GIS data, the project team delineated catchments associated with storm drain outfalls, storm drain flow 
direction, and topographic data.  Catchments were further delineated to reflect land-use patterns. To the extent 
possible, individual drainage areas were delineated to separate developed (urban) and undeveloped (rural) areas, 
as many model parameters are derived from a drainage area’s weighted average characteristics and are specific 
to degree of urbanization.  Catchments were consolidated for the pre-urbanization land use scenarios, for which 
fewer urban areas were present.  Figures 4-1 through 4-3 show drainage area delineation of the study 
watersheds.  Tables 4-1 through 4-2s provide catchment size.  

4.2.2 Drainage Area Characteristics 

The project team identified land cover characteristics and soil types for the study watersheds based on the 
project’s GIS database. The project team overlaid the drainage area delineations on those data to derive soil and 
land cover characteristics used in modeling each drainage area (Figures 4-4 through 4-6). 
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Existing hydrologic conditions were modeled using detailed soils and land use GIS data from SCVWD.  The 
land use data were then modified to model hydrologic conditions for future and past (pre-urban) conditions, 
since GIS data were not available for these scenarios.  For future conditions, the percentage of impervious land 
for each subwatershed under current conditions was increased based on future build-out percent impervious 
information from the City of San Jose General Plan 2020 (Mattern, 2003).  All other land uses for each 
subwatershed were then decreased in proportion to the increase in impervious area.   

The project team reviewed historic aerial photographs and USGS topographic maps to characterize pre-urban 
land use conditions.  These sources provided a representation of the pre-urban distribution of agricultural and 
woodland/grassland areas for each subwatershed, which was then converted into model input parameters. 

4.2.3 Excess Rainfall 

HEC-HMS uses soil infiltration rate estimates and other losses described below to calculate excess precipitation 
that contributes to stormwater runoff.  The event-based HEC-HMS model uses the Soil Conservation Service 
(SCS) method to estimate losses, and the continuous simulation uses the Soil Moisture Accounting (SMA) 
method (unique to HEC-HMS). 

4.1.1.1 SCS Method (Event-based Model, used in Thompson Creek study only) 

The SCS method uses a watershed runoff curve number (CN) to represent runoff potential for various soil types 
and land coverages.  To determine CNs, the project team first assigned a soil infiltration potential to each 
identified soil type by using the NRCS Soil Hydrologic Group designation (A, B, C, or D with soil type A 
having the highest infiltration potential).  Using guidance from Hydrology Procedures (SCVWD, 1998) and 
assuming an average antecedent moisture condition (AMC II), the team then assigned a CN value for each land 
coverage and soil group combination.  Low CNs reflect a high infiltration potential.  In regions where the land 
cover was identified as structures or paved surfaces, the CN value was set to 98, regardless of soil type. The 
project team then generated a CN for each drainage area using an area-weighted average of CN values present.  
The project team also used the SCS method to estimate initial abstraction losses as a function of CN (SCVWD, 
1998).  These parameters are summarized in Table 4-3. 

4.1.1.2 Soil Moisture Accounting Method (Continuous Model, used for Thompson Creek, Ross Creek and 
Upper San Tomas Creek) 

The SMA method provides a more complex method for evaluating rainfall runoff processes in a watershed.  In 
this approach, actual measured rainfall over an extended time period is used as input.  Losses are computed on a 
continuous basis, and include evapotranspiration, surface depression storage, and infiltration.  The continuous 
model is designed to model the dynamic effect of soil infiltration and other losses on storm runoff over the 
course of a long-term rainfall record.  Parameters to compute these losses include climatic data, land use 
conditions, vegetation cover, and soils data. The simplified conceptual schematic of Figure 4-10 illustrates the 
SMA model: 

For each computational time step in the model, HEC-HMS calculates storage in each of the loss categories 
shown in the schematic, which allows for a continuous accounting of losses and runoff over a long time series.  
For infiltration, the model initially assumes that water enters the soil at the maximum infiltration rate and 
percolates out of the soil at the maximum percolation rate.  Once the soil layer becomes saturated, the 
infiltration rate is reduced to the percolation rate.  SMA parameter estimation is described in section 4.3. 

4.2.4 Hydrograph Generation 

Initially, the model determines how much incident rainfall is held in the watershed (losses), and how much will 
appear as runoff.  That which appears as runoff is referred to as “excess precipitation.”  The model then 
determines the time distribution of this watershed-wide excess precipitation, as it flows across the land surface 
or in shallow “interflow,” eventually reaching culverts or small drainage channels, and finally the main stream 
channel at the various flow computation points of interest.  The resulting time distribution of runoff at a given 
location is referred to as “hydrograph.”  

HEC-HMS offers a variety of methods for transforming excess precipitation from any given storm into a runoff 
hydrograph for each model drainage area.  SCVWD’s Hydrology Procedures (1998) recommends and provides 
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guidance for using Clark’s synthetic unit hydrograph method in HEC-1.  Clark’s method requires two inputs: 
time of concentration (Tc) and a storage coefficient (R). We used the District methods to estimate these two 
drainage area parameters (Tables 4-4 through 4-13). 

The procedure described in Hydrology Procedures (SCVWD, 1998) requires further sub-division of urbanized 
drainage areas into pervious and impervious areas, and those areas that drain to storm drains.  Runoff passing 
through storm drains is then routed through storage/discharge relationships based on the “Modified Puls” study 
conducted by the District for Santa Clara Valley storm drains (SCVWD, 1998).  Under the SCVWD procedure, 
hydrographs from pervious and impervious urban areas within a drainage area are routed through the storm 
drain system, and then combined with the hydrograph for the portion of the drainage area (if any) that does not 
enter the storm drain system. This routing and combination routine is internal to each drainage area, in contrast 
to reach routing between drainage areas.  As the modeling progressed from Thompson Creek to Ross Creek, it 
was determined that the urban storage component was unnecessary.  Therefore storage components within the 
HEC-HMS model were only developed for Thompson Creek (Table 4-14) 

4.2.5 Reach Routing 

HEC-HMS provides a variety of reach routing methods to translate the hydrograph from one drainage area 
downstream to a point where it can be combined with another drainage-area hydrograph.  The project team 
chose to use the Muskingum method, which uses basic channel (or culvert) dimensions and characteristics to 
estimate hydrograph translation and attenuation over the routing reach.  For existing and future conditions, a 
combination of surveyed cross-sections, available storm drain data, and information from the District was used 
to characterize channel dimensions and characteristics for reach routing.  For the pre-urbanization scenarios, 
estimations were established for channel characteristics and flow paths using historic aerial photos.  Reach 
routing parameters are summarized in Tables 4-15 through 4-18. 

4.2.6 Precipitation  

4.1.1.3 Event-based Model 

Synthetic rainstorms were developed to simulate various flood events.  Rainfall depths for the 2-, 5-, 10-, 25-, 
50-, and 100-year storms (24 hour duration) were estimated using the “return period-duration-specific” (TDS) 
regional equation provided in Hydrology Procedures (SCVWD, 1998).  The TDS equation provides a rainfall 
depth for each storm based on a site’s mean annual precipitation (MAP) and coefficients developed by SCVWD 
from long-term rainfall records. The project team estimated rainfall depth for each design storm for each model 
drainage area based on the distribution of MAP.  Figure 4-11 shows MAP in the vicinity of the study 
watersheds. 

The “balanced hyetograph” routine in HEC-HMS generated storm hyetographs for each return period based on 
the rainfall depths described above.  A storm hyetograph describes the time distribution of the rainfall intensity 
over the duration of the storm.  A balanced hyetograph provides a distribution of the rainfall that maintains the 
same recurrence event for all time intervals within the storm; thus, a “balanced” 100-year, 24-hour hyetograph 
will include 100-year rainfall rates for the 0.5-hour storm, the 1-hour storm, and the 3-hour storm imbedded 
within the total rainfall distribution.  This method is useful in simulating runoff in a multi-drainage area 
watershed model with drainage areas of different sizes, as in this study, since it insures that catchment areas of 
different sizes will all experience the same recurrence interval storm.  This occurs because watersheds of 
different sizes respond differently to different rainfall distributions:  a smaller watershed will produce higher 
flow rates from a short-duration, intense rainstorm, while a larger watershed may experience higher peak flow 
rates from a longer duration, less intense storm.  The use of the balanced hyetograph allows the inclusion of 
both shorter duration peaks and longer duration characteristics all within the same design storm. 

4.1.1.4 Continuous Model  

The HEC-HMS continuous simulation was run using National Climatic Data Center (NCDC) continuous, 
hourly rainfall data from gage station ID 047821, the “City of San Jose” gage for a 50-year period (records for 
summer of 1948 through summer of 1999 were used within the model).  This gage corresponds to SCVWD 
station 6086, which was moved in 1986 to a nearby location known as Station 6131 (San Jose Airport). The 
data collection method was also changed at that time, from a 0.01-inch recording increment to a 0.10-inch 



HMP Report 
 
 
 

Appendix I I-35 REVISED PUBLIC REVIEW REPORT 
F:\SC46\SC46.31\HMP Mar 05\Final Report\Appendix H_District HMP.doc MARCH 2005 

Santa Clara Valley 
Urban Runoff 
Pollution Prevention Program 

increment.  This change is reflected in the rainfall record, in that the smallest rainfall event recorded after 1986 
is 0.10 inch. Using a process similar to that described for the event-based model, the project team scaled the 
continuous rainfall record for each drainage area based on drainage-area Mean Annual Precipitation (MAP).   

Figure 4-11 highlights the location of the City of San Jose precipitation gage.  The City of San Jose gage, 
although located outside the study area, has recorded a significantly longer period of precipitation than have 
other gages in the area.  It is recognized that measured rainfall at the Airport, scaled by MAP, is only an 
estimate of rainfall distributed across the study watersheds.  Actual rainfall rates vary spatially, and intense 
rainfall rates (resulting from individual convective cells within a rainstorm) often occur over one area, but may 
miss another area nearby.  Thus, while measured rainfall at the Airport gage represents a valuable estimate of 
rainfall for the project watersheds, variations during any individual storm are likely.  

4.1.1.5 Distributed Precipitation 

For design storms and for continuous precipitation records, the project team used GIS to divide each study 
watershed into categories according to MAP ranges.  Precipitation input was then adjusted by category 
according to estimated rainfall depth. MAP categories were assigned to each model catchment, based on 
average MAP, and the corresponding adjusted precipitation was linked to each catchment. 

