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The Thermal Landscape of the Willamette River, 
Oregon: Patterns and Controls on Stream Temperature 
and Implications for Flow Management and 
Cold-Water Salmonids

By Laurel E. Stratton Garvin and Stewart A. Rounds

Abstract
Water temperature is a primary control on the health, 

diversity, abundance, and distribution of aquatic species, but 
thermal degradation resulting from anthropogenic influences 
on rivers is a challenge to threatened species worldwide. In 
the Willamette River Basin, northwestern Oregon, spring-run 
Chinook salmon (Oncorhynchus tshawytscha) and winter-
run steelhead (O. mykiss) are formerly abundant cold-water-
adapted species that are now protected under the Endangered 
Species Act. Among the challenges to the health of cold-
water salmonids in the Willamette River Basin, disruptions 
in the seasonal patterns of stream temperature imposed by 
13 large, multipurpose dams on tributaries to the Willamette 
River, as well as temperatures routinely in excess of regula-
tory limits in the Willamette River Basin, are contributing 
factors. To better understand controls on stream temperature, 
the sensitivity of stream temperature to flow augmentation as 
a management tool for suppressing high temperatures, and 
the implications for threatened salmonids, this study used 
a two-dimensional hydrodynamic and water-quality model 
(CE-QUAL-W2) to investigate spatial and temporal pat-
terns of stream temperature in the Willamette River Basin. 
This study focused on the upper 160.4 river miles of the 
Willamette River from the confluence of the Middle Fork and 
Coast Fork Willamette Rivers (river mile 187.2) to Willamette 
Falls (river mile 26.8), three representative climate years 
(2011, a cool and wet year; 2015, an extremely hot and dry 
year; and 2016, a moderately hot and dry year), and a series 
of flow-augmentation scenarios. Model results show that the 
Willamette River upstream from Willamette Falls is divis-
ible into four characteristic “thermal reaches” with similar 
thermal patterns, depending on tributary input, warming rate, 
and the timing of thermal response. In general, the Willamette 
River warms downstream during spring and summer, but 
patterns are complex, influenced by tributary inflows, and 
seasonally variable. Except in cool wet years (as illustrated by 
2011), modeling suggests that adversely warm conditions for 
spring-run Chinook salmon are extensive from June or July 
through August. The thermal influence of flow augmentation 
from dam storage on four tributaries with U.S. Army Corps of 

Engineers dams varies spatially along the Willamette River, 
seasonally, and in magnitude, depending on a range of factors 
like distance from the Willamette River, the temperature of 
dam outflow, and the thermal template of tributary reaches 
controlling stream temperature adjustment to environmental 
heat fluxes. Modeling suggests that targeted flow management 
(via augmentation from dam storage) can reduce the extent 
and duration of thermally stressful conditions for Chinook 
salmon for short periods, but modeling suggests that flow 
augmentation is limited in its ability to fundamentally alter the 
“thermal landscape” (the entire range of temperature varia-
tion in a river system over space and time) of the Willamette 
River. While this research provides general insights into the 
thermal landscape of the Willamette River and its sensitivity 
to flow management, additional investigation into the thermal 
landscape of tributaries downstream from U.S. Army Corps 
of Engineers dams, as well as the thermal management of 
reservoirs, storage availability, and dam outflows, would be 
necessary to target specific management actions for support-
ing specified rearing or migration conditions for spring-run 
Chinook salmon and other cold-water-adapted species in the 
Willamette River Basin.

Introduction
Water temperature is a primary control on the diversity, 

abundance, and distribution of riverine species (Vannote and 
others, 1980; Caissie, 2006; Webb and others, 2008). Many 
native fish species in the Willamette River Basin of northwest-
ern Oregon are adapted to cold-water conditions, including 
spring-run Chinook salmon (Oncorhynchus tshawytscha) and 
winter-run steelhead (O. mykiss). These species were histori-
cally abundant but due to the cumulative effects of overfish-
ing, pollution, habitat loss, and habitat degradation are now 
listed as threatened under the Endangered Species Act (ESA) 
of 1973 (Public Law 93–205, 87 Stat. 884, as amended; Sedell 
and Froggatt, 1984; National Marine Fisheries Service, 2008; 
Wallick and others, 2013). Among the challenges facing 
threatened fish populations in the Willamette Basin, thermal 
degradation is a major stressor (National Marine Fisheries 
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Service, 2008; Oregon Department of Fish and Wildlife 
and National Marine Fisheries Service, 2011). High stream 
temperatures have been shown to contribute to adult prespawn 
mortality, decreased growth and smoltification of juveniles, 
and increased predation and disease, while alterations to the 
magnitude and timing of the annual temperature patterns 
downstream from large dams have been shown to influence 
many aspects of aquatic life cycles, including egg survival, 
emergence, and out-migration (McCulloch, 1999; Caissie, 
2006; Keefer and others, 2010; Olden and Naiman, 2010; 
Perry and others, 2015).

Thermal alteration resulting from large dams on tributar-
ies to the Willamette River has long been recognized. The 
U.S. Army Corps of Engineers (USACE) owns and operates 
the Willamette Valley Project, which includes a system of 
13 high-head (15 meters [m]) (International Commission on 
Large Dams, 2011) dams shown to modify the seasonality 
of the annual downstream temperature pattern, lagging both 
spring warming and autumn cooling as the combined result 
of thermal stratification and limited flexibility in the depth of 
release (Wetzel, 2001; Rounds, 2007; Sullivan and Rounds, 
2004; Rounds, 2010; Olden and Naiman, 2010). To address 
these negative effects and mimic a more-natural seasonal tem-
perature pattern downstream from Willamette Valley Project 
dams, USACE has pursued a variety of approaches, ranging 
from operational changes in dam releases to the planning and 
construction of temperature control towers designed to allow 
mixing of reservoir water from different depths prior to release 
(Buccola and others, 2012, 2015; Buccola, 2017; Rounds and 
Buccola, 2015). These efforts have shown some success in 
certain tributary reaches; however, the direct influence of tem-
perature control on Willamette River Basin stream tempera-
tures decreases with time and downstream distance as streams 
exchange heat with the surrounding environment (Rounds and 
Stratton Garvin, 2022).

The temperature of a stream is a dynamic balance 
between advective heat (the heat in water flowing from 
upstream or from groundwater, tributary, or human-derived 
inputs) and environmental energy fluxes (heat from solar and 
atmospheric radiation inputs, back radiation, conduction, 
evaporation, and condensation). As water travels downstream 
and river morphology and weather conditions change, the 
exchange of heat across the air-water and sediment-water 
interfaces causes the temperature to constantly adjust. The 
thermal response of a stream reach depends on the geology, 
groundwater discharge, topography, latitude, aspect, geo-
morphology, prevailing climate, anthropogenic factors like 
dams or urban areas, and other factors that influence stream 
heat content (Brown, 1969; Vannote and others, 1980; Bogan 
and others, 2003; Johnson, 2004; Tague and others, 2007; 
Burkholder and others, 2008). In the Willamette River, sum-
mer heating is constrained by flow augmentation from USACE 

reservoirs by (1) increasing the thermal mass in the river, 
which limits the temperature response to peak annual heating, 
and (2) decreasing the travel time (and thus exposure time to 
environmental energy fluxes) as water travels from the cooler 
foothills to warmer downstream reaches (Gregory and others, 
2007b; Risley and others, 2010; Rounds, 2010; Wallick and 
others, 2013; Stratton Garvin and others, 2022b). In recogni-
tion of thermal and ecosystem benefits, USACE manages 
the system of dams in the Willamette River Basin to meet or 
exceed minimum streamflow levels at Albany, Salem, and at 
selected tributary sites, as prescribed by a 2008 Biological 
Opinion (National Marine Fisheries Service, 2008).

Although the influence of dam releases, the relation 
between streamflow and stream temperature, and patterns of 
downstream warming are understood for the Willamette River 
in a general way, much remains unknown about the thermal 
conditions and the effects of various hydroclimatological 
conditions and management actions on stream temperatures 
throughout the river system. This study uses results from 
CE-QUAL-W2, a two-dimensional hydrodynamic and water-
quality model, to investigate the “thermal landscape” (the 
entire range of temperature variation in a river system over 
space and time) (Fullerton and others, 2015; Steel and others, 
2017) of conditions in the Willamette River. By comparing 
the modeled stream temperature of the Willamette River in 
four empirically designated “thermal reaches” (a river reach of 
varying length with similar thermal patterns) for three repre-
sentative climate years (2011, a cool and wet year; 2015, an 
extremely hot and dry year; and 2016, a moderately warm and 
dry year) across a series of flow-augmentation scenarios in 
major, dam-controlled tributaries to the Willamette River, this 
study provides insight into the controlling factors influencing 
stream temperature in the Willamette River and into poten-
tial actions to improve thermal conditions for threatened fish 
populations in the Willamette River Basin.

Study Area Description

The Willamette River is the principal stream draining the 
11,500 square mile (mi2) Willamette River Basin in northwest-
ern Oregon (fig. 1). Flowing approximately 187 miles north 
from its start at the confluence of the Coast Fork Willamette 
and Middle Fork Willamette Rivers to its confluence with the 
Columbia River, the Willamette River receives inflow from 
three distinct regions of the basin: the Coast Range to the 
west, the Cascade Range to the east, and the fertile Willamette 
Valley, which is home to Oregon’s largest cities, including 
Eugene, Corvallis, Albany, Salem, and Portland, and one of 
the most diverse agricultural regions in the state (Conlon and 
others, 2005).
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The geomorphic character of the Willamette River varies 
along its length and has been influenced by many substantial 
anthropogenic actions over at least the last 150 years (Wallick 
and others, 2007; Wallick and others, 2013). While pre-
dominantly a single-thread, gravel-bedded river, in its upper 
reaches, from the confluence of the Coast Fork Willamette 
and Middle Fork Willamette Rivers (river mile [RM] 187) to 
Corvallis (RM ~131), the Willamette River was historically 
more dynamic than downstream reaches and presently has 
numerous actively shifting gravel bars and side channels with 
active migration processes and occasional multi-thread sec-
tions (Wallick and others, 2013). In contrast, from Corvallis 
to the confluence of the Willamette and Santiam Rivers (RM 
109), side channels and actively shifting bars are relatively 
rare. Downstream from the Santiam River confluence to the 
head of the Newberg Pool (RM 50), the Willamette River 
is geomorphically stable, with low historical rates of mean-
der migration and avulsions, but has more and larger gravel 
bars and abundant secondary channels as compared to the 
reach from Corvallis to the Santiam River confluence. The 
“Newberg Pool,” a reach extending from approximately RM 
50.0 to Willamette Falls at RM 26.8, is a bedrock-constrained, 
deep, low-gradient reach pooled by the falls at its downstream 
boundary (Dykaar and Wigington Jr., 2000). Willamette Falls 
is a 40-foot (ft) high, river-spanning basalt intrusion which, 
prior to the installation of locks and other modifications, cre-
ated a barrier to both navigation and low-flow fish passage 
(Oregon Department of Fish and Wildlife and National Marine 
Fisheries Service, 2011; National Marine Fisheries Service, 
2008). The Willamette River downstream from Willamette 
Falls (often referred to as the “lower Willamette River”) is 
tidally influenced to its confluence with the Columbia River 
north of the city of Portland.

Prior to European settlement, the Willamette River Basin 
supported large populations of anadromous fish. Although no 
direct estimates of anadromous fish runs prior to the 1940s 
exist, anecdotal evidence suggests that spring-run Chinook 
salmon may have been as high as 275,000 fish in the 1920s 
(Myers and others, 2006); others estimate that the upper 
Willamette River Basin may have supported millions of 
salmonids prior to the onset of habitat degradation and other 
stressors in the early 1800s (Oregon Department of Fish and 
Wildlife, The State of Oregon, and the National Oceanic and 
Atmospheric Administration, 2011). The primary natal streams 
for these fish populations all drain the western slopes of the 
Cascade Range, and include the Clackamas, Molalla, Santiam, 
Calapooia, McKenzie, and Middle Fork Willamette Rivers 
and their tributaries. Both juvenile and adult salmonids have 
been documented in streams draining the Coast Range; for 
example, the Coast Fork Willamette, Marys, and Long Tom 
Rivers, but these streams are not thought to have supported 
large populations of anadromous fish (Myers and others, 2006; 
Oregon Department of Fish and Wildlife and National Marine 
Fisheries Service, 2011). Following centuries of decline, 
Upper Willamette River spring-run Chinook salmon and 

Upper Willamette River winter-run steelhead were listed as 
threatened under the ESA in 1999 (National Marine Fisheries 
Service, 1999a, 1999b).

