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1 Introduction 
A team of engineering and fisheries science consultants consisting of Anchor QEA; HDR Engineering, 
Inc. (HDR); U.S. Geological Survey (USGS); and QEDA Consulting, LLC (QEDA) known herein as the 
“Consultant Team,” has received funding from the California Department of Fish and Wildlife (CDFW) 
to implement studies to gather data, compile information, and identify data gaps related to physical 
and biological conditions in the Study Area. These studies will be referred to within this document as 
the “Project.” The results of the Project will support an investigation of the feasibility of providing 
volitional passage for fish, particularly Chinook Salmon (Oncorhynchus tshawytscha), above Keswick 
and Shasta dams on the Nomtipom Waywaket (also known as the Sacramento River) and into the 
Winnemem Waywaket (also known as the McCloud River) in northern California. In this document, 
Chinook Salmon is used to generally describe the species because once connectivity is re-established 
through reintroduction, fish will adapt to the new environments and could display run timing 
consistent with multiple runs. It is inclusive of Nur, which the Winnemem Wintu Tribe uses for 
Chinook Salmon that have been raised by the Tribe. The formal, Evolutionarily Significant Unit (ESU)­
specific name (e.g., Sacramento River winter-run Chinook Salmon) is used when discussing federal 
Endangered Species Act (ESA)-listed Chinook Salmon or steelhead (O. mykiss). This document is an 
appendix to the overarching report documenting the results of the Project, which is called the 
Background Compendium and Design Criteria Report for the Feasibility of Volitional Fish Passage  
Above  Keswick and Shasta Dams (Background Compendium). This larger report contains additional  
background information for the Project and this document  should be considered  within this context.  

The Project Study Area extends from the confluence of Cow Creek and the Nomtipom Wayaket and 
includes the Winnemem Waywaket from Shasta Reservoir to the McCloud Dam (Figure 1). It includes 
portions of the Winnemem Waywaket; the Nomtipom Wayaket, including Keswick and Shasta dams 
and reservoirs; Cow Creek; Little Cow Creek; and Dry Creek. These water bodies vary in hydrology, 
geomorphology, and water quality, with seasonal fluctuations in temperature and flow; these 
parameters are being measured during this Project to evaluate habitat suitability and passage for 
salmonids. Understanding these physical conditions is essential to evaluating the feasibility of 
restoring fish passage to historical spawning and rearing areas upstream of the dams. 

The purpose of this document  is to summarize existing  water temperature  conditions in the Study  
Area, based on  available gage data and to evaluate how these trends align with the optimal water  
temperature requirements  for  Chinook Salmon. This analysis will inform a preliminary assessment of  
the ability of the proposed fish passage alternatives identified in  the  Water Quantity Requirements for 
Preliminary Fish Passage  Alternatives (Appendix K to the Background Compendium)  to maintain  
suitable water temperature for  Chinook Salmon, including the necessary flow requirements to meet  
water  temperature  suitability  requirements. Information provided in this  document, and other  
documents created as part of this  Project, will be used as a basis for alternative development and 
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evaluation. The information contained within this document represents the current basis of  
knowledge available for the Project  which will be developed further as this and other studies  
progress forward.  

Thermal conditions, as used in this document, refer to the overall thermal environment experienced 
by organisms including average, maximum and minimum water temperature, duration of exposure 
to certain temperature thresholds, and frequency of extreme events (e.g. drought). Thermal gain is 
defined as the rate of warming or cooling per river mile within a reach or channel, and thermal 
accumulation is defined as the build up of water temperature along a reach or channel. 

The objectives of this document are to: 

• Review readily available water temperature information in volitional passage corridors within 
the Study Area (Appendix I to the Background Compendium); 

• Make preliminary assessments of thermal gains, water supply, and water temperature 
suitability for winter-run and spring-run Chinook Salmon for various alternatives described in 
Appendix K. 

• Identify preliminary recommendations and remaining data gaps that will be used to inform 
future fish passage facility siting and evaluation. 

The Winnemem Wintu Tribe shared with the Consultant Team that they do not support the 
temperature studies as their Indigenous Traditional Ecological Knowledge does not rely on 
temperature thresholds. Readers should also understand that on December 12, 2025, the Consultant 
Team received an email stating that the Winnemem Wintu Tribe does not endorse these reports 
(referring to the Background Compendium and appendices and Alternatives Formulation and 
Evaluation Report [Anchor QEA and HDR 2026]) 
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Figure 1
Study Area, Key Features, and Project Vicinity 
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2 Temperature Suitability Criteria 
Migratory thermal tolerances for adult and juvenile Chinook Salmon are summarized in Table  1 and  
discussed in detail in Section 6 of Nomtipom Waywaket (Sacramento River) Chinook Salmon Life 
History Summary  (Appendix N to the Background Compendium). The threshold of 68 degrees  
Fahrenheit (°F) (20 d egrees Celsius (°C)) and 64.4°F (18°C )  as maximum 7-day averages  of  the  daily  
maxima (7-DADM) are  recommended for waterbodies that are used almost exclusively for  adult and  
juvenile migration, respectively, during the period of summer maximum temperature (USEPA 2003). 
The metric of 7-DADM is generally protective of acute effects to fish, as it reflects the weekly average  
maximum temperature  (USEPA 2003).   

Table 1 
Summary of Migratory Thermal Tolerance by Life Stage 

Life Stage 
Maximum Optimal
Temperature1 (°F) Description Reference 

Adult Migration
(Summertime)2 68 

Maximum 7-DADM thermal threshold for 
physical harm, passage barrier, and 

increased predation. 
USEPA (2003), Carter (2008) 

Juvenile Out-
Migration

(Summertime)2 
64.4 

Recommended 7-DADM to protect 
against lethal conditions for juveniles and 
adults, provide optimal or near-optimal 
growth under limited food conditions 
during most of the summer, protects

against temperature-induced diseases. 

USEPA (2003) 

Notes: 
1. Maximum optimal temperature indicates the temperature above which negative effects or non-optimal conditions are expected 

to occur. 
2. The USEPA (2003) temperature criteria shown here are recommended during summertime, when water temperatures are at their 

highest and coldwater salmonids are most vulnerable. EPA recommends that non-summer criteria be established for cases when 
temperature-sensitive activities occur in spring/fall/winter. Otherwise, USEPA states qualitatively that “if the criterion is met at the 
summer maximum, then temperatures will be lower than the criterion during most of the year” to explain how these summertime 
criteria may still be protective in the off-season (USEPA 2003). 

The thermal tolerances provided in Table 6 of Appendix N are mostly used for regulatory purposes. 
However, from a biological perspective, there is additional context to consider. It is important to note 
that comparative water temperature analysis often represents conditions at a single point in the 
stream system. Water temperature varies throughout the Study Area and may be warmer or cooler 
than shown at other locations. As such, the temperature data that are compared to the thermal 
tolerances provided in Table 1 do not account for the presence of micro-habitat conditions that 
could have lower temperature that Chinook Salmon would seek and find. Additionally, recent 
laboratory studies on hatchery-origin Chinook Salmon from along the Pacific coast have identified 
population-specific thermal tolerances suggesting that fish evolve to survive in local thermal 
conditions (Zillig 2022; Zillig et al. 2023; Zillig et al. 2025). Therefore, it is difficult to generally apply 
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thermal tolerances based on studies from a range of different conditions across broad areas. As such, 
comparisons of collected or compiled temperature data to thermal tolerances should consider these 
important factors when making conclusions. 

Appendix J: Thermal Accumulation in 
Migratory Corridors and Channels 5 January 2026 



 

  
     

     3 Summary of Existing Thermal Data 
Existing thermal conditions in the  Study Area are summarized here, beginning in th e Nomtipom  
Waywaket, and moving from downstream to upstream  to  Cow Creek,  Little Cow Creek, Dry Creek,  
and ultimately the  Winnemem Waywaket. Appendix I  identified  and documented all available gage  
data for  the  Winnemem  Waywaket  and Cow Creek. These gages are listed in Table  2, along with a 
summary of  whether they were used in the thermal  analysis. Data with a quality rating of medium or  
high were used except  when  maximum daily  temperature data were unavailable. Data with a quality  
rating of low were not used.  High-quality data consists of long-term datasets collected on a  
continuous basis and still  active, medium-quality data consists of data that were collected on a 
continuous basis but are not currently active. 
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Table 2 
Summary of Existing Water Temperature Data in the Winnemem Waywaket and Cow Creek Watershed 

Water Body Station Name 
Station ID 
(Agency) RM 

Frequency of
Collection Period of Record 

Data 
Quality 

Used in Thermal 
Assessment? 