4.3 Parameter Estimation Process 

To simulate the watershed response to a rainfall event, a variety of parameters must be estimated in the 
hydrologic model.  These estimated parameters affect the size and shape of the storm hydrograph predicted by 
the model compared to what may result from any individual actual storm.  Whenever possible, modelers 
compare model results to recorded concurrent rainfall and flow data to calibrate the model by adjusting various 
parameters to reproduce the actual flow resulting from measured rainfall.  The project team generally calibrated 
the models by adjusting SMA parameters and unit hydrograph values. 

Initial estimations of SMA parameters were developed in accord with the methodology outlined in Table 4-19.  
Model calibration refined the parameters within acceptable parameter ranges.  A preliminary calibration was 
performed for the Thompson Creek watershed, which will be refined as additional stream flow measurements 
are obtained.  Historic stream gage data was not available to calibrate the Thompson Creek HEC-HMS model to 
actual flows in the Lower Silver - Thompson Creek system.  However, the SCVWD stream gage on Thompson 
Creek at Quimby Road has been functional since January 2003, and additional flow data for Thompson Creek is 
currently being collected as part of a separate project.  These sources will provide useful calibration data in the 
future. Until more data becomes available and the Thompson Creek model is fully calibrated, a level of caution 
should be extended if model results are to be used in a broader context. 

In the absence of calibration data, the project team compared model results to other available peak flow 
estimates in order to verify the “reasonableness” of model results. Peak flow estimates used in this comparison 
include those from SCVWD 1998 (“flood quantiles” or regional regression equations), Nolte 2000, and FEMA 
1986, as described below.  In addition, Thompson Creek peak flows were estimated for a December 2002 storm 
event using high water marks. Rainfall records from that storm were used in the continuous model.  Results 
from the model were then compared to the estimated peak flows, and used to adjust the model parameters.  
More recently, measured flow data for the period January-May 2003 has become available.  Additional 
collection of data will allow for a more detailed calibration of model parameters.   

A continuous record of stream gage data was not available to calibrate the continuous simulation of the HEC-
HMS model to actual flows in the Lower Silver - Thompson Creek system.  The project team therefore used the 
results of the event-based model to verify that the continuous model produces reasonable results. To obtain 
comparable “peak flows” from the continuous model, we initially ran the model to provide 50 years of 
estimated flow records.  The peak flow rate for each year in the record was then identified.  Estimates of the 2-, 
5-, 10-, 25-, 50- and 100-year return period flow rates were obtained by performing a statistical flood frequency 
analysis of the ordered flood peaks, using the same method that is used for actual gaging station flow records.  
This analysis was conducted with the model parameterized for the existing land use condition.  Peak flows were 
then compared to those estimated by the event-based model for the same return periods and land use scenario.  
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Initial estimates of SMA model parameters, specifically the infiltration parameters, were then adjusted to 
produce peak flow rates that were in reasonable agreement with the event-based model. 

Given the limitation of available calibration data, the Thompson Creek continuous model input parameter 
refinement process has primarily focused on matching observed and simulated flow volumes.  The process, to 
date, has been a model “verification” as opposed to “calibration.”  Future calibration of the Thompson Creek 
model may include flow volume, peak flow rates, and hydrograph shape as calibration criteria. 

4.4 Methodology for Hydrologic Analysis 

4.4.1 Flow Frequency Analysis 

4.1.1.6 Annual Flow Frequency 

Recurrence intervals of simulation results are represented by ranked annual peak flows based on USGS Bulletin 
17B guidelines for distributions fit to a log-Pearson Type III frequency distribution.  Under the 17B guidelines, 
the distribution was weighted with generalized skew coefficients applicable to the study area.  The USGS model 
PEAKFQ was utilized to calculate the skew and the subsequent recurrence intervals for the data sets.   

4.1.1.7 All-Event Flow Frequency 

Traditional hydrologic analysis has focused on low frequency/high flow events, as these tend to be of primary 
interest for flood hazard prediction.  Typically, storms between the 10 and 100-year event are simulated.  
However, one of the key changes that occur as a result of hydromodification is the dramatic increase in the 
frequency of runoff from smaller storms.  In pre-urban conditions, many of these rainstorms would produce no 
runoff at all, with all of the precipitation trapped on vegetation, in shallow depressions, and infiltrating into the 
soil.  The large areas of impervious surface associated with urbanization, connected directly with storm drain 
culverts, results in more frequent runoff, and considerably faster travel times than in the pre-urban state.  
Frequent small storms, with return periods of 2 years or less, are influential events for long-term sediment 
movement.  Recurrence intervals were calculated for all flows events obtained from the continuous simulations 
using individual event separation, as opposed to annual peak flows only. We refer to this methodology as “all-
event flow frequency.”  Flow frequency relationships calculated using the annual peak methodology described 
above do not capture the smaller, frequent storm events of interest to the project team. 

For this analysis, the peak flow rate from each individual storm was computed, stored and tabulated from the 
continuous simulation record for the three land use scenarios (pre-urban, existing, and future land use 
conditions).  To extract events from model output, the beginning and end of flow events were marked by the 
rise and fall of flow above a threshold level.  Peak flows from each event were ranked in descending order and 
assigned a monthly return period, T, as follows: 

T = (N + 0.2) / (M – 0.4) 

such that N is the number of months simulated, and M is the event rank (adopted from James et al., 2002).  The 
return periods are the probability that particular events will be observed within an average month.  Note that this 
technique does not account for seasonality of precipitation events, or probability of an event happening during a  
“wet” vs. “dry” month.  In that context, an event assigned a three-month return period might be more 
appropriately referred to as an event that occurs four times per year on average. 

4.4.2 Regional Regression Flow Estimates 

The project team compared peak flows generated by the model to peak flows predicted by the regional 
regression equations provided by SCVWD (1998).  The regional equations provide a method for estimating 
peak flows for a variety of return periods, based on contributing sub-watershed area, MAP and other parameters 
(SCVWD, 1998).  The equations are derived from analysis of long-term historical stream gage records for the 
region, and are generally assumed to represent undeveloped watershed conditions.   

It should be noted that the regional regression equations, the event-based modeling approach, and the 
continuous model represent three completely independent methods of estimating the larger magnitude flood 
events. 
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• The regional regression equations are based on actual gaged flow records for undeveloped 
watersheds, then “non-dimensionalized,” based on annual precipitation and watershed area. 

• The event-based model uses District-selected parameters, with a “design” rainstorm.  The 
rainstorm volume is derived from observed frequency curves, but the temporal distribution 
(hyetograph) is “artificial”, based on experience. 

• The continuous model approach attempts to simulate a gaging station flow record (using measured 
rainfall only).  The simulated flow record is then statistically analyzed to estimate flood frequency. 

The inclusion of all three of these methods provides some measure of the uncertainty inherent in hydrologic 
analysis. 

4.5 Thompson Creek Watershed 

4.5.1 Continuous Model Results 

This section presents data from the continuous model for pre-urban, existing and future land use conditions. 
Due to the large amount of data generated by the model for each land use scenario (50 years of flow estimates at 
half-hour intervals for multiple locations), summary results for junctions J-5 and J-12 are presented in this 
section to demonstrate representative model results for the upper and lower portions of the Thompson Creek 
watershed, respectively.   

Figures 4-12 and 4-13 show the results of a flood-frequency analysis of continuous model results for the three 
land use conditions at the two representative locations.  Figure 4-13 shows results for the lower portion of the 
watershed, reflecting aggregated hydromodification effects of development throughout the watershed.  These 
results demonstrate the fact that the watershed is largely built-out in the lower reaches, so that the projected 
hydromodification between the current and future conditions is much less than what has occurred from the 
1960’s (“pre-urban” condition) to the present.  The upper reaches of the watershed are partially developed at 
present, although additional development is planned in those locations for the future.  Potential impacts due to 
increased imperviousness in the upper reaches may be significant. 

A comparison of 10-year peak flows at J-12 demonstrates an important aspect of hydromodification. As shown 
in Figure 4-13, the 10-year peak flow for the pre-urban condition (approximately 1500 cfs) now occurs 
approximately every 2.5 years under existing conditions, according to the continuous model results.  This 
represents a dramatic increase in the frequency of flows of this magnitude, which has implications for stream 
stability, as discussed in another chapter.  The increased flow frequency is less dramatic between current land 
use conditions and future, but is still potentially significant.   

Model results for J-5 (Figure 4-12) show a less dramatic difference between pre-urban and existing conditions, 
since the upper part of the watershed is not yet built out.  However, a similar comparison peak flows show that 
the 10-year peak flow under pre-urban conditions now occurs approximately every six years under current 
conditions, according to the model results. 

Recurrence intervals calculated using annual peaks from the continuous model are compared with the all-event 
flow frequency in Figures 4-14 and 4-15.  Estimated peak discharges from the two methods compare favorably 
for return intervals of five to 10 years and above.  However, peak discharges calculated using annual peaks do 
not capture the smaller, frequent storm events of interest for this project. 

As seen in Figures 4-16 and 4-17, the percent increase in discharge, for a given return period, is relatively small 
when comparing existing to future conditions.  The change from pre-urban to existing or future conditions is 
significantly larger, particularly for small, more frequent storm events.  For the events with a very low return 
period (3 months or less), the percentage increase between pre-urban and existing (or future) is enormous.  This 
demonstrates the important role that imperviousness has on runoff generation. 

Although historic measurements of flow in Thompson Creek were not available, some flow data collected 
between January and May 2003 were made available for use in assessing initial model performance.  The 
continuous model was compared with gaged streamflow for the period of January-April 2003.  Balance 
Hydrologics provided flow data for Thompson Creek near Quimby Road and Yerba Buena Creek near the 
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confluence with Thompson Creek.  Measured precipitation for this same period was obtained from the San Jose 
Airport raingage, and scaled by MAP, was used as the model input (Figure 4-18). 

The primary form of model assessment was a comparison with predicted and measured streamflow volume for 
both individual storm events, and the rainy season as a whole.  This process indicates if the model is generally 
separating out rainfall runoff and losses within the watershed.  Calibration of individual storm hydrographs and 
peak flow rates for small storms is difficult, due both to the complexities of the watershed response at that scale, 
and also, the difficulty of accurately extrapolating the rainfall data from outside the watershed to the response at 
different watershed junctions.  Therefore, the Project Team compared simulated volumes of flow, rather than 
individual hydrograph peaks, to measured volumes at the gages. 

