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Appendix A—FIRO/WCM Overview Crosswalk 
(Section 3) 
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Appendix B—FIRO and WCM Alignment Workshop 
Agendas (Section 3) 
 

Yuba-Feather Water Control Manual Update/ FIRO Coordination Workshop Day 1 
December 4, 2020 

Virtual  
 Objectives of the workshop:  
 Familiarize attendees with the overall processes for the Water Control Manual update and 

the Forecast-Informed Reservoir Operations Viability Assessment. 
 Give a high-level view of the goals, objectives, and timelines of both processes – in 

paragraph form in the read-ahead material, and in the introductory sessions. 
 Identify ways to align the parallel tasks and analyses in both projects.  
 Create connections between the teams involved in both processes to facilitate 

collaboration going forward. Identify potential points in both processes where this 
communication needs to take place.  

 Identify synergies and economies of scale to maximize efficiency of both processes and to 
minimize duplication of effort.  

 The workshop will inform the FIRO Yuba-Feather Work Plan and the Water Control Manual 
HEMP. 

Read-ahead materials: 
 Objectives of Yuba-Feather Water Control Manual Update 
 Lake Mendocino Final Viability Assessment Introduction  
 Process Crosswalks 
 F-CO, FIRO, WCM alignment document 

 

Yuba-Feather Water Control Manual Update/ FIRO Coordination Workshop: Day 2 
December 14, 2020 

Virtual  
Objectives of the workshop:  
 Familiarize attendees with the overall processes for the Water Control Manual update and 

the Forecast-Informed Reservoir Operations Viability Assessment. 
 Give a high-level view of the goals, objectives, and timelines of both processes – in 

paragraph form in the read-ahead material, and in the introductory sessions. 
 Identify ways to align the parallel tasks and analyses in both projects.  
 Create connections between the teams involved in both processes to facilitate 

collaboration going forward. Identify potential points in both processes where this 
communication needs to take place.  

 Identify synergies and economies of scale to maximize efficiency of both processes and to 
minimize duplication of effort.  
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 The workshop will inform the FIRO Yuba-Feather Work Plan and the Water Control Manual 
HEMP. 

Read-ahead materials:  
 Objectives of Yuba-Feather Water Control Manual Update 
 Lake Mendocino Final Viability Assessment Introduction  
 Process Crosswalks 

 F-CO, FIRO, WCM alignment document 
Materials are available here.  
Recorded sessions  from Day 1 of the workshop are available here.  
 

Yuba-Feather Water Control Manual Update/ FIRO Coordination Workshop: Day 3 
January 12, 2021 

Virtual  
Objectives of the workshop:  
 Familiarize attendees with the overall processes for the Water Control Manual update and 

the Forecast-Informed Reservoir Operations Viability Assessment. 
 Give a high-level view of the goals, objectives, and timelines of both processes – in 

paragraph form in the read-ahead material, and in the introductory sessions. 
 Identify ways to align the parallel tasks and analyses in both projects.  
 Create connections between the teams involved in both processes to facilitate 

collaboration going forward. Identify potential points in both processes where this 
communication needs to take place.  

 Identify synergies and economies of scale to maximize efficiency of both processes and to 
minimize duplication of effort.  

 The workshop will inform the FIRO Yuba-Feather Work Plan and the Water Control Manual 
HEMP. 

 Explore concepts for FIRO implementation, now and in the future.  

Read-ahead materials:  
 Objectives of Yuba-Feather Water Control Manual Update 
 Lake Mendocino Final Viability Assessment Introduction  
 Process Crosswalks 
 F-CO, FIRO, WCM alignment document 

Read-ahead materials are available here.  
Recorded sessions from Day 1 and Day 2 of the workshop are available here.  
Interactive Mural board is available here.  
 

https://drive.google.com/drive/u/0/folders/1wDWOt2fse10PgzH9dDT71OD3sAvMBCtR
https://drive.google.com/drive/folders/1UXxPBIGurAP6tbjOLh97m4FAzTlCtuvE?usp=sharing
https://drive.google.com/drive/u/0/folders/1wDWOt2fse10PgzH9dDT71OD3sAvMBCtR
https://drive.google.com/drive/folders/1UXxPBIGurAP6tbjOLh97m4FAzTlCtuvE?usp=sharing
https://app.mural.co/t/ucsandiego9211/m/ucsandiego9211/1610036609067/8bf1c0573f822ec447dfb66514447ba8e0a058fb
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Appendix C—Hydrologic Engineering Management 
Plan (HEMP) (Section 4) 
C.1 Summary 
Efforts to improve the coordinated operations of Oroville (ORO) and New Bullards Bar (NBB) 
dams formally began in 2006 with the Forecast-Coordinated Operations (F-CO) Program. That 
program has been tremendously successful in developing a common operating picture for 
reservoir operators, improving the observation network, and integrating single-value and, more 
recently, ensemble streamflow forecasts into the coordinated decisions process. 

The Forecast-Informed Reservoir Operations (FIRO) program for the Yuba-Feather system is an 
extension of the F-CO effort and leverages the experience of FIRO efforts for Lake Mendocino 
and Prado Dam. The FIRO effort introduces research to improve forecasts and formally 
integrates streamflow forecasts into the water management decision process (Water Control 
Plan for the US Army Corps of Engineers (USACE) or Section 7 dams). An inter-agency inter-
disciplinary steering committee (SC) was formed for the Yuba-Feather FIRO Project in June 
2019. 

The objective of this Hydrologic Engineering Management Plan (HEMP) is to identify through 
appropriate detailed technical analyses and other considerations candidate FIRO strategies for 
ORO and NBB dams, along with how they might be implemented in real-time operation by 
USACE, State Water Project (SWP) and Yuba Water Agency (YWA). A second HEMP will be 
developed to develop and manage system operations that meet the objectives of the F-CO 
Program. 

The California Department of Water Resources (DWR) State Water Project (SWP) completed a 
Comprehensive Needs Assessment (CNA) for Oroville Dam resulting from the 2017 Oroville Dam 
spillway incident. Information and recommendations from this assessment have been integrated 
into this document. 

YWA is in the process of adding a new water control structure to NBB Dam that will dramatically 
improve the capacity to release stored water more quickly and at lower storage levels. This 
analysis assumes the conditions associated with this completed construction project. 

This HEMP is managed by the Yuba-Feather FIRO SC. To be consistent with USACE guidance for 
conduct of similar technical studies the SC prepared this HEMP as …a technical outline of the 
hydrologic engineering studies necessary to formulate a solution to a water resources problem 
(Engineering Pamphlet 1110-2-9). 

This HEMP includes the following: 

1. Statement of objective and overview of technical study process to provide information 
needed for this assessment. 

2. Identification of tasks to be completed for the technical analysis. (Table C-1). 

3. Identification of candidate FIRO alternatives to be analyzed. (Table  C-2). 

4. Specification of requirements for all FIRO alternatives that will be considered. (Table  C-3). 
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5. Identification of hard criteria as well as project and system-wide considerations. (Tables 
Table   C-4,Table   C-5, Table   C-6). 

6. Identification of initial tentative performance metrics for FIRO alternative evaluation. 
(Table   C-7). 

7. Identification of the project team members and their roles and responsibilities for 
conducting, reviewing, and approving of the hydrologic engineering study. (Tables Table  
C-8, Table  C-9, Table  C-10). 

8. Risks to the success of this study and mitigation actions are shown in Table 11. 

C.2 Objective of Technical Analysis, Overview of Process, and 
Tasks to be Completed 

The objective of the hydrologic engineering study described herein is to identify and evaluate 
FIRO alternatives for ORO and NBB dams in a systematic, defendable, repeatable manner, thus 
providing information to the SC so that it may identify the best FIRO strategy for NBB Dam. 

The process used to meet the hydrologic engineering study objective is a “nominate-simulate-
evaluate-iterate” process, consistent with the process used commonly by USACE for water 
resources planning studies. Tasks in this process, as applied for technical analyses to support 
the ORO Dam CAN and the NBB Dam FIRO Viability Assessment, and include the following: 

1. A set of feasibility criteria and performance metrics is developed for assessing and 
comparing FIRO alternatives. This set will be applied to all alternatives, thereby permitting 
the project delivery team (PDT) to compare and rank alternatives for consideration by the 
SC. 

2. A set of alternative FIRO strategies is nominated by the PDT. The strategies are screened 
to ensure they meet specified requirements, which are described below. 

3. Performance of the river-reservoir system with each FIRO strategy is simulated using a 
common set of meteorological and hydrological conditions. HEC-ResSim more likely will 
act as the “gatekeeper” for all alternatives to ensure that the physical constraints and 
attributes of the system are consistently applied. 

4. Simulation results are used to evaluate the viability and performance of each strategy. 
The evaluation uses metrics identified in Task 1, comparing each alternative to 
performance for the without-project (baseline) condition, which is operation following the 
water control plan (WCP) included in the current water control manual (WCM). If results 
of the evaluation inform refinements to FIRO strategies, the simulation and evaluation 
tasks are repeated with enhanced strategies to the extent that resources allow. 

5. The PDT uses the technical analysis results to rank the alternatives and submits the 
rankings to the SC for consideration. 

These tasks are described in more detail in Table C-1. Major tasks are listed in column 1 and 
subtasks in column 3. 
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Table C-1. Tasks and Subtasks to be Completed for Hydrologic Engineering Study of FIRO Strategies 

Major Task (1) Description (2) Subtasks (3) 

Task 1. Select 
performance 
metrics 

Both quantitative and 
qualitative measures of 
performance will be 
identified. Methods of 
computation of 
quantitative measures will 
be described. 

Task 1.1. With appropriate input from subject matter 
experts, formulate candidate set of quantitative and 
qualitative measures of performance. Define methods 
for assessing these for typical FIRO strategies. Screen 
set to select feasible metrics for ALL likely alternatives 
to permit objective comparison of strategies. Prepare 
technical memo. Submit to SC for review. 
Task 1.2. Receive comments from SC. Revise selected 
set of performance metrics as required. 
Task 1.3. If necessary, design, develop, and test 
software applications (scripts, spreadsheets, etc.) to 
apply selected metrics. 

Task 2. 
Nominate/formulate 
alternative FIRO 
strategies that will 
be considered 

Each alternative FIRO 
strategy to be considered 
will be identified and 
described, along with the 
method by which 
performance with the 
strategy will be evaluated. 

Task 2.1. With appropriate input from subject matter 
experts, formulate candidate set of FIRO strategies to 
be considered. 
Describe each strategy in memo, submit proposed 
list/memo to SC for approval. 
Task 2.2. Receive comments from SC and revise list 
as appropriate. Get SC agreement to proceed with 
comparison. 
Task 2.3. Identify software applications that will be 
used to model FIRO strategies. 

Task 3. 
Side studies 

Identify, conduct, 
document, and incorporate 
outcomes of “side studies” 
that affect the simulation 
and evaluation of 
alternatives. 

Task 3.1. Identify any additional “side studies” that 
must be completed to provide information required for 
simulation. Details of side studies will be identified in 
this subtask, with scope of work and schedule 
submitted to SC for approval. 
Task 3.2. Undertake and complete side studies, as 
approved by 
SC. Document findings. Incorporate findings in 
selected FIRO strategy models or procedures. 

Task 4. Simulate 
performance with 
each alternative 

Each alternative FIRO 
strategy will be simulated 
with the HEC- ResSim 
model with a consistent set 
of hydrologic boundary 
conditions and system 
constraints (identified in 
Table  C-3). 

Task 4.1. Considering all FIRO strategies to be 
evaluated, identify boundary conditions and initial 
states of the system to be considered in simulation for 
comparison. Document. 
Task 4.2. Simulate performance of ORO and NBB 
dams with candidate strategies. Prepare technical 
memo describing 
application of each strategy. Prepare database of 
results (for use in Task 5). 
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Major Task (1) Description (2) Subtasks (3) 

Task 5. Using 
results of 
simulation, 
evaluate each 
alternative in terms 
of identified 
performance 
metrics 

Each alternative FIRO 
strategy will be analyzed 
and the appropriate 
performance metric 
statistics computed. 

Task 5.1. Using database of results from the HEC-
ResSim simulation of each FIRO strategy (from Task 
4.2) apply software applications (scripts, spreadsheets, 
etc.) from Task 1.3 to compute performance metrics 
for each strategy. 
Task 5.2. Revise FIRO strategies and performance 
metrics as necessary to ensure fair, repeatable 
comparisons. This subtask acknowledges initial 
uncertainty about compatibility of strategies and 
metrics. 
Task 5.3. Document results of evaluation in technical 
memo. 

Task 6. Compare 
the alternatives by 
comparing the 
metrics 

Each alternative FIRO 
strategy evaluation will be 
compared against the 
baseline and against each 
other. 

Task 6.1. Using results from Task 5, prepare charts, 
tables, etc. to compare performance of strategies. 
Prepare technical memo with this information and 
submit to SC for information. 
Task 6.2. Refine strategies if evaluation and 
comparison expose opportunities for “quick gains” 
through minor adjustments to strategies. Repeat 
subtasks Task 4.2 through Task 5.1 with revised 
results. 
Task 6.3. Prepare final technical memo on simulation, 
evaluation, and comparison. Submit for SC review. 
Receive SC comments and revise technical memo as 
needed. 

Task 7. Brief SC on 
findings and 
facilitate the 
selection of a 
preferred 
approaches to be 
refined in the FVA 

Each alternative FIRO 
strategy comparison will be 
scrutinized, a preferred 
approaches and 
refinements for the FVA 
identified and documented 
and presented to the SC. 

Task 7.1. Using results of comparison from Task 6, 
rank alternatives considering individual metrics from 
Task 1. Document findings. 
Task 7.2. Provide comparisons and ranking to SC. 
Task 7.3. Document recommended refinements for 
the FVA process. 

 
 
C.3 FIRO Alternatives to be Evaluated 
Selection of candidate FIRO alternatives has been completed by the Water Resources 
Engineering (WRE) Team (Task 2). These candidate alternatives were delivered to the Corps 
WCM Update Team and will be evaluated through the procedures defined in this document. 
The existing WCM operations for both ORO and NBB will also be evaluated to establish the 
performance baseline. Table C-2 shows the list of WCP alternatives to be evaluated. 

Table C-2. List of WCP alternatives to be evaluated. 

ID Dam Alt Alt Description Operation Principle 

1 ORO EO Existing Operations Exiting WCP from current WCM. 
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ID Dam Alt Alt Description Operation Principle 

2 ORO PresFcst_1 Use best-estimate forecast volumes 
to inform guide curve TOC 
computation and inflow-based 
releases. 

Relies on an elevation-based guide 
curve that is computed based on 
forecast inflow volumes. 
When in the flood control pool, 
intent is to evacuate the storage in 
a controlled manner to reduce 
downstream peak flows. Stepped 
releases are proposed. 

3 ORO IterFcst_1 Use ensemble streamflow forecast 
members to determine a release 
based on an iterative process to 
maintain the same dam risk profile 
as current operations. 

Identify a “minimally-changed 
release” through the flood event. 
This release (or pattern) is 
identified as the maximum release 
that is needed to balance the use 
of the flood pool but not result in 
adverse dam safety concerns. The 
operation seeks to answer the 
question, what is the release 
needed to make it through this 
event safely? Use the forecast 
information, and the associated 
uncertainty to identify the release. 

4 ORO EFO Ensemble Forecast Operations 
(EFO) Model using the full range 
of reservoir storage. 

Manages risk of exceeding a 
defined critical storage threshold 
using a developed risk curve and 
ensemble streamflow forecasts. 
Full range of storage is available 
for release decisions. 

5 ORO EFO 
Hybrid 

Hybrid EFO Model limited to a 
defined FIRO Space. 

Manages the risk of exceeding a 
defined critical storage threshold 
using a developed risk curve and 
ensemble streamflow forecasts. 
FIRO release decisions limited to 
the define FIRO Space. 

6 NBB EO Existing Operations Existing WCP from current WCM. 

7 NBB FIRO GC FIRO Guide Curve. FIRO for flood 
control and water supply using a 
forecast-based guide curve to 
specify drawdown in advance of 
flood events and conditional 
storage of water in the gross pool 
when forecast is dry. 

Evacuate volume above FIRO guide 
curve over less than one day time 
window. 
Increases storage utilization to 
mitigate high downstream flood 
releases. 
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ID Dam Alt Alt Description Operation Principle 

8 NBB FIRO RS FIRO Release Schedule. FIRO for 
flood control using a forecast-
based release schedule to specify 
drawdown in advance of flood 
events. 

Evacuate conservation space to 
absorb forecast event, reducing peak 
releases and peak storage in NBB. 

9 NBB EFO Ensemble Forecast Operations 
(EFO) Model using the full range 
of reservoir storage. 

Manages risk of exceeding a 
defined critical storage threshold 
using a developed risk curve and 
ensemble streamflow forecasts. 
Full range of storage is available 
for release decisions. 

10 NBB EFO 
Hybrid 

Hybrid EFO Model limited to a 
defined FIRO Space. 

Manages the risk of exceeding a 
defined critical storage threshold 
using a developed risk curve and 
ensemble streamflow forecasts. 
FIRO release decisions limited to 
the define FIRO Space. 

 
Requirements of all candidate strategies are shown in Table  C-3. Table   C-4, Table   C-5, and 
Table   C-6 show additional constraints and objectives that should be met by all the alternatives. 
The operational considerations in Table   C-5 and Table   C-6 are used to create the evaluation 
metrics provided in Table   C-7. 

Table C-3. Requirements of all alternative WCP strategies 

ID Description 

1 The candidate FIRO strategy must satisfy all relevant USACE engineering regulations (ERs), 
including, but not limited to, the following: 

● ER 1105-2-100 Planning Guidance Notebook 
● ER 1105-2-101 Risk Assessment for Flood Risk Management Studies 
● ER 1110-2-240 Water Control Management 
● ER 1110-2-1156 Safety of Dams Policy and Procedures 
● ER 1110-2-1941 Drought Contingency Plans 
● EM 1110-2-3600 Management of Water Control Systems 
● ER 1110-2-8156 Engineering and Design Preparation of Water Control Manuals 
● EM 1120-2-1420 Engineering Requirements for Reservoirs 

2 The analytical tools required for implementation of the candidate FIRO strategy must be 
compatible with the USACE’s Corps Water Management System (CWMS) software. In 
addition, results of any analyses completed with software not currently certified for use by 
USACE must be demonstrated to produce results consistent with USACE software results. 
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ID Description 

3 Streamflow forecasts used by the candidate FIRO strategy must be those provided by the 
California-Nevada River Forecast Center (CNRFC) of the National Weather Service. Simulated 
streamflow forecasts must be consistent with the skill characteristics of those issued by the 
CNRFC. As appropriate for the alternative, the forecast used can be ensemble and/or single 
value. 

4 The FIRO strategy must satisfy the hard (inviolable) operation constraints shown in Table C-2. 

5 The FIRO strategy should represent, and to the extent possible, meet the operation objectives 
shown in Table  C-3 and Table   C-4. 

6 Software development needed to implement the FIRO alternative must be limited for the 
Viability Assessment, as the objective is to select from amongst a set of readily available (or 
nearly so) strategies. 

7 Simulations should be computed at an hourly time step. 

 

Table C-4. Hard (Inviolable) Operational Constraints that Must be Satisfied by All FIRO Strategies 

ID Limiting Condition Description 

1 Satisfy ORO Water Control Manual Flood 
Control Diagram 

Meet all specific requirements stated on current Flood 
Control Diagram 

2 Satisfy ORO Water Control Manual 
Emergency Spillway Release Diagram 
(ESRD) 

Meet all specific requirements stated on current 
Emergency Spillway Release Diagram (ESRD) 

3 Satisfy NBB Water Control Manual Flood 
Control Diagram 

Meet all specific requirements stated on current Flood 
Control Diagram 

4 Satisfy NBB Water Control Manual 
Emergency Spillway Release Diagram 
(ESRD) 

Meet all specific requirements stated on current 
Emergency Spillway Release Diagram (ESRD) 

5 Do not assume Marysville Dam is in place The 1972 WCM operation assumes storage is available in 
Marysville Reservoir. Marysville Reservoir was never built. 

6 Satisfy release rate of change 
constraints associated with increases and 
decreases 

As documented 

7 Include function of new NBB secondary 
spillway 

The FIRO alternatives must incorporate the function of 
the new NBB secondary spillway 

8 Do not require other than currently 
available streamflow forecasts 

CNRFC deterministic and ensemble streamflow forecasts 
are available up to 4 times per day during major runoff 
events. For evaluation purposes, forecast updates will be 
once per day. 
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Table C-5. Operational Considerations that Should be Evaluated in the Hydrologic Engineering Study. 

ID Operational Consideration Description 

1 Reduce the frequency of critical release 
exceedance from ORO and NBB 

Alternative should decrease the frequency of critical 
releases from both dams 

2 
Reduce the frequency of ORO releases 
that result in more than 180,000 cfs in 
the Feather River at Yuba City 

Maximum F-CO flow target for ORO 

3 Reduce the frequency of NBB releases 
that result in more than 180,000 cfs in 
the Yuba River at Marysville 

Maximum F-CO flow target for NBB 

4 Reduce the frequency of releases from 
ORO and NBB that result in more than 
300,000 cfs in the Feather below Yuba 
City and 320,000 cfs in the Feather 
River below the Bear River. 

Combined F-CO flow targets for ORO and NBB 

5 Avoid negative impacts to spring refill Alternatives should not reduce the ability of ORO and 
NBB to meet water supply delivery objectives 

6 Avoid the use of the ORO emergency 
spillway 

Operational objective for dam safety 

7 Avoid negative impacts on hydropower 
generation 

Hydropower production should be maintained or possibly 
enhanced 

8 End of flood season storage Consider the effect of FIRO operation on storage at the 
end of the flood season (through the end of May). 

 

Table C-6. System-Wide Operational Considerations that Should be Evaluated in the Hydrologic 
Engineering Study. 

ID Operational Consideration Description 

1 Implementation of F-CO of Lake 
Oroville and NBB Reservoir 

Consider and support the existing YF F-CO program. 

2 Operational resiliency The FIRO alternative should be resilient to a wide range of 
hydrologic events within the watershed. For example, the 
operation should be resilient to a range of storm-centering and 
events of key frequencies occurring within the Yuba and 
Feather watersheds. 

 
C.4 Metrics for Evaluating Viability and Efficiency of Alternatives 
The efficiency of FIRO will be evaluated with a set of measurable statistics (Task 1). These will 
be used in the same manner (to the maximum extent possible) to assess each alternative 
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objectively. An initial list of metrics and the manner of computing or calculating each is shown 
in Table C-7. 

Table C-7. List of Metrics for Evaluation of WCP Alternatives (listed in Table C-2). 

ID Metric Description Category Likely Method of Computation 

M1 Flood Season 
maximum discharge 
frequency from ORO 
Dam 

Flood risk 
management 

Frequency 
curve. 

See Simulation Plan. 

M2 Flood Season 
maximum pool 
elevation frequency 
function of ORO Dam 

Flood risk 
management 

Frequency 
curve. 

See Simulation Plan. 

M3 Flood Season 
maximum discharge 
frequency from NBB 
Dam 

Flood risk 
management 

Frequency 
curve. 

See Simulation Plan. 

M4 Flood Season 
maximum pool 
elevation frequency 
function of NBB Dam 

Flood risk 
management 

Frequency 
curve. 

See Simulation Plan. 

M5 Flood Season 
maximum flow-
frequency curves at 
key downstream 
locations 

Flood risk 
management 

Frequency curve. See Simulation Plan. CVHS frequency 
analysis. Key downstream locations are Yuba River at 
Marysville, Feather River at Yuba City, Yuba and Feather 
River Confluence, and Feather River near Nicolaus. 

M6 ORO Reservoir storage 
at the end of Flood 
Season (spring refill) 

Water 
supply 

Reservoir routing. See Simulation Plan. Include detailed 
metrics on potentially the following: Changes in reservoir 
storage levels 

M7 NBB Reservoir storage 
at the end of Flood 
Season (spring refill) 

Water 
supply 

Reservoir routing. See Simulation Plan. Include detailed 
metrics on potentially the following: Changes in reservoir 
storage levels 

M8 ORO Hydropower 
production 

Hydropower 
management 

See Simulation Plan. Changes in monthly and annual 
megawatt production output frequency curve. 

M9 NBB Hydropower 
production 

Hydropower 
management 

See Simulation Plan. Changes in monthly and annual 
megawatt production output frequency curve. 

 
C.5 Bookend Analysis 
To better understand the maximum benefit of forecasts, all non-baseline alternatives will be 
configured and run with full foresight of future streamflow conditions for the full lead time of 
the forecasts utilized (perfect forecasts). 
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The “bookends” will be established by the baseline alternative and the results of the perfect 
forecast simulations for the FIRO alternatives for each dam. The current position between the 
two “bookends” will be established through the evaluation of each non-baseline alternative in 
Table C-2 using currently available forecasts. 

C.6 Project Delivery Team Members and their Roles 
The PDT for evaluation of FIRO alternatives includes subject matter experts who will complete 
the analyses described herein, report on the findings and understandings, and 
recommendations in memo form to the YF FIRO SC. This work effort is led by the YF FIRO PVA 
Water Resources Engineering Team. PDT members are identified in Table  C-8. 

Table C-8. New Bullards Bar Dam FIRO Alternatives Evaluation Technical Analysis PDT Members 
 

● Yuba-Feather FIRO steering committee 
● SWP technical staff and consultants (HDR) 
● YWA technical staff and consultants (MBK) 
● USACE Headquarters staff (HQ) 
● USACE Engineering Research and Development Center (ERDC) staff 
● USACE, South Pacific Division (SPD) staff 
● USACE, Sacramento District (SPK) staff 
● Center for Western Weather and Water Extremes, Scripps Institution of Oceanography at 

University of California, San Diego. Includes Robert K. Hartman Consulting Services 
(RKHCS) and Sonoma Water staff under contract to support FIRO efforts. 
 

 
The PDT members have one of four roles, consistent with established project management 
planning, as shown in Table C-9. These roles vary by hydrologic engineering task. Table C-10 
shows roles assigned to PDT members for the analysis described herein.  

Table C-9. Project Roles 

ID Role Description of Duties 

R Responsible Responsible for completing the analyses described herein. 

A Accountable Answerable for correct and thorough completion of task; ensures requirements are 
met; delegates work to those responsible. 

C Consulted As SMEs, offer opinions through two-way communication with those responsible and 
accountable, about conduct of analyses. 

I Informed Keep up to date on progress through two-way communication. 
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Table C-10. PDT Roles by Task 

Major Task 
Steering 

Committee 

SWP/YWA 
Tech Staff 

and 
Consultants 

USACE 
HQ 

USACE 
ERDC 

USACE 
SPD 

USACE 
SPK CW3E 

Task 1. Select performance 
metrics I R I C C R R 

Task 2. Nominate/formulate 
alternative FIRO strategies that 
will be considered 

C R I C C R R 

Task 3. 

Side studies 
C R I C C R R 

Task 4. Simulate performance 
with each alternative I R I I I C R 

Task 5. Using results of 
simulation, evaluate each 
alternative in terms of identified 
performance metrics 

I R I I I C R 

Task 6. Compare the 
alternatives by comparing the 
metrics 

I R I I C C R 

Task 7. Brief SC on findings and 
facilitate the selection of a 
preferred alternative 

I R I I I R R 

 
 
C.7 Schedule for Completion of Technical Analysis 
Figure C-1 shows the schedule for completion of the project tasks. All work on all tasks will be 
completed by December 31, 2021. 

(To be developed). 
Figure C-1. Schedule for completion of hydrologic engineering study to recommend FIRO strategy for ORO 
and NBB dams. 

 
C.8 Risks to Success of Study 
Risks to the success of this study and mitigation actions are shown in Table C-11. 
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Table C-11. Project Risks 

Potential Failure Mode Actions PDT can take to Mitigate 

Simulation or evaluation software does not 
function as expected. 

Limit analysis to use of software that is readily available 
and has been stress tested. 

Necessary data—including hydrological, 
meteorological, water use, vulnerability— are 
not readily available. 

Limit analysis to use of best-available data. 

Key personnel are not available to complete 
tasks. 

Ensure back up staff for all critical tasks. 

Critical path tasks fall behind schedule due to 
unforeseeable distractions and disruptions. 

Limit project activities to those that are necessary to 
satisfy objectives. 

PDT disagrees about technical analysis 
procedures. 

Defer to PDT project assignments (see above). 

Nature of alternative FIRO strategy prevents 
evaluation with selected metrics. 

Disqualify alternative from further consideration unless 
metrics can be adjusted and applied in uniform manner 
for all alternatives. 
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Appendix D—FIRO Alternative WCP Attributes 
(Section 4) 
MEMORANDUM 

 
DATE: Wednesday, August 25, 2021  
PREPARED BY:  Yuba-Feather FIRO Program  
REVIEWED BY:  FIRO Steering Committee and USACE Sacramento District 
From Donna Lee, CFM; Nathan Pingel, PE; Rob Hartman; Ben Tustison, PE 
SUBJECT: Preliminary Viability Assessment of At-Site Operations:  Developing 

a FIRO Guide Curve for New Bullards Bar 
 
 
 
 

Date: Wednesday, August 25, 2021 

Project: Yuba-Feather FIRO Program 

To: FIRO Steering Committee and USACE Sacramento District 

From: Donna Lee, CFM; Nathan Pingel, PE; Rob Hartman; Ben Tustison, PE 

Subject: Oroville and New Bullards Bar alternative attributes 
 
D.1 Situation 
The Yuba-Feather Forecast-Informed Reservoir Operations (FIRO) Program is conducting a 
preliminary viability assessment (PVA) of FIRO for Oroville and New Bullards Bar dams. FIRO is 
a reservoir-operations strategy that better informs decisions to retain or release water by 
integrating additional flexibility in operation policies and rules with enhanced monitoring and 
improved weather and hydrological forecasts (AMS 2021). Oroville and New Bullards Bar dams 
are multi-purpose projects, operated for flood control, water supply, power generation, 
recreation, and conservation (USACE 1970 and 1972). 

Oroville Dam lies on the Feather River and is owned and operated by the California Department 
of Water Resources (DWR). New Bullards Bar Dam lies on the Yuba River and is owned and 
operated by Yuba Water Agency (YWA). The reservoirs are operated as a system for flood 
control. 

Flood operation rules at each dam are prescribed by the U.S. Army Corps of Engineers (USACE) 
and documented in water control manuals (WCM). The USACE Sacramento District (SPK) is 
currently updating the WCM for each dam to reflect the current state of the reservoir system 
(without Marysville Dam, which was planned but never constructed), reflect current USACE 
guidance, and to update flood operation rules. This will include evaluation of flood operation 
alternatives that explicitly consider inflow forecasts in release decision making. The 
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simultaneous WCM updates effort provides the opportunity for the FIRO Program to inform 
SPK’s alternative evaluation. 

Through close coordination with SPK, the FIRO Program has structured the PVA schedule and 
deliverables to feed into the WCM update process. The goal of the PVA is to provide proof-of-
concept that FIRO is viable at Oroville and New Bullards Bar. As part of the PVA, the FIRO 
Program water resources engineering (WRE) team will develop and evaluate flood operation 
alternatives and provide the results to SPK. SPK will consider the alternatives during its 
development and screening process. 

Figure D-1 illustrates how products from the PVA process will feed into the WCM updates 
process. 

FIRO alternative development will be achieved in phases, with at-site alternative attributes 
considered first. At-site attribute development will focus on understanding individual capabilities 
and performance of each dam compared to existing WCM operation. Following this phase, 
system operation will be developed based on the most-promising at-site attributes. System 
operation will focus on coordinated joint release decision making for Oroville and New Bullards 
Bar to avoid exceeding the maximum objective flow at the Yuba-Feather confluence and 
downstream. 

 

 
Figure D-1. Draft FIRO Program-WCM updates alternative development schedule crosswalk (provided by 
SPK August 2021). WCM updates schedule subject to change. 
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D.2 Task 
The WRE team’s first task was to describe conceptually the attributes that it proposes to 
develop and evaluate. The attributes for this task focus on at-site operation, prior to 
consideration of system operation in a subsequent task. The conceptual description 
serves to inform SPK of FIRO Program activities and ensures that SPK and the FIRO 
Program avoid duplication of effort. 

D.3 Actions 
To achieve the task, the WRE leadership team: 

1. Obtained relevant information from the SPK WCM updates effort. This included: 

− Flood operation objectives and considerations (USACE 2021). SPK, DWR, and 
YWA, developed a draft list of flood operation objectives and considerations for 
each dam, shown in Attachment D-1. Objectives must be met by candidate 
operations alternatives. Considerations should be addressed but are not 
requirements. 

− Alternative development framework. SPK/HDR developed a framework to 
describe flood operation alternatives (USACE 2021). The framework comprises 
two tables, shown in Attachment D-3. The first table identifies the reservoir 
operation principle, or the general approach to use of storage and releases. 
The second table identifies reservoir operation attributes, which include 
definition of space used to manage flood flows, type of forecast input used, 
method to determine magnitude of releases, limits on releases, type of system 
operation, and type of emergency operation for dam safety. 

2. Led a series of collaborative team workshops to: 

− Gain an understanding of FIRO alternatives that have been developed for other 
dams. Team members gave presentations on previous foundational studies 
including the Folsom Dam Water Control Manual Update (USACE 2019), Lake 
Mendocino FIRO Program (FIRO Program 2020), Oroville Comprehensive Needs 
Assessment (CNA) (DWR 2020), New Bullards Bar Secondary Spillway 
evaluation (YWA 2020), and the Forecast-Coordinated Operations Program 
decision support system (Ford Engineers 2008). 

− Establish criteria for evaluating proposals. These included, for example, meeting 
the flood operation objectives specified in the list from SPK and having the 
strong potential for implementation in the WCMs. The criteria are included in 
Attachment D-2. 

− Brainstorm and discuss proposals for alternatives from the WRE team. Members 
of the WRE team used the WCM updates framework to develop proposals. 
These are included in Attachment D-4 and D-5. 

− Gain feedback from SPK, DWR, and YWA in the context of the evaluation criteria. 

3. Refined evaluation proposals based on agency feedback and prepared this memorandum 
for the record.  
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D.4 Results 
WRE team members developed eight at-site alternative proposals, four for Oroville and four for 
New Bullards Bar. The proposals are included in Attachment D-4 and D-5 and summarized 
below. 

 Oroville (one proposal) – A proposal similar to the forecast-based operation (F-BO) 
alternative developed for Folsom Dam that incorporates a forecast-based top of 
conservation elevation in conjunction with a forecast-based release rule. Ensemble forecast 
input is processed to a single value. 

 New Bullards Bar (one proposal) – A proposal with attributes similar to the F-BO 
alternative developed for Folsom Dam. The alternative incorporates a forecast-based top of 
conservation elevation. Ensemble forecast input is processed to a single value. 

 New Bullards Bar (one proposal) – A proposal with attributes similar to the F-BO 
alternative developed for Folsom Dam. The alternative incorporates a forecast-based 
release rule. Ensemble forecast input is processed to a single value. 

 Oroville and New Bullards Bar (two proposals) – For each dam, a proposal similar to the 
Lake Mendocino ensemble forecast operation (EFO) alternative. Each member of the 
ensemble forecast input is considered and releases are determined based on tolerable risk 
of exceeding a critical threshold. Rather than prescribing a guide curve, EFO operation 
permits use of reservoir storage from the top of the flood management space with an 
undefined bottom, referred to as FIRO space. 

 Oroville and New Bullards Bar (two proposals) – For each dam, a proposal similar to the 
Lake Mendocino hybrid alternative. A portion of the reservoir is designated as FIRO space, 
and EFO operation is used in that space as described in the previous bullet. Outside the 
FIRO space, traditional guide curve operation is used. 

 Oroville (one proposal) – An alternative similar to the hybrid alternative developed for Lake 
Mendocino that uses a pool-elevation frequency curve to inform hazard tolerance and aims 
to minimize changes in release magnitude. 

The WRE team shared the alternative tables and proposals with SPK on July 27 via the Google 
Drive as part of the WRE team workshop series. Throughout the workshop series, agency 
technical leads provided feedback, and no proposals were eliminated at this stage. 

D.5 Next steps 
The WRE leadership team will facilitate the following next steps: 

1. Facilitate review of the proposals by the FIRO Steering Committee (SC) and integrate 
feedback from the SC. 

2. Update the FIRO Program hydrologic engineering management plan (HEMP) to refine 
concept design, plan model development, and plan at-site alternative analysis. This will 
include specification of hydrologic information used, model configuration details, 
simulations that will be executed, screening metrics, and assumptions and limitations. 
Process consistency and comparability of results will be considered. The HEMP will also 
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provide a schedule for alternative development and evaluation and identify roles and 
responsibilities. 

3. Facilitate review of the HEMP by the SC and integrate feedback from the SC. 

4. Execute the HEMP for at-site analysis, including: 

− Develop the model framework for each model. This includes configuration of the 
base model, including physical representation of reservoirs, existing WCM 
operation rules, and system inflow/computation points. This phase includes 
model verification. 

− Parameterize models. This includes specification and refinement of model 
parameters through iterative testing and supplementary analysis. 

− Finalize the analysis. This includes evaluation of attributes based on metrics 
defined for PVA at- site analysis. Results from this phase will be used for 
comparison to identify the most-promising at-site attributes and to inform 
development of system operation. 

D.6 References 
American Meteorological Society (2021). Glossary of Meteorology. 
https://glossary.ametsoc.org/wiki/Forecast-informed_reservoir_operations. Accessed August 
2021. 

David Ford Consulting Engineers (2008). Oroville-New Bullards Bar Forecast-Coordinated 
Operations: Decision Support System Technical Documentation. Prepared for Yuba Water 
Agency. Dec. 12. 

DWR (2020). Oroville Dam Safety Comprehensive Needs Assessment – Task 2: Operations. 
Prepared by HDR Engineering, Inc. 

FIRO Program (2020). Lake Mendocino Forecast Informed Reservoir Operations. Final Viability 
Assessment. December. 

USACE (1970). Oroville Dam and Reservoir: Report on Reservoir Regulation for Flood Control. 
SPK. August. 

USACE (1972). New Bullards Bar Reservoir: Reservoir Regulation for Flood Control. SPK. June. 

USACE (2019). Folsom Dam and Lake: Water Control Manual. SPK. Published December 1987. 
Revised June 2019. 

USACE (2021). Hydrologic Engineering Management Plan: Oroville and New Bullards Bar Water 
Control Manual Updates. SPK. Prepared by HDR Engineering, Inc. 

YWA (2020). New Bullards Bar Secondary Spillway: Evaluation of Flood Management 
Performance for Candidate Secondary Spillway Outlets. Prepared by MBK Engineers. August 24. 

 

  

https://glossary.ametsoc.org/wiki/Forecast-informed_reservoir_operations.%20Accessed%20August%202021
https://glossary.ametsoc.org/wiki/Forecast-informed_reservoir_operations.%20Accessed%20August%202021


 

 21 

Attachment D-1: WCM updates draft flood operation objectives and 
considerations 
NBB/ORO WCMs Update – Objectives – DRAFT 
 
I. Objectives related to Water Control Diagram (WCD)* 

a. New Bullards Bar: Yuba River below NBB through mouth of Yuba 

i. Coordinate operations in Y-F watershed to minimize exceedence of: 
1. 180,000 cfs in the Yuba River at Marysville and 
2. without necessity for Marysville Dam-Lake 

b. Oroville: Feather River below ORO up to Yuba-Feather confluence 

i. Coordinate operations in Y-F watershed to minimize exceedence of: 
1. 180,000 cfs in the Feather River upstream of Yuba River and 
2. without necessity for Marysville Dam-Lake, 
3. without necessity for Lake Oroville emergency spillway use, and 
4. without exceeding 150,000 cfs released from Lake Oroville. 

 
c. Combined System ORO / NBB: Confluence of Yuba-Feather to confluence of Feather- 

Bear 

i. Coordinate operations in Y-F watershed to minimize exceedence of: 
1. 300,000 cfs in the Feather River below Yuba River, 
2. 320,000 cfs in the Feather River below Bear River, insofar as 

possible, and 
3. without necessity for Marysville Dam-Lake 

 
II. Objectives related to Probable Maximum Flood (PMF) - Emergency Spillway Release 

Diagram – ESRD 
 

a. Combined System ORO / NBB: N/A 
b. New Bullards Bar: NBB Dam specific passage of PMF (including Secondary Spillway) 

with a minimum of 2 feet of freeboard (from the dam crest 1965 feet (NGVD29)) 
c. Oroville: ORO Dam specific passage of PMF with a minimum of 3 feet of freeboard. 

This freeboard amount is subject to revision pending input from either Federal Energy 
Regulatory Commission (FERC) or DWR Division of Safety of Dams (DSOD). 

 
 
 
*Includes Standard Project Flood (SPF) being one routing within the suite of storm hydrology patterns 
being currently used in evaluating performance of a new WCD. 
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NBB/ORO WCMs Update - Considerations – DRAFT 
 
 

I. Considerations related to Water Control Diagram (WCD)* 
a. New Bullards Bar: Yuba River below NBB through mouth of Yuba 

i. Incorporate Secondary Spillway 
ii. Investigate “FIRO Space” above and below TOC, at a minimum consider 

a FIRO “pre-release” space below TOC 
iii. Reshape portion of WCD to improve water supply due to greater 

flexibility leading up to and during the spring refill period without 
imposing additional flood risk (FIRO Water Supply space) 

iv. Investigate 50,000 cfs maximum WCD spill release from New Bullards Bar 
v. Investigate acceptable pre-release flow range within FIRO space 
vi. Investigate tiered advance release strategy with progressively more 

aggressive releases as forecast magnitude increases and uncertainty 
decreases. 

 
b. Oroville: Feather River below ORO up to Yuba-Feather confluence 

i. Document how snowpack and snowmelt runoff are implicitly accounted 
for in the inflow forecast 

ii. Revise flood control operations to not adversely impact water supply 
and, if possible, improve water supply due to greater flexibility 
leading up to and during the spring refill period without imposing 
additional flood risk 

 
c. Combined System ORO / NBB: Confluence of Yuba-Feather to confluence of Feather-

Bear 

 
i. Incorporate Forecast Coordinated Operations (F-CO) 
ii. Incorporate Forecast Informed Reservoir Operations (FIRO) 
iii. Incorporate more explicit defined cutback responsibility between 

NBB/ORO for downstream constraints more clearly. Disambiguate Yuba 
River shared downstream 180/120 kcfs constraint. 

iv. Incorporate adaptability into the WCM so that improvements in forecast 
ability can easily be incorporated in the future. 

 
 
 
 
 
 
*Includes Standard Project Flood (SPF) being one routing within the suite of storm hydrology patterns 
being currently used in evaluating performance of a new WCD. 
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II. Considerations related to Probable Maximum Flood (PMF) - Emergency 
Spillway Release Diagram – ESRD 

 
a. Combined System ORO / NBB: N/A 
b. New Bullards Bar: 

i. NBB Dam specific passage of the PMF without exceeding 115,000 cfs 
through the primary spillway (unless necessary for dam safety). 

ii. Forecast-Informed ESRD 
 

c. Oroville: 
i. ORO Dam specific passage of PMF with 5 feet of freeboard. This 

freeboard amount is subject to revision pending input from either the 
Federal Energy Regulatory Commission (FERC) or DWR Division of 
Safety of Dams (DSOD). 

ii. Forecast-Informed ESRD 
  

*Includes Standard Project Flood (SPF) being one routing within the suite of storm hydrology patterns 
being currently used in evaluating performance of a new WCD. 
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Attachment D-2: FIRO Program alternative proposal evaluation criteria 
 

Criteria are applicable to both Oroville and New Bullards Bar. 

No. Criteria 

1 Has potential to meet objectives and factor in considerations from WCM updates document. 

2 Has potential to be implemented in WCM. 

3 Acceptable level of effort required. 

4 Can meet schedule constraints. 

5 Alternative is consistent with existing USACE authority. No storage reallocation study is 
required. 

6 Alternative explicitly considers streamflow forecasts in release decision making. 

7 Alternative considers/accounts for uncertainty in streamflow forecasts. 

8 Alternative is practical for real-time use, considering usability by operators, including 
runtime and the ability to backcheck model computations, and need for integration into F-
CO and CWMS decision support systems. 

9 Alternative is practical for use during emergencies and provides operators adequate 
guidance for determining releases during blackouts. 

10 Has potential to enhance flood risk management. 

11 Has potential to enhance water supply reliability as a secondary goal to enhancing flood risk 
management. 

12 Method for determining release decisions can be clearly explained and easily understood. 

13 Release decision making is not dependent on source of forecast inputs. 
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Attachment D-3: FIRO Program alternative principles and attributes 
summary, using WCM updates table templates 
 

Table D3-1. Potential reservoir operation principles: the general approach to use of storage 
and releases 

Dam Alt Alt Description Operation Principle 

NBB FIRO 
Guide Curve 

FIRO for flood control and water 
supply using a forecast-based 
guide curve to specify drawdown 
in advance of flood events and 
conditional storage of water in 
the gross pool when forecast is 
dry. 

• Evacuate volume above FIRO guide curve over less 
than one day time window. 

• Increases storage utilization in the reservoir to 
mitigate high downstream flood releases. 

• Use 95%, 75%, 50%, 25%, 5% NEP ensemble 
members to test release decisions. 

NBB FIRO 
Release 
Schedule 

FIRO for flood control using a 
forecast- based release schedule 
to specify drawdown in advance 
of flood events. 

• Evacuate conservation space with increasing release 
steps to absorb forecast event, reducing peak 
releases and peak storage at NBB. 

NBB Ensemble 
Forecast 
Operations 

FIRO for flood control using 
ensemble streamflow predictions 
to inform a risk- based operation. 

• Flood control release decisions are formulated by 
managing forecasted risk of exceeding a defined 
storage threshold to a specified risk tolerance level. 

• Releases made in advance of forecasted flood 
events create storage space in the reservoir to 
accommodate high inflows. 

NBB Hybrid 
Ensemble 
Forecast 
Operation 

Defines a portion of reservoir 
pool for FIRO using ensemble 
streamflow predictions to inform 
a risk-based operation 

• FIRO pool is defined as a portion of existing flood 
pool and conservation pool. 

• When storage levels are within the FIRO pool, flood 
control release decisions are formulated by 
managing forecasted 

• risk of exceeding a defined storage threshold to a 
specified risk tolerance level. 

• Releases made in advance of forecasted flood 
events create storage space in the reservoir to 
accommodate high inflows. 

ORO Prescriptive 
Forecast_ 1 

Use best-estimate forecast 
volumes to inform guide curve 
(TOC) computation and inflow-
based releases 

• This alternative relies on a guide curve (elevation 
based) 

• that is computed based on forecasted inflow 
volumes. When in the flood control pool, intent is 
to evacuate the flow in a controlled manner to 
reduce downstream peak flows (not release inflow). 
Stepped releases are proposed. 
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Dam Alt Alt Description Operation Principle 

ORO ORO 
Iterative 
Forecast_1 

Use ensemble members to 
determine a release for the 
reservoir based on an iterative 
process to maintain same dam 
risk profile as current 
operations. 

• Goal of this operation is to identify a “minimally-
changed release” through the flood event. This 
release (or release pattern) is identified as the 
maximum release that is needed to balance the use 
of the flood pool but not result in adverse dam 
safety concerns. So, the operation seeks to answer 
the question, what is the release that I need to 
make through this event to safely pass the event. 
Use the forecast information, and the uncertainty of 
that, to identify this release. 

ORO Ensemble 
Forecast 
Operations 

FIRO for flood control using 
ensemble streamflow predictions 
to inform a risk- based operation 

• Flood control release decisions are formulated by 
managing forecasted risk of exceeding a defined 
storage threshold to a specified risk tolerance level. 

• Releases made in advance of forecasted flood 
events create storage space in the reservoir to 
accommodate high inflows. 

ORO Hybrid 
Ensemble 
Forecast 
Operations 

Defines a portion of reservoir 
pool for FIRO using ensemble 
streamflow 
predictions to inform a risk-
based operation 

• FIRO pool is defined as a portion of existing flood 
pool and conservation pool. 

• When storage levels are within the FIRO pool, flood 
control release decisions are formulated by 
managing forecasted 

• risk of exceeding a defined storage threshold to a 
specified risk tolerance level. 

• Releases made in advance of forecasted flood 
events create storage space in the reservoir to 
accommodate high inflows. 
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Table D3-2. Potential reservoir operation attributes: These include space used to manage flood flows, type of forecast input used, 
method to determine magnitude of releases, limits on releases, type of system operation, and type of emergency operation for 
dam safety. For the FIRO Program, at-site alternative attributes will be assessed first with further consideration of system 
operation and ESRD as a subsequent task. 

Dam Alt 

Space used for flood management Forecast input for forecast-based or 
forecast-informed alternatives 

Magnitude of release Limits on 
releases 

System operation ESRD 

Single 
guide 
curve 

u/s 
credit 

Guide 
curve 

w/ 
wetnes
s index 

Forecast- 
based guide 

curve 
FIRO 

space 
Deterministic 

forecast 

Ensemble 
forecast - 
processed 

Ensemble 
forecast - 
full use 

Inflow- 
based 
releas
e rule 

Forecast 
inflow- 
based 

release 
rule 

Elevation- 
based 

release 
rule 

Forecast 
elevation- 

based 
release 

rule 

Risk- 
tolerance 

based 
releases 

Max 
rate of 
change 

rule 

d/s 
objective 

flows 

Operated 
as a 

system 

Operated 
as a 

system 
with 
EFO 

Traditional 
ESRD 

Forecast
- based 

ESRD 

NBB 
FIRO Guide 

Curve    X X  X    X X  X X X  X  

OTHER: 

• Space used for flood management spans traditional conservation and flood zones 

• Drawdown to GC in less than one day. 

• Ensemble forecast processed to X% exceedance volume each 6 hr for 1-, 2-, 3-, 5-, 7-day volumes. 

• Use 95%, 75%, 50%, 25%, 5% NEP ensemble members to test release decisions. 

• Do not decrease releases before the event peak. 

NBB 
FIRO 

Release 
Schedule 

X    X  X   X    X X X  X  

OTHER 
• Flood control zone unchanged; additional drawdown into conservation pool in advance of forecast flood event. This space is unbounded, but is limited by the combination of forecast lead-time used in 

FIRO release schedule and the physical capacity of the spillways. 

• Ensemble forecast processed to X% exceedance volume each 6 hr for 1-, 2-, 3-, 5-, 7-day volumes. 

• Do not decrease releases before the event peak. 

NBB 
Ensemble 
Forecast 

Operations 
    X   X     X X X X  X  

OTHER 

• Top of flood pool would be held at 1956 ft, which is consistent with current operations. The bottom of the flood pool would be undefined however prereleases would rarely draw storage below the crest 
of the secondary gated spillway (1870 ft) because release capacity is greatly reduced below this elevation. 

• Releases are calculated to mitigate forecasted risk of exceeding the top of the flood pool. 
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Dam Alt 

Space used for flood management Forecast input for forecast-based or 
forecast-informed alternatives 

Magnitude of release Limits on 
releases 

System operation ESRD 

Single 
guide 
curve 

u/s 
credit 

Guide 
curve 

w/ 
wetnes
s index 

Forecast- 
based guide 

curve 
FIRO 

space 
Deterministic 

forecast 

Ensemble 
forecast - 
processed 

Ensemble 
forecast - 
full use 

Inflow- 
based 
releas
e rule 

Forecast 
inflow- 
based 

release 
rule 

Elevation- 
based 

release 
rule 

Forecast 
elevation- 

based 
release 

rule 

Risk- 
tolerance 

based 
releases 

Max 
rate of 
change 

rule 

d/s 
objective 

flows 

Operated 
as a 

system 

Operated 
as a 

system 
with 
EFO 

Traditional 
ESRD 

Forecast
- based 

ESRD 

NBB 

Hybrid 
Ensemble 
Forecast 

Operation 

X    X X  X X    X X X X  X  

OTHER 

• Flood control: FIRO Space defined as existing water conservation pool. 

• Water supply: FIRO Space defined as water conservation pool plus 100 KAF 

• Flood releases mandatory above FIRO space 

• Flood releases calculated using forecasts in FIRO Space 

• FIRO pool releases are calculated to mitigate forecasted risk of exceeding the top of the flood pool. 

• May look at a dual objective approach that also evaluates risk of exceeding the defined flood pool encroachment level. 
 

ORO Prescriptive 
Forecast_1 

   X X  X   X    X X n/a for 
at-site 

 n/a for at-
site 

 

OTHER: 
• Flood space is used to reduce downstream flows from the forecasted inflow. Release magnitudes are determined from a “table lookup”. 

• Use of current variable flood space is the FIRO space. Used for 1/10 and 1/200 bounds. (Previous work.) A variation of ⅕ and 1/50 variable space could  
also be used to evaluate effectiveness. Target that TOC is set at bottom of variable space before occurrence of SPF, based on 3 day volume 

 

ORO 
Iterative 

Forecast_1     X   X     X X X 
n/a for 
at-site  

n/a for at-
site  

OTHER: 

• Ideally, a release change increase would be limited to once per day during FIRO space operation. 
• This alternative relies on a hazard tolerance curve based on current pool elevation-probability. The operation targets to keep a constant 375k ac-ft of flood storage;  

balance between flood and water supply. Thus, the goal is to keep the pool at that storage/elevation but releasing up to the “current dam risk” (elevation- probability curve)  
to balance the storage vs release of flood water. 

• Hazard tolerance curve would be set based on pool elevation volume at elevation 890 ft (11 ft below emergency spillway crest). So, the goal would be to not exceed 890 ft at any point during the event. 

