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square mile (mi?) 2.58999 square kilometer (km?)
Flow rate
cubic foot per second (ft/s) 0.02832 cubic meter per second (m?/s)
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Multiply By To obtain
Length
kilometer (km) 0.6214 mile (mi)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
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Estimating Stream Temperature in the Willamette
River Basin, Northwestern Oregon—A Regression-

Based Approach

By Laurel E. Stratton Garvin', Stewart A. Rounds!, and Norman L. Buccola?

Abstract

The alteration of thermal regimes, including increased
temperatures and shifts in seasonality, is a key challenge to the
health and survival of federally protected cold-water salmo-
nids in streams of the Willamette River basin in northwestern
Oregon. To better support threatened fish species, the U.S.
Army Corps of Engineers (USACE) and other water managers
seek to improve the thermal regime in the Willamette River
and key tributaries downstream of USACE dams by utiliz-
ing strategically timed flow releases from USACE dams. To
inform flow management decisions, regression relations were
developed for 12 Willamette River basin locations below
USACE dams relating stream temperature with streamflow
and air temperature utilizing publicly available datasets span-
ning 2000—18. The resulting relations provide simple tools to
investigate stream temperature responses to changes in stream-
flow and climatic conditions in the Willamette River system.

Regression relations on the Willamette River and key
tributaries show that, at locations sufficiently distant from the
direct temperature influence of upstream dam releases, air
temperature and streamflow are reasonable proxies to predict
the 7-day average of the daily mean (7dADMean) and 7-day
average of the daily maximum (7dADMax) water temperature
with errors generally <1 degrees Celsius (°C). To account for
seasonal variations in the relation between air temperature,
streamflow, and stream temperature, a transition-smoothed,
seasonal regression approach was used. Stream temperature
is inversely correlated with streamflow in all seasons except
“winter” (January—March), when it is relatively independent.
Stream temperature is positively correlated with air tempera-
ture in all seasons, but the slope decreases at very low or very
high air temperatures. Generally, fit is best for seasonal models
“winter” (January—March), “spring” (April-May), “summer”
(June—August), and “early autumn” (September—October).
Error in “autumn” (November—December) is larger, probably
due to variation in the onset timing of winter storms.

Simulated results from a climatological analysis of
predicted stream temperature suggest that, excluding extremes
and accounting for some seasonal variability, the 7dADMean

'U.S. Geological Survey

2U.S. Army Corps of Engineers, Portland District

and 7dADMax stream temperature sensitivity to air tempera-
ture and streamflow varies by location on the river. To inves-
tigate the potential range of stream temperature variability
based on historical air temperature and streamflow conditions,
stream temperature predictions were calculated using synthetic
time series comprised of daily temperature values representing
the 0.10, 0.33, 0.50, 0.67, and 0.90 quantile of air temperature
and streamflow from 1954 (the year meaningful streamflow
augmentation began) to 2018. Results show that from a “very
hot” (0.90 quantile) and “very dry” (0.10 quantile) year to a
“very cool” (0.10 quantile) and “very wet” (0.90; all quantiles
from 1954 to 2018) year, the stream temperature sensitivity

to air temperature and streamflow is about 3 °C at Harrisburg
(river mile 161.0) and increases to about 5 °C at Keizer (river
mile 82.2). While the number of days exceeding regulatory
criteria are fewer in cooler, wetter years than in warmer, dryer
years, the models suggest that the Willamette River will likely
continue to exceed the State of Oregon maximum water-
temperature criterion of 18 °C for sustained periods from

late spring to early autumn and that the flow management
practices evaluated in this study, while effective at influencing
stream temperature, likely cannot prevent many or all such
exceedances.

As modeled for 2018, a representative very hot year with
normal to below-normal streamflow, stream temperature sen-
sitivity to changes in streamflow of £100 to £1000 cubic feet
per second produced mean monthly temperature changes from
0.0 to 1.4 °C at Keizer, Albany, and Harrisburg during sum-
mer. For a specified change in flow, temperature sensitivity
is greater at upstream locations where streamflow is less than
that at downstream locations because the change in streamflow
is a greater percentage of total streamflow at upstream loca-
tions. Similarly, temperature response to a set change in flow
is greater in the summer and early autumn low-flow season
than in spring when flows are higher. The regression models
developed in this study thus indicate that flow management
is likely to have a greater effect on stream temperature at
upstream locations (such as Harrisburg or Albany) and during
the low-flow season than at downstream locations (such as
Keizer) or during periods of higher streamflow.
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Introduction and Background