Measurements from the Quimby Road gage were compared with simulated flows at junction J-11 of the model.  
Discharges measured at the Yerba Buena gage were compared with the combined simulated flows from STO-8 
and R-12.  Figures 4-19 and 4-20 show cumulative volumes of flow as measured by the stream gages and as 
computed within HEC-HMS.  Cumulative precipitation is also shown within the figures.  Simulated discharge is 
consistent with measured discharge for Thompson Creek at Quimby Road.  However, at the Yerba Buena site, 
model results over-predict discharge volumes.   Overall, it is important to recognize that only about 6- to 10-
percent of the rainfall in the watershed appears as stream runoff. This is a relatively small percentage, based on 
our experience in other watersheds throughout the region (where typically, 15- to 25- percent of the total rainfall 
appears as runoff).  The majority of rainfall is held in the watershed, then later either lost via evapotranspiration, 
or flows to the Bay through subsurface layers as groundwater.  The continuous model provides a good 
simulation of these overall watershed dynamics. 

Individual event volumes were calculated for several flow events.  Table 4-20 lists computed and measured 
volumes for events occurring January 9-10, February 16, February 25-27, and March 15-16, 2003.  Figures 4-21 
and 4-22 graphically present the volumetric comparisons.  In general, measured discharge volumes for 
Thompson Creek at Quimby Road correspond to approximately 4-6% of the event precipitation volumes.  The 
continuous model calculates flow volumes that compare reasonably well to the measured values.  Measured 
streamflow at the Yerba Buena site is generally less than 1.5% of the precipitation volume.  Simulated volumes 
at Yerba Buena compare well considering that the model is not yet calibrated. 

Based on initial simulations using spring 2003 rainfall data, it appears that with the present parameterization, 
the continuous model tends to over-predict runoff and most peak flow rates.  Therefore, after calibration, the 
simulated flows will most likely decrease.  It is important to note however, that the relative differences between 
pre-urban, existing and future conditions are unlikely to change very much as a result of calibration.  

4.5.2 Event-Based Model Results 

The project team compared peak flows generated by the event-based model to peak flows predicted by the 
regional regression equations provided by SCVWD (1998).  The regional equations provide a method for 
estimating peak flows for a variety of return periods, based on contributing sub-watershed area, MAP and other 
parameters (SCVWD, 1998).  The equations are derived from analysis of long-term historical stream gage 
records for the region, and are generally assumed to represent undeveloped watershed conditions.  Event-based 
results were also compared to flow estimates provided in Nolte 2000.   

Figures 4-23 and 4-24 compare simulated event peak discharges as a function of yearly recurrence intervals at 
two HEC-HMS nodes (junctions J-5 and J-12).  Discharges are shown for simulated pre-urban, existing, and 
future development scenarios plotted with discharges calculated from the regional equations.  Estimates from 
Nolte 2000 are also shown for comparison in Figure 4-24.  The line representing the historical flood quantile 
(regional regression) shows good correlation with simulated pre-urban conditions.  This relationship is 
reasonable as the regional equations were developed based on gaging station data from primarily undeveloped 
watersheds. 

Figures 4-25 through 4-28 show additional event-based model results for past, existing and future land use 
conditions at each segment of Thompson Creek, and for the upper portion of Yerba Buena Creek (refer to 
Figure 4-1 for junction locations).  Peak flows for a variety of return periods are plotted together for the three 
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land use scenarios.  This comparison demonstrates the effect of urbanization on peak flows across the spectrum 
of return periods, with the most dramatic impact being on the smaller, more frequent storms.  

A summary of model results (peak flows and discharge volumes) is presented in Table 4-21, for relevant 
locations on Thompson Creek and Yerba Buena Creek.  In addition, model results at J3 and J12 for selected 
return periods are presented in Figures 4-29 through 4-32. 

4.6 Ross Creek Watershed 

4.6.1 Continuous Model Results 

Continuous discharge records from two Ross Creek stream gages were used to calibrate the HEC-HMS model.  
Gage #21 is located on Ross Creek at Blossom Hill; Gage #51 is located at Cherry Avenue.  Gages #21 and #51 
correspond to HEC-1 model nodes J-5 and J-1, respectively (Figure 4-2).   Due to the large quantity of data 
generated in the Ross Creek model, this section will limit the results discussion to results from junctions J-5 and 
J-1.  Junction J-5 represents the upper watershed, which is largely undeveloped under existing conditions.  
Junction J-1 is inclusive of the upper and lower watershed and includes the urbanized areas of the watershed.    

Figures 4-33 and 4-34 show the results of a flood-frequency analysis of continuous model results for the three 
land use conditions at the two representative locations.  The Ross Creek Watershed, similar to the Thompson 
Creek Watershed, is largely built-out in the lower reaches.  The effect of watershed hydromodification is much 
more significant when comparing pre-urban/existing conditions than when comparing existing/future land use 
conditions.  

Due to increased urbanization, and the resulting increase in impervious area, the frequency of flows at a given 
magnitude have increased.  As illustrated in Figure 4-34, the 10-year pre-urban peak flood event was 
approximately 500 cfs.  According to the model results, under existing conditions, a flow of that magnitude is 
expected to occur almost every year.  A 500 cfs magnitude event is expected to occur slightly more frequently 
under future land use conditions.  As seen in Figure 4-33, the 10-year pre-urban peak of 250 cfs occurs, on 
average, every 1.3 years under existing conditions.  The increase in flow frequency is a significant influence on 
watershed stream stability.   

Recurrence intervals calculated using annual peaks from the continuous model are compared with the all-event 
flow frequency in Figures 4-35 and 4-36.  The two methods are comparable for events larger than the 3-year 
return period.  However, computation of an annual flow frequency does not capture the smaller, sub-year, 
events that are important for long-term stream stability. 

Figures 4-37 and 4-38 present the percent increase in discharge, for a given return period, for the multiple land 
use scenarios.  As expected, the change from pre-urban to future land use conditions represent the largest 
differences in peak flow. The hydrologic peak flow comparison resulting from changing existing land use to 
future conditions is relatively small.   

The pre-urban and existing condition models for Ross Creek were calibrated against the observed data for two 
flow gages within the Ross Creek watershed.  In the upper portion of the watershed, the flow record for Ross 
Creek Gage 21 at Blossom Hill Road was used to calibrate the model at junction J-5.  Flow data was available 
from 1946 till 2003 for Gage 21, and the period from October 1950 through March 1952 was used for the pre-
urban condition calibration of the model at J-5.  The hydrograph results for the pre-urban condition calibration 
at J-5 are shown in Figure 4-39.   

The flow record for Ross Creek Gage 51 at Cherry Avenue was used to calibrate the lower portion of the Ross 
Creek watershed model at junction J-1.  Flow data was available for this gage from 1956 through 2003, and the 
period from October 1956 through May 1958 was used for the pre-urban condition calibration of the model at J-
1.  The hydrograph results for the pre-urban condition calibration at J-1 are shown in Figure 4-40.   

For the existing condition model for Ross Creek, junctions J-5 and J-1 were both calibrated for the period from 
November 2000 through March 2003, using flow data from Gage 21 and Gage 51, respectively.  The 
hydrograph results for the existing condition calibration at J-5 and J-1 and are shown in Figure 4-41 and Figure 
4-42, respectively.   



HMP Report 
 
 
 

Appendix I I-40 REVISED PUBLIC REVIEW REPORT 
F:\SC46\SC46.31\HMP Mar 05\Final Report\Appendix H_District HMP.doc MARCH 2005 

Santa Clara Valley 
Urban Runoff 
Pollution Prevention Program 

Tables 4-22A through 4-22D list the numerical results for each of the four calibration periods discussed above.  
The total volume for the flow gage record and the simulation are shown, as well as the total volume for the flow 
gage minus all flows less than or equal to 1 cfs.  This analysis was added to account for the effects of baseflow 
in the flow gage record.  The model results for total volume were compared with this decreased volume, so as to 
not over predict flow volume in the model, which did not simulate baseflow.  The percent error from observed 
volume is presented the tables, and due to the variability of hydrologic modeling, a deviation of 20 percent is 
considered a strong correlation.  The average discharge for each condition was included for comparison.  The 
RMS error function value for the model results when compared to both the gage data and the adjusted gage data 
are presented in the tables.    

The degree of correlation between the observed and simulated flows was measure using the peak-weighted root 
mean square (RMS) error objective function.  This function is identical to the calibration objective function 
included in computer program HEC-1 (USACE, 1998). It compares all ordinates, squaring differences, and it 
weights the squared differences. The weight assigned to each ordinate is proportional to the magnitude of the 
ordinate. Ordinates greater than the mean of the observed hydrograph are assigned a weight greater than 1.00, 
and those smaller, a weight less than 1.00. The peak observed ordinate is assigned the maximum weight. The 
sum of the weighted, squared differences is divided by the number of computed hydrograph ordinates; thus, 
yielding the mean squared error. Taking the square root yields the root mean squared error.  

Therefore, this function is an implicit measure of comparison of the magnitudes of the peaks, volumes, and 
times of peak of the two hydrographs.  The function is defined as follows: 
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Where Z is the objective function, Q0(t) is the observed flow at time t, QS(t) is the computed flow at time t, and 
QA is the average observed flow.  The objective function is evaluated for all times t in the objective function 
time window. 

4.7 San Tomas Creek Watershed  

4.7.1 Continuous Model Results 

Continuous discharge records from two gages on  San Tomas Creek (above Williams Road) were used to 
calibrate the HEC-HMS model for the portion of the watershed studied.  This portion of the watershed is just 
upstream of lower watershed that has concrete lined channels. Gage #24 is located on Upper San Tomas Creek 
just upstream of Williams Road; Gage #29 is located at Elwood Drive, see Figure 4-3. Due to the large quantity 
of data generated in the Upper San Tomas Creek models, this section will limit the discussion to results from 
these junctions.    

In the lower portion of the watershed, the flow record for stream Gage 24 was used to calibrate the Pre-urban 
condition and the Existing condition models at junction J-6.  Flow data was available from September 1955 to 
September 2004, and calibration was performed for the period from June 2002 through June 2003.   

For the upper portion of the watershed, the flow record for stream Gage 29 was used to calibrate junction J3e of 
the Pre-urban condition model and junction J1 the Existing condition model.  Flow data was available from 
October 1945 to October 1968 and calibration was performed for the period from October 1960 through 
October 1962.   
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5 Stability Assessment 

This chapter summarizes the results of applying the stability assessment to the Thompson Creek, Ross Creek 
and San Tomas Creek sub-watersheds.  These results from Ross and San Tomas Creeks, which are in the 
Central and Western portions of Santa Clara Basin, are compared to the Thompson Creek on the eastern portion 
of Santa Clara Basin.   