Streamflow in the Willamette River and its tributaries is 
influenced by seasonal weather patterns, by the geology and 
physiography of tributary sub-basins, and by flow manage-
ment operations at large, multi-purpose dams on tributaries 
in the basin. Pacific Ocean-derived, eastward-moving storms 
provide most of the precipitation to the basin, which typically 
falls as rain in the Coast Range, Willamette Valley, and lower 
Cascade Range foothills, and as snow along the crest of the 
Cascade Range. Most precipitation falls between October 
and March; annual totals vary with elevation, ranging from 
approximately 35-40 inches in the valley lowlands up to 
130 inches or more along the crest of the Coast and Cascade 
Ranges (Wentz and others, 1998; PRISM Climate Group, 
2020). In general, the largest streamflows are the result of win-
ter storms, whereas the lowest streamflows occur in late sum-
mer prior to the start of the autumn rainy season. However, for 
tributaries deriving water from the High Cascades, a region 
dominated by young, highly permeable basalts, this pattern is 
moderated by abundant groundwater contributions to stream-
flow and by winter storage of precipitation as snow in the 
upper elevations of the basin (Conlon and others, 2005; Tague 
and Grant, 2004; Jefferson and others, 2006). A substantial 
proportion of streamflow in the Willamette River is controlled 
by USACE through its operation of 13 tributary dams, used to 
mitigate flood risk hazards to downstream communities and 
provide hydropower, navigation, water supply, and ecological 
and other benefits. Water stored during winter is used to aug-
ment summer streamflow in the Willamette River, with aug-
mented streamflow at Salem about double the historical low-
flow average (U.S. Geological Survey continuous monitoring 
site 14191000; Rounds, 2010; U.S. Geological Survey, 2020).

Stream temperatures in the Willamette River system 
generally follow seasonal climate patterns but vary spa-
tially according to elevation, geology, geomorphology, and 
in response to anthropogenic influences. Tributaries with 
significant inputs from the High Cascades tend to be cold and 
thermally stable, with muted warming both seasonally and 
downstream as compared to stream reaches without significant 
groundwater inputs (Tague and others, 2007; Rounds, 2010). 
In contrast, streams draining the Coast Range and lower-
elevation Western Cascades, which are dominated by rainfall-
derived runoff and naturally lower summer base flows, tend 
to be warmer and more responsive to seasonal thermal loads 
(Tague and others, 2007; Dent and others, 2008; Leach and 
others, 2017; U.S. Geological Survey, 2020). These general 
patterns, however, are influenced by geomorphic character-
istics that control the degree of shading, riparian vegetation, 
hyporheic flow, and stream velocity of individual reaches; 
additionally, anthropogenic influences like dam operations, 
water withdrawals for irrigation and municipal use, and point 
source discharges all influence local stream temperature and 
downstream thermal adjustments. The temperature effects 
of dam releases on downstream reaches in the Willamette 
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River Basin have been modeled to be as large as 6.0 – 6.5 °C 
(both warmer and cooler, depending on a range of factors); 
however, management actions implemented since 2005 have 
shown some success in reducing the magnitude of these effects 
(Rounds 2007; Sullivan and Rounds, 2004; Rounds, 2010; 
Hansen and others, 2017).

Hydrology and Geomorphology of Tributaries 
Downstream from U.S. Army Corps of Engineers 
Dams with Historical Salmonid Populations

Of the USACE-dammed tributaries to the Willamette 
River with historical populations of salmonids, the Santiam 
River Basin provides the most reservoir storage. The South 
Santiam River is dammed by Foster Dam, 36.4 miles upstream 
from the South Santiam-North Santiam River confluence 
(48.3 miles from the Willamette River), and Green Peter 
Dam farther upstream on the Middle Santiam River (fig. 1). 
Together, these reservoirs comprise approximately 28 percent 
of total available conservation storage in the Willamette Valley 
Project (National Marine Fisheries Service, 2008). The North 
Santiam River is dammed by Big Cliff Dam and Detroit Dam 
immediately upstream. Big Cliff Dam, located approximately 
58.6 miles upstream from the Willamette River, has negligible 
storage but regulates outflow from Detroit Dam, a large 
flood-risk management dam that provides approximately 
16 percent of total conservation storage in the Willamette 
Valley Project (National Marine Fisheries Service, 2008). The 
South Santiam River drains a region dominated by relatively 
steep, dissected, and impermeable Western Cascades geology 
and has an average slope of 0.1321 percent (Wallick and 
others 2013; Risley and others, 2012). In contrast, the North 
Santiam River drains a basin dominated by High Cascades 
geology. With an average slope of 0.28 percent and relatively 
limited channel stabilization, the North Santiam River is 
both the steepest and most dynamic of the USACE-dammed 
Willamette River tributaries (Wallick and others, 2013). From 
non-alluvial reaches in the steeper canyons downstream from 
the major dams, both the North Santiam and South Santiam 
Rivers transition to predominately alluvial domains in their 
lower elevations. In contrast to the North Santiam River, both 
the South Santiam and Santiam Rivers are predominantly 
single-thread and have been extensively stabilized by 
revetments (Wallick and others, 2013).

The McKenzie River is a major tributary to the 
Willamette River that is characterized by stable, spring-fed 
streamflows that originate in its upper basin, and includes 
extensive water management projects. The Eugene Water and 
Electric Board operates a hydropower complex and two hydro-
power canals on the McKenzie River, which significantly alter 
streamflow (Risley and others, 2010). Flood-risk manage-
ment dams include Cougar Dam on the South Fork McKen-
zie River and Blue River Dam on Blue River, a tributary to 
the McKenzie River. Blue River Dam impounds a relatively 
small reservoir (4 percent of total available Willamette Valley 

Project conservation storage), whereas Cougar Dam impounds 
approximately 8 percent of total available Willamette Valley 
Project conservation storage. Cougar Dam, located 60.7 
river miles upstream from the Willamette River, has a selec-
tive withdrawal tower which has operated to moderate the 
temperature of dam releases since 2005 (Rounds, 2007). The 
South Fork McKenzie and McKenzie Rivers are relatively 
steep downstream from Cougar Dam, with an average slope of 
0.19 percent (Wallick and others, 2013). The McKenzie River 
is narrow and steep in its upper reaches but occupies a wide 
alluvial corridor in its lower reaches (Risley and others, 2010).

The Middle Fork Willamette River is the final major, 
USACE-dammed tributary with historical salmonid popula-
tions. USACE operates four major dams in the Middle Fork 
Willamette River Basin. On the Middle Fork Willamette 
River, Dexter Dam is 16.5 miles upstream and serves as a re-
regulation dam for Lookout Point Dam, which impounds the 
largest reservoir by volume in the Willamette Valley Project 
(18 percent of total available conservation storage). Farther 
upstream, the reservoir impounded by Hills Creek Dam com-
prises 14 percent of available conservation storage. Additional 
storage in the Middle Fork Willamette River Basin is pro-
vided by Fall Creek Dam (impounding 6 percent of avail-
able Willamette Valley Project conservation storage) on Fall 
Creek, a tributary that joins the Middle Fork Willamette River 
downstream from Dexter Dam. The Middle Fork Willamette 
River downstream from Dexter Dam has an average slope of 
0.219 percent but is largely laterally stable, due to the decrease 
in peak flows and bed-material supply, encroachment of forest 
vegetation and enhanced bank protection (Wallick and others, 
2013, 2018).

Management and Hydroclimatological 
Conditions in Modeled Years

The analysis in this report is based on modeled stream 
temperatures in March through October of 2011, 2015, and 
2016. These years were chosen as a representation of the range 
of recent conditions measured in the Willamette River (fig. 2; 
table 1). Air temperature in 2011 was characterized by a “near 
normal” winter followed by the second coldest spring (calcu-
lated as April through June) on record in the Willamette Valley 
(table 1; National Oceanic and Atmospheric Administration 
National Centers for Environmental Information, 2020). 
Precipitation was average in winter, followed by an above-
normal spring (calculated as April through June) and a below 
normal summer (calculated as July through September) and 
autumn (calculated as October through December). In con-
trast, 2015 was the hottest year on record (1895–2020) in the 
Willamette Valley, defined by the record warmest winter and 
top decile spring, summer, and autumn. Until autumn, 2015 
was also very dry, with below-average or much-below-average 
precipitation in the winter, spring, and summer. Compared 
to 2015, 2016 represents less extreme air temperature and 
precipitation conditions; however, conditions from winter 



6  Thermal Landscape of Willamette River—Patterns and Controls on Stream Temperature

1×103

1×104

1×105

1×106

M
ea

n 
da

ily
 s

tre
am

flo
w

, i
n 

cu
bi

c 
fe

et
 p

er
 s

ec
on

d

A. USGS 14191000, Willamette River at Salem

5

10

15

20

25

January February March April May June July August September October November December

M
ea

n 
da

ily
 te

m
pe

ra
tu

re
, i

n 
de

gr
ee

s 
Ce

ls
iu

s

B. USGS 14192015, Willamette River at Keizer

2011
2015
2016
Median

10−90 percent
33−67 percent
Min−Max

EXPLANATION

Figure 2. Range of (A) streamflow and (B) water temperature conditions in the Willamette River at Salem (USGS station 14191000) and 
Keizer (USGS station 14192015), northwestern Oregon. Percentiles were computed using measurements from January 2001 through 
December 2020 (U.S. Geological Survey, 2020). USGS, U.S. Geological Survey.
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Table 1. Seasonal and annual air temperature and precipitation divisional rankings for the Willamette Valley, northwestern Oregon, 
1895–2020.

[For a period of 126 years, a ranking of 1 represents the coolest or driest conditions on record, whereas a ranking of 126 represents the warmest or wettest condi-
tions on record. Colors correspond to the categorization scheme utilized by the National Oceanic and Atmospheric Administration, where the upper and lower 
tercile are considered “above/below normal,” the middle tercile is considered “near normal,” and the upper and lower deciles are considered “much above/much 
below normal.” Data from National Oceanic and Atmospheric Administration National Centers for Environmental Information (2020).]

Period

Rank

Average air temperature Average precipitation

2011 2015 2016 2011 2015 2016

January–March 58 126 121 74 17 78
April–June 2 122 125 115 7 23
July–September 93 121 96 25 38 33
October–December 37 114 76 25 111 115

Key Average air temperature Average precipitation

Record
1–13 = Much below normal
14–42 = Below normal
43–84 = Near normal
85–113 Above normal
114–126 Much above normal
Record

through summer of 2016 were also predominantly warm and 
dry (table 1). The Willamette Valley Project did not reach 
full storage capacity in either 2015 or 2016, with reservoir 
levels often lower in 2015 than in 2016 (U.S. Army Corps of 
Engineers, 2020). All three modeled years are representative 
of “modern” operations in the Willamette Valley Project, with 
streamflows managed to comply with the requirements of the 
2008 Willamette River Basin Flood Control Project Biological 
Opinion (National Marine Fisheries Service, 2008) and dam 
releases managed for temperature at Cougar Dam, where a 
temperature control tower was completed in 2005, and at 
Detroit Dam, where operational changes instituted in 2007 
improved the downstream thermal regime (Risley and others, 
2010; Rounds, 2010).