• Variable flood space is set between 375k ac-ft of flood storage with maximum “pre-release” limit to 750k ac-ft. The variable space is defined by EFO. 
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Dam Alt 

Space used for flood management Forecast input for forecast-based or 
forecast-informed alternatives 

Magnitude of release Limits on 
releases 

System operation ESRD 

Single 
guide 
curve 

u/s 
credit 

Guide 
curve 

w/ 
wetnes
s index 

Forecast- 
based guide 

curve 
FIRO 

space 
Deterministic 

forecast 

Ensemble 
forecast - 
processed 

Ensemble 
forecast - 
full use 

Inflow- 
based 
releas
e rule 

Forecast 
inflow- 
based 

release 
rule 

Elevation- 
based 

release 
rule 

Forecast 
elevation- 

based 
release 

rule 

Risk- 
tolerance 

based 
releases 

Max 
rate of 
change 

rule 

d/s 
objective 

flows 

Operated 
as a 

system 

Operated 
as a 

system 
with 
EFO 

Traditional 
ESRD 

Forecast
- based 

ESRD 

ORO Ensemble 
Forecast 

Operations 

    X   X     X X X X  X  

OTHER: 
• Top of flood pool would be held at 900 ft, which is consistent with current operations. The bottom of the flood pool would be undefined however prereleases would rarely draw storage below the crest 

of the secondary gated spillway (815 ft) because release capacity is greatly reduced below this elevation. 

• Releases are calculated to mitigate forecasted risk of exceeding the top of the flood pool. 
 

ORO Hybrid 
Ensemble 
Forecast 

Operations 

X    X X  X X    X X X X  X  

OTHER: 

• Flood Control: FIRO Space defined by full range of existing variable flood control space. 
• Water Supply: FIRO Space defined by full range of existing variable flood control space plus 300 KAF 

• Flood releases mandatory above FIRO Space 

• Flood releases calculated using forecasts in FIRO Space 

• FIRO pool releases are calculated to mitigate forecasted risk of exceeding the top of the flood pool. 

• May look at a dual objective approach that also evaluates risk of exceeding the defined flood pool encroachment level. 
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DEFINITIONS 
Single guide curve = Uses one guide curve (guide curve can vary according to the time 
of year) 

Upstream storage credit = Storage used for flood management varies based on storage 
levels at upstream reservoirs 

Guide curve based on wetness index = Guide curve selected based on ground 
saturation in watershed 

Forecast-based guide curve = Computed based on inflow forecast 

FIRO space = Space where FIRO operation can be used. (Official definition forthcoming.) 

Deterministic forecast = Single inflow value forecast 

Ensemble forecast – processed = Set of forecasts considering meteorological uncertainty 
processed to a single inflow value 

Ensemble forecast – full use = Set of forecasts considering meteorological uncertainty, 
each member is considered during release decision making 

Inflow-based release rule = Magnitude of release is based on actual or forecast inflow 
as well as flood control space used Forecast inflow-based release rule = Magnitude of 
release is based on forecast inflow (various forecast durations are considered) Elevation-
based release rule = Magnitude of release based on pool elevation 

Forecast elevation-based release rule = Magnitude of release is based on forecast pool 
elevation (various forecast durations are considered) 

Risk-tolerance based releases = Select release based on tolerable risk of exceeding a 
given pool elevation, downstream flow, or another threshold 

Max rate of change rule = Limits changes in outflow magnitude over specific time 
durations 

d/s objective flows = Identifies magnitude of flow to avoid exceeding at a location 
downstream 

Operated as a system = Multiple reservoirs operated for common objectives 

Operated as a system with EFO = Coordinated releases between reservoirs in a system 
are computed based on ensemble forecast and tolerable risk of not meeting desired 
objectives 

additional ESRD = Releases to protect the integrity of the dam are computed based 
on current pool elevation and rate of rise. ESRDs are provided for dams with controlled 
spillways. 

Forecast-based ESRD = Releases to protect the integrity of the dam are computed with 
consideration of forecasted inflow volume. ESRDs are provide for dams with controlled 
spillways. 
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Attachment D-4: Alternative proposals – Oroville 

Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  Oroville 
Alternative name:  PrescriptiveForecast_1 (aka “Folsom like”) 
Shorthand description:  Use best-estimate forecast volumes to inform guide curve (TOC) 

computation and inflow-based releases 
Prepared by:  NP 
Date:  7/6/2021 

 
 
Provide specific descriptions below for the subject reservoir. 
 
1. What are the proposed alternative attributes? Include description of the following. 

• Operation principle: What is the general approach to use of storage and releases? 
For example, evacuate flood space as quickly as possible. 

• How is space used for flood management determined? 
• How are forecasts used as input? 
• How is release magnitude determined? 
• What limits on releases are included? 
• Optional: How are coordinated releases between Oroville and New Bullards Bar 

determined? 
This alternative relies on a guide curve (elevation-based) that is computed based on forecasted 
inflow volumes. When in the flood control pool, intent is to evacuate the flow in a controlled 
manner to reduce downstream peak flows (not release inflow). Stepped releases are proposed. 

Flood space is used to reduce downstream flows from the forecasted inflow. Release 
magnitudes are determined from a “table lookup.” 

Coordinated operations are informed similar to the current paradigm. (Future alternatives will 
use an ensemble-simulated-informed process.) 

Use of current variable flood space is the FIRO space. Used for 1/10 and 1/200 bounds. 
(Previous work.) A variation of ⅕ and 1/50 variable space could also be used to evaluate 
effectiveness. This would be screened here first and refined before integrating with other 
alternatives. Phase 1 is the proof of concept. Move to Phase 2 quickly to refine TOC 
computation and balance the use of reducing downstream flows and flood storage. (The 
previous work may use too much of the flood space for common events and may not draw 
down fast enough in anticipation of large inflows. Anticipate using SPF events to refine the 
operation.) 

Target that TOC is set at bottom of variable space before occurrence of SPF, based on 3-day 
volume. 

2. What are the pros to using this approach?  
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• Ease in application, operations fit on 11x17. And “tried and true” based on approved 
Folsom manual. 

• Operations use a forecast but are not specific as to where the forecast comes from or 
how generated. Future improvements to forecast skill will be directly reflected in the 
performance operation. 

3. What are the cons or challenges to using this approach? 

• May not maximize the amount of information available on forecast inflow uncertainty. 
4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

• Consistent with approved operation plans (Folsom.) 
5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

• HEC-ResSim model 
• Forecast information (perfect foresight used for development, test with imperfect 

forecasts.) 
6. In months, how long would it take to model and evaluate this approach for the 
PVA? 

• 4 weeks for full system routings 
7. Please break down the work execution in phases. Under Phase 1, what information 
can we gain to help decide whether to proceed to subsequent phases? 
 

Phase No. Phase name Description Output Duration (weeks) 

1 Concept design Describe the framework of 
the alternative and the 
parameters that would need 
to be defined. 
This work would build off 
DWR CNA efforts. 

Table of TOC as a 
function of forecast 
volumes, Table 
of releases as a 
function of forecast 
volumes 

1 

2 Model framework Develop proof of concept of 
the alternative in HEC- 
ResSim. Proof of concept 
would be based on work 
completed for DWR CNA 
efforts. 

Model with selected 
event simulations. 
Inflow/outflow 
hydrographs 

1 
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Phase No. Phase name Description Output Duration (weeks) 

3 Parameterization Refine alternative to 
minimize adverse impacts: 
Compute pool-elevation 
frequency curves and 
compare those to a baseline. 
Is the variable flood space 
being used too sparingly/too 
aggressively. Iteratively 
change TOC and release 
tables (adjust knobs to fine 
tune operation) 
 
For flood routings, note pool 
elevation at time of max 
flood storage (bottom of 
variable space) for range of 
events. 
 
Water supply analysis - 
Period of record run for WS 
reliability focusing on TOC 
computation. Build off CNA 
work at this point. 
 
Need to assess max flood 
space achieved for large 
flood events before peak 
inflow (pool drawdown hits 
TOC) 

Refined tables from 
Phase 1 

4 

4 Finalization Final simulation of design 
events and period of record 

Completed set of 
TOC and inflow-
based rules 

2 

 
Additional studies that would support phase 3 include: 

 Routing of design inflow events at top of variable flood space and at bottom of variable 
flood space. This could establish a range of current use of flood pool to serve as a 
benchmark. Could be useful for all alternative comparisons. 
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Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  Oroville 
Alternative name:  Ensemble Forecast Operations (EFO) 
Shorthand description:  FIRO for flood control using ensemble streamflow predictions to 

inform a risk-based operation 
Prepared by:  CW3E 
Date:  12 August 2021 

 
 
Provide specific descriptions below for the subject reservoir. 
 

1. What are the proposed alternative attributes? Include description of the 
following. 

• Operation principle: What is the general approach to use of storage and releases? 
− With Ensemble Forecast Operations flood control release decisions are 

formulated by managing forecasted risk of exceeding a defined storage 
threshold to a specified risk tolerance level. The storage threshold will be the 
top of the flood pool; however this may be adjusted in the design process. 

− Releases made in advance of forecasted flood events create storage space in the 
reservoir to accommodate high inflows. 

• How is space used for flood management determined? 
− The top of the flood pool would be held at 900 ft, which is consistent with 

current operations. The bottom of the flood pool would be undefined however 
prereleases would rarely draw storage below the crest of the secondary gated 
spillway (815 ft) because release capacity is greatly reduced below this 
elevation. 

• How are forecasts used as input? 
− Each hydrologic forecast ensemble member is individually routed through a 

reservoir operations model to simulate reservoir storage levels and downstream 
flows. 

• How is release magnitude determined? 
− Releases are calculated to mitigate forecasted risk of exceeding the top of the 

flood pool (or lower level if modified in the design process). 
− ESRD 
− Required minimum release 

• What limits on releases are included? 
− Rate of change 
− Maximum channel capacity downstream of Oroville (150K cfs) 
− Downstream constraint at Yuba City (180K cfs) 
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− Downstream constraint at Feather below Yuba (300K cfs) assuming baseline 
operations for New Bullards Bar 

− Operational limits on outlet structures 
− Power operations 

• Optional: How are coordinated releases between Oroville and New Bullards Bar 
determined? 
− Yet to be determined, but possibly based on evaluation of flood risk based on as 

modeled with the hydrologic ensemble forecast. 

2. What are the pros to using this approach? 

Ensemble Forecast Operations (EFO) fully incorporates forecast uncertainty through 
simulation of all hydrologic forecast ensemble members with a reservoir operations model. 
The evaluation of the forecast completed by the model is simple in concept and is easily 
understood by most people. Through the evaluation of forecasted risk this approach provides 
a recommended release schedule to an operator and also provides useful forecast metrics for 
situational awareness and decision support. This methodology is very adaptive to future 
advancements in forecast skill and reliability. Previous evaluations of this methodology at 
Lake Mendocino and Prado Dam have demonstrated skillful use of CNRFC ensemble forecasts 
to manage flood risk and increase water supply. 

3. What are the cons or challenges to using this approach? 

This approach requires the use of a reservoir operations model to route hydrologic forecast 
ensemble members and evaluate forecasted risk for recommended release decisions. 

4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

This approach is consistent with the management goals of the reservoir for flood control and 
water supply, but the methods to achieve these goals differ from traditional guide curve 
operations that have been used in the past. A water control diagram for this approach could 
include a risk tolerance curve and a discussion of the evaluation and management of 
forecasted risk using hydrologic ensemble forecasts, and include ESRD operations, ramping 
rates, and downstream flow constraints of the Feather River below Oroville Dam, Yuba City, 
and downstream of the Yuba River confluence. 

5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

Evaluation of the EFO alternative will be completed with the existing Ensemble Forecast 
Operations (EFO) model that was developed for Lake Mendocino and further refined for 
Prado Dam. This model will also be used to simulate baseline operations and results will be 
compared to baseline ResSim simulations for model validation. Perfect forecast operations 
(PFO) will be developed for initial alternative refinement. When hindcasts become available 
PFO results will be used for development of a risk tolerance curve and full evaluation of 
alternatives that incorporate forecast uncertainty. A ResSim model may also be formulated 
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to route EFO releases (defined as a release overrides) to points downstream and allow for 
direct comparison of other alternatives evaluated by the water resources engineering group. 

6. In months, how long would it take to model and evaluate this approach for the 
PVA? 

Approximately 2 months after receipt of hindcasts for development of alternatives for Oroville. 
Coordinated operations of Oroville and New Bullards Bar reservoirs would require additional 
time. 

7. Please break down the work execution in phases. Under Phase 1, what 
information can we gain to help decide whether to proceed to subsequent phases? 

 
Phase No. Phase name Description Output Duration (weeks) 

1 Concept design Description of modeling 
approach 

1-page document 
0.1 

2 Model framework Construct modeling 
system software. 
Prepare inputs per 
simulation plan. 

Verified working 
model prototype 
with physical 
representation, 
WCM rules, and 
system points. 2 

3 Parameterization Develop and refine model 
parameters. Tasks 1, 2, 
and 3. 

Functioning model 
capable of 
generating 
informative results 4 

4 Finalization Some iterative refinement 
of configuration and 
refinement. Tasks 4 and 
5. 

Evaluation metrics 
and 
documentation. 

2 
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Tasks in support of Phases 3 and 4. 
 

Task No. Task name Description Output 

1 EFO Model 
Verification 

EFO model will be parameterized to 
simulate baseline operations for 
verification with the baseline HEC-
ResSim model. 

Reservoir storage levels, 
downstream flows, and 
verification statistics. 

2 Perfect Forecast 
Operations 

Develop model that uses perfect 
forecasts (observed hydrology) to 
make release decisions for scaled 
1986 and 

Reservoir storage levels and 
downstream flows 

3 EFO Risk Tolerance Develop risk tolerance curves for 
exceeding max conservation and/or 
spillway crest. This will be 
developed with a daily simulation 
timestep. 

Risk tolerance curve, objective 
function and optimization results 

4 Alternatives 
simulation 

Update model to support 
hydrologic routing and hourly time 
step. Simulate alternatives using 
the identified risk tolerance curve. 
This may include development of a 
ResSim model to incorporate EFO 
releases as overrides. 

Reservoir storage levels and 
downstream flows 

5 Post processing Prepare metrics and figures to 
summarize model simulation results 

Figures and tables 

6 Documentation  slides or memo documenting 
framework and performance 
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Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  Oroville 
Alternative name:  Hybrid Ensemble Forecast Operations (EFO) 
Shorthand description:  Defines a portion of reservoir pool for FIRO using ensemble 

streamflow predictions to inform a risk-based operation 
Prepared by:  CW3E 
Date:  12 August 2021 

 
 
Provide specific descriptions below for the subject reservoir. 
 

1. What are the proposed alternative attributes? Include description of the 
following. 

• Operation principle: What is the general approach to use of storage and releases? 
− With Hybrid EFO the FIRO pool is defined as a portion of existing flood pool and 

conservation pool. 
− When storage levels are within the FIRO pool, flood control release decisions 

are formulated by managing forecasted risk of exceeding a defined storage 
threshold to a specified risk tolerance level. The storage threshold will be the 
top of the flood pool (900 ft); however this may be adjusted in the design 
process. 

− Releases made in advance of forecasted flood events create storage space in the 
reservoir to accommodate high inflows. 

• How is space used for flood management determined? 
− 2 possible alternatives: 

 Flood Control: FIRO Space defined by full range of existing variable flood 
control space. 

 Water Supply: FIRO Space defined by full range of existing variable flood 
control space plus 300 KAF 

− Flood releases mandatory when storage above FIRO Space 
− Flood releases calculated using the EFO approach when storage is in FIRO 

Space. 

• How are forecasts used as input? 
− Each hydrologic forecast ensemble member is individually routed through a 

reservoir operations model to simulate reservoir storage levels and downstream 
flows. 

• How is release magnitude determined? 
− FIRO pool releases are calculated to mitigate forecasted risk of exceeding the 

top of the flood pool. 
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− A dual objective approach may be evaluated that additionally evaluates risk of 
exceeding the defined flood pool encroachment level (top of the FIRO pool). 

− ESRD 
− Required minimum release 

• What limits on releases are included? 
− Rate of change 
− Maximum channel capacity downstream of Oroville (150K cfs) 
− Downstream constraint at Yuba City (180K cfs) 
− Downstream constraint at Feather below Yuba (300K cfs) assuming baseline 

operations for New Bullards Bar 
− Operational limits on outlet structures 
− Power operations 

• Optional: How are coordinated releases between Oroville and New Bullards Bar 
determined? 
− Yet to be determined 
− Evaluation of flood risk in the Feather below Yuba based on evaluation of 

ensembles. 

 
2. What are the pros to using this approach? 

The Hybrid alternative defines a constrained portion of the pool for FIRO, and therefore 
limits potential impacts to flood control or water supply that could result from bad forecasts. 
When storage levels are within the defined FIRO pool, release are determined using the 
Ensemble Forecast Operations (EFO) approach that fully incorporates forecast uncertainty 
through simulation of all hydrologic forecast ensemble members with a reservoir operations 
model. The evaluation of the forecast completed by the model is simple in concept and is 
easily understood by most people. Through the evaluation of forecasted risk this approach 
provides a recommended release to an operator and also useful forecast metrics for 
situational awareness and decision support. This methodology is very adaptive to future 
advancements in forecast skill and reliability. Previous evaluations of this methodology at 
Lake Mendocino and Prado Dam have demonstrated skillful use of CNRFC ensemble 
forecasts to manage flood risk and increase water supply. 

3. What are the cons or challenges to using this approach? 

This approach requires the use of a reservoir operations model to route hydrologic forecast 
ensemble members and evaluate forecasted risk for recommended release decisions. 

4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

The Hybrid alternative provides a storage guide curve to define the FIRO pool, and when 
storage levels are above or below this pool, operation will be consistent with guide curve 
type operations. This approach is consistent with the management goals of the reservoir for 
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flood control and water supply, but the methods to achieve these goals differ from 
traditional guide curve operations that have been used in the past. A water control diagram 
for this approach could include the defined FIRO space and a description of the evaluation 
and management of forecasted risk using hydrologic ensemble forecasts when storage is 
within the FIRO space. A water control diagram would also include ESRD operations, 
ramping rates, and downstream flow constraints of the Feather River below Oroville Dam, 
Yuba City, and downstream of the Yuba River confluence. 

5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

Evaluation of the Hybrid alternative will be completed with the existing Ensemble Forecast 
Operations (EFO) model that was developed for Lake Mendocino and further refined for 
Prado Dam. This model will also be used to simulate baseline operations and results will be 
compared to baseline ResSim simulations for model validation. Perfect forecast operations 
(PFO) will be developed for initial alternative refinement. When hindcasts become available 
PFO results will be used for development of a risk tolerance curve and full evaluation of 
alternatives that incorporate forecast uncertainty. A ResSim model may also be formulated 
to route EFO releases (defined as a release overrides) to points downstream and allow for 
direct comparison of other alternatives evaluated by the water resources engineering group. 

6. In months, how long would it take to model and evaluate this approach for the 
PVA? 

Approximately 2 months after receipt of hindcasts for development of alternatives for Oroville. 
Coordinated operations of Oroville and New Bullards Bar reservoirs would require additional 
time. 

7. Please break down the work execution in phases. Under Phase 1, what 
information can we gain to help decide whether to proceed to subsequent phases? 

 
Phase No. Phase name Description Output Duration (weeks) 

1 Concept design Description of modeling 
approach 

1-page document 0.1 

2 Model framework Construct modeling 
system software. 
Prepare inputs per 
simulation plan. 
Leverages work from 
ORO EFO model. 

Verified working 
model prototype 
with physical 
representation, 
WCM rules, and 
system points. 

1 

3 Parameterization Develop and refine 
model parameters. 
Tasks 1, 2, and 3. 
Leverages work from 
ORO EFO model. 

Functioning model 
capable of 
generating 
informative results 

2 

4 Finalization Some iterative Evaluation metrics 2 



 

  41 

Phase No. Phase name Description Output Duration (weeks) 

refinement of 
configuration and 
refinement. Tasks 4 
and 5. 

and documentation. 

 
Tasks in support of Phases 3 and 4. 
 

Task No. Task name Description Output 

1 EFO Model 
Verification 

EFO model will be parameterized to 
simulate baseline operations for 
verification with the baseline HEC-
ResSim model. 

Reservoir storage levels, 
downstream flows, and 
verification statistics. 

2 Perfect Forecast 
Operations 

Develop model that uses perfect 
forecasts (observed hydrology) to 
make release decisions for scaled 
1986 and 1997 events 

Reservoir storage levels and 
downstream flows 

3 EFO Risk Tolerance Develop risk tolerance curves for 
exceeding max conservation and/or 
spillway crest. This will be 
developed with a daily simulation 
timestep. 

Risk tolerance curve, objective 
function and optimization results 

4 Alternatives 
simulation 

Update model to support 
hydrologic routing and hourly time 
step. Simulate alternatives using 
the identified risk tolerance curve. 
This may include development of a 
ResSim model to incorporate EFO 
releases as overrides. 

Reservoir storage levels and 
downstream flows 

5 Post processing Prepare metrics and figures to 
summarize model simulation results 

Figures and tables 

6 Documentation  slides or memo documenting 
framework and performance 
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Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  Oroville 
Alternative name:  IterativeForecast_1 (aka Lake Mendocino like or EFO) 
Shorthand description:  Use ensemble members to determine a release for the reservoir 

based on an iterative process to maintain same dam risk profile as 
current operations. (Details being developed.)  

Prepared by:  NP 
Date:  7/6/2021 

 
 
Provide specific descriptions below for the subject reservoir. 

 
1. What are the proposed alternative attributes? Include description of the following. 

• Operation principle: What is the general approach to use of storage and releases? For 
example, evacuate flood space as quickly as possible. 

• How is space used for flood management determined? 
• How are forecasts used as input? 
• How is release magnitude determined? 
• What limits on releases are included? 
• Optional: How are coordinated releases between Oroville and New Bullards Bar 

determined? 
Goal of this operation is to identify a “minimally-changed release” through the flood event. This 
release (or release pattern) is identified as the maximum release that is needed to balance the 
use of the flood pool but not result in adverse dam safety concerns. So, the operation seeks to 
answer the question, what is the release that I need to make through this event to safely pass 
the event. Use the forecast information, and the uncertainty of that, to identify this release. 

Ideally, a release change increase would be limited to once per day during FIRO space 
operation. 

The figure below shows the inflow and outflow, as well as pool elevation, for an event routing 
through Oroville Dam. This operation would conceivably result in the maximum release for an 
event such as this at 100k cfs and greater use of the flood pool storage. 
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(1986 50yr) 

This alternative relies on a hazard tolerance curve based on current pool elevation-probability. 
(More details to be developed.) The operation targets to keep a constant 375k ac-ft of flood 
storage; balance between flood and water supply. Thus, the goal is to keep the pool at that 
storage/elevation but releasing up to the “current dam risk” (elevation-probability curve) to 
balance the storage vs release of flood water. 

Hazard tolerance curve would be set based on pool elevation volume at elevation 890 ft (11 ft 
below emergency spillway crest). So, the goal would be to not exceed 890 ft at any point during 
the event. Initial hazard curve example: 

% Chance exceedence Future days 

0 1 

0 2 

1 3 

5 5 

10 7 
 
 
Variable flood space is set between 375k ac-ft of flood storage with maximum “pre-release” 
limit to 750k ac-ft. The variable space is defined by EFO. 
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Release magnitudes are determined from an iterative approach based on ensemble simulations. 

Coordinated operations are informed similar to the current paradigm. (Future alternatives will 
use an ensemble-simulated-informed process.) 

2. What are the pros to using this approach? 

• Operations use full range of forecast inflows. Still sorting through the appropriate 
guide curve. 

3. What are the cons or challenges to using this approach? 

• Iterative approach may be harder to explain to stakeholders. 
• May result in pre-releases greater than inflow, which may cause additional concerns 

to stakeholders. 
4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

• Uses forecast information but deviates from having a defined top of conservation. 
5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

• HEC-ResSim model, currently available and configured with WCM rules. 
• Ensemble forecasts, GEFs v10 hindcasts are available and configured in HEC-ResSim 

model. Will need design events representing annual exceedence probabilities rarer 
than those historical events captured in the hindcast period. Likely to need p=0.005 
(200-yr) and p=0.002 (500-yr) design event, both at site and for the system. 

• Could use ensemble simulations but go through and iteratively determine release 
schedule with external computations or scripts. 

• Need to know acceptable tolerances for exceedence thresholds at different time 
horizons. 

6. In months, how long would it take to model and evaluate this approach for the 
PVA? 

8 weeks for full system routings but depends on simulations needed. 
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7. Please break down the work execution in phases. Under Phase 1, what information 
can we gain to help decide whether to proceed to subsequent phases? 

 
Phase 

No. Phase name Description Output 
Duration 
(weeks) 

1 Concept design Further articulate the 
components of this alternative 
and how it would function in 
real-time and simulated 
historical events. 
 
Select an event as prototype 
 
Anticipate a pool elevation 
hazard curve and forecast 
duration. 

Written description 
of the alternative 
and the parameters 
that would need to 
be defined. 

2 

2 Model framework Identify to the extent this 
alternative could be formulated/ 
developed using 
HEC-ResSim. Identify what 
external processing would be 
needed and develop a 
prototype of that. 
 
Complete initial sensitivity 
events and runs to define the 
range of parameters that could 
be useful. 

Proof of concept 
model and 
demonstrated 
routings. 

2 

3 Parameterization Define the hazard curve and 
“look forward” periods. 

Working model 
w/post processing 
scripts as needed. 

6 

4 Finalization Simulate design events and 
POR. 

 2 

 
For completion of phase 2 and 3: 

• Simulate each ensemble member as a “true event” for large event. Use current 
operations. This helps to understand the variation in peak releases for the event 
across ensemble members. 

• Assess current event operations to find where maximum channel capacity was used 
but not maximum flood storage. (See above.) 

• Complete bookend analysis of achievable performance: Remove current variable 
space and set TOC at 375k ac-ft of flood storage. Repeat for TOC at 750k ac-ft. 
Report elevation-probability for both. From these runs, understand how aggressive 
the use of the current flood pool would be.  
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Attachment D-5: Alternative proposals – New Bullards Bar 

Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  New Bullards Bar 
Alternative name:  FIRO Guide Curve 
Shorthand description:  FIRO for flood control and water supply using a forecast-based 

guide curve to specify drawdown in advance of flood events and 
conditional storage of water in the gross pool when forecast is dry 

Prepared by:  YWA, MBK Engineers 
Date:  1 July 2021 

 
 
Provide specific descriptions below for the subject reservoir. 

1. What are the proposed alternative attributes? Include description of the 
following. 

• Operation principle: What is the general approach to use of storage and releases? 
− Evacuate volume above FIRO guide curve over less than one day time window 
− Increases storage utilization in the reservoir to mitigate high downstream flood 

releases 
• How is space used for flood management determined? 

− Space used for flood management spans traditional Conservation and Flood 
Control zones; actual bounds to be informed by study to examine required 
starting storages needed to pass target large events 

• How are forecasts used as input? 
− Spread of ensemble forecasts are summarized as X% exceedance volume each 6 

hours for 1-, 2-, 3-, 5-, 7-day volumes. These volumes are used with drawdown 
diagram to determine the required FIRO GC storage. 

• How is release magnitude determined? 
− FIRO GC drawdown release 
− ESRD 
− Required minimum release 

• What limits on releases are included? 
− Rate of change 
− Downstream constraint at Marysville 
− Downstream constraint at Feather below Yuba 
− Do not decrease releases before the event peak 
− Operational limits on outlet structures 
− Power operations 
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• Optional: How are coordinated releases between Oroville and New Bullards Bar 
determined? 
− Balance reservoir percent encroachment OR 
− Forecasted percent encroachment OR 
− Forecasted watershed runoff volumes OR 
− Variable FIRO downstream target 

2. What are the pros to using this approach? 

This is a highly adaptive approach that accounts for changing forecast dynamics. FIRO 
space defined in this way explicitly provides for both water supply and flood control 
benefits. This approach can be adapted to any combination of forecast volume durations, 
desired lead times, and exceedance probabilities. Releases defined using the FIRO GC 
drawdown are simple in concept. 

3. What are the cons or challenges to using this approach? 

This approach requires extremely high confidence in forecasts at medium to longer lead 
times. This guide curve spans the traditional flood control zone and is not meant to require 
storage reallocation, but there will likely be sensitivity to conditionally storing water high in 
the pool during winter months, even with no event forecast. Care must be taken to avoid 
incurring additional risk of overtopping at the reservoir, though initial studies indicate, 
with adequate forecast lead time, this can be achieved. 

4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

The FIRO GC is much like traditional guide curve operations specifying to evacuate the 
space above top of conservation as quickly as possible but is novel in the expansive 
definition of FIRO space. Definition of the FIRO space could also be communicated in 
terms of a “schedule space” for flood or water supply operations. 

5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

Perfect forecast simulations will be evaluated to develop the initial guide curve lookup 
diagrams, but alternative should be refined using ensemble forecast data. MBK Yuba-
Feather reservoir operations model can be leveraged to perform this initial work. Existing 
WCM rules will be assumed for Oroville operations and downstream control flows. 

6. In months, how long would it take to model and evaluate this approach for the 
PVA? 

1-2 months after receipt of updated forecast ensemble hydrology for analysis of 
appropriate forecast triggers, if isolated from Oroville and downstream performance. 

7. Please break down the work execution in phases as shown in the table below. 

Phase 
No. Phase name Description Output 

Duration 
(weeks) 
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1 Concept design Develop document outlining 
concept 

1-2 page concept 
description document 

1 

2 Model framework Develop FIRO GC diagrams 
based on NBB inflow, Yuba 
watershed runoff and YF total 
runoff forecasts 

Reservoir operations 
model with diagrams 
dictating FIRO GC lookup 

2 

3 Parameterization Simulate operations for CVHS 
1956, 1965, 1986 and 
1997 scaled events with various 
FIRO GC alternatives and 
operations parameters; 
experiment with integration of 
ensembles during event 
simulations to stress test 
release decisions 

regulated flow, peak 
elevation frequency 
curves; ensemble 
performance measures 

4 

4 Finalization Simulate operations for CVHS 
1956, 1965, 1986 and 
1997 scaled events with 
selected FIRO GC alternatives 
with tuned operations 
parameters; model 
documentation 

Regulated flow, peak 
elevation frequency 
curves; memorandum 
documenting 
performance 

1 
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Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  New Bullards Bar 
Alternative name:  FIRO Release Schedule 
Shorthand description:  FIRO for flood control using a forecast-based release schedule to 

specify drawdown in advance of flood events 
Prepared by:  YWA, MBK Engineers 
Date:  1 July, 2021 

 
 
Provide specific descriptions below for the subject reservoir. 

 
1. What are the proposed alternative attributes? Include description of the 
following. 

• Operation principle: What is the general approach to use of storage and releases? 
− Evacuate conservation space to absorb forecast event, reducing peak releases 

and peak storage at NBB 
• How is space used for flood management determined? 

− Flood Control zone is unchanged; additional drawdown into the conservation 
pool is allowed in advance of forecast flood event. This space is unbounded, but 
is limited by the combination of forecast lead-time used in FIRO release 
schedule and the physical capacity of the primary and secondary spillways 

• How are forecasts used as input? 
− Spread of ensemble forecasts are summarized as X% exceedance volume each 6 

hours for 1-, 2-, 3-, 5-, 7-day volumes. These volumes are compared to 
triggers for forecast-based releases in the FIRO release schedule. 

• How is release magnitude determined? 
− FIRO release schedule 
− ESRD 
− Required minimum release 
− Regular drawdown release (top of conservation as guide curve) 

• What limits on releases are included? 
− Rate of change 
− Downstream constraint at Marysville 
− Downstream constraint at Feather below Yuba 
− Do not decrease releases before the event peak 
− Operational limits on outlet structures 
− Power operations 

• Optional: How are coordinated releases between Oroville and New Bullards Bar 
determined? 
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− Balance reservoir percent encroachment OR 
− Forecasted percent encroachment OR 
− Forecasted watershed runoff volumes OR 
− Variable FIRO downstream target 

 
2. What are the pros to using this approach? 

This approach is simple to implement, provides opportunity to integrate thresholds representing 
physical characteristics of the downstream channel, or evacuation flows and has been 
implemented at other reservoirs, like Folsom. 

3. What are the cons or challenges to using this approach? 

Typically, schedule is sized for addressing FRM and may not explicitly target water supply 
benefits. This method requires a long lead time to initiate releases and the stepped release 
pattern will almost always be limited by total NBB release capacity at the onset of the flood 
wave. This strategy may increase incidence of shutting down Colgate power operations in the 
winter. 

4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

This approach is very similar to many existing inflow-based release schedules in USACE WCMs, 
and closely matches the Folsom “Table A” forecast-based release schedule. 

5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

Key flow thresholds have been identified from the slow-rise flood plan and physical 
characteristics of the Yuba River channel, but other schedule flows can be included based on 
findings of WRE group in stakeholder consultation. Perfect forecast simulations can be 
evaluated to develop operation, but alternative should be refined using ensemble forecast data. 
MBK Yuba-Feather reservoir operations model can be leveraged to perform this initial work. 
Existing WCM rules will be assumed for Oroville operations and downstream control flows. 

6. In months, how long would it take to model and evaluate this approach for the 
PVA? 

1-2 months after receipt of updated forecast ensemble hydrology for analysis of appropriate 
forecast triggers, if isolated from Oroville and downstream performance. 

7. Please break down the work execution in phases. Under Phase 1, what 
information can we gain to help decide whether to proceed to subsequent phases? 

Phase 
No. Phase name Description Output 

Duration 
(weeks) 

1 Concept design Develop document 
outlining concept 

1-2 page concept description 
document 

1 

2 Model framework Develop model to reservoir operations completed 
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  implement conceptual 
design 

model with conceptual 
framework parameterized and 
implemented 

 

3 Parameterization Develop FIRO RS table 
based on physical and 
regulatory characteristics 
of Yuba channel 
downstream of NBB 

Tuned operational parameters 
and reservoir operations 
model results (regulated flow, 
peak elevation frequency 
curves) to justify their selection 

3 

4 Finalization Simulate operations for 
CVHS 1956, 1965, 1986 
and 1997 scaled events 
with various FIRO GC 
alternatives and tuned 
operations parameters; 
model documentation 

Regulated flow, peak elevation 
frequency curves; 
memorandum documenting 
performance 

1 
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Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  New Bullards Bar 
Alternative name:  Ensemble Forecast Operations (EFO) 
Shorthand description:  FIRO for flood control using ensemble streamflow predictions to 

inform a risk-based operation 
Prepared by:  CW3E 
Date:  12 August, 2021 

 
 
Provide specific descriptions below for the subject reservoir. 

 
1. What are the proposed alternative attributes? Include description of the 
following. 

• Operation principle: What is the general approach to use of storage and releases? 
− With Ensemble Forecast Operations flood control release decisions are 

formulated by managing forecasted risk of exceeding a defined storage 
threshold to a specified risk tolerance level. The storage threshold will be the 
top of the flood pool, however this may be adjusted in the design process. 

− Releases made in advance of forecasted flood events create storage space in the 
reservoir to accommodate high inflows. 

• How is space used for flood management determined? 
− The top of the flood pool would be held at 1956 ft, which is consistent with 

current operations. The bottom of the flood pool would be undefined however 
prereleases would rarely draw storage below the crest of the secondary gated 
spillway (1870 ft) because release capacity is greatly reduced below this 
elevation. 

• How are forecasts used as input? 
− Each hydrologic forecast ensemble member is individually routed through a 

reservoir operations model to simulate reservoir storage levels and downstream 
flows. 

• How is release magnitude determined? 
− Releases are calculated to mitigate forecasted risk of exceeding the top of the 

flood pool (or lower level if modified in the design process). 
− ESRD 
− Required minimum release 

• What limits on releases are included? 
− Rate of change 
− North Yuba River channel capacity 
− Downstream constraint at Marysville (180K cfs) 
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− Downstream constraint at Feather below Yuba (300K cfs) assuming baseline 
operations for Oroville 

− Operational limits on outlet structures 

• Optional: How are coordinated releases between Oroville and New Bullards Bar 
determined? 
− Yet to be determined, but possibly based on evaluation of flood risk based on as 

modeled with the hydrologic ensemble forecast. 

2. What are the pros to using this approach? 

Ensemble Forecast Operations (EFO) fully incorporates forecast uncertainty through simulation 
of all hydrologic forecast ensemble members with a reservoir operations model. The evaluation 
of the forecast completed by the model is simple in concept and is easily understood by most 
people. Through the evaluation of forecasted risk this approach provides a recommended 
release schedule to an operator and also provides useful forecast metrics for situational 
awareness and decision support. This methodology is very adaptive to future advancements in 
forecast skill and reliability. Previous evaluations of this methodology at Lake Mendocino and 
Prado Dam have demonstrated skillful use of CNRFC ensemble forecasts to manage flood risk 
and increase water supply. 

3. What are the cons or challenges to using this approach? 

This approach requires the use of a reservoir operations model to route hydrologic forecast 
ensemble members and evaluate forecasted risk for recommended release decisions. 

4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

This approach is consistent with the management goals of the reservoir for flood control and 
water supply, but the methods to achieve these goals differ from traditional guide curve 
operations that have been used in the past. A water control diagram for this approach could 
include a risk tolerance curve and a discussion of the evaluation and management of forecasted 
risk using hydrologic ensemble forecasts, and include ESRD operations, ramping rates, and 
downstream flow constraints in the North Yuba River and the Yuba River at Marysville. 

5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

Evaluation of the EFO alternative will be completed with the existing Ensemble Forecast 
Operations (EFO) model that was developed for Lake Mendocino and further refined for Prado 
Dam. This model will also be used to simulate baseline operations and results will be compared 
to baseline ResSim simulations for model validation. Perfect forecast operations (PFO) will be 
developed for initial alternative refinement. When hindcasts become available PFO results will be 
used for development of a risk tolerance curve and full evaluation of alternatives that 
incorporate forecast uncertainty. A ResSim model may also be formulated to route EFO releases 
(defined as a release overrides) to points downstream and allow for direct comparison of other 
alternatives evaluated by the water resources engineering group. 

6. In months, how long would it take to model and evaluate this approach for the 
PVA? 
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Approximately 2 months after receipt of hindcasts for development of alternatives for New 
Bullards Bar. Coordinated operations of Oroville and New Bullards Bar reservoirs would require 
additional time. 

7. Please break down the work execution in phases. Under Phase 1, what 
information can we gain to help decide whether to proceed to subsequent phases? 

Phase No. Phase name Description Output Duration (weeks) 

1 Concept design Description of modeling 
approach 

1-page document 0.1 

2 Model framework Construct modeling 
system software. 
Prepare inputs per 
simulation plan. 

Verified working 
model prototype 
with physical 
representation, 
WCM rules, and 
system points. 

2 

3 Parameterization Develop and refine 
model parameters. 
Tasks 1, 2, and 3. 

Functioning model 
capable of 
generating 
informative results 

4 

4 Finalization Some iterative 
refinement of 
configuration and 
refinement. Tasks 4 
and 5. 

Evaluation metrics 
and documentation. 

2 

 
Tasks in support of Phases 3 and 4. 

 

Task No. Task name Description Output 

1 EFO Model 
Verification 

EFO model will be parameterized to 
simulate baseline operations for 
verification with the baseline HEC-
ResSim model. 

Reservoir storage levels, 
downstream flows, and 
verification statistics. 

2 Perfect Forecast 
Operations 

Develop model that uses perfect 
forecasts (observed hydrology) to 
make release decisions for scaled 
1986 and 1997 events 

Reservoir storage levels and 
downstream flows 

3 EFO Risk Tolerance Develop risk tolerance curves for 
exceeding max conservation and/or 
spillway crest. This will be 
developed with a daily simulation 
timestep. 

Risk tolerance curve, objective 
function and optimization results 
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Task No. Task name Description Output 

4 Alternatives 
simulation 

Update model to support 
hydrologic routing and hourly time 
step. Simulate alternatives using 
the identified risk tolerance curve. 
This may include development of a 
ResSim model to incorporate EFO 
releases as overrides. 

Reservoir storage levels and 
downstream flows 

5 Post processing Prepare metrics and figures to 
summarize model simulation results 

Figures and tables 

6 Documentation  slides or memo documenting 
framework and performance 
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Yuba-Feather FIRO Program – Alternative development proposal 
 

Reservoir:  New Bullards Bar 
Alternative name:  Hybrid Ensemble Forecast Operations (EFO) 
Shorthand description:  Defines a portion of reservoir pool for FIRO using ensemble 

streamflow predictions to inform a risk-based operation 
Prepared by:  CW3E 
Date:  12 August, 2021 

 
 
Provide specific descriptions below for the subject reservoir. 

 
1. What are the proposed alternative attributes? Include description of the following. 

• Operation principle: What is the general approach to use of storage and releases? 
− With Hybrid EFO the FIRO pool is defined as a portion of existing flood pool and 

conservation pool. 
− When storage levels are within the FIRO pool, flood control release decisions 

are formulated by managing forecasted risk of exceeding a defined storage 
threshold to a specified risk tolerance level. The storage threshold will be the 
top of the flood pool (1956 ft), however this may be adjusted in the design 
process. 

− Releases made in advance of forecasted flood events create storage space in the 
reservoir to accommodate high inflows. 

• How is space used for flood management determined? 
− 2 possible alternatives: 

 Flood Control: FIRO Space defined as existing water conservation pool. 
 Water Supply: FIRO Space defined as water conservation pool plus 100 KAF 

− Flood releases mandatory when storage above FIRO Space 
− Flood releases calculated using the EFO approach when storage is in FIRO 

Space. 

• How are forecasts used as input? 
− Each hydrologic forecast ensemble member is individually routed through a 

reservoir operations model to simulate reservoir storage levels and downstream 
flows. 

• How is release magnitude determined? 
− FIRO pool releases are calculated to mitigate forecasted risk of exceeding the 

top of the flood pool (or lower level if modified in the design process). 

− A dual objective approach may be evaluated that additionally evaluates risk of 
exceeding the defined flood pool encroachment level (top of the FIRO pool). 
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− ESRD 
− Required minimum release 

• What limits on releases are included? 
− Rate of change 
− Downstream constraint at Marysville (180K cfs) 
− Downstream constraint at Feather below Yuba (300K cfs) assuming baseline 

operations for Oroville 
− Operational limits on outlet structures 
− Power operations 

• Optional: How are coordinated releases between Oroville and New Bullards Bar 
determined? 
− Yet to be determined, but possibly based on evaluation of flood risk based on as 

modeled with the hydrologic ensemble forecast. 

 
2. What are the pros to using this approach? 

The Hybrid alternative defines a constrained portion of the pool for FIRO, and therefore limits 
potential impacts to flood control or water supply that could result from bad forecasts. When 
storage levels are within the defined FIRO pool, release are determined using the Ensemble 
Forecast Operations (EFO) approach that fully incorporates forecast uncertainty through 
simulation of all hydrologic forecast ensemble members with a reservoir operations model. The 
evaluation of the forecast completed by the model is simple in concept and is easily understood 
by most people. Through the evaluation of forecasted risk this approach provides a 
recommended release to an operator and also useful forecast metrics for situational awareness 
and decision support. This methodology is very adaptive to future advancements in forecast 
skill and reliability. Previous evaluations of this methodology at Lake Mendocino and Prado Dam 
have demonstrated skillful use of CNRFC ensemble forecasts to manage flood risk and increase 
water supply. 

3. What are the cons or challenges to using this approach? 

This approach requires the use of a reservoir operations model to route hydrologic forecast 
ensemble members and evaluate forecasted risk for recommended release decisions. 

4. How does the approach relate to existing USACE practices, guidance, and/or 
policy? 

The Hybrid alternative provides a storage guide curve to define the FIRO pool, and when 
storage levels are above or below this pool, operation will be consistent with guide curve type 
operations. This approach is consistent with the management goals of the reservoir for flood 
control and water supply, but the methods to achieve these goals differ from traditional guide 
curve operations that have been used in the past. A water control diagram for this approach 
could include the defined FIRO space and a description of the evaluation and management of 
forecasted risk using hydrologic ensemble forecasts when storage is within the FIRO space. A 
water control diagram would also include ESRD operations, ramping rates, and downstream flow 
constraints in the North Yuba River and the Yuba River at Marysville. 
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5. What data, information, and model/tools would be used for development and 
evaluation? Indicate availability of each. 

Evaluation of the Hybrid alternative will be completed with the existing Ensemble Forecast 
Operations (EFO) model that was developed for Lake Mendocino and further refined for Prado 
Dam. This model will also be used to simulate baseline operations and results will be compared 
to baseline ResSim simulations for model validation. Perfect forecast operations (PFO) will be 
developed for initial alternative refinement. When hindcasts become available PFO results will be 
used for development of a risk tolerance curve and full evaluation of alternatives that 
incorporate forecast uncertainty. A ResSim model may also be formulated to route EFO releases 
(defined as a release overrides) to points downstream and allow for direct comparison of other 
alternatives evaluated by the water resources engineering group. 

6. In months, how long would it take to model and evaluate this approach for the 
PVA? 

Approximately 2 months after receipt of hindcasts for development of alternatives for New 
Bullards Bar. Coordinated operations of Oroville and New Bullards Bar reservoirs would require 
additional time. 

7. Please break down the work execution in phases. Under Phase 1, what 
information can we gain to help decide whether to proceed to subsequent phases? 
 

Phase No. Phase name Description Output Duration (weeks) 

1 Concept design Description of modeling 
approach 

1-page document 0.1 

2 Model framework Construct modeling 
system software. 
Prepare inputs per 
simulation plan. 
Leverages work from 
NBB EFO model. 

Verified working 
model prototype 
with physical 
representation, 
WCM rules, and 
system points. 

1 

3 Parameterization Develop and refine 
model parameters. 
Tasks 1, 2, and 3. 
Leverages work from 
NBB EFO model. 

Functioning model 
capable of 
generating 
informative results 

2 

4 Finalization Some iterative 
refinement of 
configuration and 
refinement. Tasks 4 
and 5. 

Evaluation metrics 
and documentation. 

2 

 
Tasks in support of Phases 3 and 4. 
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Task No. Task name Description Output 

1 EFO Model 
Verification 

EFO model will be parameterized to 
simulate baseline operations for 
verification with the baseline HEC-
ResSim model. 

Reservoir storage levels, 
downstream flows, and 
verification statistics. 

2 Perfect Forecast 
Operations 

Develop model that uses perfect 
forecasts (observed hydrology) to 
make release decisions for scaled 
1986 and 1997 events 

Reservoir storage levels and 
downstream flows 

3 EFO Risk Tolerance Develop risk tolerance curves for 
exceeding max conservation and/or 
spillway crest. This will be 
developed with a daily simulation 
timestep. 

Risk tolerance curve, objective 
function and optimization results 

4 Alternatives 
simulation 

Update model to support 
hydrologic routing and hourly time 
step. Simulate alternatives using 
the identified risk tolerance curve. 
This may include development of a 
ResSim model to incorporate EFO 
releases as overrides. 

Reservoir storage levels and 
downstream flows 

5 Post processing Prepare metrics and figures to 
summarize model simulation results 

Figures and tables 

6 Documentation  slides or memo documenting 
framework and performance 
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Appendix E—NBB At-Site Alternative FIRO Guide 
Curve (Section 4) 
 
MEMORANDUM 
 
DATE: November 11, 2021  
PREPARED BY:  Sophie Danielsen  
REVIEWED BY:  Carly Narlesky, P.E. 
SUBJECT: Preliminary Viability Assessment of At-Site Operations:  Developing a 

FIRO Guide Curve for New Bullards Bar 
 
 
E.1 Purpose 
The purpose of this memorandum is to outline the development of a forecast informed reservoir 
operations (FIRO) at-site operation with a candidate guide curve to be considered for the New 
Bullards Bar (NBB) reservoir water control manual (WCM) update. This was undertaken as a 
task in the FIRO Preliminary Viability Assessment (PVA) under the Water Resources Engineering 
(WRE) team at-site analysis. 

A guide curve can be used by the dam operator as a tool to specify the reservoir drawdown 
ahead of a forecast flood event; evacuation of the flood and/or conservation space is defined by 
the guide curve only when necessary as indicated by forecasts. Only Folsom Reservoir has 
formally incorporated using a forecast-based top of conservation in this way in the past. For 
NBB, the current WCM instructs the operator to maintain 170 thousand acre-feet (TAF) flood 
reserve in the reservoir during the winter flood season. The FIRO guide curve will traverse a 
defined FIRO space in the reservoir. In this proposed FIRO alternative, the flood space would 
be emptied only when a large event is forecast. 

Through coordination with FIRO program partners, Yuba Water Agency (YWA) has expressed 
interest in defining a flexible FIRO space that may span portions of the conservation and flood 
pools in order to provide both flood risk management (FRM) and water supply benefits. 
Drawdown in advance of flood events is aimed as a method to augment flood space by 
reclaiming lost Marysville Dam flood space in the Yuba Watershed, which additionally is a joint 
goal of WCM updates for Oroville and NBB. Notably with this proposed operation is that the 
reservoir can be drawn down into the conservation space when an event is forecast, as is 
shown in Figure E-1, and thus farther than with current operations, to create additional 
protection. The proposed guide curve enhances water supply operations by specifying 
conditional storage in the flood pool. As such, an updated guide curve drawdown paradigm can 
result in both flood management and water supply benefits. 
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Figure E-1. Conceptual Illustration of FIRO Space 

 
A range of goals were set to guide the development of the FIRO at-site operation to adhere to 
pre- existing operational constraints and incorporates the proposed ARC spillway. These goals 
include developing an operation that: 

 allows drawdown with a release pattern that only increases during the onset of the flood 
event 

 is compatible with other system constraints (such as Yuba downstream flow limits and 
joint constraints on the Feather mainstem) 

 can seamlessly transition from flood pool to conservation zone 

 prioritizes flood operations but also supports water supply benefits 

 has a framework that can adapt to future improvements in forecast abilities 

 enhances functional flood space to make up for lost Marysville Dam storage 

E.2 Methods for Developing the Guide Curve Diagram 
NBB operations were simulated using the MBK reservoir operations model configured in Python. 
This model represents the Yuba-Feather watershed with boundary conditions and hydrologic inputs 
adopted from the Central Valley Hydrology Study (CVHS) for flood events in water years 1956, 
1965, 1986, and 1997. The method detailed herein for designing the updated NBB guide curve 
follows a similar paradigm to that of Folsom reservoir’s multiple forecast duration forecast-based 
top of conservation lookup as detailed in the Folsom Flood Control Diagram (FCD) (USACE-SPK, 
2019). One of the most significant differences between developing the Folsom FCD compared to this 
new NBB guide curve is that the Folsom variable top of conservation was defined within a range 
bounded by the existing 400/600 TAF variable winter flood space, whereas the implementation of 
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the NBB guide curve required defining the top and bottom of a new FIRO space, to be layered 
over the existing seasonal top of conservation. 

The method for obtaining a guide curve from the lookup starts with reading the corresponding 
storage value for a timestep in the NBB reservoir inflow forecast for each forecast duration. 
Then the minimum of the correlated storage values for each forecast duration determines the guide 
curve storage at that timestep. This is repeated for all timesteps and results in a continuous 
guide curve timeseries. 

The guide curve lookup can be altered by changing any of the parameters that correspond to 
the coordinates (A) through (E) on Figure E-2. Part of the purpose of this project is to 
determine the variation or variations of those parameters that would result in the most 
appropriate drawdown pattern for NBB, or the “candidate guide curve”. This was accomplished 
by evaluating how different guide curve designs performed for an extensive range of simulated 
historical flood events. Each parameter was varied in isolation to observe the impacts of every 
parameter on at-site FRM performance. 

Description of each guide curve coordinate: 

 A = minimum inflow forecast volume (this parameter is always set to zero) 

 B = top of FIRO space bound 

 C = drawdown trigger (minimum inflow forecast volume that triggers start of drawdown) 

 E = bottom of FIRO space bound 

 D24, D48, D72, D96, D120, D168 = inflow volume at the bottom of FIRO space for the 
shortest (D24) to longest (D168) forecast durations 

 

 
Figure E-2. NBB Guide Curve Lookup with Input Parameter Coordinates 
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E.3 Release Computation 
The algorithm for the release pattern was constructed to simultaneously match the drawdown 
of the guide curve and follow reasonable operating patterns leading up to a flood event. These 
operating patterns include: 

 steadily increasing releases during onset of the event (not altering between increasing and 
decreasing releases) apart from changes due to physical release capacity constraints or 
down- stream flow constraints, 

 changing releases with a time interval that is consistent with expected gate change 
capability of the ARC spillway gate house and respecting the WCM rate of increase 
limitation, minimizing outflow oscillations, and  

 respecting more imminent constraints such as the maximum release capacity of NBB’s 
existing outlets and proposed ARC spillway, emergency spillway release diagram (ESRD) 
rules, and downstream flow constraints. 

E.4 Methods for Evaluating the Alternative Performance 
E.4.1 Developing the “Candidate Guide Curve” 
Preliminary results based on models that were run with perfect forecasts were used as an 
indication of the sensitivity of performance to each of the guide curve parameters indicated in 
Figure E-2. Here, performance is measured as change in peak elevation and peak outflow at 
New Bullards Bar. 

E.4.2 Max Release Capacity Limitations 
Reservoir drawdown ahead of flood events can be restricted by the maximum physical release 
capacity due to the pressure head of the water in the reservoir. For larger events, changes in 
drawdown trigger (Figure E-2 coordinate C) and inflow volume at the bottom of FIRO space 
(coordinates D24 through D168) did not result in significant changes to performance. 
Insensitivity to guide curve parameters is due to maximum release capacity limiting drawdown 
ahead of an event when the guide curve bottom of FIRO space (coordinate E) is set low in the 
pool. In the large events tested, where release capacity was the determining factor for 
drawdown capability, storage diverged from the guide curve early in the drawdown operation. 
This resulted in peak flow and peak elevation reaching similar magnitudes regardless of how 
most of the parameters were changed. 

E.4.3 FIRO Space Bounds 
Part of this project includes defining the allowable bounds of the FIRO space. In order to meet 
FRM and water supply objectives, the FIRO space was allowed to span portions of the flood 
pool and conservation space. For preliminary testing, the FIRO space bounds were set as the 
entire range between the top of gross pool and the atmospheric river control (ARC) spillway 
invert. From this, it was clear that even for large events, minimum drawdown elevation never 
approached the bottom of FIRO space at the ARC spillway invert, as the example in Figure E-3 
demonstrates. The bottom of FIRO space parameter was changed to better represent the actual 
bottom of drawdown. Instead of setting the bottom of FIRO space at the ARC spillway invert, it 
was set to a guide curve storage volume of 700 TAF. Comparisons between the two bottom of 
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FIRO space bounds indicated that little to no change in performance occurred with a bottom if 
FIRO space set higher in the pool. 