The comparison answers the following question: 

 Are the Thompson Creek, Ross Creek and San Tomas Creek results significantly different enough 
from each other to warrant a separate hydromodification standard, criteria and threshold, or can a 
single Basin wide standard be defined that applies to all watersheds in the Basin? 

Sections 5.1 and 5.2 provide a summary of the background information related to the conditions and 
assumptions of the method.  Section 5.3 describes the mechanics of the method.  Section 5.4 describes how well 
the method works compared to the observed field conditions and presents the tools to be used for management 
decisions.  Section 5.5 applies the method to future conditions and summarizes the results.  Section 5.6 
summarizes the findings of the Stability Assessment and Section 5.7 briefly states the conclusion on developing 
a Basin wide standard.   

5.1 Overview 

Increases in impervious surfaces caused by urbanization and the associated changes in runoff can increase 
erosion in streams.  Development creates large percentages of impervious surfaces that are interconnected via 
rain gutters, storm drains, and open channels discharging into the creeks.  The modification of stream flows due 
to increases in impervious surfaces and connectivity is considered the most significant cause of channel erosion 
in urban stream channels (Hammer, 1972; Booth et al. 1997; Doyle et al 2000; Bledsoe et al 2001).  This 
modification to stream flows is termed as hydromodification.  In addition to hydromodification, urbanization 
encroaches onto floodplains and channels, can change sediment sources and supplies, and alter vegetation 
patterns and densities that influence stream stability. 

The stability assessment methodology is based on the premise that a balance among flow energy, sediment 
supply, and channel resilience must be maintained in order for the stream network to remain stable (Ontario, 
2003).  By applying this method and establishing management criteria, the intent is to maintain stream sediment 
transport and erosion processes, not to eliminate them.   

Using continuous simulation, the method integrates the excess shear stress applied to the channel boundary over 
the total time (duration).  Excess shear stress is defined as the amount of applied shear that exceeds the critical 
shear stress for initial motion of bed material or erosion of bank material.  This integration is done over a 
rainfall record of 50-years in this analysis.  The assessment method measures erosion potential by using an 
index representing the effective work done by flow energy in excess of the amount required to transport the 
available sediment load.   

To gain confidence that the method is a reliable predictor of stream channel erosion and instability, the method 
is used to compare model predictions to observed field conditions classifying the current eroded state of the 
stream channel (low, medium or high).  An empirical relationship is derived that relates model predictions to 
the probability of having unstable channel conditions.  Through this relationship, a threshold is defined that 
predicts the on-set of channel adjustment and erosion, which is then used to evaluate the effectiveness of 
management strategies.  Chapter 5 discusses this relationship, compares and contrasts the results between the 
Ross Creek, San Tomas Creek and Thompson Creek subwatersheds. 

Natural processes such as weathering, landslides, debris flows, and hill slope erosion supply sediment to the 
valley floor and stream channels.  This material is transported downstream, broken down into smaller material, 
deposited, scoured, and continually reworked.  The hydraulic energy of stream flow imposes a shear force that 
mobilizes the erodible soils and rock and helps shape the stream channel network.  Over time, channels evolve 
to approximately stable equilibrium conditions that balance the imposed flow energy and sediment load with the 
channel boundary materials’ ability to resist erosion.  The processes of runoff and sediment transport interact 



HMP Report 
 
 
 

Appendix I I-43 REVISED PUBLIC REVIEW REPORT 
F:\SC46\SC46.31\HMP Mar 05\Final Report\Appendix H_District HMP.doc MARCH 2005 

Santa Clara Valley 
Urban Runoff 
Pollution Prevention Program 

with the boundary materials establishing cross-sectional geometry, longitudinal slope and planform.  As 
vegetation co-evolves with the channel, it too influences channel stability and shape.   

Minor episodic storms (including El Nino) small fires and landslides can also affect sediment characteristics of 
stream channels. Such minor episodic events occur at a frequency of one in 5 to 20 years in the Santa Clara 
Basin and can establish a new set of stream conditions and vegetation patterns that gradually return to the pre-
event geometry over time.  Major episodic events (large fires, major earthquake fault movement) may establish 
new set of stream conditions.  Major episodic events do not occur every 100 years.    

The stability assessment primarily addresses changes in watershed runoff patterns and does not specifically 
address changes in sediment or vegetation patterns.  The methodology measures changes and impact from 
urbanization.  It does not measure or recommend management measures for episodic effects associated with 
fires, seismic events or landslides.  These influences would be accounted for under the geomorphic/ historic 
assessment, and characterization of the watershed and stream system.   

5.2 Channel Stability and Equilibrium 

5.2.1 Channel Stability and Thresholds 

To test and verify the method, the stability assessment requires stable “baseline” conditions to compare to the 
existing conditions.  Stable baseline conditions are being represented by pre-urban watershed conditions and 
modeling.  Both the hydrologic modeling and the stream hydraulic modeling were completed using 1940s and 
early 1950s conditions on Ross and San Tomas Creek watersheds, and 1960s conditions on Thompson and 
Lower Silver Creek watersheds.  

A stable channel is loosely defined as one that neither aggrades nor degrades, but instead maintains its average 
cross-section, planform, and profile features over time and within a range of variance.  Several researchers have 
defined the equilibrium concept as one where the spectrum of discharges, slope, and channel geometry are 
adjusted to provide just the right energy to transport the sediment load supplied to the system (e.g., Knighton 
1998).   

Stream systems in equilibrium can tolerate a certain amount of variation in its flow and sediment loads through 
natural self-regulating mechanisms.  A stable channel can tolerate short-term disturbances without significant 
change.  A disturbance of sufficient magnitude and duration that exceeds the ability to self-regulate causes the 
channel to begin changes, which is defined as the “threshold of adjustment”.  Under such conditions, streams 
can migrate, widen or incise into underlying materials.  Stream systems may never truly be in perfect 
equilibrium, but over the short time period of observation, stream systems tend to maintain consistent 
measurable characteristics, or if disturbed, streams tend to return to approximately their previous state.   

The intent of the assessment method is to identify the threshold of adjustment where channels begin to incise or 
widen and the forces that cause this adjustment, accelerating the natural erosion and sediment transport 
processes.  This threshold of adjustment is proposed as the measurable limit of allowable change in the 
watershed and used for management purposes.  

5.2.2 Work Concepts 

In addition to the equilibrium concept, there also is a range of flows that are considered most important in 
defining channel form, adjustment and controlling the rate at which sediment is transported through the stream 
system (Leopold et al. 1964).  Leopold et al. (1964) showed that a large percentage of the “work done” is 
performed by frequent flow events of moderate magnitude defined as “geomorphically significant flows” in this 
report.  Research has shown that urbanization significantly alters the frequency and duration of geomorphically 
significant flows (Hammer 1972, Hollis 1975).  Bledsoe and Watson (2001) reported that the frequency of these 
flows increases by factors of 2.5 to 5 for watersheds with 18 percent impervious cover.  MacRae et al. (1992, 
1993) showed that the greatest increase in channel erosion results from increases in the small and moderate 
sized flow events – referred to as sub-bankfull flows.  These small but frequent flow events have the energy to 
move sediment and erode stream bank material, and cumulatively have more influence over channel erosion and 
adjustment than infrequent larger storm events.  Additionally, they can weaken the bank and therefore 
contribute to more extensive and severe slumping during larger storm events. 
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5.3 Methods 

5.3.1 Effective Work Index 

The stability assessment is based on measuring the magnitude of effective work index (W) by flows that exceed 
a specified critical value for the streambed or bank material.  W is an index that represents the total work done 
on the channel boundary integrated over time.  Note that the index includes a velocity term to accurately 
represent W in units of Work.  The Thompson Creek study was updated to include the index as shown below in 
Equation 1 and illustrated earlier in Figure 2-2.   

This effective work index is defined as follows: 
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where:  

W = index of total effective work done over the length of flow record per square foot of bed or bank 
(ft-lbs/sq-ft).   

C = a constant to convert equation to dimensional or dimensionless units of work, dependent on 
exponent e 

n = number of flow records in a histogram of flows  

τc = critical shear stress that initiates bed mobility or shear erosion (lbs/sq-ft).   

τi = applied hydraulic shear stress, computed as ρgdS (lbs/sq-ft).   

e = exponent that captures the exponential rise in stream power with flow (determined to be between 1 
and 2.5, selected as 1.5 for watersheds in Santa Clara Basin) 

V = mid-channel velocity (ft/sec) 

∆t = duration of flow (in seconds) for each flow record 

 

For τi ,   

d = depth of water (ft), S = longitudinal slope (ft/ft),  

g = gravity constant (ft/sec2) ρ = density of water (lb/ft3) 

The time increment (∆t) is determined by generating a histogram of flows from the continuous hydrologic 
simulation results, which are hourly data.  For each flow range (Bin), the histogram provides the count or 
duration of time that flows are within the designated flow range.  For the average flow within a Bin, the depth, 
velocity, and shear stress are computed.  Equation 1 is solved for each flow Bin, where the excess shear term is 
multiplied by the velocity (V) and duration (∆t) to compute the incremental effective work done by that specific 
range of flows.  When equation 1 is summed over the 50-year flow record (histogram), the result (W) is a 
measure of the total effective work done on the stream channel boundary.   

5.3.2 Determining Critical Values 

Critical values of the streambed and stream bank provide a measure of the stream’s resistance to erosion.  
Critical values for bed material reflect the onset of sediment transport.  Critical values for bank material reflect 
the onset of erosion of the bank, especially for weak stratigraphy layers.  Streams (or boundary material) with 
larger critical values have more resilience to hydromodification.  Chapter 3 described the physical properties of 
the observed streambed and bank materials, which are used to determine the critical values for the channel 
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boundary.  The bed was characterized by particle size distribution and depth.  Stream banks were characterized 
by composition (percent clay, silt, sand and gravel).   

For the different bed material sizes, critical values of shear stress and velocity for bed mobility were estimated 
using two methods: Shield’s equation and from permissible velocity tables published in ASCE Manual No. 77 
(1992).  Table 5-1 lists the range and average of estimated critical velocities and shear stresses using each 
method for comparison.  Ultimately, the average ASCE values were used in the stability analysis to maintain 
consistency between the values selected to represent the critical shear for bank material.     