Purpose and Scope
This report documents an analysis of spatial and temporal 

stream temperature patterns in the Willamette River in 2011, 
2015, and 2016, the potential effect of thermal conditions 
on threatened cold-water salmonids in selected rivers of the 
Willamette River Basin, and the sensitivity of stream tempera-
ture to additional flow augmentation. All analyses of water 
temperature were completed using CE-QUAL-W2, a two-
dimensional water-quality model with a long history of usage 

in the Willamette River Basin and elsewhere (Wells, 2019; 
Stratton Garvin and others, 2022b, and references therein). 
Analyses use the modeled daily mean or daily maximum tem-
perature for each model segment and literature-derived life-
stage-specific temperature thresholds for Upper Willamette 
River spring-run Chinook salmon (White and others, 2022) to 
develop a series of metrics and visualizations characterizing 
the temporal and spatial variability of stream temperature in 
the Willamette River. Temperature thresholds for both juvenile 
and adult Chinook salmon are presented but the majority of 
the analysis focuses on juvenile Chinook salmon.

Modeling Domain and Flow-Augmentation 
Scenarios

The modeling in this report was completed using six 
previously developed CE-QUAL-W2 Willamette River 
Basin submodels of the Coast Fork Willamette, Middle Fork 
Willamette, McKenzie, South Santiam, North Santiam, and 
Santiam Rivers, as well as the upper and middle section of the 
main-stem Willamette River, as defined by Stratton Garvin and 
others (2022b; fig. 1). These submodels extended upstream 
as far as the lowermost USACE dam on a given tributary and 
were linked together to run as a single, integrated model. The 
model domain included streams downstream from all USACE 
dams in the Willamette River Basin except for the Long Tom 
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River downstream from Fern Ridge Dam and Blue River (a 
tributary to the McKenzie River) downstream from Blue River 
Dam, which either do not have existing CE-QUAL-W2 mod-
els (Blue River) or are considered a lower modeling priority 
by USACE (Long Tom River). Except where referenced to a 
specific measured dataset, “baseline conditions” refer to model 
results produced using measured or estimated data to simulate 
measured river temperatures from March 24 or 23 (in 2016, a 
leap year) through October 30 or 31.

The primary analytical focus of this report is on the 
Willamette River itself, defined here as the main channel of 
the Willamette River from RM 187.2 at the confluence of the 
Coast Fork Willamette and Middle Fork Willamette Rivers, 
to RM 26.8 at Willamette Falls. However, all model results, 
including both baseline conditions and flow-augmentation sce-
narios, were modeled using the full Willamette River system 
modeling domain as defined by Stratton Garvin and others 
(2022b), which included rivers in the Middle Fork Willamette, 
Coast Fork Willamette, McKenzie, and Santiam River Basins. 
Flow-augmentation scenarios included the addition of a total 
of 1,000 cubic feet per second (ft3/s) to the baseline condi-
tions for the duration of the model simulation in 2011, 2015, 
and 2016 as hypothetically released from one upstream dam 
at a time on the Middle Fork Willamette, McKenzie, North 
Santiam, or South Santiam Rivers, for a total of 12 scenarios. 
Limited analysis from the outflow of tributary submodels 
was used to investigate reasons for the difference in flow-
augmentation influence on Willamette River temperatures, 
but detailed analysis of results from the tributary submodels 
themselves was beyond the scope of this study.

This report is intended to describe patterns and con-
trols on stream temperature in streams of the Willamette 
River Basin downstream from USACE dams. A basic level 
of literacy in modeling and stream temperature dynamics is 
assumed. For more in-depth information about stream tem-
perature dynamics, stream temperature modeling, and previ-
ous work in the Willamette River Basin, readers may consult 
foundational texts, reviews, and other supporting documents, 
including Brown (1969), Poole and Berman (2001), Caissie 
(2006), Rounds (2010), Wells (2019), Stratton Garvin and oth-
ers (2022a, 2022b), and Rounds and Stratton Garvin (2022).

Locations and Reporting Units

Locations along the Willamette River and its tributaries 
are referred to by RM for river mile, which starts at the mouth 
of each stream or river and measures the centerline distance 
upstream. The RMs used in this report were calculated using 
the underlying CE-QUAL-W2 model geometry and then 
aligned with locations in the real world (such as confluences 
or gaging stations) using the location of Willamette Falls, 
at RM 26.76, and the original model documentation as 
references (Stratton Garvin and others, 2022b). Because 
the CE-QUAL-W2 model grid was somewhat simplified 
and because the river has continued to meander across its 
floodplain in some reaches, the RMs reported here may not 
align with those reported by other sources.

Other units of measurement utilized in this report 
reflect the mixed International System (SI) of Units and 
U.S. Customary Units used by floodplain managers of the 
Willamette River Basin. Streamflow is presented in cubic feet 
per second (ft3/s) to align with the standard language used 
by dam operators, USGS streamflow gaging station mea-
surements, and streamflow requirements established in the 
Biological Opinion (National Marine Fisheries Service, 2008). 
Temperature is reported in degrees Celsius (°C). Unit conver-
sions are presented in the report front matter.

Methods
CE-QUAL-W2 is a two-dimensional, process-based 

hydrodynamic and water-quality model with a long history 
of application in the Willamette River Basin (Wells, 2019; 
Stratton Garvin and others, 2022b, and references therein). 
Designed for use in long, narrow water bodies that may stratify 
(such as lakes and reservoirs), models built in CE-QUAL-W2 
are depth and longitudinally discrete but laterally averaged. 
CE-QUAL-W2 calculates water movement from the balance 
of frictional and gravitational forces within the framework 
of the model grid, a three-dimensional estimate of stream or 
reservoir bathymetry, inflows, outflows, and structural features 
specific to the individual model domain. Stream temperature 
is calculated using a heat budget based on the net balance 
of environmental and advective energy fluxes and includes 
a dynamic representation of topographic and vegetative 
shading (Wells, 2019). Models built with CE-QUAL-W2 are 
most appropriately built at the “reach-scale” (as opposed to 
a larger “basin scale” or smaller “habitat scale”), with the 
length of each model segment (the model discretization unit 
in the longitudinal, or upstream-downstream direction) and 
the height of each layer (the model discretization unit in the 
z, or vertical, direction) developed to provide results that 
are (1) grid-independent (model output is not a function of 
how the underlying bathymetric grid is constructed) and (2) 
computationally feasible (run times and required computing 
power are reasonable and within the computing capabilities 
of the computer system in use). CE-QUAL-W2 can be 
configured to run a single simulation for as long a simulated 
time period as is computationally feasible. The simulation 
timestep, with some user-based controls, is internally 
computed by CE-QUAL-W2 based on mass conservation and 
numerical stability constraints, but the output frequency is user 
designated.

The submodels used in this analysis are a subset of those 
that were originally developed to support the establishment 
of a Total Maximum Daily Load for water temperature in the 
Willamette River and selected tributaries by simulating condi-
tions in the summers of 2001 and 2002 (Annear and others, 
2004; Berger and others, 2004; Sullivan and Rounds, 2004; 
Bloom, 2016). The submodels were subsequently updated 
to CE-QUAL-W2 version 4.2 and configured to simulate 
conditions from day-of-year (JDAY; after “Julian day”) 80 
(March 21st in a non-leap year) to JDAY 305 (November 1 
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in a non-leap year) of 2011, 2015, 2016 (Stratton Garvin and 
others, 2022b). Although the exact dimensions varied within 
and between submodels, in general, the submodels used in 
this study were discretized to segment lengths on the order 
of 100–500 m and layer heights of approximately 0.4–1.0 m. 
Statistical measures of model fit have shown that the models 
are capable of simulating subdaily stream temperatures with a 
mean absolute error of generally less than 1 °C and often near 
0.5 °C, with minimal bias. Further details on model improve-
ments, updates, and fit are described by Stratton Garvin and 
others (2022b). All baseline condition models and scenarios as 
well as the model computer code are available from Stratton 
Garvin and Rounds (2022). All analyses were derived from 
the model-calculated, flow-weighted daily mean or daily 
maximum temperature for each segment in the model domain 
(“FlowTemp.dat,” a customized output from CE-QUAL-W2). 
All subsequent analysis was performed using the R statistical 
package (R Core Team, 2020).

Analyses were based on temperature thresholds for 
Chinook salmon from White and others (2022), based on a 
literature review utilizing numerous sources including Brett 
(1982), McCullough (1999); Marine and Cech, Jr. (2004), 
and Perry and others (2015). Thermal categories include 
“lethal,” “adverse,” “optimal,” and “suboptimal” as a descrip-
tion of their likely effect on the fish of the specified life stage. 
Categories are derived from two sets of thresholds, one set 
for juvenile rearing and growth and a separate set for adult 
migration, and are based on the daily mean water temperature 
(table 2). The available thresholds are limited to juvenile rear-
ing and adult migration of Chinook salmon, but future analysis 
may make use of similar thresholds for adult Chinook salmon 
spawning and for multiple life stages of steelhead.

Flow-sensitivity scenarios were performed by uni-
formly adjusting the measured dam-release flow rates to the 
upstream end of the models in question, including the Coast 
Fork Willamette, Middle Fork Willamette, McKenzie, South 

Santiam, North Santiam, and Santiam River models. These 
flow sources were selected to represent reservoirs with large 
storage capacities on tributaries with current or historical 
populations of threatened anadromous fish. A total of twelve 
scenarios were simulated by adjusting the measured inflow 
to the South Santiam, North Santiam, South Fork McKenzie, 
or Middle Fork Willamette Rivers by a uniform addition of 
1,000 ft3/s (28.3 m3/s in the model) to the baseline inflow 
for the entire model duration for all three model years. This 
addition resulted in a percent increase in streamflow rang-
ing from 2.5 to 27.7 percent at Albany (upstream from the 
Santiam River confluence) and 1.62 to 19.5 percent at Salem 
(downstream from the Santiam River confluence), depend-
ing on the year and seasonal variation (app. 1, fig. 1.1). No 
attempt to calculate available storage volumes or produce 
a realistic flow regime were attempted, as this exercise was 
intended to investigate the sensitivity to flow management 
of the Willamette River rather than to suggest an operational 
flow-management regime.

Additionally, for simplification, no effort to adjust the 
temperature of dam releases was attempted for any scenario. 
As with flow, this exercise was not intended to suggest actual 
changes to dam operations regarding the temperature of dam 
releases, and such a detailed, operationally based analysis is 
beyond the scope of this investigation. This simplification is 
unrealistic, as an increase or decrease in dam releases would 
change the internal thermal structure of the reservoir upstream, 
thus altering the temperature of the outflow. Some specific 
implications of this simplification are discussed in subsequent 
sections of this report; however, because the direct thermal 
influence of dam-release temperatures decreases with dis-
tance downstream as heat is exchanged with the surrounding 
environment, this approach is generally reasonable for results 
in the Willamette River (Rounds, 2010; Rounds and Stratton 
Garvin, 2022).

Table 2. Water temperature thresholds and their potential effect on Chinook salmon (Oncorhynchus tshawytscha) during juvenile 
rearing and growth or adult migration, Willamette River, northwestern Oregon.

[Thresholds are designated based on the daily mean temperature, in degrees Celsius. Category name is used in figures 7, 8, and 13. Abbreviations: °C, degrees 
Celsius; ≥, greater than or equal to; <, less than; ≤ less than or equal to]

Juvenile rearing and growth Adult migration
Category nameTemperature 

range (°C)
Effects on fish

Temperature 
range (°C)

Effects on fish

≥ 24 °C Mortality ≥ 23 °C Mortality Lethal

≥20–24 °C Sub-optimal due to increased stress, decreased growth 
and potential for disease ≥19–23 °C Migration impaired Adverse

≥10–20 °C Optimal ≥12–19 °C Optimal Optimal

<10 °C Safe, but decreased growth <12 °C Safe, preferred for  
spawning Suboptimal
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Results
The “thermal landscape” (after Fullerton and others, 

2017) of a river system describes the entire range of tem-
perature variation in a river system over time and space. To 
adequately characterize the thermal landscape, a number of 
metrics must be used. Temporal variation, or the “thermal 
regime” of a river system, can be assessed in terms of (1) 
magnitude, (2) duration, (3) frequency, (4) timing, and (5) 
variability or rate of change (after Olden and Naiman, 2010; 
Steel and others 2017). Because the thermal landscape consid-
ers variation of a thermal regime in both time and space, it is 
also necessary to assess (1) location, (2) scale, (3) extent, and 
(4) heterogeneity. The appropriate metrics applied to these 
components of temperature depend on the context of a study 
and may vary spatially and temporally. For example, the regu-
latory criterion for designating temperature-impaired streams 
in Oregon is based on the seven-day average of the daily 
maximum temperature, a timescale thought to be both reason-
able for regulatory and management purposes and biologi-
cally relevant (Oregon Department of Environmental Quality, 
2006a, 2006b). The value of this threshold metric varies both 
seasonally and spatially according to the designated biological 
use of a given river reach (for example, rearing and migration 
or spawning).

