Authority Land Management
Committee Meeting Agenda

Date:

Time:

Leader:

July 9, 2021 Location: Maxwell / Virtual

3:00pm - 5:00pm

Supervisor Gary Evans Recorder:

Conner McDonald

Purpose: Update on activities associated with the project mitigation cost estimate, Section 106 permitting,

geotech

nichal investigations, and real estate activites

Attendees:

Supervisor Gary Evans (Colusa)

Supervisor Ken Hahn (Glenn) Thad Bettner (GCID)
Jeff Sutton (TCCA) Jerry Brown (Sites)
Logan Dennis (GCID) Kevin Spesert (Sites)

Ali Forsythe (Sites)

Mike Azevedo (Colusa)

Conner McDonald (HDR)

Henry Luu (HDR)

Jeriann Alexander (Fugro)
Pete Rude (Jacobs)

Jeff Smith (Jacobs)

Mark Twede (Jacobs)
Derek Morley (Geosyntec)
Brian Martinez (Geosyntec)
Larry Fishman (Vanderweil)
Jeff Herrin (AECOM)
Howard Michael (AECOM)
Michael Smith (AECOM)
Michael Forrest (AECOM)

Time Allotted

Discussion Topic Topic Leader

¢ Introductory Remarks Evans 3 minutes

e Meeting Minutes & Action Item Follow Up Evans 2 minutes

e Review updated project mitigation cost estimate Forsythe 30 minutes
e Requested Action: Feedback/Direction

e Discussion on Section 106 activites Forsythe 20 minutes
¢ Requested Action: Feedback/Direction

e Review of proposed Amendment 3 workplan geotechnical Luu 40 minutes
investigations locations
° Requested Action: Feedback/Direction

¢ Amendment 3 Real Estate approach/considerations Spesert 20 minutes
e Requested Action: Feedback/Direction
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e Action Items and Closing Comments Evans 5 minutes

Agenda ltem #1 - Introductory Remarks — Supervisor Gary Evans

Meeting called to order at 3:00pm by Supervisor Gary Evans.
Kevin Spesert confirmed Attendees.

Attendees introduced themselves.

Agenda ltem #2 — Meeting Minutes & Action ltem Follow-Up — Supervisor Gary Evans

Meeting Minutes from prior meeting have been reviewed.

Agenda ltem #3 — Review of Updated Project Mitigation Cost Estimate — Ali Forsythe

Ali Forsythe presented on the Mitigation Cost Estimate, providing background on how the cost was arrived
at. The mitigation activities will have an effect on land activities, and the estimate will be refined over time,
with the current estimate providing a good anticipated cost.

The current mitigation estimate is based upon the 2016 Technical Memo that was part of the USBR process.
This memo looked at specific resources and all impacts; added greenhouse gas emissions; and considered
broad categories, monitored over time.

In developing the current estimate, the Project Team worked with the EIR / EIS Team, and looked at all
mitigation measures — upfront versus long-term monitoring versus construction. These costs were placed
where they most logically fit, and the 2016 Memo was used as the basis.

There were changes to the Terrestrial and Land Cover sections, based on outreach to Westervelt, RES,
Wildlands, to determine current cost with regard to mitigation bank credits in today’s market. ASFMRA was
also used as a resource to confirm land value numbers. The mitigation ratic is determined by negotiations
with agencies during the permit process.

Ali Forsythe presented a table identifying the resources, and planning-level cost estimates, totaling
$562,477,300, and compared this cost estimate to the 2020 Value Planning Estiamte of $540,000,000,
identifying the line-item changes between the two.

USBR undertakes mitigation in a different manner than others would — USBR mitigation costs are based
upon land acquisition costs. Sites’ process will differ from the USBR process. Sites will have lifecycle costs
for mitigation; and the estimate assumes a suite of mitigation options, including both on-site and use of a
mitigation bank.

At this time, there is not land access to conduct surveys — land has been mapped by aerial desktop surveys,
and information is coarse. When land access is possible, there will be much work to ground truth what has
been identified, and refine the mitigation needs.

The Committee asked how the removal of the Delevan Pipeline from the proposed project features affects
the Project’s mitigation needs.

Ali Forsythe advised that much of the costs for the Delevan Pipeline were assumed as temporary impacts
(construction-related) for Giant Garter Snake, and not accounted for in the 2016 costs.

The Committee asked if the cost estimate could be refined via obsersations of the land made from the public
right-of-way.

Ali Forsythe advised that the agencies will want surveys that occur on the actual ground being affected.
With regard to Terrestrial Wildlife Resourses / Wildlife Habitat, credit stacking is applied where applicable.

With regard to Vernal Pool Brachiopods, the cost assumes presence, with the modeled habitat to be verified,
and confirmed for presence/absence.
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With regard to Agricultural Lands, the variation from the Value Planning Estimate is currently estimated at
+$15M.

With regard to next steps, the Project Team will continue to refine effects, refine assumptions, minimize
impacts through design refinements, work with agencies to solidify ratios, and conduct surveys as access
becomes available.

Agenda ltem #4 — Review of Proposed Amendment 3 Workplan Geotechnical Investigation Locations —
Henry Luu

H Luu introduced the topic, and advised that the Project Team has been working to refine the geotech needs
since the last discussion of this matter, and hopes to have a good idea of the anticipated geotech needs by
the end of July, with the primary focus being on the geotech work required for permitting and water right
certainty.

Jeriann Alexander presented on the geotech effort, and advised that there has been geotechnical data
collected to support the engineering feasibility studies, allowing for concept assessments, preliminary
alternatives evaluations, development of preliminary cost estimates, and identification of scope for future
design-level data collection. These efforts have not been sufficient to complete engineering analysis and
design, gain regulatory acceptance, or refine construction cost estimating.

The design-level field data collection is envisioned to support the engineering design of all project elements,
support refined construction cost estimates, facilitate development of construction drawings, answer
jurisdictional versus non-jurisdictional questions, and garner jurisdictional acceptance.

Jeriann Alexander presented on the anticipated investigation areas of the GCID Headworks, Sites Reservoir
Dams and associated facilities, and the Dunnigan Pipeleline; with the anticipated types of investigations
including geologic mapping, utility locating, geophysics, CPTs, borings, piezometers, well tests, test pits,
trenching, and test-fill.

The proposed Amendment 3 work has been categorized into Phase | and Phase ll, with Phase | focusing on
limited data collection for specific features, and Phase Il focusing on data collection for overall 30% design.

Agenda ltem #5 — Discussion of Section 106 Activites — Ali Forsythe

Ali Forsythe advised that the Section 106 activities have land implications. NHPA requires agencies {o
consult regarding the potential effects on cultural resources. USBR has agreed to be the lead federal agency
responsible for Section 106 compliance for the project.

The basic steps in the Section 106 process include initiation, identification of historic properties, assessment
of the Project on the identified resources, and resolution of adverse effects to the identified properties.

Project effects are difficult to determine as there is a large project footprint, land without access permission,
and multiple alternatives. Under this scenario, a Programmatic Agreement is the right mechanism to address
the 106 needs. The Agreement will outline the procedures for identifying and considering historic properties
that could be affected by the Project, and will include any proposed plans, inventories, evaluations, mitigation
measures, and reporting that is agreed to.

USBR has sent correspondence to the appropriate parties, and is revising a draft agreement provided by the
Authority. Biweekly coordination calls are being conducted to advance this effort. Based on the anticipated
schedule, the parties hope to develop a general consensus by early 2022, and have the agreement prepared
for signature at that time.

The plan will require engagement with Landowners, and there will be a need to talk with Landowners prior
to the rule coming out.

Cemetery Relocation has been considered as part of this process.
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Agenda ltem #6 — Amendment 3 Real Estate Approach / Considerations — Kevin Spesert

Kevin Spesert presented on the real estate approach and considerations for Amendment 3, and advised that
the real estate process builds upon the field work from prior years, and the Real Estate Policy that was
approved by the Committee and the Board.

For the upcoming Amendment 3, it is anticipated that there will be field work occurring on both public lands
and private lands. Private Landowners are all unique individuals, and process the negotiations for access
permission in their own ways. Negotiations with Landowners can be very complex, and require long lead
times. The Project can move only as fast as the Landowners are comfortable to do so, and the Team must
respect their timeframe and involvement. Some Landowners will not allow access to field work locations.

The right-of-entry program from Amendment 3 will be similar to that of the past. Compensation will be a
component of access to private lands. Depending on the number of activities proposed, some levels of
compensation may be much more than in the past. Compensation is an important component in the
negotiation process, and has resulted in collaborative discussions with Landowners.

In addition to the geotechnical work considerations, Landowners will have logistical requirements, and
activities that are not workable for them. Access routes, timing, seasonality, project work schedule, wildfire
risk, tenants, agricultural operations, harvest, livestock, and go/ no-go areas are all considerations and terms
of the negotiations. Landowners set these terms and the negotiation schedule. The Project Team wants to
ensure that all discussions with Landowners are done collaboratively, and with respect to the Landowner’s
time, terms, and conditions.

Kevin Spesert advised that option agreements may be useful in offering additional options to the Project and
Landowners, and may help provide some certainty in land delivery.

Conner McDonald presented on the use of option agreements in land acquisition-negotiation, and advised
that such agreements allow the opportunity, with a willing Landowner, o agree to terms regarding purchase
rights for necessary lands. Such agreements have a focused and specific use, but could also be used as a
vehicle for field access, if amenable to the Landowner.

Kevin Spesert advised that the next steps for the Real Estate Team involve planning for the upcoming field
activities, developing a plan and approach for the right-of-entry program, and considering a plan and
approach with regard to option agreements. This planning will be based upon the successes of the 2019
and 2020 field work campaigns. The Team has built collaborative relationships with the Landowners and the
Community from Day 1, and this gives an enhanced opportunity to discuss field access.

Agenda ltem #7 — Action Items and Closing Comments — Supervisor Gary Evans

The meeting was adjourned at 5:16pm.
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Authority Land Management
Committee Meeting Minutes

Date: July 9, 2021 Location: Maxwell / Virtual

Time: 3:00pm - 5:00pm

Leader:  Supervisor Gary Evans Recorder:

Conner McDonald

Purpose: Update on activities associated with the project mitigation cost estimate, Section 106 permitting,

geotechnichal investigations, and real estate activites

Attendees:

Supervisor Gary Evans (Colusa) Mike Azevedo (Colusa)
Supervisor Ken Hahn (Glenn) Thad Bettner (GCID)
Jeff Sutton (TCCA) Jerry Brown (Sites)
Logan Dennis (GCID) Kevin Spesert (Sites)

Ali Forsythe (Sites)

Conner McDonald (HDR)

Henry Luu (HDR)

Jeriann Alexander (Fugro)
Pete Rude (Jacobs)

Jeff Smith (Jacobs)

Mark Twede (Jacobs)
Derek Morley (Geosyntec)

Brian Martinez (Geosyntec)
Larry Fishman (Vanderweil)
Jeff Herrin (AECOM)
Howard Michael (AECOM)
Michael Smith (AECOM)
Michael Forrest (AECOM)

Time Allotted

Discussion Topic Topic Leader
¢ Introductory Remarks Evans 3 minutes
e Meeting Minutes & Action Item Follow Up Evans 2 minutes
e Review updated project mitigation cost estimate Forsythe 30 minutes
e Requested Action: Feedback/Direction
e Discussion on Section 106 activites Forsythe 20 minutes
¢ Requested Action: Feedback/Direction
e Review of proposed Amendment 3 workplan geotechnical Luu 40 minutes
investigations locations
° Requested Action: Feedback/Direction
¢ Amendment 3 Real Estate approach/considerations Spesert 20 minutes
e Requested Action: Feedback/Direction
e Action ltems and Closing Comments Evans 5 minutes
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Agenda Item #1 — Introductory Remarks — Supervisor Gary Evans

Meeting called to order at 3:00pm by Supervisor Gary Evans.
Kevin Spesert confirmed Attendees.

Attendees introduced themselves.

Agenda ltem #2 — Meeting Minutes & Action Item Follow-Up — Supervisor Gary Evans

Meeting Minutes from prior meeting have been reviewed.

Agenda ltem #3 — Review of Updated Project Mitigation Cost Estimate — Ali Forsythe

Ali Forsythe presented on the Mitigation Cost Estimate, providing background on how the cost was arrived
at. The mitigation activities will have an effect on land activities, and the estimate will be refined over time,
with the current estimate providing a good anticipated cost.

The current mitigation estimate is based upon the 2016 Technical Memo that was part of the USBR process.
This memo looked at specific resources and all impacts; added greenhouse gas emissions; and considered
broad categories, monitored over time.

In developing the current estimate, the Project Team worked with the EIR / EIS Team, and looked at all
mitigation measures — upfront versus long-term monitoring versus construction. These costs were placed
where they most logically fit, and the 2016 Memo was used as the basis.

There were changes to the Terrestrial and Land Cover sections, based on outreach to Westervelt, RES,
Wildlands, to determine current cost with regard to mitigation bank credits in today’s market. ASFMRA was
also used as a resource to confirm land value numbers. The mitigation ratio is determined by negotiations
with agencies during the permit process.

Ali Forsythe presented a table identifying the resources, and planning-level cost estimates, totaling
$562,477,300, and compared this cost estimate to the 2020 Value Planning Estiamte of $540,000,000,
identifying the line-item changes between the two.

USBR undertakes mitigation in a different manner than others would — USBR mitigation costs are based
upon land acquisition costs. Sites’ process will differ from the USBR process. Sites will have lifecycle costs
for mitigation; and the estimate assumes a suite of mitigation options, including both on-site and use of a
mitigation bank.

At this time, there is not land access to conduct surveys — land has been mapped by aerial desktop surveys,
and information is coarse. When land access is possible, there will be much work to ground truth what has
been identified, and refine the mitigation needs.

The Committee asked how the removal of the Delevan Pipeline from the proposed project features affects
the Project’s mitigation needs.

Ali Forsythe advised that much of the costs for the Delevan Pipeline were assumed as temporary impacts
(construction-related) for Giant Garter Snake, and not accounted for in the 2016 costs.

The Committee asked if the cost estimate could be refined via obsersations of the land made from the public
right-of-way.

Ali Forsythe advised that the agencies will want surveys that occur on the actual ground being affected.
With regard to Terrestrial Wildlife Resourses / Wildlife Habitat, credit stacking is applied where applicable.

With regard to Vernal Pool Brachiopods, the cost assumes presence, with the modeled habitat to be verified,
and confirmed for presence/absence.
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With regard to Agricultural Lands, the variation from the Value Planning Estimate is currently estimated at
+$15M.

With regard to next steps, the Project Team will continue to refine effects, refine assumptions, minimize
impacts through design refinements, work with agencies to solidify ratios, and conduct surveys as access
becomes available.

Agenda Item #4 — Review of Proposed Amendment 3 Workplan Geotechnical Investigation Locations —
Henry Luu

Henry Luu introduced the topic, and advised that the Project Team has been working to refine the geotech
needs since the last discussion of this matter, and hopes to have a good idea of the anticipated geotech
needs by the end of July, with the primary focus being on the geotech work required for permitting and water
right certainty.

Jeriann Alexander presented on the geotech effort, and advised that there has been geotechnical data
collected to support the engineering feasibility studies, allowing for concept assessments, preliminary
alternatives evaluations, development of preliminary cost estimates, and identification of scope for future
design-level data collection. These efforts have not been sufficient to complete engineering analysis and
design, gain regulatory acceptance, or refine construction cost estimating.

The design-level field data collection is envisioned to support the engineering design of all project elements,
support refined construction cost estimates, facilitate development of construction drawings, answer
jurisdictional versus non-jurisdictional questions, and garner jurisdictional acceptance.

Jeriann Alexander presented on the anticipated investigation areas of the GCID Headworks, Sites Reservoir
Dams and associated facilities, and the Dunnigan Pipeleline; with the anticipated types of investigations
including geologic mapping, utility locating, geophysics, CPTs, borings, piezometers, well tests, test pits,
trenching, and test-fill.

The proposed Amendment 3 work has been categorized into Phase | and Phase ll, with Phase | focusing on
limited data collection for specific features, and Phase |l focusing on data collection for overall 30% design.

Agenda ltem #5 — Discussion of Section 106 Activites — Ali Forsythe

Ali Forsythe advised that the Section 106 activities have land implications. NHPA requires agencies to
consult regarding the potential effects on cultural resources. USBR has agreed to be the lead federal agency
responsible for Section 106 compliance for the project.

The basic steps in the Section 106 process include initiation, identification of historic properties, assessment
of the Project on the identified resources, and resolution of adverse effects to the identified properties.

Project effects are difficult to determine as there is a large project footprint, land without access permission,
and multiple alternatives. Under this scenario, a Programmatic Agreement is the right mechanism to address
the 106 needs. The Agreement will outline the procedures for identifying and considering historic properties
that could be affected by the Project, and will include any proposed plans, inventories, evaluations, mitigation
measures, and reporting that is agreed to.

USBR has sent correspondence to the appropriate parties, and is revising a draft agreement provided by the
Authority. Biweekly coordination calls are being conducted to advance this effort. Based on the anticipated
schedule, the parties hope to develop a general consensus by early 2022, and have the agreement prepared
for signature at that time.

The plan will require engagement with Landowners, and there will be a need to talk with Landowners prior
to the rule coming out.
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Cemetery Relocation has been considered as part of this process.

Agenda ltem #6 — Amendment 3 Real Estate Approach / Considerations — Kevin Spesert

Kevin Spesert presented on the real estate approach and considerations for Amendment 3, and advised that
the real estate process builds upon the field work from prior years, and the Real Estate Policy that was
approved by the Committee and the Board.

For the upcoming Amendment 3, it is anticipated that there will be field work occurring on both public lands
and private lands. Private Landowners are all unique individuals, and process the negotiations for access
permission in their own ways. Negotiations with Landowners can be very complex, and require long lead
times. The Project can move only as fast as the Landowners are comfortable to do so, and the Team must
respect their timeframe and involvement. Some Landowners will not allow access to field work locations.

The right-of-entry program from Amendment 3 will be similar to that of the past. Compensation will be a
component of access to private lands. Depending on the number of activities proposed, some levels of
compensation may be much more than in the past. Compensation is an important component in the
negotiation process, and has resulted in collaborative discussions with Landowners.

In addition to the geotechnical work considerations, Landowners will have logistical requirements, and
activities that are not workable for them. Access routes, timing, seasonality, project work schedule, wildfire
risk, tenants, agricultural operations, harvest, livestock, and go/ no-go areas are all considerations and terms
of the negotiations. Landowners set these terms and the negotiation schedule. The Project Team wants to
ensure that all discussions with Landowners are done collaboratively, and with respect to the Landowner’s
time, terms, and conditions.

Kevin Spesert advised that option agreements may be useful in offering additional options to the Project and
Landowners, and may help provide some certainty in land delivery.

Conner McDonald presented on the use of option agreements in land acquisition-negotiation, and advised
that such agreements allow the opportunity, with a willing Landowner, o agree to terms regarding purchase
rights for necessary lands. Such agreements have a focused and specific use, but could also be used as a
vehicle for field access, if amenable to the Landowner.

Kevin Spesert advised that the next steps for the Real Estate Team involve planning for the upcoming field
activities, developing a plan and approach for the right-of-entry program, and considering a plan and
approach with regard to option agreements. This planning will be based upon the successes of the 2019
and 2020 field work campaigns. The Team has built collaborative relationships with the Landowners and the
Community from Day 1, and this gives an enhanced opportunity to discuss field access.

Agenda ltem #7 — Action Items and Closing Comments — Supervisor Gary Evans

The meeting was adjourned at 5:16pm.
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From: Eric Leitterman [ELeitterman@valleywater.org]

Sent: 10/1/2021 12:55:35 PM

To: Heydinger, Erin [erin.heydinger@hdrinc.com]

CcC: Alicia Forsythe [aforsythe@sitesproject.org]; Andrew Garcia [AndrewGarcia@valleywater.org]
Subject: RE: Sites South of Delta/SWP Modeling

Hi Erin,

I would like to request results from the CALSIM runs for Alternative 1B with Historic hydrology and for Alternative 1B
with 2030 WSIP Hydrology. Specifically, what | am looking for are the monthly time step results for SOD exports of Sites
Water for SOD of Delta PWAs only (No Refuge Water, No transfers from NOD PWAs).

I would also like to request the end of month storage levels in the SOD PWA bucket from the same two runs.

| know these requests may take some post processing to accomplish. Please let me know if staff have the bandwidth to
accommodate my request and if so when | can expect to have my requests to be fulfilled.

ERIC LEITTERMAN

ASSOCIATE ENGINEER - CIVIL

Imported Water Unit

Water Supply Division

Tel. (408) 630-2669 / Cell. (408) 784-4966
eleitterman@valleywater.org

SANTA CLARA VALLEY WATER DISTRICT
5750 Almaden Expressway, San Jose CA 95118
www.valleywater.org

Clean Water - Healthy Environment - Flood Protection

From: Heydinger, Erin <Erin.Heydinger@hdrinc.com>
Sent: Friday, June 11, 2021 9:52 AM

To: Eric Leitterman <Eleitterman@valleywater.org>
Cc: Alicia Forsythe <aforsythe @sitesproject.org>
Subject: RE: Sites South of Delta/SWP Modeling

Hi Eric,

Apologies for the delay on this and thanks for the reminder. | thought | had sent this out but looked back and could not
find it. Here is the table, where an X indicates model runs that have been performed and are available.

2035 Central 2030 WSIP
Project Size/Level of Historic Tendency Climate Climate 2070 WSIP
Federal Investment hydrology Change Change Climate Change
No Action No project X X X X
Alternative 1A 1.5 MAF X X
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No federal funding

. 1.5 MAF
Alternative 1B 7% federal funding X X X X

. 1.3 MAF
Alternative 2 No federal funding X X

. 1.5 MAF
Alternative 3 25% federal funding X X

I will also send this out to the full workgroup after next week’s meeting.

hdrins confoliow-us

From: Eric Leitterman <ELeitterman@vallsyvwater.oreg>
Sent: Wednesday, May 26, 2021 1:51 PM

To: Heydinger, Erin <Erin Heydinger@hdringc.com>

Cc: Alicia Forsythe <aforsythe@sitesproject.org>
Subject: RE: Sites South of Delta/SWP Modeling

CAUTERN [EXTERNAL] This email originated from outside of the organization. Do not click links or open attachments
unless vou recognize the sender and know the content is safe.

Hi Erin

Did you ever send out the table of alternatives you mentioned your email below? | can’t find it in my records and may
have missed it.