(Y/N) 

Winnemem 
Waywaket 

Winnemem 
Waywaket below 

McCloud Dam 
MRB (PG&E)1 WW 38.1 Daily 05/04/2007 to 10/31/2007 and

05/02/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket above 
Hawkins Creek 

MR1 (PG&E) WW 36.9 Daily 05/04/2007 to 10/31/2007 and
05/01/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket below 
Hawkins Creek 

MR2 (PG&E) WW 36.9 Daily 05/04/2007 to 10/31/2007 and
05/01/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket above 
Ladybug Creek 

MR3A (PG&E) WW 32.9 Daily 06/29/2007 to 10/31/2007 and
05/02/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket below 
Ladybug Creek 

MR3B (PG&E) WW 32.8 Daily 05/22/2007 to 10/31/2007 and
05/02/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket above 
Claiborne Creek 

MR4A (PG&E) WW 26.2 Daily 05/02/2007 to 10/31/2007 and
05/03/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket below 
Claiborne Creek 

MR4B (PG&E) WW 26.2 Daily 05/02/2007 to 10/31/2007 and
05/03/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket above Yet

Atwam Creek 
MR5A (PG&E) WW 24.2 Daily 06/21/2007 to 10/31/2007 and

05/03/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket below Yet 

Atwam Creek 
MR5B (PG&E) WW 24.1 Daily 05/02/2007 to 10/31/2007 and

05/03/2008 to 10/31/2008 Medium Y 
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Water Body Station Name 
Station ID 
(Agency) RM 

Frequency of
Collection Period of Record 

Data 
Quality 

Used in Thermal 
Assessment? 

(Y/N) 

Winnemem 
Waywaket above 

Chatterdown Creek 
MR6A (PG&E) WW 18.5 Daily 06/22/2007 to 10/31/2007 and

06/06/2008 to 10/31/2008 Medium Y 

Winnemem 
Waywaket below 

Chatterdown Creek 
MR6B (PG&E) WW 18.5 Daily 06/22/2007 to 10/31/2007 and

06/06/2008 to 10/31/2008 Medium Y 

McCloud R AB Shasta 
LK CA 

11368000 (USGS)
and MR7 (PG&E)2 WW 16.2 

Monthly 10/09/1967 to 09/02/1980 
Medium 

N 

Daily 06/22/2007 to 10/31/2007 and
05/01/2007 to 10/31/2008 Y 

Winnemem 
Waywaket MSS (CDEC) WW 16.1 Hourly 11/18/1989 to present High Y 

McCloud R AB Shasta A2215000 (DWR) WW 15.2 Daily 05/13/2008 to 05/09/2023 High Y 

Winnemem 
Waywaket above 

Shasta Lake 

506SHA953 
(SWAMP) WW 15.2 Quarterly 02/23/2009 to 05/12/2020 Low N 

Dry Creek No Data Available N/A 

Little Cow 
Creek 

Lower Little Cow 
Creek at Swede Creek 

Rd 

503 (Cow Creek
Report 2006)2 CC 10.1 Daily 05/2004 to 10/2005 Medium N 

Cow C L A Swede C 
Rd A4835200 (DWR) CC 10.1 Point 

collections 09/14/1977 to 01/12/1979 Low N 

L Cow Temp Gauge No ID listed 
(CDFW) CC 10.1 Daily 08/28/2020 to 12/03/2021 Medium Y 

Lower North Cow 
LNC (Cow Creek

Report 2001–
2003)3 

CC 8.1 Daily 
04/2001 to 09/2001, 04/2002 

to 09/2002, and 06/21/2003 to 
11/26/200 

Medium Y 

Cow C L A Palo Cedro A4835000 (DWR) CC 8.1 Point 
collections 03/29/1955 to 12/23/1982 Low N 
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Water Body Station Name 
Station ID 
(Agency) RM 

Frequency of
Collection Period of Record 

Data 
Quality 

Used in Thermal 
Assessment? 

(Y/N) 

Cow Creek 

Cow Creek Mainstem 
Main (Cow Creek

Report 2001–
2003)2 

CC 8.0 Daily 04/2001 to 09/2001 and
04/2002 to 09/2002 Medium N 

Old Cow/Little Cow 
Confluence at Hwy 44 

201 (Cow Creek
Report 2006)2 CC 7.5 Daily 05/2004 to 10/2005 Medium N 

Mainstem Cow Creek 002 (Cow Creek 
Report 2006)2 CC 6.7 Daily 05/2004 to 10/2005 Medium N 

Cow C NR Palo Cedro A4811100 (DWR) CC 5.4 Point 
collections 09/23/1974 to 08/05/2008 Low N 

Cow New Video 4 (CDFW) CC 4.4 Hourly 09/05/2017 to present High Y 

Cow Creek near 
Millville A4811000 (DWR) CC 3.1 

Point 
collections 02/03/1955 to 11/07/2023 High N 

Daily 11/21/2008 to 11/07/2023 High Y 

Cow C NR Millville 11374000 (USGS) CC 3.1 Daily 07/13/1977 to 06/01/1978 Medium N 

Cow Creek at Dream 
Catcher Ln 

508SHA905 
(SWAMP) CC 3.1 Quarterly 02/23/2009 to 05/12/2020 Low N 

Mainstem Cow Creek 
at USGS Gauge 

001 (Cow Creek
Report 2006)2 CC 3.1 Daily 05/2004 to 10/2005 Medium N 

Cow Mouth or Old 
Video 3 (CDFW) CC 1.2 Hourly 09/07/2006 to 11/1/2017 Medium Y 

Cow C NR Anderson A4810100 (DWR) CC 0.9 Point 
collections 11/30/1960 to 03/03/1983 Low N 

Notes: 
1. MRB station is missing data from 07/03/2008 to 08/06/2008 
2. Did not obtain data for this location from the noted report
3. Only obtained data for 06/21/2003 to 11/26/2003
4. Y = Yes, N = No, N/A = Not Applicable 
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Additional water temperature data have been collected to address data gaps  identified in Appendix I, 
and were  collected data from mid-September 2024  through the end of August 2025. Table 3  
summarizes these  locations.  

Table 3 
Summary of Sensor Installations 

Waterbody Description of Station Location Station ID River Mile Available Period of Record 

Cow Creek 
At USGS Gage 11374000 1A CC 2.9 09/17/2024 – 08/25/2025 

Above Little Cow Creek Confluence 2B CC 7.6 09/16/2024 – 08/25/2025 

Little Cow Creek 
Above Cow Creek Confluence 2A CC 7.6 09/16/2024 – 08/25/2025 

Above Dry Creek Confluence 3B CC 12.2 09/19/2024 – 08/25/2025 

Dry Creek At Meyer Road 3A CC 12.9 09/16/2024 – 08/25/2025 

West of Yet Atwam Creek 5A WW 24.2 09/17/2024 – 08/26/2025 

Winnemem 
Waywaket 

South of Claiborne Creek 6A WW 26.1 09/17/2024 – 08/26/2025 

North of Claiborne Creek 6B WW 26.3 09/17/2024 – 08/26/2025 

South of Ladybug Creek 7A WW 32.9 09/17/2024 – 08/26/2025 

North of Ladybug Creek 7B WW 32.9 09/17/2024 – 08/26/2025 

Source: Appendix I. 

3.1  Nomtipom Waywaket  
Reservoir releases (non-spill) from Shasta Reservoir to the Nomtipom Waywaket use a Temperature  
Control Device (TCD) to  manage downstream water temperature for salmon. A continuous record of  
hourly water  temperature  is available in the Nomtipom Waywaket below Keswick Dam (Gage CDEC  
KWK), located downstream of Shasta Reservoir. Calendar year 7-DADM water temperature for each  
year of the period of record (1989 through 2025)  is shown in Figure 2  This figure shows that  water  
temperature is below the  maximum optimal temperature for  Chinook Salmon adult migration and  
juvenile out-migration year-round and in all years. 
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Figure 2 
Historical 7-DADM water temperature in the Nomtipom Waywaket below Keswick Dam for
Calendar Years 1989 through 2025  

 

3.2  Cow Creek  
Continuous records  of water temperature in Cow Creek between the Little Cow Creek confluence and  
the  Nomtipom Waywaket confluence  have been measured at five locations from 2006 to present, as  
summarized in Table  4. 