It is important to note that drawdown never reached close to the bottom of FIRO space at the 
ARC spillway invert for a 7-day forecast, which was the longest forecast duration used for the 
simulation. This is because the release capacity decreases drastically leading up to the event, 
and with a 7-day forecast there is not enough lead time to draw down towards the ARC spillway 
invert. However, with a longer forecast it might be possible to increase drawdown ability. The 
bottom of drawdown seen in this modeling is therefore not an absolute minimum, but rather a 
minimum for the boundaries of the current simulation. 

 

 
Figure E-3. Guide Curve Operations with Bottom of FIRO Space at ARC Spillway In- vert; 1997 
120% 

 
E.4.4 Parameter Sensitivity 
A comparison was conducted to evaluate sensitivity to changes in forecast durations and top of 
FIRO space. Here, each run for the forecast duration comparison included only one forecast du- 
ration, from a 2-day to a 7-day duration, to test the sensitivity of each in isolation. The top of 
FIRO space was set in the model as the starting storage at the first simulation timestep. The 
top of FIRO space alternatives for comparison were chosen in intervals between top of gross pool 
and top of conservation. Note that each FIRO guide curve simulation was initialized with a 
starting storage matching the guide curve value. The results, as seen in Figure E-4, demonstrate 
that the peak elevation and outflow were more sensitive to changes in forecast durations than to 
changes in top of FIRO space. When the top of FIRO space is high in the pool the release capacity 
is large enough to evacuate the excess water if the forecast duration is long enough to allow this. 
For the top of FIRO space comparison all alternatives were simulated with up to a 7-day forecast, 
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giving the reservoir enough time to sufficiently empty ahead of an event. When comparing forecast 
durations, however, there is a more significant difference in performance because the reservoir 
does not have time to draw down ahead of the event to an equal degree for the shorter 
forecast durations. 

Figure E-4. Compare Top of FIRO Space and Forecast Duration Parameters 
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E.5 Results 
A candidate guide curve was developed from the preliminary modeling results. This guide curve 
was informed by physical limitations and shaped with consideration for four major historical flood 
patterns: 1956, 1965, 1986, and 1997. 

E.6 The Candidate Guide Curve 
The candidate guide curve has the following input parameters and the lookup diagram can be seen 
in Figure E-5. 

 Forecast Durations: range of 1-day to 7-day forecast durations 

 Bottom of FIRO space: 700 TAF 

 Top of FIRO space: between top of gross pool and top of conservation 

 Drawdown trigger: 100 TAF inflow forecast volume 

 Inflow volume at the bottom of FIRO space: 

• – D24 = 231,982 AF 
• – D48 = 313,706 AF 
• – D72 = 395,430 AF 
• – D96 = 477,154 AF 
• – D120 = 558,878 AF 
• – D168 = 722,330 AF 

 
Figure E-5. Candidate Guide Curve Example 

It is important to note that with the top of FIRO space, (B), set between the top of gross pool 
and the top of conservation, the performance and suitability of the candidate guide curve is 
contingent on having a long enough maximum forecast duration to allow enough time to draw down 
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sufficiently, even when top of FIRO space is set as high as the top of gross pool. Thus, for the 
use of a flexible top of FIRO space, the maximum lead time must be set so that the reservoir has 
time to adequately draw down ahead of the flood event peak. 

E.7 Preliminary Performance 
The following list outlines the metrics used to evaluate the performance of the proposed NBB 
guide curve drawdown logic when compared to baseline operations (operations according to current 
WCM). 

 Improved flood protection: 

• achieve lower peak elevations and peak outflow when compared to WCM operations. 
• ability to successfully route larger event without exceeding the top of gross pool compared 

to the baseline WCM operations. 
 Improved water supply: 

• ability to store more water through winter and into spring without sacrificing FRM 
performance. 

• ability to refill after event when the forecast is dry. 
 Pre-release operations: 

• only allowing reservoir outflow to increase ahead of event (unless maximum operational 
capacity or operating constraints limit this). 

• change outflow in manageable timesteps and avoid release oscillations. 
• change outflow in a manner that is consistent with expected gate change capability 

of the ARC spillway gate house. 
When comparing the baseline alternative operation with the proposed guide curve operations, 
as in Figure E-6, a trend of lower peak elevations and peak outflows were observed across all 
tested large events and scale factors. 

Refinements to this operation will also extensively leverage the forecast skill and verification 
analysis under the scope of the FIRO PVA teams to ensure an appropriate representation of 
NBB inflow forecast distribution is used operationally. 
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Figure E-6. Comparison between Operations with Baseline (no FIRO) and Candidate Guide Curve; 
1997 110% 

 
To measure the performance of the candidate guide curve in terms of the change in the largest 
event the reservoir can operate without exceeding the top of gross pool, a comparison was 
conducted as demonstrated in Table E-1. Table E-1 shows that for all events tested, the 
operations with the candidate guide curve can manage events with scale factors between 15% 
and 30% larger than for baseline operations without FIRO. 

Table E-1. Scaled Event at Which Top of Gross Pool is First Exceeded 

CVHS 
Event 

Baseline (no FIRO operations) With “candidate guide curve” 
drawdown 

1956 155% 180% 

1965 135% 165% 

1986 125% 145% 

1997 105% 120% 
 
From the parameter sensitivity analysis (Figure E-4), it is clear that, when using perfect 
forecasts, storing water higher in the pool during the flood season would not impact flood 
protection performance when using a sufficient forecast duration. Figure E-4 also demonstrates 
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the ability to refill after the event for runs using different starting storages. This indicates that 
improved water supply ability is possible with this new operation. 

The candidate guide curve drawdown trigger was set to 100 TAF as a measure to preserve a 
gradual drawdown shape. Since changes to the drawdown trigger resulted in little to no impact 
on performance in terms of peak elevation and outflow during the event, the drawdown trigger 
was determined by how it shaped the outflow pattern at the onset of the event. A drawdown 
trigger of 100 TAF allowed for the outflow to adhere to the pre-release operation goals, such 
that the reservoir outflow only increased ahead of event and outflow changed in manageable 
timesteps. Similarly, changes to the inflow volume at the bottom of FIRO space for each forecast 
duration did not majorly impact performance in terms of peak elevation and outflow. The 
selected inflow volumes at the bottom of FIRO space coordinates were chosen such that the 
guide curve would account for varying lead times for different forecast durations. These Dx 
coordinates are candidates for further refinement in guide curve development, depending on the 
final selection of operational forecast durations. 

E.8 Preliminary Robustness Testing 
The analysis and performance seen in previous sections was conducted using perfect forecasts. 
Comparison between models run with perfect forecast hydrology and hindcast hydrology was 
used to evaluate the robustness of the candidate guide curve algorithm. 

E.9 Testing with 2015 Scaled Runoff Hindcast Hydrology 
The imperfect forecast simulations leveraged a hydrologic dataset of ensemble runoff hindcasts 
produced by the California-Nevada River Forecast Center in 2015. Analysis of various forecast 
duration volumes at the time revealed a dry bias in larger flood events: the observed runoff 
volumes more closely matched the 25% to 10% exceedance values than the median. To 
develop a single- value forecast timeseries for each forecast duration, a specified exceedance 
volumes was computed for each hindcast ensemble issued in during the 1986 and 1997 flood 
events. These were resampled to simulate a 6-hour forecast issuance period, and matched to 
the 100% CVHS scaled events as in MBK (2020). These runoff hindcasts were scaled by the 
same CVHS unregulated flow scale factors, to provide associated imperfect forecasts for each 
simulation. 

A comparison between simulations with guide curves based on the runoff-scaled hindcasts and 
perfect forecasts can be seen in Figure E-7. There was little to no difference in peak elevation 
and peak outflow between the two alternatives, indicating that the guide curve paradigm is 
flexible enough to meet the performance metrics when used with varied hydrology. This trend 
was observed for a range of events and scale factors. 
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Figure E-7. Perfect Forecast and Scaled Runoff Hindcast Hydrology Comparison 

 
The guide curve framework currently relies on a statistically derived single-value forecast for an 
exceedance probability of 10% to summarize ensemble forecasts. However, as forecast skill 
improves in the future, the best-estimate of observed runoff may fall closer to the median. 
Because the guide curve relies on a summary of the ensemble, the target exceedance value can 
be updated, thus meeting the goal of creating a FIRO alternative that can adapt to future 
improvements in forecast abilities. 

E.10 Conclusion 
The FIRO at-site operation and guide curve methodology outlined in this report provide 
improved FRM and water supply benefits at NBB. The guide curve paradigm was evaluated with 
an extensive range of event magnitudes, and demonstrated the flexibility to manage to a range 
of hydrologic patterns while meeting the goals of providing improved flood protection and 
increased end of flood season water supply and also operating according to the pre-release 
operations goals. 

E.11 Next Steps 
The following steps will be taken in the future to continue to develop and test the NBB guide 
curve paradigm: 

 integrate the variable guide curve operation with Yuba-Feather system operations 

 continue robustness testing with the 2021 Scaled Precipitation Hindcast Hydrology 
produced by the FIRO PVA Hydrology team 

 adjust top of FIRO space for YWA and United States Army Corps of Engineers (USACE) 
comfort levels 
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 adjustment to the number of forecast durations used 

The FIRO guide curve framework is expected to provide an adaptive flood operation that 
incorporates the proposed ARC spillway and leverages forecast technology to improve regional 
flood protection in the Yuba watershed. 
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Appendix F—ORO At-Site Alternative EFO08 
(Section 4) 
 
MEMORANDUM 
 
DATE: Wednesday, November 03, 2021 
PROJECT: Forecast-Informed Reservoir Operations Program Support for Lake Oroville 

Water Control Manual Update  
TO:  Dustin Jones, PE  
FROM:  Hongyu Deng, PE (CA Lic. #90802); Nathan Pingel, PE, D.WRE, PMP; Donna 

Lee, PMP; and Michael Konieczki, PE, D.WRE 
SUBJECT: Development of Oroville Dam Forecast-informed Reservoir Operation 

Alternatives – At-site Alternative EF008 
 
 

F.1 Situation 
The California Department of Water Resources (DWR) is participating in the Yuba-Feather 
Forecast- Informed Reservoir Operations (FIRO) Program, a multi-agency partnership focused 
on evaluating the viability of FIRO at Oroville and New Bullards Bar dams and identifying 
opportunities for forecast enhancement. Oroville Dam on the Feather River is owned and 
operated by DWR, and New Bullards Bar on the Yuba River is owned and operated by Yuba 
Water Agency (YWA). For flood control, the dams are operated separately and as a system to 
avoid exceeding the maximum objective flow at the Yuba-Feather confluence and downstream. 
Flood operation rules for the dams are prescribed in each dam’s water control manual (WCM) 
developed by the U.S. Army Corps of Engineers Sacramento District (SPK). 

In parallel with the FIRO Program, SPK is updating the WCMs for each dam. Flood operation 
alternatives developed by the FIRO Program will inform the WCM updates. 

DWR began developing Oroville FIRO alternatives under the Oroville Comprehensive Needs 
Assessment (CNA) (DWR 2020). These alternatives were similar to the forecast-based 
alternative developed for the Folsom Dam WCM update, where inflow forecast ensembles are 
used as input to a prescriptive operation that specifies the top of conservation (TOC) pool 
elevation and magnitude of release depending on the forecasted inflows. 

For the FIRO Program, DWR is refining the CNA alternatives as well as examining other FIRO 
methods. 

F.2 Task 
HDR is refining CNA alternative EF004 as part of the FIRO Program alternative development. 
This was a promising alternative developed by HDR under the CNA that was built around the 
existing variable flood space within Lake Oroville and showed enhanced performance relative to 
1970 WCM operation. EF004 was designed to use the full variable space to pass the standard 
project flood (SPF). The refinement described herein focuses on modifying EF004 so that it 
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passes the 1986 and 1997 historical events, which are of magnitude more frequent than the 
SPF, leveraging the full variable flood space. In other words, under the refined alternative, the 
full variable flood space would be used more often. The 1986 and 1997 events are the largest in 
the historical record, and it is assumed that the full flood space would be used to pass events of 
this magnitude to effectively attenuate peak flows downstream. 

F.3 Actions 
To complete this task, HDR: 

1. Reviewed the candidate FIRO WCP alternative routings and identified candidate 
alternative Operation EF004 developed previously as the most appropriate starting point 
for additional analysis and refinement. 

2. Identified the 2 main components of the FIRO alternative for which potential refinements 
could be made. Specifically: (1) the computation of the forecast-based TOC, or drawdown 
curves, and (2) the forecast-based maximum release triggers. 

3. Developed 11 different forecast-based TOC scenarios in which the use of the flood 
management volume is based on specific forecast inflow volume-duration annual 
exceedance probability (AEP) quantiles. 

4. Configured each TOC scenario and simulated the 1986 and 1997 events using HEC-ResSim 
version 3.3. 

5. Reviewed these simulations and identified the scenario with the most desirable operation 
based on the following criteria: 

a. Maximum release from Oroville Dam. 

b. Maximum reservoir pool elevation. 

c. Use of dedicated flood management volume. 

6. Reviewed the reservoir routings and identified further refinements that could be made to 
the forecast-based TOC drawdown curves and new refinements to the forecast-based 
maximum release triggers concurrently. 

7. Configured each TOC and release trigger scenario and simulated the 1986 and 1997 
events using HEC-ResSim. 

8. Reviewed these simulations and identified the scenario with the most desirable operation 
based on the above criteria. 

9. Configured the identified scenario and simulated the SPF routings using HEC-ResSim. 

10. Reviewed the SPF routing and confirmed appropriate operation based on the above 
criteria. 
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F.3.1 Starting Model and Candidate WCP Alternative 
For this analysis, HDR used the Scenario 4 HEC-ResSim model developed for the YWA ARC 
Spillway benefit analysis as the starting model, in which alternative EF004 for Oroville is 
configured. This model considers the existing physical condition at Oroville, proposed ARC 
spillway in place at New Bullards Bar, and Marysville Dam not in place. The configuration of that 
model is detailed in (DWR 2020 & YWA 2021). 

EF004 computes a variable TOC elevation based on the AEP of the forecast inflows averaged for 
1-, 3-, and 7-day durations, as follows: 

 For forecast average inflows of any duration less than or equal to the p = 0.1 (1/10-year) 
AEP quantile, the prescribed flood storage would be 375,000 ac-ft (TOC elevation 875.4 
ft). 

 For forecast average inflows of any duration greater than or equal to the p = 0.005 
(1/200-year) AEP quantile, the prescribed flood storage would be 750,000 ac-ft (TOC 
elevation 848.5 ft). 

 For forecast average inflows between the p = 0.1 and p = 0.005 AEP quantiles, the 
prescribed flood storage (variable TOC) would be read from Figure F-1. The lowest TOC 
read from the 3 duration curves would be used. 

Forecast-based releases would occur when the TOC drops below the current storage and the 
minimum flood storage (TOC elevation 875.4 ft). Maximum releases would be a function of 1-, 
3-, and 7-day forecast average inflows and stepped as follows: 

 If the forecast average inflow of any duration is greater than or equal to the p = 0.1 AEP 
quantile, release up to 60,000 cfs. 

 If the 3-day or 1-day forecast average inflow is greater than or equal to the p = 0.04 AEP 
quantile, release up to 100,000 cfs. 

 If the 1-day forecast average inflow is greater than or equal to the p = 0.01 AEP quantile, 
release up to 150,000 cfs. 

Figure F-2 shows a plot of the forecast-based thresholds. Release decisions would be dictated 
by the duration curve from Figure F-2 that shows the highest average inflow. 
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Figure F-1. Drawdown Curves for Operation EF004 Variable TOC Computation 

 

Figure F-2. Forecast-Based Releases for Operation Set EF004 

 
F.4 Refinements to Forecast-Based TOC 
As illustrated earlier, EF004 computes the variable TOC elevation based on the AEP of the 
forecast inflows averaged for 1-, 3-, and 7-day duration as follows: 
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 The variable TOC would be at 375,000 ac-ft of flood management storage (875.4 ft) for 
forecast average inflows of any duration less than or equal to the p = 0.1 (1/10-year) AEP 
quantile (1-day average inflow ≤ 112,524 cfs, 3-day average inflow ≤ 88,737 cfs, and 7-
day average inflow ≤ 61,907 cfs). 

 The variable TOC would be at 750,000 ac-ft of flood management storage (848.4 ft) for 
forecast average inflows of any duration greater than or equal to the p = 0.005 (1/200-
year) AEP quantile (1-day average inflow ≥ 289,156 cfs, 3-day average inflow ≥ 228,710 
cfs, or 7-day average inflow 

 ≥ 153,470 cfs). 

 For forecast average inflows between the p = 0.1 and p = 0.005 AEP quantiles, the 
variable TOC would be interpolated from TOC curves determined from TOC elevations 
(875.4 ft and 848.5 ft) and the corresponding (p = 0.1 and p = 0.005) average inflow 
thresholds; the lowest TOC of the three durations would be used. 

For CNA Task 2, EF004 was developed using simulation of design events in reservoir operations 
and starting storage sensitivity analyses. These analyses suggested that further refinements 
could be made to the AEP thresholds (more frequent or rarer) which would eventually result in 
more or less aggressive use of the variable TOC. 

HDR reviewed the CNA Task 2 routings and identified the 11 TOC elevation alternatives listed in 
Table F-1 to evaluate and inform refinement of the TOC elevation alternatives. Each alternative 
uses a combination of volume-duration quantiles to define the required storage available for 
flood management from a minimum 375,000 ac-ft (elevation 875.4 ft) to a maximum 750,000 
ac-ft (elevation 848.5 ft) similar to the EF004 alternative and consistent with the 1970 WCM. 
Table F-2 lists select headwater-regulated inflow volume-frequency quantiles at Oroville used 
for the TOC alternatives. 

Table F-1. TOC Alternative Matrix 

 Quantile associated with 750,000 ac-ft of flood 
management storage (pool elevation 848.5ft) 

p = 0.04 
(1/25-
year) 

p = 0.02 
(1/50-year) 

p = 0.01 
(1/100-

year) 

p = 0.005 
(1/200-

year) 

Quantile associated with 
375,000 ac-ft of flood 
management storage 
(pool elevation 875.4 ft) 

p = 0.2 
(1/5-year) 

X X X X 

p = 0.1 
(1/10-year) 

X X X X 

p = 0.04 
(1/25-year) 

N/A X X X 
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Table F-2. Lake Oroville Headwater-Regulated Inflow Volume-Frequency Quantiles 

AEP Average Inflows (cfs) by Duration 

1-Day 3-Day 7-Day 

p = 0.5 1/2-year 45,459 35,676 24,881 

p = 0.2 1/5-year 94,009 73,098 50,047 
p = 0.1 1/10-year 112,524 88,737 61,907 

p = 0.04 1/25-year 159,720 125,934 87,093 
p = 0.02 1/50-year 198,875 157,836 107,854 

p = 0.01 1/100-year 242,164 192,157 130,010 

p = 0.005 1/200-year 289,156 228,710 153,470 
 
HDR evaluated alternative performance of each alternative for the 1986 and 1997 events. Here, 
each TOC alternative was configured in the existing HEC-ResSim model and the CVHS 1986 and 
1997 100% scaled inflows were routed through the system. Forecast-based release rules were 
kept the same as those in the EF004 alternate shown in Figure F-2. Simulation results were 
evaluated using engineering judgement to identify a candidate refinement to the prescriptive 
FIRO alternative considering: (1) maximum release and duration thereof, and (2) maximum 
reservoir elevation at Lake Oroville. The complete set of routing results are shown in Appendix 
A. Drawdown Curve Alternatives Results (11 scenarios). 

HDR identified the candidate forecast-based variable TOC elevation alternative where the 
minimum 375,000 ac-ft (elevation 875.4 ft) and maximum 750,000 ac-ft (elevation 848.5 ft) 
flood management requirements are defined by the p = 0.1 (1/10-year) and p = 0.04 (1/25-
year) AEP quantiles respectively. This alternative, hereafter referred to as EF006, computes the 
variable TOC elevation based on the AEP of the forecast inflows averaged for 1-, 3-, and 7-day 
duration, as follows: 

 The variable TOC would be at 375,000 ac-ft of flood management storage (875.4 ft) for 
forecast average inflows of any duration less than or equal to the p = 0.1 (1/10-year) AEP 
quantile (1-day average inflow ≤ 112,524 cfs, 3-day average inflow ≤ 88,737 cfs, and 7-
day average inflow ≤ 61,907 cfs). 

 The variable TOC would be at 750,000 ac-ft of flood management storage (848.5 ft) for 
forecast average inflows of any duration greater than or equal to the p = 0.04 (1/25-year) 
AEP quantile (1- day average inflow ≥ 159,720 cfs, 3-day average inflow ≥ 125,934 cfs, or 
7-day average inflow ≥ 87,093 cfs). 

 For forecast average inflows between the p = 0.1 and p = 0.04 AEP quantiles, the variable 
TOC would be interpolated from TOC curves determined from TOC elevations (875.4 ft 
and 848.5 ft) and the corresponding (p = 0.1 and p = 0.04) average inflow thresholds. 
The lowest TOC of the three durations would be used. 

Figure F-3 shows the EF006 forecast-based inflow TOC requirements, and Table F-3 provides 
a comparison summary of EF004, EF006 and 1970 WCM operations. Figure F-4 and Figure 
F-5 compare EF004 and EF006 routings for 1986 and 1997 events. The pre-releases under 
EF006 could reduce pool elevations for both events. 
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In general, HDR found that the peak pool elevations for the EF006 routings were less than 
those of EF004, and maximum releases were the same. For both event routings, there were 
small increases in pre-releases resulting from the decreased TOC of EF006. However, the 
pool elevation did not drawdown along the decreasing TOC. In addition, the 1986 event 
routing did not drawdown to the maximum flood management storage (750,000 ac-ft, 
elevation 848.5 ft). These routings suggest additional refinements may be made to the 
forecast-based TOC and releases rules to allow for greater pre-release volumes. 

 
Figure F-3. Drawdown Curves for Operation EF006 Variable TOC Computation 

 

Figure F-4. Comparison of Operations EF004 and EF006 at Oroville (1986, 100% Scaling) 
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Figure F-5. Comparison of Operations EF004 and EF006 at Oroville (1997, 100% Scaling) 

 

Table F-3. Comparison of Alternative EF004, EF006, and 1970 WCM 

 1970 WCM Alternative EF004 Alternative EF006 

Variable 
Space 

Minimum 375,000 ac-ft to 
maximum 750,000 ac-ft 
(elevation 848.5 ft) 

Minimum 375,000 ac-ft 
(elevation 875.4 ft) to 
maximum 750,000 ac-ft 
(elevation 848.5 ft) 

Minimum 375,000 ac-ft 
(elevation 875.4 ft) to 
maximum 750,000 ac-ft 
(elevation848.5 ft) 

Use of 
Variable 
Space 

Required space varies 
based on precipitation 
indices ranging from 3.5 
(minimum flood reservation 
required) to 11 (maximum 
flood reservation required) 

Required space varies based 
on forecast average regulated 
inflows. 
If forecast average regulated 
inflows > p=0.1 (1/10-year) 
AEP quantile (for any 
duration), flood reservation 
increases and TOC decreases. 
Maximum flood reservation 
of 750,000 ac-ft would be 
required for forecast 
average regulated inflows 
≥ p=0.005 (1/200-year) 
AEP quantile (for any 
duration) 

Required space varies based 
on forecast average regulated 
inflows. 
If forecast average regulated 
inflows > p=0.1 (1/10-year) 
AEP quantile (for any 
duration), flood reservation 
increases and TOC 
decreases. 
Maximum flood reservation 
of 750,000 ac-ft would be 
required for forecast 
average regulated inflows 
≥ p=0.04 (1/25-year) AEP 
quantile (for any duration) 

Maximum 
Release 
Limits 

Based on current inflow Based on duration showing 
greatest forecast average 
inflow. 

Based on duration showing 
greatest forecast average 
inflow. 
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 1970 WCM Alternative EF004 Alternative EF006 

Release 
Steps 

If current inflow > 
 
0 cfs, release up to 15,000 
cfs 30,000 cfs, release up 
to 60,000 cfs 
120,000 cfs, release up to 
100,000 cfs 175,000 cfs, 
release up to 150,000 cfs 

If forecast average 
regulated inflow all 
durations ≤ p=0.1 (1/10-
year) AEP quantile: 

15,000 cfs if current 
inflow ≤ 30,000 60,000 
cfs if current inflow > 
30,000 7-day or less > 
10-year: 60,000 cfs 
3-day or less > 25-year: 
100,000 cfs 1-day or less 
> 100-year: 150,000 cfs 

If forecast average 
regulated inflow all 
durations ≤ p=0.1 (1/10-
year) AEP quantile: 

15,000 cfs if current 
inflow ≤ 30,000 60,000 
cfs if current inflow > 
30,000 7-day or less > 
10-year: 60,000 cfs 
3-day or less > 25-year: 
100,000 cfs 1-day or less 
> 100-year: 150,000 cfs 

ESRD Prescribes releases > 150,000 
cfs 

No change No change 

 

F.5 Refinements to Forecast-Based Maximum Release 
HDR developed two additional alternatives by modifying the Operation EF006 forecast-based 
TOC and release rules: (1) Operation EF007, and (2) Operation EF008. These new alternatives 
allow earlier drawdown of the TOC and a more aggressive pre-release based on the forecasted 
7-day averaged inflows. Table F-4 provides a comparison between operation alternatives 
EF006, EF007 and EF008. 

EF007 computes the variable TOC elevation based on the AEP of the forecast inflows averaged 
for 1-, 3-, and 7-day duration, as follows: 

 The variable TOC would be at 375,000 ac-ft of flood management storage (875.4 ft) for 
forecast average inflows of 1-day or 3-day duration less than or equal to the p = 0.1 
(1/10-year) AEP quantile and 7-day duration less than or equal to the p = 0.5 (1/2-year) 
AEP quantile (1-day average inflow ≤ 112,524 cfs, 3-day average inflow ≤ 88,737 cfs, and 
7-day average inflow ≤ 24,881 cfs). 

 The variable TOC would be at 750,000 ac-ft of flood management storage (848.5 ft) for 
forecast average inflows of any duration greater than or equal to the p = 0.04 (1/25-year) 
AEP quantile (1- day average inflow ≥ 159,720 cfs, 3-day average inflow ≥ 125,934 cfs, or 
7-day average inflow ≥ 87,093 cfs). 

 For forecast 1-day and 3-day average inflows between the p = 0.1 and p = 0.04 AEP 
quantiles and 7-day average inflows between the p = 0.5 and p = 0.04 AEP quantiles, the 
variable TOC would be interpolated from TOC curves determined from TOC elevations 
(875.4 ft and 848.5 ft) and the corresponding (p = 0.1 and p = 0.04 for 1-day and 3-day, 
and p = 0.5 and p = 0.04 for 7- day) average inflow thresholds using Figure F-6; the 
lowest TOC of the three durations would be used. 

Forecast-based releases would occur when the TOC drops below the current storage and the 
minimum flood storage (TOC elevation 875.4 ft). Maximum releases would be a function of 1-, 
3-, and 7-day forecast average inflows and stepped as follows: 

 If the 3-day or 1-day forecast average inflow is greater than or equal to the p = 0.1 AEP 
quantile, or the 7-day forecast average inflow is greater or equal to the p = 0.5 AEP 
quantile, release up to 60,000 cfs. 
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 If the 3-day or 1-day forecast average inflow is greater than or equal to the p = 0.04 AEP 
quantile, release up to 100,000 cfs. 

 If the 1-day forecast average inflow is greater than or equal to the p = 0.01 AEP quantile, 
release up to 150,000 cfs. 

Forecast average inflows would be evaluated based on 1-, 3-, and 7-day averaging durations. 
Release decisions would be dictated by reading from Figure F-7 for the duration which shows 
the highest average inflow. Figure F-7 shows a plot of the forecast-based thresholds. 

 
Figure F-6. Drawdown Curves for Operation EF007 Variable TOC Computation 
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Figure F-7. Forecast Based Releases for Operation EF007 

 
Similar to EF007, EF008 computes the variable TOC elevation based on the AEP of the forecast 
inflows averaged for 1-, 3-, and 7-day duration, as follows: 

 The variable TOC would be at 375,000 ac-ft of flood management storage (875.4) for 
forecast average inflows of 1-day or 3-day duration less than or equal to the p = 0.1 
(1/10-year) AEP quantile and 7-day duration less than or equal to the p = 0.2 (1/5-year) 
AEP quantile (1-day average inflow ≤ 112,524 cfs, 3-day average inflow ≤ 88,737 cfs, and 
7-day average inflow ≤ 50,047 cfs). 

 The variable TOC would be at 750,000 ac-ft of flood management storage (848.5 ft) for 
forecast average inflows of any duration greater than or equal to the p = 0.04 (1/25-year) 
AEP quantile (1- day average inflow ≥ 159,720 cfs, 3-day average inflow ≥ 125,934 cfs, or 
7-day average inflow ≥ 87,093 cfs). 

 For forecast 1-day and 3-day average inflows between the p = 0.1 and p = 0.04 AEP 
quantiles and 7-day average inflows between the p = 0.2 and p = 0.04 AEP quantiles, the 
variable TOC would be interpolated from TOC curves determined from TOC elevations 
(875.4 ft and 848.5 ft) and the corresponding (p = 0.1 and p = 0.04 for 1-day and 3-day, 
and p = 0.2 and p = 0.04 for 7- day) average inflow thresholds using Figure F-8; the 
lowest TOC of the three durations would be used. 

Forecast-based releases would occur when the TOC drops below the current storage and the 
minimum flood storage (TOC elevation 875.4 ft). Maximum releases would be a function of 1-, 
3-, and 7-day forecast average inflows and stepped as follows: 



 

  83 

 If the 3-day or 1-day forecast average inflow is greater than or equal to the p = 0.1 AEP 
quantile, or the 7-day forecast average inflow is greater or equal to the p = 0.2 AEP 
quantile, release up to 60,000 cfs. 

 If the 3-day or 1-day forecast average inflow is greater than or equal to the p = 0.04 AEP 
quantile, release up to 100,000 cfs. 

 If the 1-day forecast average inflow is greater than or equal to the p = 0.01 AEP quantile, 
release up to 150,000 cfs. 

Forecast average inflows would be evaluated based on 1-, 3-, and 7-day averaging durations. 
Release decisions would be dictated by reading from Figure F-9 for the duration which shows 
the highest average inflow. Figure F-9 shows a plot of the forecast-based thresholds. 

 
 
Figure F-8. Drawdown Curves for Operation EF008 Variable TOC Computation 
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Figure F-9. Forecast Based Releases for Operation EF008 

 
Table F-4. Comparison of Alternative EF006, EF007, and EF008 

 Alternative EF006 Alternative EF007 Alternative EF008 

Variable 
Space 

Minimum 375,000 ac-ft 
(elevation 
875.4 ft) to maximum 
750,000 ac-ft (elevation 
848.5 ft) 

Minimum 375,000 ac-ft 
(elevation 875.4 ft) to 
maximum 750,000 ac-ft 
(elevation 
848.5 ft) 

Minimum 375,000 ac-ft 
(elevation 875.4 ft) to 
maximum 750,000 ac-ft 
(elevation 
848.5 ft) 

Use of 
Variable 
Space 

Required space varies 
based on forecast average 
regulated inflows. 
If forecast average 
regulated inflows ≥ 
p=0.1 (1/10-year) AEP 
quantile (for any 
duration), flood 
reservation increases 
and TOC decreases. 
Maximum flood 
reservation of 750,000 
ac-ft would be required 
for forecast average 
regulated inflows ≥ 
p=0.04 (1/25-year) AEP 
quantile (for any 
duration) 

Required space varies 
based on forecast average 
regulated inflows. 
If forecast average 
regulated inflows > p=0.1 
(1/10-year) AEP quantile 
for 1- day and 3-day 
durations, or ≥ p=0.5 
(1/2-year) AEP quantile 
for 7-day duration, flood 
reservation increases and 
TOC decreases. 
Maximum flood 
reservation of 750,000 ac-
ft would be required for 
forecast average 
regulated inflows ≥ 
p=0.04 (1/25-year) AEP 
quantile (for any duration) 

Required space varies based 
on forecast average 
regulated inflows. 
If forecast average 
regulated inflows > p=0.1 
(1/10-year) AEP quantile 
for 1- day and 3-day 
durations, or ≥ p=0.2 
(1/5-year) AEP quantile 
for 7-day duration, flood 
reservation increases and 
TOC decreases. 
Maximum flood reservation 
of 750,000 ac-ft would be 
required for forecast 
average regulated inflows 
≥ p=0.04 (1/25-year) AEP 
quantile (for any duration) 
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 Alternative EF006 Alternative EF007 Alternative EF008 

Maximum 
Release 
Limits 

Based on duration showing 
greatest forecast average 
inflow. 

Based on duration showing 
greatest forecast average 
inflow. 

Based on duration showing 
greatest forecast average 
inflow. 

Release 
Steps 

If forecast average 
regulated inflow all 
durations ≤ p=0.1 (1/10-
year) AEP quantile: 
15,000 cfs if current inflow 
≤ 30,000 60,000 cfs if 
current inflow > 30,000 7-
day or less > 10-year: 
60,000 cfs 
3-day or less > 25-year: 
100,000 cfs 1-day or less > 
100-year: 150,000 cfs 

If forecast average regulated 
inflow for 1-day and 3-day 
durations ≤ p=0.1 (1/10-year) 
AEP quantile, and for 7-day 
duration ≤ p=0.5 (1/2-year) 
AEP quantile: 
15,000 cfs if current inflow ≤ 
30,000 60,000 cfs if current 
inflow > 30,000 3-day or less 
> 10-year, or 7-day > 2- year: 
60,000 cfs 
3-day or less > 25-year: 
100,000 cfs 1-day or less > 
100-year: 150,000 cfs 

If forecast average regulated 
inflow for 1-day and 3-day 
durations ≤ p=0.1 (1/10-year) 
AEP quantile, and for 7-day 
duration ≤ p=0.2 (1/5-year) 
AEP quantile: 
15,000 cfs if current inflow ≤ 
30,000 60,000 cfs if current 
inflow > 30,000 3-day or less 
> 10-year, or 7-day > 5- year: 
60,000 cfs 
3-day or less > 25-year: 
100,000 cfs 1-day or less > 
100-year: 150,000 cfs 

ESRD No change No change No change 

 
HDR assessed the performance of candidate alternatives (EF007 and EF008) by routing the 
100% scaled 1986 and 1997 inflows from the CVHS (DWR 2015) through the configured Yuba-
Feather River system reservoirs. The routing results are shown in Figure F-10 and Figure F-11. 
EF008 did not pre-release as aggressively as EF007 while it reduced the pool elevation similar to 
EF007 as compared to EF006. EF008 was identified as the best candidate alternative at this 
time. 
 

Figure F-10. Comparison of Operations EF006, EF007 and EF008 at Oroville (1986, 100% Scaling) 
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Figure F-11. Comparison of Operations EF006, EF007 and EF008 at Oroville (1997, 100% Scaling) 

 
HDR confirmed the appropriateness of EF008 by comparing routings of the 1986, 1997, and 
SPFs (SPF1, wet, centered on Feather River; SFP2, wet, centered on Yuba River) and confirming 
that peak reservoir elevations and releases were either reduced or not increased. Figure F-12 
through Figure F-15 show these comparisons. 

 

 
Figure F-12. Comparison of Operation EF008 and WCM operations at Oroville (1986, 100% Scaling) 
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Figure F-13. Comparison of Operation EF008 and WCM operations at Oroville (1997, 100% Scaling) 

 

 
Figure F-14. Comparison of Operation EF008 and WCM operations at Oroville (SPF1, wet SPF centered on 
Feather River above Oroville Dam from Oroville 1970 WCM, Chart 32) 
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Figure F-15. Comparison of Operation EF008 and WCM operations at Oroville (SPF2, wet SPF centered on 
Yuba River below New Bullards Bar Dam from Oroville 1970 WCM, Chart 32) 

 
F.6 Results 
In summary, compared to the 1970 WCM operations: 

 EF008 increases pre-release and reduces pool elevation at Oroville for the events simulated. 

 EF008 decreases the maximum release or reduces the duration of outflow at 150,000 cfs. 

 EF008 allows the TOC to return to the minimum flood management storage requirement 
and thus increases storage at the end of flood events. 

F.7 Reference 
DWR (2020). Oroville Dam Comprehensive Needs Assessment – Task 2 – Operations. Prepared 
by HDR. May. 

YWA (2021). “Task 5: Assess Inundation-Reduction Benefits.” Technical Memorandum. Prepared 
by HDR. August 13. 
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Attachment F-1: Drawdown Curve Alternatives Results  
(11 scenarios) 
This appendix shows the routing results of the reservoir simulations completed to refine EF004. 

(A YR B YR) in the legend indicates that the routing results are based on a variable TOC 
elevation based on the AEP of forecast inflows averaged for 1-, 3-, and 7-day durations, as 
follows: 

 The variable TOC would be at 375,000 ac-ft of flood management storage (875.4 ft) for 
forecast average inflows of any duration less than or equal to the p = 1/A (1/A-year) AEP 
quantile. 

 The variable TOC would be at 750,000 ac-ft of flood management storage (848.5 ft) for 
forecast average inflows of any duration greater than or equal to the p = 1/B (1/B-year) 
AEP quantile. 

 For forecast average inflows between the p = 1/A and p = 1/B AEP quantiles, the variable 
TOC would be interpolated from TOC curves determined from TOC elevations (875.4 ft and 
848.5 ft) and the corresponding (p = 1/A and p = 1/B) average inflow thresholds. The 
lowest TOC of the three durations would be used. 
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Appendix G—ORO-NBB At-Site Alternative FIRO 
Guide Curve (Section 4) 
 
G.1 Yuba-Feather Forecast Informed Reservoir Operations 
 

 
Figure G-1. Development of Ensemble Forecast Operations Alternatives for Lake Oroville and New Bullards Bar 
Reservoir 

 
G.2 Background 
The Yuba and Feather River (Y-F) system, located within the Sacramento River Flood Control 
Project, is an integrated system of levees, dams, and bypass channels. The Y-F system contains 
2 primary reservoirs, Lake Oroville and New Bullards Bar Reservoir, that are operated for flood 
control, water supply and hydro power generation (Yuba-Feather Forecast-Coordinated 
Operations Program, 2017). 

Lake Oroville (Oroville), located on the Feather River, was constructed by the U.S. Army Corps 
of Engineers (USACE) and is operated by the California Department of Water Resources (DWR) 
and has a total capacity of 3,870 thousand acre-feet (KAF). The flood control and conservation 
storage capacity of the reservoir are established by a series of seasonally varying guide curves 
defined in the Water Control Manual (WCM) (U.S. Army Corps of Engineers, 1970), where a 
single curve from the series is activated based on established thresholds of accumulated basin 
precipitation. The dam at Oroville consists of a series of outlet structures, where the primary 
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flood control outlet structure is a gated spillway at elevation 813.6-feet above mean sea level (ft 
msl) with a maximum release capacity of 308 thousand cubic feet per second (KCFS). Oroville 
also has an ungated spillway at 922-ft msl. During heavy winter storms, storage levels and 
releases from Oroville are managed to minimize flooding downstream on the Feather River at 
Yuba City. 

New Bullards Bar Reservoir (NBB), located on the Yuba River, was constructed by the USACE 
and is operated by the Yuba County Water Agency (Yuba Water) and has a total capacity of 
1,010 KAF. The flood control and conservation capacity of the reservoir are established by a 
seasonally varying guide curve defined in the WCM (U.S. Army Corps of Engineers, 1972), 
which establishes a conservation capacity of 796 KAF during the wet season (September 15 to 
March 30) and 965 KAF during the dry season (June 1 to September 15). The dam at NBB 
consists of a series of outlet structures, where the primary flood control outlet structure is a 
gated spillway at elevation 1910-ft msl with a maximum release capacity of 172 KCFS. The 
USACE and Yuba Water are currently evaluating the construction of an additional gated spillway, 
called the Atmospheric River Control (ARC) spillway. A number of design options have been 
evaluated, but the current preferred design includes an invert elevation of 1874.5-ft msl and a 
max release capacity of 63 KCFS. During heavy winter storms, storage levels and releases from 
NBB are managed to minimize flooding downstream on the Yuba River at Marysville. 

The Yuba and Feather River Basins present unique operational challenges to managing flows 
downstream of the reservoirs. Oroville and NBB are operated by different agencies, and there is 
a shared responsibility for both projects to keep flows from exceeding channel capacities. The 
coordination of reservoir releases is critical to achieving this and to meet maximum downstream 
objective flows as prescribed by the current Water Control Manuals for Oroville and NBB. The 
Forecast Coordinated Operations (F-CO) program is a multi-agency partnership between DWR, 
Yuba Water, NOAA and the USACE that seeks to reduce peak flood flows through improved river 
flow forecasting and improved coordination of flood control operations between both reservoirs 
(Yuba-Feather Forecast- Coordinated Operations Program, 2017). 

This report describes the development and evaluation of Forecast Informed Reservoir 
Operations (FIRO) alternatives for Oroville and NBB to support the Y-F FIRO Preliminary 
Viability Assessment (PVA). The objective of the Y-F FIRO is to reduce flood risk for the regions 
downstream of Oroville and NBB, while not impacting the water supply reliability of these 
reservoirs. 

This report focuses on alternatives that incorporate the Ensemble Forecast Operations (EFO) 
methodology, which is a type of FIRO that utilizes ensemble streamflow predictions to evaluate 
forecast uncertainty to help inform release decisions. This methodology was originally 
developed for Lake Mendocino (Delaney, et al., 2020) located on the Russian River in 
Mendocino County, California and was critical in demonstrating the viability of FIRO for Lake 
Mendocino through evaluations completed in both the Preliminary Viability Assessment (PVA) 
(FIRO Steering Committee, 2017) and Final Viability Assessment (FVA) (FIRO Steering 
Committee, 2020). EFO was later evaluated for the Prado Dam PVA (Ralph, et al., 2020) and 
was critical to demonstrating viability of FIRO for that system as well. The methodologies 
evaluated for Lake Mendocino and Prado Dam incorporated forecasts of risk or probabilities of 
exceeding defined critical storage thresholds. These evaluations both demonstrated that 
implementation of EFO would improve water supply reliability without increasing flood risk to 
downstream communities. 
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Like the methodologies developed for Lake Mendocino and Prado Dam, the methodologies 
developed for Oroville and NBB utilize the ensemble range to evaluate inflow forecast 
uncertainty to inform operations, however in place of evaluating forecasted risk above a storage 
threshold, the methodologies developed for Oroville and NBB evaluate forecasted storage 
volumes that exceed a defined storage threshold. This methodology is described in further 
detail below and design of alternatives, model formulation, model results and discussion are 
presented in subsequent sections. 

G.3 Ensemble Forecast Operations Methodology 
The EFO methodology developed for Oroville and NBB evaluates storage volumes above the top 
of the flood pool, elevations 900 feet above mean sea level (msl) (3,538 KAF) at Oroville and 
1956 feet msl (965 KAF) at NBB. This mu  
 

 
 
Figure G-2. February 10, 1986 New Bullards Bar example of EFO methodology. 

 
Storage levels of the maximum ensemble range that exceed the volume tolerance curve over 
the duration of the forecast, shown as the orange shaded region in Figure G-2, are used to 
calculate release schedules. Exceedance volumes are divided by lead time to calculate release 
rates for each lead time, which is shown in the lower left panel of Figure G-2 for the February 
10, 1986 example. This figure shows that at a lead time of 233-hours the volume exceeds the 
tolerance curve by 477 KAF, and this volume divided by 233 hours of lead time (applying 
necessary unit conversions) yields in a release of 24.8 thousand cubic feet per second (KCFS), 
which (as can be seen in the lower left panel of Figure G-2) is the maximum lead time release. 

477 
 

477 KAF/233 hours = 
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To generate a release schedule, the maximum lead time release is evaluated against the 
forecasted release constraints. For NBB these release constraints include outlet release capacity, 
release rate of change limits, and the maximum downstream objective flow for the Feather 
River at Marysville of 180 KCFS. The formulation of release schedules for the February 10, 1986 
example is summarized in the lower right panel of Figure G-2 where the initial release schedule 
of 24.8 KCFS is shown as the green dotted line. For this example, the forecasted maximum 
release constraint (shown as the red dashed line in the lower right panel) is mostly determined 
by the increasing release rate of change limit of 5 KCFS, however, between days 2 and 5 of the 
forecast horizon, the maximum release is constrained by the release outlet capacity caused by a 
reduction of forecasted storage (as shown in the upper right panel) and reduced surcharge on 
the gated spillway structures (current primary spillway and proposed ARC spillway). The initial 
release schedule is redistributed based on the calculated maximum release such that the total 
volume of the release is retained if feasible. The final release schedule is shown as the solid 
blue line in the lower right panel. For this example, it can be seen that the initial release 
exceeds max release constraint between days 2 and 3 of the forecast, therefore the release 
schedule is increased for the remaining days so that the total release volume is retained. Note 
that this release schedule is only adhered to until the forecast is updated the next day (or next 
forecast issuance) when the process will be repeated. 

A similar example for Oroville is provided in Figure G-3 for February 10, 1986 using the 120% 
scaled hindcast. The top left panel of Figure G-3 shows that at a lead time of 247-hours, the 
forecasted storage exceeds volume tolerance by 2,024 KAF, and this volume divided by 247-
hours of lead time (applying necessary unit conversions) yields in a release of 99.2 KCFS, which 
(as can be seen in the lower left panel of Figure G-3) is the maximum lead time release. 
 

 
Figure G-3. February 10, 1986 Lake Oroville example of EFO methodology. 

2,024 
 

2024 KAF/247 hours 
= 
99 2 C S 
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For the Oroville example, the initial release per lead time of 99.2 KCFS (shown as the dotted 
green line in the lower right panel of Figure G-3) is evaluated against the release constraints of 
Oroville which include the outlet release capacity, a maximum release of 150 KCFS, release rate 
of change limits and the maximum downstream objective flow of 180 KCFS at Yuba City. The 
forecasted maximum release based on the release constraints is provided as the red dashed line 
in the lower right panel of Figure G-3. For this example, the first 5 days of the forecast horizon 
show the maximum release is constrained by the release outlet capacity caused by a reduction 
of forecasted storage (as shown in the upper right panel) and reduced surcharge on the gated 
spillway. The final release schedule (shown as the solid blue line in the lower right panel) in this 
example is constrained by the forecasted maximum release for the first 5 days, therefore, in 
order to retain the total volume of the initial release, the release schedule is increased for the 
remaining days of the forecast horizon. Note that, as with the previous example for NBB, this 
release schedule is only adhered to until the forecast is updated the next day (or next forecast 
issuance) when the process will be repeated. 

G.4 Configuration of EFO Model for Application at Oroville and 
NBB 

This study involved running a reservoir system simulation model for Oroville and NBB reservoirs 
and evaluating operational outcomes for different management alternatives. The computer 
model used in this study, called the EFO model, was developed with the Python programming 
language and was originally developed for the Prado Dam PVA study. For this study that model 
was expanded to simulate the EFO alternatives developed for Oroville and NBB. The EFO model 
was developed using an object- oriented programming structure, and provides the basic 
building blocks common to most reservoir systems through a framework of object classes and 
sub-classes. A summary of the primary object classes of the EFO model are provided below: 

 Junctions: Define locations in a reservoir system where inflows are defined and water 
balance calculations are performed to compute an outflow. Junction types include 
reservoirs and flow junctions. Rules can be added to junctions to provide logic for reservoir 
releases and diversions. 

 Inflows: Data inputs for junctions, which can include natural inflows, reach losses (negative 
inflows) and routed flows from an upstream junction. 

 Reach: Define links to route flows from an upstream model junction to a downstream 
junction. 

 Rules: Define logic for setting releases and diversions from model junctions. 

Each of the primary class types listed above has an abstract base class (with the keyword 
“Base” at the end of the class name), and multiple subclasses which inherit and expand from 
the properties and methods of the base class. A unified modeling language (UML) diagram of 
the EFO model class structure is provided in Figure G-4. 

The model applies reservoir operation rules of Oroville and NBB and water balance calculations 
to simulate reservoir releases and storage levels. Releases through the controlled outlet are 
simulated by evaluating a series of rules (called the rule stack), which are evaluated in 
successive order that is defined in the rules stack. 
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The primary purpose of the EFO model is to simulate forecast based reservoir rules, and the 
model has a series of classes for that purpose. These include time classes that define time steps 
both as a continuous array of monotonically increasing time steps, and a forecast time class 
that define forecast lead times for each forecast cycle. These time classes allow model objects, 
such as junctions, reaches, rules, and inflows, to be defined for either a continuous time model 
or a forecast-based model. The primary forecast based class is the EFO class that allows parallel 
simulation of a model for each member of an ensemble streamflow forecast. 

 

 
Figure G-4. Unified modeling language diagram of the EFO model. 

 
Using the object classes of the EFO model code, a model was developed for the Y-F system, 
called the Yuba Feather EFO model (Y-F EFO), to simulate and evaluate FIRO alternatives at 
Oroville and NBB reservoirs. The majority of the parameters used to define the Y-F EFO model 
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were sourced from a HEC- ResSim model (Y-F ResSim) provided by HDR Engineering (California 
Department of Water Resources, 2021). 

Oroville and NBB contain multiple control outlets to support flood control operations, 
hydropower generation, and water conservation releases. Controlled outlet rating curves were 
defined in the Y-F EFO model for both reservoirs as total release capacity which were provided 
in the Y-F ResSim model. The total Oroville controlled release capacity rating curve is shown in 
Figure G-5. The simulation of NBB alternatives incorporated two different release capacities: 1) 
current release capacity of the existing controlled outlets, and 2) incorporation of the proposed 
ARC spillway to increase total release capacity for flood control operations. Rating curves for the 
additional spillway were provided by MBK Engineers. The release capacity rating curves for NBB 
are shown in Figure G-6. 
 

 
Figure G-5. Lake Oroville controlled outlet rating curve. 
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Figure G-6. New Bullards Bar controlled outlet rating curve with proposed ARC spillway and existing release 
capacity (without proposed ARC spillway). 

 
The release rating curve for the spillway at Oroville used in the Y-F EFO model was provided in 
the Y-F ResSim model and is shown in Figure G-7. NBB does not have an uncontrolled spillway, 
because under very extreme events uncontrolled releases are designed to flow over the top of 
dam. The rating curve for releases over the top of NBB dam were also provided in the Y-F 
Resim model and is shown in Figure G-8. 

 

 
Figure G-7. Lake Oroville uncontrolled spillway rating curve. 
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Figure G-8. New Bullards Bar uncontrolled outlet rating curve. 

 
The Y-F EFO model utilized Muskingum routing to simulate the attenuation of flow in river 
reaches between defined model junctions. The Muskingum routing parameters used in the Y-F 
EFO model were provided in the Y-F ResSim model. 

This study was completed to develop and evaluate flood control operations that can utilize 
forecast information to inform releases and the alternatives evaluated in this study are further 
described in Section 4. Certain operational rules defined in the WCMs for both Oroville and NBB, 
however, were incorporated for all alternatives because they apply to multiple types of 
operations (conservation, flood control and emergency). On the other hand, certain rules were 
omitted because their original purpose is replaced by the use of forecast based rules that use 
forecasted hydrology. Descriptions of the primary existing rules considered for this study are 
provided below: 

 Emergency spillway release diagram (ESRD) specifies minimum release from the dam for 
dam safety, considering current pool elevation and rate of rise of the pool. The objective 
of the ESRD rule at Oroville and NBB is to prescribe operation that will ensure the integrity 
of the dam (Yuba- Feather Forecast-Coordinated Operations Program, 2017). These rules 
apply for both flood control and surcharge pool operations, therefore these rules were 
used for all alternatives evaluated in this study. 

 Release rate of change rules define the rate that releases can increase of decrease per 
hour. An increasing rate of change of 5 KCFS per hour was applied for Oroville and NBB. A 
decreasing rate of change of 2.5 KCFS per hour was applied to Oroville and 5 KCFS per 
hour for NBB. 

 Maximum release rates are defined in the WCMs for both reservoirs. Maximum release 
rates of 150 KCFS for Oroville and 50 KCFS for NBB were applied for all alternatives 
evaluated in this study. 



 

  117 

 Maximum downstream objective flows define flow limits at locations downstream of 
Oroville and NBB, and flood control releases from Oroville and NBB should not contribute 
to flows that exceed these limits. 

• The Oroville WCD defines a maximum downstream objective flow for the Feather 
River at Yuba City (hereafter Yuba City) of 180 KCFS, Feather River below Yuba 
River (hereafter Confluence) of 300 KCFS and Feather River below Bear River 
(hereafter Nicolaus) of 320 KCFS. 

• The NBB WCD defines a maximum downstream flow for the Yuba River at Marysville 
(hereafter Marysville) of 120 KCFS, however it also states “releases may be increased 
when concurrent flows in the Feather River are low; provided that flows in the Yuba 
River at Marysville do not exceed” 180 KCFS. 

• To meet the maximum downstream objective flow constraints at the Confluence and 
Nicolaus, flood control releases must be coordinated between Oroville and NBB for 
extreme events. This coordination of releases is currently managed under the F-CO 
program described in Section 1. For this study, initial simulations of alternatives did 
not consider maximum flow constraints for the Confluence or Nicolaus to evaluate 
at-site operations without coordinated releases, and assess the potential flooding 
impacts at the Confluence and Nicolaus with FIRO. More detailed simulations were 
completed, described in Section 9, that incorporated the simulation of coordinated 
releases for select alternatives. 

• Inflow based maximum release rules define a maximum release as a function of 
inflow. The rules defined for Oroville and NBB evaluate the previous 5-day peak 
inflows to set a release. The max release as a function of inflow for Oroville is 
provided in Table G-1. For NBB the max release in constrained to equal the 
maximum inflow. As further discussed in Section 4, these inflow-based maximum 
release rules were not included in the simulation of the FIRO alternatives for the 
formulation of storm-event prereleases, because these alternatives formulate 
releases using forecasted flows. 

Table G-1. Lake Oroville maximum release as a function of inflow. 