ERIC LEITTERMAN

ASSOCIATE ENGINEER - CIVIL

Imported Water Unit

Water Supply Division

Tel. (408) 630-2669 / Cell. (408) 784-4966
eleitterman@valleywater.org

SANTA CLARA VALLEY WATER DISTRICT
5750 Almaden Expressway, San Jose CA 95118
www.valleywater.org

Clean Water - Healthy Environment - Flood Protection

From: Heydinger, Erin <Erin Hevdinger@hdrinc.com>
Sent: Monday, April 19, 2021 10:08 AM
To: 'fhernandez@cityofamericancanyon.org' <thernandez@citvofamericancanyon.org>; Dwayne Chisam
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<DiChisam®@avek.org>; 'Robert Cheng' <RCheng@ovwd.org>; pvasileva@ovwd.org, Mark Krause <MErause@dwa.org>;
Paul Weghorst <weghorst@irwil.com>; Kellie Welch <wslch@irwd.com>; 'Randall Neudeck' <rnsudsck@mwdh2o.com>;
'CWang (cwang@mwdhlo.com) <cwang@mwdhZo.com>; Bradshaw,Dee <¥Bradshaw @ mwdhlo, com>;
Sheehan,Rebecca D <Rsheehan@mwdh2o.com>; Dan Bartel <ghartel @rrbwsd.corn>; 'Bob Tincher'

<bobi@ shvrmwd com>; Heather Dyer <hestherd@shvimwd. com>; Jeff Davis <jdavis@sppwa. com>; Eric Leitterman
<Fleitterman@valleywater.org>; 'Dirk Marks' <dmarks@sovwea.org>; 'AFlores (Aflores@rone?water.com)'
<AFlores@zone?water.com>; Xie, Lillian <bie@zoneZwater.com>; cohilmakuri@swenrg leckhart@semwa.com; Rob
Kunde <rkunde@wrmwsd.com>

Cc: Jerry Brown <jbrown{@sitesnroiect org>; JP Robinette <iRobinstis @ Brwnlald com>; Alicia Forsythe
<sforsythe@sitesprolect org>; steve.micko@iacobs.com; Thayer, Reed/SAC <Reed, Thayer @iacobs.com>; Leaf, Rob/SAC
<Rob.leal@iscobs.com>

Subject: RE: Sites South of Delta/SWP Modeling

Good morning,

Thank you for your participation in last week’s modeling meeting. Attached is the PowerPaoint presentation. | will also be
following up with a table describing the alternatives that have been modeled and the associated hydrology. Please reach
out if you would like any of the data or available results we discussed. For those of you who have already requested
information, | will be getting back to you shortly.

e, PP
£51.307.8758

3.878.

From: Heydinger, Erin
Sent: Wednesday, March 31, 2021 5:13 PM
To: Heydinger, Erin; thernandez @cityofamericancanyon.org; Dwayne Chisam; Robert Cheng; pvasileva@ovwid.org, Mark

Krause; Paul Weghorst ; Kellie Welch; Randall Neudeck; CWang (cwangi@mwdh2oe.corn); Bradshaw,Dee;
Sheehan,Rebecca D; Dan Bartel; Bob Tincher; Heather Dyer; Jeff Davis; £Leitterman@valleywater. org; Dirk Marks;
AFlores (AFlores@zone?water.com); Xie, Lillian; cchilmakuri@swe.org, leckhart@sgpwa.com, Rob Kunde

Cc: Jerry Brown; JP Robinette (JRubinstie @ Brwnlald.com); Alicia Forsythe; steve.micko@iacobs.comy, Thayer,
Reed/SAC; Leaf, Rob/SAC

Subject: Sites South of Delta/SWP Modeling

When: Tuesday, April 13, 2021 2:00 PM-4:00 PM (UTC-08:00) Pacific Time (US & Canada).

Where: Microsoft Teams Meeting

Good afternoon — the meeting agenda is attached. Thanks!

Thanks for your responses to the Doodle poll. This invite is to discuss Sites modeling assumptions for Delta and South of
Delta participants. Please RSVP so we can ensure we do not exceed the quorum limit. Agenda coming soon.

Microsoft Teams meeting

Join on your computer or mobile app
Click here 1o ioin the meetin
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Or call in {audio only)

+1213-514-6883 895164312#  United States, Los Angeles
(8331 255.2803 8981843124 United States (Toli-free)
Phone Conference 1D: 895 164 312#

Find s local number | Reset PIN

Learn Maore | Mesting ontions
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From: Eric Leitterman [ELeitterman@valleywater.org]

Sent: 10/1/2021 2:19:30 PM

To: Heydinger, Erin [erin.heydinger@hdrinc.com]

CcC: Alicia Forsythe [aforsythe@sitesproject.org]; Andrew Garcia [AndrewGarcia@valleywater.org]
Subject: RE: Sites South of Delta/SWP Modeling

I am looking for Exports at Banks.
Next week should be just fine for me.

ERIC LEITTERMAN

ASSOCIATE ENGINEER - CIVIL

Imported Water Unit

Water Supply Division

Tel. (408) 630-2669 / Cell. (408) 784-4966
eleitterman@valleywater.org

SANTA CLARA VALLEY WATER DISTRICT
5750 Almaden Expressway, San Jose CA 95118
www.valleywater.org

Clean Water - Healthy Environment - Flood Protection

From: Heydinger, Erin <Erin.Heydinger@hdrinc.com>

Sent: Friday, October 1, 2021 1:54 PM

To: Eric Leitterman <Eleitterman@valleywater.org>

Cc: Alicia Forsythe <aforsythe @sitesproject.org>; Andrew Garcia <AndrewGarcia@valleywater.org>
Subject: RE: Sites South of Delta/SWP Modeling

Hi Eric,

This information should be pretty easy to pull together. | should be able to send you something next week. Are you
looking for exports at Banks or reservoir releases (no losses accounted for).

Thanks!
Erin

$51.307.8758

hdrins. confoliow-us

From: Eric Leitterman <ELeitterman@vallsvwater.oreg>

Sent: Friday, October 1, 2021 12:56 PM

To: Heydinger, Erin <Erin Heydinper@hdringc.com>

Cc: Alicia Forsythe <aforsythe @sitesproject.org>; Andrew Garcia <AndrewGarcla@vallsywatsr.org>
Subject: RE: Sites South of Delta/SWP Modeling
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CAUTION: [EXTERNAL] This emall originated from outside of the organization. Do not click links or open attachments
unless you recognize the sender and know the content is safe.

Hi Erin,

I would like to request results from the CALSIM runs for Alternative 1B with Historic hydrology and for Alternative 1B
with 2030 WSIP Hydrology. Specifically, what | am looking for are the monthly time step results for SOD exports of Sites
Water for SOD of Delta PWAs only (No Refuge Water, No transfers from NOD PWAs).

I would also like to request the end of month storage levels in the SOD PWA bucket from the same two runs.

I know these requests may take some post processing to accomplish. Please let me know if staff have the bandwidth to
accommodate my request and if so when | can expect to have my requests to be fulfilled.

ERIC LEITTERMAN

ASSOCIATE ENGINEER - CIVIL

Imported Water Unit

Water Supply Division

Tel. (408) 630-2669 / Cell. (408) 784-4966
gleitterman@valleywater.org

SANTA CLARA VALLEY WATER DISTRICT
5750 Almaden Expressway, San Jose CA 95118
www.valleywater.org

Clean Water - Healthy Environment - Flood Protection

From: Heydinger, Erin <Erin. Hevdinger@hdring.com>
Sent: Friday, June 11, 2021 9:52 AM

To: Eric Leitterman <ELgitterman@valleywater.org>
Cc: Alicia Forsythe <aforsythe@sitesproject.org>
Subject: RE: Sites South of Delta/SWP Modeling

Hi Eric,

Apologies for the delay on this and thanks for the reminder. | thought | had sent this out but looked back and could not
find it. Here is the table, where an X indicates model runs that have been performed and are available.

2035 Central 2030 WSIP
Project Size/Level of Historic Tendency Climate Climate 2070 WSIP
Federal Investment hydrology Change Change Climate Change
No Action No project X X X X
1.5 MAF
Alt tive 1A X X
ernative No federal funding
1.5 MAF
Alt tive 1B X X X X
ernative 7% federal funding
Alternative 2 1.3 MAF X X
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No federal funding

. 1.5 MAF
Alternative 3 25% federal funding X X

I will also send this out to the full workgroup after next week’s meeting.

hedrine.comfoliow-us

From: Eric Leitterman <ELsitterman@vallevwaler.org>
Sent: Wednesday, May 26, 2021 1:51 PM

To: Heydinger, Erin <Erin. Hevdingsr@hdrinc. com>

Cc: Alicia Forsythe <aforsythe@sitesproiect.org>
Subject: RE: Sites South of Delta/SWP Modeling

CAUTION: [EXTERNAL] This email originated from outside of the organization. Do not click links or open attachments
unless you recognize the sender and know the content is safe.

Hi Erin

Did you ever send out the table of alternatives you mentioned your email below? | can’t find it in my records and may
have missed it.

ERIC LEITTERMAN

ASSOCIATE ENGINEER - CIVIL

Imported Water Unit

Water Supply Division

Tel. (408) 630-2669 / Cell. (408) 784-4966
eleitterman@valleywater.org

SANTA CLARA VALLEY WATER DISTRICT
5750 Almaden Expressway, San Jose CA 95118
www.valleywater.org

Clean Water - Healthy Environment - Flood Protection

From: Heydinger, Erin <Erin. Heydinger@hdrinc.com>

Sent: Monday, April 19, 2021 10:08 AM

To: 'fhernandez@cityofamericancanyon.org' <fthernandez @citvofamericancanvon.org>; Dwayne Chisam
<DChisamPavek.org>; 'Robert Cheng' <BChens@ovwd.ore>; ovasileva@ovwd.org, Mark Krause <M Krause@dwa.org>;
Paul Weghorst <weghorst@irwd.com>; Kellie Welch <welch@irwd com>; 'Randall Neudeck' <rneudeck@mwdhZo.com>;
'CWang (swanz@irmwdhlocom) <cwang@mwdh2o.com>; Bradshaw,Dee <VBradshaw@mwdhZo.com>;
Sheehan,Rebecca D <Rihsehan@mwdhZo.com>; Dan Bartel <dbartel@rrbwsd.com>; 'Bob Tincher'
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<bobt@shvmwd. com>; Heather Dyer <heatherd@sbumwid.com>; Jeff Davis <jdavis@sgpwa.com>; Eric Leitterman
<FlLeitterman@valleyvwater.ore>; 'Dirk Marks' <gdmarks@scvwa,ore>; 'AFlores (AFlores@ronePwater.com)'
<AFlores@ronewaler.com>; Xie, Lillian <ixie@zone?water.com>; cchilmakuri@swo.org leckhart@sspwa.com; Rob
Kunde <rkundefwrmwsd.com>

Cc: Jerry Brown <ibrown@sitesprolect org>; JP Robinette <jRobinette® BrwnCald.com>; Alicia Forsythe
<aforsythefisitesproject org>; steve. micko®lacobs.com; Thayer, Reed/SAC <Reed. Thayer ®iacobs.cons>; Leaf, Rob/SAC
<Rob.leaf@iacobs.com>

Subject: RE: Sites South of Delta/SWP Modeling

Good morning,

Thank you for your participation in last week’s modeling meeting. Attached is the PowerPoint presentation. | will also be
following up with a table describing the alternatives that have been modeled and the associated hydrology. Please reach
out if you would like any of the data or available results we discussed. For those of you who have already requested
information, | will be getting back to you shortly.

Best,
Erin

Erin Hoydingey PE PP

hdrine.conioliow-us

From: Heydinger, Erin

Sent: Wednesday, March 31, 2021 5:13 PM

To: Heydinger, Erin; fhernandez @cityvofamericancanyon.org;, Dwayne Chisam; Robert Cheng; pyvasileva@ovwd.org, Mark
Krause; Paul Weghorst ; Kellie Welch; Randall Neudeck; CWang (cwanz@mwdhZo.com); Bradshaw,Dee;
Sheehan,Rebecca D; Dan Bartel; Bob Tincher; Heather Dyer; Jeff Davis; ELgitterman@valleywater. org Dirk Marks;
AFlores (AFlores@zonawater.com); Xie, Lillian; cohilmakuri®@swe org; leckhart@sgpwa.com; Rob Kunde

Cc: Jerry Brown; JP Robinette (JRobinette @ BrwnCald.com); Alicia Forsythe; steve.micko@iacobs.corm; Thayer,
Reed/SAC; Leaf, Rob/SAC

Subject: Sites South of Delta/SWP Modeling

When: Tuesday, April 13, 2021 2:00 PM-4:00 PM (UTC-08:00) Pacific Time {(US & Canada).

Where: Microsoft Teams Meeting

Good afternoon — the meeting agenda is attached. Thanks!

Thanks for your responses to the Doodle poll. This invite is to discuss Sites modeling assumptions for Delta and South of
Delta participants. Please RSVP so we can ensure we do not exceed the quorum limit. Agenda coming soon.

Microsoft Teams meeting

Join on your computer or mobile app
Click here to ioin the meeting

Or call in (audio only)
+1 213-514-5883 8951643128 United States, Los Angeles
(8331 2853808 Sai1843124  United States (Toll-free)
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Phone Conference ID: 895 164 3124
Find a local number | Reset PIN

Learm More | Mesting options
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Preliminary Flow Capacity of Funks
Creek and Stone Corral Creek
Draft Technical Memorandum

To: Sites Project Authority

CC: Henry Luu, P.E. (HDR)
Date: September 28, 2021

From: Frans Lambrechtsen/Jacobs

Joey Sinclair/Jacobs

Quality Review: Duane McClelland/Jacobs
Peter Rude, P.E./Jacobs

Authority Agent Review: Reviewer

Subject: Preliminary Flow Capacity of Funks Creek and Stone Corral Creek for
Sites Reservoir Channel-Forming Flow Releases

1.0 Introduction

The proposed Sites Reservoir Project entails, in part, constructing a reservoir that can store 1.5 million
acre-feet (ac-ft) near Maxwell, California. Dam construction will have significant hydrologic impacts on
dammed streams. Two streams that will be affected are Funks Creek and Stone Corral Creek.

The California Department of Fish and Wildlife (CDFW) would like to periodically release channel-
forming flow rates from Sites Reservoir to mimic and preserve historical geomorphic processes in Funks
Creek and Stone Corral Creek. HDR provided Jacobs with historical flow data from a United States
Geological Survey (USGS) stream gauge that was once located on Stone Corral Creek. The gauge
obtained data from 1958 to 1985. The maximum mean daily flow during this period was roughly

2,000 cubic feet per second (cfs). No comparable gage data was available for Funks Creek, but CDFW
judged that Funks Creek might have experienced similar flow rates. CDFW asked Sites Authority to
assess the ability of Stone Corral Creek and Funks Creek to each pass 2,000 cfs as a “channel-forming
flow” that remains within the creek banks.

Sites Authority requested that Jacobs perform hydraulic modeling to assess the capability of Funks Creek
and Stone Corral Creek to contain 2,000 cfs and alternative flow rates within their banks. Recognizing
that informal and formal levees line the creeks in many reaches, Jacobs selected a standard 3-ft
freeboard criteria as the minimum acceptable freeboard between channel flows and top of levee or top
of bank. This would provide adequate freeboard to avoid flooding private property if levees are properly
designed, constructed, and maintained.

Jacobs performed two-dimensional (2D) modeling in Hydrologic Engineering Center River Analysis
System (HEC-RAS) using steady flow rates to evaluate the available freeboard at selected locations.
Details of the modeling and model results are provided in the following sections.
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2.0 Data Collection

2.1 USGS Stream Gauge Data

As provided by HDR, stream-flow data from USGS Gauge No. 11390672 for the period 1958 to 1985 was
used in this assessment. The location of the USGS gauge is shown on Figure 2-1, indicated by the red
arrow, and is downstream of the proposed Sites Dam. Gage flow statistics are summarized in Table 2-1.
The data set includes mean daily flows segregated by month over the period of record. The maximum
mean daily flow rates recorded for December, January, February, and March are close to 2,000 cfs, and
greatly exceed the minimum daily flows of zero and the monthly averages of 11 to 39 cfs based on all
mean daily flows that occurred during those months over the period of record. The disparity between
single-day maximums and multiyear monthly averages indicates that the high flows were infrequent and
short-lived.?

Table 2-1. Stone Corral Creek Daily and Monthly Flow Statistics for USGS Gage 11390672 Based on Mean Daily
Averages

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Min and Max Mean Daily Flows and Monthly Average Mean Daily Flows (cfs)

Min 0 0 0 0 0 0 0 0 0 0 0 0
Max 0 74 2,230 1,910 2,150 1,980 615 45 9 1 0 0
Avg 0 1 11 32 39 21 8 1 0 0 0 0

Monthly Flows (ac-ft) for Period of Record

Min 0 0 0 0 0 0 0 0 0 0 0 0

Max 0 427 | 11,432 | 8,825 | 11,137 | 15,227 | 4,451 | 740 | 146 | 19 0 0

Avg 0 37 660 1,946 | 2,190 | 1,300 | 484 83 13 1 0 0
2.2 Digital Elevation Model

The Digital Elevation Model (DEM) used for prior Sites emergency release inundation modeling was also
used to define the stream channels for this modeling effort. The DEM has 1-meter-resolution, Light
Detection and Ranging (LiDAR) data downloaded from the USGS’ National Map Viewer between October
16, 2020, and April 15, 2021. The data are a collection of tiles of the standard 1-meter resolution DEM
produced through the 3D Elevation Program (3DEP). The elevations in this DEM represent the
topographic bare-earth surface collected between July 7, 2018, and February 2, 2019. Using ArcMap
version 10.7.1, the DEM tiles were combined into a single Geo Tag Image File Format (GeoTIFF).

1 Note that the mean monthly flows span the period of record, and therefore encompass many more years than the
single-day maximum and minimum daily flows. If the mean monthly flow only encompassed the year of the
maximum daily flow, the mean monthly flow would necessarily be higher. For example, the maximum mean daily
flow of 2,230 cfs occurred on December 24, 1983. If flow was zero every other day that month, the mean December
flow would have been 2,230/31 = 72 cfs. Because the average mean daily flow rate in December over the period of
record was only 11 cfs, it demonstrates that flow rates were overwhelming less than 11 cfs in December periods.
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Figure 2-1. USGS Flow Measurement Gage Location on Stone Corral Creek

The following was observed in the USGS DEM:

*  Along major roads, large bridges were “removed” from the DEM displaying values for the
ground, road, or river topography beneath the bridge.

¢ Like all LIDAR, the sensors used were unable to penetrate water; therefore, the bottom of each
creek channel reflects any water surface that may have existed when the LiDAR was flown.
Reviewing the LiDAR in the creek beds, it appears that there was little water present in the
reaches modeled because the creek beds appear irregular, consistent with bare ground.

2.3 Datums

The spatial reference used for tiles of the 1-meter DEM is Universal Transverse Mercator (UTM) Zone 10
North in units of meters, and in conformance with the North American Datum of 1983 (NAD83). All
bare-earth elevation values were in meters and are referenced to the North American Vertical Datum of
1988 (NAVDS88). Using ArcMap version 10.7.1, the combined GeoTIFF DEM was converted from UTM
Zone 10N to California State Plane NAD83 Zone Il. The elevation values were converted from meters to
ft, dividing elevation values by 0.3048.

3.0 Methodology

3.1 HEC-RAS Model

Jacobs used HEC-RAS v6.0 hydraulic modeling software developed by the U.S. Army Corps of Engineers
to assess the capacity of the creeks. A model was built for Funks Creek and another for Stone Corral
Creek. Both models were 2D to capture the influence of variable channel geometry, the serpentine
nature of the channels, and identify points along the levee crest and channel bank where flow might
leave the channels.
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The average mesh element for Funks Creek was 20 ft by 20 ft and the mesh for Stone Corral Creek was
12 ft by 12 ft. HEC-RAS algorithms capture the underlying topography within each mesh element, so the
level of detail exceeded the cell size. A breakline was drawn along the thalweg of the channels to align
the mesh cells perpendicular to the flow. This should increase the stability and accuracy of the models.

The upstream boundary was placed where reservoir releases would occur into each creek: where Sites
Dam will be on Stone Corral Creek and at the Funks Reservoir outlet gates on Funks Creek. A flow
hydrograph was used as the upstream boundary condition to release a steady flow into the channel. The
downstream boundary for each model was normal depth where each creek crosses over the Glenn
Colusa Irrigation District Main Canal siphon under the creeks. Normal depth neglects any potential
downstream backwater effects that might raise the creek water surface.

The Funks Creek simulations were run for a model time of 2 hours at a 0.5-second time-step. The Stone
Corral Creek simulations were run for 5 hours in model time at a 0.3-second time-step. For each model,
the total model time was sufficient to allow flow to run through the entire channel reach. Time-steps
were first estimated and then changed if needed to create a stable model.

An important parameter to add to the model was Manning’s “n” roughness values to capture channel
friction and other sources of energy loss. Jacobs selected a Manning’s Roughness value of 0.05 for Funks
Creek to represent its densely vegetated channel. Jacobs selected a Manning’s “n” value of 0.045 for
Stone Corral Creek because it has less vegetation than Funks Creek.

Jacobs selected several cross-sections along the Funks Creek channel to plot the modeled water surface
within the channel geometry. The cross-sections were distributed throughout the reach and finalized
after examining preliminary 2D results. Most channel cross-sections in Funks Creek have an irregular,
trapezoidal shape with raised levee-like banks where farmers have placed earth along the edges of the
channel. Geometric data for the Funks Creek cross-sections is presented in Table 3-1.

Over the 3.7 mi reach of Funks Creek that was modeled, five cross-sections were evaluated. The channel
geometry tended to shrink moving from the upstream end (west) to the downstream end (east).

Figure 3-1 presents the reach of Funks Creek that was modeled and the approximate locations of each
cross-section.

Figure 3-1. Funks Creek Modeled Channel Reach and Cross-Section Locations
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Table 3-1. Cross-Section Geometry For Funks Creek

Cross-Section
Number Top Width (ft) Depth (ft) Slide Slopes (H:V) Bed Slope (%)

FC1 98 11 1.5:1 0.33%
FC2 150 9 2:1 0.36%
FC3 75 14 1.6:1 0.85%
FC4 81 15 1.6:1 0.21%
FC5 48 12 1.6:1 0.83%
Notes:

% = percent

H:V = horizontalvertical (slope)

Cross sections were similarly selected for Stone Corral Creek. Stone Corral Creek was geometrically
similar to Funks Creek, with most irregular geometry in the upstream portion of the channel and
trapezoidal geometries toward the downstream end. Geometric data for Stone Corral Creek is presented
in Table 3-2.

There were seven cross-sections analyzed over a 6.5 mile reach. Figure 3-2 presents the reach of Stone
Corral Creek that was modeled and the approximate location of each cross-section. As with Funks Creek,
the channel geometry in Stone Corral Creek shrinks as it moves downstream.

Figure 3-2. Stone Corral Creek Modeled Channel Reach and Cross-section Locations
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Table 3-2. Cross-section Geometry for Stone Corral Creek

Cross-Section
Number Top Width (ft) Depth (ft) Slide Slopes (H:V) Bed Slope (%)
SC1 95 17 1.7:1 0.72%
SC2 49 14 0.8:1 0.16%
SC3 83 8 1.9:1 0.05%
Sc4 71 9 2:1 0.18%
SC5 60 8 2.3:1 0.04%
SC6 81 7 2.6:1 0.21%
SC7 69 12 1.6:1 0.04%
3.2 Evaluated Flow Rates

For Funks Creek, four flow rates were simulated, shown in Table 3-3.

Table 3-3. Flow Rates Simulated for Funks Creek

Simulation Flow Rate {cfs)
FC2000 2,000
FC1750 1,750
FC1500 1,500
FC1000 1,000

Stone Corral Creek was modeled with six different flow rates, shown in Table 3-4.

Table 3-4. Flow Rates Simulated for Stone

Corral Creek

Simulation Flow Rate {cfs)
SC2000 2,000
SC1000 1,000
SC750 750
SC500 500
SC300 300
SC250 250
3.3 Freeboard Evaluation

Several cross-sections along the channel reaches were analyzed to evaluate freeboard using the water
surface elevation compared against the channel geometry and the lower of the two bank elevations. The
cross-sections were evenly distributed throughout the reach, with additional cross-sections at areas with
critical capacity. The limiting cross-section was found after examining preliminary 2D results, examining
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channel geometries and by identifying where flow left the channel. The limiting cross-section had the
smallest conveyance capacity due to geometry, roughness, and slope conditions. Without channel
modification, flow discharges must meet conveyance criteria through the limiting cross-section.