 

Table 5-1. Range of Critical Shear Stress and Velocity for Measured Bed Material in Thompson Creek 

Study Area 

D50 

(mm) 

Bed 

Slope 

Critical Bed 

Shear Stress 
(a) 

(lbs/ft^2)  

Critical Bed 

Shear Stress 
(b) 

(lbs/ft^2)  

Critical  

Velocity (a) 

(ft/s) 

Critical  

Velocity (b)

(ft/s) 

Thompson Creek       

Range 3.2 to 10 0.002 to 0.018 0.05 to 0.16 0.09 to 0.27 1.5 to 2.8 2.4 to 3.5 

Average  6  0.09 0.14 2.1 2.8 

Ross Creek       

Range 14 to 30 0.004 to 0.019 0.22 to 0.48 0.21 to 0.61 3.3 to 4.4 3.9 to 5.2 

Average  20  0.29 0.35 3.9 4.3 

San Tomas Creek       

Range       

Average        

a) Source: Computed using Shields Equation.  Dimensionless parameter used = 0.047 

b) Source: ASCE Manual No. 77, page 334, Figure 9.5.  

 

The ability of a stream bank to resist erosion depends on soil materials, stratigraphy, vegetation density, root 
strength, the degree of cohesion, bank height, and slope.  Boundary material also influences vegetation 
assemblages which in turn provide resistance to bank erosion.  Stream channels bounded by clays, compacted 
silts, and loess are often more resistant to erosion and respond more slowly to hydrologic changes than channels 
bound by loosely consolidated sands and gravels.   

The ASCE Manual No. 77 was used to estimate critical velocities and shear stress for the channel banks, 
including both the upper stiff clay layers and the lower weaker layers with sands and gravels.  Table 5-2 lists the 
critical values selected for the different bank materials found in the Thompson Creek and Ross Creek 
subwatershed.  The composition of the bank soils was estimated qualitatively in the field.     

Table 5-2. Selected Critical Velocity and Shear Stress Values for Bank Material  

 
Material Type 

Critical Velocity  
(Vc ft/sec) 

Critical Shear Stress  
(τc lbs/ft^2) 

Riprap 8.0 1.6 
Hardpan 6.0 0.67 

Compacted Clays 5.0 0.5 
Stiff Clays 4.0 0.32 
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Alluvial Silts 3.5 0.23 
Firm Loam 3.5 0.23 
Silty Loam 3.0 0.17 

Sandy Loam 2.5 0.12 

 

5.3.3 Hydraulic Computations 

Hydraulic calculations convert the flow rates estimated by the hydrology model to flow depth, velocity, and 
shear stress based on cross-section geometry and slope.  Channel hydraulics are computed using normal flow 
assumptions.  Each cross-section is treated independently from the others; thus backwater effects are not 
considered.  The computations are completed following the Army Corps of Engineers HEC-2 method, where 
conveyance (K) is computed and summed between individual survey points.  A HEC-2 (HEC-RAS) model was 
not developed.  The depth, velocity, and shear stress used in the stability assessment are taken from the main 
channel not including overbanks or floodplains.  The central channel velocity and shear stress more correctly 
represent the actual values imposed on the channel bed and toe of banks where shear erosion is occurring.   

The following equations are used for the hydraulic analysis: 

SKQ ⋅⋅= 49.1  

∑=
3/2

n
ARK           

P
AR =  

where  

K = Conveyance 

R = Hydraulic radius 

P = Wetted perimeter 

Conveyance is computed for each element of the flow area defined between two cross section survey points.  
The total conveyance (K) is then determined by summing the conveyance between individual elements.  Once K 
is known, the discharge is computed.  The computation begins by computing the flow area (A) and wetted 
perimeter (P) for a know depth of water, followed by computing K and then discharge (Q).   

For the stability assessment, hydraulic tables were generated for each cross section by incrementing stage in 6-
inch increments up to the maximum surveyed elevation.  This stage-discharge table includes hydraulic radius, 
flow velocity, bed shear stress, flow area, and a composite roughness coefficient.  The stage-discharge table was 
used in conjunction with the histograms to predict the hydraulic variables (by interpolation) given the model 
flows.   

5.3.3.1 Selecting Roughness Coefficients 

Roughness coefficients, required for hydraulic calculations, were first estimated in the field and then adjusted in 
the office using photographs taken at each individual cross-section.  Coefficients were estimated using Cowan’s 
method as described in Chow (1959) and others.  Cowan’s method sums individual roughness elements of the 
stream boundary.  For example, bed material and form, irregularities in the banks, variations in cross-section, 
obstructions, and vegetation density are elements considered to derive the overall roughness coefficient.  For the 
hydraulic computations, coefficients were selected to represent low flows in the mid-channel, bankfull flows, 
and flood flows, and vary by elevation and location.  

5.3.4 Erosion Potential 

The effective work index for stable stream channels under pre-urban conditions (or drainage areas as close to 
undeveloped as possible) is compared to unstable channels under urbanized conditions.  The comparison, 
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expressed as a ratio, is defined as the Erosion Potential (Ep) (McRae, 1992, 1996) and illustrated earlier in 
Figure 2-3.   

stable

unstable

W
W

Ep =  (2) 

Wunstable = work index for a stream section determined to be unstable  

Wstable = work index for a stream section determined to be stable 

The Ep is used to develop the empirical relationship between Ep and the observed stability of stream channels.   

Predicting the erosion potential for future development projects and for management purposes, the Ep ratio 
would be written as: 

pre

post

W
W

Ep =  (3) 

Wpost = work index estimated for proposed development  

Wpre = work index measured for the pre-development condition 

The concept here is that during implementation of the HMP, the baseline pre- condition is the Existing 
condition.  The existing condition may, or may not, be stable.  When existing conditions are not stable because 
of current development, implementation of the HMP requires that Ep not increase and make the observed 
erosion worse.   

5.3.5 The Erosion Potential Chart 

The measured Work Index and Ep values for pre-urban and existing land use conditions are compared to the 
field classified erosion condition (stable/low and medium/high).  The numeric value of each parameter is plotted 
on a vertical chart by group and is referred to as the Erosion Potential Chart.   Groups with indistinguishable 
measures are combined; groups that are distinguishable suggest potential thresholds for management purposes.  
Earlier results from Thompson Creek showed the above groupings to be appropriate.   

As with any environmental data, there is always variation in results and some level of uncertainty in 
mathematical expressions that attempt to predict environmental conditions.  Predicting the on-set of erosion and 
channel instability is a complex matter.  Overlap in groupings illustrates the uncertainty in the effective work 
index and Ep.  The Erosion Potential Chart will be described in more detail under Results. 

5.3.6 Logistic Regression 

 

5.4 Results 

The results are presented for the Thompson Creek Watershed, and then for the Ross Creek and San Tomas 
Creek watersheds.  The Ross Creek and San Tomas Creek results are then discussed in comparison to the 
Thompson Creek.   Sub-section 5.4.1 provides a discussion on percentage of watershed imperviousness 
specifically as it relates to Segment 5 in Thompson Creek and for East Ross Creek where field observations 
noted a transition from stable channel conditions to unstable conditions.  The literature frequently reports 
observed channel and riparian impacts once the percent of imperviousness reaches a certain level (frequently 
stated as 10%).  Sub-section 5.4.1 tests these conclusions in the Santa Clara Basin.  Sub-section 5.4.2 
summarizes the result of the effective work computations and compares the computed index to the observed 
field classification for erosion.  Close agreement would indicate that the effective work index can predict the 
likelihood that a stream channel would be stable or unstable.  Sub-section 5.4.3 discusses results for the Erosion 
Potential (Ep) and sub-section 5.4.4 discusses the logistic regression results, which are used to derive the 
threshold of adjustment.   
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5.4.1 Percentage of Watershed Imperviousness 

Booth et al. (1990, 1997) reported finding a good correlation between the onset of channel instability and recent 
increases in percent imperviousness.  According to Booth, western Washington lowland streams display the 
onset of degradation at a consistent level of development, and instability is observed when the effective 
impervious area increases to 10 percent or more.   

The project team compared the percentage of impervious area for cross-sections in Thompson Creek and Ross 
Creek.  Figure 5-1T and 5-1R presents an illustration showing the cross section location, contributing sub-
catchments, and percent impervious area, for Thompson Creek and Ross Creek, respectively.     

In Thompson Creek, the project team compared the percentage of impervious area for cross-sections TC5-4, 
TC5-5, TC5-6 and TC5-7 in Segment TC5 under existing conditions. In Ross Creek, the project team compared 
cross sections in East Ross (ER-1, -2, and -3) as well as one on the main stem of Ross Creek (RC-8).    

The percent of impervious area associated with cross-sections in the upper parts of the watersheds, where the 
cross-sections transition from stable to unstable conditions is shown in Table 5-3 and in Figures 5-1T and 5-1R.   

Table 5-3.  Summary of Percent Impervious Area in Transition Segments of Thompson Creek and Ross 
Creek subwatersheds 

Ross Creek Current % 
Impervious 

Erosion Rate 
Classification 

Thompson 
Creek 

Current % 
Impervious 

Erosion Rate 
Classification 

ER-3 1.2 Stable TC 5-7 1.6 Stable 

ER-2 5.8 Medium/High TC 5-6 6.9 Low 

ER-1 8.9 High TC 5-5 9.4 High 

RC-8 18.7 High TC 5-4 11.1 High 

 

The percent of impervious area associated with cross-sections TC5-4, TC5-5, T5-6, and T5-7 are 11%, 9%, 7% 
and 1.6%, respectively.  The field study classified erosion along cross-sections TC5-4, TC5-5, TC5-6, and TC5-
7 as “high,” “high,” “low”, and “stable”, respectively.  Furthermore, cross-section TC5-5 is just beginning to 
show the signs of instability, where the bed has recently incised six-inches, reach wide.   

The percent of impervious area associated with cross-sections RC-8, ER-1, ER-2, and ER-3 are 19%, 9%, 6% 
and 1.2%, respectively.  The field study classified erosion along these sections as “high”, “high,” 
“medium/high”, and “stable”, respectively.  According to the field crews, cross section ER-2 is mostly medium.   

Given the results for both Ross Creek and Thompson Creek, it appears that a similar relationship between 
percent imperviousness and stream channel instability might exist in the Santa Clara Basin as that found for 
Western Washington by Booth.   The transition between stable and unstable conditions occurs between 5 and 10 
percent impervious.   

5.4.2 Testing the Assessment Method’s Ability to Predict Observed Instability 

5.4.2.1 This section first discusses the effective work curves, which suggests which flows are responsible for 
doing the most work on the channel boundary, and when compared between pre-urban and existing, 
illustrate how urbanization changes these important flows.   