Previous 5-day Maximum 

Max Inflow (cfs) Release (cfs) 

1 15000 

30000 15000 
30005 60000 

120000 60000 
120005 100000 

175000 100000 
175005 150000 

900000 150000 
 
 



 

  118 

G.5 Flood Control Operations Alternatives 
Four alternatives were developed and simulated for Oroville and NBB which are summarized 
below: 

 Baseline – this alternative simulates conditions consistent with the operations defined in 
the WCMs for Oroville and NBB. 

 EFO – this alternative uses the methodology previously described Section 3, which uses a 
volume tolerance curve to formulate flood control release decisions for the entire reservoir 
pool. 

 Hybrid EFO – this alternative is similar to the EFO alternative however it constrains EFO to 
a maximum FIRO flood pool encroachment level. When storage levels exceed this 
encroachment level, operations are consistent with typical guide curve operations. 

 PFO – this alternative, called perfect forecast operations, uses the same methodology as 
EFO, but in place of using the hindcasts, this alternative uses future observed flows, which 
provides perfect forecast skill. This alternative is not feasible for implementation, but 
provides a useful bookend to quantify the maximum benefit that could be achieved with 
the EFO alternatives. Additionally, since this alternative uses a perfect forecast and 
therefore no forecast uncertainty, the volume tolerance above the flood pool is set to be 
zero for all forecast lead times. 

The FIRO encroachment curves used to simulate the Hybrid EFO alternatives at Oroville and 
NBB are provided in Figure G-9 and Figure G-10. The Oroville curve sets a winter top elevation 
of 869 feet, which encroaches into the reservoir flood pool by 8.5% (283 KAF) of total storage 
capacity (3,538 KAF) and shifts the spring refill from April 1 to March 1 of each year. The NBB 
FIRO encroachment curve sets a winter top elevation of 1935 feet, which encroaches into the 
reservoir flood pool by 7% (70 KAF) of total storage capacity of (965 KAF), and also shifts the 
spring refill date to March 1. Note that the Hybrid EFO alternatives are permitted to pre-release 
storage from the conservation pool in advance of a storm event as needed based on forecasted 
conditions. The portion of the conservation pool accessible for a pre-release is formally not 
limited, but in practice the volume of conservation storage that can be pre- released is limited 
by lead time and a host of other constraints (physical and regulatory). 
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Figure G-9. Lake Oroville FIRO encroachment curve. 

 
 

 
Figure G-10. New Bullards Bar FIRO encroachment curve. 
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Baseline operations for NBB assume existing capacity of the controlled spillway, however 
simulation of the EFO, Hybrid and PFO alternatives assume that the proposed ARC spillway is in 
place. The existing and ARC spillway release capacity curves are shown in Figure G-6. 

As previously discussed, the WCMs for Oroville and NBB define maximum downstream objective 
flows for points downstream of Oroville and NBB. The NBB WCD defines a maximum 
downstream objective flow of 120 KCFS for Marysville, which was used for Baseline. For the 
EFO, Hybrid and PFO alternatives, however, maximum flow of 180 KCFS was used for Marysville 
because of the flexibility provided in the NBB WCD as discussed in Section 3. 

The Oroville WCD diagram defines maximum downstream objective flows of 300 and 320 KCFS 
for the Confluence and Nicolaus respectively, but these were not included in the initial 
simulations of the alternatives of this study to evaluate the at-site operations without the 
coordination of releases to manage for flooding at Confluence and Nicolaus. Further study was 
completed (as described in Section 9) which included coordinated operations for the Hybrid 
alternative. 

The alternatives evaluated in this study did not include any rules or constraints associated with 
releases made for water supply operations. The water supply operations for both reservoirs are 
complex and therefore not included due to the level of effort required. However for the 
preliminary assessment of flood control alternatives completed for this study, the incorporation 
of water supply operations was determined as unnecessary. 

The assumptions and constraints defined in the Y-F EFO model for each alternative is 
summarized in Table G-2. 

Table G-2. Operations alternative assumptions and constraints. 

Constraint/ 
Assumption 

Oroville New Bullards Bar 

Baseline Hybrid EFO PFO Baseline Hybrid EFO PFO 
Top of Flood Pool 900 ft. 900 ft. 900 ft. 900 ft. 1956 ft. 1956 ft. 1956 ft. 1956 ft. 
Top of Conservation Existing FIRO 900 ft. 900 ft. Existing FIRO 1956 ft. 1956 ft. 
Outlet Capacity Existing Existing Existing Existing Existing ARC 

Spillway 
ARC 
Spillway 

ARC 
Spillway 

Maximum Release 150 KCFS 150 KCFS 150 KCFS 150 KCFS 50 KCFS 50 KCFS 50 KCFS 50 KCFS 
Maximum 
Downstream Flow 

180 KCFS 
Yuba City 

180 KCFS 
Yuba City 

180 KCFS 
Yuba City 

180 KCFS 
Yuba City 

120 KCFS 
Marysville 

180 KCFS 
Marysville 

180 KCFS 
Marysville 

180 KCFS 
Marysville 

Ramping Existing Existing Existing Existing Existing Existing Existing Existing 
ESRD Rule Existing Existing Existing Existing Existing Existing Existing Existing 
Start of Simulation 
Storage 

2,788 KAF 3,071 KAF 3,360 KAF 3,360 KAF 796 KAF 866 KAF 965 KAF 965 KAF 

 
G.6 Simulation of FIRO Alternatives 
Simulation of alternatives was completed at an hourly time step using scaled hydrology for the 
1986 and 1997 flood events developed by the CNRFC. These scaled events were developed by 
scaling precipitation by different factors as summarized in Table G-3. Also included with this 
table are associated return periods (developed by MBK Engineers), however these return 
periods were based on hydrology from the Central Valley Hydrology Study (CVHS) (US Army 
Corps of Engineers Sacramento District, 2015), which scaled observed hydrology by the same 
factors. It should be noted that the resultant hydrology developed by the CNRFC is not 
necessarily equivalent to the CVHS hydrology, and the CNRFC hydrology typically exceeds the 
CVHS hydrology for the same scale factor. 
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Table G-3. CNRFC Scaled Events. 

Year Scale Factor 
(%) 

Return Period 
(year) 

1986 100 75 

1986 110 112 

1986 120 164 

1986 130 238 

1986 140 346 

1986 150 499 

1997 90 106 

1997 100 166 

1997 110 268 

1997 120 420 

1997 130 653 

 
For the simulation of the FIRO alternatives (EFO, Hybrid EFO, and PFO), the CNRFC also 
developed scaled Hydrologic Ensemble Forecast System (HEFS) hindcasts for the 1986 and 
1997 flood events. These were developed by scaling the ensemble mean hindcast precipitation 
of the Global Ensemble Forecast System (GEFS) by the same scale factors in Table G-3. The 
scaled precipitation hindcasts were processed through the Meteorological Ensemble Forecast 
Processor (MEFP) to develop ensemble hindcasts of precipitation and temperature (not scaled), 
and simulated with the CNRFC hydrologic model to develop ensemble streamflow predictions 
(hindcasts). The hindcasts provided by the CNRFC use the same modeling process and are 
analogous to the operational forecasts provided daily and up to four times per day during flood 
events. 

To assess potential risk of the over release of water with the FIRO alternatives in advance of a 
flood event that could impact storage recovery and water supply, alternatives were simulated 
for each year of the hindcast period at a daily time step using observed hydrology and hindcasts 
from 1985 through 2008 provided by the CNRFC. These simulations were completed for the 
flood control season (November 1 to June 15) for each year of the hindcast using beginning 
storage levels provided in Table G-2. These simulations did not include any rules for water 
supply operations (no water supply releases) to maximize storage levels during levels during the 
flood control season, and thereby maximize the frequency that FIRO pre-releases would be 
made. Given that this analysis does not include any water supply operations to continually draw 
down storage through the flood control season, any over release of water made during an 
event will likely be recovered by subsequent storms in a given year. Therefore, this approach of 
simulating the alternatives for each flood control season of the hindcast period most accurately 
assesses the risk of over releasing water for the last storm of the season. Given that water 
supply operations were not included in these simulations, water supply benefits cannot be 
determined from these results. However, since all alternatives are simulated with consistent 
assumptions, results from this analysis are useful for comparative evaluation between the FIRO 
alternatives and Baseline to assess whether the over release of water due to the over forecast 
of a storm event could result in end-of-flood- season storage below Baseline operations. 
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G.7 Calibration of the EFO Volume Tolerance Curves 
A central component of the EFO and Hybrid EFO alternatives evaluated in the study are the 
volume tolerance curves used by the Y-F EFO model to formulate release schedules. The 
volume tolerance values for each of the 14-days of forecast lead time are not independent from 
each other. Therefore, given an infinite number of possible tolerance curves, a brute force 
method for optimization would be impractical. For this study, a methodology was developed 
that evaluates plausible candidate volume tolerance curve shapes and selects a curve that could 
be used to support a proof-of-concept simulation of the EFO methodology. The volume 
tolerance curves used for this study at Oroville and NBB were developed by modeling numerous 
candidate curves and formulating a curve that meets the project objectives of minimizing flood 
and dam safety risk while also balancing storage recovery after a flood event to retain water for 
water supply needs. To explain this process, examples are provided for the development of NBB 
Hybrid alternative, although a very similar process was incorporated for EFO and Hybrid 
alternatives for each reservoir. 

To formulate candidate risk tolerance curves for evaluation, perfect forecast operations (PFO) 
were simulated for each of the scaled flood events provided by the CNRFC. PFO incorporates 
the same methodology of formulating flood releases as EFO, but instead of using HEFS 
hindcasts of inflows into the reservoirs, PFO uses observed inflows. For each day of the PFO 
simulation for each scaled event, forward looking modeled ensemble storage levels assuming no 
reservoir releases were generated using the hindcasts with the beginning storage determined 
by the PFO storage level at that time step. These daily, forward-looking simulations were used 
to provide the hindcast ensemble storage levels with a starting storage set by the PFO 
simulation. The maximum hindcasted volume above the top of flood pool is calculated for each 
of the 14 days of the hindcast horizon, producing one candidate tolerance curve. 

This process is demonstrated in Figure G-11, which shows a candidate tolerance curve 
formulated for NBB from the February 9, 1986 hindcast. 

 
Figure G-11. Development of a single candidate EFO volume tolerance curve for NBB from the scaled 120% 
February 9, 1986 hindcast. 
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Using this process, a different candidate curve is formulated for each day of the PFO simulation. 
For NBB this process generated 746 unique, candidate EFO volume tolerance curves as shown 
in Figure G-12. A similar process for developing candidate risk tolerance curves was used for the 
development of EFO for Lake Mendocino (Delaney, et al., 2020). 

 

 
Figure G-12. Candidate volume tolerance curves for NBB evaluated in the development process. 

 
Each of the candidate risk tolerance curves was simulated with the Y-F EFO model for the 1986 
and 1997 scaled events at a daily time step, using the methodology previously described in 
Section 2 where the hindcasts are used to forecast storage levels, and a candidate curve (the 
red dashed line in the top panels of Figure G-2) is used to formulate release volumes. 

An objective function consisting of 4 decision variables (provided in the Equation 1) was 
developed to evaluate the simulation results for each of the candidate curves. This objective 
function was formulated based on the project objectives to reduce flood risk and improve dam 
safety while not impairing storage capture for water supply needs. 

   (1) 

The F decision variable captures the objective to maximize reduction of flood risk at Marysville. 
For each of the (n) simulated scaled events (11 events) each (j) candidate curve is evaluated by 
calculating the volume of flow that exceeds the flood stage of 180 KCFS, which is multiplied by 
the unregulated frequency (freq) of each (k) scaled event. The unregulated frequencies used in 
this analysis were developed by MBK Engineers using the hydrology of CVHS study (Table G-3). 
The mean of the frequency weighted flood volumes (fj in ac-ft) is evaluated for each of the (j) 
candid curves. To calculate the F decision variable for each candidate curve, the mean 
frequency weighted flood volumes (f) are normalized by taking the difference of the maximum f 
result of all the candidate curves from the f result of each candidate curve, divided by the range 
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of f results for all curves. These calculations are summarized in Equations 2 and 3, given t is the 
number of days of simulation for a given scaled event, qflood is flow at Marysville that exceeds 
flood stage, n is the number of scaled events simulated, and 1 cfs for 24 hours is 1.9835 ac-ft. 
The F decision variable captures the objective to minimize flow that exceeds flood stage at 
Marysville, therefore, higher values of F favor curves with a lower tolerance of volume 
exceeding the top of the flood control pool. 

  (2) 

  (3) 
 
The R decision variable captures the objective to maximize dam safety by evaluating releases 
when storage exceeds to top of dam elevation of 1965 feet (1,010 KAF storage). The 
calculation of this decision variable (summarized in equations 4 and 5) is very similar to the 
calculation of the F decision variable, but instead of evaluating the volume of flow that exceeds 
flood stage, this decision variable evaluates the volume of release when storage exceeds the 
top of dam (qspill). The R decision variable captures the objective to minimize risk to dam safety, 
therefore, higher values of R favor curves with a lower tolerance of volume exceeding the top of 
the flood control pool. 

  (4) 

  (5) 
 
The SR decision variable captures the objective to maximize storage recovery at the end of a 
flood event. FIRO pre-releases are made in advance of a flood event to reduce flood risk and 
improve dam safety, however we would also like a tolerance curve that allows for the reservoir 
to refill and recover as much of the pre-released water as possible for water supply needs. For 
each of the simulated scaled events each (k) a candidate curve is evaluated by taking the 
difference of end of simulation storage from the beginning of simulation storage, which 
multiplied by the unregulated frequency (freq) of each (k) scaled event. The mean of the 
frequency weighted storage differences (sr in ac-ft) is evaluated for each of the (j) candid 
curves. To calculate the SR decision variable, the sr result for each candidate curve is 
normalized in a similar fashion as described for the F decision variable. These calculations are 
summarized in Equations 6 and 7, given t is the last day of simulation for a given scaled event, 
s1 is the beginning of scaled event simulation storage, st is the end of simulation storage, and n 
is the number of scaled events simulated. Given that the SR decision variable captures the 
objective to minimize storage not recovered at the end of a flood event, higher values of SR 
favor curves with a higher tolerance of volume exceeding the top of the flood control pool. 

  (6) 
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  (7) 
 
During the process of information gathering for this study, water managers expressed a strong 
aversion to emergency releases due to high storage levels or uncontrolled releases through the 
emergency spillway at Oroville or over the top of dam at NBB. Simulations of existing operations 
show no or small emergency or uncontrolled releases for certain scaled years, which were the 
100% and 110% scaled 1986 events and for the 90% and 100% scaled 1997 events. 
Therefore, to capture the importance of this criteria to the stakeholder and potentially reduce 
flood risk and improve dam safety, the decision variable B is defined as an indicator variable 
such that if there are any simulated emergency releases or releases over the top of dam for the 
scaled events previously indicated then B is set to a value of 0, and if there are no emergency 
releases or releases made over the top of dam then B is set to a value of 1. 

Results of the objective function computations for each of the 746 candidate volume tolerance 
curves are provided in Figure G-13, with results sorted by objective function value (J). 
Simulation of some of the candidate risk tolerance curves result in a release above the top of 
dam and the B indicator variable is 0, and therefore have objective function values of 0 as can 
be seen for some of the J results at the left side of the figure. 
 

 
Figure G-13. Objective functions and decision variable results of candidate risk tolerance curves for the NBB 
Hybrid alternative; results indicated with the vertical-colored markers show the objective function (J) results 
less than 5% exceedance where marker colors correspond to the curves provided in Figure G-14. 

 
The simulations to evaluate the candidate tolerance curves included the 2 historical flood events 
(1986 and 1997) with different scaling factors to evaluate performance under extreme flood 
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events. The events evaluated in this study are adequate in magnitude for proper testing of the 
of the candidate curves, but given that only 2 historical events were scaled, the simulation 
hydrology lacks diversity of hydrologic timing and hindcast skill and reliability for the 
development of robust tolerance curves. Given this lack of diversity of flood events, and to 
avoid over fitting the volume tolerance curves to specific scaled events, the final tolerance 
curves for this study were interpolated to multiple curves between the 0% and 5% exceedance 
range of objective function (J) results. The objective function results less than the 5% 
exceedance (38 results) are indicated with the colored vertical markers and on the right side of 
Figure G-13. It should be noted that the curves below the 5% exceedance range as shown in 
Figure G-13, demonstrate similar performance for all decision variables, and do not show a 
needed tradeoff in system objectives. 

The 38 candidate risk tolerance curves below the 5% exceedance range (indicated by the 
vertical- colored markers in Figure G-13) are provided as the colored lines in Figure G-14. The 
dashed black curve shown in Figure G-14 is interpolated from the 38 displayed candidate curves 
using least squares regression. This interpolated tolerance curve was used to formulate release 
volumes for the NBB Hybrid EFO alternative when storage levels are below the FIRO 
encroachment level as previously discussed in Section 4. 
 

 
Figure G-14. EFO Volume tolerance curve for the NBB Hybrid alternative where the candidate risk tolerance 
curves below the 5% exceedance objective function results are shown by the colored lines and the line colors 
correspond to the marker colors provided in Figure G-8; the volume tolerance curve is shown as the dashed 
black line, which is interpolated to the 38 colored lines. 

 
A similar methodology was employed for developing a volume tolerance curves for all of the EFO 
and Hybrid EFO alternatives. The interpolated curve developed for the Oroville Hybrid EFO 
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alternative is presented in Figure G-15 was used for simulation of Oroville Hybrid EFO 
operations. 

 

 
 
Figure G-15.  EFO volume tolerance curve for Oroville. 

 
The methodology presented here was designed to provide a volume tolerance curve that is 
adequate for proof-of-concept testing and evaluation of EFO and Hybrid EFO alternatives for 
Oroville and NBB. The limited number of hindcasted scaled events is likely not adequate to 
develop robust volume tolerance curves that are adequate for full implementation. The 
candidate curves within the 0% to 5% objective function range (the colored curves included in 
Figure G-14 and Figure G-15) show variability of tolerance, with the greatest amount of 
variability in lead times less than 9-days. Selecting the single optimal curve from the candidate 
curves would likely provide a curve that is well suited for a few scaled events included in the 
training process but may not be robust to future events. To avoid over fitting of the volume 
tolerance curve, an interpolated curve was developed from multiple candidate curves that 
showed good objective functions scores (less than 5% exceedance), which is shown as the 
black dashed line in Figure G-14 and Figure G-15. The volume tolerance curves developed for 
the Oroville and New Bullards Bar EFO alternatives are also included in Attachment G-1. 

To address the issue of over fitting, future research could be completed that incorporates more 
extreme hydrology both for flooding and drought. Future research could look at scaling 
additional historical events to evaluate different flood hydrology and hindcast skill and reliability. 
Future efforts to refine the risk tolerance curve may also integrate a cross validation approach 
that incorporates multiple trials. 
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These trials would include a training period to identify optimal curves in a similar fashion as 
used in this study and a blind testing period to evaluate performance of the volume tolerance 
curve identified from the training period. Such an approach can be useful to understand the 
sensitivity of the tolerance curve to training hydrology and other parameters, and the potential 
robustness of the tolerance curve to future flood events. A similar cross validation approach was 
used for the evaluation of EFO for Lake Mendocino (Delaney, et al., 2020). Further research 
could also be completed to verify the approach presented here against more established 
optimization methods such as stochastic dynamic programming (Stedinger, Sule, & Loucks, 
1984). 

G.8 Results: Scaled Flood Events 
Model results for the Baseline, EFO, Hybrid EFO, and PFO alternatives for the 110% scaled 1986 
and 1997 events are presented in Figure G-16 and Figure G-17 respectively. Additional results of 
all the scale factors for both the 1986 and 1997 flood events are also included in Attachment G-
2. 

These model results show that operations of the Hybrid EFO alternatives at Oroville and NBB 
begin making FIRO prereleases for each reservoir up to 10-days in advance of peak inflows for 
the 110% scaled 1986 event and up to 11 days in advance of peak inflows for the 110% scaled 
1997 event. Prereleases of Hybrid EFO initiate quickly at Oroville for the 1986 event reaching a 
peak release in advance of the flood event of 100 KCFS within 2-days and then taper off as 
storage draws down and reduces controlled release capacity. Prereleases of Hybrid EFO at NBB 
increase at a slower rate for the 1986 event reaching a peak release of 42 KCFS after 4-days 
and then also taper off due to release capacity. Pre-releases of Hybrid EFO for the 110% scaled 
1997 event show similar trend reaching a peak release in advance of the event of 122 KCFS for 
Oroville and 44 KCFS at NBB. 

The Hybrid EFO alternatives at Oroville and NBB set no storage floor for FIRO prereleases and 
are therefore able to drain the reservoir pools in advance of the 110% scaled 1986 event to 
elevation 827 ft. (274 KAF below the top of conservation) for Oroville and elevation 1891 ft. 
(110 KAF below the top of conservation) for NBB. The 110% scaled 1997 event demonstrated 
similar results with a pre-storm elevation of 828 ft. at Oroville (267 KAF below the top of 
conservation) and elevation 1889 ft. for NBB (110 KAF below the top of conservation). 

The EFO alternatives at Oroville and NBB start the flood event simulations at a much higher 
storage level and also attempt to maximize storage in the reservoirs. Even with these 
constraints the model simulations show that pre-storm event storage levels are well below the 
top of conservation for Oroville for both the 1986 and 1997 events. For NBB the EFO alternative 
shows to draw down storage to comparable levels as the NBB Hybrid EFO alternative. 

The PFO alternative is using perfect information to inform release decisions, and therefore, as 
to be expected, this alternative demonstrates the most significant levels of pre-release and 
storage reduction in advance of the scaled flood events. This alternative is not feasible for 
implementation due to the impossibility of having perfect knowledge of future hydrology, 
however these results provide a useful bookend of the maximum extent of future benefits with 
improved forecasting capabilities. 

Both the EFO and Hybrid EFO alternatives also show improved conditions downstream with 
reduced flows relative to Baseline. Flows at the Confluence and Nicolaus also show a reduction 
relative to Baseline even though these at-site alternatives do not include any rules for the 
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coordination releases at Oroville and NBB to limit flooding downstream of the confluence. The 
simulated reduction in downstream flooding may indicate a reduced need for coordinated 
operations of Oroville and NBB. The PFO alternative shows the most significant benefit for all 
points downstream and once again provides a useful bookend of potential future benefits with 
improved forecasting skill. 

For both reservoirs and both events (110% 1986 and 1997), we see the initiation ESRD releases 
made by all alternatives as storage rapidly rises during the flood event. Most notable are the 
ESRD releases made by the EFO and Hybrid EFO alternatives at NBB. In the days prior to these 
ESRD releases the reservoir releases are reduced in the simulation to minimize flooding at 
Marysville, which causes the rapid rise in storage that triggers the ESRD releases. In this case, 
the cutback in releases to minimize flooding at Marysville is not an optimal operation given that 
the ESRD releases that occur after the cutback of releases contribute to greater flooding at 
Marysville for 1997 and at the Confluence and Nicolaus for 1986 and 1997. 

Figure G-18 shows the peak Oroville water surface elevations for all of the 1986 and 1997 
scaled events. These results indicate a reduction of maximum elevation for the FIRO 
alternatives (EFO, Hybrid EFO and PFO) relative to Baseline for most scaled events with the 
exception of some events that do not exceed the spillway crest. The PFO and EFO alternative 
are designed to maximize storage after a flood event, therefore it is expected that the storage 
levels will exceed baseline due to their starting and ending simulation results as shown for the 
100% and 110% scaled 1986 events and the 90%, 100%, and 110% scaled 1997 events. 
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Figure G-16. EFO Model results for 110% scaled 1986 flood event. 
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Figure G-17. EFO Model results for 110% scaled 1997 flood event. 



 

  132 

 
 
Figure G-18. Max Oroville elevation for the 1986 and 1997 scaled event simulations. 
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Figure G-19 shows the peak NBB water surface elevations for 1986 and 1997 scaled events. 
These results show a reduction of maximum elevation for the Hybrid EFO alternative relative to 
Baseline for all scaled events. Similar to the results at Oroville, the PFO and EFO alternatives 
also show storage levels above Baseline for the smaller scaled events due to higher storages at 
the end of the simulations. For the largest scaled events, the Baseline simulation results indicate 
storage levels above the top of dam while the FIRO alternatives show elevations significantly 
lower than Baseline. 

 
 

 
 
Figure G-19. Max NBB elevation for the 1986 and 1997 scaled event simulations. 
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Figure G-20 shows the peak flows at Yuba City for 1986 and 1997 scaled events. The results for 
the FIRO alternatives (EFO, Hybrid EFO and PFO) show a reduction in flows above flood stage 
(180 KCFS) relative to Baseline for all scaled events. 
 
 

 
 
Figure G-20. Peak flow at Yuba City for the 1986 and 1997 scaled event simulations. 
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Figure G-21 shows the peak flows at Marysville for 1986 and 1997 scaled events. Results of the 
140% scaled 1986 event show that Marysville flows for the FIRO alternatives exceed Baseline. 
This is due to the timing and travel times of ESRD releases of the FIRO alternatives relative to 
the timing of downstream natural flows, even though peak releases of the FIRO alternatives are 
below Baseline for that event. The 120%, 130% and 150% scaled 1986 event show a reduction 
of flows above flood stage (180 KCFS) relative to Baseline. For the 1997 scaled events the FIRO 
alternatives show a reduction in flows above flood stage relative to Baseline for all scaled 
events. Additionally, the 100% 1997 results show that the FIRO alternatives prevent flooding 
whereas Baseline exceeds flood stage. 
 
 

 
 
Figure G-21. Peak flow at Marysville for the 1986 scaled event simulations. 
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Figure G-22 and Figure G-23 show the peak flows at the Confluence and Nicolaus for 1986 and 
1997 scaled events. These results show a reduction in flows above flood stage (300 KCFS at 
Confluence and 320 KCFS at Nicolaus) relative to Baseline for most scaled events, with the 
greatest reductions shown for the 1997 scaled events. None the alternatives modeled in these 
initial simulations incorporated any rules for coordinated releases between the reservoirs to limit 
flooding downstream of the confluence of the Feather and Yuba Rivers (Confluence or 
Nicolaus). However, even without any rules for coordinated operations and a higher max flow at 
Marysville (180 KCFS for the FIRO alternatives versus 120 KCFS for Baseline), the FIRO 
alternative show reductions in peak flows above flood stage for locations downstream of the 
confluence. Additionally, the results for the 100% 1997 event show that PFO prevents flooding, 
while EFO and Hybrid EFO result in flooding (however still below Baseline), which indicates that 
results could improve by including simulation of coordinated operations. 
 

 
 
Figure G-22. Peak flow at the Feather Yuba Confluence for the 1986 and 1997 scaled event simulations. 
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Figure G-23. Peak flow at the Feather River at Nicolaus for the 1986 and 1997 scaled event simulations. 

 
 

G.9 Results: Period of Record Simulations 
Oroville end of flood season (June 1) storage levels simulated for the hindcast period of record 
(1985 – 2008) described in Section 5 are shown as probability exceedance and box and whisker 
plots in Figure G-24. These results show that all of the FIRO alternatives result in generally 
higher storage levels for most of the exceedance probability distribution relative to Baseline. 
This indicates that FIRO prereleases are likely not to affect post event storage recovery that 
would result in a storage level lower than Baseline at the end of the flood management season. 
At the right side of the distribution, it can be seen that there are 2 years where end of flood 
season storage for EFO and Hybrid EFO are significantly lower than PFO indicating an over 
release of water for those years, however these results are still significantly above Baseline. 
Median end of flood season storage for Hybrid EFO (the lowest of all the FIRO alternatives) is 
approximately 210 KAF greater than baseline. The Hybrid EFO alternative for the lowest year 
(the right side of the distribution or the lower whisker of the box and whisker plots) shows 
storage levels 270 KAF greater than the lowest Baseline year. 
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Figure G-24. Oroville end of flood season (6/1) storage shown as probability exceedance (left panel) and box 
and whisker plots (right panel) for each alternative. 

NBB end of flood season (June 1) storage levels simulated for the hindcast period of record are 
provided as probability exceedance and box and whisker plots in Figure G-25. These results 
show that all of the FIRO alternatives result in generally higher storage levels for the drier years 
(60% to 100% distribution). As with Oroville, these results indicate that FIRO prereleases are 
likely not to affect post event storage recovery that would result in a storage level lower than 
Baseline. These results also indicate that FIRO is less likely to provide a water supply benefit for 
NBB, considering the lowest year for Hybrid and EFO are only 43 KAF greater than Baseline. 
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Figure G-25. NBB end of flood season (6/1) storage shown as probability exceedance (left panel) and box and 
whisker plots (right panel) for each alternative. 

 
G.10 Expanded Analysis if Hybrid EFO Alternative 
Based on the encouraging results of the initial simulations presented in Sections 7 and 8, 
further study was completed for the Hybrid EFO alternative. For this expanded analysis, 
simulation of Hybrid EFO involved a 2-step modeling process that included simulation with the 
Y-F EFO model and the Y-F ResSim model. Under this process each alternative was first 
simulated with the EFO model to formulate forecast based release schedules. These release 
schedules were then simulated with Y-F ResSim by defining the series of forecast-based 
releases from the EFO model as a rule in the alternative rule stack. This allows ResSim to 
evaluate a forecast-based release and potentially override this release should it violate an 
operational rule or system constraint. Additionally, the Y-F ResSim model includes rules that 
simulate coordinated operations practiced under the FCO program as described in Section 1. 
The routing of releases from Hybrid EFO alternative through the Y-F ResSim model provides a 
more accurate simulation of this alternative given current operational practices and constraints 
compared to the initial simulations described in Section 4 and 5. 

The Y-F ResSim model was modified in order to properly simulate and apply the proposed 
releases made by the Y-F EFO model for the Hybrid EFO alternative. These modifications to the 
Y-F ResSim model were completed in close consultation with the USACE Hydrologic Engineering 
Center (HEC). Building from the operation sets of Oroville and NBB provided in the Y-F ResSim 
model that are designed to simulate current operations, new operation sets were developed in 
the Y-F ResSim that included a new rule for the proposed Y-F EFO releases. At the 
recommendation of HEC, certain rules from the existing operation sets were modified to 
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properly accommodate the suggested releases from the Y-F EFO model. A modification log has 
been included as Attachment G-3 which describes these changes in detail. 

In addition to the scaled flood events, described in Section 5, used for the initial simulations, 
the expanded analysis included additional hydrologic data for the development of new 
simulations. This included hydrology developed for the CVHS study, 2006 and 2017 flood 
events, and standard project floods from the Oroville WCM (U.S. Army Corps of Engineers, 
1970) and NBB WCM (U.S. Army Corps of Engineers, 1972). A summary of these simulations is 
provided in Table G-4. 

Table G-4. Hybrid EFO expanded analysis hydrology. 

Source Event(s) Scale Factors 

CVHS 1986, 
1997 

0.2,0.4,0.6,0.75,0.8,0.85,0.9,0.95,1,1.05,1.1,1.15,1.2,1.25,1.3,1.35,1.4,1.45,1.5, 
1.55,1.6,1.65,1.7,1.75,1.8,1.85,1.9,1.95,2,2.05,2.1,2.15,2.2,2.4,2.6,2.8,3,3.2,3.4 

CVHS 2006, 
2017 

1 

HEFS 1986 1,1.1,1.2,1.3,1.4,1.5 

HEFS 1997 1,1.1,1.2,1.3,1.4,1.5 

HEFS 2006, 
2017 

1 

WCM SPF1 1 

WCM SPF2 1 
 
 
Simulation results of the expanded analysis were post-processed and analyzed, which are 
included in the PVA (Yuba-Feather FIRO Steering Committee, 2022). 

G.11 Summary and Conclusions 
This study evaluates the Ensemble Forecast Operations (EFO) methodology for Lake Oroville 
and New Bullards Bar Reservoir. Different alternatives were explored for each reservoir that 
incorporated the EFO methodology in different ways. The EFO alternatives utilized the forecast 
uncertainty of ensemble forecasts to manage storage levels for flood control for the entire pool 
at both reservoirs; the Hybrid alternatives defined a maximum level within the reservoir pool 
the EFO methodology would be applied at each reservoir; and the Perfect Forecast Operations 
(PFO) alternatives are similar to the EFO alternatives, but utilize perfect information (observed 
flows as forecasts). The Baseline alternative was also included that approximates operations as 
defined in the reservoir water control manuals. 

Simulation of these alternatives was enabled by the development of scaled hydrology and 
hindcasts of the 1986 and 1997 flood events prepared by the California Nevada River Forecast 
Center (CNRFC). The alternatives of this study were simulated with this scaled hydrology using 
the EFO model that has been formulated to simulate the EFO methodology. The EFO 
methodology developed for Oroville and NBB heavily relies on the maximum ensemble member 
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to formulate release schedules, therefore simulations of the hindcast period of record (1985-
2008) were also completed to assess potential impacts of FIRO due to the over release of water 
in response to a forecasted storm event. 

Simulation results demonstrated that FIRO alternatives (EFO, Hybrid EFO and PFO) could 
adequately manage the reservoirs at generally higher storage levels during the winter season 
and still provide flood control management to a level equal to or greater than Baseline. Results 
for the 110% 1997 scaled event simulation showed that PFO resulted in flows lower than flood 
stage while all other alternatives (including Baseline) exceeded flood stage, indicating that 
coordinated operations with FIRO could decrease the frequency of flooding at the confluence 
and further downstream. 

Model results show that high ESRD releases can increase flooding for points downstream of 
both reservoirs. This is most notable for cases when releases at NBB are reduced to manage for 
flooding at Marysville (flows above 180 KCFS), which results in rapid increases in storage and 
subsequent ESRD releases. If forecasted storage for both reservoirs indicated a risk of high 
storage levels that would trigger ESRD releases, it may be beneficial to relax some release 
constraints, such as maximum releases or maximum downstream objective flows, to maintain 
higher prereleases in advance of the flood event and possibly reduce ESRD releases during the 
flood event. Such a strategy could results in peak downstream flows even lower than what was 
presented in this study. 

Results of the hindcast period of record simulations showed that FIRO pre-releases are unlikely 
to impact end of flood season (June 1) storage that could result in levels below Baseline, 
however results for Oroville showed a few years where end of flood control season storage 
levels were below perfect forecast operations. This indicates a potential risk of over release of 
water due to over forecasted spring storms. The volume tolerance curves developed for this 
study were solely calibrated using scaled hydrology of the 1986 and 1997 flood events, and 
therefore these curves are likely overfit and may not be well suited for less extreme spring 
storms. 

The purpose of this study is to evaluate the preliminary viability and proof-of-concept of the 
volume- based ensemble forecast operations methodology described in Section 2. This 
methodology accounts for forecast uncertainty through evaluating the maximum storage 
forecast ensemble member above a defined storage threshold. Other statistics besides the 
maximum ensemble were also evaluated (not described in this report) such as the mean plus a 
quotient of standard deviation of ensemble storage above a defined storage threshold. These 
other statistics also demonstrated robust results however given that this methodology was 
developed with the scaled 1986 and 1997 flood events, the maximum statistic (most 
conservative) demonstrated the best results for the defined objectives and therefore was used 
in this proof-of-concept study. It should be noted that the maximum ensemble displays the 
greatest amount of variability between forecasts cycles, therefor the use of this statistic could 
create high variability in releases proposed by this methodology. This potential variability of 
releases should be evaluated to assess potential impacts on downstream flows and the 
frequency of operation changes. 

Additionally, further evaluation should also include assessment of other statistics of the 
ensemble distribution. 

EFO alternatives were evaluated in this study to demonstrate a range of benefits to water 
supply and flood control given current forecast skill, and to show proof of concept of this 
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methodology for the Y-F system. However, results of this study have also shown areas of 
further investigation that could be pursued to refine the EFO methodology for Oroville and NBB, 
which are summarized below: 

 The hydrology provided by the CNRFC did not include any regulation of flows upstream of 
Oroville, however this portion of the watershed is affected by flow regulation from a 
number of reservoirs. A more complex model should be assembled that simulates 
regulation to further refine the model results. 

 Results from this study indicate a generally lower overall flood risk under FIRO, however 
forecast informed coordinated operations could be developed and evaluated for further 
reduction of flood risk at the Confluence and further downstream. 

 The volume tolerance curves of the EFO and Hybrid EFO alternatives were calibrated using 
multiple scale factors of 2 historical flood event (1986 and 1997). The events used in the 
process were sufficient in magnitude for development of the tolerance curves, however 
since only 2 events were used in this process, the calibration hydrology lacked diversity of 
hydrologic timing and hindcast skill and reliability for the development of robust tolerance 
curves. Further analysis should be completed that incorporates the entire period of record 
as well as additional scaled events to develop curves that are more robust to future flood 
events. 

 Further evaluation of this methodology should include evaluation of other statistics of 
storage exceedance above the defined storage threshold. Other statistics could include 
mean plus a quotient of standard deviation, or a percentile of the ensemble members 
above the storage threshold. This evaluation should include simulation of period of record 
hydrology to assess release variability for more common storm events. Additionally, 
metrics of release variability could also be incorporated in the objective functions used for 
the calibration of the volume tolerance curve. 

 The top-of-FIRO-pool curves used for the Hybrid EFO alternatives in this study were 
developed in coordination with DWR SWP and Yuba Water staff. Further evaluation and 
refinement of these curves could be explored to evaluate varying levels of water supply 
and flood protection. 

 Forecast based ESRD rules could be formulated to maximize prereleases made in advance 
of a flood event and minimize emergency releases made during the event to further 
reduce downstream flooding. 

 Results of the hindcast period of record simulations indicate that FIRO could improve carry 
over storage from the flood control season to the dry season, especially for Oroville. These 
simulations did not incorporate any rules of water supply releases or downstream 
diversions. Simplified water supply rules could be formulated for the EFO model, or the 
EFO model could be loosely coupled with a water supply model as used by DWR SWP or 
Yuba Water. 

 The period of record hindcast simulation also indicated that there could be risk of over 
releases from over forecasted spring storms that may not be fully recovered in the 
reservoir from inflows after a spring storm event. A potential solution (as identified by 
John Lehigh of DWR) for this could be explored that uses seasonally varying volume 
tolerance curves for the winter months (December – March) that are calibrated for the 
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larger storms that typically occur that time of year and different curves for the spring, 
summer and fall that are calibrated for those seasons. 

 This study used hydrologic routing to estimate flow rates for points downstream of Oroville 
and NBB, however an area of future work could be to route the reservoir releases through 
a hydraulic model such as HEC-RAS for improved estimates flow and flood stage. 

 With the development of a hydraulic model another area of future research could be 
completion of a flood frequency study to estimate the change in regulated flood frequency 
under FIRO. 

 With the quantification of flood frequency, and benefits to water supply, an economic 
study could be completed that evaluates and quantifies the potential benefits of FIRO for 
critical beneficial uses such as water supply, flood control, fisheries and recreation. 

 Efforts were made to validate the Y-F EFO model against the Y-F ResSim model, which is 
not covered in this report. However final review of model results has shown that further 
refinement of Y-F EFO could be pursued to improve agreement between the models. 
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Attachment G-1: EFO Volume Tolerance Curves 
 

 
Lake Oroville EFO Alternative Volume Tolerance 

Curve 
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New Bullards Bar EFO Alternative Volume Tolerance Curve 
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Attachment G-2: Scaled Event Hydrographs 
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Attachment G-3: Description of Modifications Made to Y-F ResSim 
Model 
ResSim Model – Yuba Feather PVA Alt 3 
 

Model Overview 
 

ResSim Model Names: 

1) Yuba-
Feather_2021_FIRO_PVA_StartingPoint_REV_20220114\Yuba
- Feather_2021_FIRO_PVA.wksp 

2) Yuba-Feather_2021_FIRO_PVA_20220404_V04\Yuba-Feather_2021_FIRO_PVA.wksp 
 

ResSim Model Overview Table 
 

Model 
Number 

Network ResSim 
Alternative 

Observed 
Hydrology 

Events Forecast 
Hydrology 

#1 Sacramento-FIRO “CVHS” + Scaling 
+ Year 

CVHS 1986, 1997 CVHS 

“HYBHEFS” + Year CVHS 2006, 2017 HEFS 

“HYBCV” + Year CVHS 2006, 2017 CVHS 

“HYBSPF” + # SPF SPF SPF 

#2 Sacramento-FIRO “HYB” + Scaling + Year HEFS 1986,1997 HEFS 
 

Changes to Model 
 

New Forecast Hydrology DSS File: 
 

• YfEfoResults_CVHS_v6.dss 
− Includes EFO release from Python EFO Model to be used in ResSim model 

New Operation Rules: 
 

• EFO Release 
− Release Function Rule that applies at both Oroville-Dam and New Bullards Bar-

Dam. The rule applies the EFO Release timeseries as a minimum flow from the 
dams. The rule is set at a low priority so as not to override the original current 
operation rules. 

• Max ROI-NBB Dam/Min ROD-NBB Dam 
− Flow Rate of Change Limit Rule applied at New Bullards Bar-Dam. This rule 

replaces the previous Max ROI-NBB/Min ROD-NBB rules, which only applied to 



 

 159 

the Controlled Outlet and didn’t take into account releases from the proposed 
Arc Spillway. 

• Max Flow – NBB (Model #1) and 50k cfs Max Flow (Model #2) 
− Release Function Rule that apples at New Bullards Bar-Dam. Sets a maximum 

release constraint of 50,000 cfs in the Conservation and Flood Pools of New 
Bullards Bar. 

New Operation Set: 
 

• Oroville: Hybrid PVA (Model #1, Figure G3-1) and PVA – Alt 3 (Model #2) 
− Add EFO Release Rule 
− Remove Inflow Based Rising Pool Rule 
 This rule was removed because it was constraining releases by overriding 

higher priority rules. 
− Turn of Consider ROC Constraints for downstream control rules 
 This was turned off to remove fluctuations in releases caused by applying the 

EFO Release Rule and the downstream control rules in the same rule stack. 
Although fluctuation were removed, the downstream control rule is not 
performing as well. 

• New Bullards Bar: Hybrid PVA (Model #1, Figure G3-2) and PVA – Alt 3 (Model #2) 
− Add EFO Release Rule 
− Remove Max Flow RF Inflow-NBB Rule 
 This rule was removed because it was constraining releases by overriding 

higher priority rules. 
− Turn of Consider ROC Constraints for downstream control rules 
 This was turned off to remove fluctuations in releases caused by applying the 

EFO Release Rule and the downstream control rules in the same rule stack. 
Although fluctuation were removed, the downstream control rule is not 
performing as well. 
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Figure G3-1. Oroville: Hybrid PVA Operation Set Screenshot 
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Figure G3-2. New Bullards Bar: Hybrid PVA Operation Set Screenshot 
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Appendix H—Sensitivity to Downstream Flow 
Constraints (Section 4) 
 
 
MEMORANDUM 

DATE: November 18, 2021 

TO: Yuba-Feather FIRO Water Resources Engineering Team 

PREPARED BY: Carissa Abraham, EIT 

REVIEWED BY: Carly Narlesky, PE 

SUBJECT: Yuba-Feather System Operations: Sensitivity to Downstream Flow 
Constraint Split 

 
H.1 Introduction 
The Yuba-Feather (YF) system is somewhat unique in its pairing of major, multi-benefit reservoirs, 
Oroville (ORO) and New Bullards Bar (NBB) with joint flood operating rules, which explicitly 
require ORO/NBB coordinated operation to manage flows in the river network below the dams. 
To further complicate things, the United States Army Corps of Engineers (USACE) joint operating 
rules assumed the addition of a third system reservoir, Marysville Dam (MRY) when they were 
developed fifty years ago. The reservoir operating rules for ORO and NBB also assumed that MRY 
would help NBB control flows on the Yuba River, adding 260 TAF of flood reserve (USACE-SPK, 
1970; USACE-SPK, 1972; USACE-SPK, 1971). Without MRY, NBB has shouldered an unanticipated 
flood operations burden for the last fifty years, and this imbalance may also adversely affect ORO, 
as NBB’s system operations partner. 

This burden has been recognized in the interim, and the NBB operating rule limiting releases to 
a challenging downstream flow threshold has been informally relaxed. NBB has been allowed to 
manage Yuba River flows to a higher value in flood operations, which creates a disconnect with 
two other joint ORO/NBB WCM operating rules limiting flows in the Feather River below the 
Yuba River and the Feather River below Bear River. As a consequence, operators are reliant on 
reservoir simulation models and their algorithms to determine how the Yuba and Feather flows 
are balanced to meet these joint Feather River mainstem constraints. 

Yuba Water Agency (YWA) and the California Department of Water Resources (DWR) are 
currently engaged in updating the water control manuals (WCMs) for NBB and ORO. The WCM 
Update team has composed an initial set of flood risk management objectives that identifies the 
at-site and system goals of the two related WCM updates. A second document records additional 
considerations for the evaluation of operations alternatives, including the directive to 
“incorporate more explicit defined cutback responsibility between NBB/ORO for downstream 
constraints more clearly. Disambiguate Yuba River shared downstream 180/120 kcfs constraint.” 
The WCM update process for NBB and ORO will finally correct the assumption of MRY’s 
contribution to the FRM in the current operating rules. The WCM update provides an opportunity 
for an explicit rule for how contributions to the Feather below Yuba River constraint are split 
between NBB and ORO. This memorandum summarizes the impact of potential combinations of 
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Yuba and Feather River operational flows to meet the joint system constraint in the Feather 
River below Yuba River, pro- viding a first step in this important endeavor. These potential 
combinations of operational flows are intended to provide background and context only, since it 
is anticipated that a dynamic flow split may be used to meet the join system constraints, 
possibly using forecasts. 

H.2 Flow Constraints 
The Yuba River and Feather River Watersheds are managed with a joint downstream flow con- 
straint of 300 kcfs in the Feather below Yuba. Both ORO and NBB are expected to constrain releases 
so that flows in the Feather River below Bear River do not exceed 320 kcfs. The existing WCMs 
also define downstream flow constraints specific to the Feather and Yuba Rivers at locations above 
the Feather below Yuba; these flow constraints are listed in Table H-1. 

Table H-1. Flow Constraints defined in the NBB and ORO WCMs 

Location Flow Constraint (kcfs) NBB ORO 

Feather River below Yuba River 300 x x 

Feather River below Bear River 320 x x 

Yuba River near Marysville 120 when Feather is high x  

Yuba River near Marysville 180 when Feather is low x  

Feather River at Yuba City 180  x 

Feather River downstream of ORO 150  x 

 
The text from the NBB Flood Control Diagram reads: “Water will not be released at such rates 
as will cause flows to exceed 120,000 cfs in Yuba River at Marysville when concurrent flows in 
Feather River are high. If necessary, however, releases may be increased when concurrent flows 
in Feather River are low; provided that flows in Yuba River at Marysville do not exceed 180,000 
cfs” (USACE-SPK, 1972). This was written assuming that Middle and South Yuba contributions to 
flow near Marysville would be managed through the proposed Marysville Dam. Because MRY 
was never constructed, much of the Yuba River watershed runoff remains unregulated, which 
places a larger burden on NBB to meet downstream flow constraints than was originally 
anticipated. 

Figure H-1 demonstrates that, for the 1997 x 100% scaled flood event modeled as described in 
Methods, NBB releases contribute less than half of the peak flow at the Yuba River near 
Marysville. This means more than half of the peak flow is from unregulated streams that join the 
Yuba River below NBB (namely the Middle Yuba, South Yuba, Deer Creek, and Dry Creek). For 
comparison, over 80% of the peak Feather River flow at Yuba City is regulated (ORO releases), as 
seen in Figure H-2. Only 30 kcfs is from unregulated flow below ORO (Honcut Creek and other 
local accretions). 
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Figure H-1. Flow Components for Yuba River at Marysville; 1997 x 100% Baseline 

 
 

 
Figure H-2. Flow Components for Feather River at Yuba City; 1997 x 100% Baseline 

 
Figure H-3 from the Marysville Reservoir Design Memorandum provides insight into the historical 
intention for the downstream constraints for the Yuba and Feather rivers (USACE-SPK, 1971). The 
language in the NBB WCM requires limiting the Yuba River above Mouth to “120,000 cfs under 
high backwater conditions and 180,000 cfs under low backwater conditions". However, because 
of the delay in flow released from ORO/NBB reaching the Feather below Yuba, it is difficult to 
anticipate the backwater conditions at the time of NBB/ORO releases, especially as much of the 
flow in the Yuba River is unregulated. The current WCMs require non-specified coordination 
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between operators of NBB and ORO to meet the stated 300 kcfs constraint. As a part of the ongoing 
WCM updates, YWA and DWR aim to determine an appropriate and straightforward relationship 
for these flow constraints for use in Forecast-Coordinated Operations (F-CO). 

 
Figure H-3. Historical Diagram for Flow Constraint Split (USACE-SPK, 1971) 

 
H.3 Methods 
System operations for NBB and ORO were simulated using the MBK reservoir operations model 
configured in Python. This model represents the Yuba-Feather watershed with boundary 
conditions and hydrologic inputs adopted from the Central Valley Hydrology Study (CVHS) for 
flood events in water years 1956, 1965, 1986, and 1997. The model assumes that the release 
from NBB is limited to 50 kcfs unless the event requires an ESRD release. The Feather below 
Bear constraint was relaxed to isolate coordination effects of the 300 kcfs constraint for the 
Feather below Yuba. 

The model simplifies the flow split at the Feather below Yuba by allowing NBB and ORO to each 
contribute 50% of the flow exceeding the 300 kcfs constraint, subject to rate of change and 
other flow constraints. 

To determine the impact of the split of the Feather below Yuba flow constraint, the Yuba-
Feather model was run with four different alternatives (labeled 1 to 4) outlined in Table H-2. In 
alternatives 2 through 4, the individual rivers are limited independently but still sum to 300 kcfs at 
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the Feather below Yuba, which reduces the amount of coordination necessary between NBB and 
ORO for reservoir operations. The flow split provides an explicit method for coordination to 
meet the downstream flow constraints. 

Table H-2. Summary of Simulation Alternatives 

Alternative 
Name 

Yuba River 
(kcfs) 

Feather River 
(kcfs) 

Feather below Yuba 
(kcfs) 

(1) Baseline 180 180 300 

(2) Yuba 120: Feather 180 120 180 - 

(3) Yuba 150: Feather 150 150 150 - 

(4) Yuba 180: Feather 120 180 120 - 

 
System performance was evaluated using two primary metrics: NBB and ORO reservoir 
utilization and Feather below Yuba channel utilization. These metrics are described in detail in 
Frame- work to Depict System Risk Balance (MBK, 2021). 

H.4 Results 
The model was run for the four alternatives outlined in Table H-2 without the Atmospheric River 
Control (ARC) spillway at NBB. Figure H-4 shows how the downstream constraints affect the 
Feather River channel utilization compared to the reservoir utilization for NBB and ORO. Each 
color represents a different alternative. NBB is represented by the dots and ORO by the x’s. The 
blue squares, green triangles, and pink hexagons highlight the smallest event where the NBB 
Reservoir Utilization, ORO Reservoir Utilization, and Channel Utilization, respectively, reach 
100% for alternatives 2 and 4. The same colors and polygon highlights are used throughout 
this memorandum. 

When the downstream constraint at Yuba River is limited to 120 kcfs (Run 2), the channel 
capacity constraint is exceeded even while there is flood space remaining in NBB and ORO, 
which is highlighted with the pink hexagon. Additionally for Run 2, ORO is only 58% utilized 
when NBB reaches 100% of reservoir utilization, highlighted by the blue square. However, if the 
downstream constraint at Yuba River is increased to 180 kcfs (Run 4), the ORO flood space is 
exhausted when the Feather below Yuba is at 84% of channel utilization, which is highlighted 
with a green triangle. The 120 kcfs and 180 kcfs Yuba River constraints bookend a range of 
possible flow combinations for the Feather below Yuba, with any other possible flow splits 
falling between them. Run 2 and 4 also indicate the range of results for channel utilization and 
reservoir utilization. The Yuba River constrained to 150 kcfs (Run 3) falls closest to the baseline 
(Run 1), but a 150 kcfs constraint uses less channel capacity and less flood space than the 
baseline for the same sized event; i.e., it has better overall FRM performance. Overlapping 
points for NBB and ORO at the same channel utilization indicate the system operation is more 
balanced between the two reservoirs. 
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Figure H-4. Reservoir Utilization versus Channel Utilization; 1997 

 
Utilization comparisons for the other scaled historical flood events (1956, 1965, and 1986) 
are shown in Figure H-5, Figure H-6, and Figure H-7 and demonstrate similar trends. 
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Figure H-5. Reservoir Utilization versus Channel Utilization; 1956 
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Figure H-6. Reservoir Utilization versus Channel Utilization; 1965 
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Figure H-7. Reservoir Utilization versus Channel Utilization; 1986 

 
Figure H-8 shows the balance between NBB and ORO more explicitly, with the diagonal line rep- 
resenting an even balance. The Yuba River limited to 120 or 150 kcfs and the Baseline fall 
below the diagonal line, which means that NBB stores a higher proportion of the system flow 
relative to the size of its flood reserve. The Yuba River limited to 180 kcfs (Run 4) is the only 
alternative that falls above the diagonal line, which means ORO stores a higher proportion of 
system flow. When the Yuba River is limited to 120 kcfs (Run 2), NBB reaches its full reservoir 
utilization when ORO reaches 58% of flood space utilization, which is highlighted by the blue 
square. Conversely, when the Feather River is limited to 120 kcfs (Run 4), NBB reaches 91% 
when ORO reaches 100% of reservoir utilization, which is highlighted by the green triangle. 
The pink hexagon highlights that neither reservoir is even close to full when the channel 
utilization exceeds 100% if the Yuba River is limited to 120 kcfs (Run 2). 
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Figure H-8. Reservoir Utilization Balance; 1997 

 
Figure H-9 shows how the operation of NBB and ORO is impacted by the downstream 
constraints for a sample event (1997 scaled 100%). The model assumes that the release from 
NBB is limited to 50 kcfs unless the event requires an ESRD release. As a result, the NBB outflow 
and NBB elevation are exactly the same with the Yuba River limited to 150 kcfs and 180 kcfs 
because NBB does not release more than 50 kcfs (Run 3 and Run 4, respectively) and the 
unregulated flows in the Yuba River do not exceed 100 kcfs. If the unregulated flows were 
greater than 100 kcfs, NBB would have had to cut back releases to meet the 150 kcfs constraint 
for Run 3. 
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Figure H-9. Comparison Operations Plot; 1997 x 100% 

 
Table H-3 summarizes the regulated flood-frequency for the listed metrics. The estimated 
frequency includes the weighted average of the four historical events: 1956, 1965, 1986, and 
1997. 