If the freeboard criteria was not met at the limiting cross-section, the flow rate was decreased and
iterated until a flow rate that provided at least 3 ft of freeboard at each cross-section location was
found. The same cross-sections were analyzed to calculate the freeboard. Flow was first decreased to
1,000 cfs, with further adjustments up or down to target 3 ft of freeboard.

4.0 Modeling Results

4.1 Funks Creek Model Results

With 2,000 cfs in Funks Creek, the modeled flow did not overtop the leveed channel banks; however, at
Cross-Sections FC1 and FC5 there was less than 3 ft of freeboard. After iterating, it was found that a
lower flow rate of 1,500 cfs was required to meet the 3 ft freeboard criteria at the limiting cross-section.

Table 4-1 shows the freeboard modeled for each cross section. The limiting cross-section with the
smallest conveyance capacity was FC5. This cross-section also had a high relative velocity compared to
the other cross-sections.

Table 4-1. Freeboard Calculations for Funks Creek

1,000 cfs 1,500 cfs 1,750 cfs 2,000 cfs
Cross Section Measurement Measurement Measurement Measurement
Number Parameter (ft) (ft) {ft) {ft)
Lower !?ank 178.14 178.14 178.14 178.14
Elevation
FC1 Water Su.rface 173.12 174.43 174.86 175.33
Elevation
Freeboa?rd 502 3.71 3.28 2.81
Calculation
Lower E.Sank 161.85 161.85 161.85 161.85
Elevation
Fe2 Water Su.rface 157.37 158.61 159.15 159.64
Elevation
Freebo§rd 4.48 4.63 4.09 3.60
Calculation
Lower E?ank 145.22 145.22 145.22 145.22
Elevation
FC3 Water SLfrface 138.86 140.60 141.31 141.96
Elevation
Freeboa_rd 6.36 4.62 3.91 3.27
Calculation
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Table 4-1. Freeboard Calculations for Funks Creek

1,000 cfs 1,500 cfs 1,750 cfs 2,000 cfs
Cross Section Measurement Measurement Measurement Measurement
Number Parameter {ft) (ft) (ft) (ft)
Lower E.iank 137.96 137.96 137.96 137.96
Elevation
FC4 Water Surface 131.22 132.93 133.62 134.24
Elevation
Freeboa?rd 6.74 5.03 4.34 3.72
Calculation
LoweriBank 130.21 130.21 130.21 130.21
Elevation
FC5 Water Su.rface 126.04 127.29 127.80 128.25
Elevation
Freeboa.rd 4,17 2.92 241 1.96
Calculation

While 2,000 cfs can flow through Funks Creek without overtopping the leveed banks, it is recommended
that a selected channel-forming flow not exceed 1,500 cfs.

4.2 Stone Corral Creek Model Results

At flows above 750 cfs in Stone Corral Creek, modeled flow was bankfull at Cross-Sections SC3 through
SC6. The limiting cross-section with the smallest conveyance capacity was SC6. At 250 cfs there is 2.92 ft
of freeboard at the limiting cross-section.

Table 4-2 shows the freeboard modeled for each cross-section. It should be noted that for the 2,000 cfs
base case, flows at SC5 through SC7 have less than 2,000 cfs due to permanent out-of-bank flood losses
onto the recessed floodplain along upstream channel reaches. Therefore, should 2,000 cfs be run strictly
through these cross-sections, the water surface elevation would increase.

Given the model results, discharging more than 250 cfs to Stone Corral Creek would likely violate
minimum freeboard criteria. Flow rates above 1,000 cfs may lead to local flooding, even without
bank/levee failures. Therefore it is recommended that a selected channel-forming flow not exceed
250 cfs.

4.3 Model Results Versus Gage Results

The potential 250 cfs capacity of Stone Corral Creek at Cross Section 6 is less than the maximum mean
daily flows recorded in Table 2-1 for the upstream gage. The difference in channel capacity can be
explained by differences in the cross sections and reaches. The gage is in an upstream reach where the
channel slope and geometry can accommodate higher flows. Although the two sections have similar
depth, the upstream channel area is approximately 20 percent larger. The upstream bed slope is also
steeper. In addition, there could have been local flooding in flows greater than 250 cfs.
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5.0 Next Steps

The model results presented herein are considered preliminary. If additional refinement is desired, the
following may be considered for next steps:

1. Discuss with Sites Project Authority the risks of local flooding by the Project, if channel forming
flows are in excess of the preliminary results provided in this TM (Funks Creek flows greater
than 1,500 cfs and Stone Corral Creek flows greater than 250 cfs).

2. Confirm the model DEM with surveyed cross sections or supplemental surveys of the channel
thalweg, breaklines, and top of bank.

3. Obtain and incorporate surveyed data for each hydraulic crossing at roads, culverts, siphons,
and similar features.

4. Inspect the levee-like channel banks for likely resistance to failure during elevated creek flows,
especially where leveed banks are more than 2.5 ft above the adjacent fields.

5. Evaluate the channels for stability against modeled velocities. Stability risks should be weighed
against CDFW channel-forming objectives that may require some channel scour or instability.

6. Establish clear CDFW channel-forming objectives to inform stability evaluations and freeboard
adequacy.

7. Update modeling evaluations accordingly.
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Table 4-2. Freeboard Calculations for Stone Corral Creek

Cross
Section 2,000 cfs 1,000 cfs 750 cfs 500 cfs 300 cfs 250 cfs
Number Parameter Measurement (ft) | Measurement {ft) | Measurement (ft) | Measurement (ft) | Measurement (ft) | Measurement (ft)
SC1 Lower Bank 216.69 216.69 216.69 216.69 216.69 216.69
Elevation
Water Surface 209.04 206.67 205.90 205.63 204.61 204.31
Elevation
Freeboard 7.65 10.02 10.79 11.06 12.08 12.38
Calculation
SC2 Lower Bank 180.30 180.30 180.30 180.30 180.30 180.30
Elevation
Water Surface 178.44 174.49 174.52 174.15 172.82 172.42
Elevation
Freeboard 1.86 4.81 5.78 6.15 7.48 7.88
Calculation
SC3 Lower Bank 140.45 140.45 140.45 140.45 140.45 140.45
Elevation
Water Surface 140.37 138.36 137.62 137.35 136.31 136.00
Elevation
Freeboard 0.08 2.09 2.83 3.1 4.14 4.45
Calculation
SC4 Lower Bank 134.03 134.03 134.03 134.03 134.03 134.03
Elevation
Water Surface 133.90 132.38 131.48 131.12 129.82 129.42
Elevation
Freeboard 0.13 1.65 2.55 2.91 4.21 4.61
Calculation
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Table 4-2. Freeboard Calculations for Stone Corral Creek

Cross
Section 2,000 cfs 1,000 cfs 750 cfs 500 cfs 300 cfs 250 cfs
Number Parameter Measurement (ft) | Measurement {ft) | Measurement (ft) | Measurement (ft) | Measurement (ft) | Measurement (ft)
SC5 Lower Bank 131.30 131.30 131.30 131.30 131.30 131.30
Elevation
Water Surface 131.12 130.49 129.73 129.39 128.26 127.90
Elevation
Freeboard 0.18 0.81 1.57 1.91 3.04 3.4
Calculation
Lower Bank
. 130.25 130.25 130.25 130.25 130.25 130.25
Elevation
Water Surface
SCé . 129.90 129.43 129.40 128.52 127.57 127.28
Elevation
Freeboa_rd 0.35 0.81 0.85 1.73 2.68 2.97
Calculation
Lower Bank
. 125.52 125.52 125.52 125.52 125.52 125.52
Elevation
5C7 Water Surface 120.99 120.50 120.48 119.83 118.58 118.29
Elevation
Freeboard 4.53 5.02 5.04 5.69 6.94 7.23
Calculation
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From: Jerry Brown [jbrown@sitesproject.org]

Sent: 10/4/2021 11:14:13 AM

To: DOrth@newcurrentwater.com; Dick Moss [DMoss@newcurrentwater.com]

CC: Marcia Kivett [MKivett@sitesproject.org]; Alicia Forsythe [aforsythe@sitesproject.org]
Subject: Sites Discussion Follow-up

Attachments: Potential Investor FAQs 091231.docx; Sites_Overview 2021 Update DO-DM 10042 1.pptx; 20210720 Sites Project
Cost Draft Tables (2)[2][1][1].pdf

Hi Dave and Dick —

Please find attached background information about the Sites project following up on our 9/23 discussion. We've found
in speaking with other potentially interested parties that these were the most helpful and informative materials in their
consideration of potential interest in the project. Please feel free to pass these along to your clients as you see fit. We
also promised a kmz file of the current place of use map being developed as part of our water rights application. We're
very close to producing an update to this map so we decided it would be best to hold off a little longer to get you the
most up to date information. Ali will be sending this to you in a separate email very soon.

Two updates since we talked -

1. I heard back from Deanna Jackson last week and she says Angiola WD is not interested in participating in Sites
but there are growers in the SE portion of their GSA that may be interested but economy of scale and conveyance likely
make participation not viable for them. She will be talking to the larger growers in the SE area soon. If you had
suggestions for conveyance paths available to get Sites water from the CA to these SE area growers, aside from the
Angiola WD, this would be most helpful.

2. | had another meeting with WWD staff and it sounds like they will be seeking input from the 10/19 Water Policy
Cmte meeting on asking the Board to consider expressing interest in participation.

Thanks again for your attention to this matter and let us know if there is anything else we can do to be of assistance to
your helpful outreach on the Sites project. We very much appreciate your efforts.

Jerry
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From: Spranza, John [John.Spranza@hdrinc.com]

Sent: 10/5/2021 9:43:48 AM

To: Alicia Forsythe [aforsythe@sitesproject.org]
Subject: FW: Sites - Follow up on EBMUD Meeting
Flag: Follow up

We are working through this.

From: Greenwood, Marin <Marin.Greenwood®@icf.com>

Sent: Monday, October 4, 2021 3:21 PM

To: Spranza, John <John.Spranza@hdrinc.com>; Lecky, Jim <Jim.Lecky@icf.com>; Hendrick, Mike
<Mike.Hendrick@icf.com>; Hassrick, Jason <Jason.Hassrick@icf.com>

Subject: RE: Sites - Follow up on EBMUD Meeting

CAUTIGN: [EXTERNAL] This email originated from outside of the organization. Do not click links or open attachments
unless vou recognize the sender and know the content is safe.

Hello John — the CalSim data were provided for Alternatives 1-3 didn’t include number of days with DCC open — | expect
Jacobs could do monthly exceedance plots as one way to look at it, or mean number of days open by month and water
year type.

On the “central Delta route entrainment” piece, I’'m not exactly sure what the specific angle is that’s of interest to them
— are they meaning fish coming off the mainstem Sac and entering the central Delta (e.g., through Georgiana Slough), or
{more likely?) fish moving down the forks of the Mokelumne and potential changes in hydrodynamics and therefore
susceptibility to south Delta entry/entrainment? If the latter, there is little difference in south Delta exports between
NAA and alternatives, and little difference in through-Delta survival from the Sacramento, indicating little difference in
interior Delta routing for fish from the Sacramento basin.

MARIN GREENWOOD | ICF | marin.greenwood@icf.com | +1.530.400.8081 mobile

From: Spranza, John <John.Spranza@hdrinc.com>

Sent: Monday, October 4, 2021 12:23

To: Lecky, Jim <Jim.Lecky@icf.com>; Hendrick, Mike <Mike.Hendrick@icf.com>; Hassrick, Jason
<Jason.Hassrick@icf.com>; Greenwood, Marin <Marin.Greenwood@icf.com>

Subject: RE: Sites - Follow up on EBMUD Meeting

Hey Guys, | wanted to follow up on this email that Ali sent. | looked in the EIR/S and we don’t really discuss the DCC or
analyzes any effects, have you had an opportunity to think about this?

£ 016.670.5858 M D18.640.2487
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From: Alicia Forsythe <gforsythe@sitesproisct.org>

Sent: Wednesday, September 29, 2021 1:20 PM

To: Spranza, John <ighn.spranza@hdring.com>; Lecky, Jim <iim.Lecky@icf.com>; Hendrick, Mike
<blike Hendrick@icl com>

Subject: Sites - Follow up on EBMUD Meeting

CAUTIGN: [EXTERNAL] This email originated from outside of the organization. Do not click links or open attachments
unless you recognize the sender and know the content is safe.

Hi all — I wanted to follow up on the remaining action items from the EBMUD meeting. | had the following remaining
action items:

1. Provide any analysis or information on changes, if any, of opening/closure of the Delta Cross Channel as a result
of the Project.
2. Provide any analysis or information on changes that may result in increases / decreases in central Delta route

entrainment.

Can we get these together for EBMUD by the Wednesday aquatics meeting next week? Lets make this easy on us and
try to pull from the RDEIR/SDEIS text and analysis as much as we can (versus creating new stuff).

Ali

Alicia Forsythe | Environmental Planning and Permitting Manager | Sites Reservoir Project | 916.880.0676 |
aforsythe @sitesproject.org | www.SitesProject.org

CONFIDENTIALITY NOTICE: This communication with its contents may contain confidentiasl and/or fzgally privileged information. it is solely for
tha use of the intendad recipient{s). Unauthorized interception, raview, use or disclosurs is prohibited and may viciate applicabis laws
including the Electronic Comamunications Privacy Act. If you are not the intended recipient, please contact the sender and destroy all coples of
the communication.

Draft_0013059



From: Alicia Forsythe [/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP
(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=A6CDFO6A7ES04B65BAA21702A82AD329-AFORSYTHE]

Sent: 10/5/2021 3:59:51 PM
To: John Spranza (jochn.spranza@hdrinc.com) [john.spranza@hdrinc.com]; Heydinger, Erin [Erin.Heydinger@hdrinc.com]
Subject: Sites - HDR Modeling on Fremont Weir Notch

John and Erin — It looks like HDR did a lot of the modeling for the EIR/EIS. Would you all have the stage / flow
relationships?

Check Chapter 25 of this document for names of folks from HDR involved:

htios Awww . ushr.gov/mod/nena/includes/documentShow.php?Doc 1D=38605

Ali

Alicia Forsythe | Environmental Planning and Permitting Manager | Sites Reservoir Project | 916.880.0676 |
aforsythe@sitesproject.org | www.SitesProject.org

CONFIDENTIALITY NOTICE: This communication with its contents may cantain confidential and/or lagally privileged informatian, it is solely for
the usa of tha intended recipiant{s). Unauthorizad interception, review, use or disclosure is prohibited and may viciate applicabie laws
including the Electronic Communications Privacy Act. iIf you are not the intended recipient, please contact the sender and destroy all copies of
the communication,
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Potential New Sites Participant Frequently Asked Questions

e Can you provide the annual breakdown of the $400/ac-ft for the 2022, 2023, 2024 cash call
covered under the Amendment 3 Work Plan? ses table below, pleass note 2022 is firm and
‘23/°24 are “up to” amounts to be determined based on annual budgets.

e Can you provide information that describes how the costs of the project are to be allocated?
The Authority has been engaged over the past 12 months developing a Plan of Finance which
includes answering three questions 1) what do you get?, 2} what does it cost? 3} how do we pay
for it?. Aseparate file has been provided that includes current assumptions about share
participation and cost allocations for the total project cost.

e Do you have a projected cost per year for years 2025 — 2029 (i.e. prior to when debt payments +
O&M costs begin)? The table below describes a very rough estimation of cost per yvear that is
based on several conceptual assumptions subject to change. The two scenarios shown as “pay
go” and “pooled financing”. These are the two options being discussed to pay for the project.
For the purposes of the table, the assumption is initiation of project financing in 2025, The
participants have indicated that if critical permits and the water right can be secured sooner
bank financing could be initiated as early as mid 2023,

e Why does the 2029 cost in the table below exceed the $700 - $800/af projection range included
in the overview presentation? The table provided below applies the bifurcation of cost that the
Sites participants have applied to ensure beneficiary pays and would apply to a participant that
is using all of the new facilities {ie generally any participant receiving their water after the
refease from Sites is conveved to the Sacramento River). The figures in the table are based on
projected financing cosis and the 7% federal participation {low end, potentially could be as high
as 25%).

e Can |l assume that this projection is the worst case (i.e. higher financing rates, lower Federal
participation)? |guess you could call this a worst case relative to current financing costs. The
construction cost estimate has a range of accuracy which could be considered as well to arrive
at a worst case but we have not done this analysis. | don’t believe at this stage that federal
participation factors into local agency cost so this would not affect worst case/best case

analysis,
Cash Calls
2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029
F'”a”\fi';‘%)@/AF 100 140 160 | 183 | 351 | 537 756 | 886
Payﬁ;éf”\': 100 140 160 | 1577 | 3,087 | 4065 | 3951 | 2.389

e Can you confirm what needs to be provided if an agency is interested in being a new participant
in the project? The following should be provided in a letter from the agency 1) the amount of
annual average water supply desired, and 2) confirm you've reviewed the project agreement as
amended and you would be willing to take to your board for approval, Examples can be
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provided upon reqguest. The project agreement can be found here on our website under
attachment B: https://sitesproject.org/meetings/september-2-2021/

How are losses in the reservoir dealt with? Loss assumptions are included in the operations
modeling. Evaporation and seepage within the conveyance and storage of water will be
proportionately allocated among participants per the storage principles. Nothing more specific
than this has been developed vet. Downstream losses for salinity control {ie carriage water in
the Delta) are allocated to participants proportionate to deliveries. We are working with DWR
and Reclamation on the methodology for assessing salinity costs {ie carriage water) to Sites
deliveries through the Delta. We assume any point of rediversion occurring within the statutory
Delta would be subject to carriage water loss. The estimated supplies produced from the
project is FOB outlet of the Sites Reservoir. The losses are deducted from the releases for each
participant.

Please confirm that stored water in the reservoir can be used by each entity as desired (i.e. if
12,000 ac-ft were stored, an agency could elect to use 2,000 ac-ft over 6 years, or 3,000 ac-ft
over 4 years, etc.). Based on current board direction this is correct. We do not expect to see this
change as we go forward but we are developing “guiding principles and preliminary terms” for
the service contract each participant is expected to enter into with the Authority {~2023) which
represents “what the participant gets” {see Attachment C on the same web page referenced
above).

Is there a document that describes how the reservoir will be managed? The board has adopted a
set of “storage principles” that describe the conceptual oversight of the reservoir and the
individual participant rights and obligations. Any changes to this document requires a vote of
the board and it is envisionsd as further project development occurs changes to this document
may be necessary. Also an operations plan is being developed during Q4 of 2021 that describes
the proposed operations of the project as modeled {see item 02-01 on this webpage
https://sitesproject.org/meetings/april-21-2021/}

Can you provide a summary table of the expected cost by agency? Do the figures in the table
above inclusive of variable costs and wheeling costs within the Sites facilities? A separate file
has been provided that includes current assumptions about share participation and cost
allocations for the total project cost. Variable costs and wheeling charges have been updated
from prior appraisal level estimates and are included in the cost projections previously provided.
We don't have firm agreements for pricing so these costs are still subject to change.
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From: Lecky, Jim [Jim.Lecky@icf.com]

Sent: 10/6/2021 7:46:18 AM

To: Alicia Forsythe [aforsythe@sitesproject.org]; Spranza, John [john.spranza@hdrinc.com]; steve.micko@jacobs.com;
Hassrick, Jason [Jason.Hassrick@icf.com]; Hendrick, Mike [Mike.Hendrick@icf.com]; Heydinger, Erin
[erin.heydinger@hdrinc.com]; Leaf, Rob/SAC [Rob.Leaf@jacobs.com]

Subject: Flow Stage relationship

Attachments: stumpner et al. 2018. Hydrology and hydrodynamics on the Sacramento River near the.pdf

Here is the paper from which | pulled the graph (figure 18) of the stage flow relationship | showed during our call
yesterday. Most of the hydraulic analysis in this paper is based on eight river cross sections a the western end of the
weir and not at the location of that eastern end which was selected as the preferred option.

Him Lecky, Senior Consultant, {208) 850 1296 mobile
limlecky@icf.com, ICF 1200 6th Avenue, Seattle WA 98101, USA
{206} 801 2805 direct
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Juvenile Salmon Entrain

By Paul R. Stumpner, Aaron R. Blake, and Jon R. Burau

Abstract

Estimates of fish entrainment on the Sacramento River
near the Fremont Weir are a critical component in determining
the feasibility and design of a proposed notch in the weir to
mncrease access to the Yolo Bypass, a seasonal floodplain of
the Sacramento River. Detailed hydrodynamic and velocity
nieasurements were made at a river bend near the Fremont
Weir in the winter and spring of 2016 o examine backwater
conditions and estimate the hydraulic entrainment zone, a
zone where fish would be predicted to be entrained inte the
notch. Secondary circulation near the river bend was shown
to shift the velocity and discharge distributions toward
the outside of the bend. Variability in the stage-discharge
rejation was shown to be the biggest source of uncertainty in
determining the location of the hydranlic entramment zone.
Outflow from the Sutter Bypass and high flow on the Feather
River resulted in backwater conditions near the Fremont
Weir about 25 percent of the time over the 27-year period
from April 1990-April 2017, Velocity measurements used to
estimate the critical streakline position (the outer edge of the
hydraulic entrainment zone) were not made over a sufficient
range of conditions to explicitly quantify the variability in the
focation of the critical streakline. The variability in the critical
streakline position was therefore represented stochastically
with a random effects model. The estimated position of the
critical streakline and the random effects model are input
parameters used in a simulation designed to estimate fish
entrainment over a 15-year period. The estimates of the critical
streakline and likely fish entraimment could be much improved
with velocity measurements over a broader range of stage and
discharge conditions.

t Estimates

Introduction

The Sacramento River watershed supplics water for
human use (drinking and agricultural) for approximately
30 miltion people in the State of California. A massive
mfrastructure has been built to effectively manage water
routing and delivery, but this infrastructure and routing of
water have placed a great deal of stress on the ecosystem
the Sacramento—San Joaquin Delta and the San Francisco Bay
estuary. As a result, there has been a major decline in pelagic
organism populations, partly due to decades-long water
management by State and Federal agencies. For instance,
winter and spring runs of Chinook salmon (Oncorfivnchus
tshawyischa) are listed as threatened and endangered.
respectively, under the Federal Endangered Species Act
{National Marine Fisheries Service, 1989, 1999). In 2009,
the National Marine Fisheries Service issued a Biological
and Conference Opinion that stated State and Federal water
management was likely to jeopardize federally listed species
including salmon, and established reasonable and prudent
alterpatives (RPAs) that would allow water export operations
to continue. The RPA Action 1.6.1 states that Restoration of
Floodplamn Rearing Habitat, through the increase of seasonal
inundation in the lower Sacramento River Basin, is needed
to allow water export operations to continue (National
Marine Fisheries Service, 2009). In response to this RPA,
the California Department of Water Resources (DWR) and
the Bureau of Reclamation (Reclamation) developed the
Yolo Bypass Salmonid Habitat Restoration and Fish Passage
Plan (Burcau of Reclamation and California Department of
Water Resources, 2012). This project i3 designed to increase
access for out-migrating juvenile salmon and inundate the
Yolo Bypass, a floodplain that receives excess water from
the Sacramento River, more frequently during the months of
December-March.
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The Yolo Bypass is typically inundated when the Fromont
Weir overtops, at an elevation of approximately 32.5 feet (ft).
The Fremont Weir, approximately 20 miles (mi) north of
Sacramento, Calif. (fig. 1), was designed primarily to provide
flood control for the city. Historically, the frequency of
mundation is low, about 12 percent of the time from December
to March, based on the frequency of occurrence from stage
data at the Fremont Weir (fig. 2); therefore, access to the Yolo
Bypass for out-migrating juvenile salmon is also low. A notch
m the Fremont Weir is proposed that will be activated for
stages below the elevation of the weir crest, at an elevation
ranging from approximately 19 to 32.5 ft, and operational
from December to mid-March. The operational window was
chosen to mininiize impact to stakeholders who use the Yolo
Bypass for agriculture during the spring through fall months.
The operational design is intended to mcrease the frequency
at which water flows into the Yolo Bypass via the Fremont
Weir. On the basis of historical stage data, the frequency
will mcrease from about 12 to 45 percent of the time during
December to mid-March, and this will alsc increase access
for juvenile salmon out-migrants to the Yolo Bypass. Six
locations are being considered for the proposed notch (fig. 3).
Alternatives 1 and 2 are near the castern end of the Fremont
Weir, alternative 5 is near the central part of the weir, and
alternatives 3, 4, and 6 are near the western end of the weir.