Table 4  
Summary of Available Maximum Daily Water Temperature in Cow Creek and Their Periods of
Record 

Station Name/Location River Mile Period of Record 

Cow Creek above Little Cow Creek 
Confluence CC 7.6 09/16/2024 – 08/25/2025 

Cow New Video CC 4.4 09/05/2017 – 01/31/2024 

Cow Creek near Millville (DWR) CC 3.1 11/21/2008 - 11/07/2023 

Cow Creek at USGS gage 11374000 CC 2.9 09/17/2024 – 08/25/2025 

Cow Mouth or Old Video CC 1.2 09/07/2006 - 11/1/2017 
Source: Appendix I. 
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A spaghetti chart of 7-DADM  water temperature was generated from Cow Creek near Millville 
Department  of Water Resources [DWR] water temperature data  (Figure 3) to show general trends in  
water temperature  across multiple years. These data show  that 7-DADM  water temperature can be  
above the maximum optimal water  temperature  for Chinook Salmon adult migration  from  mid-April  
through mid-October and for juvenile out-migration (Table  1)  from  April through October.  Months  
with the most variability in water  temperature  are  April  through June. These months  align with the  
recession limb of the hydrograph as the watershed transitions  between  hydrologically wet winter  
months and hydrologically  dry summer months. Months with more runoff  generally  correspond to  
cooler  spring  water  temperature. A spaghetti chart of flows from the  same period is shown  in  
Figure 4  for Cow Creek near Millville USGS flow gage (USGS 11374000). A review of historical flow 
data show that Cow Creek can have  no flow to very  little flow in  summer m onths  of  very dry years.  

Figure 3 
7-DADM Water Temperature in Cow Creek for Calendar Years 2008 through 2023  
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Figure 4 
Mean Daily Flow in Cow Creek near Millville for Calendar Years 2008 through 2023 (USGS 
11374000)  

3.3  Little Cow Creek  
Continuous records  of water temperature in  Little  Cow Creek between the Dry  Creek  confluence and 
the  Cow Creek confluence have  historically  been measured at  four  locations, as summarized in 
Table 5. A fifth record,  Middle North Cow, was  located upstream of the Dry  Creek confluence. Swede 
Creek, with a contributing watershed area of 10 square miles, is a tributary to Little Cow Creek and is  
located  between  Dry Creek and Cow Creek. It is likely  an ephemeral drainage that goes dry during  
summer  months but  would contribute thermally to the reach when there is  active runoff.   

Table 5 
Summary of Key Water Temperature Gages in Little Cow Creek and their Periods of Record 

Station Name River Mile Period of Record 

Middle North Cow CC 27.7 06/27/2003 – 11/26/2003 

Little Cow Above Dry Creek Confluence CC 12.2 09/19/2024 – 08/25/2025 

L Cow Temp Gauge CC 10.1 08/28/2020 - 12/03/2021 

Lower North Cow (LNC) CC 8.1 06/21/2003 – 11/26/2003 

Little Cow Above Cow Creek Confluence CC 7.6 09/16/2024 – 08/25/2025 
Source: Appendix I. 
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Because there is so little data in the  Little Cow Creek  reach  between the Cow Creek and Dry Creek  
confluences, 7-DADM  water temperature  from  all available  gages were plotted  together for each 
year of data on a spaghetti graph shown in Figure 5. Water temperature conditions  are  similar to  
those observed in Cow Creek, as described in Section 3.2. The year  2021 was  significantly drier than 
2003 and  2020 based on flow data from the USGS gage in Cow  Creek near  Millville (USGS 11374000). 
It is likely that water temperature conditions in the  spring of  2021 are warmer than average  
temperature  conditions for this reach. 

Figure 5 
7-DADM Water Temperature in Little Cow Creek for Calendar Years 2003, 2020, 2021, 2024, 
and 2025  

In addition to data in  the Little Cow Creek  reach  of  interest, water temperature data were 
concurrently measured upstream  in  Little Cow Creek at  River Mile CC 27.7 (Middle North Cow)  in  
2003 a long with  Lower North Cow gage data (Table 3-2). Data from these two gages, shown in 
Figure 6, can be used to assess thermal  gain as will be described later in Section  4.2. 
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Figure 6 
Daily Mean Water Temperature Measured at Two Locations in Little Cow Creek in Year 2003  

The current water temperature deployment is measuring data near the Little Cow Creek and Cow 
Creek confluence in both creeks. A comparison of water temperature data measured from 
September to December 2024 shows that water temperature in Little Cow Creek are consistently 
warmer than in Cow Creek under both low flow conditions and high flow conditions (Figure 7). 
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Figure 7 
Comparison of Water Temperature in Little Cow Creek and Cow Creek  near the Confluence 
of Little Cow Creek and Cow Creek  

3.4  Dry Creek  
The data gaps  analysis  found no  existing  records of  water temperature  data  in this reach  (Appendix I). 
Data loggers have been deployed in Dry Creek as part of this study  at Meyer  Road, and the period  of  
record is summarized in Table  6.  

Table 6 
Summary of Available Maximum Daily Water Temperature in Dry Creek and Their Periods Of
Record 

Station Name/Location River Mile Period of Record 

Dry Creek at Meyer Road CC 12.9 09/16/2024 – 08/25/2025 
Source: Appendix I. 
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A chart of 7-DADM water temperature was generated from Dry  Creek  water temperature data  
(Figure 8).  The limited  data available  show 7-DADM water temperature  is likely above the maximum  
optimal water  temperature for adult migration and  juvenile out-migration (Table  1) in summer  
months. 

Figure 8 
Historical 7-DADM Water Temperature in Dry Creek for Calendar Year 2024  

Although there are no flow data available for  Dry Creek, it is known anecdotally and from  LiDAR  
surveys that Dry Creek is dry in certain  locations during the summer season. Water temperature  
measurements  from  2024 (Table  6)  were located in  an area of the reach that  was not dry. 
Comparison of water temperature data  measured at  this location  and water temperature data  
measured in  Little Cow Creek upstream of Dry Creek  (3B) show that  water  temperature  is  much 
cooler in Dry Creek in September and early October, as shown in Figure 9. Water at the Dry Creek  
location is most likely groundwater seepage rather than surface runoff, unlike Little Cow Creek.  Two  
different temperature loggers  in Dry Creek, located  a few  feet from one another, are measuring  
different temperatures  up until a large  runoff  event  as measured by the USGS gage in Cow  Creek 
near Millville. Localized water temperature differences are likely  the result of groundwater seepage.  
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Figure 9 
Comparison of Hourly Water Temperature Measured in Dry Creek and Little Cow Creek 
between September and December 2024  

3.5  Winnemem Waywaket  
A 35-year continuous record of water temperature is available in the Winnemem Waywaket at River 
Mile WW 16.1 (Appendix I). Calendar year 7-DADM water temperature for each year of the period of 
record is shown in Figure 10. This figure shows that temperature is below the maximum optimal 
temperature for adult migration year-round and in all years. Maximum optimal temperature for 
juvenile out-migration is exceeded in the month of July in approximately 50 percent of years. 
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Figure 10 
Historical 7-DADM  Water Temperature in  Winnemem Waywaket  for Calendar Years 1990 
through 2024  
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4 Existing Waterways Thermal Gain and Anticipated Water 
Supply Needs 

For the purposes of this document, thermal gain is defined as the rate of warming or cooling within a 
reach or channel. Using daily average water temperature data, thermal gain is calculated as the 
relative temperature difference between two gages divided by the distance between the two gages, 
in river miles. Thermal gains can be used to estimate water temperature at any location within the 
reach based on static measure of the water temperature and the river mile distance from that 
location. 

This section summarizes thermal gain for potential tributary bypass reaches in the Study Area that 
were used to assess thermal accumulation. The water supply needed to make the potential tributary 
bypass reaches suitable for juvenile and adult Chinook Salmon is also discussed. 

4.1  Cow Creek  

4.1.1  Thermal  Gain  
DWR’s Cow Creek near  Millville gage (A4811000)  provides a long-term record of water temperature  
conditions in Cow Creek (Figure 3). As summarized in  Section  3.2, Cow New Video  (CDFW) and Cow  
Old Video  (CDFW) both have continuously overlapping periods  of record  with the DWR temperature  
gage. Data from these  overlapping periods  were used  to estimate thermal gain  in the Cow Creek  
reach. Calculations of thermal gain for all valid paired temperature data in Cow Creek is shown in  
Figure  11. Thermal gain for this reach is consistently negative, indicating that  water  temperature  
cools down rather than warms up from upstream  to downstream. This is likely due to groundwater  
seepage along the reach.   