The Willamette River basin in northwestern Oregon
historically supported abundant populations of native anadro-
mous fish species, including Upper Willamette River spring
Chinook salmon (Oncorhynchus tshawytscha) and winter-
run steelhead trout (O. mykiss). By 1999, however, the fish
populations had declined enough to warrant federal protection
as “threatened species” under the Endangered Species Act of
1973 (Public Law 93-205, 87 Stat. 884, as amended; National
Marine Fisheries Service, 1999). The U.S. Army Corps of
Engineers (USACE) operates 13 dams in the Willamette River
basin (fig. 1), which alter the timing and magnitude of natural
thermal and hydrologic regimes downstream of the dams.
These altered thermal and hydrologic regimes can disrupt mul-
tiple facets and life stages of important fish species, includ-
ing the timing and success of adult migration and spawning,
development and survival of eggs, timing of egg hatch and
fry redd emergence, and juvenile habitat use, migration tim-
ing, growth, and survival (Caissie, 2006). The summertime
increase of stream temperatures has been identified as a key
challenge to the health and survival of Chinook salmon and
steelhead in the Willamette River basin (McCulloch, 1999;
National Marine Fisheries Service, 2008). Mid-summer water
temperatures at many sites in the Willamette River regularly
exceed the State of Oregon 7-day average maximum tem-
perature criterion of 18.0 degrees °C (64.4 degrees Fahrenheit
[°F]) designated for salmon and trout rearing and migration
for mid-May to mid-October upstream of Newberg as well
as the 20.0 °C (68.0 °F) criterion designated for salmon and
steelhead as a migration corridor downstream of Newberg
(fig. 2; Oregon Department of Environmental Quality, 2003
and 2005).

The Willamette Valley Project is a system of 13 dams,
numerous revetments, and several fish hatcheries in the
Willamette River basin owned by the USACE. It is operated
to minimize the risk of downstream floods, generate electri-
cal power, provide recreational opportunities, and augment
summertime streamflow for navigation and fish habitat,
among other purposes. Current summer minimum streamflow
targets in the Willamette River at Albany and Salem are higher
than pre-dam summer streamflows by about a factor of two

Figure 1.

(Rounds, 2010; U.S. Geological Survey, 2019). Originally
authorized in 1938 to provide summer navigation upstream of
Willamette Falls and for the “beneficial effect on fish life” of
the Willamette River’s then heavily polluted waters, mini-
mum streamflow targets were formalized for the benefit of
threatened fish populations in the 2008 Biological Opinion
(National Marine Fisheries Service, 2008) and have been
increasingly recognized as beneficial for improving habitat
conditions, including water temperature. Flow augmenta-

tion decreases summer stream temperatures in the Willamette
River by increasing the river’s “thermal mass” (which buffers
its temperature response to incoming heat fluxes), decreasing
the travel time from cooler headwater locations and typi-
cally decreasing the width-to-depth ratio of the Willamette
River (Rounds, 2007; Risley and others, 2010). However, the
potential for flow management actions to directly affect stream
temperature in downstream reaches is poorly understood,

and linkages between the effects of flow management and

the recovery of threatened fish populations remain difficult to
characterize.

To better understand the thermal dynamics of the
Willamette River and its tributaries downstream of USACE
dams and to inform how flow management actions in the
Willamette River basin can support both native resident fish
and threatened anadromous fish, USACE asked the United
States Geological Survey (USGS) to develop a set of com-
putational tools for evaluating the influence of streamflow
on stream temperature in the Willamette River system.
Deterministic stream temperature modeling that accounts
for the full suite of influential heat fluxes and environmental
variables across a range of climatic conditions has been per-
formed in the Willamette River basin in the past (for example,
Rounds, 2010). The use of deterministic models, however, is
data and computation intensive and impractical for many man-
agement applications. In contrast, statistics-based approaches
provide reasonable estimates of stream temperature based on
relatively simple mathematical relations (Mohseni and others,
1998; Donato, 2002; Neumann and others, 2003; Isaak and
others, 2017). Regression models can be easily incorporated
into sophisticated reservoir-operation or flow-optimization
models because regression models tend to have a small num-
ber of inputs, are often based on relatively simple equations,
and are not computationally demanding to solve or implement.

Willamette River network, locations of major dams, and sites for which temperature regression models were

developed, northwestern Oregon. Map adapted from Rounds (2010). Letters correspond to the modeled locations in tables 1 and 2.
(A) Willamette River at river mile 26.6, Willamette Falls; (B) Willamette River at Newberg [USGS 14197900]; (C) Willamette River at
Keizer [USGS 14192015]; (D) Willamette River at Albany [USGS 14174000]; (E) Willamette River at Harrisburg [USGS 14166000]; (F)
Willamette River at Owosso Bridge at Eugene [USGS 14158100]; (G) Middle Fork Willamette River at Jasper [USGS 14152000]; (H)
Coast Fork Willamette River near Goshen [USGS 14157500]; (/) Santiam River near Jefferson [USGS 14189050]; (J) North Santiam
River at/near Mehama; (K) McKenzie River above Hayden Bridge [USGS 14164900]; (L) McKenzie River near Vida [USGS 14162500].
North Santiam River at/near Mehama is a spliced record created after the continuous temperature monitor was moved slightly
downstream in order to remove the effects of unmixed water incoming from Little North Santiam River.
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A. USGS 14174000, Willamette River at

B. USGS 14192015, Willamette River

C. USGS 14211720 Willamette River
at Portland OR
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Figure 2. Measured water temperatures in the Willamette River at (A) USGS site 14174000 at Albany, (B) USGS site 14192015 at Keizer,

and (C) USGS site 14211720 at Portland, northwestern Oregon.