To facilitate informed decision making about the amount
of water required fo entrain fish, the U.S. Geological Survey
(USGS), in collaboration with DWR and Reclamation,
conducted an acoustic telemetry and hydrodynamic field study,
the Yolo Bypass Utilization Study (YBUS), in the winter
and spring of 2016 to assess a range of river conditions and
associated fish movements through the river bend near the
western end of the Fremont Weir. The data collection and
analysis for this study included a two-dimensional acoustic
telemetry array to track movements of fish and estimate
spatial distributions, an acoustic receiver network to deterniine
survival probabilities through the Sacramento River versus
the Yolo Bypass (Pope and others, 2018), hydrodynamics
measurements at the river bend, which is covered in
this report, and combining fish spatial distributions and
hydrodynamic data to estimate entrainment into the proposed
notch (Blake and others, 2017).

Purpose and Scope

Initially, this project was aimed at making fish
entrainment estimates at the western notch alternatives (3,

4, and 6), based solely on data collected in the 2016 YBUS
study. Because the ficld study was near the western end of the
Fremont Weir, the hydrodynamics at alternatives 1, 2, and 5
are bevond the scope of this report. Analysis of the 2016 and
historical data indicated substantial variability in the stage-
discharge relation on the Sacramento River near the Fremont
Weir. River stage controls the notch flow, and the ratio of
notch flow to the Sacramento River flow determines the
fraction of Sacramento River discharge entrained into the Yolo
Bypass, which in turn affects the juvenile salmon entrainment
rate. Determining the correct discharge on the Sacramento
River is critical for making accurate predictions of juvenile
salmon entramment into the Bypass, therefore, an additional
component of this analysis quantified and accounted for this
large variability in the stage-discharge relation. One of the
major challenges with a project of this magnitude is that water
withdrawn from the Sacramento River at this location results
in water that is not available for downstream use. Downstream
effects on the ecosystem and human consumption should be
considered but are beyond the scope of this report.

This report has several objectives. The first objective was
to document and explain the vartability in the stage-discharge
refation due to backwater cffects using data collected in 2016,
historical data, and discharge on the Sacramento River near the
Fremont Weir estimated with a statistical model. The second
objective was to describe the hydrodynamic processes that can
influence the distribution of fish in a river bend, and how these
processes apply to the river bend near the western end of the
Fremont Weir using data collected in the 2016 YBUS study.
The third objective was to present the methodology used to
estimate the hydraulic entrainment zone, with application
to this river bend. The hydraulic entrainment zone mcludes
regions in the river where fish entraimment would be expected
to occur. The hydraulic entrainment zone will inform estimates
of actual fish entrainment. The conceptual models of using
river hydraulics to maximize entrainment and the method used
to estimate the hydraulic entrainment zone are discussed in the
following section.
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Figure 1. Location of the study area along the Sacramento River near the Fremont Weir, California.
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Figure 2. Empirical cumulative probability distribution of stage
measured at the Fremont Weir along the Sacramento River,
California, from 1984 to 2017. Only the months of Becember to mid-
March are included because that is the proposed time frame of
notch operation. The vertical black line indicates the approximate
glevation at which the Fremont Weir overtops. The vertical dashed
line indicates the lowest elevation where a proposed notch will be
operational for the western alternatives.

Conceptual Models Used in Analyses

The first conceptual medel central to an analysis of fish
entrainment at a river bend, is that secondary circulation
(lateral flow structures perpendicular to primary flow
direction) will accumulate fish along the outside of the bend,
such that a notch location can be optimized to maximize fish
entrainment rates (fig. 4). As water is transported through a
river bend, along-stream momentum is transferred to cross-
stream momentom, which creates cross-stream flow structures
perpendicular to the primary flow direction, termed secondary
circulation. Secondary circulation is characterized by surface
currents that move toward the cutside of a river bend, which
creates a down-welling region near the outside of the bend
and return flow near the streambed toward the inside of the
bend. The magnitude of the secondary currents peaks near the
apex of the bend where the secondary currents also skew the
velocity and discharge distribution toward the outside of the
bend (Blanckaert, 2010). The interaction among secondary
circulation, fish movement and behavioral responses, and
the ways m which this interaction varies with stage and
discharge is not only crucial to an understanding of how fish
are distributed in the river, but also is critical for determining
noich location and design to maximize entrainment of fish into
the notch.

In order for the outside of a river bend to function as
a hydraunlic entrainment zone that could transport fish into
another channel, fish must accumulate in the near-surface
zone. Because secondary circulation induces down-welling
at the outside of a bend, fish must exhibit behavior that keeps
them surface-oriented for the notch to function as intended.
There are a few consistent features in a number of data sets
that allow inferences about fish behavior to be made and
demonstrate that the resuliant fish mass distributions are not
equal to water mass distribution. First, there is typically a
deficit of fish mass near riverbanks and a sharp gradient in
distribution that are generally coincident with bathymetric
gradient-induced cross-channel velocity gradients (California
Department of Water Resourees, 2015, 2016). This implies
that fish may be avoiding zones of increased velocity shear,
down-welling, or other turbulent features near the river
bank. Second, if fish are surface-oriented and can overcome
or avoid down-welling zones, then the fraction of fish mass
may become disproportionately higher than the fraction of
flow toward the outside of the bend because they will not get
caught in the bottom layer return flow.
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Secondary circulation in river bends:
Biasing spatial distribution toward the outside of channels on bends?
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Figure 4. How river hydraulics at a river bend can bias the spatial distribution of fish toward the outside of the bend: 4, plan view map
shows the velocity distribution in the primary flow direction; and B, cross-section view shows how fish will accumulate near the outside
of the bend in grester proportion than that of neutrally buoyant particles, if surface orientation is maintained.

Last, the majority of fish tracks from other studies
(California Department of Water Resources, 2012, 2015,
2016} show cross-stream fish velocities on the order of
0.60 foot per second (fi/s) in riverine enviromments with very
fow mean cross-stream water velocities, indicating that the
obscerved cross-stream velocity in the fish track was the result
of swimming behavior. If fish swim at an equal cross-stream
velocity to river right and river left, then in sections of river
without strong secondary currents, one would expect fish to be
distributed equally on both sides of the river center. However,
in river bends with stronger cross-stream currents toward the
outside of the bend, a population of fish with equal left and
right swimming speeds will have a net cross-stream velocity
that is higher toward the outside of the bend. After the cross-
stream currents decrease downstream from the bend, fish that
have been transported near the outside riverbank will initiate a
cross-stream movement away from the bank, possibly to avoid
elevated velocity shear or turbulence, in a direction toward the
inside bank. In this case, the fish mass distribution toward the
bank will decrease faster than water mass distribution given a
sufficiently high cross-stream swimming speed.

The second conceptual model used in the analysis
1s that the entrainment of water and fish can be predicted
upstream from a river junction using an approach called
the critical streakhine (fig. 5; see California Department of
Water Resources, 2016, for details on the theory behind this
method). In this analysis, the critical streakline represents the
outer boundary of the hydraulic enfrainment zone, which is
the zone where water is entrained into a proposed notch. The
critical streakline has been shown to be a primary predictor
of entrainment of acoustically tagged juvenile salmon at
tidal river junctions in the Sacramento—San Joaquin Delta,
such that fish on the distributary chaonel side of the critical
streakline will have a higher probability of entrainment down
that distributary channel (Perry and others, 2014; Perry and
others, 2016; Romine and others, 2017). Because the proposed
modifications to the Fremont Weir will create an engineered
distributary river junction, an estimate of fish distribution
superimposed on the location of the critical streakline can be
used to provide estimates of fish entrainment for proposed
modifications to the weir given a set of hydraulic conditions.
The critical streakline can be accurately estimated given
detailed velocity and bathymetry information.
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Figure 5. Hydraulic entrainment zone based on the critical streakline approach.

Methods

The first component of the 2016 YBUS study was
to exanune backwater effects near the western end of the
Fremont Weir using discharge data from the 2016 YBUS study
and historical data. For the 2016 YBUS study. a temporary
gage (FRE temp) was installed 1.24 mi upstream from the
western end of the Fremont Weir (fig. 6) to estimate discharge
from January 22 to April 22, 2016. This location was chosen
because there are no discharge data available, and a more
aceurate estimate of discharge at this location was needed to
make entrainment estimates. The second component of the
2016 YBUS study was to document the evolution of secondary
circulation and estimate the hydraulic entrainment zone for

various notch configurations using velocity transects at river
cross sections through the study domam for a range of river
stage and discharge conditions.

River Stage and Velocity Data

River stage at FRE temp (fig. 6) was measured using a
Campbell Scientific C8456 vented pressure sensor (accuracy =
0.05 percent of full scale). The stability (drift or fouling) of the
sensor was not verified until after February 9, 2016, but there
were no obvious shifts in the data during the data-collection
period, and typically this sensor does not significantly drift
over months of deployment, based on the authors’ experience.
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Figure 6. Locations of the tempaorary Fremont Weir gage {FRE.temp) and two longer-term monitoring locations (FRE and VON)} on the
Sacramento River, California. The Yolo Bypass Utilization Study was done at the western end of the Fremont Weir near the FRE.temp
station.
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The datam of the stage gage at FRE temp was inttially set
to the same value as the FRE gage (fig. ). It was not possible
to swvey the FRE temp gage datum to an absolute clevation
beeanse there were no control points near this location, but
setting the datum to the same value as FRE allowed for easy
comparison. On February 9, 2016, a survey using a Real-
Time Kinematic—Global Positioning System was done by the
USGS near the FRE gage, because there were control points
at that location. The precision and accuracy of the survey were
acceptable, as demonstrated by the close agreement between
the control points {(between 0.01 and 0.03 ft in the vertical
direction). The datum of the stage measurement was then set
to the water-surface elevation (North American Vertical Datum
of 1988 [NAVD 881]) as surveyed at the location of FRE. The
USGS survey also showed that the water-surface elevation
reported at FRE was 0.5-foot higher than the surveyed
water-surface elevation. The USGS survey also inchaded
measurements of the elevation of the crest of the Fremont
Weir, which were 32.23 ft and 32.34 ft at different concrete
sections of the weir. These values are in close agreement with
the weir elevation that is used in the Hydrologic Engineering
Center’s River Analysis System model (Rajat Saha, California
Department of Water Resources, written commun., March 28,
2017). Based on these lines of evidence the 2016 USGS
survey was chosen as the correct elevation (NAVD 88) at the
FRE gage. with the assumption that the relative clevation
measurements at FRE are sufficiently accurate and need only
be corrected by the offsct determined during the USGS survey.
In this document and any USGS analyses that use elevation
data from the FRE gage, an offset of -0.5 ft was applied to
correct the elevation data to the NAVD 88 datum.

Stage data were also compiled from upstream at the
Sacramento River below Wilkins Slough (WLK) gage and
downstream at the Sacramento River at Verona (VON) gage
{(fig. 7 and table 1). These two gaging stations are operated by
the USGS and the elevation at both stations is based on the
National Geodetic Vertical Datam of 1929 (NGVD 29) with a
+3.0-foot offset. To convert these stages to the datum at FRE
(NAVD 88), a ~0.6135-foot conversion factor was used for
WLK stage data and a ~0.5372-foot conversion factor was used
for the VON stage data. The conversions were done using the
North American Vertical Datum Conversion software available
online (National Geodetic Survey, 2017). These data were
used as input data for the statistical model used to predict
discharge at the Fremont Weir from historical records (see
“Statistical Model to Prediot Discharge on the Sacramento
River Near the Fremont Weidr” section).

River velocity at FRE.temp was measured by using a
Workhorse Monitor 1,200-kilohertz upward-looking acoustic
Doppler current profiler (UL-ADCP) deployed on the riverbed
to measure a three-dimensional velocity prefile with up to
27 depth bins at 1.64-foot increments through the water
column. The UL-ADCPs have a stated accuracy of 0.3 percent
of water velocity, plus or minus 0.001 foot per second (ft/s).
The UL-ADCP was programmed to measure velocity in
an east-north-up coordinate system, and the east and north

fethods g

velocity components were rotated (in post processing) mto
along-channel and cross-channel velocity components. The
along-channel velocity profile was averaged over all depth
bins to produce a single velocity measurement that was used
as the index veloeity for developing a regression to estimate
discharge. The water depth varied by approximately 20 f
{from 10 to 30 1) during the course of the deployment;
therefore, the number of depth bins averaged to produce the
index velocity was variable for the length of the record. The
stage and velocity data were averaged over a 15-minute time
span and recorded continuously for the duration of the study.

Discharge Estimates

The methods used to estimate discharge with field
measurements on the Sacramento River near the Fremont
Weir, an estimate of Sutter Bypass outflow using mass
balance, and the notch-stage discharge ratings developed by
DWR are discussed in this section.

Sacramento Biver Near Fremont Weir

For the 2016 YBUS study, discharge at FRE temp
was estimated using two techniques: the stage-discharge
{Buchanan and Somers, 1969) and index velocity (Ruhl
and Simpson, 2005; Levesque and Oberg, 2012) methods.
The stage-discharge method is widely used for estimating
discharge in riverine environments that are not mfluenced
by tides or backwater conditions. When tides or backwater
conditions are present, the relation between stage and
discharge becomes either nonlinear or poorly correlated, and
the index-velocity method is often used. Empirical evidence of
backwater conditions on the Sacramento River at the western
end of the Fremont Weir associated with higher magnitude
flows in the Sutter Bypass and the Feather River suggests that
discharge estimated from the index-velocity method rather
than the stage-discharge method would be more accurate.

The velocity and stage data were used to develop
regressions with discrete discharge measurements and estimate
a continuous time series of discharge for the study period
(table 1). Discharge measwrements (1able 2) were made using
a moving boat with a mounted downward-looking acoustic
Doppler carrent profiler (DL-ADCP), on 7 separate days to
cover an adequate range of conditions observed for the study
period and processed in accordance with USGS standards
(Mucller and others, 2009). A lincar regression between the
stage data and discharge measurements was developed for the
stage-discharge relation. For the index-velocity method, two
regressions are needed: (1) a linear regression between the
measured (index) velocity from the UL-ADCP and the mean
cross-sectional velocity from the moving boat measurements,
and (2) a quadratic fit regression between the river stage
and the cross-sectional arca obtained from the moving boat
measurements.
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Figure 7. Locations of gaging stations {orange circles) along the Sacramento, Feather, Yuba, and Bear Rivers, California, that were
used to analyze discharge conditions for this study.
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Table 1.

fethods it

Summary of data accessed for this report from gaging stations along the Sacramento River and its tributarigs, California.

[All stations are located in California. Abbreviations: CDEC, California Data Fxchange Center, iittpi//edec o water.ca.gov/; NWIS, National Water Information
System, hittpa:/Aeaterdatausgs.gire/iwis; N/A, not applicable; USGS, U.S. Geological Survey|

Station name CDEC identifier HUSGS Type of Location where
or abbreviation station number data accessed data were accessed

Bear River near Wheatland BRW 11424000 Discharge NWIS

Butie Slough near Meridian BSL N/A Discharge CDEC

Sacramento River at Colusa Weir CLW N/A Drischarge CDEC

Dry Creek near Wheatland DCW 11390500 Discharge NWIS

Feather River near Gridley GRL N/A Discharge CDEC

Feather River at Boyd’s Landing FBL N/A Discharge CDEC

Sacramento River near the Fremont Weir FRE N/A Stage CDEC

Sacramento River above Fremont Weir FRE.ternp! 3R4553121412301  Discharge, stage, Collected for this report

near Knights Landing velooity and available on NWIS

Yuba River near Marysville MRY 11421000 Discharge NWIS

Natomas cross canal NCC! N/A N/A N/A

Sacramento River at Tisdale Weir TIS N/A Discharge CDEC

Sacramento River atl Verona VON 11425500 Discharge, stage NWIS

Sacramento River below Wilkins Slough WLK 113903500 Discharge, stage NWIS

Not a CDEC identifier; abbreviation used for this report.

Table 2. Summary of discharge measurements on the Sacramento River above Fremont Weir near Knights Landing, California, used for
regressions to estimate a discharge time series, and comparison of estimates to measured discharge.

[ft, foot; fi/s; foot per second; ft%, square foot; £¥/s, cubie foot per second; hh:mm, houriminute; movdd/yyyy, month/day/vear; NAVED 88, North American
Vertical Datum of 1988; PST, Pacific Standard Time}

. Stage-discharge Percent  Index-velocity Percent
Measuremsnt  Time, Stage, . #easured . . . .
Velocity Area . estimated difference astimated difference
date PST NAVD 88 . discharge . .
(mm/ddfyyyy)  (hivmm) i#) {#/s) i) {fts) discharge from discharge from
’ {#/s) measured {f/s) measured
01/22/20186 13:40 3046 331 7,940 26,800 24,300 9.3 25,800 3.7
01/22/2016 13:42 3046 328 7,940 26,600 24300 8.6 25,700 3.4
01/22/2016 13:45 30.46 3.27 7,940 26,200 24,300 7.3 25,600 2.3
01/22/2016 13:47 30.46 3.28 7,940 26,400 24,300 8.0 25,600 3.0
01/22/2016 13:53 30.46 3.29 7,940 25,800 24,300 58 25,700 0.4
01/22/2016 13:55 30.46 3.30 7,940 25,700 24,300 54 25,700 0.0
01/22/2016 13:58 30.46 3.30 7,940 26,400 24,300 8.0 25,800 2.3
01/22/2016 14:02 30.45 3.30 7,940 24,900 24,300 2.4 25,700 3.2
01/22/2016 14:04 30.45 3.29 7,940 25,600 24,300 5.1 25,700 0.4
01/22/2016 14:06 30.45 3.29 7,940 25,700 24,300 5.4 25,700 0.0
01/22/2016 14:08 3045 3.28 7,940 26,200 24,300 7.3 25,600 2.3
01/22/2016 14:10 30.45 3.27 7,940 25,200 24,300 3.6 25,600 -1.6
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Table 2. Summary of discharge measurements on the Sacramento River above Fremont Weir near Knights Landing, California, used for
regressions to estimats a discharge time series, and comparison of estimates to measured dischargs.—Continusd

[ft, foot; ft/s; foot per second; {15, square footl; /5, cubic foot per second; hiv i, hourmanute; movdd/yyyy, month/day/year; NAVD 88, North Amertean
Vertical Daturn of 1988; PST, Pacific standard time]

JIY

Measwrement  Thme, Stage, . Measured Stage~'d ischarge iPemem Endex_—velocity %’ercent
date PST NAVD 88 Yelogity Area discharge efstimated difference e;stlmated difference
(mm/dd/yyyy)  (hhmm) ift) {ft/s) ia) {#s) discharge from dlsc!large from
{§%s} measured {#%/s) measured
01/22/2016 14:12 30.45 3.27 7,940 25,900 24,300 6.2 25,600 1.2
01/22/2016 14:14 30.45 3.26 7,940 25,500 24,300 4.7 25,600 0.4
02/04/2016 09:45 22.45 278 3,500 16,300 16,200 0.6 16,100 1.2
02/04/2016 09:50 22.45 274 5,500 17,400 16,200 6.9 16,000 8.0
02/04/2016 09:55 2245 2.71 5,500 16,000 16,200 -1.3 15,900 0.6
02/04/2016 09:58 2245 2.68 5,500 16,500 16,200 4.1 15,800 6.5
02/04/2016 16:03 2245 2.69 5,500 16,200 16,200 0.0 15,900 1.9
02/04/2016 10:07 22.45 272 5,500 17,300 16,200 6.4 16,000 7.5
02/09/2016 16:07 16.98 2.26 3,950 10,700 10,700 0.0 10,400 2.8
02/09/2016 16:10 16.97 2.28 3,950 10,900 10,700 1.8 10,400 4.6
02/09/2016 16:14 16.97 2.29 3,950 10,600 10,700 ~0.9 10,500 0.9
02/09/2016 16:17 16.97 2.29 3,950 16,900 10,700 1.8 10,500 3.7
02/18/2016 14:38 15.05 1.98 3,430 8,200 8,700 ~-8.1 8,500 3.7
02/18/2016 14:41 15.08 1.98 3,430 8,200 8,700 ~-6.1 8,400 2.4
O2/18/2016 14:44 15.05 1.97 3,430 8,100 8,700 ~7. 8,400 -3.7
02/18/2016 14:48 15.05 1.98 3,430 8,300 8,700 -4.8 8,500 2.4
03/09/2016 14:01 30.23 3.14 7,870 25,400 24,100 5.1 24,800 24
03/09/2016 14:03 30.23 3.17 7,870 24,700 24,100 2.4 24,900 0.8
03/09/2016 14:07 30.23 3.21 7,870 24,000 24,100 ~0.4 25,100 ~-4.6
03/09/2016 14:10 30.23 3.23 7,870 24,800 24,100 2.8 25,200 -1.6
03/09/2016 14:12 30.23 3.26 7.870 23,300 24,100 3.4 25,300 8.6
03/16/2016 12:49 33.84 2.83 9,030 24,900 27,800 -11.6 26,800 7.6
03/16/2016 12:55 33.84 2.80 9,030 27,400 27,800 -1.5 26,600 2.9
03/16/2016 13:02 33.84 2.77 9,030 25,300 27,800 ~5.9 26,500 -4.7
83/16/2016 13:09 33.85 2.77 9,040 26,300 27.800 -5.7 26,500 0.8
83/16/2016 13:16 33.85 2.77 9,040 24,900 27.800 -11.6 26,500 6.4
03/16/2016 13:22 33.84 2.81 9,030 25,700 27.800 -8.2 26,700 -3.9
03/16/2016 13:28 33.84 2.84 9,030 23,900 27,800 ~16.3 26,800 ~-12.1
03/16/2016 13:30 33.84 2.84 9,030 27,000 27,800 ~3.0 26,900 0.4
03/30/2016 15:15 23.95 2.29 5,940 15,500 17,700 -14.2 15,700 -1.3
03/30/2016 15:18 23.95 2.29 5940 15,900 17,700 ~11.3 15,700 1.3
03/30/2016 15:21 23.94 2.29 5,940 15,600 17,700 -13.5 15,700 ~0.6
03/30/2016 15:24 23.94 2.29 5,940 16,000 17,700 -10.6 15,700 1.9
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Sutter Bypass Outflow

Backwater effects near the western end of the Frenont
Weir were investigated using discharge records from all
the channels upstream from the Sacramento and Feather
River junction (fig. 7). The outflow from the Sutter Bypass
mto the Sacramento River had to be estimated for this
analysis. Because the Sutter Bypass enters the Sacramento
River upstream from the Fremont Weir, there was no way a
measurement could be made. The most significant inflows
into the Sutter Bypass are runoff from Butte Basin, and the
Colusa (CLW) and Tisdale (TIS) Weirs that release water
from the Sacramento River (fig. 7). Additional uncontrolled
flows from the Sutter Buttes, along with storage and travel
time within the Sutter Bypass, make it difficult to estimate
outflow from the Sutter Bypass from the sum of the inflows.
However, flow from channels downstream from inputs can be
used to estimate outflow from the Sutter Bypass using a mass-
balance approach and correcting for travel times based on the
following equation:

Sutter Bypass outflow = 1)
VON-FBL-BRW -DCW -FRE.temp - NCC '

VON =

FBL=

Discharge on the Sacramento River at Verona,

Discharge on the Feather River at Boyd's
Landing 22 miles upstream with a 5-hour
travel time to YON,

Discharge on the Bear River near Wheatland
27 miles upstream with a S5-hour travel
fime o VON,

Discharge on Dry Creek near Wheatland
27 miles upstream, estimated as a fraction
of BRW from 0 to 0.35,

Discharge on the Sacramento River above
Fremont Weir near Knights Landing
7 miles upstream with a 2-hour travel time
to VON, and

Discharge on the Natomas cross canal
0.5 mile vpstream from VON, estimated as
a fraction of VON from 0 to 0.1,

BRW =

DCW =

FRE temp =

NCC =

This calculation was only valid when the Fremont Weir
did not overtop because a portion of the Sacramento River
upstream from the weir and some vnknown portion of the
Sutter Bypass cutflow enter the Yolo Bypass. Because of the
distances of each channel from VON, cach was lag corrected
to account for travel time of water to VON.

fethods i3

A range of flow conditions were estimated for the NCC
and additional flow from the Feather River watershed at Dry
Creek (DCW). Discharge data from NCC were not available
and were cstimated based on a range of flow ratios relative to
VON from 0 to 0.1. Estimates of channel capacity at NCC and
VON were 22.000 and 107,000 cubic feet per second (ft¥/s),
respectively (California Department of Water Resources,
2003), or a capacity ratio of 0.2. Because the channel capacity
ratio is low, the potential for backwater is high, so the ratio
was adjusted by half to account for this.