Table H-3. Regulated Flood-Frequency without NBB ARC Spillway (1/annual exceedance probability) 

Metric (1) Baseline 

(2) Yuba 120: 

Feather 180 
(3) Yuba 150: 
Feather 150 

(4) Yuba 180: 
Feather 120 

100% NBB Reservoir Utilization (170 TAF) 171 125 181 186 

100% ORO Reservoir Utilization (750 TAF) 279 411 292 169 

100% Channel Utilization (300 kcfs) 153 104 182 229 

124% Channel Utilization (354 kcfs) 359 219 327 326 
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H.5 With Explicit Constraint at Feather below Yuba 
The same four alternatives were run again with an explicit constraint of 300 kcfs at the Feather 
below Yuba. The additional constraint of 300 kcfs assumes that each river is constrained 
individually to be 120/150/180 kcfs and the combined flow is constrained at the Feather below 
Yuba to be 300 kcfs. Operationally, this means that ORO will attempt to limit flows to keep the 
Feather below Yuba flow less than 300 kcfs even after the Yuba River has exceeded 120 kcfs. 
Adding in the Feather below Yuba limit of 300 kcfs makes no perceptible difference except when 
the Yuba River is limited to 120 kcfs (Run 2 in red) as shown in Figure H-10. The explicit 
constraint of 300 kcfs at the Feather below Yuba results in higher reservoir utilization when the 
flow in the Feather River has exceeded 300 kcfs compared to without the explicit constraint 
illustrated in Figure H-4, these points are highlighted with yellow circles. 

 

 
 
Figure H-10. Reservoir Utilization versus Channel Utilization with Explicit Feather below Yuba River Constraint; 
1997 
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H.6 NBB ARC Spillway 
The same four alternatives were run again assuming the use of the future NBB Atmospheric River 
Control (ARC) Spillway. The results with the spillway in Figure F-11 followed the same overall 
pattern as without the spillway (Figure H-4). However, the difference in reservoir utilization between 
ORO and NBB widens for Alternative 4 (purple) because with the ARC spillway NBB can release 
more water earlier in the event. As a result, the peak NBB reservoir utilization is lower for the 
same sized event. Events with reservoir or channel utilization at least 5% less than or greater 
than Figure H-4 are highlighted with yellow circles. For larger events, the channel utilization is 
also lower with the NBB ARC spillway. Alternatives including the NBB ARC spillway consistently 
demonstrated improvement of 20 to 40 years (increase in 1/AEP) for managing events below the 
300 kcfs and 354 kcfs thresholds compared to the without ARC spillway alternative. 

 

 
 
Figure F-11. Reservoir Utilization versus Channel Utilization with NBB ARC Spillway; 1997 

 
H.7 Conclusion 
The proportion of the Feather below Yuba flow constraint allotted for each contributing river has 
the potential to majorly impact ORO and NBB reservoir and channel utilization and therefore 
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FRM performance in the Yuba-Feather system. The downstream flow constraint split changes 
FRM performance as a trade-off between the system storage and downstream flow. In general, 
increasing the Yuba River constraint to 180 kcfs improves the flood protection throughout the 
watershed, but allowing higher flow in the Yuba River requires more reservoir utilization at ORO. 
An even split of the Feather below Yuba constraint, which means a Yuba River constraint of 150 
kcfs, provides better flood protection than the current baseline and uses a balance of channel 
capacity and system storage. Limiting flow in the Yuba River to 120 kcfs provides a challenge for 
NBB operators since a large portion of the flow in the Yuba River system is unregulated, and so 
NBB has to store a proportionally larger share of the watershed runoff compared to ORO. Limiting 
flow in the Yuba River to 120 kcfs uses more of the channel capacity and less system storage, 
prior to exceeding the downstream operational flow threshold; ORO still has significant flood 
space remaining when the downstream flow exceeds that 300 kcfs threshold. 

Overall, this analysis indicates that limiting the Yuba River to 120 kcfs is not an optimal split 
considering the size of NBB and ORO and the proportion of flow that is unregulated contribut- 
ing to each river. However, it is anticipated that forecasts may be used to determine the flow 
split required to meet the joint downstream constraints, and so this analysis provides context and 
back- ground, not a suggested system operations paradigm. Determining an appropriate flow 
split at the Feather River below Yuba River requires a trade-off between relying more heavily on 
system storage or on channel capacity downstream. For example, should the SRFCP authorized 
flow be exceeded before exceeding 50% of the system flood space? Or should the SRFCP 
authorized flow be exceeded only when all of the system flood space is exhausted? The 
answers to these questions then affect the implementation of the explicit Feather below Yuba 
flow constraint. Yuba and Feather River operational flows will have system-wide impacts, 
changing the operations of each reservoir, the downstream flows, and the resulting FRM 
performance. Therefore, it is essential that the new WCMs consider all potential impacts outlined 
in this memorandum when reevaluating the split of the Feather below Yuba downstream 
constraint. 
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Appendix I—System Operation – Risk Balance 
(Section 4) 
 
MEMORANDUM 

DATE: October 11, 2021 

TO: Yuba-Feather FIRO Water Resources Engineering Team 

PREPARED BY: Carissa Abraham, EIT and Ben Tustison, PE 

SUBJECT: Yuba-Feather System Operations: Framework to Depict System Risk Balance 

 
 
I.1 Introduction 
Yuba Water Agency (YWA) and the California Department of Water Resources (DWR), with the 
U.S. Army Corps of Engineers (USACE) and other project partners, are in the process of 
updating the water control manuals (WCMs) for New Bullards Bar (NBB) and Oroville (ORO) 
dams. Simultaneously, both agencies are primary participants in the Yuba-Feather (YF) Forecast 
Informed Reservoir Operations (FIRO) program. Currently, FIRO is in its initial phase: the 
Preliminary Viability Assessment (PVA). The PVA has established eight teams, each focused on a 
particular technical specialty, including a Water Resources Engineering (WRE) team which has 
the goal of planning for, developing, and evaluating Water Control Plan (WCP) alternatives and 
attributes considering operational objectives and constraints. A FIRO operational paradigm, 
which advances both Flood Risk Management (FRM) and other beneficial uses of ORO and NBB, 
is expected to be the corner- stone of this work. 

The WRE team has developed a two-stage WCP development framework. During the first stage, 
at-site reservoir operations alternatives are being developed. The expectation is that at-site 
ORO and NBB FIRO operational paradigms be formulated without consideration of each other; 
i.e., there is no attempt to balance the two reservoir operations. The second stage of the WCP 
development will feature integrated system operations. In this phase, the operations of ORO and 
NBB will be tuned together with the goal of balancing the overall FRM. 

I.2 Purpose 
The purpose of this memo is to define a framework for the depiction of the system risk balance, 
specifically, the balance of risk both between ORO and NBB, and between the reservoirs 
collectively and the downstream flood system. If well received, the metrics and visualizations 
depicted in this memo will become foundational pieces for describing the risk balancing efficacy 
of WCPs developed by the WRE team. 

I.3 Risk Metrics 
Metrics are required to quantify the system risks in a flood. There are two types of system risk to 
be measured: reservoir risk and in-channel risk. At the reservoir, the main risk is for the structural 
failure of the dam; this risk increases as the loading (water surface elevation) increases against 
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the dam. In the downstream channel system, a similar hydraulic phenomenon is observed: the 
risk is measured relative to the water surface elevation against the levees. Utilization metrics for 
each have been designed to measure the risk as a function of the water surface level against 
each structure (dam or levee). For each dam, storage is used as a proxy for the water surface 
elevation, as they increase proportionally. For the channel system, flow is used as a similar 
proxy. 

I.4 Reservoir Utilization 
Reservoir utilization is computed as the peak percentage of ORO or NBB flood space used during 
a flood event. This is shown in Equation 1 and Figure I-1. 

 
 

 
Figure I-1. Reservoir Utilization Risk Metric Diagram 

 
I.5 Channel Utilization 
The Feather below Yuba channel utilization was computed as the peak percentage of flow between 
the bank full capacity (the water elevation at the toe of the levee) of approximately 79 thousand 
cubic feet per second (kcfs) and the Sacramento River Flood Control Project (SRFCP) design 
capacity in this reach, 300 kcfs. This is shown in Equation 2 and Figure I-2. 
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Figure I-2. Channel Utilization Risk Metric Diagram 

 
I.6 Risk Balance 
A sample application of these risk metrics is included to show how these metrics can be used to 
illustrate the balance of flood risk in the YF system. For this example, NBB and ORO operations 
were simulated using the MBK reservoir operations model configured in Python. This model 
represents the YF watershed with boundary conditions and hydrologic inputs adopted from the 
Central Valley Hydrology Study (CVHS) for flood events in water years 1956, 1965, 1986, and 1997. 
The operational rules from the ORO and NBB WCMs, including the joint operating constraints in 
the Feather River below the Yuba and Bear Rivers, and the 1997 event’s scaled variations from 
CVHS were used in the simulations depicted herein for illustration purposes. 

I.7 Inter-Reservoir Risk Balance 
The YF system includes two major reservoirs, so it is important to understand how each con- 
tributes to the system’s FRM objective. To this end, an inter-reservoir risk balancing visualization 
has been developed by regressing the ORO reservoir utilization metric (see Equation 1) against 
that of NBB. A 1:1 diagonal line representing an even balance between the two reservoirs has 
been added for reference. 

Figure I-3 shows the balance of storage between ORO and NBB. Each point on this plot 
represents the reservoir utilization metric for ORO and NBB for 1997 event multiplied by a single 
scale factor. The plot includes the results from simulations using values from the 1997 event, 
scaled 10 to 160%. The reservoir utilization for one event (1997 scaled 105%) is depicted in the 
normalized operations plot in Figure I-4. The peak reservoir utilization values of 79% for 
Oroville and 102% for NBB correspond to the point highlighted by the sky blue square in Figure 
I-3. 

Colored polygons have been used to highlight points on both Figure I-3 and Figure I-5 
representing the same key 1997 scaled events. This coordinated annotation was developed to 
help build understanding in the relationship between the two risk balance visualizations. The 
blue squares represent the smallest event that exceeds the flood space in NBB (over 100% of 
NBB reservoir utilization). The green triangles highlight the smallest event that exceeds the flood 
space in Oroville. The pink hexagons highlight the smallest event that exceeds the channel 
capacity (over 100% of channel utilization). 
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Figure I-3. Inter-Reservoir Risk Balance; 1997 
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Figure I-4. Normalized Operations Plot; 1997 Scaled 105% 

 
I.8 Risk Balance between Reservoirs and Channel 
Beyond storing floodwaters in the ORO and NBB reservoirs, the YF system uses channel capacity 
to convey floodwaters downstream in the advancement of the basin’s FRM objective. Therefore, in 
addition to the inter-reservoir risk balance previously described and illustrated herein, the other 
important system risk balance to consider is the relationship between the reservoir utilization and 
the channel utilization. 

Figure I-5 shows the balance of risk between ORO or NBB and the downstream channel by 
regressing the ORO and NBB reservoir utilization metrics against the channel utilization metric. 
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Each point on this plot represents the reservoir utilization metric for ORO or NBB and the 
channel utilization metric for a single scaled version of the 1997 event. The points on the plot 
represent the same 1997 events scalings as in Figure I-3. The channel utilization for one event 
(1997 scaled 105%) is depicted in the hydrograph for flow at the Feather River below Yuba 
River in Figure I-6. The peak channel utilization of 101% for 1997 scaled 105% corresponds to 
the points highlighted by sky blue squares in Figure I-5. 

 
Figure I-5. Risk Balance between Reservoirs and Channel; 1997 

 

 
Figure I-6. Flow at the Feather River below Yuba River; 1997 Scaled 105% 
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I.9 Anticipated Application 
The goal of these new metrics is to provide a framework for evaluating risk and potential trade- 
offs between utilizing NBB or ORO storage and also between using the system storage and the 
downstream channel capacity to manage floods. Normalizing the reservoir utilization metric al- 
lows for direct comparison between NBB and ORO for sharing the system storage responsibility. 
Normalizing the channel utilization metric similarly allows for direct comparison against the 
reservoir utilization. These metrics and the associated figures will be used in future work to 
compare alternatives and evaluate the system risk. 
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Appendix J—System Operation – Storage Balance 
(Section 4) 
 
MEMORANDUM 

DATE: Wednesday, June 17, 2020 
TO: Yuba‐Feather FIRO Team 
FROM: Aimee Kindel, PE; Mike Konieczki, PE; Nathan Pingel, PE; Donna Lee, CFM 
SUBJECT: Yuba‐Feather System Storage Balance 

 

J.1 Introduction 
The Yuba‐Feather Forecast‐Coordinated Operations (F‐CO) decision support system (DSS) uses 
an HEC‐ ResSim model to simulate reservoir releases given observed and forecasted reservoir 
inflows and local flows for reaches downstream of the reservoirs subject to operational rules 
defined in the model. In the current HEC‐ResSim model used in the DSS, Oroville and New 
Bullards Bar reservoirs are configured with the rule that flows in the Feather River below Yuba 
River do not exceed 300,000 cfs (USACE 1970, USACE 1972). To meet this operational 
objective, the available management volume in both reservoirs must be operated jointly as a 
system. Logic representing this system operation and system storage balance are configured 
into the current HEC‐ResSim model used in the F‐CO DSS. 

This memo describes the following: 

 Options and parameters used to represent reservoir system storage balance within the 
HEC‐ ResSim software version 3.2.1.148. 

 Configuration of the Oroville‐New Bullards Bar reservoir system storage balance within the 
F‐CO DSS HEC‐ResSim model. 

 Options for integrating system operation modeling into FIRO alternatives. 

J.2 Definition of a “System” in Reservoir Modeling 
Within reservoir modeling, a “system” is two or more reservoirs that are operated in tandem or 
in parallel to meet minimum or maximum flow objectives at a common downstream location. 
The system has a total amount of storage that must be managed. In order to meet a common 
downstream objective while still operating to individual, reservoir‐specific flood management 
requirements and operation rules (e.g., minimum releases, maximum releases, downstream 
flow limitations, ramping rates, and so on), storage tradeoffs must sometimes be made 
between reservoirs within a system. 

The priority and amount of storage (or release) is determined by the system’s storage balance. 
When a common downstream rule limits releases, this balance guides the operation of the 
system reservoirs, analogous to how the boundary between the flood management pool and the 
conservation pool defines a “guide curve” that determines when to store and when to release. 
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J.3 Functionalities for System Operation in HEC‐ResSim 
Reservoir systems can be configured within HEC‐ResSim to operate in tandem (reservoirs 
configured in a chain or series) or in parallel (reservoirs on different tributaries operated for a 
common downstream point). Within HEC‐ResSim, when two reservoirs are configured to 
operate for a downstream control point using a common rule, a parallel operation “Reservoir 
System” is automatically created (HEC 2010). When one reservoir is configured to preserve the 
storage of a downstream reservoir, a tandem operation Reservoir System is created (HEC 
2010). 

Oroville and New Bullards Bar are operated to manage flows at the Yuba‐Feather confluence 
and are therefore configured as a parallel reservoir system in the F‐CO ResSim model. 

Two options exist within HEC‐ResSim to compute the priority of release in a system operation 
using storage balance: implicit (the program default) or explicit (user defined). 

J.4 Implicit Storage Balance 
The program default, implicit storage balance, considers the guide curves of the two reservoirs. 
At Oroville and New Bullards Bar, the top of the conservation (TOC) pool is the guide curve. The 
flood pool is not considered; only the volume from the TOC to the top of the dam. The software 
evaluates a preliminary end‐of‐period storage using each reservoir’s estimated releases, period 
inflows, and starting storage, then adjusts releases at both reservoirs to maintain each reservoir 
the same percent encroached above its respective guide curve. Whichever reservoir is more 
encroached gets the release priority when determining releases to meet the downstream rule 
(HEC 2010). 

After the implicit storage balance release is calculated, rules that are at a higher priority than 
the common downstream rule are applied. In any given time step that the reservoir is operating 
for downstream constraints, outlet capacity, rate of increase limitations, rate of decrease 
limitations, or releases according to either dam’s Emergency Spillway Release Diagram (ESRD), 
this may supersede releases that would balance the two reservoirs. As a result, the reservoirs 
are not always balanced (just as a reservoir may not always be at its guide curve). 

Figure J-1 shows a hypothetical implicit storage balance between Oroville and New Bullards Bar, 
including three examples of how the model would balance release and storage decisions. The 
blue and brown lines show the storage that would need to simultaneously occur at both 
reservoirs to maintain the same percentage use of the volume between the dashed lines. Table 
J-1 describes how the software would prioritize release or storage based on the three examples. 
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Figure J-1. Example HEC‐ResSim implicit storage balance for (a) New Bullards Bar and (b) Oroville. The 
horizontal axis represents the combined system storage by the end of the time period, and the 
vertical axis represents each reservoir’s storage by the end of the time period. Examples 1, 2, 
and 3 are shown with dots plotted against the system storage balance. The arrows show the 
direction of the decision to release or store. 
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Table J-1. Example HEC‐ResSim  implicit storage balance scenarios 

Example Preliminary end of period 
storage before balancing 

Storage balance release decision 

Example 1: New Bullards Bar will reach 66% of 
the volume from its 

The software would prioritize decreasing the 
pool at New Bullards 

Both 
reservoirs 

TOC to the top of the dam. Oroville 
will reach 20% of 

Bar. When both reservoirs are above their 
defined TOC, the implicit 

encroached the volume from its TOC to the top of 
the dam. Inflows 

storage balance attempts to maintain the same 
percentage of total 

above the 
TOC 

exceed outflows, but emergency 
releases are not 

storage from the TOC to the top of the dam at 
each respective 

 required. The downstream rule at the 
confluence is 

reservoir. The reservoir that is more 
encroached (New Bullards Bar) 

 limiting releases. is prioritized. 

Example 2: Oroville will reach 30% of the volume 
from its TOC to 

The software would prioritize decreasing the 
pool at Oroville. If one 

Only one the top of the dam. New Bullards Bar 
will still be below 

reservoir is below its defined TOC and the 
other is encroached into 

reservoir its TOC. Inflows exceed outflows, but 
emergency 

its flood pool, the implicit storage balance 
limits the release from 

encroached releases are not required. The 
downstream rule at the 

the reservoir that is below its TOC, and assigns 
priority to releases 

above the 
TOC 

confluence is limiting releases. from the reservoir which is encroached. 

Example 3: Oroville will fill 90% of the volume 
from empty to its 

In this situation, the software would prioritize 
increasing the pool at 

Neither TOC. New Bullards Bar will fill 60% of 
the volume from 

New Bullards Bar. When both reservoirs are 
below their defined 

reservoir is empty to its TOC. Inflows exceed 
outflows, but 

TOC, both reservoirs are allowed to fill, while 
meeting all higher 

encroached emergency releases are not required. 
The downstream 

priority minimum release rules. 

above the 
TOC 

rule at the confluence is limiting 
releases. 
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J.5 Explicit Storage Balance 
The explicit storage balance allows the user to specify a balance for more than two zones (recall 
that implicit storage balance considers only storage below TOC and storage above TOC). For 
example, the balance can be refined to consider the relative sizes of flood pools. Figure J-2 
shows a screenshot of the explicit balance configuration in HEC‐ResSim. 

 
Figure J-2. Screenshot of Explicit Storage Balance Configuration 

 
Figure J-3 shows an example explicit storage balance between the flood pools at Oroville and 
New Bullards Bar. Similar to Figure J-1, the blue and brown lines show the storage that would 
need to simultaneously occur at both reservoirs to maintain the same percentage use of the 
volume between the dashed lines. 

In this example balance, the flood management pools would be prioritized equally based on 
percentage encroachment. Practically, however, this means that releases for specific storages at 
New Bullards Bar above the TOC would not be prioritized as highly as the implicit case and New 
Bullards Bar would therefore fill more quickly than in the implicit case. The converse is true for 
Oroville. 

In addition, the explicit storage balance allows the option to maintain unequal proportional use 
of defined system’s zones. The user may specify additional inflection points so that one 
reservoir fills slower than the other. For example, the user may specify that when Oroville has 
encroached into 80% of its flood pool, New Bullards Bar must only be 30% percent encroached. 
Figure J-4 shows this example balance as compared to the implicit storage balance. 

J.6 Configuration of Current F‐CO HEC‐ResSim Model 
The current F‐CO model is configured with an explicit storage balance so that the reservoirs 
draw down proportionally when each is within its main flood pool (the balance shown on Figure 
J-2 and Figure J-3). 
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Additional inflection points and pools (such as the surcharge pool) are not explicitly defined, but 
refinements could be made to define these additional inflection points (the balance shown on 
Figure J-5). 

After the explicit storage balance release is calculated, rules that are at a higher priority than 
the common downstream rule are applied. In any given time step that the reservoir is operating 
for downstream constraints, outlet capacity, rate of increase limitations, rate of decrease 
limitations, or releases according to either dam’s ESRD, this may supersede releases that would 
balance the two reservoirs. As a result, the reservoirs are not always balanced (just as a 
reservoir may not always be at its guide curve). 

J.7 Options for Modifying the Storage Balance Configuration 
In practice, operators may not target keeping the reservoirs the same percent full. Using the 
explicit storage balance options, refinements could be made to prioritize filling one reservoir’s 
flood pool faster than the other reservoir’s flood pool. 

The available storage‐balance options currently only consider the current storage of the 
reservoirs, and inflows and releases in the current time step. Incorporating information about 
future inflows or releases into storage balance computations into the F‐CO model could further 
refine how releases are prioritized. This could be accomplished by defining a forecasted TOC or 
forecast‐based TOC for both reservoirs. 
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Figure J-3. Example HEC‐ResSim  explicit storage balance between the flood pools at (a) Oroville and (b) 
NBB. The horizontal axis represents the combined system storage by the end of the time period, 
and the vertical axis represents each reservoir’s storage by the end of the time period. The 
dotted line shows how the program implicit default setting compares. 
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Figure J-4. Example HEC‐ResSim explicit storage balance between the flood pools at (a) Oroville and (b) 

NBB.  In this hypothetical balance, NBB is filled slower compared to Oroville. The horizontal axis 
represents the combined system storage by the end of the time period, and the vertical axis 
represents each reservoir’s storage by the end of the time period. The dotted line shows how 
the program implicit default setting compares. 
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Figure J-5. Example HEC‐ResSim  explicit storage balance for the flood pools and surcharge pools at (a) 
Oroville and (b) NBB.  The horizontal axis represents the combined system storage by the end of 
the time period, and the vertical axis represents each reservoir’s storage by the end of the time 
period. The dotted line shows how the program implicit default setting compares. 
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Appendix K—F-CO Activation Frequency (Section 4) 
 
MEMORANDUM 
DATE: November 3, 2021 
TO: Yuba-Feather FIRO Water Resources Engineering Team 
PREPARED BY: Olivia Alexander, EIT 
REVIEWED BY: Ben Tustison, PE 
SUBJECT: Forecast-Coordinated Operations Activation Frequency 
 
 
K.1 Purpose 
The purpose of this analysis is to estimate the frequency of Forecast-Coordinated Operations 
(F-CO) activation in the Yuba-Feather (YF) system. The New Bullards Bar (NBB) and Oroville 
reservoir operations were modeled with the MBK Python model baseline conditions, meaning the 
Atmospheric River Control (ARC) Spillway and Forecast Informed Reservoir Operations (FIRO) 
were not utilized. The following The Water Control Manual (WCM) constraints were included in 
the operational rules: 

 180,000 cfs on Yuba River at Marysville 

 150,000 cfs on Feather River at Gridley 

 180,000 cfs on Feather River at Yuba City 

The WCM constraints of 300,000 cfs on the Feather River below Yuba River and 320,000 cfs on 
the Feather River below Bear River were removed from the operational rules. This was done to 
estimate the most frequent flood event where the downstream flow reached, but was not limited 
by, the constraint, or when F-CO would require activation. 

K.2 Methods 
The model was first run with Central Valley Hydrology Study (CVHS) based hydrology for the 
1956, 1965, 1986, and 1997 events. Realistically, the coordination of New Bullards Bar and 
Oroville operations will be informed by event forecasts, so instead of using CVHS hydrology as 
initially modeled, scaled California Nevada River Forecast Center (CNRFC) ensemble hindcasts 
for 1986 and 1997 from the 2015 dataset were used as the input hydrology. The ensemble 
hindcasts contain 61 members representing variability in the forecast. Four non-exceedance 
probabilities (NEP), 99, 95, 75, and 50 percent, were selected to summarize the range in the 
forecast. The NEPs chosen were used to rank and identify a forecast ensemble member based 
on five day inflow volume, as shown in Figure K-1. Since ensemble forecasts have only recently 
been made available in the YF system, the actual ensemble member(s) preferred by operators 
to make decisions has not been identified, therefore these four NEPs are used to represent a 
range of options in this study. 
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Figure K-1. Example hindcast ensemble members and representative 99%, 95%, 75%, and 50% NEPs 

 
For each event, 1986 and 1997, six hindcasts issued on the days leading up to and including 
the event peak were run as the model hydrology. Figure K-2 and Figure K-3 show the evolution 
of the storm event through the six days. 

The six hindcasts and four NEPs were run for scale factors ranging 10 to 130 percent for the 
1986 event and 10 to 100 percent for the 1997 event. A visual representation of these 
parameters is shown in Figure K-4. 

 
Figure K-2. Six NBB inflow hindcasts for 1986 event 
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Figure K-3. Six NBB inflow hindcasts for 1997 event 

 

 
Figure K-4. Summary of modeled dates, NEPs, and scale factors 

 
The following steps were then performed to summarize and analyze the results from the 
modeling: 

 Scale hindcasts in order to model large enough event that crosses downstream thresholds 

 Use scaled event operations to calculate frequency curves downstream for each forecast 
date 

 Identify frequency at which threshold is reached (F-CO activation) 

 
K.3 Results 
An example plot of the 1997 event frequency (in inverse annual exceedance probability (1/AEP)) 
of exceeding 320 kcfs on the Feather River below Bear River is shown in Figure K-5. The 
regulated flow-frequency on the Feather River below Yuba River was used to represent the 
system. All four NEPs are plotted to show the variability in the ensemble forecasts. 
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Figure K-5. Frequency of baseline event exceeding 320 kcfs threshold on the Feather River below Bear River 
for hindcast on Jan. 1, 1997 

 
The most frequent event that crosses the threshold out of the six, daily-issued hindcast 
alternatives was selected to approximate the frequency where the two primary reservoirs must 
be coordinated to avoid exceeding each downstream flow threshold. The frequency of each 
event reaching the downstream threshold for each of the four NEPs and six forecast dates is 
summarized in Table K-1 and Table K-2. 

Table K-1 shows the frequency of the event that reaches the 300,000 cfs constraint, and Table 
2 shows the event that reaches the 320,000 cfs constraint. 

Table K-1. Frequency of Feather River below Yuba flow reaching 300 kcfs 

Non-Exceedance 
Probability 

Frequency (1/AEP) of event that reaches  
300 kcfs on Feather River below Yuba for forecast dates 

 12/27/96 – 1/1/97 2/12/86 - 2/17/86 

99% 38 15 

95% 35 24 
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Table K-2. Frequency of Feather River below Bear flow reaching 320 kcfs 

Non-Exceedance 
Probability 

Frequency (1/AEP) of event that reaches 320 kcfs on 
Feather River below Bear for forecast dates 

 12/27/96 – 1/1/97 2/12/86 - 2/17/86 

99% 35 14 

95% 32 20 

75% 44 83 

50% 113 56 

 
 
K.4 Conclusion 
New Bullards Bar and Oroville must attempt to jointly meet the downstream constraints on the 
Feather River below Yuba River and below Bear River. This analysis shows that in general, the 
320,000 cfs constraint is exceeded for a more frequent event than the 300,000 cfs constraint, 
there- fore the Feather below Bear constraint is more limiting than the Feather below Yuba 
constraint. Depending on the timing of the forecast and which NEP is selected by operators as 
the basis for forecast-informed releases, F-CO could be activated for events with an estimated 
frequency range of 1-in-14 to 1-in-113 years. 
 
  

Non-Exceedance 
Probability 

Frequency (1/AEP) of event that reaches  
300 kcfs on Feather River below Yuba for forecast dates 

75% 47 83 

50% 113 70 
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Appendix L—FIRO Impacts on Water Supply 
Impacts (Section 4) 
 
One of the conditions of employing FIRO approaches to Oroville (ORO) and New Bullards Bar 
(NBB) reservoirs is to show that water supply reliability is not compromised in the pursuit of 
improved flood risk management outcomes. They key issue here is whether there is a 
substantial risk of not refilling the conservation pool after an extreme event triggers a pre-
release of stored water. For there to be an end-of-flood season reduction in storage three 
conditions must be present. 

1. A significant over-forecast of inflow volume triggers a pre-release into conservation 
storage. 

2. The over-forecast is associated with the last significant runoff event of the flood season. 
3. A much below normal snowpack leads to spring volumes that are unable to refill the 

reservoirs. 
Figure L-1 depicts a hypothetical case where all three conditions are met resulting in a lower 
end-of-flood season storage. 
 

Figure L-1. Hypothetical conditions where using the FIRO alternative would lead to reduced end-of-flood 
season reservoir storage. 

 
The Water Resources Engineering (WRE) team found this be challenging through direct 
methods because (1) non-flood control releases from both projects are difficult to agree on, 
and (2) there remains substantial uncertainty on how the spring refill curves may be adjusted as 
a function of both the FIRO and general WCM update work. 
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As a result, the WRE team adopted an indirect assessment for the prescriptive FIRO approaches 
where volume triggers are employed (PVA Alternative 2) and a period-of-record analysis with 
stated assumptions regarding (1) and (2) above for the iterative (EFO-type) approaches (PVA 
Alternative 3). 

L.1 Indirect Assessment for PVA Alternative 2 
The indirect approach used here is composed of three elements. 

1. The frequency of observed trigger volumes 

2. The frequency of forecast trigger volumes 

3. The reliability associated with forecasts of trigger volume and greater 

From these three elements, the team can made statements about the likelihood that the 
prescriptive approach may negatively impact water supply reliability. Table L-1 shows the 
trigger volumes for the prescriptive approaches developed for ORO and NBB. 

Table L-1. Forecast volume triggers for the prescriptive FIRO approaches. 

Reservoir 1-Day Volume 3-Day Volume 5-Day Volume 7-Day Volume 

Oroville 222 KAF 530 KAF N/A 694 KAF 

New Bullards Bar 100 KAF 100 KAF 100 KAF 100 KAF 
 
Table L-2 shows the frequency of these trigger volumes derived from the frequency curves 
shown in Figure L-2 and Figure L-3. 

Table L-2. Historical frequency (return period) of trigger volumes for the prescriptive approaches. 

Reservoir 1-Day Volume 3-Day Volume 5-Day Volume 7-Day Volume 

Oroville ~12-year ~8-year N/A ~11-year 

New Bullards Bar ~19-year ~4-year ~3-year ~2-year 
 
Note that the frequency of the trigger volumes for ORO are consistent (roughly 10-year) 
whereas the frequency of the single trigger volume of 100 TAF drops as the event duration 
increases. 

Figure L-4 shows the frequency with which CNRFC HEFS-based hindcasts from 1985 through 
2010 indicated inflows equal to or greater than the volume triggers shown in Table L-1 by 
month. Note that forecast inflows are much less likely to exceed the volume triggers for ORO. 
And even at the ~2-year return period volume of 100 KAF over 7-days, only 7% of February 
forecasts exceeded the volume trigger for NBB. Forecast for shorter durations were significantly 
less common. 
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Figure L-2. Unregulated rain-flood frequency curves for the Feather River below Oroville Dam. 
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Figure L-3. Adopted unregulated volume-frequency curves for point YB-NBB (period of record 1902-2018).  
Historical events are shown using Hirsch/Stedinger plotting positions. Events removed as outliers are indicated 
with hollow markers. Blue text represents values adjusted manually. HDR.  
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Figure L-4. Percent of daily inflow forecasts exceeding the volume triggers shown in Table L-1 for ORO and 
NBB. 

 
The figures and tables above show that the activation associated with the triggers for the 
prescriptive approaches are quite rare for ORO and certainly not an every-year occurrence for 
NBB. While higher at NBB, a 1986-2022 period of record calculation of the FIRO guide curve 
TOC for NBB (based on forecast inflows) showed that pre-releases into the conservation storage 
were only called for in February 1986 and January 1997. Table L-3 shows the number of days 
the NBB FIRO guide curve fell below 900,000 AF and 796,280 AF associated with the existing 
winter flood control pool. Drops into the conservation space (total of 5 days over 37 winter 
seasons) were less than 100 TAF, which was more than recaptured during the events that 
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followed. Other triggered events for NBB as depicted in Figure L-4 simply result in a reduction 
of the encroachment into the traditional flood pool (900 TAF). 

Table L-3. Number of days where the NBB FIRO guide curve called for < 900,000 AF and 796,280 AF 
during the 1985 – 2022 period. 

 
 
And finally, we can look at the reliability of inflow volume forecasts to assess the likelihood of 
significant over-forecasts that trigger pre-releases. Figure L-6 and Figure L-7 provide insight 
into the forecast reliability associated the 25% exceedance probability inflow volume used in the 
prescriptive approach for both reservoirs. Figure L-5 provides interpretive assistance using the 
3-Day inflow case from ORO. Here the zones of over-forecast and under-forecast are identified 
as above and below the 1:1 line respectively. 

False alarms (what we’re concerned with for water supply reliability) are found in the upper left 
quadrant and their significance increases as you move from right to left. 
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Figure L-5. Interpretive guidance for Figures 6 and 7. 

 
The number of forecast-observation pairs above the trigger volume is clearly higher for NBB as 
suggested in Table L-2 and Figure L-4. For both reservoirs, the 1-day 25% exceedance 
probability forecast appears to be reasonably unbiased. For longer durations of 3- to 7-days, an 
increasing negative bias is present. This suggests that these longer/larger inflow forecasts tend 
to under-estimate the observations in the domain of the triggering volumes. 
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Figure L-6. Scatter plots of 25% exceedance probability forecasts of Oroville inflow for durations of 1-, 3-, and 
7-days. From CNRFC HEFS hindcasts (1985-2010). 

 
Water supply reliability may be compromised by large triggering inflow volumes that are 
significantly high-biased. For example, a forecast inflow might trigger a pre-release of 
conservation storage that would not be recovered during the observed period. This is depicted 
in Figure L-1. Figure L-6 and Figure L-7 suggest that it is much more likely that the 25% 
exceedance probability forecast under-estimates the inflow associated with pre-release events 
and therefore negative impacts on water supply reliability should be exceptionally rare. Further, 
for a false alarm activation to impact water supply storage into the dry season, it would have to 
be associated with (1) the last significant runoff event of the winter and (2) under conditions of 
an exceptionally low snowpack that limits the capacity of the watershed to refill the reservoirs 
with snowmelt. 
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Figure L-7. Scatter plots of 25% exceedance probability forecasts of New Bullards Bar inflow for durations of 
1-, 3-, 5-, and 7-days. From CNRFC HEFS hindcasts (1985-2010). 

 
L.2 Direct Assessment for PVA Alternative 3 
To assess the potential risk of the over-release of stored water with the Alternative 3 (Hybrid 
Ensemble Forecast Operations) alternatives (described elsewhere in the PVA and supporting 
appendixes) in advance of a flood event that could impact storage recovery and water supply, 
these alternatives were simulated for each year of the hindcast period at a daily time step using 
observed hydrology and hindcasts from 1985 through 2010 provided by the CNRFC. Baseline 
operations (consistent with the water control manuals) and perfect forecast operations (PFO) 
were also simulated to provide a basis of comparison of model results. These simulations were 
completed for the flood control season (November 1 to June 1) for each year of the hindcast 
with beginning storage levels set at the top of conservation for Baseline, the top of the FIRO 
encroachment pool for Alternative 3, and the top of the flood pool for PFO. These simulations 
did not include any rules for water supply operations (no water supply releases) to maximize 
storage levels during the flood control season, and thereby maximizing the frequency that FIRO 
pre-releases would be made. Given that this approach does not include any water supply 
operations to continually draw down storage through the flood control season, any over release 
of water made during an event will likely be recovered by subsequent storms. Therefore, this 
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approach most accurately assesses the risk of over releasing water for the last significant storm 
of the season for each year of the hindcast period. 

 
Figure L-8. Frequency of end of flood season storage for ORO (top) and NBB (bottom) as a function of WCP 
alternative. 
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End of flood season (June 1) storage levels for the period of record simulations were evaluated 
to assess potential risk of over-release with the Hybrid EFO alternative (Figure L-8). Results of 
Hybrid EFO relative to Baseline for both ORO and NBB show a significant increase in end of 
flood season storage suggesting that modeled releases would positively impact end of flood 
season storage and in turn water supply reliability. 

L.3 Conclusions 
The indirect assessment of prescriptive (PVA Alternative 2) and direct assessment of iterative 
(PVA Alternative 3) FIRO approaches strongly suggest that water supply reliability will not be 
negatively impacted by FIRO. In fact, there is evidence to suggest that the opposite is true. 
The level of evidence provided here is viewed as sufficient for the purpose of the PVA. For the 
FVA, it is recommended that the FIRO approaches undergo full period-of-record simulation with 
reasonable estimates of non-flood control releases and consistent starting storages for each 
water year. That evaluation should also capture any proposed changes to the spring refill 
curves for the two reservoirs. 
 
  



 

 209 

Appendix M—Meteorological Analysis, Assessment, 
and Research (Section 6) 
 
M.1 Additional information and imagery for AR characteristics 

and precipitation mechanisms 
The precipitation in a landfalling AR in the Yuba-Feather watersheds may also be influenced by 
several meteorological processes that vary from one event to the next related to additional 
mesoscale and microphysical processes. These processes, among others, may include: 

1. Water vapor flux altitude (Ralph et al. 2013, Hecht and Cordeira 2017; Ricciotti and 
Cordeira 2022). 

2. Precipitation shadowing from the upstream topography of the Coastal Ranges and 
precipitation enhancement due to water vapor flux through terrain gaps (e.g., Neiman et 
al. 2004).  

3. Development of a mesoscale frontal wave (e.g., Martin et al., 2019, Michaelis et al., 2021) 

4. Development of a Sierra Barrier Jet (e.g., Ralph et al. 2003; Neiman et al. 2002, 2013; 
Hughes et al. 2014; Rutz et al. 2014; White et al. 2015; Lamjiri et al. 2018). 

5. Development of a narrow cold frontal rainband (NCFR; e.g., Ralph et al. 2011; Cannon et 
al. 2020) or regions of enhanced convergence that can lead to intense precipitation within 
a landfalling AR. 

6. Variability in the altitude of the freezing level and rain/snow transition (Henn et al. 2020; 
Sumargo et al. 2020). 

7. Variability in cloud microphysics such as the seeding of orographic precipitation from 
higher-altitude precipitation (e.g., Browning 1980; Hill 1983; Neiman et al. 2002; Ralph et 
al. 2003; Creamean et al. 2013).  

Additional details on these processes have been provided below: 

1. Water vapor flux altitude (Ralph et al. 2013, Hecht and Cordeira 2017; Ricciotti and 
Cordeira 2022) 

Both Ralph et al. (2013) and Hecht and Cordeira (2017) also investigate the effect of 
water vapor flux altitude in precipitation production over the coastal Russian River 
watershed. While Ricciotti and Cordeira (2022) note that 850-hPa and 925-hPa water 
vapor flux magnitude and direction do also improve the relationships with watershed MAP 
across southern California watersheds (i.e., an improvement over IVT magnitude and 
direction), the effect is minimal across the Upper Yuba and North Fork Feather 
watersheds. The IVT or lower tropospheric water vapor flux are both appropriate meso-
synoptic-scale ingredients that influence a large majority of the variance in daily 
precipitation across the Upper Yuba and Feather River watersheds. 
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2. Precipitation shadowing from the upstream topography of the Coastal Ranges and 
precipitation enhancement due to water vapor flux through terrain gaps (e.g., Neiman et 
al. 2004) 

The physiography of northern California is conducive to both precipitation shadowing from 
the upstream topography of the Coastal Ranges and precipitation enhancement due to 
water vapor flux through terrain gaps (e.g., Ralph et al. 2003; Neiman et al. 2002, 2013; 
Hughes et al. 2014; Rutz et al. 2014; White et al. 2015; Lamjiri et al. 2018). Of particular 
interest to the Yuba-Feather watersheds are landfalling ARs near San Francisco with west-
southwest IVT directions that are able to transport water vapor into the Central Valley 
through the San Francisco and Petaluma Gaps in the Coastal Ranges.  

3. Development of a mesoscale frontal wave (e.g., Martin et al., 2019, Michaelis et al., 2021) 

A mesoscale frontal wave is the development of a secondary cyclone or “wave” along a 
landfalling AR that can prolong the duration of and inhibit the southward propagation of a 
landfalling AR, thereby extending and enhancing its ability to produce hazardous weather. 
FIRO sponsored research has produced several papers (Martin et al. 2019, Michaelis et al, 
2021, Hecht et al. 2022) regarding frontal waves, secondary cyclones, ARs and the 
forecast challenges that occur when these phenomena interact. Research conducted by 
CW3E Collaborator, Dr. Andrew Martin, has drawn on 10+ winter seasons of AR activity in 
the Northeastern Pacific to conclude that when a secondary cyclone develops on a 
landfalling AR, the AR scale can significantly increase. Notably, the AR Scales of those 
events with mesoscale frontal waves were higher (more intense and longer duration) than 
those without mesoscale frontal waves. Recall, the series of ARs that caused the Lake 
Oroville Dam spillway crisis in February 2017 included multiple developing secondary 
cyclones and frontal waves, and several of the most recent landfalling ARs also included 
mesoscale frontal waves. 

4. Development of a Sierra Barrier Jet (e.g., Ralph et al. 2003; Neiman et al. 2002, 2013; 
Hughes et al. 2014; Rutz et al. 2014; White et al. 2015; Lamjiri et al. 2018) 

Landfalling ARs in this region favor the subsequent development of enhanced lower 
tropospheric (~1 km) flow from the south-southeast associated with a Sierra Barrier Jet 
(SBJ; e.g., Kingsmill et al. 2013; Neiman et al. 2013; Ralph et al. 2016) that was 
prominently observed during a landfalling AR during October 2021 (Fig. 6-3-2). Previous 
work identified that 45 of 50 days with extreme daily precipitation (wettest 50 days during 
2002-2011) in the Northern Sierra 8-station Precipitation Index covering the headwaters 
of the Sacramento River, inclusive of the Yuba-Feather watersheds, were associated with 
a SBJ on the day of precipitation (Ralph et al. 2016). 41 of 50 (82%) were associated with 
both a landfalling AR and SBJ. The SBJ modulates precipitation across the west slope of 
the Sierra Nevada, inclusive of the Yuba-Feather watersheds, during a majority of 
landfalling ARs that produce the region’s most extreme precipitation. Note that the 
topography of the Yuba-Feather watersheds exposes the western portion of the Feather 
watershed (the North Fork), above Oroville, to orographic enhanced precipitation during a 
more southerly oriented flow along a SBJ. 
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Figure M-1. Example of the formation of a Sierra Barrier Jet (SBJ) during the landfalling of an AR in coastal 
northern California in late October 2021 with annotations provided by CW3E. 

 
5. Development of a narrow cold frontal rainband (NCFR; e.g., Ralph et al. 2011; Cannon et 

al. 2020) or regions of enhanced convergence that can lead to intense precipitation within 
a landfalling AR. 

NCFRs or related regions of enhanced precipitation produce short-duration high-intensity 
rainfall that may be associated with flash floods and debris flows, especially in post-fire 
landscapes where lower-threshold precipitation rates may more easily trigger them such 
as in Southern California during the extremely destructive 2018 Montecito event (Oakley 
et al. 2018). Despite their occurrence in Northern California (Fig. A6-2), there is no 
established record of NCFRs or similar features over the region. However, a recent 
climatology of NCFRs has been created for Southern California (de Orla-Barile et al. 2021) 
and climatologies of NCFRs do exist elsewhere around the world. Construction of such a 
climatology in Northern California, as motivated and described by de Orla-Barile et al. 
(2021) is a labor-intensive process given that automated methods for their detection in 
radar data is limited by radar elevation and topographic blocking (Thompson 2001; 
Maddox et al. 2002; National Research Council 2005). These limitations are exacerbated 
by regional NCFR characteristics. Notably, the relatively shallow convective precipitation 
signal (typically <3 km in height; Hobbs and Biswas 1979; Hobbs et al. 1978), gap and 
core structure (Jorgensen et al. 2003; Cannon et al., 2020;), and topographic interactions 
(Neiman et al. 2004) collectively degrade the ability of the regional radar network to 
identify NCFRs. Accurate precipitation forecasts of landfalling ARs over the Upper Yuba 
and Feather watersheds must capture these short-duration high-intensity periods of 
rainfall, and their frequency and predictability have not been studied across northern 
California. 
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Figure M-2. Examples of a NCFR and region of enhanced convergence in Northern California on 14 December 
2002 and on 25 October 2021 during the landfall of high-impact ARs.  

 
6. Variability in the altitude of the freezing level and rain/snow transition (Henn et al. 2020; 

Sumargo et al. 2020); 

The atmospheric freezing level (i.e., altitude of the 0-degree celsius isotherm) and the 
snow level (i.e., altitude at which frozen hydrometeors fully transition to rain) govern 
precipitation type during storms and subsequent hydrologic responses (Osborne 2021). 
The freezing levels exist at the top of the vertical layer where hydrometeors melt and 
snow levels exist on average 192-207 meters (630-680 feet) below in coastal California 
(White et al. 2002; Henn et al. 2020). California cool season snow levels typically occur 
between 1000 and 3500 m MSL with medians near 1500 m MSL (Hatchett et al. 2017; 
Henn et al. 2020), encompassing a majority of the Yuba-Feather watersheds. Recent high-
impact precipitation events in February 2017 (i.e., the Oroville Spillway incident; Hollins et 
al. 2018; White et al. 2019; Vano et al. 2019), February 2019 (i.e., the Valentine's Day 
Event; Hatchett et al. 2020; Hecht et al. 2022), and October 2021 all occurred in 
association with landfalling ARs that contained large changes in snow level within these 
events. Of particular interest to FIRO viability in the Yuba-Feather watersheds are studies 
demonstrating poor skill in model forecasts of the height of the freezing level with errors 
at lead times beyond 1-2 days exceeding the basin hypsometry (Henn et al. 2020). The 
practical consideration herein is precipitation type and streamflow forecasting; however, 
there is also an exponential relationship between temperature and air’s capacity for water 
vapor (i.e., the Clausius-Clapeyron) that portends higher precipitation rates for higher 
freezing (snow) levels. Henn et al. (2020) found that warm ARs have the highest 
precipitation rates and the most negative forecast bias in the height of the freezing level 
(i.e., forecasts were too low/cold by ~250 meters or >800 feet on average at Lake 
Oroville for storms with the highest precipitation rates).  

7. Variability in cloud microphysics such as the seeding of orographic precipitation from 
higher-altitude precipitation (e.g., Browning 1980; Hill 1983; Neiman et al. 2002; Ralph et 
al. 2003; Creamean et al. 2013). 
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CW3E is investigating the role of cloud microphysics and orographic precipitation within 
FIRO in collaboration with Dr. Andrew Martin at Portland State University who helped 
pioneer the development of the West-WRF model. These efforts include studies focused 
on cloud processes during orographic precipitation that support self-induced critical layers 
and leeside mountain windstorms using aircraft observations and modeling experiments. 
This study is emerging from the West-WRF “OP3” (orographic precipitation processes and 
prediction) research group activities regarding orographic cloud processes in WRF. 
Additional collaborative activities of note with Dr. Martin includes examining secondary ice 
production as a link between aerosols and precipitation efficiency in mixed-phase clouds. 
Specifically, this work seeks to investigate the development of new microphysics model 
parameterizations of secondary ice production in West-WRF, the verification of West-WRF 
simulated cloud properties using DOE aircraft data, and study of the impact of secondary 
ice processes on precipitation efficiency during orographic storms in the Sierra Nevada. 
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M.2 Additional information and imagery for Case Studies 
M.2.1 Imagery for 2019 Valentine’s Day Case Study 

 
Figure M-3. (a),(b) Ensemble-mean 500-hPa geopotential height (solid; 550-dam contour) and SLP (dashed; 
1,004-hPa contour) for the (a) GEFS and (b) EPS forecasts initialized every 24 h from 0000 UTC 5 Feb 2019 (F-
168) through the valid time of 0000 UTC 12 Feb 2019 (F-0). (a),(b) Ensemble-mean 250-hPa wind speed 
(solid; 130-kt contour) and SLP (dashed; 996 hPa) for the (a) GEFS and (b) EPS forecasts initialized every 24 h 
from 0000 UTC 5 Feb 2019 (F-192) through the valid time of 0000 UTC 13 Feb 2019 (F-0). (e) Watershed-
averaged ensemble 72-h precipitation forecasts by the GEFS (blue) and EPS (red) initialized every 24 h from 
0000 UTC 5 Feb (F-180 to F-252) to 0000 UTC 12 Feb 2019 (F-12 to F-84) valid from 1200 UTC 12 Feb 
through 1200 UTC 15 Feb 2019 for the Upper Yuba River Watershed. Image from Hecht et al. (2022). 
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M.2.2 Imagery for January 2021 Case Study 

 
Figure M-4. Multi-model and multi-scale assessment of forecasts prior to the late January 2021 landfalling AR 
event. Top left: Week-3 AR activity assessment; bottom left: AR Landfall Tool assessment of the likelihood of 
AR conditions along the coast; top right: 7-day forecasts of IVT magnitude by the GFS and ECMWF models 
with their respective analyses; and bottom right: 10-day watershed average precipitation forecast by the GFS 
and ECMWF models with the respective analysis. 

 
M.2.3 Additional information and imagery for Forecast 

Diagnostics and Sources for Uncertainty (AR Recon) 
CW3E leads the Atmospheric River Reconnaissance (AR Recon) program to address sources of 
uncertainty within ARs over the Northeast Pacific. The overall goal of AR Recon is to support 
water management decisions and flood forecasting by using targeted airborne and buoy 
observations over the Northeast Pacific to improve analysis and forecasts of landfalling ARs and 
their impacts on the U.S. West Coast at lead times of 0-5 days. Innovations in targeting 
methods, data assimilation and regional forecast skill improvements are pursued through 
collaborative, cross-disciplinary, science-based strategies. AR Recon activities are guided by an 
international steering committee of senior experts from leading operational global numerical 
weather prediction (NWP) centers and research institutions.  AR Recon was developed as a 
Research and Operations Partnership (RAOP) and is currently designated as an operational 
requirement and mission in the National Winter Season Operations Plan (NWSOP) (OFCM 2019, 
2020; Ralph et al., 2020). AR Recon real-time operations sample essential atmospheric 
structures, notably ARs and their dynamics, as the primary target (Fig. A6-5). CW3E has 
developed a suite of forecast tools available to create targeted forecast briefings, during which 
IOP selection and planning takes place. Various initial condition sensitivity tools complement the 
foundational physical questions addressed by the AR Recon sampling strategy, as they provide 
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information on optimal locations where additional observations could be most useful to 
minimize forecast errors or uncertainties. 

AR Recon observations, which include targeted dropsonde data, drifting buoys that measure 
surface pressure and sea surface temperature, and innovative observing platforms such as 
Airborne Radio Occultation (ARO; Haase et al., 2021), fill documented gaps in the traditional 
observation system (Zheng et al., 2021a). These gaps occur within and around ARs due to their 
associated deep clouds and represent some of the leading sources of uncertainty for the 
prediction of extreme events over the western U.S. (Lavers et al., 2018; Reynolds et al., 2019; 
Demirdjian et al., 2020; Lavers et al., 2020). Dropsonde and buoy observations are transmitted 
in real-time to the Global Telecommunications System (GTS) to be assimilated in operational 
NWP systems. That capacity is currently being built up for ARO. Studies using AR Recon data 
have already shown the positive impact on forecasts (e.g., Stone et al., 2020; Zheng et al., 
2021b). Furthermore, AR Recon data have enabled advances in the understanding of physical 
processes (e.g., essential atmospheric structures; Wilson et al. 2022) that modulate AR 
characteristics such as intensity (Hatchett et al., 2020; Cannon et al., 2020; Norris et al., 2020; 
Demirdjian et al., 2020; Cobb et al., 2021). The regular AR Recon season happens during 
January - March; AR Recon flights provided additional data for the January 2021 storm 
described above. The impact of the additional data on the forecast skill is currently being 
investigated. 

 
Figure M-5. Schematic of physical targets known as “essential atmospheric structures” identified during AR 
Recon as key regions typically responsible for ensemble-based and adjoint-derived forecast model 
uncertainties. Image from Wilson et al. (2022) 
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M.3 Full report on West-WRF development and configuration 
CW3E has developed an optimized version of the Weather Research and Forecasting model 
(WRF, Skamarock et al. 2008; Powers et al. 2017), named West-WRF, that is run in near-real-
time (NRT) forecast mode in support of decision making and scientific research of extreme 
weather events over the Western U.S. (Ralph et al. 2016; Cordeira et al. 2017).  The 2021-2022 
(WY2022) NRT features several additions and improvements upon previous NRT simulations, 
for both technical and scientific purposes. 