In this report, output from CE-QUAL-W2 was used to 
investigate the thermal regime at (1) daily and (2) monthly 
timescales, with some interannual comparison of monthly 
averages. A daily timescale (as the daily mean or daily maxi-
mum) is useful in assessing the spatial variation of stream 
temperature at a relatively short time scale and in assessing 
the acute thermal suitability of stream temperatures for aquatic 
species. Monthly averaged stream temperatures, in contrast, 
provide a better understanding of seasonal patterns and the 
chronic thermal exposure of aquatic species in the river 
system; monthly averages also tend to be more tractable for 
management actions. Finally, the comparison of monthly aver-
ages across multiple representative years provides insight into 
the “thermal template” of a river system, or the thermal condi-
tions controlled by factors that change only over time scales 
of many years, such as climate, geomorphology, geology, and 
topography.

In addition to providing temporally discrete data that can 
be summarized at multiple timescales, output from spatially 
discrete models built with CE-QUAL-W2 also provide the 
opportunity to investigate spatial variations in stream tem-
perature at multiple spatial scales. Temperature output for 
this report is provided at two scales: the segment scale, which 
provides a temperature for every segment in the model (rang-
ing from about 100 to 500 m, depending on exact location in 

the modeling domain), and the “thermal-reach” scale, defined 
as river reaches of varying length with similar thermal pat-
terns resulting from similar in-reach controls on temperature. 
Output at the segment scale is comparable to output from 
continuous monitoring stations in the main-stem river (which 
are placed to collect data representative of the main body of 
streamflow in the river, as opposed to micro-environments in 
off-channel or other features), but segment-scale results are 
available along the entire river network contained within the 
model domain as opposed to discrete monitoring locations. 
Analysis at the segment scale can be used to assess thermal 
conditions at specific locations in the river, to determine 
the spatial extent of temperatures within a certain threshold 
criterion, or to identify spatial variability in thermal minima 
and maxima at different time scales. In contrast, analysis at the 
thermal-reach scale can provide a better understanding of the 
thermal template of portions of the river system, their suscep-
tibility to temperature manipulation from flow management, 
and a more synthesized assessment of the thermal suitability 
of river conditions for aquatic species.

Finally, stream temperature itself can be classified 
according to biologically relevant metrics. In this study, 
temperature was classified into four categories according to 
its probable effect on (1) juvenile Chinook salmon rearing 
and growth, and (2) adult Chinook salmon migration in the 
Willamette River (table 2; White and others, 2022). Based 
on an extensive literature review (for example, Brett, 1982; 
McCullough, 1999; Marine and Cech, Jr., 2004; Perry and 
others, 2015), this classification used the daily mean tempera-
ture as the best representation of conditions fish are exposed 
to over the course of a given day. Similar metrics for other 
life stages (for example, spawning and incubation) and for 
additional species of interest (for example, threatened winter-
run steelhead) are beyond the scope of this study but may be 
investigated in future work.

In the following sections, output from CE-QUAL-W2 
models of the Willamette River from its head (RM 187.2) to 
Willamette Falls (RM 26.8) was used to assess stream tem-
peratures in the Willamette River using the metrics described 
above. This assessment was divided into two primary sec-
tions: first, an investigation of the baseline thermal template 
of the Willamette River upstream from Willamette Falls, 
which defined four characteristic thermal reaches (table 3) 
and assessed the stream temperature conditions for spring-run 
Chinook salmon, and second, an investigation into the sensi-
tivity of stream temperature in the Willamette River upstream 
from Willamette Falls to flow-augmentation scenarios from 
four dams (via three tributaries to the Willamette River) and 
the potential effect of stream temperature management on 
spring-run Chinook salmon populations.
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Willamette River Thermal Template

Model results for Willamette River water temperatures 
on daily and monthly timescales during 2011, 2015, and 
2016 showed similar seasonal and longitudinal patterns but a 
wide range of annual variability across the thermal landscape 
(figs. 3A–C). In a general sense, the Willamette River was 
cool in spring, warmed downstream and through the summer, 
then cooled in autumn. In 2015, the Willamette River from 
its head to Willamette Falls warmed from a monthly mean 
water temperature of 12.0 °C in April to 22.1 °C in July, with 
monthly mean water temperatures above 20 °C in June, July, 
and August (table 4). June air temperatures in 2015 were 
abnormally high, and the maximum daily water temperature 
in 2015 was modeled to occur in a model segment immedi-
ately upstream from Newberg, reaching 27.5 °C in early July 
(fig. 2; table 5). In 2016, as modeled, the river warmed more 
slowly, with a monthly mean water temperature of 17.7 °C in 
June and mean monthly temperature above 20 °C only in July 
and August (table 4). Heating in the Willamette River during 
2016 was not as extreme as in 2015, with the daily maximum 
water temperature peaking at 25.7 °C in July of 2016, also 
immediately upstream from Newberg (table 5). While hydro-
climatological conditions in 2016 were less extreme than in 
2015, the models revealed that the mean temperature of the 
Willamette River in 2016 during the study season was only 1.2 
°C cooler. In contrast, the 2011 study season was an average 
of 3.6 °C cooler than in 2015 and 2.4 °C cooler than in 2016 
(table 4). Peak water temperatures in 2011 occurred in early 
and late August, with an annual daily maximum of 22.8 °C 
from Keizer to Willamette Falls (table 5). The monthly mean 
water temperature in June of 2011 was only 13.8 °C, and no 
months exceeded 20 °C with the highest monthly mean water 
temperature of 18.5 °C in August (table 4).

To allow comparison of interannual variability in stream 
temperature, modeled temperatures in 2011, 2015, and 2016 
were plotted as a monthly averaged longitudinal profile. The 
monthly scale removes the visible influence of transient hydro-
climatological conditions like storms or heat waves, allowing 
a better interannual comparison and the investigation of the 
thermal template of the Willamette River and its longitudinal 
variability. Although monthly averaged temperatures varied 
among years, the longitudinal rates of temperature change 
were similar (fig. 4). As modeled in 2011, 2015, and 2016, the 
Willamette River was cool in April (from 8 °C to about 11 °C 
at its head, depending on year) and downstream warming was 
limited, with a monthly averaged temperature difference from 
the head of the Willamette River to Willamette Falls of several 
degrees Celsius or less. As seasonal heat loads increased into 
the summer, the downstream reaches of the Willamette River 
warmed more than the upstream reaches to the model, creating 
a steeper temperature gradient from the head of the Willamette 
River to Willamette Falls during summer months when com-
pared to April. Annual stream temperatures in the Willamette 
River peaked in late July or early August, then began to cool 

in late summer (fig. 3; table 5). By October, seasonal cooling 
was greater in the lower reaches of the Willamette River than 
along the upper river corridor, creating a relatively isother-
mal (within about 1 degree Celsius) longitudinal temperature 
profile, except for the uppermost section of the Willamette 
River upstream from the McKenzie River confluence. Heat 
accumulated within Lookout Point and Dexter Lakes during 
the summer and exported downstream from Lookout Point and 
Dexter Dams to the Middle Fork Willamette River in autumn 
caused the Willamette River to be warmer upstream from the 
McKenzie River confluence than in the rest of the Willamette 
River (fig. 4).

Discontinuities in the thermal profile of the Willamette 
River caused by tributary confluences were evident at both 
daily and monthly timescales (figs. 3, 4). Both the McKen-
zie and Santiam Rivers caused thermal discontinuities in the 
Willamette River that persisted across all modeled seasons, 
whereas smaller tributaries like the Long Tom, Calapooia, or 
Yamhill Rivers had both a smaller and more transient effect 
on the temperature of the Willamette River. For example, the 
Willamette River was warmer downstream from the Yamhill 
River confluence in April of 2011 (when streamflow from the 
relatively warmer Yamhill River was high), but this effect was 
not evident in the summer or autumn (fig. 4). The effect of 
tributaries on Willamette River temperatures can be greater 
than 2 °C during certain times of year but is typically less. For 
example, the McKenzie River tended to change the tempera-
ture of the Willamette River by about 1 °C in August. The 
temperature effect of the Santiam River tended to be on the 
order of tenths to half of a degree Celsius for most of the year 
but as much as 1.5 °C in late summer (figs. 3, 4). The effect of 
smaller, unregulated tributaries like the Calapooia or Yamhill 
Rivers may have had a small effect on temperatures in the 
Willamette River on a daily basis, particularly in spring when 
their streamflows are higher, but any effects of these small 
tributaries were nearly negligible at the monthly scale.

At the monthly averaged scale, temperatures and the lon-
gitudinal rate of temperature change in the Newberg Pool were 
not notably different from the river reach downstream from 
the Santiam River confluence. However, daily plots show that 
the Newberg Pool was distinct from the reaches upstream in 
the timing of its thermal response to heat loading. The pattern 
of vertical striping visible in figure 3 upstream from Newberg 
indicated the Willamette River responds to river-scale changes 
in heat fluxes (weather) approximately synchronously; in 
other words, the hottest days or weeks of the year tended to 
occur on the same day along all reaches of the river. In the 
Newberg Pool downstream from RM 50, however, peak tem-
peratures occurred on progressively later days with distance 
downstream, producing a “lagged” temperature pattern in the 
Newberg Pool relative to the non-pooled reaches upstream (as 
shown by the “bend” to the right visible in thermal patterns 
starting near RM 50; fig. 3).
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Figure 3. Modeled baseline daily mean temperatures in the Willamette River from its head at the confluence of the Coast Fork 
Willamette and Middle Fork Willamette Rivers at river mile 187.2 to Willamette Falls at river mile 26.8 during March 24 (A, B) or March 23 
(C) through October 30 (2011, 2015) or October 29 (2016), northwestern Oregon. Streams annotated on y-axis are those included as 
tributaries in the model; other annotated locations are U.S. Geological Survey continuous temperature monitoring stations, including: 
14158100, Willamette River at Owosso Bridge at Eugene; 14166000, Willamette River at Harrisburg; 14174000, Willamette River at Albany; 
14192015, Willamette River at Keizer; and 14197900, Willamette River at Newberg (U.S. Geological Survey, 2020).



14  Thermal Landscape of Willamette River—Patterns and Controls on Stream Temperature

Table 4. Modeled monthly mean (reach-averaged daily mean water temperature), in degrees Celsius, of baseline modeled conditions 
in the Willamette River, northwestern Oregon, in 2011, 2015, and 2016.

[See text for definition of reach boundaries. Willamette River reach includes the entire modeled domain from the head of the river at the confluence of the Coast 
Fork Willamette and Middle Fork Willamette Rivers near Springfield to Willamette Falls]

Reach
Monthly mean water temperature, in degrees Celsius

April May June July August September October Season Average

2011

Springfield-McKenzie 8.1 9.6 12.1 14.8 15.0 14.8 14.5 12.7
McKenzie-Santiam 8.9 10.7 13.5 16.9 17.5 15.3 13.2 13.7
Santiam-Newberg 9.1 11.0 14.2 18.4 19.6 16.3 12.7 14.5
Newberg Pool 9.4 11.6 14.7 18.8 20.6 17.1 12.8 15.0
Willamette River 9.0 10.9 13.8 17.6 18.5 15.9 13.0 14.1

2015

Springfield-McKenzie 11.4 13.7 17.2 19.5 19.4 17.7 15.6 16.4
McKenzie-Santiam 11.8 15.1 19.4 21.3 20.4 17.2 14.5 17.2
Santiam-Newberg 12.2 16.1 21.1 23.0 21.8 17.6 14.7 18.1
Newberg Pool 12.6 16.4 21.6 23.5 22.5 18.0 14.8 18.5
Willamette River 12.0 15.6 20.2 22.1 21.2 17.5 14.7 17.7

2016

Springfield-McKenzie 10.4 11.7 14.7 17.5 19.0 17.6 14.4 15.1
McKenzie-Santiam 11.8 13.4 17.0 19.5 19.9 17.1 13.2 16.0
Santiam-Newberg 12.5 14.6 18.5 21.1 21.5 17.2 13.1 17.0
Newberg Pool 13.1 15.1 18.9 21.3 22.1 17.5 13.4 17.4
Willamette River 12.1 14.0 17.7 20.2 20.8 17.2 13.3 16.5
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Table 5. Modeled daily maximum water temperature by month and reach, in degrees Celsius, of baseline conditions in the Willamette 
River, northwestern Oregon, in 2011, 2015, and 2016. 