The Bear River has one significant tributary downstream
from BRW, which has historical daily flow data, but no data
were avatlable for the period of analysis. A 20-year period
(1946-67) of overlapping peak flows were examined for BRW
and DCW, and the average peak flow ratio was 0.35 (range of
0.1-0.7). A range of flow ratios from 0 to 0.35 was applied to
estimate the flow from BRW for the analysis period.

Data from FBL were checked because previcus
mvestigations indicated this gage might not be accurate. On
the basis of measurements in June 2012, it was found that
the FBL gage may underestimate discharge on the Feather
River by 1,000-1,500 £t*/s and that a combination of upstream
gages Feather River at Gridley and Yuba River at Marysville
provided a better estimate of discharge (CBEC, 2012).
Discharge records for these gages were exanuned for the
period analyzed and the results were mixed; for some periods
the combination of upsiream gages was either higher, lower,
or in close agreement. Because it could not be deternuned
what the source of error was for all three of these gages for
the period analyzed, a decision was made to use the discharge
record from the FBL gage.

Notch Stage-Discharge Ratings

As was stated in the “Introduciion” section, the
analysis described in this report applies to the three notch
alternatives that were at the western end of the Fremont Weir
{(alternatives 3, 4, and 6). The first step for critical streakline
estimates was to calculate the noteh discharge based on
the notch stage-discharge rating for a given stage, which is
explained in greater detail in the “Hydraulic Entraimment
Zome Hethmate” section. The DWR provided the notch stage-
discharge ratings for these alternatives, which were calculated
by the engineering team working on notch design (Rajat Saha,
California Department of Water Resources, written commun,,
March 28, 2017). These stage-discharge ratings are shown in
table 3.
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14 Hydrology and Hydredynamics on the Sacramento River Near the Fremont Weir, California—Implications for Juvenile Salmon Entrainment Estimates

Table 3. Stage-discharge ratings for 2016 discharge on the
Sacramento River near the western end of the Fremont Weir and
for noteh alternatives 3, 4, and 6 in the Fremont Weir along the
Sacramento River, California.

{ft, foot; ft¥/s, cubic foot per second; NAVD 88, North American Vertical
Datum of 1988}

Stage, .. 2016 Stage: Alternative Alternative Alternative
NAVD 88 discharge rating 3 4, 8,
(# for discharge  notchflow notchflow notch flow
{#¥/s) {#t/s) {#e/s) {#/s)
18 0 0 0 0
19 12,733 218 218 0
20 13,746 349 349 679
21 14,759 551 551 1,195
22 15,722 R0O4 804 1,831
23 16,785 1,142 1,142 2,661
24 17,798 1,547 1,547 3,664
25 18,811 2,013 2,013 4,787
26 19,825 2,555 2,555 6,067
27 20,838 3,166 3,166 7,502
28 21,851 3,845 3,166 9,041
29 22,864 4,624 3,166 10,675
30 23,877 5,365 3,166 12,253
31 24,880 6,105 3,166 2,253
32 25,903 6,105 3,166 12,253
33 26,916 6,105 3,166 12,253
34 27,930 6,105 3,166 12,253
35 28,943 6,108 3,166 12,253

Velocity Transect Measurements and
Processing

To investigate the evolution of secondary circulation
and estimate the hydraulic entrainment zone for various
notch configurations, velocity transects at eight cross-section
locations were made over a 0.4-mile stretch of river that
extended upstream from the river bend near the western end
of the Fremont Weir, to just upstream from the river bend
near the central notch alternative (fig. 8). The river stages and
corresponding discharge at which these measurements were
made are shown in table 4. Five measurenent sets were made
during the 2016 YBUS study, but initial analysis of these
data indicated that additional measurements were needed to
document variability in the stage-discharge relation; therefore,
three additional measurement sets were made in May 2017,
Four repeated transects were made at each cross section
to average out instrumental bias and small-scale turbulence
to better define the large-scale coberent features (Dinchart
and Burau, 2005). The velocity transects were made with a
1,200-kilchertz DL-ADCP that was mounted on a moving boat

using methodologies similar to those used in making standard
discharge measurements (Mueller and others, 2009). The
velocity transect processing and averaging was done using

the USGS Velocity Mapping Toolbox (VMT; Parsons and
others, 2013). The four repeated transects were combined into
a single transect line using least squares regression. The single
transect line has a horizontal and vertical spacing of 3.28 and
0.82 f, respectively. The velocity transects were smoothed
using windows of three and two cells (or 9.84 ft and 1.64 ft)
in the horizontal and vertical direction, respectively. These
smoothing windows are applied to improve the visualization
of large coherent secondary circulation structures (Parsons
and others, 2013; Bever and MacWilliams, 2016). Results

for a single transect, the average of four transects, and the
four-transect average with smoothing applied are illustrated on
figure 9. These plots demoenstrate the need for averaging and
smoothing by comparing the cross-stream velocities measured
from a single transect to the average of four smoothed
transcets; the large-scale secondary-circulation cell in the
center of the channel is not obvious from a single transect.

The VMT processing software has two rotation schemes
that can be chosen to define along-stream and cross-steam
velocity vectors: (1) zero-net discharge, and (2) Rozovskil.

In the zero-net discharge method the cross-stream velocity
vectors are rotated in the horizontal, so that the discharge

in the cross-stream plane equals zero. In the Rozovskii
method the cross-stream velocity vectors at each ensemble
are rotated to obtain a zero-net discharge for that ensemble
(Rozovskii, 1957; Lane and others, 2000; Parsons and
others, 2013). Bever and MacWilliams (2016) tested these
rotation schemes and reported that results from the Rozovskii
method were insensitive to the angle of the boat transect (up
to about 20 degrees) relative to the predominant direction
of flow for a given cross section. This is important to note,
particularly because the angle of flow can be variable along
the cross section with strong secondary currents: therefore,
the Rozovskil rotation method was used. The data processed
through VMT are available in a Science Base data release
{(Stumpner, 2018).

The DL-ADCP was used to measure most of the river
cross section, but there were some areas on the edge of the
cross section that could not be measured due to a combination
of blanking distance (about 3.3 ft below the surface), side
lobe interference (3.3-6.6 ft above the riverbed) and boat
operational constraints (a range of 3.3--49.5 ft from the
riverbanks). The distance from the end of the boat transect to
the riverbanks was estimated by field crews using a laser range
finder. Bathymetric data were collected multiple times during
higher river stages to refine estimates of bank locations and to
define the shape of the riverbed. In areas near the riverbanks
where the bathymetric survey is incomplete, the location of the
banks was determined by duplicating the slope of the banks
from observed locations, which introduced some uncertainty
in these estimates.
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EXPLANATION
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Figure 8. Locations of velocity transects, overlain on hathymetry, for the 2016 Yolo Bypass Utilization Study, and the locations of notch

alternatives 3, 4, and 6 along the Fremont Weir, California.

Table 4. Summary of velocity profile measurements and discharge statistics for transects along the Sacramento River near the

Fremont Weir, California.

[See figure 3 for locations of transects along the Sacramento River near the Fremont Weir. Abbreviations: FRE, Sacramento River near the Fremont Weir;
ft, foot; f/s, cubic foot per second; mmv/dd/yyyy, month/day/year; NAVIES, North American Vertical Datum of 1988; N/A, not applicable; VON, Verona;

WLK, Wilkins}
Measurement Stage’, Discharge? Pera:;em‘ diﬁerenc.e Percent Percent discharge Ratio of
date NAVDZS i#/s) from nﬂadex-velucnty ur':measurad ext_rapaiated to WF.K to VON
{mm/ddfyyyy) {ft) discharge discharge™® riverbanks’ discharge’
02/18/2016 15.1 8,800 (350) 3.7 36.7(4.9) 4.4 (2.4) 0.60
2/09/2016 16.7 11,200 (4%0) 6.5 35.3(2.2) 4.8(2.7) 0.63
2/04/2016 21.8 16,400 (490} 4.1 29.8 (2.0) 3.6 (2.2) 0.58
03/30/2016 24.2 15,900 (360) ~3.4 28.7(1.5) 2217 047
05/11/2017 24.6 12,300 (330) N/A 309 (2.0) 6.4 (1.5) 0.39
05/16/2017 28.2 12,000 (430) N/A 26.5(2.8) 6.1 (4.2) 0.29
03/09/2016 30.2 23,600 (600) 4.6 23.4(2.2) 3730 0.52
05/03/2017 31.2 18,000 (730) N/A 25.4(2.6) 6.3 3.0y 0.35

Stage measured at a temporary gage in 2016 (FRE ternp i fig. 6). For data collected i 2017, a -0.5-foot offset from the FRE gage was applied.

*Vahues are mean for all eight cross sections. Nurnbers m parentheses are standard deviations for the cross sections,

*Perceniage of unrneasured discharge that was extrapolated to riverbanks, water surface, and riverbed.

“Refer to fi;

&

r¢ 7 for location of these gages.
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Figure 8. Cross-sectional velocity profiles for transect 5 along a bend in the Sacramento River near the Fremont Weir, California, March 30, 2016. Colored contours are along-
stream velocities and arrows indicate a cross-stream velocity of 0.5 foot per second for 4, 1 transect; B, 4-transect average—no smoothing; and £, 4-transect average with
harizontal and vertical smoothing windows of 3 and 2 bins, respectively. Data are shown for a stage of 24.2 feet and discharge of 15,900 cubic feet per second.
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The velocity transects were processed to extrapolate
velocity vertically (to the riverbed and water surface) and
horizontally to the riverbanks. A widely accepted technique
uses either a power law or fog law to extrapolate velocity in
the vertical direction. The one-sixth power law was used for
this application for several reasons: (1) it is insensitive to
noisy data (Simpson, 2001); (2) it is the most widely accepted
method that describes a wide range of Hows (Chen, 1991); and
(3) it has been adopted as a defanlt processing protocol for
USGS measurements unless the data warrant other power fits
{(Mueller, 2013).

There are several techniques that are used to extrapolate
velocity near the banks. A standard technique is to usc the ratio
method, where the ratio of the water velocity to the sqnare
root of the depth is assumed to be constant for the unmeasured
portion near the banks (Simpson, 2001). The ratio method is
a form of the Froude number that assumes the ratio of kinetic
to potential energy remains constant through the cross section
(Le Coz and others, 2008). Although this method might be
adequate for applications to estimate one-dimensional river
discharge, it was not chosen for several reasons. First, the
assumption of constant ratio was not valid at these cross
sections based on analysis of measured regions, and sccondly,
tests of this method have qualitatively shown that the velocity
estimates could be substantially biased at some cross sections
using this approach. More sophisticated methods exist that
use a modified momentum equation that requires a turbulence
closure meodel (Nihet and Kimizu, 2008), or bed roughness
length that requires knowledge of grain size and composition
of the riverbed (Hoitink and others, 2009; Sassi and others,
2011). Given that the data were not available to correctly
parameterize these methods and the percentage of discharge
near the riverbanks was on the order of 5 percent or less
compared to the total discharge, more sophisticated methods
were unwarranted for this analysis.

The one-sixth power law was used to extrapolate velocity
near the banks in the horizontal direction, and this method
produced qualitatively good results for all cross sections, but
there was not a way to validate this method. Several cross
sections near the river bend were visually analyzed where
the velocity deficit extended well into the cross section, but
this is likely due to flow separation and recirculation zones
created by the river bend and not an extrapolation ervor.

fethods 17

Additionally, some of the cross scctions did not have typical
vertical distributions of velocity, where the highest velocity
was near the surface and gradually decreased in the water
cobamn before rapidly decreasing near the bed. In some

cases, particularly near the river bend, the highest velocities
were near mid-depth or deeper. Typical practice in velocity
extrapolation is to fit the whole profile to a power corve and
extrapolate the top, bottom, and near-bank velocities. Because
the hydrodynamics were complex enough in this study

area, these values were extrapolated on the basis of the last
measured values for the top, bottom, and near-bank velocities.
An example of the measured and extrapolated along-stream
velocities in relation to the riverbed is shown on figure 10.
Once a full three-dimensional velocity profile and bathymetry
were properly defined, the discharge at each cross section was
computed by numerical integration.

Because the Rozovskil method was used in the velocity
transect processing, the lateral discharge at a cross section is
not zero, but is small enough (typically less than 1 percent
of total river discharge) that only the velocity in the along-
stream direction was used to compute discharge. Table 4
shows the statistics for the discharge estimate for cach
velocity transect. For the set of eight cross sections, the
average discharge was in close agreement with the index-
velocity caleulated discharge (under 7-percent difference for
all conditions measured), and for cach transect the discharge
was within 4 percent of the average for that set of transects.

A set of transect measurements were therefore, mternally
consistent for a given condition, and the mean along-river
discharge was accurate compared to the discharge estimate
using the index-velocity methed. The range in the percentage
of unmeasured discharge was roughly between 25-35 percent,
and the nnmeasured percentage generally decreased as the
river stage increased. Most of the unmeasured discharge was
in the vertical extrapolation because the unmeasured discharge
near the riverbanks was 6 percent or less for all cross sections.
Errors that arose from the vertical extrapolation likely did not
bias the entrainment estimates because these errors were likely
similar throughout the cross section. Entrainment prediction
errors that propagated from errors in riverbank estimates

and velocity extrapolation are discussed in more detail in the
“Fifect Due to Uncortainty in Bank Estonates” section.
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Analysis of Hydrologic Conditions on the Sacramento River Near the Fremont Weir 13

Analysis of Hydrologic Conditions
on the Sacramento River Near the
Fremont Weir

Hydrologic conditions near the western end of the
Fremont Wewr were assessed using discharge data collected
n the 2016 YBUS study combined with historical discharge
records from a nmumber of sites upstream and downstream
from the study site. First, the hydrologic results from the 2016
study arc presented, and the observations of backwater at the
study site are discussed. Outflow from the Sutter Bypass was
estimated using equation 1 because this boundary condition
is not gaged. Next, a statistical model to predict discharge of
the Sacramento River near the Fremont Weir was developed
to examine the variability in the stage-discharge relation for
a 27-year period. It was important to understand and quantify
the variability in the stage-discharge relation at this location
because it had a significant effect on entrainment predictions.

30,000

25,000

20,000

15,000

10,000
g{ EXPLANATION
{3 Measured data poinis
Number of data poi
5,000 Squared correlati
y=1,013%x+ 6,517
Root mean square (RMS) error of

Discharge, in cubic fest per second

nis =49
coefficient = 0.943

prediction = 1,581 cubic feet per second

G H i l

18 15 20 s} 3¢
Stage, in feet above North American Vertical Datum of 1988

Figure 11.

Discharge Estimates From 2016 Measurements

Results of discharge estimates from field measurements
on the Sacramento River near the Fremont Weir, and an
estimate of the Sutter Bypass outflow using a mass-balance
approach, are presented in this section.

Sacramento River Discharge Estimate Near the
Fremont Weir

Discharge of the Sacramento River was estimated
1.24 miles upstream from the western end of the Fremont
Weir (FRE.temp; Sacramento River above Fremont Weir
near Knights Landing) using the stage-discharge and index-
velocity methods. The stage-discharge and index-velocity
regressions are shown on figure 11, and a summary of
discharge measurements and discharge estimates from the
two technigues are shown in table 2. Compared to the moving
boat discharge measurements used to develop the regressions,
neither method shows bias in predicting discharge, but on
average, the index-velocity method produces a lower average
absclute ervor of 3.0 percent compared to 5.9 percent for the
stage-discharge method.

25

5}

2

EXPLANATION
3 Measured data points
Number of data points =45
Squered correlation coefficient = §.836
2 y=059"x+136 | ]
Root mean square {RMS) error of
prediction = 0.12 foot per second

Average cross-sectional velocity, in fast par second

[ ]
2 2.5 3 358
Index velocity, in feet per second

Discharge and velocity estimates during the 2016 data-collection period {January 22-April 22, 2016} at the temporary gage

{FRE.temp} Sacramente River above Fremont Weir near Knights Landing, California: 4, discharge measured with 2 moving boatversus
measured stage; and B, average cross-sectional velocity computad from moving boat measurements versus measured index velocity.
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0 Hydrology and Hydredynamics on the Sacramento River Near the Fremont Weir, California—Implications for Juvenile Salmon Entrainment Estimates

There are several well-known sources of instrument,
measurement, and computational errors in discharge estimates
using both technigues (Simpson, 2001). Generally, a plus or
minus 10-percent error between discharge estimates (based on
the regression methods) compared to the measured discharge
18 considered reasonable. The index-velocity method has a
lower mmcidence of measurements outside of the 10-percent
error band—72 percent compared to 16 percent of the
measurements obtained from the stage-discharge relation. It
was concluded that for the period of study, the index-velocity
method produced a better estimate of discharge on the
Sacramento River near the Fremont Weir.

The difference between the stage-discharge and index-
velocity methods is greatest during the rising limb of the
hydrograph, a time when juvenile salmon outmigration
typically peaks. While the bulk of the discharge data estimated
by both methods are in reasonable agreement, a notable
discrepancy occurred after March 6, 2016, during the rising
Hmb of the hydrograph when the stage-discharge rating
overpredicted discharge by as much as 4,000 /s or about
40 percent (fig. 12). Initially, when the stage increased at the
western end of the Fremont Weir, there was a corresponding
decrease in the index velocity. Non-linearity in the relation
between water velocity and stage on this date was evidence of
backwater effects due to increased flow from the Sutter Bypass
and {or) Feather River.

Sutter Bypass Outflow Estimate

The Sutter Bypass outflow estimate and discharge
hydrographs used to compute the estimate are shown on
figire 13. The magnitude of the Sutter Bypass cutflow is
shown as a range due to the estimated range in discharge for
the Bear River and NCC. During baseline conditions (most
of February and April}, flow in the Sutter Bypass outflow is
generally lower than in the Feather River system. When flows
are higher, the magnitude of the Sutter Bypass outflow is equal
o or greater than the Feather River system, except for two
periods when there was a significant increase in the Feather
River, and the Sutter Bypass outflow estimate went close to,
or below zero. This is an unrealistic estimate, as if is hkely
that cither (1) some portion of the Feather River flow enters
the Sutter Bypass, or (2) that the peak flow from the Feather
River is attenuated and has a longer tail close to its junction
with the Sacramento River, due to backwater effects from the
Sacramento River and Sutter Bypass outflow.

As a first-order check on the accuracy of the SUT outflow
estimate, the estimates for inflows and outflows for the Sutter
Bypass from mid-January to the beginning of February were
examined (fig. 14). The main inputs for the Sutter Bypass
are the Butte Basin inflow, the Colusa Weir (CLW), and the
Tisdale Weir (T1IS; fig. 7). Discharge of the Feather River
mereased on January 18 and 30, which could account for
a portion of the Sutter Bypass outflow; otherwise, the bulk
of the outflow from the Sutter Bypass was assumed to be
due to inflow from the Butte Basin and upstream weirs on
the Sacramento River. Integrating the estimated inflow and
outflow for this period showed that the cumulative outflow
was overestimated by a factor of three compared to the
inflow estimate, so there were either inputs unaccounted for
mto the Sutter Bypass (some portion of the Feather River or
uncontrolled runoff from Butte Basin) or inputs unaccounted
for in the mass-balance equation (oq. 1) used to estimate the
Sutter Bypass outfiow. The Sutter Bypass outflow estimate
was likely more accurate when the magnitude of flow in the
Feather River was lower and there were not rapid increases in
the hydrograph. It was assumed that during these conditions
all of the inflows were accounted for; therefore, the mass-
balance equation was more accurate. The peaks in the Sutter
Bypass outflow were of lower magnitude and lagged behind
the peaks in the Suatter Bypass inflow, which was expected
from storage and increased travel time in the Sutter Bypass.

Causes of Backwater Conditions Near the
Fremont Weir

The combined effects of increased discharge on the
Feather River and Sutter Bypass outfiow can cause backwater
conditions on the Sacramento River near the Fremont
Weir. The Feather River discharge increased from 4,000 to
25,000 ft¥/s, 16 hours before a corresponding increase on
the Sacramento River on March 7, 2016 (fig. 13). The Sutter
Bypass outflow increased, but the estimated magnitade was
likely incorrect for this period, as discussed previously.
Additionally, the river fevel on the Sacramento River was not
high encugh to engage the upstream Sutter Bypass weirs, 30
the contribution of the Sacramento River to the Sutter Bypass
outflow was likely minimal during this period. Therefore, for
this event, it was concluded that the Feather River was likely
solely responsible for the backwater effects observed on the
Sacramento River near the Fremont Weir.
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Discharge events on the Feather River were flashy and
short lived, compared to discharge events on the Sacramento
River, which were generally longer in duration and steadier
(fig. 13). The magnitude of variability in Sacramento River
discharge, as observed at the FRE temp station, caused by
the Feather River was greater than that caused by the Sutter
Bypass, but the Sutter Bypass outflow typically was longer
duration 30 the integrated effect of outflow from the Sutter
Bypass might have been greater overall. Furthermore, the
arca of discharge for the Sutter Bypass mto the Sacramento
River was likely spatially variable as a function of outflow
magnitude. The width of the Sutter Bypass is about 4.5 mi
along the Sacramento River. The eastern side of the Sutter
Bypass near the Sacramento and Feather River junction
exchanged water with the Sacramento River at lower
magnitudes of Sutter Bypass outflow, but as the Sutter Bypass
outflow magnitude increased, the outlet near the Fremont Weir
became engaged. An estimate of the water level at which this
occurred was not possible, and it is worthy of investigation
because this exchange likely affected the local hydrodynamics
n the Sacramento River at this location.