Four sets of West-WRF NRT simulations are being run for WY2022.  The first, the deterministic 
forecast based on the National Centers for Environmental Prediction (NCEP) Global Forecast 
System (GFS) hereafter referred to as “NRT-GFS”, is new for WY2022 as it was updated from a 
frozen configuration last season.  The three remaining sets of simulations were run last season 
- a deterministic simulation based on the European Centre for Medium Range Weather 
Forecasts (ECMWF) HRES (“NRT-ECMWF”), a frozen (since WY2020) GFS-based deterministic 
simulation that is used for machine learning purposes (“NRT-ML”), and an ensemble (“NRT-
ENS”).  NRT-GFS, NRT-ECMWF, and NRT-ENS all use WRF version 4.3.1, where NRT-ML uses 
version 4.1.2.  Daily initializations of all simulations are done using 00 UTC initial conditions for 
the period 1 December through 31 March. The deterministic simulations have a forecast horizon 
of  10 days for the 9-km domain and 5 days for the 3-km domain (shown below), and the 
ensemble extends out to 7 days.  Full output from the deterministic simulations is available 
hourly, and select two-dimensional variables are available every 15 minutes.  For the ensemble, 
full output is available every three hours, and select two-dimensional variables are available 
every 15 minutes.  All simulations are run on the Comet supercomputer at the San Diego 
Supercomputer Center, using the rocoto workflow system.   

Several significant changes were made to all but the NRT-ML simulations including expanded 
domain, vertical resolution, and physical parameterizations.t.  The West-WRF NRT has a 9-km 
outer domain spanning the northeast Pacific and Western U.S., and a 3-km domain focused on 
U.S West Coast states.  The 3-km domain was expanded northward to include all of the U.S. 
West Coast for WY2022 (Fig. A6-6).  This expansion is beneficial to capture the precipitation 
field from ARs making landfall in Northern California and less subject to domain boundary 
interference as ARs propagate north to south.  The NRT-ML simulations use a slightly different 
9-km domain (rotated 10 degrees longitude westward) and a smaller 3-km domain.  The NRT-
ML simulation configuration has been frozen for three seasons now to ensure consistency with 
the neural network training dataset. 

The vertical resolution in the NRT-GFS and NRT-ECMWF configurations were increased from 60 
to 100 vertical levels while the NRT-ENS used 60 levels, all with a 10-hPa model top.  The 
vertical level distribution was adjusted from the default WRF configuration this season, to 
provide greater vertical resolution throughout the lower troposphere where key AR-related 
physical processes occur.  Figure M-2 illustrates the difference in vertical grid spacing between 
the old and new configurations for 100 vertical levels, showing the improved vertical grid 
spacing in the new configuration to about 8-km above ground level (AGL).  Improvements in 
the 60 vertical level configuration are similar with enhanced resolution achieved in the lower 
atmosphere (not shown).   

The initialization of the snowpack in the West-WRF NRT simulations was improved this season 
by implementing a daily 4-km snow product produced by the University of Arizona (Broxton et 
al. 2016; Zeng et al. 2018; Broxton et al. 2019).  The UA Snow product combines thousands of 
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point-based snow water equivalent (SWE) observations from SNOpack TELemetry (SNOTEL) 
and Cooperative Observer Program (COOP) sites with the PRISM temperature and precipitation 
estimates (Daly et al. 2008).  Initial conditions are updated using the latest available UA snow 
field (interpolated to the West-WRF domains) and any additional accumulated snowfall between 
the time of the latest UA snow field and the initialization time using the previous day’s West-
WRF forecast.  Software to modify input files with the UA snow fields was provided by Jorge 
Arevalo and Xubin Zeng at the University of Arizona.   

Several adjustments were made to the West-WRF parameterization schemes, including the 
Thompson microphysics scheme (Thompson et al. 2008).  Research by CW3E staff, in 
collaboration with Greg Thompson (JCSDA), identified several adjustments to the cloud droplet 
concentration and autoconversion parameters that were warranted for better representation of 
west coast precipitation, based on several test simulations.  Hydrometeor terminal fall speed 
variables were added to the West-WRF output files for additional microphysics diagnostics.  The 
Noah-Multiphysics (Noah-MP) land surface scheme has also been implemented, in place of the 
Noah scheme used in previous seasons.  Noah-MP (Niu et al. 2011) introduces several 
improvements over the original Noah LSM, including a separate vegetation canopy layer from 
the surface, an improved snow layer model, and multi-parameterization options.  Optimal 
settings for the representation of west coast precipitation in both microphysics and land surface 
parameterization schemes remain areas of current research at CW3E.   

Logistical improvements were made to the West-WRF NRT system, including a rewrite of most 
workflow scripts, on-the-fly processing of all tasks (which saves 1-1.5 hours of processing time), 
and improved reliability of model I/O (using asynchronous I/O and PNetCDF in place of split 
output files).  

 
Figure M-6. West-WRF NRT WY2021-2022 domains, with terrain height (shaded, m) and vertical level grid 
spacing as a function of height (red) compared to the previous configuration (black). 

 
CW3E began running an operational West-WRF NRT ensemble in 2020-2021 winter 
season.  Ensemble forecasts offer several advantages over deterministic forecasts; over time, 
the mean of the forecast ensemble is generally more accurate than any individual ensemble 
member.  The spread of ensemble predictions provides an indication of the flow-dependent 
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uncertainty of the forecast, and most importantly, the probability distribution function (PDF) of 
the ensemble can identify the likelihood of extreme events.  CW3E expanded the size of the 
West-WRF NRT ensemble from 48 members in WY-2021 to 200 members in WY2022.  This 
expansion provides improved statistical sampling of the key sources of uncertainty that 
negatively impact numerical weather prediction (e.g., initial conditions and physics 
parameterizations). The larger ensemble also results in improved forecast skill of the ensemble 
mean, and a greater likelihood of predicting the timing and magnitude of extreme AR events 
that lead to flooding and debris flows.  Multiple sources of perturbations are introduced into the 
ensemble, including initial and boundary conditions, parameterization schemes (“multi-
physics”), and stochastic kinetic energy backscatter (SKEB).   

The 200-member West-WRF NRT ensemble has two sets of initial and boundary conditions, split 
between 120 ensemble members that use ECMWF, and 80 members that use the Global 
Ensemble Forecast System (GEFS).  The ensemble is sampled across 51 members from the 
ECMWF global ensemble and 31 members of the GEFS global ensemble, where input ensemble 
members are duplicated two to three times.  Along with varying meteorological input 
conditions, ensemble spread is also introduced through SKEB and multi-physics.  A conceptual 
diagram of the ensemble is shown in the appendix.  The parameterization schemes used in the 
multi-physics configuration are chosen based on both previous experience of the CW3E West-
WRF modeling group, and for operational considerations.  The model parameterization schemes 
utilized for the West-WRF NRT are shown in the appendix.  Cumulus and microphysics schemes 
are sampled the most since they tend to have the greatest impact on precipitation forecasting 
on the U.S. West Coast (Jeworrek et al. 2021). 

Figure M-7. Schematic of the West-WRF NRT 200-member ensemble.  
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Figure M-8. Physical parameterization schemes used in the multi-physics configuration of the West-WRF NRT 
ensemble.   

M.4 Additional information and imagery for Decision Support 
Tools 

Following the development of an “AR Portal” in support of CalWater 2015 (Cordeira et al. 2017), 
CW3E has expanded its forecast tools and visualizations in support of research and operational 
partnerships including AR Recon and FIRO. These forecast tools span spatial scales from 
regional (e.g., the North Pacific) to local (e.g., watersheds) and temporal scales from weeks 
(e.g., subseasonal) to sub-daily (e.g., 15-minute to hourly) leveraging a suite of global and 
regional models from operational centers such as the NCEP global forecast system, ECMWF 
model, and the CW3E- developed West-WRF model tailored to precipitation prediction in 
California. From these forecast data, CW3E has developed tools to enhance situational 
awareness associated with landfalling ARs (e.g., the AR Landfall Tool; Cordeira et al. 2017 and 
Cordeira and Ralph 2021) and watershed-scale precipitation. 

 
Figure M-9. AR Landfall Tool (Cordeira et al. 2017; Cordeira and Ralph 2021) modified for a Foothills transect 
to better highlight the likelihood of landfalling ARs along the west slope of the Pacific Crest, including the 
Upper Yuba and Feather River watersheds. 
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M.5 Full report on machine learning predictive capabilities 
CW3E is focused on developing creative, novel approaches for skillful forecasts to support FIRO 
at the Yuba-Feather watersheds. One such avenue is applying machine learning (ML) algorithms 
for the development of predictive models and decision support tools. The most recent phase of 
this effort relevant to FIRO focuses on probabilistic predictions of IVT, short-range prediction of 
precipitation using innovative deep learning (DL) techniques, and convolutional neural networks 
to capture spatial precipitation patterns. These include: 

 Chapman et al. (2022) studied DL postprocessing methods to obtain reliable and accurate 
probabilistic forecasts of IVT. Using a 34-year reforecast (Steinhoff et al. 2022), based on 
the CW3E West-WRF mesoscale model of North American West Coast IVT, the 0–120-h 
probabilistic forecasts for IVT under AR conditions are tested. These predictions are 
compared with the GEFS model and the GEFS calibrated with a neural network. The 
findings (cf. Fig. A6-10) show that the DL methods compete with or outperform the 
calibrated GEFS system at lead times from 0 to 48 h and again from 72 to 120 h for AR 
vapor transport events. In addition, DL methods generate reliable, skillful forecasts which 
can be leveraged to learn if AR conditions are probable for a watershed. 

 Hayatbini et al. (2022) focused on post-processing NWP predictions to improve the 
accuracy of short-range rainfall prediction. A dual-branch setup using a U-Net feature 
extractor is developed. It is trained end-to-end to first classify a rain/no-rain (R/NR) label 
for each grid location, or pixel, and then regress a rainfall amount for each rain pixel. In 
the study, CW3E’s 34-years reforecast is used as input whereas PRISM dataset is used as 
ground truth. To demonstrate the generalizability of the methodology, four water years 
with different climate conditions are left out as test years and the prior year of each are 
used for validation purposes. Significant improvements are achieved in both R/NR 
classification and rainfall rate quantification (including mean squared error and bias 
reduction over the test periods) for the proposed framework compared to West-WRF.  

 Badrinath et al. (2022) proposed to identify and reduce biases affecting predictions of a 
dynamical model using a ML method based on spatial convolution to capture complex 
spatial precipitation patterns. The method is based on a dual model approach using 
modified U-Net convolutional neural networks (CNN) regressors and classifiers to post-
process daily accumulated precipitation over the US west coast. In this study, CW3E’s 34-
year  high resolution deterministic West-WRF precipitation reforecast is used as training 
data for the U-Net CNN. The data is split into 4 test years that encompass characteristic 
West-Coast precipitation regimes. On the unseen 4-year data set, the trained CNN yields a 
12.9-15.9% reduction in root-mean-square-error (RMSE) and 2.7-3.4% improvement in 
Pearson correlation (PC) over West-WRF for lead times of 1-4 days. Effectively, CNN adds 
more than a day of predictive skill when compared to West-WRF. CNN outperforms the 
other existing methods for the prediction of extreme events, highlighting a promising path 
forward for improving precipitation forecasts. 

CW3E will continue to explore and develop novel AI/ML methods to improve AR, ridge and 
precipitation forecasts and aid in the improvement of AR forecast lead times. Specifically, we 
seek to run experimental ML algorithms in near real time during the water year for deterministic 
and probabilistic prediction of IVT and precipitation in the U.S. West. 
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Figure M-10. Probabilistic IVT prediction with Machine Learning. (top) Coastal evaluation locations and 
climatological (December– March 1984–2019) IVT (color fill; kg m-1 s-1). (right) Binned spread–skill plots for 
the deep learning models (CNN, NN) compared to other prediction systems. Please note that the 1:1 dotted 
line indicates a perfect spread–skill line. 

 
M.6 References 
Badrinath, A., Delle Monache, L., Hayatbini, N., Chapman, W., Cannon, F., & Ralph, F. M. 
(2022). Improving Precipitation Forecasts with Convolutional Neural Networks, submitted to 
Weather and Forecasting. 

Browning K. A., 1980: Structure, mechanism, and prediction of orographically enhanced rain in 
Britain. Orographic Effects in Planetary Flows, R. Hide and P.W. White, Eds., GARP Publication 
Series, 23, 85–114.  

Broxton, P. D., N. Dawson, and X. Zeng, 2016: Linking snowfall and snow accumulation to 
generate spatial maps of SWE and snow depth. Earth Space Sci.,3,246-256, 
https://doi.org/10.1002/2016EA000174 

Broxton, P. D., X. Zeng, and N. Dawson, 2019: Daily 4 km gridded SWE and snow depth from 
assimilated in-situ and modeled data over the Conterminous US, version 1. NASA National Snow 
and Ice Data Center Distributed Active Archive Center, accessed 25 February 2022, 
https://doi.org/10.5067/0GGPB220EX6A. 

Cannon, F., and Coauthors, 2020: Observations and predictability of a high-impact narrow cold-
frontal rainband in February 2019., Wea. Forecasting.,35, 2083–2097. 

https://doi.org/10.5067/0GGPB220EX6A


 

 223 

Chapman, W. E., Delle Monache, L., Alessandrini, S., Subramanian, A. C., Ralph, F. M., Xie, S., 
Lerch, S., & Hayatbini, N. (2022). Probabilistic Predictions from Deterministic Atmospheric River 
Forecasts with Deep Learning, Monthly Weather Review, 150(1), 215-234 

Cobb, A., A. Michaelis, S. Iacobellis, F. M. Ralph, and L. Delle Monache, 2021: Atmospheric river 
sectors: Definition and characteristics observed using dropsondes from 2014–20 CalWater and 
AR Recon. Mon. Wea. Rev., 149, 623–644. 

Cordeira, J.M., F.M. Ralph, A. Martin, N. Gaggini, R. Spackman, P.J. Neiman, J. Rutz, and R. 
Pierce, 2017: Forecasting atmospheric rivers during CalWater 2015. Bulletin of the American 
Meteorological Society, 98(3), 449-459. 

Cordeira, J. M., & Ralph, F. M. (2021). A Summary of GFS Ensemble Integrated Water Vapor 
Transport Forecasts and Skill Along the U.S. West Coast during Water Years 2017–2020, 
Weather and Forecasting, 36, 361-377 

Creamean, J. M., and Coauthors, 2013: Dust and biological aerosols from the Sahara and Asia 
influence precipitation in the western U.S. Science, 339, 1572–1578. 

Daly, C., M. Halbleib, J.I. Smith, W.P. Gibson, M.K. Doggett, G.H. Taylor, J. Curtis, and P.P. 
Pasteris, 2008: Physiographically sensitive mapping of climatological temperature and 
precipitation across the conterminous United States. Int. J. Climatol.,28,2031–2064, 
doi:10.1002/joc.1688. 

de Orla-Barile, M., Cannon, F., Oakley, N. S., & Ralph, F. M. (2021). A Climatology of Narrow 
Cold-Frontal Rainbands in Southern California. Geophysical Research Letters, 48, 
e2021GL095362. 

Demirdjian, R. , J. D. Doyle , C. A. Reynolds , J. A. Norris , A. C. Michaelis , and F. M. Ralph , 
2020: A case study of the physical processes associated with the atmospheric river initial 
condition sensitivity from an adjoint model. J. Atmos. Sci. , 77, 691–709. 

Haase, J. S. , M. J. Murphy Jr., B. Cao , F. M. Ralph , M. Zheng , and L. Delle Monache , 2021: 
Multi-GNSS airborne radio occultation observations as a complement to dropsondes in 
atmospheric river reconnaissance. J. Geophys. Res. Atmos. , 126, e2021JD034865 

Hatchett, B., B. Daudert, C. Garner, N. Oakley, A. Putnam, and A. White, 2017: Winter snow 
level rise in the northern Sierra Nevada from 2008 to 2017. Water, 9, 899. 

Hatchett, B.J., and Coauthors, 2020: Observations of an extreme atmospheric river storm with a 
diverse sensor network. Earth and Space Science, 7, 8, e2020EA001129. https://doi.org/ 
10.1029/2020EA001129. 

Hecht, C. W., and J. M. Cordeira, 2017: Characterizing the influence of atmospheric river 
orientation and intensity on precipitation distributions over North Coastal California, Geophys. 
Res. Lett., 44, doi:10.1002/2017GL074179. 

Hecht, C. W., A. C. Michaelis, A. C. Martin, J. M. Cordeira, F. Cannon, and F. M. Ralph, 2022: 
Illustrating ensemble predictability across scales associated with the 13–15 February 2019 
atmospheric river event. Bull. Amer. Met. Soc.,Map Room. 



 

 224 

Henn, B., R. Weihs, A.C. Martin, F.M. Ralph, and T. Osborne, 2020: Skill of rain-snow level 
forecasts for landfalling atmospheric rivers: A multi-model model assessment using California’s 
network of vertically profiling radars. J. Hydrometeor, 21, 751–771. 

Hill, F. F., 1983: The use of average annual rainfall to derive estimates of orographic 
enhancement of frontal rain over England and Wales for different wind directions. J. Climatol., 
3, 113–129.  

Hobbs, P. V., and Biswas, K. R., 1979: The cellular structure of narrow cold-frontal rainbands. 
Quarterly Journal of the Royal Meteorological Society, 105(445), 723– 727. 

Hobbs, P. V., Locatelli, J. D., Matejka, T. J., and Houze, R. A., Jr, 1978:  Air motions, mesoscale 
structure and cloud microphysics associated with a cold front.  Proceedings of the Conference 
on Cloud Physics and Atmospheric Electricity (pp.  277– 283). American Meteorological Society. 

Hollins, L.X., D.A. Eisenberg, and T.P. Seager, 2018: Risk and resilience at the Oroville Dam. 
Infrastructures, 3, 4, 49 pp, https://doi.org/10.3390/infrastructures3040049.  

Hughes M., K. M. Mahoney, P. J. Neiman, B. J. Moore, M. Alexander, and F. M. Ralph, 2014: 
The Landfall and inland penetration of a flood-producing atmospheric river in Arizona. Part II: 
Sensitivity of modeled precipitation to terrain height and atmospheric river orientation. J. 
Hydrometeor., 15, 1954–1974. 

Hayatbini, N., & Co-authors (2022). A Dual-Branch Deep Learning Framework to Improve Short 
Range Rainfall Forecasts, submitted to the Conference on Computer Vision and Pattern 
Recognition 2022. 

Jeworrek, J., G. West, and R. Stull, 2021: WRF Precipitation Performance and Predictability for 
Systematically Varied Parameterizations over Complex Terrain. Wea. Forecasting,36, 893-913, 
doi:10.1175/WAF-D-20-0195.1. 

Jorgensen, D. P., Pu, Z., Persson, P. O. G., & Tao, W.-K., 2003: Variations associated with cores 
and gaps of a Pacific narrow cold frontal rainband. Monthly Weather Review, 131(11), 2705– 
2729. 

Kingsmill D. E., P. J. Neiman, B. J. Moore, M. Hughes, S. E. Yuter, and F. M. Ralph, 2013: 
Kinematic and thermodynamic structures of Sierra barrier jets and overrunning atmospheric 
rivers during a landfalling winter storm in Northern California. Mon. Wea. Rev., 141, 2015–
2036. 

Lamjiri M. A., M. D. Dettinger, F. M. Ralph, N. S. Oakley, and J. J. Rutz, 2018: Hourly analyses 
of the large storms and atmospheric rivers that provide most of California’s precipitation in only 
10 to 100 hours per year. San Franc. Estuary Watershed Sci., 16. 

Lavers, D. A. , M. J. Rodwell , D. S. Richardson , F. M. Ralph , J. D. Doyle , C. A. Reynolds , V. 
Tallapragada , and F.Pappenberger , 2018: The gauging and modeling of rivers in the sky. 
Geophys. Res. Lett. , 45, 7828–7834, 

Lavers, D. A. , and Coauthors , 2020: Forecast errors and uncertainties in atmospheric rivers. 
Wea. Forecasting , 35, 1447–1458. 



 

 225 

Maddox, R. A., Zhang, J., Gourley, J. J., & Howard, K. W. (2002). Weather radar coverage over 
the contiguous United States. Weather and Forecasting, 17(4), 9272–9934. 

National Research Council. (2005).  Flash flood forecasting over complex terrain: With an 
assessment of the Sulphur Mountain NEXRAD in Southern California. The National Academies 
Press. https://doi.org/10.17226/11128 

Martin, A. C.,Ralph, F. M., Wilson, A., DeHaan, L., and B. Kawzenuk, (2019) Rapid Cyclogenesis 
from a Mesoscale Frontal Wave on an Atmospheric River: Impacts on Forecast Skill and 
Predictability During Atmospheric River Landfall. J. Hydrometeorology, 20, 9, 1779-1794, 
doi:10.1175/JHM-D-18-0239.1. 

Michaelis, A., Martin, A. C., Fish, M. A., Hecht, C., and F. M. Ralph (2021) Modulation of 
Atmospheric Rivers by Mesoscale Frontal Waves and Latent Heating: Comparison of Two U.S. 
West Coast Events. Mon. Wea. Rev.,149, 8, 2755 – 2776. 

Neiman P. J., F. M. Ralph, A. B. White, D. E. Kingsmill, P. O. G. Persson, 2002: The statistical 
relationship between upslope flow and rainfall in California’s coastal mountains: Observations 
during CALJET. Mon. Wea. Rev., 130, 1468–1492. 

Neiman, P. J., Martin Ralph, F., Persson, P. O. G., White, A. B., Jorgensen, D. P., and Kingsmill, 
D. E., 2004: Modification of fronts and precipitation by coastal blocking during an intense 
landfalling winter storm in southern California: Observations during CALJET. Monthly Weather 
Review, 132(1), 242– 273. 

Neiman P. J., M. Hughes, B. J. Moore, F. M. Ralph, and E. M. Sukovich, 2013: Sierra barrier 
jets, atmospheric rivers, and precipitation characteristics in Northern California: A composite 
perspective based on a network of wind profilers. Mon. Wea. Rev., 141, 4211–4233. 

Niu, G.-Y., and Coauthors, 2011: The community Noah land surface model with 
multiparameterization options (Noah-MP): 1. Model description and evaluation with local-scale 
measurements. J. Geophys. Res.,116, D12109, doi:10.1029/2010JD015139. 

Norris, J. R., and Coauthors, 2020: The observed water vapor budget in an atmospheric river 
over the northeast Pacific. J. Hydrometeor., 21, 2655–2673. 

Oakley, N., J. Cannon, F., Munroe, R., Lancaster J., Gomberg D., and Ralph F.M., 2018: Brief 
communication: Meteorological and climatological conditions associated with the 9 January 
2018 post-fire debris flows in Montecito and Carpinteria, California, USA. Nat. Hazards Earth 
Syst. Sci., 18, 3037-304. 

Office of the Federal Coordinator for Meteorology, 2019: National winter season operations 
plan. OFCM Rep. FCM-P13-2019, 84 pp. 

Office of the Federal Coordinator for Meteorology, 2020: National winter season operations 
plan. OFCM Rep. FCM-P13-2020, 126 pp., www.icams-
portal.gov/resources/ofcm/nwsop/2020_nwsop.pdf. 

Osborne, T., 2021: Extreme Rain-Snow Level Variations during California Storms, Ph.D. 
Dissertation, University of California San Diego, 116 pp. 
https://escholarship.org/content/qt4db9s236/qt4db9s236.pdf 

https://doi.org/10.17226/11128
http://www.icams-portal.gov/resources/ofcm/nwsop/2020_nwsop.pdf
http://www.icams-portal.gov/resources/ofcm/nwsop/2020_nwsop.pdf


 

 226 

Powers, J. G., and Coauthors, 2017: The Weather Research and Forecasting Model: Overview, 
System Efforts, and Future Directions.  Bull. Amer. Meteor. Soc.,98,1717-1737, 
doi:10.1175/BAMS-D-15-00308.1. 

Ralph F. M., P. J. Neiman, D. E. Kingsmill, P. O. G. Persson, A.B. White, E. T. Strem, E. D. 
Andrews, and R. C. Antweiler, 2003: The impact of a prominent rain shadow on flooding in 
California’s Santa Cruz mountains: a CALJET case study and sensitivity to the ENSO cycle. J. 
Hydrometeor., 4, 243–1264 

Ralph F. M., P. J. Neiman, G. N. Kiladis, and K. Weickmann, 2011: A multiscale observational 
case study of a Pacific atmospheric river exhibiting tropical-extratropical connections and a 
mesoscale frontal wave. Mon. Wea. Rev., 139, 1169–1189. 

Ralph, F. M., T. Coleman, P. J. Neiman, R. J. Zamora, and M. D. Dettinger, 2013: observed 
impacts of duration and seasonality of atmospheric-river landfalls on soil moisture and runoff in 
coastal Northern California. J. Hydrometeor., 14, 443–459. 

Ralph F. M., J. M. Cordeira, P. J. Neiman, and M Hughes, 2016: Landfalling atmospheric rivers, 
the Sierra barrier jet, and extreme precipitation in northern California’s Upper Sacramento River 
Watershed. J. Hydrometeor., 17,1905–1914. 

Ralph, F.M., and Coauthors, 2016: CalWater field studies designed to quantify the roles of 
atmospheric rivers and aerosols in modulating U.S. West Coast precipitation in a changing 
climate. Bull. Amer. Meteor. Soc., 97,1209–1228, doi:10.1175/BAMS-D-14-00043.1.  

Ralph, F. M. , and Coauthors , 2020: West Coast forecast challenges and development of 
atmospheric river reconnaissance. Bull. Amer. Meteor. Soc. , 101, E1357–E137 

Reynolds, C. A., J. D. Doyle, F. M. Ralph, and R. Demirdjian, 2019: Adjoint sensitivity of North 
Pacific atmospheric river forecasts. Mon. Wea. Rev., 147, 1871–1897.  

Ricciotti, J. A., and J. M. Cordeira, 2022: Relationships among landfalling atmospheric rivers, 
integrated water vapor transport, and California watershed precipitation 1982 – 2019. J. 
Hydromet., In Review.  

Rutz J. J., W. J. Steenburgh, and F.M. Ralph, 2014: Climatological characteristics of atmospheric 
rivers and their inland penetration over the western United States. Mon. Wea. Rev., 142. 

Skamarock, W. C., and Coauthors, 2008: A description of the Advanced Research WRF version 
3. NCAR Tech. Note NCAR/TN-475+STR, 113 pp., https://doi.org/10.5065/D68S4MVH.  

Steinhoff D., Cobb, A., Weihs, R., Delle Monache, L., Kawzenuk, B., Papadopolous, C., DeHaan, 
L., Reynolds, D., & Ralph, F. M. (2022). West-WRF 32-Year Reforecast: Description and 
Validation, in preparation for Journal of Hydrometeorology. 

Stone, R. E., C. A. Reynolds, J. D. Doyle, R. Langland, N. Baker, D. A. Lavers, and F. M. Ralph, 
2020: Atmospheric river reconnaissance observation impact in the Navy Global Forecast System. 
Mon. Wea. Rev., 148, 763–782. 

Sumargo, E., F. Cannon, F., F. M. Ralph, and B. Henn, 2020: Freezing level forecast error can 
consume reservoir flood control storage: potentials for Lake Oroville and New Bullards Bar 
reservoirs in California. Water Resources Research, 56,e2020WR027072. 



 

 227 

Thompson, R. A., 2001: Flash flood event of 6 February 1998: A case study. (NWS Western 
Region Technical Attachment 01-08. National Weather Forecast Office. Retrieved from 
https://weather.gov/media/wrh/online_publications/TAs/ta0108.pdf 

Thompson, G., P.R. Field, R.M. Rasmussen, and W.D. Hall, 2008: Explicit Forecasts of Winter 
Precipitation Using an Improved Bulk Microphysics Scheme. Part II: Implementation of a New 
Snow Parameterization.  Mon. Wea. Rev., 136, 5095-5115, doi:10.1175/2008MWR2387.1. 

Vano, J.A., M.D. Dettinger, R. Cifelli, D. Curtis, A. Dufour, K. Miller, J.R. Olsen, and A.M. Wilson, 
2019: Hydroclimatic extremes as challenges for the water management community: lessons 
from Oroville Dam and Hurricane Harvey. Bull. Amer. Meteor. Soc., 100, 1, S9-S14, 
https://doi.org/10.1175/BAMS-D-18-0219.1.  

White, A. B., D. J. Gottas, E. T. Strem, F. M. Ralph, and P. J. Neiman, 2002: An automated 
brightband height detection algorithm for use with Doppler radar spectral moments. J. Atmos. 
Oceanic Technol., 19, 687–697. 

White A. B., P. J. Neiman, J. M. Creamean, T. Coleman, F. M. Ralph, and K. A. Prather, 2015: 
The impacts of California’s San Francisco Bay Area Gap on precipitation observed in the Sierra 
Nevada during HMT and CalWater. J. Hydrometeor, 16, 1048–1069. 

White, A. B., B. J. Moore, D. J. Gottas, and P. J. Neiman, 2019: Winter storm conditions leading 
to excessive runoff above California’s Oroville Dam during January and February 2017. Bull. 
Amer. Meteor. Soc., 100, 55–70 

Wilson, A. M., Cobb, A., Ralph, F. M., Tallapragada, V., Davis, C., Doyle, J., Delle Monache, L., 
Pappenberger, F., Reynolds, C., Subramanian, A., Cannon, F., Cordeira, J., Haase, J., Hecht, C., 
Lavers, D., Rutz, J. J., and M. Zheng, 2022: Atmospheric River Reconnaissance Workshop 
promotes research and operations partnership, Bull. Amer. Met. Soc., 103, E810-E816. 

Zeng, X., P. Broxton, and N. Dawson, 2018: Snowpack change from 1982 to 2016 over 
conterminous United States. Geophys. Res. Lett., 45,12 940-12 947, 
https://doi.org/10.1029/2018GL079621. 

Zheng, M., and Coauthors , 2021a: Data gaps within atmospheric rivers over the northeastern 
Pacific. Bull. Amer. Meteor. Soc., 102, E492–E524. 

Zheng, M., and Coauthors , 2021b: Improved forecast skill through the assimilation of 
dropsonde observations from the Atmospheric River Reconnaissance program. J. Geophys. Res. 
Atmos., 126, e2021JD034967. 

 
  

https://weather.gov/media/wrh/online_publications/TAs/ta0108.pdf
https://doi.org/10.1029/2018GL079621


 

 228 

Appendix N—Hydrology (Section 6)  
N.1 CNRFC Hydrology Modeling Overview 
CNRFC streamflow forecasts are operationally available for the Feather-Yuba system as both 
use physically based models that attempt to capture the full physics of watershed behavior. 
CNRFC model applications are “semi-lumped” as opposed to an interconnected grid network. 
Watersheds with large elevation ranges are typically modeled in two to three elevation bands to 
better represent elevation-dependent processes, features, and conditions. CNRFC watershed 
models are run with a six-hour time step and riverine models are run with an hourly time step. 

 
Figure N-1. Watershed and riverine models deployed by the CNRFC within the CHPS framework 

 
The generalized process used to generate the 5-day deterministic forecasts is shown in Figure 
3-15. Here, the CHPS hydrologic models are presented with new observations and updated 
meteorological forecasts with each forecast cycle. There is at least one forecast cycle per day 
(365 days/year), with two on weekdays in the winter and up to four during flood events. As well 
as needing the latest weather forecast, reliable streamflow forecasts depend on quality control 
of observations and the monitoring and tuning of model states. In conducting forecasting 
duties, hydrologists work their way through the model topology for each river basin, making the 
necessary adjustments to the observational data and model states to achieve (1) a good fit of 
the simulated streamflow to the observations during the last several days and (2) confidence in 
the streamflow forecast given the forecast meteorology. When complete, the forecasts are 
packaged into graphics and text products used to generate public watches and warnings and to 
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help with resource management decisions (e.g., reservoir releases). Current and archived river 
forecasts can be found on the CNRFC website (www.cnrfc.noaa.gov). 

 
Figure N-2. Generalized forecast process used by the CNRFC to generate five-day deterministic streamflow 
forecasts 

 
The CNRFC model topology for simulating and forecasting the Feathery-Yuba watershed are 
shown in Figure N-3 through Figure N-8. This is a highly regulated system, and the CNRFC 
attempts to model the regulation for the short range deterministic and ensemble (< 30 days) 
streamflow products.  The reservoirs modeled are indicated by squares, and diversions are 
dashed lines.  It should be noted that none of this regulation was accounted for in the hindcast 
effort but is implemented into the short range operational streamflow forecast products. 

 
Figure N-3. North and Middle Yuba River Topology 

 

http://www.cnrfc.noaa.gov/
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Figure N-4. South Yuba River Topology 

 

 
Figure N-5. Lower Yuba River Topology 
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Figure N-6. Middle Fork Feather River Topology 

 

 
Figure N-7. North Fork Feather River Topology 
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Figure N-8. Lower Feather River Topology 

 
N.1.1 Hindcast Scaling Details 
The dates and scale factors associated with the hindcast scaled events are in the following 
table: 

Historical Event Scale Window Scale Factor Range 

1986 2/15/1986@12:00GMT - 
2/20/1986@6:00GMT 

1.0 to 1.5 @ 0.1 increments 

1997 12/29/1996@6:00GMT - 
1/3/1997@0:00GMT 

0.9 to 1.3 @ 0.1 increments 

2006 12/27/2005@6:00GMT - 
1/1/2006@0:00GMT 

1.8 to 2.8 @ 0.2 increments 
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Appendix O—Yuba-Feather Monitoring Network 
Evaluation (Section 6) 
The higher-level objectives of the network evaluation plan are discussed in Section 6.3. Below 
we have included the results of the initial evaluation that inform the observation section 
recommendations. The survey portions of the evaluation are to be completed as part of the 
FVA. 

O.1 Existing Gaps in Data: Spatial and Temporal 
 
O.1.1 Background 
The monitoring network in the Yuba and Feather watersheds consists of several, independently 
operated meteorological and hydrological monitoring networks. Records of monitoring in these 
watersheds date back to the early 1900s with the development of the snow survey network and 
cooperative. The oldest telemetered precipitation monitoring stations date back to 1984, 
however there are several stations with manual entry dating back further. Many precipitation 
and snow stations came online in the early 1980’s through advances in technology and 
monitoring initiatives. The network evaluation surveys, to be completes with FVA, will include 
additional information from key operators regarding the periods of record from their respective 
networks. 

This initial assessment focuses on data available via the California Data Exchange Center 
(CDEC; cdec.water.ca.gov), however, determining what stations exist offline or on other 
platforms and the potential gaps they fill is also a priority for assessing monitoring efforts as we 
continue to evaluate their effectiveness. 

The network evaluation focuses on the following observation types: Snow water equivalent 
(including snow surveys), snow level, precipitation amount, precipitation phase, soil moisture, 
and streamflow (Overview map: Fig. 6c.1-1). The spatial distribution of each observation type 
and the period of record of those stations are detailed in the 6c supplemental maps (6c. 6-1 - 
6-4) and summarized in supplemental Table 6c. 6-3. 

O.1.2 Spatial gaps: Elevation distribution 
The elevational coverage of precipitation and soil moisture observations are summarized in 
figures 6c.1-2 and 6c.1-3 which show the hypsometric curve, the percent of land area below a 
specified elevation, and the number of stations per 250-m elevation band. These show a 
relatively even representation of elevation by the precipitation stations with 62% of stations 
existing between 1000m  and 2250m (~80% of the watersheds’ area). There are far fewer 
stations with soil moisture measurements (10 stations total) which are well-distributed across 
elevation; 80% of stations are between 1000m  and 2250m. 
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Figure O-1. Map of monitoring station locations in the Yuba and Feather watersheds that are available online 
in near real time. Colors and symbols indicate observation type and network/availability. 

 
Figure O-2. Hypsometric curve of the Yuba and Feather Watersheds showing number of real-time 
precipitation stations per 250-meter elevation interval. 
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Figure O-3. Hypsometric curve of the Yuba and Feather Watersheds showing number of real-time soil 
moisture stations per 250-meter elevation interval. 

 
O.1.3 Spatial gaps: Landscape characteristics 
A K-means clustering analysis was performed to classify areas of the watershed into 6 classes 
with distinct characteristics (SAGA-GIS v7.1.0; Forgy, E. (1965) & Rubin, J. (1967)). The 
classification used elevation, aspect, and slope derived from a 3-m digital elevation model and 
resampled to match the 800-m resolution of the PRISM 30-year precipitation climatology for the 
watersheds (supplemental Table 6c. 6-1). All datasets were normalized prior to clustering to 
prevent bias in the results due to different ranges in each dataset. Soil type and landcover were 
excluded from the cluster analysis itself as the watershed is heavily forested and the categorical 
soil type information was compared after the fact primarily for the existing soil moisture 
observations. 

The clusters (Fig. 6c.1-4; summarized in supplemental Table 6c. 6-2) were most distinguished 
by precipitation, ranging from 645 mm/yr (cluster 4) - 2050 mm/yr (cluster 5). West of the 
Sierra Crest, the clusters breakdown largely by elevation and precipitation, while east of the 
Sierra Crest, the clusters are more influenced by aspect. The clusters evenly represent basin 
area (12.6% (cluster 1) - 20.8% (cluster 6)). 

Cluster 6, which experiences a 30-yr mean precipitation in the upper part of the range across 
clusters (1780 mm/yr), had the highest number of precipitation stations (16 stations; 
supplemental Table 6c. 6-3). The lowest number of precipitation stations was in cluster 2 (7 
stations; supplemental Table 6c. 6-3) which experiences a mean annual precipitation in the 
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middle of the range across clusters (1100 mm/yr) and is interspersed with cluster 3 grids (940 
mm/yr mean) near many of these stations. 

There are no soil moisture stations in cluster 2, however, adjacent clusters 3 and 4 do have soil 
moisture stations (supplemental Fig. 6c. 6-6). Though there are few soil moisture stations in the 
watershed, the existing stations represent most of the clusters as well as covering a range of 
gravelly loam and sandy loam soil types. However, due to the low total number of stations 
relative to the vast area of the watersheds, it is still strongly recommended that more stations 
with soil moisture are installed throughout the watersheds. 

  
 

Figure O-4. Map summarizing the clusters determined from K-means clustering of elevation, aspect, slope, 
and PRISM precipitation climatology at 30-m grid scale. Precipitation station locations are shown (black dots) 
for reference of station coverage. 

 
O.1.4 Precipitation decision support 
The Yuba and Feather watersheds contain 3 of the 8 stations (see Fig. 6c.1-5) used in CA 
DWR’s Northern Sierra 8-Station Precipitation Index (8SI), an important water supply indicator 
developed in 1920. The stations are well-distributed across the range of precipitation 
experienced climatologically. 

The CNFRC uses one of the stations used in the 8SI as well as many stations available on CDEC 
and some stations from other networks (Fig. 6c.1-5). These stations are also well-distributed 
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throughout the watersheds. It is recommended that we further investigate the reasons for 
exclusion of some stations from CNRFC’s products. 

The density of active precipitation stations was calculated using a kernel density estimation 
(QGIS Heatmap (kernel density estimation)). The densest areas of monitoring are in the East 
Branch of the North Fork Feather watershed near Quincy, CA and in the Yuba below New 
Bullards Bar (both areas have upwards of 8 stations per 30km2 which includes manually entered 
data). These areas border the Sierra Crest, which has the highest precipitation climatologically. 
The lowest density monitoring areas are the northwest portion of the North Fork Feather, the 
western portion of the Middle Fork Feather near the Sierra Crest, and the easternmost portion 
of the Middle Fork Feather. Near Lassen Peak and Tásmam Koyóm (Humbug Valley) in the 
North Fork Feather are gaps recommended to be filled. The western portion of the Middle Fork 
includes mostly steep terrain in a mix of private forestry and National Forest land making it 
difficult to instrument. The easternmost port of the Middle Fork is largely irrigated, agricultural 
land and is the area with the lowest precipitation climatologically; however, these areas are still 
recommended to be monitored. 

 
Figure O-5. Map showing the locations of precipitation stations used by CNRFC (QPE products) and by DWR’s 
Northern Sierra 8-Station Index. 
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Figure O-6.Map showing the locations of precipitation stations and the density of stations per 30 km2 (higher 
density = darker blue). 

 
O.1.5 Precipitation time series correlation 
Precipitation time series for the identified clusters were compared during 3 different AR events 
to determine how similar (or not) stations within each cluster were (summarized in 
supplemental Table 6c. 6-4). The clusters cover large areas of the basin and a combination of 
topography and storm track drive differences in precipitation timing and amount for a given 
area which likely explains why the correlations are not strong and vary widely between events. 
Further investigation into station performance and coverage is recommended in conjunction 
with verification section efforts. 

 
O.1.6 QPF Error 
Preliminary results from analysis on West-WRF QPF errors show a lack of model skill in the high 
elevation regions near the Sierra Crest (Fig. 6c. 1-7). This area has medium station density; 
however, the quality of precipitation information in the high elevations is affected by the type of 
gage used and whether the gage can account for frozen precipitation. It is recommended that 
gage type information be readily available and high elevation gages be replaced by robust, all-
weather options. Additional analysis on model and forecast performance is recommended to 
confirm areas that require upgraded gages or additional instrumentation and to cover the 
Feather watershed. Further analysis is required to best quantify model errors and gaps related 
to soil moisture and other variables. 72-hr inflow verification and discharge observation 
evaluation are covered by the hydrology and verification sections. 
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Figure O-7. West-WRF QPF error (mm; more red = higher error) for 1–5-day lead times overlaid with 
precipitation station locations (hollow triangles) for the Yuba watershed. 

 
O.1.7 Additional observations of interest 
Additional observation types have been flagged as priorities for evaluation through cross-team 
collaboration among PVA sections including snow albedo, precipitation phase from 
disdrometers, and snow level from radars. Currently there are no albedo measurements 
available in near real time for the Yuba and Feather, however, remote sensing products such as 
ASO do provide albedo data with high spatial coverage but low temporal frequency. 
Precipitation phase from disdrometers is a new measurement to the watersheds as of CW3E 
installations beginning in 2019 and the data quality are assessed in this evaluation but spatial 
coverage is not. Snow level data are available from the NOAA FMCW Radars: OVL (since 2012) 
and CFF (2008) and CW3E micro rain radars NBB and DLA since 2019. We evaluate the data 
quality and outages for the CW3E radars in this assessment and recommend further assessment 
of the FMCWs in future evaluations. 

O.1.8 Temporal gaps: Resolution and period of record 
15-minute data are the highest resolution available for near real time data on most online 
platforms and are preferred over hourly or coarser resolutions for evaluating precipitation 
processes and runoff generation. Due to telemetry limitations, data logger storage and age, and 
other factors, not all stations have data available at sub-hourly intervals. It is a priority to 
develop a network with high spatial coverage of 15-minute resolution data and long periods of 
record (10+ years). 
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The temporal resolution available for various observation types as well as the periods of record 
available for those observations are summarized in Table 6c.1-1. Periods of record for different 
observations are also visualized in the maps provided in the supplemental section of this report.  

Table O-1. Number of stations per observation type and temporal resolution and the average periods of 
record available on CDEC for those stations with near real time data available. Periods of record 
calculated relative to 2022. 

Observation type Number of Stations 
with Event Data 

Number of Stations 
with Hourly Data 

Avg. Period of 
Record (years) 

Precipitation 17 43 24 

Snow water equivalent 11 15 29 

Snow depth 5 5 14 

Snow level 2 2 3 

Precipitation type 2 0 2 

Soil moisture 5 6 2 

Streamflow 22 19 14 
 
 
O.2 Issues with existing networks 
Information regarding station outages and quantifying when stations are down is difficult to 
compile with existing resources. Some operators are able to backfill stations, which benefits the 
long-term usability of the data but obscures whether the data were available at the time of the 
event. Real time data are necessary for forecasts and decision support. 

We have compiled the outage data for the CW3E Rad Met stations and compared it to the QPE 
of the nearest grid cell for the period of water year 2019 to June 2022. For the period of record 
of the DLA and NBB disdrometer data, most missing data occurred when it was not raining 
(DLA: 93.45%, NBB: 93.07%; Table 6c. 6-8) and sensor error indications were exclusively when 
it was not raining (DLA: 100%, NBB: No sensor error indications for period of record; Table 6c. 
6-9). The MRRs were similarly error-free during rainy periods, with the largest percentage of 
missing data occurring when it was not raining (DLA: 93.16%, NBB: 90.22%; Table 6c. 6-6). 
Water year plots of missing data for the disdrometer and MRR at DLA and NBB show that 
missing data are often but not always a station-wide issue (Water 2021 example in Fig. 6c. 2-1 
& Fig. 6c. 2-2). Further information from the evaluation of outages at DLA and NBB is provided 
in the supplemental figures and tables (Tables 6c. 6-5 - 6-9; Figures available upon request). 
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Figure O-8. Missing disdrometer data (red shading) plotted over the time series of QPE (blue bars) from the 
grid cell nearest DLA for water year 2021. 

 

 
Figure O-9. Missing MRR data (red shading) plotted over the time series of QPE (blue bars) from the grid cell 
nearest DLA for water year 2021. 

 
We will evaluate the CW3E surface meteorology and soil moisture station’s outages for the FVA. 
To better quantify outage information from other operators and networks, the survey 
implemented for the FVA will assess metadata regarding outages, flagging, quality control, and 
backfill processes. We recommend that more clear flagging is made optional via CDEC to 
indicate backfilled content. 
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O.3 Improvements in data receipt and visualization 
Data receipt and visualization will be assessed via surveys to be conducted for the FVA. The 
surveys will cover the following questions and topics: 

 Are there any improvements needed in terms of data receipt and visualization? 

• How many stations are not hosted on CDEC? 
− Survey of all station networks in the region 
− Summary map or table depending on extent of stations not on CDEC 
− Include survey question for reasons stations are not on CDEC 

• What observation types would be beneficial to have on CDEC and in near real-time? 
• Survey questions for data visualization on CW3E website and on CDEC 

The surveys will inform the recommendations of the FVA and will be available as a reference 
point for future evaluations of the network. A version of the survey will be distributed annually 
to track improvement on these subject areas. 

O.4 Recent network enhancements and recommendations 
 
The main section references the stations added by CW3E since 2019, tabulated below. 

Continued network enhancements will be logged in future, annual evaluations. 

Table O-2.  Observations added in support of FIRO objectives. * = not telemetered (as of July 2022). S 
= non-standard soil pit depths. H = Heated tipping bucket. 

Name Watershed Code Latitude Longitude 
Elevation 

(m) Station Type 
Installation 

date 

Skyline HarvestS Yuba SKY 39.470969 -121.091673 833 SMOIL Oct 2019 

Northstar 
Meadow* Yuba NSM 39.605249 -121.071594 1235 SMOIL Aug 2020 

Lower Bathhouse 
(SFSU)H Yuba LBH 39.624073 -120.577654 1680 Disdro Met Oct 2020 

DownievilleH Yuba DLA 39.5634 -120.8242 901 Rad Met Oct 2019 

New Bullards Bar 
DamH Yuba NBB 39.396359 -121.1437698 634 Rad Met Dec 2019 

Feather River 
College Feather FRC 39.945873 -120.969701 1044 SMOIL Nov 2019 

Marysville, Kibbe 
Road Yuba YUB 39.220808 121.482356 30 Launch 2019 

Truckee radar Martis Cr. TRK 39.328435 120.122274 1789 MRR Mar - June 2020 

Browns Valley Yuba BVS 39.23586 -121.40621 71 SMOIL Apr 2021 
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Name Watershed Code Latitude Longitude 
Elevation 

(m) Station Type 
Installation 

date 
School 

Portola Feather POR 39.8175 -120.4969 1509 SMOIL Oct 2021 

Sycamore Ranch* Yuba SYR 39.22389 -121.407016 46 Stream Aug 2021 

Little Dry Cr.* Yuba LDM 39.256644 -121.39706 65 Stream Aug 2021 
 
This iteration of the network evaluation highlights broader issues and gaps within the 
monitoring network, key findings include: 

 Soil moisture data are lacking and many existing observations are not available in near real 
time. The soil moisture stations added by FIRO have increased the spatial and temporal 
coverage of soil moisture data available in near real time but some landscape 
characteristics are still not well-represented. Utility of soil moisture data requires a long 
period of record (3–6 years minimum; Ford et al., 2016) and is currently most useful for 
situational awareness and model validation. 

 Precipitation stations have good spatial and temporal coverage and represent key 
identified landscape characteristics. Precipitation is also most useful and most readily 
integrable into runoff forecasts. 

 All-weather precipitation gages (especially above approximately 5000 feet elevation) have 
the best accuracy for determining precipitation totals regardless of precipitation phase and 
metadata information is lacking for identifying gage types at high elevations. 

 Current precipitation data quality at high elevation should be further investigated with 
regards to high QPF error in those regions.  

 Point measurements of precipitation phase in mid-elevations (approximately 5000 feet) 
can validate freezing level forecasts by identifying the rain-snow transition elevation and 
more of these data would be useful in validation efforts. 

 Snow level data, used for adjusting forecasts (nowcasting) and validating gridded 
datasets, would benefit from additional point measurements to add granularity. 

 Precipitation phase and snow level data from CW3E stations had very little to no missing 
data during ARs. Further examination of outages is required to quantify error across other 
observation types during ARs. 

 Data quality and reliability are a priority for many snow variables (snow water equivalent, 
albedo, density) for understanding snowmelt timing and magnitude. 

We recommend the following be completed for the FVA and by future iterations of the network 
evaluation: 

 Develop and implement the CNRFC Mountain Mapper tool to best leverage the 
precipitation (and ancillary) data collected from existing and newly deployed sensor 
networks 
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 Confirm and exhibit utility of newly available observation types (e.g., snow albedo, ASO, 
Rad Met data) to inform/validate forecasts in case studies 

 Determine what monitoring stations exist offline and work with operators to make data 
available in near real time and more readily integratable into forecast, verification, and 
decision support tools 

 Investigate the data quality of high elevation precipitation further and quantify the all-
weather gages available to improve QPF errors 

 Conduct and refine the network evaluation plan annually to accommodate partner 
recommendations and needs 

 Plan network installation/enhancement to fill known gaps 

Our recommendations are summarized further in Section 6.3 of the PVA. 
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O.6 Supplemental figures and tables 
 
 

 
Figure O-10. Map of period of record of active snow surveys (larger symbol = longer period of record). 

 
Figure O-11. Map of period of record of active stations with snow water equivalent measurements in near real 
time (larger symbol = longer period of record). 
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Figure O-12. Map of period of record of active stations with precipitation measurements (manual entry and 
telemetered)(larger symbol = longer period of record). 

 
Figure O-13. Map of period of record of active stations with discharge measurements available in near real 
time (larger symbol = longer period of record). 
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Figure O-14. Map of active precipitation stations with PRISM precipitation climatology overlaid. 

 

 
Figure O-15. Map of clusters from cluster analysis with locations of soil moisture observations (filled = 
telemetered, hollow = offline). 
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Table O-3.  Datasets included in the cluster analysis. Soil types were referenced but not used in the 
clusters. 

Variable Resolution Source 

Total Annual Precip - 30 Year Norm 800m PRISM 

Digital Elevation Model (DEM) 3m USGS 

Slope 3m Derived from DEM 

Aspect 3m Derived from DEM 

NRCS Digital General Soil Map of U.S. 6km NRCS 

 

Table O-4.  Cluster characteristics. 

Cluster 
% Basin 

area 
Avg. Precip. 

(mm/yr) 
Avg. Elev. 

(m) Characteristics 

1 12.6 1190 534 
lowest elevation region; western-most, 
medium precip and lower slope 

2 12.7 1100 1520 
mid-elevation; mid-slope; med-low 
precip; eastern side 

3 17.4 940 1680 
mid/high elev; lower slope; med-low 
precip; mostly east facing 

4 18.1 645 1760 
mid/high elev; lower slope; lowest 
precip; mostly south facing 

5 18.4 2050 1830 Highest elev; highest precip; mid-slope 

6 20.8 1780 1120 mid/low elev: med precip; steep slope 
 

Table O-5.  Station types and amounts per cluster from cluster analysis. These totals include stations of 
all temporal resolutions (event - monthly). 

Cluster # Station type # of stations 
Percent of total  

station type 

1 

Precipitation 13 19% 

SWE 0 0% 

Snow survey 0 0% 

Soil Moisture 1 17% 

2 
Precipitation 7 10% 

SWE 2 15% 

Snow survey 5 13% 

https://prism.oregonstate.edu/recent/
https://apps.nationalmap.gov/downloader/#/
https://websoilsurvey-dev.dev.sc.egov.usda.gov/
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Cluster # Station type # of stations 
Percent of total  

station type 

Soil Moisture 0 0% 

3 

Precipitation 15 21% 

SWE 1 8% 

Snow survey 7 18% 

Soil Moisture 1 17% 

4 

Precipitation 8 11% 

SWE 1 8% 

Snow survey 3 8% 

Soil Moisture 1 17% 

5 

Precipitation 11 16% 

SWE 9 69% 

Snow survey 22 58% 

Soil Moisture 2 33% 

6 

Precipitation 16 23% 

SWE 0 0% 

Snow survey 1 3% 

Soil Moisture 1 17% 
 
 

Table O-6.  Correlation between precipitation time series by cluster for 3 ARs. 

Event Cluster # 

Range of 
correlation 

between stations 

mean 
correlation 
between 
stations 

# of stations used 
(15-min data) 

Feb. 6th, 2017 

1 -0.045 - 0.76 0.31 4 

2 0.27 - 0.78 0.47 4 

3 -0.099 - 0.95 0.25 8 

4 0.41 - 0.70 0.55 3 

5 0.12 - 0.83 0.6 7 

6 0.090 - 0.86 0.6 7 
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Event Cluster # 

Range of 
correlation 

between stations 

mean 
correlation 
between 
stations 

# of stations used 
(15-min data) 

Feb. 14th, 2019 

1 0.35 - 0.84 0.54 4 

2 0.17 - 0.56 0.41 4 

3 0.018 - 0.68 0.31 8 

4 0.44 - 0.51 0.48 3 

5 0.30 - 0.72 0.55 7 

6 0.10 - 0.82 0.44 7 

Oct. 23rd, 2021 

1 0.47 - 0.96 0.76 6 

2 0.55 - 0.75 0.66 3 

3 -0.048 - 0.99 0.52 8 

4 0.69 - 0.90 0.8 4 

5 0.56 - 0.98 0.76 7 

6 -0.19 - 0.96 0.48 8 
 
 

Table O-7.  Number of total minutes vs. the number of missing minutes for DLA and NBB MRRs. 