For assessment of thermal accumulation in Cow Creek, a generalized annual thermal gain was  
developed  to  qualitatively  fit  observed data, which is also  shown in Figure  11. The estimate of  
thermal gain, presented here, was used to assess the volitional tributary bypass alternative thermal 
accumulation presented in Section 5. 
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Figure 11 
Summary of Historically Measured Thermal Gain Data from  Cow Creek and Generalized 
Annual Thermal Gain based on Available Historical Data  

4.1.2  Anticipated Water Supply Need  for Migratory  Thermal Suitability  
To make Cow Creek  thermally  suitable for juvenile and adult Chinook Salmon, additional cold water  
is needed  from approximately April through October. It is within  this period that historical 7-DADM  
water temperature  exceeds  the maximum optimal criteria presented in Section  2 and shown in Figure  
3. The quantity of water needed depends on the temperature  of the additional cold water being 
added. For example, Figure  12  below summarizes the average  imported  flow  needed to achieve a 
daily average water temperature of  68°F  in Cow Creek  for a water  temperature of imported water  
ranging from  50°F to 65°F, assuming imported water is mixed with naturally occurring flow and 
historical daily average  water temperature  in Cow Creek  (September 30, 2008 through May 8, 2023). 
As the  imported water  temperature  gets closer to  the target temperature, the  flow  of imported water  
needed to achieve the target temperature increases exponentially.  
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Figure 12 
Estimated Flow, by Month and by Temperature, of Imported Water Needed to Result in a 
Daily Average Water Temperature in Cow Creek of 68°F  

4.2  Little Cow Creek   

4.2.1  Thermal  Gain  
Thermal gain within the Little Cow Creek reach  was calculated using concurrently measured  daily  
average water  temperature  data measured in 2024  (Appendix I) and  2003 (CRWQCB 200 3). Thermal  
gain data for b oth periods  is  shown in Figure  13. Although the reach lengths are much different, 4.5 
miles for the  2024 data versus 19.6  miles for the 2003 data, thermal gain for the mid-September 
through mid-October period  is  similar.  Thermal accumulation data from these periods  were used to  
develop a generalized annual thermal accumulation rate to qualitatively fit observed data, which is  
also  shown in Figure  13. The estimate of thermal gain, presented here, was  used to assess the  
volitional tributary bypass alternative thermal accumulation presented in Section  5. 
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Figure 13 
Summary of Historically Measured Thermal Gain Data from  Little Cow Creek and 
Generalized Annual Thermal Gain  based on Available Historical Data  

4.2.2  Anticipated Water Supply  Need for Migratory Thermal Suitability  
To make Little Cow Creek  thermally suitable for  juvenile and adult Chinook Salmon, additional cold 
water is needed from approximately April through October.  It is within this  period that historical 7­
DADM water temperature exceeds  the  maximum optimal criteria  presented in  Section  2 and shown 
in  Figure 5. Water supply needs are  similar to those in Cow Creek, as discussed in Section 4.1.2.  

4.3  Dry Creek   

4.3.1  Thermal  Gain  
Estimates of thermal accumulation of surface runoff cannot be quantitatively estimated based on 
existing data. However, it is anticipated that thermal gain would be similar to Little Cow Creek. 

4.3.2  Anticipated Water Supply  Need for Migratory  Thermal Suitability  
There is little to no natural flow in Dry Creek except during storm events with active watershed 
runoff. For the purpose of volitional passage, it should be assumed that the needed flow for thermal 
suitability would need to be completely met from imported water. 
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4.4  Winnemem Waywaket  

4.4.1  Thermal  Gain  
In 2007 and 2008, water temperature was measured continuously by Pacific Gas and Electric at seven 
locations between the McCloud Dam and Shasta Reservoir from May through October. Thermal gain 
was calculated for 6 sub-reaches in the Winnemem Waywaket based on daily average water 
temperature data. These reaches were McCloud Dam to Hawkins Creek, Hawkins Creek to Ladybug 
Creek, Ladybug Creek to Claiborne Creek, Claiborne Creek to Yét Atwam Creek, Yét Atwam Creek to 
Chatterdown Creek, and Chatterdown Creek to above Lake Shasta. Thermal accumulation in these 
reaches from 2007 and 2008 are shown in Figure 14 and Figure 15, respectively. The location of the 
proposed diversion for flows from the Winnemem Waywaket falls within the “Below Chatterdown 
Creek" reach. Using thermal gain data from this reach, a generalized annual thermal accumulation 
rate was developed, which is shown in Figure 16. While not exclusively from this reach, thermal gain 
was also calculated from data measured in 2024 and 2025 using water temperature data from above 
Shasta Lake (CDEC MSS) and from Winnemem Waywaket west of Yet Atwam Creek (5A), the next 
closest upstream gage. This information was used to inform the generalized annual thermal 
accumulation rate from December through April. 

Figure 14 
Summary of Historically Measured Thermal Gain Data, Upstream to Downstream for 
Sub-Reaches in the  Winnemem Waywaket  from 2007  
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Figure 15 
Summary of Historically Measured Thermal Gain Data, Upstream to Downstream for 
Sub-Reaches  in the Winnemem Waywaket  from 2008  
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Figure 16 
Summary of Historically Measured Thermal Gain Data  for the Proposed Diversion Reach of 
the  Winnemem Waywaket, and Generalized Annual Thermal Gain based on Available 
Historical Data  

4.4.2  Anticipated Water Supply  Need for Migratory  Thermal Suitability  
To make the Winnemem  Waywaket  thermally suitable for  juvenile and adult  Chinook Salmon 
throughout the entire reach below McCloud Reservoir, additional cold water is needed in July in at 
least 50  percent  of years.  It is within this period that historical 7-DADM water temperature exceeds 
the maximum optimal criteria presented in Section  2 and as shown in Figure  10. Additional  cold  
water could be provided  by McCloud Reservoir.  
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5  Assessment  of Volitional  Tributary Bypass  from C ow Creek 
to  the Winnemem W aywaket  Alternative Thermal 
Accumulation and  Anticipated  Water Supply Needs  

The Volitional Tributary Bypass Alternative (Alternative 1) from the Alternatives Formulation and 
Evaluation Report (Anchor QEA and HDR 2026) diverts water from the Winnemem Waywaket into a 
constructed swimway that includes channels, tunnels and water bridges to convey water adjacent to 
Shasta Reservoir to Dry Creek. Once in Dry Creek, diverted flow augments the naturally occurring 
flow and affects water temperature in Dry Creek, Little Cow Creek, and Cow Creek before joining the 
Nomtipom Waywaket. See Appendix K for a full description of Alternative 1. Diverted water will serve 
to cool summer-time water temperature that has been shown to exceed temperature suitability 
criteria in Dry Creek (Figure 8), Little Cow Creek (Figure 5),and Cow Creek (Figure 3). 

5.1  Thermal Accumulation Model  
To assess thermal  conditions along  the volitional  tributary bypass, a custom  spreadsheet model was  
developed  to estimate  water temperature along the  swimway  (HDR 2025). The spreadsheet model  
utilizes historical flow and water temperature data in the  Winnemem Waywaket and  Cow Creek and  
estimates of  historical thermal gain previously  presented in Section  4  of this  document. This  
spreadsheet  model was developed to  initially  assess potential fish migration alternatives and is  
meant  to be  used as a screening-level tool.  

The spreadsheet model thermally accumulates water temperature as it is diverted from the 
Winnemem Waywaket along its path from the Winnemem Waywaket to Cow Creek at its confluence 
with the Nomtipom Waywaket. Observed water temperature at the Winnemem Waywaket above the 
Shasta Reservoir gage, located at River Mile 2.2, were adjusted using the generalized thermal gain 
shown in Figure 15 to estimate the Winnemem Waywaket water temperature at the point of 
diversion into the volitional tributary bypass swimway. Winnemem Waywaket thermal gain estimates 
were also used to estimate thermal accumulation in the swimway reach that parallels the Winnemem 
Waywaket prior to entering the first tunnel. 

Estimates of turbulent heat transfer were used to calculate thermal loss/gain within tunnel sections 
of the volitional tributary bypass swimway assuming the tunnel walls are 58°F. The tunnel wall 
temperature was estimated based on air temperature in Lake Shasta Caverns 
(www.lakeshastacaverns.com) All other sections of the constructed swimway prior to entering Dry 
Creek assumed the generalized thermal gain based on Little Cow Creek historical data (Figure 13). 

Once in Dry Creek, the diverted water enters the existing Dry Creek channel, assuming that Dry Creek 
is dry at the upper end of the tributary where the diverted water would enter the natural system. 
Along Dry Creek, Little Cow Creek, and Cow Creek, diverted water is combined with natural flow, 
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assuming thermal accumulation of  both  natural flow and imported  Winnemem Waywaket  flow.  
Gage-area proration of  historical Cow Creek flow data was used to estimate natural flow at upstream  
and downstream locations  of each reach to develop daily average estimates of natural accretion 
along each reach. Thermal mass balance is used  to estimate combined flow and temperature at the  
upstream and downstream end of each reach. Thermal mass balance is defined  as:  

TFinal = (T1 ∗ Q1 + T2 ∗ Q )/  2 (Q1 + Q ) 2  Equation 1  

Where,   
TFinal = Fully mixed water temperature from two streams (°F)  
Q1  = Stream  1 flow (cubic feet per second [cfs])   
T1 = Stream 1 water temperature (°F)  
Q2  = Stream  2 flow (cfs)   
T2 = Stream 2 water temperature (°F)  

Generalized thermal gain based on Little Cow Creek historical data (Figure 13) was used to estimate 
thermal accumulation in Dry Creek and Little Cow Creek. Generalized thermal gain based on Cow 
Creek historical data (Figure 11) was used to estimate thermal accumulation in Cow Creek. 