The magnitade and doration of flow on the Feather River
and Sutter Bypass outflow shows that both of these boundary
conditions are needed for two reasons: (1) to accurately
characterize the hydrology of this region, whether this be with
field data or hydrodynamic models, and (2) to understand the
degree of variability in the stage-discharge relation for the
Sacramento River in the vicinity of the Fremont Weir, which is
needed to accurately make entrainment estimates.

Statistical Model to Predict Discharge on the
Sacramento River Near the Fremont Weir

The range of conditions in 2016 did not include the
full range of variability in backwater effects, and therefore,
variabifity in the stage-discharge relation that exists at this
location. A statistical model to predict discharge on the
Sacramento River near the western end of the Fremont
Weir was developed to assess the range of vaniability in the
stage-discharge relation in the historical data. Historical data
and data collected in 2016 were used to estimate discharge
necar the Fremont Weir for a 27-year period (April 1990 to
Aprit 2017). Hourly historical stage data on the Sacramento
River near the Fremont Weir (FRE) are available back {o
1984, stage and discharge data for Sacramento River below
Wilkins Slough (WLK) are available back to 1987, and stage
and discharge data for the Sacramento River at Verona (VON)
arc available back to April 1990 (table 1). Daily data existed
for these gages before the dates mentioned earlier, but were
not used for this analysis because river stages i this region
can change greatly over a daily time step. For example, stage
at FRE often mncreases at a rate of 0.4 foot per hour during
flow pulses. Predicted discharge was output at hourly time
steps for the 27-year period to match the sampling frequency

of data collected at FRE. Stage data at WLK and VON were
lag corrected to account for travel time. Discharge data at the
temporary Fremont Weir gage (FRE.temp) for 2016 showed
no lag compared to VON, so historical WLK discharge data
were lag corrected to VON. The average lag correction from
WLK to VON was about 12 hours for an approximate 37-mile
stretch of river.

Five predictor variables (X} were used for the response
variable (1) in the development of the statistical model
for discharge:

X1 = Stage at FRE

X2=  Discharge at WLK

A3 = Discharge at VON

X4= Stage difference: WLK~FRE (water-surface
slope)

Xs= Stage difference: FRE-VON (water-surface
slope)

Y= Discharge at FRE temp

The X4 and X5 variables were used in the regression
because all surface-water flows are driven by barotropic
pressure gradients (in this case the water-surface slope). A
stepwise lincar regression was used in the Matlab statistical
toolbox to determune the best model from the predictor
variables (MathWorks® Inc., 2017). The stepwise regression
is a precedure to automatically choose the best predictor
variable by systematically adding or removing terms based
on their statistical significance to the response variable. The
Matlab function—stepwischn—used a forward and backward
regression; at each step i the regression, terms were added
or removed based on minimizing the sum of the squared error
using the p value of an F-statistic to select the optimal model.
The final model equation and Matlab output is provided in
the appendix, and has 15 terms in 5 predictor variables, which
imchade products of pairs from almost all distinet predictors,
has an B* of 0.998, and a root mean square error of 361 ft%/s.

The lincar regression model developed from stepwise
regression explains much of the variability (R* = 0.998) in
the 2016 observed data at FRE temp (fig. 15). Most of the
variability in model residuals was likely due to the noise in
the velocity data used in the measured discharge estimate.
The range of measured discharge (6,900-28,400 f%/s) was
narrower than the range of predicted discharge (3,800~
32,600 1t*/s), but the extrapolated discharge was likely outside
the range of operable notch stages and discharge, given that
the range of discharge measured in 2016 spanned Sacramento
River stage values lower than 19 ft (minimum stage for the
notch stage-discharge rating), to Sacramento River stage
values higher than the crest of the Fremont Weir (32.5 ft). The
discharge at FRE temp was generally less than at WLK for
higher stage/discharge conditions due to backwater effects. On
the hydrograph recession, the discharge at FRE temp increased
above that at WLK as the backwater was released (fig. 16).
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Variability in the Stage-Discharge Relation

Variability in the stage-discharge relation near the
western end of the Fremont Weir was due to backwater
conditions caused by increased discharge from the Sutter
Bypass and the Feather River. A first order approximation of
the degree of backwater was made using the ratio (Ur) of the
discharge at WLK ((, ) to the discharge at VON ((J, ):

WL

— QW].,K

& o

2)

The discharge ratio was used to parameterize the variance
in the critical streakline estimate (see “Variance Used in
Hydrauhic Entrainment Zone Caleulation” section). The
consequences of variability in the stage-discharge relation
on the Sacramento River near the Fremont Weir are critical
to notch design. River stage controls the notch flow, and the
ratio of notch flow to the Sacramento River flow determines
the fraction of Sacramento River discharge entrained
into the notch, which in turn affects the juvenile salmon
entrainment rate.

The degree of backwater near the Fremont Weir can
be estimated if it is assumed that the discharge at WLK i3

!
Mean = 0.58

0.30

0.25

4.20

Probability of occurrence

G

0.05

38 1

0 0.2 04 46

Ratio of discharge at Wilkins to discharge at Verona

Figure 17.

25

upstream of backwater effects from the Sutter Bypass and
Feather River. On the basis of the minimal scatter in the stage-
discharge relation at WLK (not shown) this appears to be a
reasonable assumption. The difference in discharge (¢~
0. ) 18 equal to the combined discharge from the Feather
River and Sutter Bypass. The (O is therefore an estimate of
the degree of backwater, where a ratio more than 0.5 signified
more discharge from the Sacramento River, and a ratio less
than 0.5 indicated more discharge from the Feather River and
{or) Sutter Bypass and likely increased backwater effects on
the Sacramento River near the Fremont Weir.

The probability of a given Or for the 27-year historical
record and for the 2016 data is shown on figure 17. The mean
Or of 0.58 for the historical record indicates that typically the
Sacramento River has more discharge than the Feather River.
The conditions measured in 2016 were closer to the mean
(0.58), but there were some periods of backwater conditions
{Or less than 0.50), and some short periods where Or was at
or near the historical low value, indicating the highest degree
of backwater. On the basis of the historical record, backwater
conditions occcurred less frequently than non-backwater
conditions, but were still frequent enough that backwater had
1o be accounted for (Or less than 0.5 occurred 24 percent of
the time).

B o3 I
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Probability of occurrence of the discharge ratio of Sacramento River at Wilkins Slough to the Sacramento River at Verona,

California. The discharge ratio was usad as an index for degree of backwater on the Sacramento River near the Framont Weir: 4, historical
data from April 1990 to April 2017, for the period December 1-March 15, where western alternative notches will be operational; and 5, data
for the 2016 data-collection period {January 22-April 22, 2016).
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Next, the variability in the stage-discharge relation and
the frequency of occurrence based on the 27-year statistically
modeled discharge and stage at the Fremont Weir were
examined to determine the hikely consequences of backwater
conditions. For this analysis, a stage range of 1910 325 ft
and the period December 1-March 15 of an operable notch
were used for the western alternatives (table 3). Figure 18
shows the statistically modeled discharge versus stage
binned and colored to represent the number of occurrences,
with the stage-discharge rating curve developed from 2016
data (see “Sacramento River Near Fromont Weir” section)
overlain in black. This plot has several salient attributes.
First, lower stages and correspondingly tower flow into the
notch occurred more frequently. Second, at the lower and
higher stages the frequency of discharge occurrence was in
close agreement with what would be predicted by the stage-
discharge curve, while at mid-range stage values the most
frequent discharge was higher than what would be predicted
by the stage-discharge curve. For the full range of stage,
discharge was higher than what would be predicted by the
2016 stage-discharge curve. This indicates that backwater
effects are less frequent, which is consistent with the bulk
measure of backwater conditions. The stage-discharge rating
curve developed from the 2016 data has a large range of
discharge for higher stage values, so the rating curve could be
more skewed toward measuring backwater effects. Likely, the
frue mean is not known because of the short duration of the
2016 deployment. Lastly, there was a considerable variability

in the discharge for a given stage, on the order of 5,000 ft/s.
Regardless of the true mean in the stage-discharge relation,
the probability of not knowing the magnitude of flow for a
given stage on the Sacramento River is fairly high if a stage-
discharge rating curve is used to estimate discharge.

To quantify the influence that variability in the stage-
discharge relation can have on entrainment, the variability in
the ratio of river discharge to notch discharge was examined
based on the notch stage-discharge ratings. Figures 19-21
are similar to figore 18, except the y-axis has the notch
discharge ratio for each of the western alternatives colored
by number of occwrrences for a given stage and the discharge
ratio predicted by the stage-discharge rating corve developed
from the 2016 data. The notch stage-discharge rating curves
show a constant flow at higher stage values (these values
varying for alternatives 3, 4, and 6), which accounts for a
decrease in flow ratio at the higher end of the curve. Similar
to the stage-discharge plot, lower and higher stage values
were in close agreement between the frequency of cceurrence
and what would be predicted by the 2016 stage-discharge
rating curve. At mid-range stage values the central tendency
of the estimated notch discharge ratio was generally lower
than what the stage-discharge rating corve would predict for
all alternatives. For alternatives 3 and 4, the variability m
discharge ratio was on the order of 0.05 and for alternative 6,
variability was on the order of 0.1, with a general increase in
variability for higher discharge ratio values.
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Figure 18. Discharge versus stage {19-32 feet} for the 27-year period {April 1990-April 2017) of modeled discharge on the Sacramento
River near the Fremaont Weir, California. Only data for the period December 1-March 15 of notch operation are included. Stage
and discharge ratio ars binned in 0.25-foot stage and 250 cubic foot per second discharge increments and colored by number of

gcourrences.
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the Sacramento River near the Fremont Weir, California, using the notch stage-discharge rating for alternative 4. Only data for the period
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Intcgrating fish entrainment rates into a notch over time
without knowing the variability or the true river discharge
can seem unimportant because water entrainment into a notch
will hkely average out to the mean. However, m the context
of maximizing population-level survival based on juvenile
salmon entrainment into the notch that may happen over
short periods (days to weeks), errors in water entrainment
estimates may be magnified, fish entrainment may be grossly
misestimated, and the direction of bias (either positively or
negatively) will not be known.

In the “Hydraulic Entratament Zone” section, the
effect on entrainment estimates due to variability in the
stage-discharge relation is discussed in greater detail.
Generally, there are fairly sharp cross-stream gradients
m fish distributions based on studies completed in the
tidally affected Sacramento River and Georgiana Slough
junction (California Department of Water Resources, 2012,
2015, 2016). so small changes in the discharge ratio could
produce disproportionately larger changes in the number of
fish entrained.

The authors postulate that the variability in the stage-
discharge relation will have two effects. The first-order effect
1s that the magnitude of discharge at any particular stage will
deviate significantly from the historical average discharge
observed at that stage, as i3 shown on figure 18. The second-
order effect is the velocity distribution at any particular
stage will vary as a function of backwater conditions (sce
“Secondary Cuoulation at the Sacramento Biver Bond Near
the Fremont Weir” section), and this effect can change the
cross-channel distribution of discharge in a cross section. In
the “Variance and Uncertainty in Hydranlic Entrainment Zone
Hatimate” section, it can be shown that the first-order effect
on discharge can be reasonably accounted for, but the second-
order effect on the velocity distribution and resulting cross-
channel distribution of discharge in the river bend is more
difficult to quantify.
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Influence of Secondary Circulation on
Velocity and Discharge Distributions

In the previous section the regional-scale hydrology
using river-discharge data was examined and the conclusion
was reached that there i3 a substantial amount of variability
in the stage-discharge relation that can lead o errors in
entrainment estimates if this variability is not taken into
account. In this section the local-scale hydrodynamics at a
river bend are examined, including multidimensional velocity
and discharge distributions, and how thesc distributions vary
as a function of river discharge, location along the river, and
backwater conditions. Velocity transects taken along the river
bend are used to (1) document the sctup and relaxation of
secondary circulation through the river bend, (2) investigate
the variability and strength of secondary circulation over a
range of discharge conditions, and (3) estimate the distribution
of discharge at discrete cross sections. These results will be
used to discuss the potential hydrodynamic influence on fish
distributions along the 8.4-mile reach shown on figine 8.

Secondary Circulation at the Sacramento Biver
Bend Near the Fremont Weir

The evolution of the velocity distribution and the strength
of the secondary circulation for one stage and discharge
condition 1s shown on figure 22, At the first cross section
upstream from the bend, the channel was prismatic and the
along-stream velocity distribution had a maximum (red valaes)
near the center and a broad distribution of higher velocities,
The secondary currents, indicated by the velocity arrows, are
weak and there were no apparent coherent structures. Moving
down river at cross-section 2, the velocity distribation was
stmilar, and the secondary currents were a little stronger near
the right bank. Moving farther into the river bend (cross-
sections 3 and 4) the velocity distnibution was more skewed
toward the outside of the bend and the secondary currents
were stronger (about 0.5 ft/s) with a significant down-welling
zone and return flow along the bottom. In both of these cross
sections the peak along-stream velocities were at a depth of
about 18 ft, whereas the peak velocities at cross-sections 1
and 2 were near the surface. At cross-section 4 there was a
narrow range of peak velocities compared to the preceding
cross sections. At cross-section 5, the velocity distribution was
still skewed toward the outside of the bend with a fairly strong
and coherent secondary circulation cell, with the vortex in the
center of the channel. The velocity distribution began to relax
at cross-section 5, where strong velocitics are apparent to the
left of channel center. At cross-sections 6 and 7, the secondary
currents were weaker and the higher velocities were more
distributed through the cross section, but still slightly skewed
toward the right bank. At cross-section 8, the channel was
fairly prismatic, and the velocity distribution and secondary
currents were similar to those in cross-sections 1 and 2,

mdicating refaxation of the secondary circulation and leftward
shifting of the velocity distribution.

The strength of secondary circulation and velocity
distribution also varied over the range of conditions that were
measured (fig. 23). Data collected in 2016 at river stages of 15,
17,22, 24, and 30 ft indicated there was little to no backwater
mfluence, on the basis of the Wilkins to Verona discharge
ratio (table 4). Data collected in 2017 at stages of 25, 28, and
31 ft evidenced significant backwater conditions. The banks
of the river near the outside of the bend were overtopped at
a stage of about 29 ft, and a large field between the river and
the weir became inundated, so conditions measured at stages
of 30 and 31 ft included effects of the overbank region. For
conditions with neither backwater nor overbank flow (stages
of 15, 17, 22, and 24 ft), the structure of the velocity profiles
was qualitatively similar, with the peak along-stream velocity
skewed toward the outside of the bend and the center of the
circulation cell positioned close to mean depth at the center
of the channel. However, the magnitude of along-stream
and cross-stream velocity changed when either backwater or
overbank flows were present.

For backwater present but no overbank-flow conditions,
the velocity distribution and positioning of the circulation
cell were similar at river stages of 25 and 28 ft, but the peak
velocity was lower and the location of the down-welling zone
was positioned closer to the center of the channel, as compared
to river stages where no backwater was chserved (river stages
of 15,17, 22, and 24 fi). For overbank conditions without and
with backwater (river stages of 30 and 31 fi, respectively),
the velocity profiles were different than for the previous
conditions. Here, the peak velecity magmitude was close
to the center of the channel, and there were two circulation
cells to the left and right of the center of the channel (based
on width) with the celf on the left located deeper due to the
greater water depth. The salient feature for backwater and
overbank conditions was a shift in peak velocity and down-
welling zone toward the channel center. When the riverbank
was overtopped, the transfer of momentum from the Hoodplain
to the river (Morvan and others, 2002) increased the influence
of the side-wall boundary layer, which caused a shift in
the velocity distribution and location of secondary cells at
river stages greater than 29 ft. For backwater conditions,
both the along-stream and cross-stream velocity magnitudes
were reduced compared to lower stage values; therefore,
the strength of the secondary circulation cell did not have
enough force to overcome the inertia of water mass near the
riverbanks, which resulted in a shift in peak velocity and
location of the down-welling zone. There were not enough
data at discrete stage values to fully understand or quantify
the range of variability in velocity distributions, but from
the available data, it appears that backwater effects in the
Sacramento River near the western end of the Fremont Weir
resulted in significant observable first- and second-order
effects on the cross-sectional velocity distributions at this river
bend.
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Figure 23. Velocity profiles for various stages at cross-section 4 along the Sacramento River at the western end of the Fremont Weir,
California, showing along-stream and cross-stream velocity in relation to depth and distance from the right bank.
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Discharge Distribution Along the River Bend

The conceptual mode] contral to this analysis is that
secondary currents will accumulate fish mass along the
outside of the channel bend, such that notch locations can be
optimized to maximize fish entrainment rates. The velocity
distribution and magnitude of the secondary circulation were
variable over the range of conditions measured, therefore, the

due to backwater conditions. There was minimal variability

in the along-stream velocities for a given condition among

the cross sections. The cross-stream velocities had more
variability among the cross sections, but less variability across
stage conditions. The cross-stream velocity increased and
reached a maximum near the apex of the river bend (cross-
sections 3-5) for all conditions, with a range of about 0.3 to
0.8 ft/s. The downward velocity showed a trend simifar to the

cross-stream velocity with a maximum near the apex of the
river bend (cross-sections 3-5), but for some conditions there
was a fairly uniform maximum along the river. The ratio of
the mean cross-stream velocity to mean along-stream velocity
is shown on figure 2443 For all conditions the discharge
concentrated fastest at the river bend apex (cross-section 4)
where secondary circulation was the strongest.

rate of accumulation and the Jocation of the peak in the fish
spatial distribution varied as well (Blake and others, 2017).
As a first-order estimate, the ratio of the integrated
cross-stream to along-stream velocity can be used to examine
the concentration of discharge. The maximum surface layer
velocity components at each cross section are presented on
figure 24.4~C. The along-stream velocities had a range of
2.3 to 4.6 ft/s, but did not increase monotonically with stage

Maximum surface layer along-siream velocity

Maximum surface layer cross-stream velocity
58 38 T
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Velocity, in feel per sscond
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Figure 24. Surface layer velocity components in relation to stage at each cross section of the Sacramento River atthe western end of
the Fremont Weir, California: 4, maximum along-stream velocity, B, meximum cross-stream velacity; £, maximum downward velocity;
and [, ratio of mean cross-stream velocity to along-stream velocity.
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Influence of Secondary Circulation on Yelocity and Discharge Distributions 33

The width of cach cross section and the depth-integrated
discharge along each cross section are normalized by using
the maximum values of cach per cross section to compare
the cross sections and the range of conditions (fig. 25). The
discharge profiles showed variability with respect to their
shape and in the location of the peak flow over the range of
conditions, but the following general pattern held: At cross-
sections 1 and 2 the discharge profile was fairly normally
distributed along the cross section, with total discharge
divided about equally between the left and right halves of the
river width. At the apex of the river bend {cross-sections 3-5)
the discharge was skewed shightly toward the outside of the
bend, and the shape of the discharge profile changed with a
narrower zone of high discharge. Just downstream from the
apex of the bend, at cross-sections 6 and 7, the discharge was
skewed more toward the outside of the bend, but the cross-
stream range of higher discharge was broader. By cross-
section § the discharge was still skewed toward the outside
of the bend, but the cross-stream range in higher discharge
was closer to what was seen in cross-sections 1 and 2. At
this river bend the secondary currents distributed the highest
along-stream velocities toward the outside of the bend near
the bend apex, but the maximum river depth was near channel
center, resulting in discharge profiles that are only slightly
cutward-skewed near the apex. Downstream from the apex
the maximum river depth was skewed toward the outside of
the bend, and the resultant discharge profile was more skewed
toward the outside of the bend, but the broader cross-siream
range of higher discharge indicated that the velocity profile
had become less outwardly skewed due to return flow along
the bottom water layer.

Bed topography in a river bend is the integrated effect
of strong secondary currents and down-welling that produces
deeper scour holes toward the outside of the bend (Blanckaert,
2010). The overbank and backwater conditions that tended to
shift the peak velocities and down-welling zone to nearly mid-
channel at the apex of the bend could have been responsible
for defining the bathymetry at the apex of the bend, resulting
in a discharge distribution that was not skewed as much as one
would expect near the apex of the river bend. At cross-sections
6 and 7, the along-stream velocity distribution was skewed
toward the cutside bank, but the magnitude of secondary and
down-welling currents was reduced, and therefore, the deeper
bathymetry was toward the outside of the bend. This resulted
in a discharge distribution that was outwardly skewed equally
or greater than at the apex of the bend.

To ustrate this effect, the ratio of discharge on river
right (toward the outside of the bend), versus the discharge
on river left, is shown on figure 26. All conditions show that
at some point discharge was skewed toward the outside of the
river bend, with two distinct peaks at cross-sections 3 and 7.
There was considerable variability in how much discharge
was distributed toward the outside of the bend, but there was
a positive correlation between the discharge ratio of WLE to
VON (or lack of backwater) and the percent discharge on river
right averaged for all cross sections. Qualitatively, backwater
and overbank conditions tended to centralize discharge for
those particular conditions, which bears out n this example.
An additional effect was deepening of the river bathymetry
toward the center of the channel. As a result, during non-
backwater conditions, the discharge did not become strongly
skewed at cross-sections 4 and 5.
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Figure 25. Normalized discharge profiles for cross-sections 1-8 in relation to stage of the Sacramento River atthe western end of the Fremont Weir, California.
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Figure 26.  Position along a cross section where fraction of
flow equals 0.5 to illustrate how discharge is skewed toward the
gutside of the bend in the channel as a function of stage of the
Sacramento River, California.

Hydraulic Entrainment Zone

The critical streakline method is used to define the
extent of the hydraulic entrainment zone. This is a two-
dimensional approach to estimate a line extending upstream
from a river junction, or engineered notch diversion, which
separates the water that will be entrained down cither side
of the junction. The fish distribution data that were collected
are in two dimensions in the horizontal plane. Detailed
velocity measurements along the river bend were made, and
the three-dimensional effects of secondary circulation on the
redistribution of velocity and discharge along a cross section
arc accounted for. The velocity measurements were distilled
into two dimensions to compare to the fish distributions for
entrainment estimates.

The accuracy of fish entrainment cstimates is reliant
upon accurate estimates of the critical streakline location

Hydraulic Entrainment Zone 35

for proposed notch scenarios. The accuracy of critical
streakline estimates is affected by (1) the variability in the
stage-discharge relation, and (2} the influence of a specific
notch design on the local small-scale (for example, velocity
variability within several feet) hydrodynamics. Inaccuracies in
critical streakline estimates could lead to relatively large ervors
in fish entrainment estimates, given that gradients in cross-
channel fish mass near the riverbanks can be high refative to
gradients in cross-channel flow distribution.