5.4.2.2 Effective Work Curves 

Thompson Creek 

Figure 5-2T present effective work curves and cumulative effective work curves for the pre-urban watershed 
conditions for a sub-set of cross sections in Thompson Creek.  These results represent the stable baseline 
condition upon which the existing and future conditions are compared and used to evaluate potential 
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instabilities.  Figure 5-3T presents the computed effective work curves and cumulative effective work curves for 
cross-sections in Segment 5 under existing conditions.   

These curves illustrate which flows are doing the greatest amount of work on the stream channel and are 
responsible for the greatest amount of channel incision and toe erosion.  For the urbanized cross section TC5-1, 
-2, -3, -4, and -5, flows between about 15 cfs and 80 cfs are responsible for greatest percentage of the erosion 
and instabilities in this segment.  This is observed by the larger magnitude of the effective work index between 
15 cfs and 80 cfs.  For cross sections TC5-6 and TC5-7, with little development, there is much less influence of 
small to moderate sized storm on the overall effective work.  The important geomorphically significant flows 
begin at about 15 cfs but extend to 250 cfs and 190 cfs for TC5-6 and TC5-7, respectively.  These curves 
illustrate the effect urbanization has on increasing the frequency and duration of small to moderate sized storms 
and its affect on Work, and is consistent with results presented by others in the literature (Hammer 1972, Hollis 
1975, Bledsoe and Watson 2001, MacRae et al. 1992, 1993).   

Ross Creek 

Figure 5-2A presents effective work curves for select cross sections for the pre-urban, existing, and future 
watershed condition for Ross Creek.  The pre-urban results (late 1940’s and early 1950’s), when the watershed 
was agricultural and undeveloped, represent the stable baseline condition upon which the existing and future 
conditions are compared and used to evaluate potential instabilities.  These curves illustrate which flows are 
doing the most work on the stream channel boundary.  As observed with Thompson Creek, the small to 
moderate magnitude flows have the greatest influence on channel shape and erosion potential.  For example, 
under pre-urban condition for Ross Creek, flow from 25 cfs to about 240 cfs accounts for 90% of the total work 
done.  This range of frequent flow events constitutes the geomorphically significant flows for Ross Creek.   

The change between the existing curves and the pre-urban curves illustrate which urban flows are doing the 
greatest amount of work on the stream channel and are responsible for the greatest amount of channel erosion.  
The work done at cross section RC-8 for example increases the most dramatically when compared to the other 
cross sections.  The maximum work done under pre-urban conditions is about 200,000 ft-lbs/sq-ft at 40 cfs, 
which increases to 640,000 ft-lbs/ sq-ft under existing conditions.   

Figure 5-2B present the cumulative work curves for Ross Creek, sections RC-3 to RC-8.  These curves illustrate 
which flows are contributing the most to the overall total work done on the stream channel.  The figure also 
shows the magnitude of the 2-year, 5-year, and 10-year peak flows.  This figure illustrates how much work is 
done for flows of different magnitudes.  For example, 70% to 80% of the work is done by all flows up to the 2-
year peak flow.  Between 92% and 94% of the work is done by flows up to the 10-year peak flow.  Provision 
C.3.f.iv of the permit requires the HMP to specify the range of storms for which the HMP applies.  From Figure 
5-2B, the Project Team is recommending that flows be managed from zero up to the pre-project 10-year peak 
flow.   

Figure 5-3 presents effective work curves for the pre-urban, existing, and future watershed condition for East 
Ross Creek.   These curves show similar trends as well as some differences.  ER-1 and ER-2 both show 
increases in work in the low to moderate flow range.  However, ER-3 actually shows decreases in work and in 
the range of flows.  It may be that the construction of impervious surface upstream from ER-3 creates the 
bimodal hydrograph phenomenon where runoff from the impervious surfaces travels faster and exits the 
catchment before the remaining forested catchment area is able to contribute to flows.   

Figure 5-4 presents effective work curves for the pre-urban, existing, and future watershed condition for RC-1 
and RC-2.  These two cross sections are located in a portion of the channel that was excavated where no stream 
channel existed naturally to route flows to Guadalupe River.  These two cross sections illustrate results for an 
earthen engineered channel with an erodible boundary.  The maximum work for the existing conditions is not 
too much different than the maximum work under the pre-urban conditions.  The existing curves are a little 
broader than the pre-urban curves.  These cross sections show signs of significant past erosion. At present, they 
have low to medium erosion presently.  Figure 5-4b illustrates what the work curve would look like using 
existing flows and the design cross section.  This curve suggests that much more work was done on the channel 
in the past than what is predicted today.  This is consistent with the field observations that these cross section 
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show signs of past erosion with about 2-feet of incision and bank erosion.  Today, these cross sections are wider 
and deeper and may be reestablishing a state of equilibrium.   

Like Thompson Creek, the work index computed in Ross Creek increases more so for smaller flows than larger 
ones.  However, the effective work in Ross Creek does not increase as dramatically in the low flow range as 
predicted for Thompson Creek.  Effective work in Ross Creek exhibits a more or less uniform increase 
(percentage wise) within the low to moderate flow range (roughly 25 cfs to 500 cfs).  These results may reflect 
the hydro-geomorphic nature of Ross Creek.  Ross Creek is mostly perennial, larger lot sizes per dwelling, and 
larger bed material than Thompson Creek.  The upper watershed is forested and has lower perviousness, unlike 
Thompson Creek whose watershed is mostly grass lands and more pervious.   

5.4.3 Evaluation of the Field Designated Erosion Classification 

Figure 5-5 plots the total effective work index with erosion classification for Thompson Creek. Estimates for 
pre-urban conditions are also shown for comparison.  The total effective work index is computed by the model 
and the erosion classification is determined in the field for existing conditions.  The distribution of stable/low 
versus unstable – medium/high along the total effective work index suggests a strong correlation between the 
computed work index and the field designated erosion classification.   

Figure 5-6 compares the total effective work index (W) with the erosion classification for existing conditions 
based on field observation in Ross Creek.  Unfortunately, all but two cross sections were classified as 
medium/high, which makes it difficult to make strong statements regarding correlation to field observations.  
Considering the two cross sections in the stable/low classification, RC-7 is just upstream of a grade control 
structure installed in 1958, and ER-3 is predicted to have a decrease in work due to shifts in the flow 
histograms.   

The range in magnitude of the effective work index for Thompson Creek is greater than what is computed for 
Ross Creek.  To understand this better, it is necessary to look at a number of factors: 

1. Critical shear stress in the two watersheds:  For the same total shear stress applied, the critical shear 
stress at Ross Creek is higher, thereby resulting in a lower value of total effective work.  The critical 
shear stress on Ross Creek is higher because of larger D50 of the bed material.  The D50 is larger 
because of differences in the geomorphology, the mountain ranges and perennial nature of flow in 
Ross Creek, which does not allow as much of the fines to settle out. Tables T3-3 and R3-3 lists the 
D50 values for Thompson and Ross creeks 

2. Age of development and channel response:  Another possible explanation is the difference in the time 
period of adjustment since intense development has taken place.  Possible explanations for these 
differences include cross section differences (channel geometry and slope have had more time to 
adjust), watershed size and flow magnitudes (Thompson Creek has twice the watershed area and 
flows), and stream geomorphology differences (Ross Creek has larger bed material).  Considering 
sections RC-1 and RC-2, there is evidence that the erosiveness of flows through this reach has 
decreased over the years as the channel expanded.  Ross Creek has had roughly 20-years longer to 
adjust to development (from the 1960’s & 1970’s) than Thompson Creek (high rate of development 
continuing from 1980’s to present).  Further analysis of more cross sections would likely show the 
same pattern.   

5.4.4 Erosion Potential (Ep) 

Figure 5-7 presents the Erosion Potential Chart for Thompson Creek.  As with Figure 5-5, there is a strong 
correlation between computed Ep and the field-designated erosion classification.  Those sections classified as 
having medium/high observed erosion characteristics plot on the chart above those classified as stable/low with 
only two outliers.   

Figure 5-8 presents the Erosion Potential Chart for Ross Creek.  As with Figure 5-6, there is a suggested 
correlation between the predicted erosion potential and the field-designated erosion classification.  Those 
sections classified as having medium/high observed erosion characteristics plot on the chart above those 
classified as stable/low (even with only two points).  The minimum value of the medium/high group is 1.6.  RC-
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7 is just upstream from a grade control structure installed in 1958 as part of the channel improvement projects.  
ER-3 is reduced as described earlier.   

Figure ST5-8 the Erosion Potential Chart for San Tomas Creek, which plots very similar to Ross Creek.  San 
Tomas has four cross sections that are classified in the stable/low category and five that are classified as 
medium/high.  San Tomas, however, includes a medium/high section with an Ep ratio of 1.1.  Four cross 
sections in San Tomas (ST-7, 8, 9, and 10) were not used because they were located near an active fault line and 
the area was determined to be naturally highly erosive.  ST-7 is located immediately downstream from an 
outfall, which is causing localized scour, so it too was not included in the final pooled analysis.   

By comparing the results for Thompson Creek, Ross Creek and San Tomas Creek, the Ep values at which cross-
sections transition from stable to unstable rates of erosion are similar. This should allow for pooling the data for 
logistic regression analysis on watersheds in different parts of the Santa Clara Basin.   

5.4.5 Selecting a Threshold for Management\ 

 

 

5.4.6 Analysis of Critical Flow (Qc) 

This section describes the determination of the Critical Flow (Qc) for Thompson Creek and Ross Creek.  
Critical flow is defined as the stream flow (cfs) that produces the critical shear stress (τc) and initiates bed 
movement.  Table 5-5 lists the estimated critical flow at cross sections near locations where flood frequency 
results were generated.   

 

Critical flows for Thompson Creek range from 3 cfs to 40 cfs depending on the location listed.  The average 
critical shear of 0.14 lbs/sq-ft is used for most all sections.  According to the sediment sampling data collected 
in Thompson Creek, estimated critical flows is estimated to range from 1 cfs to 18 cfs.  Critical flows for Ross 
Creek range from 15 cfs to 25 cfs depending on the location listed.  In Ross Creek, critical shear values ranging 
from 0.23 to 0.38 lbs/sq-ft depending on location were used in the analysis.   

In order for the critical flow to be useful to dischargers, the critical flow in the stream must be partitioned or 
related to an on-site project based variable.  For this analysis the in-stream critical flow was related to the pre-
urban 2-year peak flow (Table 5-5).  Because computations involving sediment data, critical shear values, and 
roughness coefficients are highly variable and subjective, the critical flow was generalized as being 10% of the 
2-year peak flow.   