The model simulates daily average flow and water temperature for September 30, 2008 through May 
8, 2023. Simulated daily average water temperature is then used to estimate daily maximum water 
temperature and 7-DADM water temperature for the downstream end of Cow Creek using linear 
regression relationships developed from historical Cow Creek near Millville water temperature data. 
Monthly linear regression coefficients were developed for the following equation: 

Tmax = A ∙ ln(Q) + B ∙ Tavg + C ∙ Tair  max    Equation 2 

Where, 
A = Monthly linear regression constant 
Q = Cow Creek near Millville daily average flow (USGS 11374000) 
B = Monthly linear regression constant 
Tavg = Daily average water temperature 
C = Monthly linear regression constant 
Tair max = Redding Municipal Airport (GHCN USR0000CREA) daily maximum air 

temperature  

Figure 17 shows calibration results of simulated daily maximum water temperature compared to 
observed daily maximum water temperature from November 20, 2008 through November 5, 2023. 
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Figure 17 
Calibration  Results of Daily Maximum Water Temperature for Cow Creek, and the 
Coefficient of  Determination (R2)  

Table  7 summarizes monthly linear regression coefficients A, B, and C, used to calculate daily  
maximum water temperature in Cow  Creek based on simulated daily average water temperature.  

Table 7   
Monthly Linear Regression Coefficients Used to Calculate Daily Maximum Water Temperature (°F)  

Month 

Linear Regression Coefficients 

A B C 

January -0.008 0.978 0.039 

February 0.009 0.989 0.035 

March -0.054 0.963 0.068 

April -0.152 1.003 0.048 

May -0.238 1.042 0.024 

June -0.647 1.032 0.054 

July -1.724 0.921 0.183 

August -0.821 0.957 0.119 

September -0.357 0.983 0.077 

October -0.563 0.990 0.076 
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Month 

Linear Regression Coefficients 

A B C 

November -0.203 0.995 0.045 

December 0.002 0.972 0.044 

5.2  Thermal Accumulation  
The spreadsheet model was used to simulate water temperature in the volitional tributary bypass 
swimway assuming 50 cfs was diverted from the Winnemem Waywaket year-round for volitional 
passage of both juvenile and adult Chinook Salmon. A flow rate of 50 cfs was selected because it is 
the smallest rate of flow that provides adequate flow-depth and velocities for fish movement along 
all sections of the swimway according to Appendix K. Additional water or channel modifications may 
be required in Dry Creek, Little Cow Creek, and portions of Cow Creek to overcome depth barriers as 
discussed in Appendices L and K; this will be analyzed during later stages of design to determine the 
optimal water quantity and required construction activities to achieve adequate flow depth and 
velocities for fish movement throughout the entirety of the tributary bypass. 

Four  of the five  tunnels along with volitional swimway bypass range in length between 1.5 miles and 
3.2 miles. An  analysis using turbulent heat transfer  was used to  estimate tunnel outflow temperature. 
Using an energy balance  equation where Q is the  heat transfer rate, 

Q = m * Cp  * (Tout - Tin)  Equation 3  

Where,  
Q is the heat transfer rate (BTU/hr)  
m is the fluid mass flow rate (11,232,000  lbm/hr)  
Cp  is the  specific heat capacity of water (1 BTU/lbm-F)  
Tin  is the inlet temperature (°F)  
Tout  is the o utflow  temperature (°F).  

And the heat transfer rate is calculated as: 

Q = h * A * (Ts - Tb)  Equation 4  

Where,  

h is the convective heat transfer coefficient  (BTU/hr-ft2)  
A is the heat transfer area (channel  wetted perimeter * channel length)  (ft2)  
Ts  is the rock wall surface temperature  (°F)  
Tb  is the bulk temperature, or the average temperature of the fluid flowing through 

the channel  as if it was thoroughly mixed  (°F).  
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The convective heat transfer coefficient, h, was estimated assuming turbulent water between 40°F 
and 220°F flowing in a round tube (an approximation)  as:  

h =  150 * (1+0.011 * Tb) * v0.8 / d0.2  

Where, 

v = velocity of the fluid (ft/s)  
d = diameter (inches)  

The equations above were combined and rearranged to solve for the outflow temperature (Tout). Since 
the bulk temperature (Tb) is needed for evaluating fluid properties and the outflow temperature (Tout) are 
both unknown, an iterative approach was used to estimate Tb and Tout for a range of inflow temperature 
(Tin). Results of turbulent heat transfer analysis found that the water would always exit at the same 
temperature as the rock wall temperature (Ts, 58°F) for the range of typical inflow water temperature and 
for tunnel lengths of 1.5 miles and longer. As a result, water temperature in the constructed channel 
section between the Winnemem Waywaket and Dry Creek are relatively consistent, ranging from 58°F to 
61°F after exiting the first tunnel, as shown in Figure 18. 
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Figure 18 
Daily Average Water Temperature in the Constructed Channel Sections of the Volitional 
Tributary Bypass Scenario  

Diverted water exits the last tunnel in to Dry Creek  at 58°F year-round. Some accretion occurs along 
Dry Creek, but it is assumed to otherwise have no natural flow when the diverted inflow enters the 
reach. Simulated thermal accumulation in the Dry  Creek reach is shown in Figure  19. Water exits Dry  
Creek and  joins with natural flow  in  Little Cow Creek. Some accretion occurs along Little Cow Creek.  
The resulting simulated thermal accumulation in the Little Cow Creek reach is shown in Figure  20. 
Water  in  Little Cow Creek  then  joins with natural flow in Cow Creek  including some accretion that  
occurs along Cow Creek. Simulated thermal accumulation in the Cow Creek reach is shown in 
Figure  21.  
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Figure 19 
Daily Average Water Temperature in Dry Creek for the Volitional Tributary Bypass Scenario  

Figure 20 
Daily Average Water Temperature in  Little Cow  Creek for the Volitional Tributary Bypass 
Scenario  
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Figure 21 
Daily Average Water Temperature in Cow Creek for the Volitional Tributary Bypass Scenario  

Simulated daily average water temperature readings at River Mile 0 in Cow Creek were converted to 
daily maximum water temperature using Equation 2 and monthly regression coefficients summarized 
in  Table 7. Simulated daily maximum water temperature is shown along with historical observations 
of daily maximum water temperature  in Cow Creek  in  Figure 22. In general, imported  water  cools  
water temperature in summer and warms temperature in winter relative to the natural baseline. Daily 
maximum water temperature was subsequently post-processed to calculate 7-DADM water 
temperature. These results are presented in Section  5.3. 
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Figure 22 
Daily Maximum  Water Temperature in Cow Creek for the Volitional Tributary Bypass
Scenario  

5.3  Temperature Suitability  
7-DADM calculations for the thermal accumulation spreadsheet  model  period of record  were  
averaged on a daily basis  for each day  of the calendar year. The range of  simulated  7-DADM  is  
summarized as daily maximum, daily average, and daily minimum in Figure  23. For  comparison,  
7-DADM water temperature based on observed daily maximum water temperature data are  also  
presented.  These results show that simulated 7-DADM water temperature  is  warmer in the winter  
and cooler in the summer than current conditions. This is a reflection of the  water  temperature of the  
imported water  entering Dry  Creek  at 58°F year-round. 
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Figure 23 
Calendar  Year Simulated Daily Maximum, Daily Average, and Daily Minimum  7-DADM 
Water Temperature, for  September 30, 2008 through May 8, 2023   

Simulated 7-DADM water temperature data shown in Figure  23  is presented again in the following  
sub-sections compared to temperature suitability criteria, and life stage periodicity for both  winter-
run and spring-run Chinook Salmon. Chinook Salmon life history is summarized in Table 5 of  
Appendix N. 

Results in this section are presented for the most downstream location in the volitional tributary 
bypass in Cow Creek, representing the warmest conditions along the swimway. 7-DADM water 
temperature would decrease upstream of this location leading to more suitable conditions for some 
life stages. 