The method of hydraulic entrainment zone estimation
is straightforward, and an estimate is provided to account
for the variance in the critical streakline due to second-
order effects of backwater conditions in the Sacramento
River (first- and second-order effects are discussed in more
detail in the “Variability in the Stage-Discharge Relation”
section). The entrainment rate estimates based on the critical
streakline approach are expected to be conservative (that is,
underestimate fish entraimment) given the expectation that the
momentum of secondary circulation toward the outside of the
bend will improve the entrainment of surface-oriented fishes
in surface-oriented notches.

Hydraulic Entrainment Zone Estimate

The width of the hydraulic entrainment zone, as defined
by the cress-stream location of the critical streakline (), was
estimated from the right bank at eight locations where the
velocity transects were made. The following process was used
to caleulate X

1. The measured velocity was extrapolated to the surface,
streambed, and riverbanks (fig. 274) with the one-sixth
power law using equation 3:

1

U y )¢
=T 3
U, Ya
where
U is the last measured velocity at a point y, and
U, s the unmeasured veloeity to be extrapolated

at a point y, .

Extrapolation to the water surface and riverbed occur
i the vertical plane, and then the velocities are extrapolated
to the riverbanks in the horizontal plane. The vertical and
horizontal planes are normalized (from 0 to 1) by the depth
of water or the width of the cross section, respectively. An
example of extrapolation to the surface is as follows: The
last measured velocity U= 1 ft/s is at a point 7 ft above the
riverbed for a depth of 10 fi, thercfore y = 0.7; to extrapolate
Uat 7 ftto 8 £t above the riverbed then y = 0.8, and the
extrapolated velocity is U, = 1 x (0.8/0.7) or U, = 1.02 ft/s.
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The river discharge ((_ ) was calculated by numerically
integrating velocity (V) with respect to the depth of the
water (4) and distance along the river cross section (1)
at each increment along the river (dy) (eq. 4; fig. 275).

Qriver = J.(V)V V h dv (4)

3. The cumulative sum of discharge along cach cross
section was calculated and normalized by the total
discharge for that cross section to produce an empirical
cumulative distribution function (CDF) of discharge
along the river cross section from 0 to 1 (eq. 4; fig. 270).
The discharge CDFs were normalized so that they
scaled equivalently to the discharge ratio. Additionally,
normalizing the cross-section discharge CDFs by the
total discharge in the cross section allows a correction
for first-order etfects to be made to account for
variability in the stage-discharge relation as a result of
backwater conditions. On the discharge CDF the value
of the discharge ratio is found for a given {2 and notch
discharge (¢ ).

=

4. The g . from the notch stage-discharge rating fora
given stage and alternative (see table 3) was divided by
..., to determine the discharge ratio.

5. The point on the discharge CDF that equals the discharge
ratio (red dot on fig. 27} was used to determine the
corresponding value of X (along the x-axis on fig. 27().
The position of X is the estimate of the outer edge of
the hydraulic entrainment zone, shown by the red dot
on figure 27(. For cach cross section the location of X
has an associated geo-referenced position. This allowed
direct comparison of the hydraulic entrainment zone for
an altemative (given stage, ¢ .and  Yto fish spatial
distribution.

6. From the discharge CDFs at cach measured stage, a
continuous three-dimensional interpolant was created
to cover the range of conditions that were unmeasured.
Only the UDFs collected at stages of 17, 22, 24,
and 30 ft were used because these measurements
were made during mean backwater conditions,
whereas the measurements at other stages (25, 28,
and 31 ft) were made during extreme backwater
conditions; incorporating these measurements skewed
the imterpolation.

For the entrainment simulation, the location of the
critical streakline was estimated from a continuous time
series (27-year period) of statistically modeled discharge (sce
“Statistical Model to Predict Discharge on the Sacramento
River Mear the Fromont Woernr” section) and measured stage
at the Fremont Weir. Although limited data on the truc range
of variance associated with second-order effects of backwater
conditions are available, an estimate of variance was generated
by using a random cffects model (Diggle, 2002).
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Variance and Uncertainty in Hydraulic
Entrainment Zone Estimate

One primary source for both the variance and uncertainty
was identified in the procedure used to estimate the location
of the critical streakline. The primary source of variance was
due to variability in the stage-discharge relation at the western
end of the Fremont Weir. Because the notch flow will be
fixed for a given stage, this resulted in variability in the ratio
of flow from the river into the notch (see “Vartability in the
Stage-Discharge Relation” section and fig. 19). The primary
source of uncertainty was the estimate of the distance from the
end of the velocity transect to the riverbank and the resultant
velocity extrapolation to the riverbanks. The range of critical
streaklines that resulted from changes to these computations
were investigated to determine the best approximation on how
to account for variance and uncertainty in the estimate of the
critical streakline.

Effect of Variability in the Stage-Discharge
Relation on Critical Streakline Location

The range of discharge for a given stage value was
up to approximately 10,000 ft'/s (fig. 18). The first-order
effect was that at a given stage the discharge either increased
or decreased. First-order effects were accounted for by
normalizing the discharge CDF (from 0-1) to scale to the
discharge ratio (notch flow to river flow) and looking up
the value of X that corresponds to the discharge ratio. The
second-order cffect was a change m the velocity distribution,
which resulted in a change to the shape of the discharge CDFE.
There is some evidence that this oceurred when backwater
effects increased. Two sets of velocity transects were made at
similar stages (24.2 and 24.6 £, and 30.2 and 31.2 £) under
varying degrees of backwater, and the velocity distribution
and discharge CDFs differed for two transects collected at the
same location and at similar river stages between each set of
measurements.

An example of estimated values of critical streakline
location X for stages 24.2 and 24.6 ft and notch alternatives 3,
4, and 6 1s shown on figure 28. In this example, it was
assumed that the two discharge CDFs represented first- and
second-order effects of variability in discharge at similar
stages. The vertical blue line in the figure shows an estimated
value of X for a stage of 24.2 & and a river flow of 13,900 fiV/s.
The dashed blue line shows the estimated value of X adjusted
for the first-order effect at a stage of 24.2 ft and a river
discharge of 12,500 f£'/s, which was obtained by moving
along the 24.2-foot CDF. The true estimate of X for a stage of
24.6 ft and discharge of 12,500 ft%/s is shown by the dark blue
fine, which accounted for both first- and second-order effects
of variability in discharge at similar stage valaes. Thus, if the
24.6-foot, 12,500 ft¥/s discharge CDF were not available, then
the estimate of X would have been biased low by about 8 ft at
this focation for this condition.
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This analysis was extended for cach cross section for the
two sets of conditions at similar stages with varying degrees of
backwater effects. The 24.2-foot and 30.2-foot stages are more
representative of mean backwater conditions, given where
they plotted on the stage-discharge relation caleulated from
the 2016 UUSGS gage data, and given their associated Wilkins
to Verona discharge ratios (iable 4). In contrast, the 24.6-foot
and 31.2-foot stages were outhiers in terms of where they
plotted on both of these curves. The difference in X between
using the 24.2-foot discharge CDF to correct for first-order
effects compared with using the 24.6-foot discharge CDF to
correct for both first- and second-order effects is shown on
figure 294, The mean difference in A for alternatives 3, 4, and
6 across all of the cross sections was —2 ft, and cross-section
3 had the greatest difference at 13 ft. The difference in X
among alternatives 3, 4, and 6 is fairly small. The difference
in X between using the 30.2- and 31.2-foot CDFs is shown
on figure 295, The mean difference for all alternatives across
all of the cross sections was —0.01 i, and cross-section 5 had
the largest difference for alternative 6 of 18 fi. The discharge
ratio for a given alternative was higher for the 30.2-foot and
31.2-foot stages; therefore, the true focation of X moved
farther toward the center of the river as backwater effects
mereased.

Effect Due to Uncertainty in Bank Estimates

The primary source of uncertainty in the location of ¥
was due to uncertainty in the amount of discharge between the
last measured point and the location of the riverbank at cach
cross section. The uncertainty in the true riverbank location is
because of imperfect bathymetry data, the uncertainty of field
estimates of the bank locations made during the velocity data
collection, and the velocity extrapolation method, all of which
changed the amount of unmeasured velocity and discharge
near the riverbanks. As shown in table 4, the percentage
of measured flow based on bank location and extrapolated
velocity ranged from about 2 to 6 percent, which included
both banks. To quantify the errors in both the location of the
riverbanks and the velocity extrapolation method, a sensitivity
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analysis was done to determine how changes in the bank
location and the discharge ratio affected the estimate of X
The best estimates of the unmeasured distance to the
riverbank for cach velocity transect ranged from 3 to 50 ft
with a mean of 25 ft. A sensitivity analysis of what the effects
would be by changing the location of the riverbanks from 3
to 33 ft was done for all discharge CDFs used in the three-
dimensional interpolant when the notch will be operational
(stages of 22, 24, and 30 ft), and for notch alternatives 3, 4,
and 6. Figure 30 shows the range in change of X in relation
to the range of adjustment of riverbank location. There was
a non-linear increase and more variation in the change of X
for larger riverbank location errors. Likely, the error in the
distance to the riverbanks was only 3-7 ft, so the uncertainty
in X due to uncertainty in riverbank location was less than 3 fi.
The change m X resulting from the change in bank location
showed little dependency on downstream (cross-section)
location (fig. 31), although cross-sections 1 and 7 showed the
most variation at different stage or discharge conditions, but
there was no consistent bias among conditions or location.
Changes in the discharge ratio were used to illustrate the
effect that incorrect velocity extrapolation to the riverbanks
will have on estimates of X. The average percentage of
discharge extrapolated to the riverbanks was 4.5 percent with a
range of 2—-6 percent. A sensitivity analysis of what the cffects
would be by adjusting the discharge ratio from 0.5 to 5 percent
was done for all alternatives but only for discharge CDFs
corresponding to stages when the notch will be operational
(fig. 32). If the velocity extrapolation method was 100 percent
incorrect, then the discharge ratio would change, on average,
by about 5 percent, which would amount to a change in X
that is generally less than 13 ft. More likely, the velocity
extrapolation method was not 100 percent incorrect, and the
change in discharge ratio is on the order of 1 percent due to
errors in the velocity extrapolation method, which would
equate to a change in X of less than 3 ft. Therefore, the effects
of errors in riverbank focation and the velocity extrapolation
method are estimated to amount to an uncertainty in the
critical streakline that is 3 ft or less.
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Variance Used in Hydraulic Entrainment Zone
Calculation

Uncertainty in X due to uncertainty in riverbank
locations and velocity extrapolation ervor was likely less than
3 fi. Because results were consistent over a range of a few
conditions, and because techniques to estimate riverbank
locations are consistent, this is a reasonable estimate of
uncertainty in X due to uncertainty in bank estimates. It was
more difficult to quantify the variance in X caused by second-
order effects resulting from variability in the stage-discharge
relation. Data to explicitly define the variability for a range
of discharge at a given stage were insufficient; therefore,
estumation of the variance using a random effects model
served to represent stochastically the variance in X

The random effects model included both the variance
and uncertainty in X. Because estimates in the variance in
X were larger than the estimates in the uncertainty of X,
the random effects model was parameterized based solely
on the estimated variance in X. There are two underlying
assumptions used to parameterize the random effects model.
First, the WLE/VON discharge ratio distribution can be used
to approximate the degree of backwater at the Fremont Weir,
thercfore, the frequency of occurrence can be estimated for
measured conditions. The second assumption was that the

WLE/VON discharge ratio can be approximated as a normal
distribution, which is a reasonable assumption (fig. 33). The
two sets of conditions, discussed in the “Effcct of Variability
in the Stage-Discharge RBelation on Critical Streakline
Location” section, were examined by comparing mean
backwater to extreme backwater conditions. The greatest
uncertainty in X was estimated to be 18 ft, with a frequency
of occurrence of less than 0.3 percent of the time based on
where this condition plotted on the WLK/VON discharge
ratio empirical CDF (fig. 33). Therefore, it was assumed that
an error in the critical streakline of 18 ft was present less than
0.3 percent of the time duc to backwater effects. The random
effects model was represented as a normal distribution, with a
mean of 0 f (representing mean backwater conditions) and a
standard deviation of 7 ft. This fit resulted in an error of 18 {t
that occurred less than 0.3 percent of the time (representing
extreme backwater conditions). The random effects model
was used in the entrainment simulation to account for variance
in the location of the critical streakline (Blake and others,
2017): as such, it accounted for uncertainty due to errors in
bank location estimates, errors in velocity extrapolations, and
variability in the cross-stream distribution of flow at a given
stage because of backwater conditions on the Sacramento
River near the western end of the Fremont Weir.
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Conclusions and Recommendations

Detailed velocity measurements made near the western
end of the Fremont Weir along the Sacramento River were
used to estimate the width of the hydraulic entrainment
zone and provide a framework to make predictions of fish
entrainment into a proposed notch at the Fremont Weir. The
variability in the stage-discharge relation that was observed
will affeet the ratio of notch discharge to river discharge, the
focation of the critival streakling, and eventually predictions
of fish entrainment into the proposed notch. The degree of
complex hydrologic conditions that exist in this region were
not recognized when this study was initiated. Thus, estimates
of the degree of variability in the stage-discharge relation are
poorly understood and based on limited data. The key findings
from this study are as follows:

1. The index-velocity method was better for estimating
discharge near the western end of the Fremont Weir than
the stage-discharge method because of backwater effects
in the Sacramento River,

&

The Sutter Bypass was a significant inflow into the
Sacramento River system prior to the Fremont Weir
overtopping; therefore, this boundary condition needs
to be accounted for in hydrodynamic numerical models.
Because of the uncertainty of inputs into the mass-
balance equation, additional measorements and analysis
of Sutter Bypass flows are required.

3. There was a secondary circulation cell at the river bend

for the conditions that were measured, and this acted as a

mechanism to shift the distribution of water velocity and
discharge toward the outside of the river bend.

4. The statistical model for predicting an hourly time serics
of discharge on the Sacramento River above Fremont
Weir near Knights Landing. for the 27-year peried from
April 1990 to April 2017, based on a stepwise linear
regression with 5 predictor variables and 15 terms,
has an R? value of 0.998 and a root mean square
ervor of 360 cubic feet per second. The discharge was
predicted based on a range of measured discharge of
approximately 7,000 to 28,000 cubic feet per second.

5. Because of the effects of backwater and overbank flow,
the eritical streakline moves toward the channel center
when the Sacramento River overtops the right viverbank.

6. Uncertainty in the position of the critical streakline dus
o uncertainty in estimated bank locations and veloeity
extrapolation crror was estimated to be less than 3 feet.
The width of the river varies from about 250 to 300 feet,
depending on river stage and cross-section location.

7. Uncertainty in the position of the evitical streakline due
to backwater effects was estimated to be greater than
3 feet. and the maxinmum observed was approximately
18 feet.

8. The cross-channel empirical cumulative distnbution
function for discharge at specific cross sections was
a useful metric for comparing measurements taken at
different conditions at a cross-section location, because it
captures the spatial variability in the discharge at a cross
section, which is a key factor in determining the critical
streakline location.

9. Given the variability in the hydrodynamics along
the Sacramento River near the Fremont Weir caused
by backwater effects, numerical modeling of the
hydrodynamics of this system should incorporate the
variability i river conditions associated with backwater.

10, Our results show that three-dimensional aspects of
the flow, such as secondary circulation, are important
to consider; therefore, a three-dimensional numerical
mode] should be used.

11, The eritical streakline location cstimates disoussed in
this teport are appropriate for use in computing fish
entrainment rates by superimposing the eritical streakline
estimates on the fish spatial distributions.

In order to refine estimates of the error in the critical
streakline due to backwater effects and provide better
entrainment estimates from a hydrodynamic standpoint, the
following recommendations arc made:

. Estimates in the location of the critical streakline could
be improved if a greater range of velocity transccts
were made to better define the variability in the velocity
structure at a particular river cross section. The largest
estimated uncertainty was 18 feet, and presumably
would be greatly reduced if a more representative range
of conditions were used. Velocity transects made over
a range of discharge conditions for a particular stage
would allow better quantification of the uncertainty in
the critical streakline estimates.

02

Estimates of discharge immediately upstream from

the western end of the Fremont Weir, based on a long-
term record using the index-velocity method, are

critical for correct entrainment estimates. The statistical
model was a good first order estimation, but having a
direct measurement of discharge that is unaffected by
backwater conditions (index-velocity) would reduce
vncertainty. As a result, an installation upstream from the
western end of the Fremont Weir is recommended.
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Because of frequent backwater effects caused by flow
from the Sutter Bypass and Feather River, a stage gage
should be installed immediately downstream from

the Fremont Weir to monitor the water-surface slope
in the Sacramento River in the vicinity of the weir. In
the absence of these data there could be errors in the
elevation of the water surface at the downstream notch
locations.

An agreement amongst working groups and agencies

is needed regarding the datum to use for stage
measurements near the western end of the Fremont
Weir. The survey completed during this study indicated
that the river stage could be overestimated by 0.5 foot.
Comparison of the stage data collected in 2016 and that
collected at FRE showed that the FRE stage data could
be biased high during higher river stages, but because
the two data scts were collected from sites 1.24 miles
apart, some differences may reflect actual changes in
water slope due to backwater effects. A coordinated
effort with agencies involved i this study (California
Department of Water Resources, Bureau of Reclamation
and the U.S. Geological Survey) to improve discharge
and stage measurements at this location is necessary.
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Appendix. Linear Regression Model to Predict Discharge at the Fremont Weir

The final form of the modeled equation from the stepwise regression was

Y =Intercept + aX1+bX2+cX3+dX4+eX5+ [X1X2+gX1X4+

(1-1)
IXIX5+iX2X3+ jX3XA4+kX2X5+IX3X4+mX3X5+nX4X5
where the independent and dependent variables used in the Final Regression Model @ﬂtput anid Summary
linear model are Statistics
Y= Discharge (cubic feet per second [f¥/s]) on
the Sacramento River above Fremont Weir  Output from Matlab stepwise regression tool (Matlab
near Knights Landing (FRE. temp), function—stepwiselm):
Xl = Stage (feet [ft]) on the Sacramento River near
the Fremont Weir (FRE), 1. Adding x1, FStat = 215432 8601, pValue =0
X2 = Discharge (ft'/s) on the Sacramento River P o 2 7 ~
2. Adding x2, FStat = 4703.7847, pValue = 0
below Wilkins Slough (WLK), g 15 T8 7 > pratie
X3 = Discharge (f'/s) on the Sacramento River at 3. Adding x1:x2, FStat = 34.656, pValue = 4.57467¢-09
Verona (VON), ) »
X4 = Stage difference (head loss in ft) between 4. Adding x5, FStat = 16.553, pValue = 4.9075¢-05

the Sacramento River below Wilkins

5. Adding x1:x5, FStat = 55.321, pValoe = 1 48865¢-13
Slough (WLK) and Sacramento River near g K iR, TR > pyaiue ©

Fremont Weir (FRE), and 6. Adding x3, FStat = 104.3061, pValue = 6.300758¢-24
X5 = Stage difference (head loss in fi) between the ) ] )
Sacramento near the Fremont Weir and 7. Adding x2:x3, FStat = 21.7334, pValue = 3.33176e-06

Sacramento River at Verona (VON). 8. Adding x4, FStat = 37.3692, pValue = 1.16437¢-09

- . - - 9. Adding x3:x5, FStat = 18.0732, pValue = 2.219892-03
Parameter Estimations for Linear Regression g XX, B3ta SpyaeT L e
Modsl 10.  Adding x2:x5, FStat = 48.0542, pValue = 5.51509¢-12
_ . 11.  Adding x4:x5, FStat = 44.6301, pValue = 3.04771e-11

Intercept = ~5379.19 f'/s

0= 479 66 12, Adding x2:x4, FStat = 13.6676, pValue = 0.00022385

b= 069017 13.  Adding x1:x4, FStat = 4.2823, pValue = 0.038634

o = 0.0006358 14.  Adding x3:x4, FStat = 9.0694, pValue = 0.0026307

d =90021
= -19,018
£=0.098745
g=-107.31
h = §96.64

i =-0.000034491
7 =0.013777
k=-0.77084
{=0.037772

m = -0.047459
n=801.59
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Lincar regression meodel output:

y ~ [Linear formula with 15 terms in 5 predictors]

Estimated coefficients:

Mode! Coefficient Standard pvalue
term gstimate eror Fstat {significance)}
fntercept -579.19 &,177.5 -0.070827 (1.54354
x1 479.66 590.8 0.81189 0.41695
X2 -0.69017 0.32931 ~2.0958 0.036218
%3 0.0006358 0.2161 0.0029422 099765
x4 900.21 422.25 21219 0.033129
x5 -19,018 2,821.2 -6.741 2.0328e-11
x1:x2 0.098745 0.0094089  10.495 3.8501e-25
x1:x4 -107.31 31.143 -3.4457 0.00058095
x1:x5 896.64 109.98 R.1526 6.0967¢-16
%x2:%3 -3.4491¢-05 3.1341e-06 -11.005 2.046%9e-27
x2:x4 0.013777 0.0062975 21877 0.028804
X2:x5 ~0.77084 0.11417 ~6.7516 1.8932e-11
x3:x4 0.037772 0.012542 3.0115 0.0026307
x3:x5 ~{(.047459 0.013065 -3.6323 0.00028754
x4:x5 801.59 13132 6.104 1.2316e-09

MNumber of observations: 2,086.

Error degrees of freedom: 2,071

Root mean squared error: 361 ft%/s.

R-squared: 0.998; Adpasted R-squared: 0.998.

F-statistic vs. constant model: 6.09¢+04, p-value < 0.0001.
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1. Executive Summary

During water year 2016 the U.S. Geological Survey California Water Science Center (USGS)
collaborated with the California Department of Water Resources (DWR) to conduct a joint
hydrodynamic and fisheries study to acquire data that could be used to evaluate the effects of
proposed modifications to the Fremont Weir on outmigrating juvenile Chinook salmon. During
this study the USGS surgically implanted acoustic tags in juvenile late fall run Chinook salmon
from the Coleman National Fish Hatchery, released the acoustically tagged juvenile salmon into
the Sacramento River upstream of the Fremont Weir, and tracked their movements as they
emigrated past the western end of the Fremont Weir.

The USGS analyzed tracking data from the acoustically tagged juvenile salmon along with
detailed hydrodynamic data collected in the Sacramento River during the winter/spring of water
year 2016 in the vicinity of the western end of the Fremont Weir to assess the potential for
enhancing the entrainment of Sacramento River Chinook salmon onto the Yolo Bypass under
six different Fremont Weir modification scenarios. Each modification scenario consists of a
notch or multiple notches in the Fremont Weir which are designed to divert a portion of the
Sacramento River onto the Yolo Bypass when the Sacramento River is below the crest of the
Fremont Weir. The primary goal of this entrainment analysis was to investigate how the location
of the notch or notches in each scenario affected the entrainment of juvenile Chinook salmon
onto the Yolo Bypass, and to predict the notch location or locations that would result in
maximum entrainment under each modification scenario.

Stumpner et al.’s (in review) analysis of hydraulic data collected during the 2016 study period
showed that backwater effects in the Sacramento River created significant variability in the
relationship between Sacramento River stage and the proportion of the Sacramento River flow
that we expect to be diverted onto the Yolo Bypass under the modification scenarios. Because
of this variability, accurately evaluating the entrainment potential of possible notch locations for
each scenario required combining historic abundance data for juvenile Sacramento River
Chinook salmon with historic hydraulic data for the Sacramento River in the vicinity of the
Fremont Weir, so that the entrainment estimates would reflect the covariance between
Sacramento River stage, Sacramento River discharge, and juvenile salmon abundance within
the historic record.