[See text for definition of reach boundaries. Willamette River reach includes the entire modeled domain from the head of the river at the confluence of the Coast 
Fork Willamette and Middle Fork Willamette Rivers near Springfield to Willamette Falls.]

Reach
Daily maximum water temperature, in degrees Celsius

April May June July August September October
Season 

Maximum

2011

Springfield-McKenzie 10.7 13.0 16.6 19.8 18.3 17.3 15.9 19.8
McKenzie-Santiam 11.7 14.1 18.1 21.6 21.4 18.5 16.2 21.6
Santiam-Newberg 11.7 14.1 18.0 22.3 22.8 19.9 16.0 22.8
Newberg Pool 11.4 13.9 17.8 22.2 22.8 20.3 15.0 22.8
Willamette River 11.7 14.1 18.1 22.3 22.8 20.3 16.2 22.8

2015

Springfield-McKenzie 16.4 19.1 22.8 24.4 23.3 21.5 17.8 24.4
McKenzie-Santiam 16.2 20.7 25.0 26.5 26.5 21.7 16.9 26.5
Santiam-Newberg 16.3 21.5 25.3 27.5 27.0 22.6 17.1 27.5
Newberg Pool 16.3 21.5 25.3 27.1 26.4 22.2 16.6 27.1
Willamette River 16.4 21.5 25.3 27.5 27.0 22.6 17.8 27.5

2016

Springfield-McKenzie 13.4 16.1 20.3 21.9 23.5 20.5 18.0 23.5
McKenzie-Santiam 15.3 18.2 23.4 24.6 24.3 20.8 17.6 24.6
Santiam-Newberg 16.7 18.1 23.2 25.7 25.0 21.0 17.5 25.7
Newberg Pool 17.0 18.0 23.3 25.6 25.1 22.0 17.6 25.6
Willamette River 17.0 18.2 23.4 25.7 25.1 22.0 18.0 25.7
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Figure 4. Monthly mean longitudinal profile of the daily mean modeled water temperature along the Willamette River, northwestern 
Oregon, for 2011, 2015, and 2016, in degrees Celsius. Streams annotated on x-axis are those included as tributaries in the model. 
Dashed vertical lines separate designated thermal reaches, from upstream to downstream: (1) Springfield-McKenzie Reach, (2) 
McKenzie-Santiam Reach, (3) Santiam-Newberg Reach, and (4) Newberg Pool.
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Combining the observation of tributary-derived ther-
mal discontinuities, differences in the longitudinal rates of 
temperature change, and lags in temperature response, the 
Willamette River can be divided into four characteristic “ther-
mal reaches”:

● Springfield-McKenzie Reach: The Springfield-
McKenzie Reach is 11.7 miles long, from the head of 
the Willamette River at RM 187.2 to the McKenzie 
River confluence at RM 175.5. For most of the year 
during the 3 years modeled, the Springfield-McKenzie 
Reach was the coolest part of the river but had the 
largest rate of downstream warming. In contrast, in 
late summer and early autumn when the river started to 
cool from its mid-summer maximum, the Springfield-
McKenzie Reach was the warmest part of the river 
(fig 4). One continuous temperature monitor is located 
in this reach: USGS 14158100 (Willamette River at 
Owosso Bridge at Eugene (RM 178.8).

● McKenzie-Santiam Reach: The McKenzie-Santiam 
Reach is 66.5 miles long, from the McKenzie River 
confluence to the Santiam River confluence at RM 
109.0. The McKenzie-Santiam Reach is strongly influ-
enced by the McKenzie River, but the effect varies by 
year and season. In 2011, the McKenzie River warmed 
the Willamette River from April until August and 
cooled it in September and October (fig. 4). This pat-
tern was repeated in 2016, except that the McKenzie 
River had a net cooling effect on the Willamette River 
earlier in the year, in July. In 2015, the effect of the 
McKenzie River was smaller but was always to cool 
the Willamette River. The downstream, monthly aver-
aged warming rate in the McKenzie-Santiam Reach 
is the second steepest of the four reaches. The lower 
miles of the McKenzie-Santiam Reach, from approxi-
mately Albany to the Santiam River confluence, have 
nearly the same cumulative degree-day heating (the 
sum of mean daily temperature exposure above 0 °C) 
in July and August as the lower reaches of the Santiam-
Newberg Reach downstream (fig. 5). Continuous 
temperature monitors within this reach include USGS 
14166000, Willamette River at Harrisburg (RM 161.0) 
and USGS 14174000, Willamette River at Albany 
(RM 119.3).

● Santiam-Newberg Reach: The Santiam-Newberg 
Reach is 59 miles long, from the confluence of the 
Santiam River to the start of the Newberg Pool at 
RM 50.0. Like the McKenzie-Santiam Reach, it is 
strongly influenced by the tributary demarking its 

upper boundary. The net effect of the Santiam River on 
the Santiam-Newberg Reach, however, is both smaller 
and more consistent than the McKenzie River. With the 
exception of August 2011, the Santiam River consis-
tently cooled the Willamette River in all modeled time 
periods. Except for the Newberg Pool, the Santiam-
Newberg Reach has the lowest rate of downstream 
warming among the four defined reaches (fig. 4). On 
a daily basis, the lower miles of the Santiam-Newberg 
Reach, upstream from the Newberg Pool, may have 
the hottest temperatures (warmest daily maxima) in 
the Willamette River upstream from Willamette Falls 
(fig. 3). Continuous temperature monitors in this reach 
include USGS 14192015, Willamette River at Keizer 
(RM 84.2) and USGS 14197900, Willamette River at 
Newberg (RM 50.0).

● Newberg Pool Reach: The Newberg Pool Reach is 
23.2 miles long, from Newberg to Willamette Falls at 
RM 26.8. Averaged over July and August, the Newberg 
Pool has the greatest total heat load in the Willamette 
River (fig. 5) but daily maximum temperatures in 
the Newberg Pool may be slightly cooler than daily 
maxima in portions of the Santiam-Newberg Reach 
upstream, depending on the rate of response to thermal 
inputs. Major tributaries entering the Newberg Pool 
include the Molalla and Tualatin Rivers, but model 
results show that these rivers have only a small influ-
ence on the temperature of the Willamette River. One 
temperature sensor, USGS 14197000, Willamette River 
at Newberg, is located at the head of the Newberg Pool 
but is generally more indicative of conditions at the 
downstream end of the Santiam-Newberg Reach.

Many of the characteristics of these four reaches can 
be illustrated by computing the difference of the daily mean 
temperature of each segment and the daily mean temperature 
at RM 50.0, the head of the Newberg Pool (fig. 6). Across all 
modeled years, the maximum downstream warming from the 
head of the Willamette River to the head of the Newberg pool 
was within several tenths of 7.5 °C; the maximum downstream 
cooling is within several tenths of 3.5 °C. The multi-day travel 
time through the Newberg Pool and its large heat content 
caused the computed temperature difference to be alternately 
cooler and warmer than at the head of the Newberg Pool as 
upstream reaches heated or cooled more quickly in response 
to the weather. The rate and amount of downstream warm-
ing or cooling was interrupted by the McKenzie and Santiam 
Rivers, but in general the river upstream from the Newberg 
Pool warmed downstream in the spring and summer but had a 
variable heating or cooling profile in autumn.
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Figure 5. Longitudinal profiles of modeled mean water temperature and cumulative degree days (the sum of mean daily 
temperature exposure above 0 degrees Celsius) for July and August 2011, 2015, and 2016, Willamette River, northwestern Oregon. 
Streams annotated on x-axis are those included as tributaries in the model. Dashed vertical lines separate designated thermal 
reaches, from upstream to downstream: (1) Springfield-McKenzie Reach, (2) McKenzie-Santiam Reach, (3) Santiam-Newberg 
Reach, and (4) Newberg Pool.
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Figure 6. Difference in modeled daily mean temperatures in (A) 2011, (B) 2015, and (C) 2016, relative to the modeled daily mean 
water temperature at river mile 50.0 (Newberg), Willamette River, northwestern Oregon. Streams annotated on y-axis are those 
included as tributaries in the model.
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Temperature Conditions for Spring-Run Chinook 
Salmon

To better understand the influence of thermal conditions 
in the Willamette River on threatened cold-water fish popula-
tions, temperatures in the river were classified into categories 
defined by their effects on different life stages of Chinook 
salmon (table 2; White and others, 2022). In all three mod-
eled years, conditions were favorable (classified as optimal 
or suboptimal, which may limit growth rates) for juvenile 
and adult Chinook salmon during most of spring and autumn 
(figs. 7, 8). In 2015 and 2016, optimal conditions extended 

across the entire Willamette River through May and parts 
of June; in 2011, optimal conditions for juvenile Chinook 
salmon extended through most of July. In all years, optimal 
conditions for juveniles and adults returned to the Willamette 
River beginning in September. In 2011, two periods dur-
ing late July–early August and late August were marked by 
adversely warm conditions for juveniles (≥ 20 °C), extending 
upstream more than 90 river miles as far as approximately RM 
120, near Albany. For most of May through October of 2011 
along the entire modeled river length, however, the majority 
of the Willamette River was classified as optimal for juvenile 
Chinook salmon.
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Figure 7. Modeled temperature category for juvenile Chinook salmon (Oncorhynchus tshawytscha) rearing and growth in (A) 2011, 
(B) 2015, and (C) 2016, Willamette River, northwestern Oregon. Temperature ranges for the categories are defined in table 2. Streams 
annotated on y-axis are those included as tributaries in the model; other annotated locations are U.S. Geological Survey continuous 
temperature monitoring stations, including: 14158100, Willamette River at Owosso Bridge at Eugene; 14166000, Willamette River at 
Harrisburg; 14174000, Willamette River at Albany; 14192015, Willamette River at Keizer; and 14197900, Willamette River at Newberg (U.S. 
Geological Survey, 2020).
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Figure 8. Modeled temperature category for adult Chinook salmon (Oncorhynchus tshawytscha) migration in (A) 2011, (B) 2015, and (C) 
2016, Willamette River, northwestern Oregon. Temperature ranges for the categories are defined in table 2. Streams annotated on y-axis 
are those included as tributaries in the model; other annotated locations are U.S. Geological Survey continuous temperature monitoring 
stations, including: 14158100, Willamette River at Owosso Bridge at Eugene, Willamette River at Harrisburg; 14174000, Willamette River 
at Albany; 14192015, Willamette River at Keizer; and 14197900, Willamette River at Newberg (U.S. Geological Survey, 2020).

In the summers of 2015 and 2016, Willamette River 
thermal conditions were more unfavorable for both juvenile 
and adult Chinook salmon. With a few cooler periods inter-
spersed, adversely warm stream temperatures were perva-
sive through July, August, and parts of June in 2016, often 
extending as far upstream as the Marys River confluence 
(RM 134.0), and for several days as far upstream as the head 
of the Willamette River at RM 187.2 (the upstream limit of 
the model domain; figs. 7, 8). Conditions in 2015 were more 
extreme than in 2016, with adverse conditions common as far 
upstream as Harrisburg (RM 160, approximately 133 miles 
from Willamette Falls) or farther. Additionally, as modeled, 
the Willamette River upstream from Willamette Falls was 
categorized as lethally warm for both juvenile and adult 
Chinook salmon for periods of the summers of 2015 and 2016 

approximately as far upstream as the Marys River confluence 
(RM 134.0) and the Rickreall Creek confluence (RM 89.0), 
respectively. Summarized for July of 2015, 17 percent of the 
modeled river length upstream from Willamette Falls could 
be classified as lethal for juveniles (table 6; fig. 7). During 
two periods in July and August of 2015, lethal conditions for 
juveniles are modeled to have extended as far upstream as 
approximately the Marys River confluence at RM 134.0. For 
adults, which have a more restricted thermal tolerance, lethal 
conditions occurred both more frequently and with greater 
extent (fig. 8). During July of 2015, 33 percent of the modeled 
river length upstream from Willamette Falls could be classi-
fied as lethal for adults (table 7). At times, lethal conditions 
extended as far upstream as the Long Tom River confluence at 
RM 149.7 (nearly 123 miles from Willamette Falls; fig 8B).
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Table 6. Length of the Willamette River (head to Willamette Falls), northwestern Oregon, within designated temperature range for 
juvenile Chinook salmon (Oncorhynchus tshawytscha) rearing and growth grouped by month, as percentage.