Station Total Minutes 
Num Missing 

Minutes 
% Missing 

Minutes 

DLA 1340640 77610 5.79% 

NBB 1291680 86870 6.73% 
 
 

Table O-8.  Percent of missing minutes binned by QPE (ex. of all missing values, what % occurred when 
QPE=0, etc.) for DLA and NBB MRRs. 

Station QPE=0mm 0-10mm 10-20mm 20-30mm 30-40mm 40-50mm 50-60mm 

DLA 93.16% 5.42% 0.99% 0.42% 0.00% 0.00% 0.00% 

NBB 90.22% 8.54% 1.24% 0.00% 0.00% 0.00% 0.00% 
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Table O-9.  Number of total time steps vs. the number of missing time steps for DLA and NBB 
disdrometers. 

Station 
Total Time 

Steps 
Num Missing 
Time Steps 

% Missing 
Time Steps 

DLA 5685120 448273 7.89% 

NBB 7076160 198026 2.80% 
 

Table O-10. Percent of missing time steps binned by QPE (ex. of all missing values, what % occurred 
when QPE=0, etc.) for DLA and NBB disdrometers. 

Station QPE=0mm 0-10mm 10-20mm 20-30mm 30-40mm 40-50mm 50-60mm 

DLA 93.45% 5.75% 0.68% 0.08% 0.02% 0.01% 0.00% 

NBB 93.07% 5.71% 1.16% 0.00% 0.05% 0.00% 0.00% 
 
 

Table O-11. Percent of sensor status 1–3-time steps binned by QPE (ex. of all sensor error values, what 
% occurred when QPE=0, etc.) for DLA and NBB disdrometers. NBB unavailable because no sensor errors 
occurred. 

Station QPE=0mm 0-10mm 10-20mm 20-30mm 30-40mm 40-50mm 50-60mm 

DLA 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

NBB -- -- -- -- -- -- -- 
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Appendix P—Weather and Water Forecast 
Verification: Comprehensive Review (Section 6) 
Forecast verification of atmospheric river characteristics and impacts in the 
Yuba/Feather region 
 
P.1 Introduction 
The Yuba/Feather FIRO program is fundamentally grounded in the idea that utilization of high-
quality forecast information could help to better make decisions about water storage and 
releases of reservoirs at Oroville and New Bullards Bar reservoirs without further increasing risk 
to public safety and resources.  Thus, a thorough knowledge of the quality of the forecast 
information affecting runoff generation and inflows into the reservoirs is a critical step for 
potential FIRO implementation.   

This section captures the forecast evaluation and verification of AR-related atmospheric and 
hydrologic characteristics relevant for FIRO in the Yuba/Feather watershed.  Using a verification 
framework that takes into account decisions on the appropriate datasets, time scales, metrics, 
and tools appropriate for describing forecast skill under AR conditions, we evaluated forecasts 
over available periods of records for each model and observation source.  The baseline skill 
describes to the best ability, the long-term predictability of AR and hydrologic characteristics 
aggregated over relevant time scales.  Additionally, we provided examples of individual events 
or cases in which research directions for the FVA could be derived.   

P.2 AR landfall error 
Landfall position of an atmospheric river is a key indication for the onset and location of 
extreme precipitation in California.  Landfall represents the “first stage” of forecast error as the 
AR plume propagates onshore and is one of the measures used to describe the large (synoptic) 
scale forecast predictability.  The aim of this subtask is to provide a baseline assessment of 
landfall error of ARs impacting the Yuba/Feather region over several decades. 

Landfall error was evaluated using integrated vapor transport (IVT) from 34 years (1985-2018) 
of West-WRF reforecasts.  The reforecast is used in this case because the configuration of the 
models used to generate and initialize the forecasts are static; therefore, the forecast skill 
represents the AR predictability through time and not model improvements over time.   The 1–
5-day lead time forecasts were compared to the ECMWF v5 reanalysis (ERA5) throughout the 
cold season (December through March).  ARs are defined as contiguous areas (objects) of IVT 
above a given threshold using the Method for Object-based Diagnostic Evaluation (MODE, Davis 
et al, 2009).  ARs are subdivided by two sets of IVT thresholds; a threshold of 250 kg m-1 s-1, 
which require objects to have a minimum length of 2000 km, and 500 kg m-1 s-1, which require 
objects to have a minimum length of 1500 km (DeHaan et al, 2021).  Note that the ARs that 
satisfy the 500 kg m-1 s-1  threshold generally also satisfy the conditions for the 250 kg m-1 s-1  
threshold, and so the statistics computed for the higher threshold ARs also include the lower 
threshold ARs. 

Landfall is defined when any part of the AR object is within a quarter degree of the coastline.  
The landfall position is defined as the latitude with the highest IVT (i.e., core of the AR).  When 
both the reanalysis and the reforecast have a landfalling AR, the error in position is defined 
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simply as the difference between the two.  In order to focus on ARs that affect the 
Yuba/Feather water basin, the metrics presented here only consider ARs that make landfall 
between 35.5 and 38.5 degrees north (Ricciotti and Cordiera, 2022). 

Figure P-1 shows a performance diagram (Roebber, 2009) for forecasted landfalling ARs, where 
a hit is defined as an instance where both the forecast and the reanalysis have landfalling AR 
objects.   The probability of detection (POD) for landfalling ARs at the 250 kg m-1 s-1  threshold 
and 24-hour lead time is over 0.95, that is, 95% of the observed IVT objects were correctly 
matched to a forecast object at the time of landfall. The success ratio, or the fraction of 
correctly matched AR objects at the time of landfall to the total number of forecasted objects at 
24-hr lead time, is approximately 0.9 (i.e., false alarm ratio of 0.1).  Both of these metrics 
steadily fall with increasing lead time to a POD of 0.65 and success ratio of 0.8 at 168 hours.  
The metrics for the 500 kg m-1 s-1 threshold is lower than that of the 250 kg m-1 s-1 threshold at 
every lead time.  The critical success index (CSI) is greater than 50% for all lead times using a 
threshold of 250 kg m-1 s-1, whereas the CSI for the 500 kg m-1 s-1 threshold is 50% or greater 
only up to 96 hours lead time.  This likely means that higher intensity ARs are contributing to a 
greater degradation in hit rate, given the overlap of 500 kg m-1 s-1 objects within the 250 kg m-1 
s-1 threshold.  While the difference in metrics between the two thresholds at 24-hour lead time 
is relatively small, the difference at 168 hour lead time is much larger, with the higher threshold 
having a POD of only 0.45 (i.e. only 45% match between forecast and observations) and a 
success ratio of less than 0.6.  Note, at a 24-hour lead time over the 34-year record there are 
186 landfalling ARs at the 250 kg m-1 s-1  threshold, while there are only 30 landfalling ARs at 
the 500 kg m-1 s-1  threshold in the selected latitude band.  At 168-hour lead time the number 
of landfalling ARs at 500 kg m-1 s-1 is only 16.  This suggests higher intensity ARs are likely 
under forecasted (i.e., miss) at long lead times.   
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Figure P-1. Performance diagram for existence of landfalling ARs for the 250 kg m-1 s-1  threshold (asterisks) 
and the 500 kg m-1 s-1  threshold (circles) at lead times from 24 hours to 168 hours.  The green radial lines are 
the frequency bias, and the curved black lines are the threat score. 

 
When AR objects are correctly matched at the time of landfall (i.e. hit), the average position 
error for the ARs with a 250 kg m-1 s-1 threshold at a 24-hour lead time is 160 km, while the 
average error for the ARs with a 500 kg m-1 s-1  threshold at the same lead is 125 km (Figure 
P-2).  At 144-hour lead time, the average errors have increased to 435 km and 345 km, 
respectively.  As noted above, there are fewer ARs at the higher threshold, which leads to the 
larger confidence interval, shown in the shading.  The difference between the contingency table 
metrics (shown in Figure P-1) and the landfall position error suggests that while the forecast is 
less likely to predict the existence of a stronger landfalling AR, if it does predict the existence of 
a stronger AR, it is more likely to correctly position that AR. 
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Figure P-2. Average landfall position error for ARs at the 250 (red) and 500 (blue) kg m-1 s-1  thresholds.  The 
shading indicates the 90% confidence interval computed with bootstrapping. 

 
P.2.1 72-hr mean areal precipitation error 
The aim of this subtask is to provide a baseline assessment of precipitation forecasts in the 
Yuba/Feather region over several decades.  The accumulation period of 72 hours encapsulates 
the mean AR duration in Northern California, and therefore more adequately represents event 
total precipitation, and is consistent with Central Valley Hydrology (Department of Water 
Resources, 2015) for hydrologic time scale impacts from precipitation. (See section 1.1.1.4).   

Precipitation forecasts from the Global Ensemble Forecast System (GEFS) version 10 reforecast, 
hereafter GEFSv10, the GEFS version 12 reforecast, hereafter GEFSv12, and the West-WRF 3-
km reforecast, hereafter WWRF are compared and skill is assessed within the cool season 
between December and the following March. For the GEFS models the ensemble mean is used 
as the predictor of the basin MAP. We compare the MAP as a method to understand the 
hydrologic implications particularly in these two mountainous watersheds (i.e., Feather, Yuba). 
This follows the methodology described by Brown et al. (2014), where the GEFS ensemble 
mean grid point(s) nearest the watershed of interest is used in a pre-processor Meteorological 
Ensemble Forecast Processor (MEFP) to force a set of hydrologic ensembles used in the 
Hydrologic Ensemble Forecast Service (HEFS). These hydrologic ensemble predictions are input 
to the Ensemble Forecast Operations (EFO) model (Delaney et al. 2020) for FIRO decision 
support. 

The GEFSv10 ensemble mean was available on a 1° grid and processed using the 1° grid 
box(es) (red rectangle) centered nearest the individual watersheds as shown in Figure P-3. For 
the Yuba watershed, the 1° grids split the watershed. Thus, the MAP had to be calculated 
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based on the percent area of the sub-basins falling within each grid box. Sub-basins are shown 
as cyan lines in Figure P-3. The GEFSv12 MAPs for each watershed were calculated by sub-
basin by the CNRFC and provided to CW3E. The percent area of each sub-basin to the total 
watershed was also provided. From this information, the total watershed MAP was computed. 

 

 
Figure P-3. Feather (left) and Yuba (right) basin watersheds shaded in green with the 1° GEFSv10 grid used 
outlined in red. See text for explanation of treatment of grid box averaging for the Yuba for GEFSv10. CNRFC 
reference gauges used for computing mean areal precipitation (MAP) are identified. Cyan lines are the CNRFC 
sub-basins for the GEFSv12 MAPs. 

The WWRF reforecasts are a dynamical downscaling of the GEFSv10 control run and studied to  
determine if there is value added in MAPs generated at high resolution as a more skillful input 
to the MEFP for HEFS execution (Cobb et al., in preparation). The WWRF data were processed 
using HUC8 shapefiles (shaded objects in Figure P-3) that define the watershed boundaries. All 
model grid points falling within the shapefiles are averaged for each 6-hr period matching the 
GEFSv10/12 to arrive at the basin MAP. The individual 6-hr forecasts available for each model 
(20 for WWRF and 64 for the GEFS runs) were combined into 3-day MAP forecasts for days 1-3 
to days 14-16 for the GEFS, and days 1-3 to days 5-7 for WWRF.  

The qualitative precipitation estimate (QPE) is derived by the CNRFC via quality-controlled 
gauge data mapped to a 4-km HRAP (Hydrologic Rainfall Analysis Project) grid using index 
gauges across the watershed. The HRAP is derived using the Mountain Mapper algorithm 
(Henkel and Peterson 1996) and the index gauges shown in Figure P-3. The algorithm is based 
on interpolation of the reference gauge information to non-gauge locations adjusting for 
orography using PRISM (Parameter-elevation Relationships on Independent Slopes Model; Daly 
et al. 1994). An MAP is computed by averaging the grid points within each of the sub-basins 
defined for the given watershed. Each sub-basin’s MAP is weighted by its areal percentage of 
the entire watershed and then summed to arrive at the watershed MAP. The MAPs are in 6-hr 
intervals beginning at 12 UTC each day.   These values have been error checked by the CNRFC. 
To arrive at 72-hr totals the individual 6-hr MAPs are summed from 00 UTC Day 1 to 00 UTC 
day 4, or 12 6-hr periods. 

The precipitation forecasts were evaluated between December 1989 and March 2017.  Note, 
each forecast model configuration is static; however, the forcing of the GEFS forecasts changes 
around 1999.  The metrics evaluated were the coefficient of determination (R2), the root mean 
square error (RMSE), bias, the symmetric extremal dependence index (SEDI; Ferro and 
Stephenson 2011), and the Heidke skill score (HSS; Jolliffe and Stephenson 2011). The SEDI is 
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a skill score used for extreme events. It can vary from 1 to -1, with 1 being perfect (hit rate of 
1 and false alarm rate of 0), and negative values representing worse than random chance. The 
HSS varies from 1 to −∞, with 1 being a perfect categorical forecast and negative values no 
better than chance. The 90th percentile 72-hr observed Dec–Mar MAP for the period of record 
(1989–2017) was used as a threshold for the SEDI and HSS metrics. 

Figure P-4 and Figure P-5 show the results for the Feather and Yuba basins using the coefficient 
of determination (R2, columns), RMSE (filled markers), and bias (unfilled markers) for the two 
watersheds shown in Figure P-3 for the GEFSv12 (blue), WWRF (red), and GEFSv10 (green). 
Each metric for each model has 95% confidence intervals shown. For the Feather (Figure P-4), 
there is no statistical difference in the GEFS R2 values for any lead time. The WWRF shows a 
slight improvement for days 1-3. If one uses a value of R2 ≥ 0.5 as a threshold for reasonable 
association (Murphy 1995) (i.e., the forecasts explain ≥ 50% of the variance in observed 3-day 
MAP), then days 6-8 marks this threshold for both GEFSv10 and GEFSv12. The RMSE results 
indicate the WWRF has a higher RMSE for days 2-4 and days 3-5 compared to both GEFS runs, 
with the GEFSv12 RMSE trending higher than GEFSv10 beyond days 7-9. The difference 
however is not statistically significant. The bias results show all three models with a high bias 
through days 4-6, with WWRF indicating a statistically significant higher bias compared to both 
GEFS versions through days 3-5. After days 6-8, the GEFSv10 has a statistically significant 
negative bias. GEFSv12 shows little bias through days 14-16. 

For the Yuba (Figure P-5), the results for R2 are very similar to the Feather both in model 
comparisons and where values drop below 0.5. For RMSE, the WWRF does show a statistically 
significant higher RMSE compared to GEFSv12 for days 2-4 and days 3-5, while the GEFSv12 
trends slightly higher for RMSE compared to GEFSv10 beyond days 8-10 but with no statistical 
difference. There is however a significant difference in bias between the three models. WWRF 
and GEFSv12 both show a high bias through days 3-5 and days 7-9, respectively, with WWRF’s 
high bias statistically higher compared to GEFSv12. GEFSv10 shows a statistically significant 
negative bias for all 3-day periods. This difference in bias is most likely a result of the resolution 
differences between the GEFSv10 (1°), GEFSv12 (0.25-0.50°), and WWRF (3 km). Both the 
Feather and Yuba make up some of the wettest watersheds in the Sierra Nevada, and these 
results are consistent with other studies showing that higher resolution numerical guidance 
over-estimates precipitation in the Sierra Nevada (Caldwell et al. 2009; Hughes et al. 2020).  

Figure P-6 and Figure P-7 show the results for the more extreme rainfall events that exceed the 
90th percentile of 3-day observed MAPs for Dec–Mar 1989–2017. The threshold value was 2 
inches/3 days for the Feather and 2.5 inches/3 days for the Yuba. There were 367 observed 
events for the Feather and 365 for the Yuba. Given these relatively small sample sizes, the 95% 
confidence intervals for SEDI and HSS are large and thus the results show little statistical 
difference between the three models. There is a tendency for the WWRF and GEFSv12 to 
perform better than GEFSv10 in the Yuba watersheds through days 3-5 for the SEDI score. This 
tendency is not seen in the Feather. There is a tendency for the GEFSv12 to outperform 
GEFSv10 beginning on days 6-8 for the Feather and for all periods for the Yuba using the HSS, 
but the HSS differences are not statistically significant except on days 11-13. Although the 
differences in these scores are not generally statistically significant, they do suggest the higher 
resolution models (i.e., WWRF and GEFSv12) outperform the GEFSv10 in the Yuba for the more 
extreme events. This is not as clear in the Feather.  
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It is important to note that the long accumulation time and smoothing (aerial averaging) of the 
precipitation within the watershed broaden the target for precipitation skill. Additional analysis, 
including shorter aggregation times, may better demonstrate differences across the models. 
 

 

Figure P-4. Coefficient of determination, RMSE (in), and bias (in) for 72-hr MAP for the GEFSv12 ensemble 
mean, WWRF 3-km, and GEFSv10 ensemble mean for the Feather watershed for the period December through 
March 1989-2017. Error bars denote 95% confidence intervals.  
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Figure P-5. Same as Figure P-4, but for the Yuba watershed. 
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Figure P-6. Symmetric extremal dependency index (SEDI) as colored columns and Heidke skill score (HSS) 
plotted as markers for the 90th percentile 3-day observed MAP for the Feather basin with error bars denoting 
95% confidence intervals. 
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Figure P-7. Same as Figure P-6, but for the Yuba watershed. 

 
Table P-1 shows the bias and percent error of GEFSv12 and WWRF QPF at a lead time of 3-5 
days for the ten largest observed non-overlapping 72-h precipitation periods in the Yuba 
watershed during the analysis period. Overall, both the GEFSv12 ensemble mean and WWRF 
deterministic forecasts performed reasonably well for these upper-right tail events. The average 
72-h QPF bias was -1.2 inches for the GEFSv12 ensemble mean and 0.9 inches for WWRF, 
suggesting that GEFSv12 (WWRF) has a tendency to underestimate (overestimate) the most 
extreme events in the Yuba watershed. The average forecast error for these ten events was 
23% for the GEFSv12 ensemble mean and 20% for WWRF. Most GEFSv12 and WWRF forecasts 
were within 30% of the observed values, and only one WWRF forecast exceeded a percent 
error of 50%. Smaller forecast errors were found in the Feather watershed, especially for the 
WWRF forecasts (Table P-2). These results suggest that, on the watershed scale, both GEFSv12 
and WWRF are capable of producing realistic forecasts of the most extreme 72-h precipitation 
events in the Yuba and Feather watersheds at lead times of 3-5 days. 
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Table P-1. Table showing the largest non-overlapping observed 3-day MAP in the Yuba watershed 
during the entire analysis period and the corresponding GEFSv12 and WWRF QPF bias and percent error 
at a lead time of 3-5 days. 

Valid Date 
QPE GEFSv12 

Bias 
GEFSv12 Percent 

Error 
WWRF Bias WWRF 

Percent Error 

3 Jan 1997 11.75 -1.49 12.68% 0.28 2.38% 

11 Jan 2017 10.19 -3.71 36.41% 0.49 4.81% 

12 Mar 1995 9.22 1.98 21.48% 0.33 3.58% 

10 Feb 2017 8.73 -1.26 14.43% 2.99 34.25% 

11 Jan 1995 8.62 1.58 18.33% 2.08 24.13% 

5 Mar 1991 8.17 -2.14 26.19% -0.16 1.96% 

14 Dec 1995 7.82 -0.18 2.30% -1.43 18.29% 

11 Feb 2014 7.76 -2.51 32.35% 1.97 25.39% 

17 Mar 2012 7.54 -2.29 30.37% 4.59 60.88% 

17 Dec 2002 7.37 -2.28 30.94% -2.05 27.82% 

Mean  -1.23 22.55% 0.91 20.35% 

 

Table P-2. Same as Table P-1, but for the Feather watershed. 

Valid Date QPE 
GEFSv12 

Bias 
GEFSv12 Percent 

Error WWRF Bias 
WWRF 

Percent Error 

3 Jan 1997 8.46 -0.25 2.96% 0.28 3.31% 

11 Jan 1995 8.17 1.86 22.77% 1.69 20.69% 

12 Mar 1995 8.06 1.79 22.21% -0.38 4.71% 

11 Jan 2017 7.97 -2.41 30.24% 0.10 1.25% 

17 Dec 2002 6.88 -2.08 30.23% -1.88 27.33% 

10 Feb 2017 6.76 -1.50 22.19% 0.92 13.61% 

5 Mar 1991 6.30 -1.15 18.25% -0.24 3.81% 
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Valid Date QPE 
GEFSv12 

Bias 
GEFSv12 Percent 

Error WWRF Bias 
WWRF 

Percent Error 

14 Dec 1995 6.22 0.84 13.50% -0.35 5.63% 

2 Jan 2006 6.16 -0.99 16.07% 0.64 10.39% 

2 Mar 2006 5.70 -0.69 12.11% 0.09 1.58% 

Mean  -0.46 19.05% 0.09 9.23% 

 

P.3 Freezing level error 
The Sierra Nevada Mountains lie within an elevation range that commonly fluctuates between 
above and below freezing temperatures during winter storms. Freezing level height (ZFL) 
forecast error can influence the distribution and phase of precipitation over the watersheds and 
influence the resulting hydrologic impacts.  Using an average ±350 m ZFL forecast error at one 
to three-day lead times for the Sierra (Henn et al., 2020), Sumargo et al. (2020) developed a 
simplified approach that found inflow volume uncertainties of <10 percent to >50 percent of 
the flood pool storages at the Lake Oroville and New Bullards Bar reservoirs, depending on the 
ZFL, antecedent moisture condition, and precipitation event magnitude. This result emphasizes 
the significant impact small ZFL forecast errors may have and the critical need for ZFL forecast 
accuracy for reservoir and flood control operations in the Yuba and Feather watersheds.  This 
subtask aims to evaluate ZFL forecasts within the Yuba/Feather region to identify skillful lead 
times, potential limitations, and areas for future model improvements. 

Baseline ZFL forecast skill metrics are evaluated at Oroville (OVL, 114 m elevation), and Colfax 
(CFF, 644 m elevation) using archived real-time forecasts from the California-Nevada River 
Forecast Center (CNRFC) and existing field campaign observations.  The CNRFC ZFL forecast 
data were evaluated over eight cool seasons (November through April) between water years 
(WY) 2013 through 2021.  Freezing level forecasts from the CNRFC are available from their data 
archive website (https://cnrfc.noaa.gov/archive/) and are initialized daily at 12Z.  Existing field 
campaign observations include Frequency-Modulated Continuous Wave (FMWC) snow level 
radars (Johnston et al., 2017) at CFF and OVL.  Field observations from the FMCW at CFF and 
OVL were downloaded from https://psl.noaa.gov/data/obs/datadisplay/. The FMCW data are 
collected at ten-minute intervals. We resampled the observations by finding the mean FMCW 
value of a fifty-minute window, centered on each valid time.  This gave us 161 total window 
pairs at CFF, and 160 at OVL. The ZFL forecast data was evaluated with matched observations 
and forecasts valid at 12Z at four 24-hr interval lead times.  For each period of record, the 
coefficient of determination (R2), Root-Mean Square Error (RMSE) and bias were calculated. 

Figure P-8 shows the baseline skill metrics for the CNRFC ZFL forecasts at CFF and OVL. The 
coefficient of determination ranges between 0.5 to 0.75 (i.e., captures 50% to 75% of the 
variance of observations) within a 24-hr lead time at CFF and OLV, respectively, and decreases 
to 0.4 at 96-hr lead time.  Root mean square errors are twice as large or greater than the 
average bias, which might indicate that the CNRFC forecasts suffer from large random errors. 
Overall, OVL has less skill than CFF.  The two sites are separated by ~70 km and differ in 
elevation by ~530 m.  This result might suggest that local thermodynamic effects, observation 

https://cnrfc.noaa.gov/archive/
https://psl.noaa.gov/data/obs/datadisplay/
https://psl.noaa.gov/data/obs/datadisplay/
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quality, and/or timing of AR conditions on scales of >100 km have some impact on forecast 
accuracy.   

 

Figure P-8.  CNRFC freezing level forecast coefficient of determination (left), root mean square error (RMSE) 
(middle), and mean bias (right) at Colfax (CFF, blue) and Oroville (OVL, brown) as a function of forecast lead 
time.  Forecasts were evaluated between the cool seasons of WY2013 through WY2021. 

There are several challenges in association with adequately observing freezing level.  The 
brightband height, or the altitude of the maximum radar reflectivity from the FMCW, represents 
the layer in which the hydrometeors change phase (White et al. 2002).  The 0°C isotherm is 
assumed to be above this layer to compensate for the time/depth of melt to occur and 
subsequent hydrometeor breakup.  Henn et al. (2020) previously found the depth of the 
hydrometeor melt level to be on the order of 138-236 m.  The depth of the hydrometeor melt 
layer can also play a role in accurately forecasting the FL, where the cooling effects from 
evaporating/melting hydrometeors within the melt layer can, in certain environments, lead to an 
expansion of the isothermal melt layer, helping to lower ZFL (Kain et al., 2000). The depth of 
these isothermal layers may not be detected by forecast models since it is highly dependent 
upon the precipitation rate.  Isothermal layers are a source of uncertainty as assumptions are 
needed to possibly account for thaw and refreeze processes.  All of these factors are affected 
by the precision of the FMCW radar return, which limits the degree in which forecast errors can 
be minimized (in this case, the FMCW resolution at OVL and CLF is 40 m).  Finally, the profiler 
network throughout California is spatially limited and may not be situated correctly to capture 
locally generated differences in ZFL due to processes such as downward bending of the melt 
level near the foothills of the Sierra (Minder & Kingsmill, 2013).   

Similar challenges exist when calculating freezing levels from high resolution forecasts.  In 
addition to differences between the brightband height and 0°C isotherm, comparisons of 
forecasts to observations can be impacted by e.g., the vertical resolution of the model.  Figure 
P-9 shows a comparison of vertical spacing of model levels between four different 
configurations of the West-WRF NRT model.  The simulations differ in the total number of levels 
and the distribution of levels within the lowest 5 km.  The profiles marked orig represent 
configurations in which the default WRF model stacking structure is used, whereas the profiles 
marked new represent stacking structure that mimics (interpolated from) the ECMWF model in 
the lowest 5 km.  The total model levels span between 60 and 120 vertical levels. 

 



 

 265 

Figure P-9.  Vertical grid spacing in four West-WRF configurations. 

 
Figure P-10 shows the comparison of the freezing level from an event beginning 14 Jan 2017 
and the evolution of the observed brightband height.  The dots in Figure P-10A represent the 
calculated ZFL from each West-WRF configuration and show a clear trend in the ZFL over time. At 
most times ZFL differences are 250m or less. However, there are timesteps where the difference 
is >1 km (i.e., 19 Jan 2017 at 00Z, just after the onset of possible AR conditions, Figure P-10C). 
At this timestep, we also notice a large difference, 5-6°C, in potential temperature (θ) between 
the original 60 level configuration and the new 100 level configuration. Figure P-10B shows that 
all four West-WRF configurations disagree on θ between 1,200m and 2,600m in height with the 
new West-WRF configurations showing large temperature inversions. It should also be noted 
that all configurations in the previous timestep forecast the ZFL to be greater than the observed 
ZFL by 1km. After calculating the mean ZFL bias over all start dates, stations, and West-WRF 
domains, the new 100 level configuration was shown to have the most skill. However, the 
sample size from this study is quite small (222 pairs), and more robust analyses must be 
performed. 
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Figure P-10.  (A) Vertical profile time series plot at CFF, beginning 14 Jan 2017 using the 9km domain, of θ 
from the default 60 level West-WRF configuration (black contours), difference in θ between the original 60 and 
new 100 West-WRF configurations (shading), calculated ZFL from each West-WRF configuration (Dots; colors 
represent each West-WRF configuration), FMCW observations (stars), and CNRFC observations (triangles). (B) 
Vertical profile of θ from each West-WRF configuration on 19 Jan 2017 at 00Z. The star is the FMCW 
observation from (A) at the same time. (C) Time series of IVT beginning 14 Jan 2017. 

 
P.3.1 72-hour inflow error  
The aim of this subtask is the evaluation of 72-hour inflow forecasts to New Bullards Bar (NBB) 
and Lake Oroville (ORO) reservoirs, with potential science goals of 1) providing baseline 
meteorological/hydrological forecast skill in order to assess future model improvements, 2) 
understanding the priority forecast skills for Forecast-Informed Reservoir Operations (FIRO) 
needs, and 3) determining relationships between event characteristics and model skill. To 
accomplish this objective, California-Nevada River Forecast Center’s (CNRFC’s) deterministic 
forecasts and probabilistic/ensemble hindcasts are chosen, given their utilities in operational 
forecasting efforts. 

Deterministic forecasts are available for the New Year 1997 atmospheric river (AR) event at 
ORO and for the period of 2005 onward at both NBB and ORO, while the ensemble hindcasts 
are available for the period of 1985-2010. However, the ensemble hindcasts assume full natural 
flow, so no upstream regulations are accounted for in their simulations. In contrast, 
deterministic forecasts account for upstream regulations, such that they are directly comparable 
to the inflow. Deterministic forecast archive is also available for 2015 onward on the CNRFC 
website (https://www.cnrfc.noaa.gov/csv/). The evaluation focuses on two periods of analysis: 
1) the impactful New Year 1997 and February 2017 AR events, and 2) the period of record as a 
benchmark evaluation. Additionally, AR periods are identified using Rutz’s AR catalog 
(ftp://sioftp.ucsd.edu/CW3E_DataShare/Rutz_AR_Catalog), available from 1980 onward for the 

https://www.cnrfc.noaa.gov/csv/
http://sioftp.ucsd.edu/CW3E_DataShare/Rutz_AR_Catalog
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Yuba-Feather location. Observations are mostly available at a daily resolution from California 
Data Exchange Center (CDEC: https://cdec.water.ca.gov/). When not available, CNRFC also 
maintains the daily observation archives. For this reason, many of the evaluations focus on a 
daily time step. 

The deterministic forecasts are driven by locally developed quantitative precipitation forecast 
(QPF) and temperature forecast products derived from a variety of Numerical Weather 
Prediction (NWP) models and operational sources. Furthermore, the forecasts are generated 
daily with lead times of ≤5 days. The ensemble hindcasts were generated using the National 
Weather Service’s Hydrologic Ensemble Forecast System (HEFS) in 2015. By design, HEFS 
translates an ensemble of meteorological inputs through hydrologic models, which in this case 
is a coupled snow (SNOW-17)-soil (SAC-SMA) model, to produce an ensemble of streamflow 
outputs. The ensemble meteorological inputs are produced as meteorological forecast 
uncertainties using a statistical model called the Meteorological Ensemble Forecast Processor 
(MEFP). MEFP is based on the Global Ensemble Forecast System version 10 (GEFSv10) 
precipitation and temperature reforecast datasets that are available from 1985 to 2010 . 

The initial inspection of the deterministic daily inflow forecast indicates that the forecasts 
perform well throughout the 5 days of lead time (see Appendix: Figure A1). Moreover, the 
correlations between the forecasts and observation amount to >0.75 in most cases, even when 
evaluated at different seasons, except in autumn at ORO. (Note that summer cannot be 
evaluated due to the lack of forecast data availability.) Similar results occur in the root-mean-
squared error (RMSE), where the RMSE grows with the lead time (mostly by <25% from 1-day 
to 5-day lead time), except in winter at NBB where the RMSE decreases with the lead time (by 
~15% from 1-day to 5-day lead time). On the other hand, the mean biases show a more 
significant variation with the lead time, where the biases become more negative with lead time 
in both NBB and ORO cases. This variation is largest in the winter, where the biases are positive 
at 1–2-day lead times and negative at longer lead times, and smallest in the autumn. 

For each of the evaluated initialization dates, the 72-hour (or 3-day) inflows for NBB and ORO 
are subsequently computed by summing up the inflow forecasts/hindcasts (hereby simply 
forecasts) with rolling lead-time aggregates 1-3 days, 4-6 days, and 7-9 days from the 
initialization dates/times. Different lead-time aggregates are evaluated in order to assess the 
forecast skill at shorter-to-longer lead times, especially if the skill degrades significantly with 
lead time. The same procedure is applied to the observations for comparison, where the 
difference between the forecast and the observation indicates the forecast bias. Over the long 
term (1985-2010), the rank histogram (Talagrand et al., 1997; Hamill, 2001) and the reliability 
diagram (Hartmann, 2002) methods are also used to assess the ensemble forecast reliability 
against the observation (see Appendix). 

Figure P-11 shows the resulting 72-hour inflow aggregates for the deterministic forecasts 
initialized on 3-9 February 2017, leading towards the Oroville Dam crisis. During this period, the 
forecast biases do not seem to exhibit a strong overestimation/underestimation tendency up to 
7 February 2017 initialization (averaging 2% underestimation at NBB and 3% overestimation at 
ORO), but underestimate the 3-day inflow volumes afterwards in both NBB and ORO cases 
(averaging by 31% at NBB and by 17% at ORO). The ORO result is similar to the New Year 
1997 AR event (see Appendix: Figure A2). However, this outcome is not necessarily 
representative of the majority of other times, including other AR-related high flow events. Over 
the period of record from 2005 onward, the forecast biases become 11% (17%) overestimation 

https://cdec.water.ca.gov/index.html
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at NBB and 8% (15%) overestimation at ORO, when evaluated during the top 5% forecast 
inflows (AR-event inflows) only (see Appendix: Figure A3). 

Figure P-12 shows the example for the ensemble forecasts initialized on 27-31 December 1997, 
leading towards the New Year 1997 AR event. The forecasts exhibit underestimations in most 
ensemble members in both NBB and ORO cases, as indicated by the ensemble means and, in 
some cases, ensemble 95th percentile values amounting to lower than the observed inflows. The 
error distribution as shown by boxplots more explicitly illustrates this underestimation (see 
Appendix: Figure A4). Although the error distribution ranges from -80% to 150% of the 
observation, underestimations occur across most ensemble members. These underestimations 
are most apparent in the initialization date/lead-time aggregate combinations that correspond 
to the peak flow period on 1 January 1997. When evaluated for the top 5% forecast AR-event 
inflows on record at ORO, the forecast error ranges from -23% to +16%, averaging -12%, at 
1–3-day lead-time aggregate (see Appendix: Figure A5). These numbers become -50% to 
+15% (-60% to +12%), averaging -31% (-42%) at 4-6 (7-9) day lead-time aggregate. The 
result is slightly different in the NBB case, with relatively more ensemble members showing 
overestimations. The forecast error ranges from -20% to +30%, averaging -5%, at 1–3-day 
lead-time aggregate. These numbers become -36 to +28% (-59% to +17%), averaging -19% 
(-37%) at 4-6 (7-9) day lead-time aggregate. Overall, this result is consistent with the mostly 
negative biases in the rank histograms, except for the 1-3 lead-time aggregate at NBB where 
the rank histogram is rather equally distributed (see Appendix: Figure A6). This outcome is 
similarly reflected in the corresponding reliability diagrams, where the forecasts are shown to be 
most reliable, i.e., when the forecast vs. observed frequencies are close to a 1:1 relationship, 
for the 1–3-day lead-time aggregate at NBB (see Appendix: Figure A7). 

 

 
Figure P-11. 72-hour (3-day) deterministic inflow forecasts (dots) and observations (bars) at NBB (left) and 
ORO (right) reservoirs in thousand acre-feet (TAF), aggregated for lead times 1-3 days, shown for initialization 
dates 3-7 February 2017. Note the difference in y-axis scales between NBB and ORO. 
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Figure P-12. 72-hour (3-day) ensemble full-natural inflow forecasts (lines and dots) and observations (bars) 
at NBB (top) and ORO (bottom) reservoirs in thousand acre-feet (TAF), aggregated for lead times 1-3, 4-6, and 
7-9 lead days, shown for initialization dates 27-31 December 1997 (left-right). Note the difference in y-axis 
scales between NBB and ORO. 
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Attachment P-1: Inflow deterministic and probabilistic assessments 
appendix 
The correlations, mean biases, and RMSEs of the 24-hr deterministic inflow forecasts at NBB 
and ORO are computed against the daily observations. The computations are repeated for 
different forecast lead times from 1 day to 5 days and for different periods: all time, winter 
(December-February: DJF), spring (March-May: MAM), summer (June-August: JJA), and 
autumn (September-November: SON) from 2005 onwards, corresponding to the period of 
availability. The results indicate that the correlations and RMSEs are relatively stable throughout 
the 5 days lead times, and that the biases decrease with increasing lead time (Figure P1-1). 
Although this pattern occurs in all seasons, including the all-time period, it is most evident in 
DJF, reflecting the seasonal precipitation and runoff activities. The skills are absent in JJA, 
reflecting the lack of forecast data availability during the summer. 

 
 
Figure P1-1. The seasonal correlations (left), mean biases (middle), and RMSE (right) of daily 
deterministic inflow forecasts to NBB (top) and ORO (bottom) against observations. The bars 
indicate all seasons, while the colored lines indicate the individual seasons: winter (DJF), spring 
(MAM), summer (JJA), and autumn (SON). 
 
The deterministic forecast 3-day aggregated inflow volumes at ORO are computed for rolling 
lead times 1-3 days and initialization dates 27-31 December 1996, corresponding to the New 
Year 1997 AR event (Figure P1-2). The forecasts show underestimations throughout the lead 
times and initialization dates, but most prominently for the initialization date closer to the peak 
flow period centered around 1 January 1997.  
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Figure P1-2. 3-day deterministic inflow forecasts (dots) and observations (bars) at ORO (bottom) 
reservoir, aggregated for lead times 1-3 days and shown for initialization dates 27-31 December 
1996. 
 
The deterministic forecast mean biases and RMSEs of the 3-day inflow volumes at NBB and 
ORO are computed for rolling lead time aggregates 1-3 days. Three different scenarios are 
considered: 1) all time, 2) top 5% forecast inflow events, and 3) top 5% forecast AR-inflow 
events (i.e., only those coinciding with the AR periods as indicated in the Rutz AR Catalog). 

The mean biases are smallest in the all-time scenario and largest in the top 5% AR-inflow 
scenario (Figure P1-3). In all scenarios, the mean biases are all positive. On the other hand, the 
biases tend to be relatively moderate in the top 5% inflow scenario. This result reflects the 
inclusion of low flow periods in the former and the effect of AR-related extreme events in the 
latter. It also reflects the lack of and the effect of either meteorological/precipitation input or 
inflow model processes on the inflow forecasts (or both), respectively. The pattern in the 
magnitude differences between the three scenarios is similarly reflected in the RMSEs.   
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Figure P1-3. Deterministic forecasts mean biases (left) and RMSE (right) of 3-day inflows to NBB 
(top) and ORO (bottom) against observations. The colors denote different scenarios: all time 
(blue), top 5% inflow periods (red), and top 5% inflow periods corresponding to AR events only 
(yellow). 
 
The ensemble forecast error (bias) is further computed and visualized using the boxplot method 
for the New Year 1997 AR event, specifically for the initialization dates 27-31 December 1996 
(Figure P1-4). While the forecast error range tends to be larger with more high outliers at 
longer lead times, the magnitude of the error fluctuates with initialization dates, depending on 
how close it is to the peak flow period. For example, the forecast error range tends to be larger 
and more negative at lead time aggregate 4-6 days in the 27-28 December 1996 initializations, 
and at lead time aggregate 1-3 days subsequently, corresponding to the valid times closer to 
the peak flow period around 1 January 1997. The bias tends to be smaller at lead time 
aggregate 7-9 days due to the fact that the associated valid times are in the post-peak flow 
period.  
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Figure P1-4. Boxplots of ensemble forecast errors for the 3-day inflows to ORO (top) and NBB 
(bottom) reservoirs against observations in percents, initialized on 27-31 December 1996 (left-
right) for rolling-lead times 1-3 days, 4-6 days, and 7-9 days. 
 
The process above is repeated for the ensemble forecasts, whose period of availability spans 
from 1985 to 2010. The overall pattern in the bias and RMSE magnitudes are similar, where the 
top 5% AR-inflow scenario tends to have a larger and more negative bias and RMSE, especially 
at longer lead times, except the all-time cases show near zero to slightly positive biases (Figure 
P1-5). Furthermore, the variation among the ensemble members is also significant, particularly 
in the top 5% AR-inflow scenario and at longer lead times. Both top 5% inflow scenarios, 
however, exhibit both positive and negative biases across the ensemble members, with mostly 
negative biases in the ensemble means and interquartile ranges.  

 

 
Figure P1-5. Similar to Figure A3, except for the ensemble forecasts. The lines denote the 
ensemble spreads, while the circles denote the ensemble means and the stripes denote the 
interquartile ranges. 
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The cumulative rank histogram method is used to evaluate the ensemble forecast skill and 
tendency. Although several scenarios are considered, including all time and the top 5% AR-
inflow events, only the latter is visualized in this assessment. For note, the all-time scenario 
consistently indicates a strong positive bias in both NBB and ORO cases, and at all aggregate 
lead times. 

The histograms show noticeable differences in the outcomes between the NBB and the ORO 
cases (Figure P1-6). In the NBB case, the histograms indicate relatively consistent spread at 
lead time aggregate 1-3 days. This spread is largely retained, but indicates a slightly negative 
bias tendency in the lead time aggregate 4-6 days. The negative bias tendency is more 
apparent at lead time aggregate 7-9 days. In the ORO case, the negative bias tendency occurs 
in all lead time aggregates. Overall, this result indicates that the ensemble forecast tends to 
underestimate the magnitude of inflow volume, consistent with the results shown in the other 
baseline assessment figures. 

 

 
Figure P1-6. Cumulative rank histograms of 3-day inflows to NBB (top) and ORO (bottom) 
reservoirs at lead times 1-3 days (left), 4-6 days (middle), and 7-9 days (right) for the top 5% 
AR-inflow periods (blue). For comparison, those for all AR periods are also shown (gray). The 
diagonal line denotes the 1:1 relationship. 
 
The ensemble 3-day inflow volume forecasts are further evaluated using the reliability diagram 
method. Figure P1-7 shows the reliability diagrams for both NBB and ORO cases and at the 
same lead time aggregates in the rank histogram. The diagrams exhibit relatively close to a 1:1 
relationship between the forecast probability and observed frequency in the NBB case at the 
lead time aggregate 1-3 days, indicating the relatively high 3-day inflow volume forecast 
reliability. This relationship becomes farther away from the 1:1 relationship at longer lead times. 
This departure is even more apparent in the ORO case.   
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Figure P1-7. Reliability diagrams of 3-day inflows to NBB (top) and ORO (bottom) reservoirs at 
lead times 1-3 days (left), 4-6 days (middle), and 7-9 days (right) for the top 5% inflow, both for 
all time (blue) and AR-only (red) periods. The diagonal line denotes the 1:1 relationship. 
 

Table P1-1. Brier skill scores (BSS) of CNRFC ensemble inflow hindcasts for the period of 
1985-2010 at NBB and ORO. The BSS are computed with a 95th flow percentile threshold, for 
lead time aggregates 1-3, 4-6, and 7-9 days and for all time and AR only scenarios. 

Lead Time 
Aggregate 

BSS (All Time) BSS (AR Only) 

NBB ORO NBB ORO 

1-3 days 0.5 0.51 0.39 0.39 

4-6 days 0.49 0.48 0.36 0.36 

7-9 days 0.49 0.47 0.35 0.35 
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Attachment P-2: Yuba-Feather 72-h QPF Verification Appendix 
This section includes the results of several additional analyses related to precipitation 
verification in the Yuba and Feather watersheds. 

The first analysis identified the ten largest positive and negative GEFSv12 and WWRF 72-h 
precipitation forecast errors at lead times of 3-5 days in the Yuba and Feather watersheds. Such 
an analysis could be leveraged to investigate the sources of meteorological uncertainty that lead 
to poor predictability and large forecast errors. Tables P2-1 and P2-2 show the ten largest 
positive (left side) and negative (right side) GEFSv12 and WWRF forecast errors, along with the 
corresponding valid dates and observed 72-h MAP, in the Feather and Yuba watersheds. In the 
Feather (Table P2-1), the largest negative GEFSv12 and WWRF forecast errors ranged from -2.5 
to -3.7 inches. In the Yuba (Table P2-2), where observed precipitation extremes are higher, the 
largest negative forecast errors ranged from -2.8 to -5.0 inches. For nearly all of these events, 
GEFSv12 and WWRF forecasted less than 50% of the total 72-h MAP, indicative of forecast 
misses of large events. Whereas the ranges of the ten largest negative forecast errors were 
similar between GEFSv12 and WWRF, the ranges of ten largest positive forecast errors differ 
substantially. In the Feather, only two GEFSv12 forecast errors exceeded +3 inches, but eight 
WWRF forecast errors exceeded +3 inches. In the Yuba, only two GEFSv12 forecast errors 
exceeded +4 inches, but nine WWRF forecast errors exceeded +4 inches. Many of these over-
forecasts were associated with light-to-moderate precipitation events (< 2 inches), indicative of 
large forecast busts. 

The second analysis investigated the sensitivity of the GEFSv12 72-h QPF verification metrics to 
the initial conditions used to generate the reforecasts. GEFSv12 uses the Climate Forecast 
System Reanalysis (CFSR; Saha et al. 2010) for the 1989-1999 period and the GEFSv12 
reanalysis (Hamill et al. 2021) for the 2000-2019 period. Figures P2-1 and P2-2 show the 
GEFSv12 coefficient of determination (columns), RMSE (filled markers), and bias (open 
markers) for the 1989-1999 (blue) and 2000-2017 periods (red) in the Feather and Yuba 
watersheds. Confidence intervals for each metric are denoted by the error bars. Note that the 
confidence intervals for the 1989-1999 period are generally much larger than the confidence 
intervals for the 2000-2017 period due to the smaller sample size. In the Feather (Figure P2-1), 
the coefficient of determination during the 2000-2017 period is statistically higher than during 
the 1989-1999 period at lead times of 2-4, 3-5, 4-6, and 5-7 days. The RMSE during the second 
period is consistently lower than during the first period, with a statistically significant difference 
at lead times up to 5-7 days. In the Yuba (Figure P2-2), the coefficient of determination during 
the second period is statistically higher than during the first period at lead times up to 5-7 days. 
Similar to the Feather, the RMSE is consistently lower in the Yuba during the second period, but 
the only statistically significant difference in RMSE appears at a lead time of 4-6 days. In both 
watersheds, there is generally little difference in the bias between the first and second periods. 

The sensitivity to initial conditions was also applied to the forecast verification of 90th percentile 
events in both watersheds. Figures P2-3 and P2-4 show the GEFSv12 SEDI (columns) and HSS 
(filled markers) for the 1989-1999 (blue) and 2000-2017 (red) periods in the Feather and Yuba 
watersheds. Due to the small numbers of extreme events during each period, the confidence 
intervals for SEDI and HSS are quite large. In both watersheds, the SEDI is higher during the 
second period at lead times up to 6-8 days, but the differences are not statistically significant. 
The HSS is higher during the second period at lead times up to 8-10 days, but the only 
statistically significant differences appear in the Yuba watershed (Figure P2-4) at lead times of 
4-6 and 5-7 days. Overall, this analysis suggests that the use of GEFSv12 reanalysis to define 
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the initial conditions for the GEFSv12 reforecasts led to an improvement in 72-h precipitation 
forecasts in the Feather and Yuba watersheds at lead times most relevant for FIRO operations. 

Table P2-1. Table showing the largest negative (left side) and positive (right side) GEFSv12 
and WWRF 72-h precipitation forecast errors in the Feather watershed at a lead time of 3-5 
days. Errors highlighted in red (blue) indicate events in common between GEFSv12 and 
WWRF that were underestimated (overestimated). 

GEFSv12 WWRF  GEFSv12 WWRF 

Valid Date QPE Bias Valid Date QPE Bias  Valid Date QPE Bias Valid Date QPE Bias 

22 Jan 
1993 

4.34 -3.65 12 Dec 
1992 

4.53 -3.20  2 Feb 1996 0.45 3.52 21 Jan 
2012 

1.08 6.04 

15 Dec 
2002 

5.26 -3.32 11 Dec 
1992 

4.60 -3.09  8 Jan 2017 1.12 3.37 15 Dec 
2016 

0.72 4.05 

24 Dec 
2005 

4.38 -3.22 22 Jan 
1993 

4.34 -2.92  11 Jan 
2005 

1.28 2.93 15 Jan 
2000 

0.15 4.03 

2 Jan 1997 8.43 -3.07 12 Feb 
2007 

5.62 -2.90  31 Dec 
2002 

2.54 2.92 20 Jan 
2012 

0.13 3.92 

11 Dec 
1992 

4.60 -3.04 20 Dec 
2005 

3.22 -2.87  5 Jan 1997 1.44 2.82 9 Feb 1999 3.58 3.77 

4 Mar 2009 4.72 -2.90 12 Dec 
2016 

3.38 -2.79  15 Jan 
2000 

0.15 2.74 15 Jan 
1995 

4.62 3.57 

23 Dec 
2005 

4.24 -2.81 23 Jan 
1997 

3.42 -2.61  20 Feb 
2004 

3.55 2.62 21 Feb 
1993 

2.98 3.37 

12 Dec 
1992 

4.53 -2.80 10 Dec 
1992 

4.21 -2.57  13 Jan 
1995 

5.18 2.61 4 Jan 1997 6.22 3.10 

11 Dec 
2016 

4.02 -2.71 24 Jan 
1997 

3.54 -2.41  31 Jan 
1996 

0.44 2.58 22 Jan 
2000 

0.77 2.98 

23 Jan 
1997 

3.42 -2.65 21 Dec 
2005 

3.30 -2.36  29 Jan 
2008 

1.82 2.54 4 Mar 1991 4.62 2.96 

Mean  -3.02   -2.77  Mean  2.86   3.78 

 
 

Table P2-2. Same as Table P2-1, but for the Yuba watershed. 

GEFSv12 WWRF GEFSv12 WWRF 

Valid Date QPE Bias Valid Date QPE Bias Valid Date QPE Bias Valid Date QPE Bias 

22 Jan 1993 5.68 -4.97 22 Jan 1993 5.68 -4.30 8 Jan 2017 1.62 4.17 21 Jan 2012 1.26 8.89 

2 Jan 1997 11.25 -4.76 24 Jan 1997 5.12 -3.91 2 Feb 1996 0.53 4.05 15 Dec 
2016 

0.45 5.37 
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GEFSv12 WWRF GEFSv12 WWRF 

Valid Date QPE Bias Valid Date QPE Bias Valid Date QPE Bias Valid Date QPE Bias 

24 Dec 
2005 

5.73 -4.26 20 Dec 
2005 

3.95 -3.57 20 Feb 
2004 

2.68 3.56 16 Mar 
2012 

5.52 4.97 

23 Jan 1997 4.87 -3.86 12 Dec 
2006 

5.33 -3.52 15 Dec 
1995 

5.26 3.22 17 Mar 
2012 

7.54 4.59 

11 Jan 2017 10.19 -3.71 23 Jan 1997 4.87 -3.51 29 Jan 2008 1.91 3.20 15 Jan 1995 6.57 4.38 

28 Dec 
1996 

4.30 -3.59 6 Mar 1997 7.16 -3.20 23 Dec 
2010 

1.37 3.18 20 Jan 2012 0.03 4.35 

23 Dec 
2005 

5.41 -3.56 5 Jan 2017 4.83 -3.20 5 Jan 1997 2.83 3.09 9 Feb 1999 5.67 4.19 

15 Dec 
2002 

5.26 -3.54 13 Dec 
1995 

7.53 -3.04 16 Dec 
2016 

2.59 3.03 29 Jan 2008 1.91 4.19 

11 Dec 
2016 

5.84 -3.39 26 Jan 1997 4.39 -2.88 7 Mar 1995 0.73 2.87 27 Feb 
2000 

1.25 4.11 

26 Jan 1997 4.39 -3.06 5 Feb 1996 3.63 -2.80 28 Jan 1998 0.45 2.87 31 Jan 1996 0.59 3.99 
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Figure P2-1. GEFSv12 ensemble mean coefficient of determination (bars), RMSE (filled markers), 
and bias (open markers) for 72-hr mean areal precipitation in the Feather watershed during 
1989-1999 (blue) and 2000-2017 (red). Errors bars denote 95% confidence intervals. 
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Figure P2-2. Same as Figure P2-1, but for the Yuba watershed. 
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Figure P2-3. GEFSv12 ensemble mean SEDI (bars) and HSS (filled markers) for 72-hr mean areal 
precipitation in the Feather watershed during 1989-1999 (blue) and 2000-2017 (red). Errors bars 
denote 95% confidence intervals. 
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Figure P2-4. Same as Figure P2-3, but for the Yuba watershed. 
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Appendix Q—Decision Support Tools (Section 7) 
Q.1 Introduction and Overview 
Q.1.1 Introduction 
Forecast-Informed Reservoir Operations (FIRO) is a reservoir 
operations strategy that better informs decisions to retain or release 
water by integrating additional flexibility in operational policies and 
rules with enhanced monitoring and improved weather and water 
forecasts. 

Water managers at Yuba Water and Department of Water 
Resources (DWR)’s Operations Control Office make decisions about 
the operation of New Bullards Bar Reservoir and Lake Oroville. Both 
operators receive forecasts of inflows and downstream unregulated 
flows and river conditions from the California-Nevada River Forecast 
Center (CNRFC) and Flood Operations Center and use this 
information along with information from other sources to make 
decisions about reservoir releases. The operating agencies consider 
their mission, the needs of their customers, downstream 
constraints, and the current state of their reservoirs when making 
release decisions. Those decisions include current operations (how 
much to release immediately) and future operations (how much to 
release in the future if the forecasts are correct or incorrect). 

The Forecast-Coordinated Operations (F-CO) Program has 
developed a Decision Support System (DSS) as a centralized data and common modeling 
framework for F-CO during normal conditions and storm events. The F-CO DSS has two general 
features: entering forecasted reservoir releases and performing reservoir operation simulations 
using the Hydrologic Engineering Center’s Reservoir System Simulation (HEC-ResSim). The DSS 
is located in the DWR California Data Exchange Center (CDEC), which directly receives updated 
runoff forecasts from CNRFC and DWR, the current release schedule and the reservoir’s top of 
conservation level from DWR, and supporting data (i.e., precipitation, reservoir elevation) from 
Center for Western Weather and Water Extremes (CW3E). 