We used a Monte Carlo simulation framework to combine the high resolution hydrodynamic
data and acoustic tag track data collected in 2016 with historic juvenile salmon abundance,
Sacramento River stage, and Sacramento River discharge data from a period spanning water
years 1996-2010 to assess the entrainment potential of different weir modification scenarios
under historic conditions. The scenarios we simulated consisted of four single notch
configurations, and two multiple notch configurations in the vicinity of the western end of the
Fremont Weir. For each notch configuration the 15-water-year entrainment simulation was
repeated for 63 possible notch locations in the vicinity of the western end of the Fremont Weir.
This approach allowed us to assess the effect of notch location on the entrainment of juvenile
salmonids onto the Yolo Bypass for each of the six notch configurations that we evaluated.
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The entrainment simulations showed that the location of each notch configuration had a major
impact on the entrainment for each scenario; the predicted entrainment of some scenarios
varied by as much as 400% based on where the notch (or notches) was (were) located in the
study area. All of the single notch scenarios performed best when they were located within a
330 ft (100 meter) long section of the Sacramento River bank adjacent to the western terminus
of the Fremont Weir (Table 1). Both of the multiple notch scenarios performed best when their
upstream notches were located about 660 ft (200 meters) upstream of the western terminus of
the Fremont Weir (Table 1). The results of the entrainment simulations indicated that for each
notch configuration the same notch location produced near-maximum entrainment regardless of
run abundance timing; this result suggests that there are areas within the study are where a
notch (or notches) can be sited to achieve maximum entrainment for all runs (barring significant
behavioral or physiological differences between runs). In addition, the simulation results
indicate that for each notch configuration the same location is expected to produce near-
maximum entrainment for both wet water years and dry water years.

Based on the results of the entrainment simulation we make three general recommendations for
strategies to improve the entrainment potential of a notch in the Fremont Weir:

1) Comparisons between the maximum entrainment potential for each scenario suggested
that total entrainment of winter run, spring run, and fall run salmon onto the Yolo Bypass
can be increased by increasing the amount of water entering a notch when the
Sacramento River stage is between 19 ft and 22 ft NAVD88; this could be accomplished
by lowering notch invert elevations or by adding a control section to the Sacramento
River to raise stage for a given discharge.

2) The relationship between Sacramento River stage and entrainment for each scenario
indicated that entrainment efficiency for each scenario declined significantly once
Sacramento River stage exceeded bankfull (approximately 28.5 ft NAVD88). This effect
was likely due to inundation of the floodplain between the Sacramento River and the
Fremont Weir; Stumpner et. al (In Review) have documented a reduction in the strength
of the secondary circulation and centralization of the downwelling zone in the
Sacramento River when this floodplain is inundated. Therefore, increasing the height of
the river right bank of the Sacramento River to coincide with the height of the Fremont
Weir is recommended to increase entrainment at higher stages.

3) Bathymetric features upstream of notch openings appeared to have a major impact on
the entrainment potential of the simulated notches. For this reason we recommend
taking care to avoid siting notches immediately downstream of bank features that alter
the sidewall boundary layer, and we expect that smoothing the bank bathymetry
upstream of a notch will enhance entrainment.

Finally, we caution that the entrainment simulation was based on the behavior of large

hatchery smolts, so it is likely that our results will be sensitive to any differences in behavior
and physiology between these hatchery surrogates and naturally migrating juvenile salmon.
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Table 1 - Summary of scenario performance

Percent of yearly juvenile salmon abundance entrained onto the Yolo Bypass under each
scenario, by run, for the notch locations that resulted in maximum fall run entrainment for each
scenario. The mean yearly percent of yearly abundance entrained is given along with 90%
bootstrap confidence intervals in parentheses. The final row gives the along-stream coordinate
of the notch location that resulted in peak entrainment for fall run under each scenario; see
figure 4 for a map showing the along-stream coordinate system in the study area.

Scenario 1 | Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

Fall Run 12% 9% 28% 15% 6% 8%
(6%-21%) | (2%-21%) | (12%-43%) | (3%-28%) | (2%-12%) | (2%-15%)

Spring Run 9% 7% 22% 16% 5% 7%
(4%-15%) | (4%-14%) | (6%-42%) | (9%-20%) @ (1%-11%) | (2%-13%)

Winter Run 9% 7% 23% 15% 5% 7%
(2%-17%) | (2%-15%) | (4%-42%) | (8%-23%) | (2%-11%) | (4%-13%)

Late Fall Run 5% 4% 11% 9% 2% 3%
(0%-12%) | (0%-11%) | (0%-38%) | (1%-20%) | (0%-10%) | (0%-12%)

Location of 615849E, 615849E, 615780E, 615849E, 615636E, 615636E,
notch at peak | 4290952N 4290952N 4290905N 4290952N 4290860N 4290860N
entrainment
(UTM Zone
108, m,
NAD83)

Along stream 495 m 495 m 415 m 495 m 265 m 265 m
coordinate of
notch at peak
entrainment

Draft_0013134



2. Acknowledgements

We wish to thank the State and Federal water contractors and the Department of Water
Resources (DWR) for their support in funding the 2016 experiment, the analysis of the daia and
the writing of this draft report. Thanks o Cur Schmutte (DWR, retired) and managers at the
Metropolitan Water District (MWD) for their support for this effort. To our DWR program
manager, Brett Harvey and our DWR coniracting manager Jacob McQuirk: thanks for dealing
with all the confracting/purchasing issues associated with doing things on short notice, and in
helping o guide the experiment and facilitating interagency coordination/communication. Ted
Sommer, DWR, provided insightful comments on the initial draft proposal for this work and,
along with Brett Harvey, helped guide the adaptive management of the study.

As always, these experiments involve many dedicated and talented folks spending lots of time
in the field under challenging conditions - nasty weather and high water, in this case. None of
the results from any of our studies would be possible without our exceptional field teams: the
heroic efforts of our fish tagging and release teams, led by Marty Liedtke (USGS Columbia
River Research Laboratory), and our instrument programming, deployment, and recovery
teams, led by Chris Vallee (USGS California Water Science Center), are gratefully
acknowledged.

Draft_0013135



3. Introduction

During the winter and spring of water year 2016 the U.S. Geological Survey California Water
Science Center (USGS) collaborated with the California Department of Water Resources (DWR)
fo conduct a joint hydrodynamic and fisheries study to acquire data that could be used to
evaluate the effects of proposed modifications to the Fremont Weir on outmigrating Chinook
salmon. During this study the USGS and CADWR deployed and operated an array of
hydrophones in a bend in the Sacramento River upstream of the confluence with the Feather
River (figure 1, figure 2), that allowed researchers to track acoustically tagged juvenile Chinook
salmon in the horizontal plane as they emigrated through the hydrophone array. During the
winter and spring of water year 2016 researchers surgically implanted juvenile late fall run
Chinook salmon from the Coleman National Fish Hatchery with acoustic tags and released the
fish in small batches upstream of the study area, with the goal of obtaining fish tracks over the
range of Sacramento River stage values that were likely {o be relevant to the design of weir
modifications (Liedtke and Hurst, 2017). During this time period the USGS and CADWR
collected high resolution water velocity measurements throughout the study area over a range
of Sacramento River stage values. Additionally, the USGS deployed, rated, and operated a
temporary index velocity gauge in the vicinity of the study area to estimate the discharge in the
Sacramento River entering the study area.

The USGS analysis of the data from the 2016 study was focused on three primary areas:

1) summarizing the information obtained from the acoustic tag tracking array and
estimating the spatial distribution of the acoustically tagged study fish;

2) analyzing the hydrodynamic data to improve our understanding of the physical
processes in the Sacramento River that may influence the design of weir modifications,
and

3) Combining the hydrodynamic analysis with the acoustic tag data to estimate the
entrainment potential of notch modification scenarios.

The USGS’s hydrodynamic analysis is presented in Stumpner et al., In Review, while this report
focuses on combining the fish tracking data with the high resolution hydrodynamic data to
evaluate the entrainment potential of weir modification scenarios in order to answer the
following questions: (1) Which location or locations resulted in maximum entrainment for each
run under each scenario? (2) How robust are these locations to changes in run abundance and
water year? (3) What can we learn from the relationship between stage and entrainment for
each scenario that may be useful for optimizing weir modifications?

In past studies the USGS has found that the spatial distribution of acoustically tagged fish can
be combined with hydrodynamic data to reveal, and in some cases predict, the entrainment rate
of juvenile Chinook salmon at tidally forced riverine junctions on the Sacramento River
(California Department of Water Resources, 2012, 2015, and 2016). This past research at the
Georgiana Slough junction showed that the proportion of water diverted into a junction branch
was a key variable affecting the entrainment of acoustically tagged juvenile Chinook salmon
tfransiting a junction (California Department of Water Resources, 2012, 2015, and 2016).
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Our analysis of the temporary index velocity gauge data from the Sacramento River upstream of
the Fremont Weir (Stumpner et al., In Review) showed that backwater effects in the Sacramento
River caused by the Sutter Bypass and the Feather River created substantial variability in the
stage-discharge relationship for the Sacramento River at the study area (Figure 3). This
variability meant that the proportion of Sacramento River discharge that was expected to be
diverted onto the Yolo Bypass under each modification scenario would not be a constant
function of Sacramento River stage (The ratio of Sacramento River discharge to notch
discharge is called the scenario Discharge Ratio, see Stumpner et al., In Review, for a more
detailed discussion). As a result, our expectation was that entrainment under each scenario
would vary as a function of Sacramento River backwater condition, because the proportion of
the Sacramento River that was diverted onto the Yolo Bypass would be controlled by backwater
conditions.

Because of the variation in scenario discharge ratios caused by backwater effects, assessing
the entrainment potential of each scenario required an approach that accounted for the structure
of the joint probability distribution that describes the probability of a fish belonging to a specific
run of Sacramento River Chinook salmon transiting the study area under any possible
backwater condition. We addressed this challenge by using a Monte Carlo simulation approach
for evaluating the entrainment potential of modification scenarios using historical time series of
Sacramento River stage, Sacramento River discharge, and the abundance of fall run, winter
run, spring run, and late fall run Chinook salmon. The result of this simulation approach was a
time series of estimated entrainment for each run under each modification scenario; when these
time series were summed they produced an estimate of total entrainment for a run that was a
function of the hydraulic conditions (discharge, stage, backwater condition) during the simulation
period weighted by the relative abundance of the run over the range of hydraulic conditions
measured during the simulation period. Thus, this approach implicitly accounted for the joint
probability of run abundance and backwater condition within the simulation period.

The basic structure of the entrainment simulation was a Monte Carlo bootstrap simulation; at
each time step within the simulation a bootstrap sample of acoustic tag tracks for each run was
drawn from the pool of all acoustic tag tracks collected during the 2016 study, and then
hydrodynamic data collected during the 2016 study period was used to determine which of the
tracks in each bootstrap sample were entrained under each modification scenario. The key to
the entrainment simulation was that at every time step the bootstrap sample size for each run
was determined by the historic abundance data for each run, and the sampling weights used for
the bootstrapping were a function of the hydraulic conditions when each acoustic tag passed
through the study area relative to the hydraulic conditions for the simulation time step.

The primary goal of the entrainment simulation was to estimate the effect of notch location on
the entrainment of juvenile Chinook salmon for each modification scenario in order to provide
insights that can be used to aid in site selection for each of the proposed alternatives. Because
the cross-stream distribution of discharge at any location within the study area is a function of
Sacramento River stage and discharge (see Stumpner et al., In Review for more details), we
expect that differences in entrainment between possible scenario locations will also be a
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function of Sacramento River stage and discharge. As a result, we performed the full Monte
Carlo bootstrap simulation process for each run of Sacramento River Chinook salmon under
each modification scenario at each of the 63 alternative scenario locations within the study
area (Figure 5, Appendix A). This approach allowed us to explore the effects of notch location
on entrainment over a range of hydraulic conditions given the historic abundance timing for fall
run, winter run, spring run, and late fall run Chinook salmon. The entrainment stimulation
resulted in an extremely rich dataset that consisted of covariate values and the resulting
entrainment estimates for each run, at each location, under each scenario for every time step.

4. Methods

The basic structure of the entrainment simulation was a Monte Carlo bootstrap simulation that
performed three fundamental functions at each time step: (1) Estimating covariate values
(Sacramento River stage, Sacramento River discharge, notch discharge) and run abundance for
each time step, (2) Selecting a bootstrap sample of acoustic tag tracks based on time step
covariate values for each run of Chinook salmon, and (3) determining whether each track was
entrained under each scenario. In this section we will provide an overview of the simulation with
pseudocode summarizing the simulation process, followed by a detailed description of the
methods used to perform each of the core simulation functions. The final section of the
methods contains a detailed description of the weir modification scenarios included in the
entrainment simulation.

4.1. Overview of entrainment simulation process

4.1.1. Along-channel cross-channel coordinate system

We created an along-channel, cross-channel curvilinear coordinate system for the study domain
that was used to place each of the 63 scenario evaluation location cross-sections at uniform
increments in the along-channel direction. The along-channel axis is roughly parallel to the river
right bank of the Sacramento River in the study area at a stage of 28 ft, USGS survey, NAVDSS,
and the cross-channel axis is defined as always instantaneously normal to the along-channel
axis. The along-stream coordinate systems is shown in figure 4, and the 63 notch evaluation
cross-sections are shown for a Sacramento River stage of 28.5 ft in figure 5.

4 .1.2. Simulation Period

For consistency with other analyses we used Knights Landing catch data provided by the Yolo
Bypass Salmonid Habitat Restoration and Fish Passage Project team to estimate abundance
for each run of juvenile Chinook salmon within the entrainment simulation (see California
Department of Water Resources, 2017). The abundance time series limited the simulation
period to water years 1997-2011. Within these water years the simulation only estimated
entrainment during the prescribed structural operational window of November 1 through March

11
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15, outside of this period entrainment was set to zero within the simulation. Within this
document we refer to the structural operational window as the “notch operation season” or
“season”. Within this document notch operation seasons are named by the year in which
operations began for the season, so the notch operation season from November 1, 1996 -
March 15, 1997 is referred t{o herein as the 1996 season.

4.1.3. Simulation Time Step

Our analysis of historic data from the Fremont Weir gauge operated by CADWR showed that
Sacramento River stage in the vicinity of the Fremont Weir can increase rapidly during the
winter and spring freshets associated with juvenile salmon outmigration on the Sacramento
River. For example, during the 2016 study period Sacramento River stage increased 13.45 feet
over a two day period (Figure 6). Additionally, the Knights Landing rotary screw trap data Catch
Per Unit Effort (CPUE) is highly episodic in nature; a large percentage of the yearly CPUE for a
run can occur of the course of several days (Figure 7). The combined effect of these two
factors is that there are days within the simulation period when there is significant CPUE for a
run of Sacramento River Chinook salmon and Sacramento River stage changes rapidly (Figure
8). As aresult, we chose a time step of 4 hours for the simulation, because this time step would
limit the maximum change in stage between time steps to about 1 foot during days when the
yearly fraction of CPUE was much greater than 1%.

4.1.4. Pseudocode summary of entrainment simulation

The core functionality of the entrainment simulation is summarized in pseudocode below:

For every time step
1. Estimate Sacramento River Discharge, Sacramento River Stage and Abundance of each
run of Chinook salmon
For every location in the study area
1. Estimate the cross stream distribution of discharge at this location, given
Sacramento River Stage; F(Sacramento River stage, notch location)
For every scenario

(There is another loop nested here for multi notch scenarios that is not
shown)

1. Estimate the discharge through the notch(es) given Sacramento River
Stage; F(Sacramento River stage)

2. Estimate the location of the critical streakline (see Stumpner et al, in
review) given Sacramento River discharge, notch discharge, and the
cross stream distribution of Sacramento River discharge; F(Sacramento
River stage, Sacramento River discharge, notch discharge)

For every run
1. Estimate a discrete abundance for this run using the Knights
Landing catch data

12
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2. Draw a weighted random sample of tracks from the pool of
observed 2016 tracks with weights determined by the Sacramento
River Stage and Sacramento River discharge when each fish
track was collected, based on the time step’s Sacramento River
Stage and Sacramento River discharge. The size of this sample
is determined by the discrete abundance estimated above.

For every track

1. Determine if the track is entrained in the notch; if the track
is to the notch side (river right) of the critical streakline at
the cross section being evaluated, it is entrained, otherwise
it is not entrained.

2. Increment all entrainment logs

3. Store all covariates for this location, run, scenario, and
time step.

End All

4.2. Estimating covariate values at every time step

4.2.1. Estimating Sacramentio River Stage and Sacramento River
Discharge

The methods used to develop time series for the physical covariates used in the enfrainment
simulation are described in detail in Stumpner et al., In Review. Sacramento River stage in the
study area was estimated by applying a correction of -0.5 ft to hourly historical data collected at
the Fremont Weir gauge by CADWR, after this historical data had been corrected to the 2016
CADWR NAVDSS8 datum. The reasons for this correction are discussed in depth in Stumpner et
al., In Review; in brief, this correction produced good agreement between the CDEC data and
the USGS temporary index velocity gauge measurements (figure 6, lower panel), and this
correction improved the agreement between CDEC data and USGS surveys of the water
surface elevation. Within this report and its figures we refer to the USGS estimate of
Sacramento River stage at the western end of the Fremont Weir as “USGS survey,
NAVD88”, to avoid confusion between the USGS estimates of Sacramento River stage and the
CDEC data.

Sacramento River discharge in the study area was estimated using a regression model using
historic data from other stage and discharge gauges in the region (see Stumpner et al., In
Review for details). This regression model produced hourly discharge estimates that are in
good agreement with our 2016 index velocity data (Figure 6, upper panel), however, there were
a limited number of time steps (2.3% of simulation time steps during notch operational periods)
when the historic data needed for this regression was not available. For these time steps
Sacramento River discharge was estimated by means of a weighted random draw on
Sacramento River stage using the full range of historic stage and discharge estimates available

13
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(Water years 1990-2016). The weights for each draw were calculated using a normal
distribution with the distribution mean equal to the time step’s stage, and a std of 0.167 ft; this
weighting function resulted in ~95% of the randomly drawn discharge samples being selected
from historic estimates for time periods when Sacramento River stage was within 4 inches of the
stage value for the simulation time step. We used this stochastic approach to fill in missing data
in order o assure that the resampled data reflected the historical covariance between
Sacramento River stage and Sacramento River discharge at the study site.

4.2.2. BEstimating abundance at each time siep

At each time step the bootstrap sample size for each of four runs of Sacramento River Chinook
salmon (fall run, spring run, winter run, and late fall run) was determined using historic estimates
of abundance of these runs. We used the estimated daily percent of yearly catch per unit effort
(CPUE) time series from the Knights Landing catch data provided by the Yolo Bypass Salmonid
Habitat Restoration and Fish Passage Project team to estimate abundance for each run. The
daily percent of yearly CPUE time series for each run normalized each run’s daily CPUE by the
total CPUE for that run over the trap operational season for each year, so that each water year’s
CPUE was weighted equally within the simulation; the total abundance for the 15-water-year
simulation period sums to 1500% (see California Department of Water Resources, 2017 for
more information on this normalization). Using the normalized daily CPUE data assured that
the results of the entrainment simulation were not weighted towards years of extremely high
CPUE because each water year’s daily percent of yearly CPUE summed to 100%. For
consistency with other analysis performed by the Yolo Bypass Salmonid Habitat Restoration
and Fish Passage Project team we filled in missing values in the Knights Landing daily percent
of yearly CPUE data with zeroes.

In order to use the Knights Landing data to calculate a bootstrap sample size for each time step
the daily Knights Landing data had to be apportioned between 4 hour time steps. We chose to
apportion the daily catch data uniformly between the six time steps that occurred within each
day (based on a 4 hour time step), with a new day’s catch beginning at the time step that
occurred at 00:00 hours on each day. With this approach the catch for time step 1-6 on any day
summed to the Knights Landing catch for the entire day (Figure 9). Within the context of the
entrainment simulation this approach was analogous to assuming a uniform probability
distribution for abundance as a function of hour for each hour within a day; this approach
allowed us to run the simulation at a fine enough time scale to capture rapid changes in stage
and discharge while maintaining the temporal resolution of the Knights Landing catch data.

The final step in converting the Knights Landing daily percent of yearly CPUE data into a
discrete bootstrap sample size for each run was to convert time step proportion of daily percent
of yearly CPUE to a discrete sample size. Because daily percent of yearly CPUE could be quite
low, we multiplied the time step fraction of daily percent of yearly CPUE by 1000 and rounded
the result to the nearest integer to obtain a discrete sample size for each time step (Figure 9).
We chose the multiplier of 1000 so that the majority of time steps with low abundance would
have a non-zero sample size. This approach resulted in bootstrap sample sizes of one or two

14
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tracks for periods of extremely low abundance, sample size of 100-1000 for many of the time
steps when abundance was non-zero, and exiremely high sample sizes for a small number of
time steps when abundance was large (Figure 10). Within this report we refer to the time series
of discrete sample sizes for each run at each time step as the “discrete abundance” for each
run. These time series summed to slightly less than 1500% for the entire simulation period due
o the conversion from continuous catch data o discrete sample sizes. For the purpose of our
analyses we used the discrete abundance time series for all entrainment normalizations.

4.3. Drawing the bootstrap sample

At each time step, we drew a discrete sample of acoustic tag tracks to represent the fish
available for entrainment for each run based on the discrete abundance time series. For each
bootstrap sample tracks were drawn from the pool of all 2016 tracks using weighted random
sampling with replacement. Bivariate weights for each of the 2016 tracks were calculated at
each time step based on the stage and discharge at the time that each 2016 track entered the
study area, given the stage and discharge for each simulation time step. The bivariate weights
were calculated using the Matlab ® mvnpdf function (MathWorks ®, Inc. 2017) to estimate a
bivariate normal distribution with mean discharge and stage values equal to the time step
discharge and stage values, and the covariance matrix computed from a subset of the USGS
estimates of historic Sacramento River stage and discharge for water years 1990-2016. The
subset of data used to compute the covariance matrix at each time step was defined as all
historic data having a stage value within +/- 0.623 ft of the time step stage, and having a
discharge value within +/- 638 cfs of the time step discharge. The stage and discharge radii
criteria used to select the covariance data for each time step were 1/10th the standard deviation
of the stage and discharge values for the entire pool of 2016 fish tracks. The radii criteria was
chosen as a balance between the need to maintain diversity in the bootstrap pool against the
need to select a bootstrap pool that reflected the covariate values for each time step. Figure 12
and figure 13 illustrate the bivariate weighting function and resulting sampling for two
combinations of Sacramento River stage and discharge.

We chose to use a bivariate weighting function because of the variance in the relationship
between stage and discharge within simulation period and within the period when the 2016
acoustic tag tracks were collected (figure 11). Because of this variance the relative “suitability”
of a track for estimating entrainment should be a function of both the stage and discharge when
the track was collected (figure 12, figure 13). By computing the covariance matrix for the
weighting function at every time step we allowed the historic covariance between stage and
discharge to determine the relative importance of stage and discharge to the weighting function
at any point in the stage-discharge space. Finally, the bivariate weighting improved sample
selection over univariate approaches (not shown) at locations in the stage-discharge space
where the pool of acoustic tag tracks was sparse by allowing the sampling to select tracks
based on both stage and discharge (figur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>