 

Table 5-5.  Summary of 2-year Peak Flows and Estimated Critical Shear Stress Values 

Subwatershed and 
Location 

Pre-Urban 2-Year 
Peak Flow (cfs) 

Cross Section Critical Flow 
(Qc)  (cfs) 

Percent of 2-
Year Peak  

Thompson Creek     

J-1 56 (a) TC5-7 10 18 

J-5 189 (100) TC5-1, 5-2 & 5-3 3, 5, 7 2, 3, 4 

J-12 530 (500) TC1-1, 1-2 40, 40 8 

Yerba Buena 69 YB-6, YB-7 5, 4 7, 6 

 57 YB-2, YB-4 3, 10 5, 18 

Ross Creek     

J-1 209 (b) RC-1, RC-2 25, 25 12 
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J-5 139 RC-6, RC-8 20, 15 14, 11 

     

a) Thompson Creek 2-year peak flows were generated from synthetic design storm hydrographs as 
described in Chapter 4.  Flows in parenthesis are estimated from the 50-year continuous model records 
where flood frequency data were generated.    

b) Ross Creek 2-year peak flows were generated from the 50-year continuous model records.   Design storm 
hydrographs were not generated for Ross Creek.   

 

5.5 Predicting Erosion Potential under Future Build-Out Conditions 

5.5.1 Thompson Creek 

Table 5-6 presents the results for total effective work index and erosion potential under future conditions (build-
out per the current San Jose General Plan 2020) for select stream sections.  The percent increase in the work 
index from existing conditions is also presented.  These results suggest that future development will increase the 
current erosion potential by an average of 26 percent.   

The important change to note is that Ep for cross-sections TC5-6 and TC5-7 shifted from about 1 to an Ep of 
1.3 and 1.2, respectively.  Future development increases the probability that cross-sections TC5-6 and TC5-7 
will become unstable.  If this reach of Thompson Creek were to become unstable, then erosion of the bed and 
bank would contribute sediment to downstream reaches.   

Table 5-6:  Percent Increase in the Erosion Potential under Future 
Build-Out Conditions  

Ep  

Cross 

Section Existing Future % Increase 

TC1-6 5.4 6.7 24% 

TC2-1 2.4 3.3 37% 

TC2-3 3.7 4.8 29% 

TC2-6 9.7 12.2 26% 

TC2-9 4.1 5.3 31% 

TC2-10 2.0 2.6 30% 

TC3-5 10.4 11.6 12% 

TC3-7 2.8 4.0 45% 

TC5-2 4.0 5.4 35% 

TC5-3 4.6 6.0 33% 

TC5-4 8.2 10.5 30% 

TC5-5 5.2 6.8 31% 

TC5-6 0.9 1.2 10 % 

TC5-7 0.9 1.3 12 % 
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5.5.2 Ross Creek 

In this section, the results for the future build-out condition of Ross Creek and East Ross Creek in the Ross 
Creek sub-watershed are presented and discussed as an example of changes that can be experienced with future 
development.  Sub-section 5.5.2.1 summarizes the result of the effective work computations and compares the 
computed index to the observed field classification for erosion.  Sub-section 5.2.2.2 discusses results for the 
future condition Erosion Potential (Ep).   

5.5.2.1 Effective Work 

Figure 5-2, presented earlier, shows the effective work curves for the pre-urban, existing, and future watershed 
condition for Ross Creek.  The change between the existing curves and the future curves illustrate which 
additional urban flows will do the greatest amount of work on the stream channel and be most likely responsible 
for the increase in erosion in the future build-out condition.  The work done at cross section RC-8 for example 
increases from pre-urban to existing to future conditions, when compared to the other cross sections.  The 
maximum work done under future conditions is 920000 ft-lbs/ sq-ft, a 44% increase from existing conditions.   

Figure 5-3, as presented earlier, shows the effective work curves for the pre-urban, existing, and future 
watershed conditions for East Ross Creek.   These curves show similar trends as for Ross Creek.  ER-1, ER-2, 
and ER-3 all show increases in the low to moderate flow range from existing to future condition due to the 
projected increase in impervious surface area within East Ross Creek. 

Figure 5-4, as presented earlier, shows the effective work curves for the pre-urban, existing, and future 
watershed conditions for RC-1 and RC-2.  While these cross sections are wider and deeper today, and may be 
reestablishing a state of equilibrium, the future condition curves do predict an increase in the effective work on 
these engineered channels which could correspond to additional erosion as the channel continues to adjust to a 
new state of equilibrium. 

5.6 Findings  

5.6.1 Effective Work 

 The predicted effective work index (W) is capable of distinguishing between stable stream sections 
(pre-urban, stable/low existing conditions), and unstable stream sections (medium/high existing 
conditions).   

 In all watersheds studied, the more frequent small to moderate magnitude flows have the greatest 
influence on channel shape and erosion potential.   

 The critical discharge (Qc) upon which bed material begins to move in quantity is about 10 to 15 cfs 
for Thompson Creek and 20 to 25 cfs for Ross Creek.  In both instances, it is 10 percent of the peak 2 
year flow.   

5.6.2 Erosion Potential (Ep) 

 The Ep methodology is capable of distinguishing stable/low eroding conditions from medium/high 
eroding conditions for San Tomas Creek, Ross Creek and Thompson Creek subwatersheds (including 
East Ross Creek and Yerba Buena Creek).   

 The Ep ratio between the subwatersheds is similar such that the Ep data for Thompson Creek, San 
Tomas Creek and Ross Creek can be pooled together to evaluate the threshold of adjustment.   

5.6.3 Threshold of Adjustment 
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5.7 Implications for a Watershed Wide Standard 

The Ep ratio for watersheds studied are not significantly different to warrant separate hydromodification 
standard, criteria and threshold.  Differences in the physical conditions between watersheds are accounted 
for in the assessment methodology.   
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9 Method Limitations and Uncertainties 

9.1 Physical Processes Not Accounted For 

Streams are also impacted by historical land use practices such as grazing, agriculture, and mining; the 
development of infrastructure such as bridges, flood control and water supply facilities; and buildings located in 
the floodplain.  Natural events such as fires, droughts, and landslides caused by seismic activity can also impact 
streams.  Although no less important, the effects of these factors are not addressed in this document. 

Several modes of failure are recognized as contributing to channel bank failure in the Thompson Creek 
subwatershed.  The primary failure mechanism addressed by this HMP method is shear erosion along the 
channel bed and at the toe of the bank, which results in incision and over-steepened banks. Secondary failure 
mechanisms are often a function of the incised channel form and include slumping due to over-steepened slopes 
and/or lack of vegetation and root structures.  Also, due to the flashy nature of flows in Thompson Creek, rapid 
reductions in water level during the recession portion of the hydrograph can also cause bank failure.    

Urbanization can also change sediment sources and supplies, alter vegetation patterns and densities, and affect 
flood plains. The sediment load, its particle size range, input timing and longitudinal distribution contribute to 
the development of geomorphic surfaces and in-stream deposits that form the foundation for riparian and 
aquatic habitat. The episodic nature of storms and dry and wet cycles (including El Nino), fire and earth flows 
affect sediment characteristics of stream channels. Episodic events temporarily establish a new set of stream 
conditions and vegetation patterns that gradually return to the pre-event geometry over time.  The stability 
assessment primarily addresses persistent changes in watershed runoff patterns and does not specifically address 
changes in sediment or vegetation patterns.  However, these influences would be accounted for under the 
geomorphic/ historic assessment, and characterization of the watershed and stream system. 

In the implementation phase of the HMP, development will likely occur in watersheds that have dams and 
reservoirs, or gravel mining, water diversions, etc. that can also cause channel incision and widening.  The 
development of the HMP method was intentionally tested on subwatersheds without these factors to identify 
true urbanization impacts and develop control measures that address hydromodification as defined in this report.  
When HMP control measures are applied to development in watersheds with other stream impacting factors, the 
impacts associated with hydromodification is adequately mitigated.  This does not mean however that the other 
factors will not cause channel instability and adjustment.   

9.2 Analysis of Model Errors 

Chapter 4 discussed the accuracy of the hydrologic model in predicting low flows and larger peak flows when 
compared to other methods, including measured flow data. This section discusses how these model 
discrepancies are likely to affect the stability assessment.  The results of the HMS model tested are briefly 
summarized below: 

• The HMS model was compared to a regional regression equation developed for predicting 2-year to 100-
year peak flows form open space.  The regression equation was developed for flood control purposes.  The 
model results for the pre-urban land use scenario were shown to under-predict peak flows estimated by the 
regression equation.   

• The HMS model was compared to high water marks measured in the field after a December 2002 storm.  
The continuous model accurately predicts the December 2002 peak flows for the upper reaches (mostly 
open space) and predicts slightly high in the lower reach (mostly urbanized), although not out-of-bounds.  
The regression equation also over-predicts the measured high water marks. This error has been attributed to 
streambed infiltration 

• Measured flow data was collected for storms between January and April 2003.  The modeled flow volumes 
were compared to the measured stream flow volumes.  The continuous model accurately predicts stream 
flow volume in the lower reaches (urban) and over-predicts volume in the upper reaches (open space).  The 
event-based model over-predicts the continuous model and measured data.   
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It should be noted that runoff volume is more important for hydromodification than peak flows.  Erosion and 
channel adjustment is affected by the frequency, duration and volume of long-term stream flows.  Infrequent 
peak flows have little effect on the overall hydromodification problems.   

These results suggest that the continuous HMS model is over-predicting runoff volume from open space, which 
becomes negligible once the runoff volume from the urban area becomes significant – likely around cross-
section 5-5 in Segment 5 (for existing conditions).  It appears that the most significant error is in predicting 
runoff for the pre-urban land use scenario, since the model seems to over-predict runoff volume from open 
space.  This is not a significant issue under existing conditions, or for the upper reach stable cross-sections 
where the Ep ratio would tend to cancel the errors.   