5.3.1  Winter-Run Chinook Salmon  
Results  shown  in  Figure  23  are combined with the timing of occurrence by life stage for  winter-run 
Chinook Salmon in  Figure  24 and Figure  25. Figure  24  presents  results for adult migration and  
holding, and Figure  25  presents  results for  smolt out-migration. Optimal temperature criteria were  
previously  defined in Section  2  of this  document.  
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Figure 24 
Winter-run Chinook Salmon  Adult Migration  and  Holding  Temperature Suitability Summary 
in Cow Creek for the Volitional Tributary Bypass  Alternative   
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Figure 25 
Winter-run Chinook Salmon  Smolt Out-migration  Temperature Suitability Summary in Cow 
Creek for the Volitional Tributary Bypass Alternative   

Summer 7-DADM temperature exceeds the maximum optimal criteria for both adults (68°F) and 
juveniles (64.4°F) in all years in Cow Creek. Water Temperature is unsuitable for winter-run adult 
migration and holding from approximately May through July in Cow Creek but is optimal from 
December through April, including the peak adult migration month of March. Water temperature in 
Cow Creek is unsuitable for winter-run smolt out-migration in May and from July through October. 
The peak out-migration from September through October is included in the unsuitable period. Water 
temperature is optimal for smolt out-migration from November through approximately April. Water 
temperature would decrease upstream of this location in Little Cow Creek and Dry Creek providing 
more suitable temperature conditions for some life stages. 

5.3.2  Spring-Run Chinook Salmon   
Results shown in Figure  23  are combined with the timing of occurrence by life stage for  spring-run 
Chinook Salmon in  Figure  26, Figure  27, and Figure  28. Figure  26  presents results for adult migration, 
Figure  27  presents results for adult holding, and Figure  28  presents results for  smolt out-migration. 
Optimal temperature criteria were previously defined in Section  2  of this  document. 
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Figure 26 
Spring-run Chinook Salmon  Adult  Migration Temperature Suitability Summary in  Cow Creek 
for the  Volitional Tributary Bypass  Alternative   
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Figure 27 
Spring-run Chinook Salmon  Adult  Holding Temperature Suitability Summary in Cow Creek 
for the  Volitional Tributary Bypass  Alternative  
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Figure 28 
Spring-run Chinook Salmon  Smolt Out-migration  Temperature Suitability Summary in Cow 
Creek for the Volitional Tributary Bypass Alternative  Figure  

Summer 7-DADM temperature exceeds the maximum optimal criteria for both adults (68°F) and 
juveniles (64.4°F) in all years in Cow Creek. Water temperature is unsuitable for spring-run adult 
migration from mid-May through July in Cow Creek, including the peak migration in mid-May 
through June. Water temperature is suitable in Cow Creek for adult migration from March through 
mid-May. Water temperature is unsuitable for spring-run adult holding in Cow Creek from mid-May 
through September, including the peak holding timing from May through August. Water 
temperature is optimal in Cow Creek for adult holding from mid-April through approximately mid-
May. Water temperature in Cow Creek is unsuitable for spring-run smolt out-migration 
approximately May through June while the temperature is optimal for smolt out-migration from 
November through approximately April. The peak out-migration from December through April is 
included in the suitable period. Water temperature would decrease upstream of this location in Little 
Cow Creek and Dry Creek providing more suitable temperature conditions for some life stages. 

5.4  Water Supply Suitability  
Results for Alternative 1 presented so far have assumed 50 cfs is diverted from the Winnemem 
Waywaket. According to Appendix K, flows ranging from approximately 50 cfs to 150 cfs provide 
adequate flow-depth and velocities for fish movement along all sections of the constructed channel. 
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The  thermal accumulation model was  used to simulate daily average and daily maximum  water  
temperature  for year-round diversions  of 100 cfs and 150 cfs for comparison  to  50 cfs  results  as a 
sensitivity analysis. 7-DADM water temperature from the thermal accumulation model period of  
record were  averaged on a daily basis  for each day  of the calendar year  and  for each flow scenario  in  
Cow Creek. The resulting 7-DADM water temperature  is  compared to juvenile  and adult  maximum 
optimal temperature criteria in  Figure  29. This figure shows that additional  imported  inflow increases  
water  temperature  in Cow Creek  in the winter and decreases  water  temperature in the summer but  
not below either the juvenile  or adult  maximum optimal temperature criteria in summer months. The  
timing of when the maximum optimal criteria is exceeded for juveniles  in Cow Creek is unchanged 
with additional flow, while there are somewhat less  days  that exceed the  optimal c riteria for adults  in  
Cow Creek. Results of this  sensitivity analysis indicate that maximum optimal criteria will be exceeded  
for  the range of flows proposed for Alternative  1  in Cow Creek. The primary control of water  
temperature for Alternative 1 is  the water temperature exiting the last tunnel in the constructed  
channel  prior to entering  Dry Creek.   

Figure 29 
Simulated 7-DADM  Water Temperature in  Cow  Creek over a  Range  of Diverted Inflow  from 
the  Winnemem Waywaket, Compared to Juvenile and Adults Maximum Optimal 
Temperature Criteria  
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6 Assessment of Semi-volitional Tributary Bypass from ACID 
Dam to the Winnemem Waywaket via Railroad Grade 
Alternative Thermal Accumulation and Anticipated Water 
Supply Needs 

The Semi-volitional Tributary Bypass from ACID Dam to the Winnemem Waywaket via Railroad 
Grade Alternative (Alternative 2) includes a fish ladder at Anderson-Cottonwood Irrigation District 
(ACID) Diversion Dam and a constructed swimway over Shasta Reservoir along the existing Interstate 
5 crossing and continues via a combination of construction channels, water bridges, and tunnels to a 
point at or near Bollibokka. Thermal accumulation is anticipated to be similar to Alternative 1, with 
turbulent heat exchange between the tunnel walls and the water to dominate thermal conditions 
along the constructed swimway. Therefore, further analysis was not performed on this alternative. 
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7  Assessment  of  Semi-volitional Passage in Nomtipom 
Waywaket  over  Keswick  and Shas ta Dams  Alternative 
Thermal  accumulation and  Anticipated Water Supply Needs  

The Semi-Volitional in Nomtipom Waywaket Alternative (Alternative 3) identified in the Alternatives 
Formulation and Evaluation Report (Anchor QEA and HDR 2026) includes fish ladders at Keswick Dam 
and Shasta Dam. The Keswick Dam fish ladder is 3,000 feet long with a vertical lift of up to 96.1 feet. 
The Shasta Dam fish ladder is 9,400 feet long with a vertical lift of up to 489 feet. See Appendix K for 
a full description of Alternative 3. 

The Nomtipom Waywaket between Shasta Dam and Keswick Dam would serve as a natural swimway 
between the two fish ladders. Because the volume of water conveyed by the fish ladder from Shasta 
Reservoir (35 cfs) is small compared to typical flows within this reach, the additional warming that 
occurs within the fish ladder is not expected to noticeably increase water temperature in the 
Nomtipom Waywaket below Shasta Dam. Similarly, water temperature is not expected to noticeably 
warmer in the Nomtipom Waywaket below Keswick Dam as a result of warming in the Keswick Dam 
fish ladder. Since releases to the Nomtipom Waywaket from Shasta Dam are already operated for 
temperature management and reoperation of the TCD is not included as part of Alternative 3, water 
temperature in the Nomtipom Waywaket below the two fish ladders was not assessed. 

Thermal assessment for Alternative 3 is focused on thermal accumulation within the two fish ladders 
at Shasta Dam and at Keswick Dam. 

7.1  Thermal Accumulation  Model  
Thermal accumulation of water temperature in the fish ladders at Shasta Dam and Keswick Dam for 
Alternative 3 was estimated using United States Department of Interior –USGS Stream Segment 
Temperature (SSTEMP) model version 2.0.8 (Bartholow 2002). SSTEMP can be used to simulate a 
single stream segment reach, like a fish ladder. Inputs to the model include stream geometry, reach 
inflow, reach accretion, and meteorology. The model predicts mean-daily and maximum daily water 
temperature at the downstream end of the ladder reach. SSTEMP can also simulate the special case 
of a dam at the upstream end of the stream reach with steady state releases (flow and temperature). 
This feature will be used for simulating dam releases to the fish ladders simulated for Alternative 3. 

Meteorological inputs to the model include mean-daily air temperature, maximum-daily air 
temperature, mean-daily relative humidity, and mean-daily wind speed. These data were obtained 
from the Redding Municipal Airport historical meteorological record. A ground temperature of 63.1°F 
was estimated as the annual average air temperature (Bartholow 2002). 
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Stream geometry inputs include reach length, upstream and downstream  reach elevation, channel  
width terms A and B, and Manning’s n  stream  roughness coefficient. A Manning’s n coefficient for 
each fish ladder was estimated through iteration to achieve the assumed ladder  minimum  flow depth  
of 3 feet. Both fish ladders assumed weirs or baffles  would be used  to maintain adequate flow depth. 
Since SSTEMP assumes a natural channel, an artificially high Manning’s n value was needed  to  
achieve a 3-foot  flow depth.  A summary of stream  geometry inputs are provided in  Table  8 and  
Table  9. 