[See table 2 for definition of temperature ranges for the thermal categories.]

Thermal 
category

Percentage of river length

April May June July August September October

2011

Lethal 0 0 0 0 0 0 0
Adverse 0 0 0 7 23 0 0
Optimal 13 79 99 93 77 100 100
Suboptimal 88 21 1 0 0 0 0

2015

Lethal 0 0 2 17 4 0 0
Adverse 0 3 59 69 74 8 0
Optimal 92 97 39 14 22 92 100
Suboptimal 8 0 0 0 0 0 0

2016

Lethal 0 0 0 2 1 0 0
Adverse 0 0 17 56 67 1 0
Optimal 97 100 83 42 32 99 100
Suboptimal 3 0 0 0 0 0 0

Table 7. Length of Willamette River (head to Willamette Falls) in northwestern Oregon within designated temperature range for adult 
Chinook salmon (Oncorhynchus tshawytscha) migration grouped by month, as percentage.

[See table 2 for definition of temperature ranges for the thermal categories.]

Thermal 
category

Percentage of river length

April May June July August September October

2011

Lethal 0 0 0 0 0 0 0
Adverse 0 0 0 20 44 2 0
Optimal 0 14 85 80 56 98 87
Suboptimal 100 86 15 0 0 0 13

2015

Lethal 0 0 9 33 11 0 0
Adverse 0 6 63 62 81 20 0
Optimal 45 93 27 5 8 80 100
Suboptimal 55 1 0 0 0 0 0

2016

Lethal 0 0 0 6 9 0 0
Adverse 0 0 28 67 72 4 0
Optimal 49 90 72 26 19 96 79
Suboptimal 51 10 0 0 0 0 21
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Table 8. Range of difference in daily mean and daily maximum temperatures for uniform flow augmentation of 1,000 cubic feet per 
second over baseline conditions from Dexter (Middle Fork Willamette River), Cougar (South Fork McKenzie River), Foster (South 
Santiam River), or Big Cliff (North Santiam River) Dams compared to modeled baseline conditions in 2011, 2015, and 2016, Willamette 
River, northwestern Oregon.

Source of flow augmentation
Daily mean temperature Daily maximum temperature

Maximum cooling 
(degrees Celsius)

Maximum warming 
(degrees Celsius)

Maximum cooling 
(degrees Celsius)

Maximum warming 
(degrees Celsius)

2011

Dexter Dam (Middle Fork Willamette River) -0.8 0.2 -1.3 0.3
Cougar Dam (South Fork McKenzie River) -0.6 0.5 -1.1 1.2
Foster Dam (South Santiam River) -0.8 0.1 -1.3 0.3
Big Cliff Dam (North Santiam River) -0.7 0.0 -0.8 0.1

2015

Dexter Dam (Middle Fork Willamette River) -1.0 0.8 -1.4 0.9
Cougar Dam (South Fork McKenzie River) -1.1 0.4 -1.4 0.7
Foster Dam (South Santiam River) -1.4 0.2 -1.7 0.3
Big Cliff Dam (North Santiam River) -1.4 0.3 -1.7 0.4

2016

Dexter Dam (Middle Fork Willamette River) -0.7 0.9 -1.1 0.9
Cougar Dam (South Fork McKenzie River) -1.0 0.5 -1.4 0.8
Foster Dam (South Santiam River) -1.1 0.3 -1.6 0.5
Big Cliff Dam (North Santiam River) -1.2 0.3 -1.7 0.5

Influence of Flow Augmentation

To better understand the influence of flow manage-
ment on stream temperature in the Willamette River, flow-
augmentation scenarios were modeled for each of the three 
model years. One thousand cubic feet per second of additional 
flow was uniformly added to the baseline dam releases into 
the Coast Fork Willamette and Middle Fork Willamette River 
submodel (from Dexter Dam on the Middle Fork Willamette 
River; 16.5 miles upstream from the head of the Willamette 
River at RM 187.2), McKenzie River submodel (from Cougar 
Dam on the South Fork McKenzie River; approximately 60.6 
miles upstream from the McKenzie River-Willamette River 
confluence), South Santiam River submodel (from Foster 
Dam on the South Santiam River, approximately 48.3 miles 
upstream from the Santiam-Willamette River confluence), 
or North Santiam and Santiam River submodels (from Big 
Cliff Dam on the North Santiam River, approximately 58.6 
miles upstream from the Santiam-Willamette River conflu-
ence). These flow-augmentation scenarios simulated additional 
flow from storage in Lookout Point/Dexter Lakes, Cougar 
Reservoir, Green Peter/Foster Lakes, or Detroit/Big Cliff 
Lakes, respectively. Results from these scenarios showed 
that the effects of flow augmentation on temperatures in the 
Willamette River was not uniform. The magnitude and even 

direction (cooling versus warming) of influence on stream 
temperature in the Willamette River varied by source, location, 
pre-existing river and lake conditions, and season.

Across all modeled scenarios in all years, the effect of 
flow augmentation ranged from -1.4 to 0.9 °C on the daily 
mean stream temperature and -1.7 to 1.2 °C on the daily maxi-
mum stream temperature in any individual modeled segment 
of the Willamette River (table 8). The largest cooling or warm-
ing effects were limited in extent and duration to a few days at 
a few locations (figs. 9–11); however, some cooling often was 
predicted to occur at the times and locations when conditions 
were detrimental to cold-water fishes, generally in mid-
summer and in the more-downstream river reaches. In general, 
the range of influence was limited to 1 °C or (much) less, 
depending on location in the Willamette River and the source 
of the additional streamflow. On a monthly, reach-averaged 
basis, the effect of flow augmentation on daily mean tempera-
ture ranged from negligible (< ±0.1 °C) to a maximum cooling 
effect of -0.5 °C in 2011 and -0.9 °C in 2015 and 2016 and a 
maximum warming effect of 0.1 °C in the Santiam-Newberg 
Reach in 2011 and 0.5 °C in the Springfield-McKenzie Reach 
and Santiam-Newberg Reaches in 2015 and 0.5 °C in the 
Springfield-McKenzie Reach in 2016 (table 9). Averaged 
over all reaches and across the modeling period from April to 
October, the scale of effect ranged from -0.1 °C in 2011 to -0.3 
°C in 2015.
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Figure 9. Difference from 2011 baseline conditions in modeled daily mean temperature in the Willamette River from its head at the 
confluence of the Coast Fork Willamette and Middle Fork Willamette Rivers at river mile (RM) 187.2 to Willamette Falls at RM 26.8 
with additional flow of 1,000 cubic feet per second above baseline from (A) Dexter Dam on the Middle Fork Willamette River, (B) 
Cougar Dam on the South Fork McKenzie River, (C) Foster Dam on the South Santiam River, and (D) Big Cliff Dam on the North Santiam 
River, northwestern Oregon. Streams annotated on y-axis are those included as tributaries in the model; other annotated locations are 
U.S. Geological Survey (2020) continuous temperature monitoring stations, including: 14158100, Willamette River at Owosso Bridge 
at Eugene; 14166000, Willamette River at Harrisburg; 14174000, Willamette River at Albany; 14192015, Willamette River at Keizer; and 
14197900, Willamette River at Newberg.
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Figure 10. Difference from 2015 baseline conditions in modeled daily mean temperature in the Willamette River from its head at 
the confluence of the Coast Fork Willamette and Middle Fork Willamette Rivers at river mile (RM) 187.2 to Willamette Falls at RM 
26.8 with additional flow of 1,000 cubic feet per second above baseline from (A) Dexter Dam on the Middle Fork Willamette River, (B) 
Cougar Dam on the South Fork McKenzie River, (C) Foster Dam on the South Santiam River, and (D) Big Cliff Dam on the North Santiam 
River, northwestern Oregon. Streams annotated on y-axis are those included as tributaries in the model; other annotated locations are 
U.S. Geological Survey (2020) continuous temperature monitoring stations, including: 14158100, Willamette River at Owosso Bridge 
at Eugene; 14166000, Willamette River at Harrisburg; 14174000, Willamette River at Albany; 14192015, Willamette River at Keizer; and 
14197900, Willamette River at Newberg.
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Figure 11. Difference from 2016 baseline conditions in modeled daily mean temperature in the Willamette River from its head at 
the confluence of the Coast Fork Willamette and Middle Fork Willamette Rivers at river mile (RM) 187.2 to Willamette Falls at RM 
26.8 with additional flow of 1,000 cubic feet per second above baseline from (A) Dexter Dam on the Middle Fork Willamette River, (B) 
Cougar Dam on the South Fork McKenzie River, (C) Foster Dam on the South Santiam River, and (D) Big Cliff Dam on the North Santiam 
River, northwestern Oregon. Streams annotated on y-axis are those included as tributaries in the model; other annotated locations are 
U.S. Geological Survey (2020) continuous temperature monitoring stations, including: 14158100, Willamette River at Owosso Bridge 
at Eugene; 14166000, Willamette River at Harrisburg; 14174000, Willamette River at Albany; 14192015, Willamette River at Keizer; and 
14197900, Willamette River at Newberg.
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The effect of flow augmentation on water temperature 
in the Willamette River varied by season. Although the exact 
timing varies by year, the effect of flow augmentation gener-
ally was minimal in spring and peaked in July or August when 
main-stem Willamette River streamflows were typically at 
their lowest. Late summer and autumn streamflows tended to 
respond more variably to flow augmentation, depending on 
the temperature of release from upstream dams and reservoir 
water levels. Depending on the timing of seasonal cooling in 
the Willamette River, flow augmentation may provide some 
cooling through October (for example, in 2015). However, 
depending on the source and year, the effect of additional 
streamflow in autumn may be negligible. Notably, the effect of 
flow augmentation was not that of universal cooling, as might 
be expected based on a conceptual model of greater stream-
flow providing greater thermal mass. For example, increased 
releases from Lookout Point and Dexter Dams tended to 
warm the Willamette River in late summer and early autumn, 
an effect that was greatest in the Springfield-McKenzie and 
McKenzie-Santiam Reaches but persisted through all reaches 
to Willamette Falls (figs. 9–11; table 9). At times in 2011 and 
2016, increased streamflow in the McKenzie River also caused 
transient warming downstream.

The source of flow augmentation and location of tributary 
confluence with the Willamette River influenced both the mag-
nitude and extent of the downstream temperature effect. Of the 
four upstream-source scenarios modeled, flow augmentation 
in the Santiam River system (either North Santiam or South 
Santiam Rivers) caused the largest decrease in stream temper-
ature in the Willamette River; however, the extent of this effect 
was limited to reaches of the Willamette River downstream 
from the Santiam River confluence. As an example, in July of 
2015, flow augmentation sourced from Detroit Dam (and Big 
Cliff Dam) on the North Santiam River was modeled to reduce 
the average daily mean temperature of the Santiam-Newberg 
Reach by 0.9 °C and the Newberg Pool by 0.7 °C (table 9). In 
contrast, flow augmentation from Cougar Dam on the South 
Fork McKenzie River would have decreased temperatures in 
the Santiam-Newberg Reach and Newberg Pool by 0.4 and 
0.3 °C, respectively. The McKenzie River, by nature of its 
confluence with the Willamette River farther upstream than the 
Santiam River, would also have reduced average July tempera-
tures in the McKenzie-Santiam Reach by 0.4 °C, potentially 
decreasing temperatures in the thermally degraded section 
of river from the Calapooia River confluence (at Albany) 
to the Santiam River confluence (table 9; fig. 5), which is a 
reach that was unaffected by streamflow changes from the 
Santiam River. The Willamette River-averaged reduction in 
stream temperature resulting from flow augmentation sourced 
from Lookout Point and Dexter Dams on the Middle Fork 
Willamette River was the smallest of the four scenarios mod-
eled in July of 2015 (table 9). However, this scenario was the 
only one modeled that was able to influence stream tempera-
ture in the full Willamette River.