FIRO will build on the existing relationships and tools among the F-CO project partners 
including State-Federal FOC, Operations Control Office (OCO) of the State Water Project (SWP), 
United States Army Corps of Engineers (USACE) Sacramento District, CNRFC, and Yuba Water 
Agency. F-CO and FIRO share the same goal of reducing flood risk for communities along with 
the Yuba-Feather Rivers system. The F-CO Program provides a pre-existing, coordinated 
operations framework and decision support system, which is initiated prior to and during major 
floods events. A key to successful FIRO implementation is improving understanding of the 
landing, magnitude, and duration of atmospheric rivers (ARs), which results in more accurate 
precipitation forecasting, runoff forecasting, and forecasting lead time for major storm events. 
As part of the FIRO implementation strategy, F-CO operations will integrate FIRO’s improved 
precipitation and runoff forecasts to determine the pre-release of water in advance of major 
storms. These early releases will create additional storage in the reservoir to capture peak 
inflow to the reservoir, thereby reducing peak flood releases downstream. FIRO will also explore 

Definition 
Decision Support Tool 
For Y-F FIRO and WCM 
Update efforts, DSTs 
refers to tools used to 
support New Bullards 
Bar and Lake Oroville 
reservoir operations 
during the flood season 
where decisions are 
governed by USACE 
Water Control Plans for 
the respective reservoirs. 
These tools can include 
the Y-F F-CO DSS, the 
USACE CWMS, 
forecasting tools, and 
other situational 
awareness tools.  
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when reservoir operations can possibly produce secondary benefits of increased water supply 
reliability using different operating strategies, such as guide curves that allow for earlier refill or 
encroachment into the flood space without impacting flood operations. 

Existing and emerging decision support tools (DSTs) were evaluated specific to the Yuba-
Feather FIRO project to determine the benefits and limitations of individual tools.  Review of 
DST performance for management of large storm events is critical to determine the adequacy 
of available tools and enhancements required. This effort will include assessing the performance 
of new forecast products over an extended historical record to determine their predictive skill 
for a large number of observed extremes, as well as their false alarm rate. 

Interaction between the forecast information source (CW3E, NWS) and the end-user (DWR, 
USACE, Yuba Water Agency) will be essential as the FIRO Yuba-Feather PVA ventures to 
develop enhanced decision support tools that end users can readily understand and easily 
employ.  Previous discussions in a similar context have highlighted that this information is not 
translated among atmospheric scientists, hydrologists, reservoir operators, and stakeholders 
with perfect fidelity and that assuming perfect fidelity can have consequences. An iterative 
approach to developing forecast diagnostics and DSTs that simply and effectively meet end-user 
needs via constant interaction (e.g., technical workshops) is essential to the success of FIRO. 

Q.2 Goals and Objectives 
The goals and objectives of the DST evaluation effort were identified during the development of 
the Y-F FIRO workplan, and further refined by the DST Workgroup during the development of 
the DST Workgroup Charter.   

Q.2.1 Goal 
Identification and evaluation of the DSTs (for the development and coordination of YF FIRO and 
WCM) need efforts including evaluation of FIRO alternatives to support interim operations and 
integration into WCMs and support for future FIRO research and planning efforts. It is not the 
intent of the DST evaluation effort to change the decision-making and responsibilities 
associated with the coordinated flood operations of the Yuba-Feather system. 

Q.2.2 Objectives 
The objectives of the research are:  

1. Facilitate understanding of the available Y-F decision support tools. 

2. Provide input on how DSTs will support Y-F FIRO development and WCM updates. 

3. Provide input on what enhancements are needed to existing DSTs and what tools are 
needed to support Y-F FIRO and WCM updates. 

4. Establish protocols for evaluation of DSTs during the development phase to ensure 
analysis results meet relevant professional standards and that input data and assumptions 
used by DSTs are consistent. 



 

 285 

5. Create a transparent and collaborative work environment where the DST team can 
effectively support the tasks from the YF FIRO work plan and serve as a DST information 
resource for other subgroups. 

6. Meet FIRO and WCM update project timelines. 

Q.3 Technical Task 
The technical tasks for the assessment of DSTs needed to support Y-F FIRO are listed below. 
The work carried out for each of these tasks is described in the next sections.  

Q.3.1 Identification of Existing and Emerging DSTs 
DST Existing Tools and Uses: Facilitate the team’s understanding of the existing Y-F DSTs (Y-F 
F-CO DSS and USACE CWMS) and associated DSTs components. Gather and produce 
documentation to memorialize this. 

Q.3.2 Identification of Decision Makers 
Who are the decision-makers that should be considered in the evaluation of DSTs? 

Q.3.3 Assessment of DST Information Gaps 
DST Gap Analysis: Identify needs for any additional enhancements to DSTs (including 
component data feeds, processing tools, models, reporting, and collaboration tools) and any 
new DST components required. Describe findings and recommendations in a technical 
memorandum. 

Q.3.4 DST Requirements for FIRO Alternatives Analysis 
Use of DSTs for FIRO Alternatives Analysis: Review how forecasts are currently represented in 
Y-F DSTs and how future forecast enhancements developed under Y-F FIRO can be integrated. 
Gather and produce documentation to memorialize this. 

Q.3.5 Discuss Potential DSTs Enhancement Needed 
Support WRE efforts with the exploration of opportunities to integrate FIRO alternatives into 
existing DSTs (e.g., enhanced use of forecast ensembles and refinement of system operation) 
and identify primary constraints. Coordinate regularly with the WRE team for the exchange of 
information. Maintain documentation of meeting discussions and decisions. 

Q.3.6 Coordinate with PVA Workgroups 
Coordinate regularly with the WRE workgroup and other technical workgroups for the exchange 
of information (section 6 describe in detail the coordination between different workgroups). 

Q.3.7 Develop Protocols for Evaluation of DSTs 
Establish protocols for the evaluation of DSTs and describe methods in a technical 
memorandum. 
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Q.3.8 Updating Water Control Manuals and the use of DSTs 
Provide input on how updated WCM updates should describe F-CO Program in the context of 
FIRO and the use of DSTs. 

Q.4 DST Workgroup Efforts – Timeline 
DST workgroup activities are shown in Figure Q-1. During the year 2021, activities related to 
the formation of the DST workgroup, information gathering, DST symposium was completed. 
Currently, the DST workgroup is focused on DST gap analysis. 

 
Figure Q-1. Timeline for DST workgroup activities.  

 

Q.5 Identification of Existing and Emerging DSTs 
DSTs refers to tools used to support New Bullards Bar and Lake Oroville reservoir operations 
during the flood season where decisions are governed by United States Army Corps of 
Engineers (USACE) Water Control Plans for the respective reservoirs. These tools include the Y-
F F-CO DSS, the USACE CWMS, forecasting tools, and other situational awareness tools. The 
identification of the DSTs was conducted using the steps below: 

1. An inventory of DSTs was initiated and shared with the DST workgroup.  

2. Identified SMEs associated with each DST. 

3. Identified key references/documentation for each DST. 

4. DST co-leads worked with the DST workgroup members to review. 

An inventory of existing and emerging DSTs relative to the Yuba-Feather FIRO effort identified 
over 30 DSTs. Table Q-1, Table Q-2, and Table Q-3 show the identified DSTs, supporting 
organization, subject matter experts (SMEs), brief description, and forecast cycle to support 
New Bullards Bar and Lake Oroville reservoir operations. These DSTs include real-time reservoir 
operations, agency-specific reservoir operations, and forecasting tools.
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Table Q-1. Real-time Flood Reservoir Operations Tools. 

No. Name Type 
Operations 

Support Use Organization SME Description 
Forecast 

Cycle Status 
Reference/ 

URL 

1 Yuba-Feather 
Forecast 
Coordinated 
Operations. 

Reservoir 
Operations. 

Flood Operations Department of 
Water 
Resources 
(DWR)  

Cale Nasca Coordinate 
operations 
between Lk. 
Oroville and 
NBB 

Variable Operational Cale (2021); 
CDEC 
(2021a) 

2 Ensemble 
Forecast 
Operations 

Reservoir 
Operations. 

Flood Operations Sonoma Water 
(SW)  

Chris Delaney Risk based 
reservoir 
operations 

Variable Viable for Lake 
Mendocino and 
Prado Dam 

Delaney et 
al. (2020) 

3 Corps Water 
Management 
System (CWMS) 

Reservoir 
Operations. 

Flood Operations United States 
Army Corps of 
Engineers 
(USACE) 

Jenny Fromm Coordinate 
operations 
between Lake 
Oroville and 
NBB 

Variable A Sacramento 
Corps Water 
Management 
System 
(CWMS) 
watershed 
exists 

USACE 
(2022) 

4 Alternatives 
Tools and 
Approaches 
Under 
Consideration 

Reservoir 
Operations. 

Flood Operations DWR/SWP/YWA 
Department of 
Water 
Resources 
(DWR)/ State 
Water Project 
(SWP) 

WRE/Rob et al     

5 SPK Hourly 
Spreadsheets 

Reservoir 
Operations. 

Flood Operations United States 
Army Corps of 
Engineers 
(USACE) 

Jenny Fromm / 
Marchia Bond 

Hourly 
spreadsheet 
models for 
flood control. 
One for ORO 
and one for 
NBB 

 Operational, 
but ESRD 
operations still 
need to be 
added. 

 

  

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019WR026604
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019WR026604
https://www.hec.usace.army.mil/cwms/
https://www.hec.usace.army.mil/cwms/
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Table Q-2. Agency-Specific Reservoir Operations Tools. 

No. Name Type 
Operations 

Support Use Organization SME Description 
Forecast 

Cycle Status 
Reference/ 

URL 

1 State Water 
Project (SWP) 
Operations 

Reservoir 
Operations 

Flood/ Supply Operations Department of 
Water 
Resources 
(DWR) 

Tracy Pettit Water Management of the 
SWP 

Daily/Weekly/
Monthly 

Operational DWRe (2022) 

2 Operator 
Crystal Ball 
(OCB) 

Reservoir 
Operations 

Hydro/Supply/
Flood 

Operations Yuba Water 
Agency (YWA) 

John James Hydroelectric optimization 
and Lake Englebright water 
management over a daily and 
weekly time period, and 
short-term flood ops (F-CO 
hourly NBB releases) 

Daily/Weekly Operational  

3 Yuba River 
Development 
Model 
(YRDPM) 

Reservoir 
Operations 

Supply/Hydro/
Flood 

Longer-range 
planning 

Yuba Water 
Agency (YWA) 

John James Yuba Watershed including 
Middle and South Fork 
(Nevada Irrigation District 
(NID) and Pacific Gas and 
Electric Company - PG&E 
operations) for project uses 
(relicensing, Voluntary 
Settlement Agreements, 
Seasonal Storage, 
Environment/fisheries) and 
long-range operational uses 
(supply forecasts, power 
forecasts, flood planning) 

Hourly Operational  

4 SPK Hourly 
Spreadsheets 

Reservoir 
Operations 

Flood Operations United States 
Army Corps of 
Engineers 
(USACE) 

Jenny 
Fromm 
Marchia 
Bond 

Hourly spreadsheet models 
for flood control. One for 
ORO and one for NBB 

 Operational, 
but ESRD 
operations 
still need to 
be added. 

 

 
  

https://water.ca.gov/Programs/State-Water-Project/Operations-and-Maintenance/Operations-and-Delta-Status
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Table Q-3. Forecasting Tools and Inputs 

No. Name Type 
Operations 

Support Use Organization 

Subject 
Matter 
Experts Description 

Forecast 
Cycle Status 

Reference/ 
URL 

1 Ensemble/ 
Deterministic 
Streamflow Forecast 

Hydrologic Supply/Flood Situational 
Awareness 

California-
Nevada River 
Forecast 
Center 
(CNRFC) 

Alan 
Haynes 

15-day, 39-
member 
ensemble, 5-
day forecast, 
Long-term 
seasonal 
forecast 

6-hour Operational CNRFC 
(2000a & 
b) 

2 B120 Water Supply 
Forecast Summary 

Hydrologic Supply Situational 
Awareness 

Department 
of Water 
Resources 
(DWR) 

Sean de 
Guzman 

Seasonal runoff 
forecast 

Weekly 
(Feb to 
June) 

Operational CDEC 
(2021a, b, 
c) 

3 Freezing Level 
Forecasts 

Weather Flood/ 
Supply 

Situational 
Awareness 

Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

Brian 
Kawzenuk 

Freezing 
elevation sub-
divided by 
watershed 

6-hour Experimental CW3E 
(2021a) 

4 West Weather 
Research and 
Forecasting (West-
WRF) 

Weather Flood Situational 
Awareness 

Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

Luca Delle 
Monche 

Regional High-
resolution 
model 

Daily Experimental CW3E 
(2021b); 
NOAA 
(2017) 

5 Watershed 
Precipitation 
Forecasts 

Weather Flood/ 
Supply 

Situational 
Awareness 

Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

Jay 
Cordeira 

1- through 7-
day 
precipitation 
forecasts for 
FIRO 
watersheds 

12-hour Experimental CW3E 
(2021c) 

https://cnrfc.noaa.gov/?lat=37.664&lng=-120.824
https://cnrfc.noaa.gov/?lat=37.664&lng=-120.824
https://cnrfc.noaa.gov/?lat=37.664&lng=-120.824
https://cw3e.ucsd.edu/DSMaps/DS_freezing.html
https://cw3e.ucsd.edu/DSMaps/DS_freezing.html
https://cw3e.ucsd.edu/west-wrf/
https://cw3e.ucsd.edu/west-wrf/
https://cw3e.ucsd.edu/west-wrf/
https://cw3e.ucsd.edu/west-wrf/
https://cw3e.ucsd.edu/DSMaps/DS_watershed.html
https://cw3e.ucsd.edu/DSMaps/DS_watershed.html
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No. Name Type 
Operations 

Support Use Organization 

Subject 
Matter 
Experts Description 

Forecast 
Cycle Status 

Reference/ 
URL 

6 Integrated Vapor 
Transport (inclusive 
of many tools) 

Atmospheric Flood Situational 
Awareness 

Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

Brian 
Kawzenuk 

Warning for 
atmospheric 
rivers 

6-hour Operational CW3E 
(2021d) 

7 Atmospheric River 
(AR) Landfall Tool 

Atmospheric Flood Situational 
Awareness 

Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

Jay 
Cordeira 

Warning for 
atmospheric 
rivers 

6-hour Operational CW3E 
(2021e) 

8 Atmospheric River 
(AR) Scale 

Atmospheric Flood Situational 
Awareness 

Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

F. Martin 
Ralph/Brian 
Kawzenuk 

Atmospheric 
river strength 

6-hour Experimental CW3E 
(2021f) 

9 Subseasonal 
Atmospheric River 
(AR) Outlook 

Climatic/ 
Subseasonal 

Flood/ 
Supply 

Situational 
Awareness 

Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

Michael 
DeFlorio 

Subseasonal (6-
weeks) 
atmospheric 
river activity 

Daily Experimental CW3E 
(2021g) 

https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/arscale/
https://cw3e.ucsd.edu/arscale/
https://cw3e.ucsd.edu/s2s_forecasts/
https://cw3e.ucsd.edu/s2s_forecasts/
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No. Name Type 
Operations 

Support Use Organization 

Subject 
Matter 
Experts Description 

Forecast 
Cycle Status 

Reference/ 
URL 

10 National Oceanic and 
Atmospheric 
Administration 
(NOAA) Climate 
Outlook/ North 
American Multi-Model 
Ensemble (NMME) 

Climatic/ 
Subseasonal 

Flood/ 
Supply 

Situational 
Awareness 

National 
Centers for 
Environmental 
Prediction 
(NCEP) 

Alan 
Haynes 

Multiple horizon 
outlooks of 
precipitation 
and 
temperature 

Daily Operational NOAA 
(2001); 
NOAA 
(2021); 
Kirtman et 
al. (2014) 

11 California Nevada 
River Forecast Center 
(CNRFC) Weather-
Related Products 

Climatic/ 
Subseasonal 

Flood/ 
Supply 

Situational 
Awareness 

National 
Centers for 
Environmental 
Prediction 
(NCEP) 

Dan 
Kozlowski 

Focus on the 
real-time 
decision-making 
aspects 

   

 
 

Q.6 Identification of Decision Makers 
The decision-makers (stakeholders) are the manager and key/lead reservoir operator from each partner organization involved in the 
Y-F FIRO. These decision-makers are responsible and accountable for real-time decision making related to Y-F coordinated flood 
operations during large floods events. The information of the decision-makers is summarized in Table Q-4 and Table Q-5.  

Table Q-4. DST Decision Maker and Principal User List. 

No. 
Partner 

Organization Name Position 

Responsibility 
Connection to Yuba-Feather Decision Support 

Tools 

E-Mail 
Operation

s 
Forecast 
Provider 

Flood-
related 

Decisions 
Other 

Decisions 
Principal 

User 
Consulted 
for Input 

1 Yuba Water 
Agency (YWA) 

John James Project 
Manager, 
Water 
Operations 

Flood/Wate
r Supply 

  x       jjames@yub
awater.org 

mailto:jjames@yubawater.org
mailto:jjames@yubawater.org
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No. 
Partner 

Organization Name Position 

Responsibility 
Connection to Yuba-Feather Decision Support 

Tools 

E-Mail 
Operation

s 
Forecast 
Provider 

Flood-
related 

Decisions 
Other 

Decisions 
Principal 

User 
Consulted 
for Input 

2 Maury Miller Engineer, 
Reservoir 
Operations 

Flood/WS       x   mmiller@yub
awater.org 

3 Department of 
Water 

Resources 
(DWR)/State 
Water Project 

(SWP) 

Tracy Pettit Project 
Manager, 
State Water 
Project 
Operations 

Flood/Wate
r Supply 

  x       Tracy.Pettit
@water.ca.g
ov 

4 Norman Lee  Manager, SMS Flood/Wate
r Supply 

 x      norman.lee@
water.ca.gov 

5 Department of 
Water 

Resources 
(DWR)//HFO 

Jeremy Hill  
Chief, 
Operations 
Support 
Branch, 
Division of 
Flood 
Management 

Flood    x       Jeremy.Hill@
water.ca.gov 

6 Cale Nasca Manager, 
Reservoir 
Coordination 
Operations 

Flood  x x   x   cale.nasca@
water.ca.gov 

7 Angelique 
Fabbiani-
Leon 

Engineer, 
Reservoir 
Coordination 
Operations 

Flood  x     x   Angelique.Fa
bbiani-
Leon@water.
ca.gov 

8 United States 
Army Corps of 

Engineers 

Jenny 
Fromm 

Manager, 
Water 

Flood 
Release 

Oversight 

  x   x   Jennifer.R.Fr
omm@usace
.army.mil 

mailto:mmiller@yubawater.org
mailto:mmiller@yubawater.org
mailto:Tracy.Pettit@water.ca.gov
mailto:Tracy.Pettit@water.ca.gov
mailto:Tracy.Pettit@water.ca.gov
mailto:Jeremy.Hill@water.ca.gov
mailto:Jeremy.Hill@water.ca.gov
mailto:cale.nasca@water.ca.gov
mailto:cale.nasca@water.ca.gov
mailto:Angelique.Fabbiani-Leon@water.ca.gov
mailto:Angelique.Fabbiani-Leon@water.ca.gov
mailto:Angelique.Fabbiani-Leon@water.ca.gov
mailto:Angelique.Fabbiani-Leon@water.ca.gov
mailto:Jennifer.R.Fromm@usace.army.mil
mailto:Jennifer.R.Fromm@usace.army.mil
mailto:Jennifer.R.Fromm@usace.army.mil
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No. 
Partner 

Organization Name Position 

Responsibility 
Connection to Yuba-Feather Decision Support 

Tools 

E-Mail 
Operation

s 
Forecast 
Provider 

Flood-
related 

Decisions 
Other 

Decisions 
Principal 

User 
Consulted 
for Input 

(USACE) - 
Sacramento 

District Water 
Operations 

Management 
Section 

9 Marchia 
Bond 

Engineer, 
Water 
Management 
Section 

Flood 
Release 

Oversight 

 x   x   marchia.v.bo
nd@usace.ar
my.mil 

10 Joe Forbis Chief, Water 
Management 
Section 

Flood 
Release 

Oversight 

  x        joseph.c.for
bis@usace.ar
my.mil 

11 National 
Weather 

Service (NWS)/ 
California-

Nevada River 
Forecast Center 

(CNRFC) 

Brett Whitin Senior 
Hydrologist 

Forecasting x         Brett.Whitin
@noaa.gov 

12 Cindy 
Matthews 

 
Senior 
Hydrologist 

Weather 
C&O 

    Public C&O     cindy.matthe
ws@noaa.go
v 

13 Peter 
Fickenscher 

Development 
& Operations 
Hydrologist 

Forecasting x         peter.fickens
cher@noaa.g
ov 

14 National Marine 
Fisheries 

Service (NMFS) 

Eric Danner Team leader, 
Southwest 
Fisheries 
Science Center 
(SWFSC) 

n/a     Env   x Eric.Danner
@noaa.gov 

15 Steve Lindley Director, 
Southwest 
Fisheries 
Science Center 
(SWFSC) 

n/a     Env   x steve.lindley
@noaa.gov 

  

mailto:marchia.v.bond@usace.army.mil
mailto:marchia.v.bond@usace.army.mil
mailto:marchia.v.bond@usace.army.mil
mailto:cindy.matthews@noaa.gov
mailto:cindy.matthews@noaa.gov
mailto:Brett.Whitin@noaa.gov
mailto:Brett.Whitin@noaa.gov
mailto:Brett.Whitin@noaa.gov


 

 294 

Table Q-5. DST Decision Maker consulted (participate in the review of findings, not discussions). 

No. 
Partner 

Organization Name Position 

Responsibility Connection to Y-F DSTs 

E-Mail Operations 
Forecast 
Provider 

Flood- 
related 

Decisions 
Other 

Decisions 
Principal 

User 
Consulted 
for Input 

1 University of 
California San 

Diego 
(UCSD)/Scripps 

Institute of 
Oceanography 

Marty Ralph Director, 
Center for 
Western 
Weather and 
Water 
Extremes 
(CW3E) 

Forecasting 
Technologies 

x    x mralph@ucs
d.edu 

2 Julie 
Kalansky 

Operations 
Manager 

Forecasting 
Technologies 

x    x jkalansky@u
csd.edu 

3 United States 
Army Corps of 

Engineers 
(USACE) - 

Research and 
Development 

Cary Talbot Chief, Flood 
and Storm 
Protection 
Division 

Research & 
Development

, Best 
Practices 

    x cary.a.talbot
@erdc.dren.
mil 

4 Elissa Yeates Research 
Hydraulic 
Engineer 

Research 
&Developme

nt, Best 
Practices 

    x Elissa.M.Yeat
es@erdc.dre
n.mil 

5 Lake Mendocino 
Forecast-
Informed 
Reservoir 

Operations 
(FIRO) 

Jay Jasperse, 
Sonoma 
County 
Water 
Agency 
(SWA) 

Chief 
Engineer 

Flood/Water 
Supply 

    x Jay.Jasperse
@scwa.ca.go
v 

6 Patrick Sing, 
United States 
Army Corps 
of Engineers 
(USACE) 

Senior 
Hydraulic 
Engineer 

Flood     x Patrick.F.Sin
g@usace.ar
my.mil 
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No. 
Partner 

Organization Name Position 

Responsibility Connection to Y-F DSTs 

E-Mail Operations 
Forecast 
Provider 

Flood- 
related 

Decisions 
Other 

Decisions 
Principal 

User 
Consulted 
for Input 

7 Prado Dam 
Forecast-
Informed 
Reservoir 

Operations 
(FIRO) 

Kim Moone, 
United States 
Army Corps 
of Engineers 
(USACE) 

Principal 
Operator 

Flood/Water 
Supply 

    x moon.h.kim
@usace.arm
y.mil 
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Q.7 Assessment of DST Information Gaps 
The DST Gap Analysis was performed using the three approaches: (1) Symposium, (2) Surveys, 
and (3) Discussion with Stakeholders. The objectives of the DST Gap Analysis were:  

 Build an understanding of existing DSTs, including DSS, forecasting tools, and other 
supporting situational awareness tools used to support real-time reservoir operation 
decision-making for flood and water supply management within the Yuba-Feather 
watershed system and similar watersheds. 

 Explore how existing DSTs meet decision-maker/operator needs in the Yuba-Feather 
watershed. 

 Explore additional needs of decision-makers/operators that have not currently been met by 
existing DSTs in the Yuba-Feather watershed. 

Q.8 Symposium  
The purpose of the Symposium was to present the existing DSTs to the Stakeholder group 
(decision-makers and managers). The SMEs presented the existing DSTs (identified by the DST 
Workgroup) at the DST Symposium held in October 2021. The symposium was attended by 
decision-makers and managers who have performed, authorized, or coordinated with the New 
Bullards Bar Dam and Reservoir operations on the North Fork of the Yuba River and Oroville 
Dam and Reservoir on the Feather River. Presentations were also recorded and made available 
to those Stakeholders not able to attend. The general guidance to help SMEs structure their 
DST presentations were: 

 Gear the presentations toward Stakeholders.  

 Focus on DST use/application from a user perspective. 

 Provide case examples.  

 Record presentations for Stakeholders not able to attend the DST Symposium. 

Q.9 Surveys  
The DST Gap Survey was conducted to gather input on the information gaps in DSTs and 
identify needs and recommendations for enhancing and further evaluating DSTs. The DST Gap 
Survey covered 18 DSTs of which 7 were DSS tools and 11 were forecast and situational 
(observational) awareness tools. DST Gap Surveys were completed by 9 individuals 
representing operators and managers associated with YWA, DWR-SWP, and USACE. The key 
questions asked in the surveys were:  

 Can the tool provide additional information that may be useful? If so, please describe this 
information briefly; and  

 What enhancements are needed to fulfill your agency’s current operational objectives?  

Surveys were completed by all agencies responsible for reservoir operations decisions 
(responsible agencies), including DWR and DWR-SWP; YWA; and USACE. Figure Q-2 & Figure 
Q-3 show the evaluation summary and familiarity of the DSS and forecast tools identified using 
the DST Gap Survey.  
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(a) 

 
(b) 

 
Figure Q-2. Summary of the survey of DSS tools, (a) evaluation summary of the DSS tools, and (b) familiarity 
with the DSS tools. 

 

(a) (b) 

 
Figure Q-3. Summary of the survey, (a) evaluation summary of the Forecast tools, and (b) familiarity with the 
forecast tools. 
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Q.10 Discussions  
The purpose of the Stakeholders’ Discussions was to gather information about the needs/gaps 
about making real-time flood operations decisions, and the relationship of those decisions to 
other uses, such as water supply, environmental compliance, and hydropower. Stakeholders 
were identified from each Y-F FIRO partner organization. Following the symposium, discussions 
were held with agencies responsible for these operations, including the California Department of 
Water Resources, the State Water Project operations office, the Yuba Water Agency, and the 
USACE Sacramento District Water Management Section. The following discussions took place in 
March of 2022: 

 USACE, March 3, 2022, Jenny Fromm (Lead Water Manager Water Management Section), 
Marchia Bond (Senior Engineer Water Management Section). 

 YWA, March 8, 2022, John James (Manager of Resource Planning). 

 DWR-SWP, March 9, 2022, Tracy Pettit-Polhemus (Manager SWP Operations), Norman Lee 
(Manager SMS), Dustin Jones (Supervising Engineer Division of O&M).  

The discussion objectives were: 

 Review and discuss the survey results and obtain agency feedback. 

 Discuss questions posed by the DST Workgroup co-leads.  

 Discuss agency questions and comments about the DST survey results and perspectives on 
DST needs with the implementation of FIRO in the Yuba-Feather watershed. 

The discussion questions include: 

 What are the challenges of managing the array of DSTs that produce forecasts and 
provide access to observations? 

 What forecast and observation tools/products would you like to learn more about? 

 What are the major gaps/needs for improvement in DSTs or the information they provide? 

 Describe priorities, if any, of addressing uncertainty, for example: need better integration 
and user-friendly illustration of ensemble products in DSTs. 

 Are there DST or data integration/linkage needs? What would be the potential benefits of 
this integration/linkage? 

 
Q.11 Discuss Potential DSTs Enhancements Needed 
Q.11.1 Gaps 
This DST Gap Analysis using Survey and Discussions reveals several knowledge gaps in the 
forecast products and DST tools. Figure Q-4 through Figure Q-15 show the knowledge gaps and 
potential enhancements needed in the DST and forecast tools. The knowledge gap regarding 
the forecast products identified is how to use forecasts from different sources and utilize this 
information consistently. More specifically, the survey results indicate: 
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 A lack of understanding of the CW3E and NOAA forecast and observational products, and 
the individual tool’s goal and intended use.  

 The extensive amount of information provided by these forecast and observational 
products can be overwhelming to users, highlighting the need to improve how these 
products are connected to and used within the operational stream.  

 A lack of understanding of the uncertainty and accuracy of the different forecast products, 
suggesting a need to explore accuracy of different forecast products and publish this 
information in a user-friendly context.  

Also, there was less feedback provided on forecast and observational tools as compared to DSS 
tools, further supporting the finding that there is a lack of understanding of these tools and the 
information they provide.  

The survey also identified gaps in the operational tools, including:  

 Integration of tools, for example, integration of ensemble information into spreadsheet 
tools. 

 Available portals and platforms for information exchange between operational models and 
tools.  

 Functionality for balancing and managing stored water to better maximize benefits and 
minimize risks. 

Also, through the WRE workgroup evaluation of the FIRO water control plan alternatives, 
reservoir operations modeling gaps associated with HEC-ResSim were identified and are 
described in Section 7.2 of the PVA. These DST gaps will need to be resolved in the FVA to 
facilitate implementation of FIRO in the Yuba-Feather watershed system. 

Q.11.2 Needs 
The need for a DST needs to support FIRO in the Yuba-Feather reservoir system were assessed 
by exploring the following: the role of a DSS, why a DSS is important to the system, what DSTs 
are currently available, what the future need for operating under FIRO will be, and what 
potential enhancements will be required to existing and emerging DSTs might be needed to 
meet the needs of decision makers. The assessment involved identifying the available and 
emerging DSTs and reviewing with decision makers the DSTs that may be utilized and refined 
to help implement FIRO. The assessment of DST gaps is designed as a proactive approach to 
understanding the needs of the DSTs. This initial assessment completed for the PVA is the 
beginning of the process to identify gaps in DSTs and makes recommendations for how best to 
proceed with future phases of DST evaluations that will occur during the FVA effort, WCM 
updates the updates to the WCMs, and eventually the implementation phase of FIRO. 

Interaction between the forecast information source (CW3E, NWS) and the end-user (DWR, 
Yuba Water, and USACE) will be essential as the FIRO Yuba-Feather PVA ventures to develop 
enhanced decision support tools that end users can readily understand and easily employ.  
Previous discussions in a similar context have highlighted that this information is not translated 
among atmospheric scientists, hydrologists, reservoir operators, and stakeholders with perfect 
fidelity and that assuming perfect fidelity can have consequences. An iterative approach to 



 

  300 

developing forecast diagnostics and DSTs that simply and effectively meet end-user needs via 
constant interaction (e.g., technical workshops) is essential to the success of FIRO. 

The following needs are based on results of the DST assessment efforts: 

 Training to improve the understanding and use of the forecasting and observational 
products.  

 Further exploration into the integration of forecast and observational products for 
situational awareness into the operational tools.  

 Identify needed coordination/integration/exchange between operational tools, such as 
between CWMS and FCO DSS tools: (1) How can information be exchanged between 
operational tools, and (2) How can tools be better integrated (or coordinated) so that they 
can quickly and effectively share information.  

 How to equip tools to balance stored water and releases to meet FIRO objectives. 

The following needs and recommendations are based on needs identified through the DST 
workgroup process: 

 Need a DSS that supports implementation of a FIRO WCP. 

 A reservoir operations tool to implement FIRO WCPs. 

Q.12 Recommended Action 
The following recommendations are based on the results of the DST assessment efforts:  

 Investigate how to improve the consistency of which forecast and observational products 
are used, and how they are used.  

 Complete a Tabletop Exercise or Information Discovery Exercise to get the researchers and 
operators together to use the forecasting and situational awareness tools for a historical 
event, like the 1997 or 2017 events, to understand the operational needs and how 
forecast tools can be helpful. And for researchers to gain an understanding of operator 
needs those researchers can further investigate for making future enhancements to tools. 

 Use the F-CO DSS for the development and implementation of a DSS to support FIRO 
operations. 

 Identify the forecast information attributes that would be defined in a WCP and 
represented in a DSS. 

 Revise HEC-ResSim to support FIRO water control plans. 
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(a) 

 
(b) 

 
Figure Q-4. Survey results for the gap analysis of DSS tools, (a) short-term forecast of precipitation, and (b) 
long-term forecast of precipitation. 

 

 
(a) 

 
(b) 

 
Figure Q-5. Survey results for the gap analysis of forecast tools, (a) short-term forecast of precipitation, and 
(b) long-term forecast of precipitation. 
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(a) 

 
(b) 

 
Figure Q-6. Survey results for the gap analysis of DSS tools, (a) rain/snow separation elevation, and (b) 
losses in the computation of direct runoff. 

 

 
(a) 

 
 (b) 

 
Figure Q-7. Survey results for the gap analysis of forecast tools, (a) rain/snow separation elevation, and (b) 
losses in the computation of direct runoff. 
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(a) 

 
(b) 

 
Figure Q-8. Survey results for the gap analysis of DSS tools, (a) rainfall-runoff transform, and (b) inflow 
forecasting. 

 

 
(a) 

 
 (b) 

 
Figure Q-9. Survey results for the gap analysis of forecast tools, (a) rainfall-runoff transform, and (b) inflow 
forecasting. 
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(a) 

 
 (b) 

 
Figure Q-10. Survey results for the gap analysis of DSS tools, (a) release decision support, and (b) system 
performance. 

 

 
(a) 

 
 (b) 

 
Figure Q-11. Survey results for the gap analysis of forecast tools, (a) release decision support, and (b) 
system performance. 
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(a) 

 
 (b) 

 
Figure Q-12. Survey results for the gap analysis of DSS tools, (a) uncertainty analysis, and (b) is the tool 
currently used by your agency to make decisions?.  

 

 
(a) 

 
 (b) 

 
Figure Q-13. Survey results for the gap analysis of forecast tools, (a) uncertainty analysis, and (b) is the tool 
currently used by your agency to make decisions?. 
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(a) (b) 
Figure Q-14. Survey results for the gap analysis of DSS tools, (a) Does the tool have the required 
functionality or provide the necessary information for your agency to make decisions in accordance with your 
mission/objective?, and (b) Based on your understanding of this tool, what types of decisions would this tool 
be useful for? (Select all that apply.) 

 

(a) (b) 
 
Figure Q-15. Survey results for the gap analysis of forecast tools, (a) Does the tool have the required 
functionality or provide the necessary information for your agency to make decisions in accordance with your 
mission/objective?, and (b) Based on your understanding of this tool, what types of decisions would this tool 
be useful for? (Select all that apply).   
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Q.13 Coordination with Other Workgroups 
Identification and evaluation of the DSTs needed to support the development and coordination 
of YF FIRO and WCM update interrelated efforts, including evaluation of FIRO alternatives to 
support interim operations and integration into WCMs, and support for future FIRO research 
and planning efforts. These planning efforts include coordination with other technical 
workgroups (see Table Q-6 for the DST technical team (Team Charter)). The DST technical 
team meet regularly each month and completed 10 meetings by date: (1) May 12, 2021, (2) 
June 16, 2021, (3) July 21, 2021, (4) August 18, 2021, (5) September 15, 2021, (6) October 
20, 2021, (7) November 17, 2021, (8) December 17, 2021, (9) January 19, 2022, and (10) 
February 11, 2022. 

Table Q-6. DST technical team (Team Charter) and organizations.  

Organization Team Members 
Yuba Water Agency John James 
Department of Water Resources (DWR)/ State 
Water Project (SWP) 

Dustin Jones, Tracy Pettit 

Department of Water Resources (DWR)/HFO Angelique Fabbiani-Leon 
Department of Water Resources (DWR)/DES Stephanie Chun 
 SPK Jenny Fromm, Marchia Bond 
California Nevada River Forecast Center (CNRFC) Brett Whitin 
Robert K Hartman Consulting Services (RKHCS) Rob Hartman 
MBK Engineers Ben Tustison, Carly Narlesky 
HDR, Inc Donna Lee, Nathan Pingel, Mike Konieczki 
Center for Western Weather and Water Extremes 
(CW3E) 

Forest Cannon, Julie Kalansky, Mike DeFlorio, Duncan Axisa, 
Ming Pan, Chad Hecht, Anna Wilson, Ava Cooper 

United States Army Corps of Engineers (USACE)/ 
Engineer Research and Development Center 
(ERDC) 

Elissa Yeates, Karlie Wells 

 
The objectives of the different workgroup’s coordination are: 

 Facilitate understanding of the available Y-F decision support tools. 

 Provide input on how decisions support tools will support Y-F FIRO development and WCM 
updates. 

 Provide input on what enhancements are needed to existing decision support tools and 
what tools are needed to support Y-F FIRO and WCM updates. 

 Establish protocols for evaluation of DSTs during the development phase to ensure 
analysis results meet relevant professional standards and that input data and assumptions 
used by DSTs are consistent. 

 Create a transparent and collaborative work environment where the DST team can 
effectively support the tasks from the YF FIRO work plan and serve as a DST information 
resource for other subgroups. 

 Meet FIRO and WCM update project timelines. 

The FIRO/WCM alignment focus are to consider: 
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 How Y-F FIRO alternatives can be implemented in Y-F F-CO DSS and USACE CWMS in 
terms of forecast ingestion and processing, and reservoir operation modeling, including 
system operation. 

 Integration with precipitation-runoff modeling, hydraulic routing, and consequence 
modeling, if needed. 

 How forecasts are currently represented in DSTs and how future forecast enhancements 
developed under Y-F FIRO can be integrated into DSTs. 

 How testing of operational rules is currently supported in DSTs and how Y-F FIRO 
alternatives can be supported by DSTs. And how this would inform WCM updates and 
associated modeling and analysis. 

 WCM updates that allow flexibility for future enhancements and evolution of DSTs. 
 
Table Q-7 shows the DST team members and their role (RACI chart) in other technical 
workgroups. Whereas the Other Workgroup column shows the connection of DST workgroup 
members to other PVA workgroups. The DST workgroup membership has good distribution as 
members of the other six technical workgroups. At least one member of the DST workgroup 
(and multiple members in most cases) is a member of each of the other workgroups. The 
abbreviations in bold red indicate if a DST member is a lead for another workgroup. This DST 
member will help with coordination/communication between groups. Workgroups not 
represented by a lead are Observation, Outreach & Communications, and Economics. DST 
members with membership in these groups will help with coordination/communication between 
groups. The PVA workgroup and coordination are summarized in Figure Q-16.  

Table Q-7. Team Members and Roles (RACI chart).  

Name Organization Position Responsible Accountable Consulted Informed 
Other 

Workgroup 
Cale Nasca Department of 

Water 
Resources 

(DWR) 

Reservoir 
Operations 

X    Water resources 
Engineering, Obs, 

Hydrology, Ldr 

Chris 
Delaney 

Sonoma Water 
Agency 

Project 
Manager 
support 

X    Water resources 
Engineering, Ver 

Roger Putty GEI Consultants 
Inc 

(Department of 
Water 

Resources 
/Yuba Water 

Agency) 

Tech and 
Project 

Manager 

X    Water resources 
Engineering, Obs, 
Meteorology, O&C, 

Economy 

John James Yuba Water 
Agency 

Water 
Operations 

Project 
Manager 

  X  Water resources 
Engineering, Obs, 
Meteorology, O&C 

Dustin Jones Department of 
Water 

Resources 
(DWR)/State 
Water Project 

(SWP) 

Project 
Managers 
Support 

  X  Water resources 
Engineering, Ver, 

Obs, O&C, 
Economy 

Tracy Pettit Department of 
Water 

Water 
Operations 

  X  Ver, Obs 
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Name Organization Position Responsible Accountable Consulted Informed 
Other 

Workgroup 
Resources 

(DWR) /State 
Water Project 

(SWP) 
Stephanie 
Chun 

Department of 
Water 

Resources 
(DWR) /DES 

Tech Support   X   

Angelique 
Fabbiani-
Leon 

Department of 
Water 

Resources 
(DWR) /HFO 

Water 
Resources 
Engineer 

 X   Ver 

Jenny 
Fromm 

United States 
Army Corps of 

Engineers - SPK 

Lead Water 
Manager 

  X  Water resources 
Engineering, 

Meteorology, O&C 
Marchia 
Bond 

United States 
Army Corps of 

Engineers - SPK 

Water 
Operations 

 X   Ver 

Brett Whitin California 
Nevada River 

Forecast Center 
(CNRFC) 

Service 
Coordinator 
Hydrology 

 X   Hydrology, Obs 

Rob Hartman Robert K 
Hartman 

Consulting 
Services 
(RKHCS) 

Tech Support  X   Water 
Resources 

Engineering, 
Ver, Obs 

Ben Tustison MBK (Yuba 
Water Agency) 

Engineer 
Support 

  X  Water resources 
Engineering, 
Hydrology 

Carly 
Narlesky 

MBK Engineers 
(YWA) 

Engineer 
Support 

 X   Water resources 
Engineering, 
Hydrology 

Donna Lee HDR, Inc  Tech support   X  Water resources 
Engineering, Obs, 
Hydrology, O&C 

Nathan 
Pingel 

HDR, Inc Tech support   X  Water resources 
Engineering, 

Hydrology, O&C,  
Economy 

Mike 
Konieczki HDR, Inc Tech support  X    

Forest 
Cannon  

Center for 
Western 

Weather and 
Water Extremes  

Atmospheric 
River Lead 

 X   Met, Ver, Obs 

Julie 
Kalansky 

Center for 
Western 

Weather and 
Water Extremes 

Dep Director   X  O&C 

Mike 
DeFlorio 

Center for 
Western 

Weather and 
Water Extremes 

S2S Lead    X  

Duncan Axisa Center for 
Western 

Weather and 
Water Extremes 

FIRO Lead  X   Water Resources 
Engineering, Ver, 
Obs, Meteorology, 
Hydrology, O&M,  

Economy 
Ming Pan Center for 

Western 
Hydrology 

Lead 
  X  Water Resources 

Engineering, 
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Name Organization Position Responsible Accountable Consulted Informed 
Other 

Workgroup 
Weather and 

Water Extremes 
Hydrology, Ver, 

Obs 
Chad Hecht Center for 

Western 
Weather and 

Water Extremes 

Staff 
Meteorologist 
and Forecaster 

  X   

 
 

 
 
Figure Q-16. PVA workgroup coordination and assignments.  
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Q.14 Develop Protocols for Evaluation of DSTs 
The technical tasks for achieving the goals and objectives of the DST evaluation effort were 
identified during the development of the Y-F FIRO workplan, and further refined by the DST 
Workgroup during the development of the DST Workgroup Charter. The workgroup identified as 
a technical task, the need to establish protocols for the evaluation of DSTs and to describe 
those methods in a technical memorandum. However, during the PVA effort the DST 
Workgroup determined that the focus of the DST evaluation effort should be on identifying 
information gaps. A detailed evaluation of DSTs will be completed during the FVA when the 
preferred FIRO alternative will be developed. At that time the requirements of DSTs to support 
those alternatives will be identified.  

With this in mind, the DST Workgroup was not able to take on this technical task of developing 
protocols for evaluating DSTs since these protocols will be informed in part by the DST 
requirements dictated by the preferred FIRO alternative. For this reason, the DST Workgroup 
will complete this technical task during the development of the FVA. 

Q.15 Updating Water Control Manuals and Use of DSTs 
As noted above, the technical tasks for achieving the goals and objectives of the DST evaluation 
effort were identified during the development of the Y-F FIRO workplan, and further refined by 
the DST Workgroup during the development of the DST Workgroup Charter. The DST 
Workgroup identified as a technical task, the need to provide input on how updated WCM 
should describe the F-CO Program in the context of incorporating FIRO into the WCM update, 
and the related use of DSTs. However, during the PVA effort the DST Workgroup determined 
that the focus of the DST evaluation effort should be on identifying information gaps, and not 
on recommending DSTs for supporting FIRO in the WCM update.  For this reason, the DST 
Workgroup will complete this technical task during the development of the FVA. 

Q.16 References 
Cale Nasca (2021). Forecast-Coordinated Operations [PowerPoint slides]. Retrieved from 
https://cdec.water.ca.gov/cgi-progs/products/6FeatherYubaForecastCoordOps.pdf  

CDEC (2021). Forecast Coordinated Operations. California Data Exchange Center. Retrieved 
March 21, 2022, from https://cdec.water.ca.gov/fco.html  

CDEC (2021b). B-120 Water Supply Forecast Update Summary. California Data Exchange 
Center. 

Retrieved March 21, 2022, from 
https://cdec.water.ca.gov/reportapp/javareports?name=B120DIST 

CDEC (2021c). B-120 Water Supply Forecast Update Summary. California Data Exchange 
Center. Retrieved March 21, 2022, from 
https://cdec.water.ca.gov/reportapp/javareports?name=B120 

CDEC (2021d). B-120 Water Supply Forecast Update Summary. California Data Exchange 
Center. Retrieved March 21, 2022, from 
https://cdec.water.ca.gov/reportapp/javareports?name=B120UP 

https://cdec.water.ca.gov/cgi-progs/products/6FeatherYubaForecastCoordOps.pdf
https://cdec.water.ca.gov/fco.html
https://cdec.water.ca.gov/reportapp/javareports?name=B120DIST
https://cdec.water.ca.gov/reportapp/javareports?name=B120
https://cdec.water.ca.gov/reportapp/javareports?name=B120UP


 

  312 

CNRFC (2000a). California Nevada River Forecast Center. CNRFC. URL 
https://www.cnrfc.noaa.gov/ensembleHourlyProductCSV.php  

CNRFC (2000b). California Nevada River Forecast Center. CNRFC. URL 
https://cnrfc.noaa.gov/?lat=37.664&lng=-120.824 

CWMS (2022). Corps Water Management System. US Army Corps of Engineers. (n.d.). 
Retrieved March 21, 2022, from https://www.hec.usace.army.mil/cwms/ 

CW3E. (2021a). Watershed Freezing-Level Forecasts. Center For Western Weather and Water 
Extremes (CW3E). Retrieved March 21, 2022, from 
https://cw3e.ucsd.edu/DSMaps/DS_freezing.html  

CW3E. (2021b). West Weather Research and Forecasting (West-WRF) Model Forecasts. Center 
For Western Weather and Water Extremes (CW3E). Retrieved March 21, 2022, from 
https://cw3e.ucsd.edu/west-wrf/  

CW3E. (2021c). Watershed Precipitation Forecasts. Center For Western Weather and Water 
Extremes (CW3E). Retrieved March 21, 2022, from 
https://cw3e.ucsd.edu/DSMaps/DS_watershed.html 

CW3E. (2021d). Atmospheric River Forecast Products. Center For Western Weather and Water 
Extremes (CW3E). Retrieved March 21, 2022, from https://cw3e.ucsd.edu/iwv-and-ivt-
forecasts/ 

CW3E. (2021e). Atmospheric River Forecast Products. Center For Western Weather and Water 
Extremes (CW3E). Retrieved March 21, 2022, from https://cw3e.ucsd.edu/iwv-and-ivt-
forecasts/ 

CW3E. (2021f). Atmospheric River Scale Forecast Products. Center For Western Weather and 
Water Extremes (CW3E). Retrieved March 21, 2022, from https://cw3e.ucsd.edu/arscale/ 

CW3E. (2021g). Subseasonal to Seasonal (S2S) Experimental Forecasts. Center For Western 
Weather and Water Extremes (CW3E). Retrieved March 21, 2022, from 
https://cw3e.ucsd.edu/s2s_forecasts/ 

DWRe (2022). Operations and Delta status. California Department of Water Resources. 
Retrieved March 21, 2022, from https://water.ca.gov/Programs/State-Water-
Project/Operations-and-Maintenance/Operations-and-Delta-Status  

Delaney, C. J., Hartman, R. K., Mendoza, J., Dettinger, M., Delle Monache, L., Jasperse, J., ... & 
Evett, S. (2020). Forecast informed reservoir operations using ensemble streamflow predictions 
for a multipurpose reservoir in Northern California. Water Resources Research, 56(9), 
e2019WR026604. 

Kirtman, B. P., Min, D., Infanti, J. M., Kinter, J. L., Paolino, D. A., Zhang, Q., ... & Wood, E. F. 
(2014). The North American multimodel ensemble: phase-1 seasonal-to-interannual prediction; 
phase-2 toward developing intraseasonal prediction. Bulletin of the American Meteorological 
Society, 95(4), 585-601. 

NOAA. (2001, January 1). NOAA's Climate Prediction Center. Climate Prediction Center. 
Retrieved March 21, 2022, from https://www.cpc.ncep.noaa.gov/  

https://www.cnrfc.noaa.gov/ensembleHourlyProductCSV.php
https://cnrfc.noaa.gov/?lat=37.664&lng=-120.824
https://www.hec.usace.army.mil/cwms/
https://cw3e.ucsd.edu/DSMaps/DS_freezing.html
https://cw3e.ucsd.edu/west-wrf/
https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/iwv-and-ivt-forecasts/
https://cw3e.ucsd.edu/arscale/
https://cw3e.ucsd.edu/s2s_forecasts/
https://water.ca.gov/Programs/State-Water-Project/Operations-and-Maintenance/Operations-and-Delta-Status
https://water.ca.gov/Programs/State-Water-Project/Operations-and-Maintenance/Operations-and-Delta-Status
https://www.cpc.ncep.noaa.gov/


 

  313 

NOAA. (2017, December 29). Model guidance: Areas and Models. National Weather Service 
(NWS), National Ocean and Atmospheric Association (NOAA). Retrieved March 21, 2022, from 
https://mag.ncep.noaa.gov/model-guidance-model-area.php#  

NOAA. (2021). North American Multi-Model Ensemble. Climate prediction center - NMME 
forecasts of monthly climate anomalies. Retrieved March 21, 2022, from 
https://www.cpc.ncep.noaa.gov/products/NMME/  

USACE (2022). Corps Water Management System (CWMS). US Army Corps of Engineers. 
Retrieved March 21, 2022, from https://www.hec.usace.army.mil/cwms/ 

  

https://mag.ncep.noaa.gov/model-guidance-model-area.php%23
https://www.cpc.ncep.noaa.gov/products/NMME/
https://www.hec.usace.army.mil/cwms/


 

  314 

Appendix R—Yuba-Feather FIRO Economic Benefits 
(Section 9) 
R.1 Yuba-Feather FIRO Economic Benefits 
Multipurpose reservoirs provide quantifiable economic benefits that include water supply 
reliability during dry periods, flood damage risk reduction during wet periods, recreation, 
navigation, hydropower, ecological benefits, and climate resilience (Klemeš 1977, Datta and 
Burges 1984, Graham and Georgakakos 2010). 

Flood damage risk reduction benefits can be described in terms of reductions in expected 
annual damage (EAD) and expected annual loss of life (EALL). Changes to EAD and EALL 
associated with flooding in the Yuba-Feather system can be estimated for the FIRO preferred 
alternative relative to existing operations. To quantify the potential economic benefits, 
downstream stage-frequency curves associated with the FIRO preferred alternative can be used 
as inputs to the US Army Corps HEC-FDA (Flood Damage Reduction Assessment) model, which 
has previously been configured for use in the Yuba-Feather watersheds (YCWA, 2018; DWR, 
2017). 

The Yuba Water (2018) assessment evaluated three flood risk management improvement 
actions, including the preferred alternative of Forecast-Informed Operations (F-IO) at Lake 
Oroville and New Bullards Bar combined with the construction of a second spillway at New 
Bullards Bar. The preferred alternative was predicted to reduce expected annual damage (EAD) 
from $35.8 million to $22.3 million, a net with-project inundation reduction benefit of $13.6 
million (dollar values in 2016 dollars). EAD under without-project and with-project conditions 
was estimated using HEC-FDA over 11 impact areas consistent with the 2017 CVFPP Update. 
Expected damage reduction benefits were determined for: direct damages to 
structures/content, crops, highways and streets, and vehicles; other costs comprising business 
losses, emergency response costs, and displacement and temporary housing; and statistical 
lives lost. A similar approach can be used to evaluate the economic value of flood damage risk 
reduction for the FIRO FVA. 

The valuation of water supply reliability involves distinctions between private and social, long-
run and short-run, at-site and at-source, per-period and capitalized, and use and nonuse values 
(Young and Loomis, 2014). One simple metric of the private, short-run, at-site, per period, use 
value of water in the Yuba-Feather watersheds is the cost of water delivery, or unit water 
charge, for the Feather River Area which is estimated at $538 per acre foot in 2022 dollars 
($493 in 2019 dollars, DWR Bulletin 132-18, p. 297). The combined capacity of Lake Oroville 
and New Bullards Bar is over 4.5 million acre-feet. Improvements to dry season water supply 
reliability could generate appreciable value. Period-of-record simulations of FIRO alternatives 
over winter periods can be used to generate estimates of the value of additional water available 
in the spring by applying unit water charges for the Feather River area (DWR, 2018). 

Hydropower benefits, including increased energy generation and decreased greenhouse gas 
emissions, can be described quantitatively or qualitatively by simulating expected pool 
elevations and hydropower generation decisions and outcomes over the course of a water year. 
Pool elevation simulations combined with recreation use values can be used to quantify the 
economic benefits of boating and other recreational activities on the reservoirs (Rosenberger, 
2016). FIRO may provide ecological benefits to fisheries and endangered salmonid populations 
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(Jasperse et al., 2020). Ecological impacts are not easily monetized but qualitative assessments 
of benefits may be feasible (Yuba Water, 2018). The valuation of ecological benefits associated 
with FIRO may be informed by the NEPA process to be carried out during the water control 
manual updates for Lake Oroville and New Bullards Bar. Finally, FIRO may provide improved 
climate resilience as inflows are expected to become more volatile in a changing climate. 
Climate resilience benefits can be assessed by evaluating the full set of FIRO benefits under a 
set of future climate scenarios. 
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