7.2  Keswick  Dam Fish Ladder  
See Appendix K for a full description of the Alternative 3 Keswick Dam fish ladder including 
preliminary design, and preliminary design criteria. A surface outflow and flume facility will be in 
place to transport juveniles downstream of Keswick Dam. However, there is a possibility that 
juveniles may navigate downstream via the fish ladders. 

Because of the small size of Keswick Reservoir, it does not stratify. Therefore, the historical water 
temperature measurements downstream of Keswick Dam (CDEC KWK) are representative of water 
temperature conditions in the reservoir. Historical daily average water temperature measured below 
the dam from November 13, 1989 through April 27, 2025 were used to estimate daily average 
release temperature from Keswick Dam to the Keswick Dam fish ladder for thermal assessment of 
Alternative 3. 

Inputs to the SSTEMP Keswick Dam fish ladder model that do not vary with time are summarized in 
Table  8. Some variables, like possible sun, the inverse of cloud cover, and the dust coefficient, which 
represents the amount of  dust in the air, can vary daily or seasonally  but were not  varied  for this  
analysis. Conservative assumptions were generally used to maximize the possible thermal 
accumulation within the fish ladder reach to simulate a worst-case scenario.  

Table 8  
SSTEMP Keswick  Dam Fish Ladder Model Constant Variable Input Summary  

Input Variable Input Variable Value 

Reach flow 35 cfs 

Reach latitude 40.612 degrees 

Dam at head of segment 1 

Segment length 0.568 miles 

Upstream elevation 586.5 feet 

Downstream elevation 490.4 feet 

Width’s A term 8 feet 

Width’s B term 0 

Manning’s N1 0.38 
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Input Variable Input Variable Value 

Ground temperature 63.1°F 

Thermal gradient 1.65 (default value) 

Possible sun 100 percent 

Dust coefficient 6 

Ground reflectivity coefficient 10 

Total shade 0 percent 
Note: 
1.  Manning’s n is  artificially  high  to impose a 3-foot  water depth  that  will be maintained by  weirs or  baffles.  

7.2.1  Thermal Accumulation  
The  SSTEMP Keswick Dam fish ladder model was run for the available period of record limited by  
mean-daily water temperature  data availability  below Keswick  Dam (CDEC KWK), November 1989 
through April 2025. Total thermal  accumulation for  each calendar year in the  period of record along  
with a representative daily  average for each day of  the calendar  year is shown in Figure  30. 

Figure 30 
Simulated  Estimates  of Thermal Accumulation  from the SSTEMP Keswick Dam  Fish Ladder  
Model   

Appendix J: Thermal Accumulation in 
Migratory Corridors and Channels 46 January 2026 



 

  
     

 

 
 

     
   

  
    

       
  

   

Simulated mean-daily and 7-DADM  water temperature  at the bottom of the fish ladder from the  
SSTEMP Keswick Dam fish ladder model is shown in Figure  31. Water temperature  within the fish  
ladder  never  exceeds  juvenile or adult 7-DADM maximum optimal temperature. 

Figure 31 
Simulated  Mean-Daily and 7-DADM  Water Temperature from the SSTEMP Keswick Dam  Fish 
Ladder Model  

7.2.2  Temperature Suitability  
Period of record simulated 7-DADM water temperature in the Keswick Dam fish ladder (Figure 31) 
was averaged for each day of the calendar year. The range of simulated 7-DADM, summarized as 
daily maximum, daily average, and daily minimum 7-DADM water temperature, were compared to 
the timing of occurrence by migratory life stage for winter-run and spring-run Chinook Salmon in the 
following sections. While juveniles will typically use a flume to bypass Keswick Dam, it is likely that 
some may navigate downstream via the fish ladders and will therefore be included in this 
temperature suitability analysis. 

7.2.2.1  Winter-Run Chinook Salmon  
Figure  32  presents results  for  winter-run  Chinook Salmon adult migration, and Figure  33  presents 
results for winter-run Chinook Salmon  smolt out-migration. Optimal temperature criteria were  
previously defined in Section  2. These figures show that  water  temperature is  always suitable for 
adult migration and smolt out-migration within the Keswick Dam fish ladder. 
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Figure 32 
Winter-Run Chinook Salmon  Adult Migration  Temperature Suitability Summary in the 
Keswick Dam  Fish Ladder for the  Semi-Volitional Nomtipom Waywaket  Alternative   
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Figure 33 
Winter-run Chinook Salmon  Smolt Out-migration  Temperature Suitability Summary in the 
Keswick Dam  Fish Ladder  for the  Semi-Volitional Nomtipom Waywaket  Alternative   

7.2.2.2  Spring-Run  Chinook Salmon  
Figure  34  presents results  for spring-run  Chinook Salmon adult migration, and Figure  35  presents for 
spring-run Chinook Salmon smolt out-migration. Optimal temperature criteria were previously  
defined in Section 2. These figures show that  water  temperature  is  always suitable for adult migration 
and smolt out-migration within the Keswick Dam fish ladder. 
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Figure 34 
Spring-Run  Chinook Salmon  Adult  Migration Temperature Suitability Summary  in the 
Keswick Dam  Fish Ladder  for the  Semi-Volitional Nomtipom Waywaket  Alternative   
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Figure 35 
Spring-Run  Chinook Salmon  Smolt Out-migration  Temperature Suitability Summary in the 
Keswick Dam  Fish Ladder  for the  Semi-Volitional Nomtipom Waywaket  Alternative   

7.2.3  Water Supply Suitability  
Results of the SSTEMP Keswick Dam fish ladder model  in Section  7.2.2 show that  proposed  minimum  
flow of 35 cfs is adequate to provide  optimal conditions for adult migration and juvenile out­
migration  for all m igratory life stages for both  winter-run and  spring-run Chinook Salmon even  with  
conservative assumptions  that maximize  possible thermal accumulation.  

7.3  Shasta Dam Fish Ladder  
See Appendix K  for a description of the  Alternative 3 Shasta Dam fish ladder including  preliminary  
design, and preliminary design criteria. It is assumed that the Shasta Dam fish ladder  would  be used 
exclusively by  adult migrating salmon, not by out-migrating juvenile salmon. 

Shasta Reservoir is highly  stratified, as  described in Section 3.5. The flow source for the Shasta Dam 
fish ladder will be via a temperature-controlled withdrawal structure and pumping station near the  
face of the dam. While it is unknown what  the temperature will b e at the inlet of the fish ladder, a 
conservative estimate of 60.8°F (16°C) was used as the Shasta Reservoir as a boundary condition 
input temperature for the  SSTEMP Shasta Dam fish ladder model. It is likely that water from the  
reservoir  could  be supplied  at 60.8°F  or less for the entire year.  
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Inputs to the SSTEMP Shasta Dam fish ladder model that do not vary with time are summarized in 
Table  9. Similar to the analysis for the Keswick  Dam  fish ladder, some variables, like possible sun, the  
inverse of cloud cover, and the dust coefficient, were not  varied for this analysis. Conservative  
assumptions  were generally used to maximize the possible thermal accumulation in the fish ladder 
reach  to simulate a worst-case scenario.  

Table 9   
SSTEMP Shasta  Dam fish ladder model constant variable input summary.   

Input Variable Input Variable Value 

Reach flow 35 cfs 

Inflow temperature 60.8°F (16°C) 

Reach latitude 40.713 degrees 

Dam at head of segment 1 

Segment length 1.78 miles 

Upstream elevation 1,065.4 feet 

Downstream elevation 576 feet 

Width’s A term 8 feet 

Width’s B term 0 

Manning’s N1 0.48 

Ground temperature 63.1°F 

Thermal gradient 1.65 (default value) 

Possible sun 100 percent 

Dust coefficient 6 

Ground reflectivity coefficient 10 

Total shade 0 percent 
Note: 
1. Manning’s  n is artificially high to impose a 3-foot  water depth that  will be maintained by  weirs or  baffles.  