Finally, distinct from differences caused by the source 
of flow augmentation, the thermal reaches of the Willamette 
River responded to changes in flow differently. As illus-
trated by longitudinal plots of the monthly averaged differ-
ence in daily mean temperature (fig. 12), the influence of 
additional streamflow on stream temperature varied both by 
source and by season; however, the pattern of downstream 
temperature response of the Willamette River to different 
flow-augmentation scenarios was similar across scenarios. 
In both the Springfield-McKenzie and McKenzie-Santiam 
Reaches, the difference in temperature due to flow augmenta-
tion generally increased with distance (fig. 12). Excluding 
the warm inflow from the Middle Fork Willamette River in 
September and October and the McKenzie River in June and 
July, greater cooling occurred with downstream distance. The 
temperature difference resulting from additional flow to either 
the Middle Fork Willamette or South Fork McKenzie Rivers 
was greatest (that is, most negative) immediately upstream 
from the Santiam River confluence with the Willamette River. 
Downstream from the Santiam River, however, the influence 
of flow augmentation on the Willamette River was approxi-
mately constant as far downstream as Rickreall Creek (RM 
89.0), near Salem, then decreased with distance downstream 
to or through the Newberg Pool, depending on season. The 
effect of inflow from major tributaries reduced the influence 
of upstream flow augmentation by “diluting” the volume of 
augmentation, which comprises a smaller percentage of total 
streamflow downstream from major tributaries.

Temperature Conditions for Spring-Run Chinook 
Salmon

The temperature effects of increasing streamflow by 
1,000 ft3/s in various tributaries to the Willamette River can 
reduce the magnitude, duration, and extent of stressful condi-
tions for cold-water salmonids, but the effect was relatively 
modest. Maximum daily stream temperature at a single model 
segment was reduced by as much as 1.7 °C (table 8) as a 
result of modeled flow augmentation, but a difference of this 
magnitude was limited to the more downstream portion of the 
Newberg Pool on a single day. Model results for this study 
showed that for July of 2015, the length of Willamette River 
within the study area classified as lethal for juvenile Chinook 
salmon would have been reduced by 6 to 8 percent using flow 
augmentation from one of four different sources, with aug-
mentation in the Santiam River system slightly more effective 
than augmentation from tributaries farther upstream (tables 
10, 11). Similarly, in August of 2011, flow augmentation from 
various sources was effective in reclassifying 5–8 percent of 
the Willamette River from adverse to optimal for juvenile 
Chinook salmon.
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Figure 12. Monthly mean difference in daily mean modeled temperature in the Willamette River between baseline conditions and 
four flow-augmentation scenarios, northwestern Oregon, 2016. Rivers annotated on the x-axis are those included as tributaries in 
CE-QUAL-W2. Negative numbers indicate that the temperature is colder in the flow-augmentation scenario than under baseline 
conditions; positive numbers indicate that the temperature is warmer in the flow-augmentation scenario than under baseline conditions. 
Scenarios include additional flow from (1) Dexter Dam on the Middle Fork Willamette River, (2) Cougar Dam on the South Fork McKenzie 
River, (3) Foster Dam on the South Santiam River, and (4) Big Cliff Dam on the North Santiam River. Dashed vertical lines separate 
designated thermal reaches, from upstream to downstream: (1) Springfield-McKenzie Reach, (2) McKenzie-Santiam Reach, (3) 
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Flow augmentation tended to improve lethal or adverse 
temperature conditions for Chinook salmon by reducing the 
upstream extent and duration of challenging thermal condi-
tions (fig. 13). Modeling results showed that flow augmenta-
tion in all four scenarios would have reduced or prevented sev-
eral days of lethal conditions in the Santiam-Newberg Reach 
and the Newberg Pool in late July and reduced the upstream 
extent of lethal conditions in early July and August of 2015, 
the most extreme hydroclimatological year in the study. 
Notably, where this reduction occurred varied by scenario. 

When augmenting streamflow via the Middle Fork Willamette 
or South Fork McKenzie Rivers, lethal conditions occurring 
from approximately Albany to the Marys River confluence 
would have been prevented. In contrast, augmenting additional 
flow via the North Santiam or South Santiam Rivers would 
have prevented lethal conditions in the uppermost reaches of 
the Santiam-Newberg Reach but would have had no effect 
on lethal conditions in the lower portions of the McKenzie-
Santiam Reach.
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Figure 13. Thermal stress category for juvenile Chinook salmon (Oncorhynchus tshawytscha)  under baseline conditions in 2015 
overlain by any change in thermal category as the result of 1,000 cubic feet per second added to baseline conditions sourced from 
(A) Dexter Dam on the Middle Fork Willamette River, (B) Cougar Dam on the South Fork McKenzie River, (C) Foster Dam on the South 
Santiam River, or (D) Big Cliff Dam on the North Santiam River, northwestern Oregon. Colors in the “warmer category” (lighter) indicate 
that the model segment was classified as a more-stressful category for juvenile Chinook salmon under the flow-augmentation scenario 
than under baseline conditions (for example, a baseline category of “adverse” overlain by a flow-augmentation scenario category 
of “lethal”.); colors in the “cooler category” indicate that the model segment was classified as a less-stressful category for juvenile 
Chinook salmon under the flow-augmentation scenario than under baseline conditions (for example, a baseline category of “adverse” 
overlain by a flow-augmentation scenario category of “optimal.”).
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Discussion
The idealized conceptual model of longitudinal thermal 

patterns in streams is one of asymptotic downstream warm-
ing, where cool headwaters warm non-linearly until reaching 
a dynamic “pseudo equilibrium” with air temperature in the 
lower reaches of a stream (Vannote and others, 1980; Bogan 
and others, 2003; Caissie, 2006). Although many examples 
have shown this paradigm to be oversimplified (Dent and 
others, 2008; Fullerton and others, 2015; Arora and others, 
2018), the nature of the deviation of a stream from an asymp-
totic warming profile can provide insight into the underlying 
controls on stream temperature.

In a general sense, the Willamette River upstream from 
Willamette Falls was consistent with the asymptotic warming 
paradigm. In summer, the river tended to be coolest upstream 
and to warm downstream, with the steepest rate of down-
stream warming in the Springfield-McKenzie Reach and pro-
gressively smaller warming rates farther downstream. In the 
upper reaches during summer, the Willamette River was both 
shallower and further from its theoretical equilibrium tem-
perature, resulting in a larger net positive heat flux than what 
was modeled downstream, where the river was both closer to 
its equilibrium temperature and deeper. (A shallow river reach 
will warm faster than a deeper reach of the same temperature 
when exposed to the same surface heat fluxes.) This pattern 
was probably enhanced by the longitudinal changes in the geo-
morphology of the Willamette River. The river is more later-
ally dynamic in its upper reaches, with actively shifting gravel 
bars, areas of local bank erosion and some multithreaded 
sections, whereas downstream the channel is single-threaded, 
deeper, laterally stable, and has fewer gravel bars (Wallick and 
others, 2013). While multi-threaded reaches with gravel bars 
can theoretically insulate streams from heating as the result 
of shading from riparian vegetation and enhanced hyporheic 
flow, increased relative exposure to surface heating can cause 
rapid heating where these processes are limited (Mosley, 1983; 
Caissie, 2006).

Tributaries to the Willamette River tended to create 
discontinuities in the longitudinal thermal profile, but the 
effect varied by season, variations in dam operations, and 
other local factors influencing the heat budgets of individual 
tributary streams. Smaller streams draining the Coast Range 
or the lower Cascade Range foothills (for example, the 
Yamhill or Calapooia Rivers), which do not receive much 
input from snowmelt or cold groundwater from High Cascades 
springs, tended to warm the Willamette River. However, the 
influence of these streams, which lack upstream reservoir 
storage, tended to be both minor and seasonally limited. In 
spring, when streamflows were high, small tributaries to the 
Willamette River may influence its downstream temperature 
by tenths of a degree Celsius, but the effect tended to be neg-
ligible during the summer low-flow season (figs. 3, 4). In con-
trast, the confluence of the McKenzie and Santiam Rivers with 
the Willamette River typically caused large discontinuities 
in the thermal profile across all modeled seasons from spring 

through autumn. Relative to other streams in the Willamette 
River Basin, both the McKenzie and Santiam Rivers main-
tained relatively high streamflow throughout the summer. This 
effect was the influence of both naturally stable streamflow 
influenced by High Cascades springs in their headwaters as 
well as flow augmentation from reservoir storage. With some 
variation by year, the McKenzie River, which derives a large 
proportion of its streamflow from High Cascades springs 
and thus tends to be both hydrologically and thermally stable 
relative to other tributaries in the Willamette River Basin 
(Tague and others, 2007; Risley and others, 2010), tended to 
warm the Willamette River in spring and to cool it in summer 
and autumn.

All reaches of the Willamette River were directly 
influenced by the temperature of dam releases upstream, 
but the effect diminished with time, distance, and the influx 
of other tributaries (Rounds, 2010; Arora and others, 2018; 
Rounds and Stratton Garvin, 2022). Dexter Dam is only 16.5 
miles upstream from the head of the Willamette River; thus, 
the Springfield-McKenzie Reach of the Willamette River 
upstream from the McKenzie River confluence is strongly 
controlled by the temperature of water released from Dexter 
Dam. The release of accumulated summer-heated water in 
Lookout Point and Dexter Lakes in autumn (Rounds, 2010) 
caused temperatures in the Springfield-McKenzie Reach of the 
Willamette River to be anomalously warm. By October, much 
of the Willamette River was relatively isothermal except for 
the Springfield-McKenzie Reach upstream from the McKen-
zie River confluence, which may be several degrees Celsius 
warmer than the rest of the Willamette River (figs. 3, 4).

The combined effects of the influence of local geomor-
phic controls, major tributaries, and upstream dam releases 
produced a complex longitudinal thermal profile in the 
Willamette River. In a general sense, the river warmed in the 
downstream direction; however, the lower sections of the 
Springfield-McKenzie and McKenzie-Santiam Reaches had 
higher temperatures than those downstream from the McKen-
zie and Santiam River confluences, respectively. From about 
RM 120 near Albany to the confluence with the Santiam River, 
the cumulative July and August heat content was only slightly 
smaller than that in the lower reaches of the Santiam-Newberg 
Reach as far downstream as RM 50 (fig. 5). Additionally, on a 
daily basis, the warmest part of the river model domain cannot 
be assumed to be at Willamette Falls. At the start of a heat 
wave, the highest daily maximum temperatures in the river 
were probably near the end of the Santiam-Newberg Reach, 
where longitudinal heating remained strong, and the river was 
shallow enough to still respond relatively quickly to weather 
conditions. As the heat wave persisted and then waned, peak 
temperatures continued to travel through the Newberg Pool for 
several days after the rest of the river began to cool (fig. 3).

Model results showed that thermally unfavorable condi-
tions for juvenile and adult Chinook salmon in the Willamette 
River upstream from Willamette Falls were chronic and 
extensive during the summer. Adverse conditions for juvenile 
Chinook salmon extended through the Newberg Pool, the 
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Santiam-Newberg Reach, and into the McKenzie-Santiam 
Reach during peak heating in 2011, and into all four defined 
thermal reaches of the Willamette River in 2015 and 2016. 
In 2015, adverse or lethal conditions were present well 
upstream from the Santiam River confluence from early 
June to September. Conditions in 2016 were less extreme, 
with adverse conditions present for most of July and August 
and lethal conditions present during heat waves (figs. 7, 8). 
The results from a uniform flow augmentation of 1,000 ft3/s 
suggested that the effect of this magnitude of additional 
streamflow was limited in terms of reducing the occurrence 
of chronically adverse conditions, but that this level of flow 
augmentation can reduce (or eliminate, in limited instances) 
the extent and duration of lethal conditions in the Willamette 
River. For example, although flow augmentation reduced 
the reach-averaged, monthly averaged stream temperatures 
in the Willamette River upstream from Willamette Falls by 
a maximum of only 0.9 °C in July of 2015, this resulted in a 
reduction in the linear extent of lethal conditions for juvenile 
Chinook salmon from 17 percent to 9 percent, almost cutting 
that occurrence in half (tables 9, 10). As shown in figure 13, 
this temperature decrease translated to the effective elimina-
tion of lethal conditions in the Santiam-Newberg Reach and 
the upstream portion of the Newberg Pool during a short-
duration heat wave in late July of 2015.