Given the above discussion, the stability assessment may be under-predicting the magnitude of the erosion 
potential (Ep) for most cross-sections tested.  In other words, the pre-urban Work Index (W) would be smaller 
than our current estimates, which would than increase the estimated Ep values.  
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CONCEPTUAL MODEL ILLUSTRATING THE LINKAGES BETWEEN THE HYDROLOGIC AND
GEOMORPHIC PROCESSES TO BE ADDRESSED IN HYDROMODIFICATION
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Figure 3-1
Cross-section survey at YB1-4.  A tape was 
stretched between two pins to measure the 

channel dimensions,bed material, bank 
material, vegetation, roughness and other 

characteristics were described.
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Figure 3-4
Photo showing a large grade control structure 

in Segment TC1. Note the exposed clay-silt 
hardpan just down stream from the structure.
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Figure 3-5
Photo of the bank material in Segment TC1, 

near cross-section TC1-3.  Note that the 
lower unit in the bank erodes more easily 

than the upper layer.
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Figure 3-6
The upper portion of segment TC2 shows

less incision than below Aborn Road.  The 
banks are stabilized by tree roots and blackberries, 

though some bank erosion is still occurring 
(Photo taken at cross-section TC2-9).
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Figure 3-7
Segment TC3 is similar to Segment TC2, 

but with slightly more incision.
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Figure 3-8
Photo at cross-section TC5-5.  Note the dense 

vegetation, relatively straight channel, and 
exposed root mat near water level.
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Figure 3-9
Photo showing contact between cohesive 

clayey silt (bottom of bank) and non-cohesive 
clayey sand and gravel (upper portion of bank).  

Note that the upper portion of the bank is partially 
slumped.
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Consultants

P:\GIS\santaclaraWD\projects\May04HMP\Figure3-9.mxd

SCVWD Hydromodification Management Plan
Draft Report

Cross Section Location

Cohesive Clayey Silt

Non-cohesive
Clayey Sand and Gravel



May 2004

Figure 3-10
Photo of deeply incised portion of Yerba 

Buena Creek at cross-section YB1-6.  
The creek has incised well below the 

majority of the roots in the bank.
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Figure R3-2
Linear bench that is prevalent throughout
Geomorphic Reaches A and C, shown here

at cross-section RC-2, Ross Creek.
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Figure R3-3
Actively eroding channel banks characteristic

of Geomorphic Reach B, looking across
cross-section RC-3, Ross Creek.

GeoSyntec 
Consultants
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Figure R3-4
One of several grade control structures

located in Geomorphic Reach C, this
one is located upstream from Camden

Road and downstream from cross-section
RC-4, Ross Creek.

GeoSyntec 
Consultants
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Figure R3-5
Large trees are present along the banks

of Ross Creek Reach D.
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Figure R3-6
Channel bank widening leaving tree roots

exposed at cross-section RC-8 in Geomorphic
Reach E, Ross Creek.

GeoSyntec 
Consultants
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Figure R3-7
Upper portion of East Ross Creek,

Geomorphic Reach F.

GeoSyntec 
Consultants
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Figure 3-13
San Tomas Creek Subwatershed

SCVWD Problem Sites and 
Cross Section Locations
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Figure S3-2
Cross-section ST-3 was ranked as a 

"low-erosion" site, San Thomas Creek.

GeoSyntec 
Consultants
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Figure S3-3
Boulders in channel bed at cross-section

ST-12, San Thomas Creek.

GeoSyntec 
Consultants
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Figure 4-1
Drainage Area Delineations for the

Lower Silver - Thompson Creek Subwatershed

GeoSyntec 
Consultants
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Figure 4-2
Drainage Area Delineations for the

Ross Creek Subwatershed

GeoSyntec 
Consultants
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Figure 4-3
Drainage Area Delineations for the

San Tomas Subwatershed

GeoSyntec 
Consultants

Hydromodification Management Plan
Draft Report
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Figure 4-4
Soil Classifications for the

Lower Silver - Thompson Creek Subwatershed

GeoSyntec 
Consultants
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Figure 4-5
Soil Classifications for the Ross Creek Subwatershed

GeoSyntec 
Consultants
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Figure 4-6
Soil Classification for the
San Tomas Subwatershed

GeoSyntec 
Consultants

Hydromodification Management Plan
Draft Report
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Figure 4-7
Land Use for the

Lower Silver - Thompson Creek Subwatershed

GeoSyntec 
Consultants
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Figure 4-8
Land Use for the Ross Creek Subwatershed

GeoSyntec 
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Figure 4-9
Land Use for the

San Tomas Subwatershed

GeoSyntec 
Consultants
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Draft Report

Legend

P:\GIS\santaclaraWD\projects\Jun04\FigureST-LU.mxd



May 2004

Figure 4-10
Schematic of HEC-HMS Soil Moisture Accounting Model
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Figure 4-12
Flood Frequency for Junction J-5
Using Continuous Model Results

GeoSyntec 
Consultants
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Figure 4-13
Flood Frequency for Junction J-12
Using Continuous Model Results

GeoSyntec 
Consultants
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Figure 4-14
Peak Flow Frequency Analysis: Monthly and Annual 

Recurrence Intervals at Location J-5

GeoSyntec 
Consultants
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Figure 4-15
Peak Flow Frequency Analysis: Monthly and Annual 

Recurrence Intervals at Location J-12

GeoSyntec 
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Figure 4-16
Percent Flow Increase at Location J-5
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Figure 4-17
Percent Flow Increase at Location J-12
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Figure 4-18
Spring 2003 Precipitation
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Figure 4-19
Cumulative Volume of Discharge - 
Thompson Creek at Quimby Road

GeoSyntec 
Consultants
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Figure 4-20
Cumulative Volume of Discharge - 

Yerba Buena Creek Watershed

GeoSyntec 
Consultants
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Figure 4-21
Event Volume Comparisons- 

Thompson Creek at Quimby Road
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Figure 4-22
Event Volume Comparisons- 

Yerba Buena Creek Watershed
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Figure 4-23
Thompson Creek Peak Discharge 

Recurrence Intervals,
Event-Based Model at Junction J-5

GeoSyntec 
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Figure 4-24
Thompson Creek Peak Discharge 

Recurrence Intervals,
Event-Based Model at Junction J-12

GeoSyntec 
Consultants
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Figure 4-25
Thompson Creek Flood Frequency 

for Junction J-9 Using Event-Based 
Model Results

GeoSyntec 
Consultants
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Figure 4-26
Thompson Creek Flood Frequency 

for Junction J-10 Using Event-Based 
Model Results

GeoSyntec 
Consultants
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Figure 4-27
Thompson Creek Flood Frequency 

for Junction J-11 Using Event-Based 
Model Results

GeoSyntec 
Consultants
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Figure 4-28
Thompson Creek Flood Frequency 

at Cross-Section YB-7
Using Event-Based Model Results

(Results are inclusive of flows upstream 
of YB-7 on Yerba Buena)

GeoSyntec 
Consultants
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Figure 4-29
Thompson Creek Event-Based Storm Hydrographs at Junction 
J-3 for a 2-yr, 5-yr and 10-yr Event Using Pre-Urban, Existing 

and Future Land Use Conditions

GeoSyntec 
Consultants
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Figure 4-30
Thompson Creek Event-Based Storm Hydrographs at Junction 

J-3 for a 25-yr, 50-yr and 100-yr Event Using Pre-Urban, Existing 
and Future Land Use Conditions

GeoSyntec 
Consultants
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Figure 4-31
Thompson Creek Event-Based Storm Hydrographs at Junction 
J-12 for a 2-yr, 5-yr and 10-yr Event Using Pre-Urban, Existing 

and Future Land Use Conditions

GeoSyntec 
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Figure 4-32
Thompson Creek Storm Hydrographs at Junction 

J-12 for a 25-yr, 50-yr and 100-yr Event Using Pre-Urban, 
Existing and Future Land Use Conditions

GeoSyntec 
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Figure 4-33
Flood Frequency for Ross Creek Junction J-5

Using Continuous Model Results

GeoSyntec 
Consultants
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Figure 4-34
Flood Frequency for Ross Creek Junction J-1

Using Continuous Model Results

GeoSyntec 
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Figure 4-35
Ross Creek Peak Flow Frequency Analysis:
Monthly and Annual Recurrence Intervals 

at Junction J-5

GeoSyntec 
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Figure 4-36
Ross Creek Peak Flow Frequency Analysis: 

Monthly and Annual Recurrence 
Intervals at Location J-1

GeoSyntec 
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Figure 4-37
Percent Flow Increase at Ross Creek 

at Junction J-5

GeoSyntec 
Consultants
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Figure 4-38
Percent Flow Increase at Ross Creek 

Junction J-1

GeoSyntec 
Consultants
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Figure 4-39
Pre-Development Calibration Hydrographs 

for Gage 21 and Model Junction J-5

GeoSyntec 
Consultants
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Figure 4-40
Pre-Development Calibration Hydrographs for Gage 51 

and Model Junction J-1

GeoSyntec 
Consultants
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Figure 4-41
Existing Condition Calibration Hydrographs 

for Gage 21 and Model Junction J-5

GeoSyntec 
Consultants
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Figure 4-42
Existing Condition Calibration Hydrographs 

for Gage 51 and Model Junction J-1

GeoSyntec 
Consultants
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Figure Number 5-1
Areas and Percent Imperviousness for

Sub-basins Draining into Cross-Sections
in Ross Creek JunctionsJ-8
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Figure 5-2
Effective Work Curves for Pre-urban, 

Existing, and Future Watershed 
Conditions for Ross Creek

GeoSyntec 
Consultants
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Figure 5-3
Effective Work Curves for Pre-urban, 

Existing, and Future Watershed 
Conditions for East Ross Creek

GeoSyntec 
Consultants
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Figure 5-4
Effective Work Curves for Pre-urban, 

Existing, and Future Watershed 
Conditions for RC-1 and RC-2: 

Channelized Sections

GeoSyntec 
Consultants
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Figure 5-5
Total Effective Work Index for Ross Creek:

Continuous Modeling Using
Existing and Pre-Urban Flows

GeoSyntec 
Consultants
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Figure 5-6
Total Effective Work Index for Thompson 

Creek and Yerba Buena Creek:
Continuous Modeling Using

Existing and Pre-Urban Flows

GeoSyntec 
Consultants
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Figure 5-7
Erosion Potential Chart for Thompson Creek:
Continuous Modeling Using Existing Flows

GeoSyntec 
Consultants
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Figure 5-8
Erosion Potential Chart for Ross Creek:

Continuous Modeling Using Existing Flows

GeoSyntec 
Consultants
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Figure 5-8s 
Erosion Potential for San Tomas Creek: 

Continuous Modeling Using Existing Flows 
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Figure 5-9 

Probability Curve of the Erosion Potential for the Pooled Data of  
Ross Creek, San Tomas Creek, and Thompson Creek 
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Figure 7-1
Watershed Areas where Directly 
Connected Impervious Area will 

cause Additional Stream Segments 
to Destabilize
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