7.3.1  Thermal Accumulation  
The SSTEMP Shasta Dam fish ladder model was run for the same period of record as the SSTEMP 
Keswick Dam  fish ladder model, November 1989 through April 2025. Total thermal  accumulation  for 
each calendar year in the  period of record along with a representative daily average  for  each day of  
the calendar year is shown in Figure  36. 
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Figure 36 
Simulated  Estimates  of Thermal Accumulation  from the SSTEMP  Shasta  Dam Fish Ladder  
Model  

Simulated mean-daily and 7-DADM  water temperature at the bottom of the fish ladder from the  
SSTEMP Shasta Dam fish ladder model is shown in Figure  37.  
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Figure 37 
Simulated  Mean-Daily and 7-DADM  Water Temperature from the SSTEMP  Shasta  Dam Fish 
Ladder Model  

7.3.2  Temperature Suitability  
Period of  record simulated 7-DADM water temperature  in the Shasta Dam fish ladder (Figure  37) 
were averaged for  each day of the  calendar year. The range  of simulated 7-DADM, summarized as  
daily maximum, daily average, and daily minimum 7-DADM water temperature, is compared to the  
timing of occurrence  by  migratory life stage  for adult  winter-run and  spring-run Chinook Salmon in  
the following sections. Juveniles  are not expected to  use the fish ladder.  

Temperature suitability results presented in this section are conservative and are likely at the higher 
range of what would be present in the fish ladder especially in cooler months with less stratification 
within Shasta Reservoir. 

7.3.2.1  Winter-Run Chinook Salmon  
Figure  38  presents results  for  winter-run Chinook Salmon adult migration. Optimal temperature  
criteria were previously defined in Section  2. This figure shows that  water  temperature  is  always  
suitable for adult migration within the  Shasta Dam fish ladder. 
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Figure 38 
Winter-run Chinook Salmon  Adult  Migration Temperature Suitability Summary in the Shasta 
Dam Fish Ladder  for the Semi-Volitional Nomtipom Waywaket Alternative   

7.3.2.2  Spring-Run  Chinook Salmon  
Figure  39  presents results  for spring-run  Chinook Salmon adult migration. Optimal temperature  
criteria were previously defined in Section  2. This figure shows that  water  temperature  is  always  
suitable for adult migration within the  Shasta Dam fish ladder. 
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Figure 39 
Spring-run Chinook Salmon  Adult  Migration Temperature Suitability Summary in the Shasta
Dam Fish Ladder  for the Semi-Volitional Nomtipom Waywaket Alternative  

7.3.3  Water Supply Suitability  
Results of the SSTEMP Shasta Dam fish ladder model in Section 7.3.2 show that proposed minimum  
flow of 35 cfs is adequate to provide  optimal conditions for adult migration for both winter-run and  
spring-run Chinook Salmon. 
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8 Discussion 
The thermal condition assessment for migratory suitability presented in this document relied on 
previous documents summarizing existing water temperature data (Appendix I) in the Study Area 
and water temperature suitability criteria (Appendix N) for Chinook Salmon. Existing water 
temperature data were utilized to estimate thermal gains and water supply needs to for thermal 
suitability, by reach. Cow Creek and Little Cow Creek each require additional cold water for 
temperature suitability in the months of April through October. Dry Creek does not have adequate 
data to assess thermal suitability. Thermal conditions in the Nomtipom Waywaket and Winnemem 
Waywaket are adequate for both adult and juvenile Chinook Salmon year-round. 

A preliminary thermal assessment of Alternative 1 (Volitional Tributary Bypass) relied on observations 
of thermal gain in study reaches and heat transfer calculations in tunnel to estimate thermal 
conditions in the volitional tributary bypass swimway. The assessment resulted in the following 
observations: 

• Water temperature exiting the four tunnels would always be at the same temperature as the 
rock wall (58°F) (Figure 18). 

• Relative to Winnemem Waywaket water temperature, rock tunnels decreased water 
temperature from approximately mid-June through mid-September, otherwise, the rock 
tunnels increased water temperature (Figure 18). 

• Water temperature in the constructed channel section between the Winnemem Waywaket 
and Dry Creek is relatively consistent ranging from 58°F to 61°F after exiting the first tunnel 
(Figure 19). 

• Relative to Cow Creek and Little Cow Creek water temperature, imported water decreased 
water temperature from approximately May through September. In times of low natural flow, 
primarily in October through December, imported water warms Cow Creek and Little Cow 
Creek water temperature. During the cooler wet season when natural flows are high, 
temperature impacts from imported water are muted (Figure 23). 

• 7-DADM water temperature in Cow Creek exceeds the maximum optimal criteria for adult 
migration (68°F) from approximately May through mid-October (Figure 23). This has the 
potential to negatively impact winter-run adult migration and holding (Figure 24), and spring-
run adult migration and holding (Figure 26 and Figure 27). 

• 7-DADM water temperature exceeds maximum optimal criteria for juvenile out-migration 
(64.4°F) from approximately May through October (Figure 23). This has the potential to 
negatively impact winter-run and spring-run smolt out-migration (Figure 25 and 28). 

• Increasing flows from 50 cfs up to 150 cfs, the design criteria upper limit given in Appendix K 
to provide adequate flow-depth and velocities along the swimway, did not significantly 
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increase the  amount of time 7-DADM  water temperature was  less than the  maximum optimal  
criteria  for either adults or juveniles  in Cow Creek.  

A preliminary thermal assessment of Alternative 2 was not completed for this document. Based on 
similarities between Alternative 1 and Alternative 2, it is likely that the rock tunnels will decrease 
water temperature from approximately mid-June through mid-September, otherwise, the rock 
tunnels will increase water temperature relative to Winnemem Waywaket water temperature. 

A preliminary assessment of Alternative 3 water temperature in the fish ladders at Keswick Dam and 
Shasta Dam relied on SSTEMP modeling. The assessment resulted in the following observations: 

• Thermal accumulation within the fish ladders was highest in July and lowest in December. The 
highest daily average total thermal accumulation in the Keswick Dam fish ladder was 
approximately 0.9°F (Figure 30). The highest daily average total thermal accumulation in the 
Shasta Dam fish ladder was approximately 2.4°F (Figure 36). 

• 7-DADM water temperature in the Keswick Dam fish ladder never exceeds the maximum 
optimal criteria for adults (68°F) or for juveniles (64.4°F), assuming water temperature in 
Keswick Reservoir is managed similarly in the future as it has in the past. 

• 7-DADM water temperature in the Shasta Dam fish ladder will not exceed the maximum 
optimal criteria for adults (68°F) as long as water temperatures at the head of the fish ladder 
do not exceed 65.8°F for 7 continuous days. 

• Proposed flows in the fish ladders are a minimum of 35 cfs (Appendix K), as compared to 
much higher releases from Shasta Dam and Keswick Dam. The historical mean monthly flow 
below Keswick Dam in July is 12,500 cfs (USGS 11370500, July 1964 through July 2024). A 
small increase in water temperature from the fish ladders would not have any noticeable 
impact on water temperatures in the Nomtipom Waywaket. 

Based on observations from preliminary water temperature assessments for Alternative 1 and 
Alternative 3, Alternative 3 appears most suitable for fish survivability and Alternative 1 is the least 
suitable without additional cold-water inputs into Cow Creek. This cold water could be provided from 
groundwater pumping, or imported Winnemem Waywaket water could be released lower in the Dry 
Creek system closer to Little Cow Creek confluence to minimize thermal accumulation within the Dry 
Creek reach. 

8.1  Data Gaps  
The thermal assessment presented in this document is based on the best available information at the 
time of this study. In many cases, assumptions were made to overcome data gaps. A discussion of 
these data gaps is given here. Data gaps were separated into those that apply to each alternative.  
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8.1.1  Alternative 1: Volitional Tributary Bypass  
• The spreadsheet model developed for this study was intended to be used as a screening level 

tool. It does not include energy balance calculations between the water and its surrounding 
environment. Development of a more robust water temperature model should be considered 
if this alternative moves forward. 

• Thermal gain assumptions were often based on limited or missing water temperature data. 
Thermal gain estimates can be skewed by local seepage or backwater effects. 

• Reach accretion inflow and inflow temperature is unknown and was estimated as part of the 
development of the spreadsheet model. 

• Ambient temperature of the rock tunnel walls is based on air temperature measurements in 
Shasta Caverns. Actual temperature of the rock walls may be either warmer or cooler. 

8.1.2  Alternative 3:  Semi-Volitional in Nomtipom Waywaket  
• The temperature of water diverted from Shasta Reservoir into the Shasta Dam fish ladder is 

unknown. A temperature control device would be needed upstream of Shasta Dam to ensure 
suitable temperature water was provided to the Shasta Dam fish ladder. 

• If there is significant shading along either fish ladder, this would potentially decrease thermal 
accumulation. The SSTEMP models currently assume 0 percent shading. 

• If the lengths of any of the fish ladders increase as part of the final design, this would 
potentially increase thermal accumulation. Conversely, if the lengths of any of the fish ladders 
decrease as part of the final design, this would potentially decrease thermal accumulation. 
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