Flow augmentation to the North Santiam or South 
Santiam Rivers from Detroit/Big Cliff or Green Peter/Foster 
Dams, respectively, had a larger effect on temperatures 
immediately downstream from the Santiam River conflu-
ence with the Willamette River than did flow augmentation 
to the McKenzie or Middle Fork Willamette Rivers at their 
respective confluences with the Willamette River. This finding 
may be somewhat counterintuitive, as 1,000 ft3/s constituted 
a smaller percentage of total streamflow in the Willamette 
River downstream from the Santiam River confluence than 
farther upstream. However, comparison of the baseline 
and augmented-flow scenario temperatures of the Santiam, 
McKenzie, and Middle Fork Willamette Rivers immediately 
upstream from their confluence with the Willamette River 
suggested that, assuming no change in the temperature of 
dam releases, flow augmentation to the North Santiam or 
South Santiam River lowered the temperature of the Santiam 
River but not of the McKenzie or Middle Fork Willamette 
Rivers immediately upstream from their confluence with the 
Willamette River (fig. 14). The combination of lower tempera-
ture with greater streamflow entering the Willamette River 
compounded the effect of flow augmentation entering the 
Willamette River from the Santiam River system in a way not 
replicated by the Middle Fork Willamette or McKenzie Rivers. 
A possible explanation for this pattern was that in the Santiam 
River system, flow augmentation reduced the rate of longi-
tudinal warming for the 48.3 or 58.6 river miles from Foster 
and Big Cliff Dams, respectively, to the Willamette River 
confluence. In contrast, the 16.5 river miles from Dexter Dam 
to the head of the Willamette River, at the confluence of the 
Coast Fork Willamette and Middle Fork Willamette Rivers, is 

relatively short, which caused the advected heat released from 
Dexter Dam to remain the dominant influence on tempera-
tures in the Middle Fork Willamette River and uppermost 
Willamette River. Finally, the South Fork McKenzie River 
contributed a relatively small portion of the streamflow to the 
McKenzie River, limiting its influence on downstream temper-
atures in the McKenzie and Willamette Rivers. Confirmation 
of these hypotheses, as well as a better understanding of the 
thermal effects of flow augmentation within the tributaries to 
the Willamette River, could be investigated in future studies 
using the CE-QUAL-W2 models applied in this study.

Finally, results from the flow-augmentation scenarios in 
this study suggested that, except during low-flow years with an 
early and particularly warm summer (such as 2015), flow aug-
mentation to manage thermal stress to threatened fish popu-
lations was most effective for short periods in mid- to late-
summer (July through August and sometimes into September), 
when annual temperatures were high and flows were low. 
In April, May, and June, the monthly averaged difference in 
daily mean temperatures across flow-augmentation scenarios 
and reaches (with a few exceptions; for example, June of 
2015) were in the range of 0.1–0.2 to a maximum of 0.4 °C 
(table 9). The effect in July and August tended to be several 
tenths of a degree greater. In years like 2015, when spring 
flows were relatively low, however, flow augmentation earlier 
in the year may have greater influence on stream temperatures. 
Depending on reservoir, streamflow, and weather conditions, 
flow augmentation into September may also be similarly effec-
tive in reducing peak temperatures (figs. 9–11). These results 
suggested that targeted use of flow-management strategies to 
reduce thermally stressful conditions for threatened cold-water 
salmonids are likely to be most effective during the hottest 
days of summer but may provide limited thermal benefit in 
spring months when flows are low. However, to better antici-
pate the likely magnitude of cooling (in terms of total tem-
perature change, and the spatial area over which those changes 
might occur), additional modeling is needed wherein different 
reservoir and hydroclimatological conditions are paired with 
viable dam operation scenarios.

Study Limitations

Compared to field-based studies, the water-temperature 
models presented within this report can provide a better under-
standing of both the spatial and temporal variability of stream 
temperature and provide insight into the thermal response of a 
river to specific actions, such as flow augmentation. However, 
the results from this study should be interpreted with care. 
Modeling performed using CE-QUAL-W2 is limited to the 
simplified main channel of the Willamette River and those 
processes simulated by CE-QUAL-W2 at a “reach scale” of 
about 500 m. The model does not simulate lateral temperature 
variations, smaller habitat-scale variability, or the conditions 
in off-channel features, which may vary from the main channel 
of the Willamette River by many degrees Celsius  
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Figure 14. Comparison of modeled water temperatures in tributaries just upstream from their confluence with the Willamette River, 
northwestern Oregon. (A) Middle Fork Willamette River downstream from releases from Dexter Dam; (B) McKenzie River downstream 
from releases from Cougar Dam; (C) Santiam River downstream from releases from Foster Dam; and (D) the Santiam River downstream 
from releases from Big Cliff Dam in baseline and flow augmented (+1,000 cubic feet per second) scenarios, 2016.

(Torgersen and others, 2012; Gombert, 2018; Mangano and 
others, 2018; Smith and others, 2020). Furthermore, although 
the net effect of groundwater discharge and recharge are 
included in the Willamette River models implicitly as a 
“distributed tributary” (averaged inflow or outflow applied 
across a model branch), the effects of hyporheic flows are not 
explicitly modeled in CE-QUAL-W2.

The flow-augmentation scenarios were intended to be 
a sensitivity analysis to establish the magnitude, timing, and 
extent of streamflow influence on stream temperature. The 
scenarios run in this study do not account for dam-specific 
management actions, such as changing the balance of water 
releases from one dam outlet to another. Additionally, increas-
ing dam releases by 1,000 ft3/s for a sustained period would 
alter the thermal structure of the reservoir behind the dam, 
thus altering the temperature of those releases. Because water 

released from Detroit/Big Cliff, Green Peter/Foster, or Cougar 
Dams traveled many miles in tributary streams while exchang-
ing heat with the surrounding environment prior to reaching 
the Willamette River, the effect of dam-release temperatures 
on downstream modeled Willamette River temperatures for 
these scenarios was somewhat limited. However, the effect of 
an altered thermal structure in Lookout Point Lake, resulting 
from sustained higher releases to the Middle Fork Willamette 
River on the temperature of the Springfield-McKenzie Reach 
of the Willamette River, may be more substantial.

Finally, the modeled flow-augmentation scenarios did not 
include any calculations to determine whether sufficient stored 
water was indeed available for release. Flow augmentation of 
1,000 ft3/s released for one day is equivalent to about 1,983 
acre-feet of stored water, or the daily use of approximately 
0.6 percent of total conservation storage in Lookout Point 
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Lake and 18 percent of total conservation storage in Lookout 
Point Lake in one month (National Marine Fisheries Service, 
2008). In Cougar Reservoir, 1,983 acre-ft/day accounts for 
approximately 1 percent of storage usage per day, or 39 
percent in a month. In 2015 and 2016, when the reservoirs of 
the Willamette Valley Project did not fill (U.S. Army Corps of 
Engineers, 2020), an additional release of 1,000 ft3/s may have 
been sustainable for only a limited number of days.

Conclusions and Future Work
Modeling performed using CE-QUAL-W2 produced a 

detailed characterization of stream temperature in both space 
and time at scales not easily replicable with a data-based study, 
allowing a multi-faceted assessment of the thermal landscape 
of the Willamette River system. Continuous temperature moni-
tors in the Willamette River showed that the river tended to 
warm downstream during summer (U.S. Geological Survey, 
2020) and those warm temperatures represented adverse 
conditions for cold-water salmonids. However, the model 
results from this study provided a more complex portrait of 
the downstream evolution of river temperatures. Downstream 
warming rates were greatest in summer but varied along four 
characteristic “thermal reaches” and with the influx from 
major dammed tributaries. The resulting longitudinal tempera-
ture profile indicated that the Willamette River upstream from 
Willamette Falls was not always warmest at more-downstream 
locations; in some upstream reaches such as the reach from 
Albany to the Santiam River confluence, temperatures and 
cumulative degree-day heating may be comparable to reaches 
many miles downstream. Except in cool, wet years such as 
2011, adversely warm conditions for spring-run Chinook 
salmon were extensive for much of June or July through 
August in the Willamette River. Flow augmentation at the 
scale of 1,000 ft3/s can be effective in reducing the occurrence, 
duration, and extent of lethally warm temperatures during 
the summer low-flow season but was limited in reducing the 
extent or duration of adversely warm conditions. Furthermore, 
the magnitude and direction (cooling or warming) of the 
thermal effects of flow augmentation varied by tributary 
source and season. During spring, when streamflow was high 
and stream temperatures were generally cooler, the influence 
of 1,000 ft3/s on stream temperature was muted compared 
to later in summer, when streamflow was lower and stream 
temperatures were higher. In autumn, flow augmentation from 
dams on the South Fork McKenzie, South Santiam, or North 
Santiam Rivers produced a cooling effect on the Willamette 
River. However, increased releases from Lookout Point and 
Dexter Dams on the Middle Fork Willamette River (only 16.5 
miles upstream from the head of the Willamette River) caused 
a net warming effect due to the export of an accumulation of 
heat stored in Lookout Point Lake during the summer and the 
proximity of Dexter Dam to the Willamette River (especially 
in warmer years like 2015 and 2016). While greatest in the 

upstream reaches of the Willamette River, this warming effect 
during autumn was propagated throughout the entire modeling 
domain as far downstream as Willamette Falls.

This study provided a multifaceted investigation of sea-
sonal, annual, and spatial patterns in stream temperature in the 
Willamette River, but many questions regarding flow manage-
ment and river water temperature remain. While beyond the 
scope of this study, future investigations into the temperature 
dynamics of the major tributaries to the Willamette River 
could provide greater insights into both the controls on stream 
temperature and management options for improving thermal 
conditions for threatened salmonids. Similarly, more focused 
and specific investigations into individual flow-management 
actions at large dams (for example, strategies for the use of 
various dam outlets, the use of different release-temperature 
targets, or the effectiveness of structural outlet modifica-
tions), and the effects of such actions on the thermal landscape 
of the tributaries and the Willamette River are necessary to 
better understand the potential to improve thermal condi-
tions for threatened fish populations in the Willamette River 
Basin. This study investigated those thermal effects only for 
juvenile rearing and growth and adult migration in Chinook 
salmon, excluding both adult spawning and all life-stages of 
winter-run steelhead. To better understand the thermal effects 
of Willamette River conditions on aquatic species, the effects 
on other life stages and other keys species would need to be 
investigated, and a better understanding of other facets of 
the temperature regime may provide additional insights. For 
example, continuous temperature monitoring in the Willamette 
River suggested that the upper reaches of the river tended to 
exhibit a greater diurnal variability than the lower reaches 
(U.S. Geological Survey, 2020), which may provide longer 
“resting periods” for fish exposed to chronic or acute thermal 
stress. Likewise, thermal diversity not captured by a main-
channel-exclusive modeling study such as this may be critical 
to the aquatic health of sensitive species. While many indi-
vidual studies of water quality in off-channel environments 
have been completed on the Willamette River, an integrated 
and holistic understanding of thermal diversity across all wet-
ted environments of the Willamette River system remains to 
be developed.
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Figure 1.1. Graphs showing the percent increase in streamflow from baseline conditions with the addition of 1,000 cubic feet per 
second for the entire model period in 2011, 2015, and 2016 at U.S. Geological Survey station 14174000 (Willamette River at Albany) (top 
panel) and U.S. Geological Survey station 14191000 (Willamette River at Salem, northwestern Oregon).
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