In this study, regression relations were developed to
predict the 7-day average of the daily mean (7dADMean) and
the 7-day average of the daily maximum (7dADMax) water
temperature at 12 stream sites in the Willamette River basin
and were applied to improve understanding of the thermal
response of the rivers to changes in streamflow and air tem-
perature. Water-temperature models were built using publicly
available air temperature, streamflow, and stream temperature
data. Seasonality in the relation between water temperature
and streamflow was addressed by breaking the year into differ-
ent seasons and building optimized multiple linear regression
models for each season. The resulting relations provide simple
tools to investigate the response of stream temperature to
changes in streamflow and provide general insights into how
the Willamette River system responds to the effects of stream-
flow and weather conditions.

Description of Study Area

The Willamette River drains approximately 11,500 square
miles (mi?) of northwestern Oregon between the Coast Range
and the Cascade Range, flowing for 187 miles (mi) from its
start at the confluence of the Middle and Coast Forks of the
Willamette River, south of Eugene, to its confluence with the
Columbia River near Portland (fig. 1). Flow in the Willamette
River is predominantly confined to a single, main channel, but
side channels, alcoves, and other secondary channel features
intermittently flank the main channel and are most common
between Eugene and Corvallis (Gregory and others, 2002;
Wallick and others, 2013). The basin has a maritime climate
with cool, wet winters, and dry summers. Winter storms

typically track from the Pacific Ocean eastward, dropping the
majority of precipitation as rain in the Coast Range and valley
bottom and as rain and snow in the Cascade Range. Average
precipitation in the basin ranges from 1,000 millimeters per
year (mm/yr) in the valley to as much as 2,600 mm/yr along
the Cascade Crest (PRISM Climate Group, 2020).

Streamflow and temperature in the Willamette River
and its tributaries are influenced by the prevailing climate,
variations in the weather, the geology and topography of the
basin, riparian vegetation, and the timing and volume of dam
releases, among other factors. Tributaries draining the Coast
Range are rain-dominated and generally drain relatively
impermeable bedrock; as a result, summer baseflow is low
and stream temperatures tend to be relatively high (Conlon
and others, 2005; Dent and others, 2008; Bladon and others,
2018). The topography and hydrology of the Cascade Range
is dominated by the Western Cascades, composed of deeply
dissected, relatively impermeable volcanics that tend to occur
at moderate elevations, and the High Cascades, composed of
young, highly permeable, high-elevation volcanic plateaus
(Ingebritsen and others, 1994; Conlon and others, 2005;
Jefferson and others, 2006). Tributary flow originating in the
Western Cascades tends to closely follow seasonal precipi-
tation and temperature patterns and is dominated by shal-
low subsurface runoff derived from rain events. In contrast,
tributaries originating in the High Cascades are dominated
by groundwater from snowmelt-fed springs and thus tend to
exhibit more-stable streamflow and colder, more-stable tem-
perature patterns (Tague and Grant, 2004; Tague and others,
2007). Groundwater contributions to High Cascade-sourced
tributaries comprise a large part of flow in the Willamette
River, particularly during the low-flow season.



The Willamette River basin historically supported
populations of salmon and steelhead across much of the basin,
but USACE dams block upstream migrants from accessing
an important part of their historical spawning grounds, and
the dams and revetments of the USACE Willamette Valley
Project affect flow, fish habitat, and temperature conditions
along river reaches that historically provided the primary
spawning, migration, and rearing corridors for spring Chinook
salmon upstream of Willamette Falls. In 2008, the National
Marine Fisheries Service (NMFS) determined that continued
operation of the dams would jeopardize the sustainability of
protected anadromous fish species (National Marine Fisheries
Service, 2008). This jeopardy determination resulted in the
mandate of a series of remediation actions, including manage-
ment to restore temperatures downstream of dams to a more
natural thermal regime, establishment of fish passage at the
dams, formalization of flow and temperature targets in the
Willamette River at Albany and Salem, and research to better
understand the needs of anadromous fish species. Since 2008,
thermal regimes in some river reaches have improved because
of adjustments to flow management and alterations to the
structural outlets and operations at USACE dams (Rounds,
2007; Rounds, 2010; Hansen and others, 2017). Barriers to
fish passage, detrimentally high temperatures in the down-
stream reaches of the Willamette River, and altered thermal
regimes downstream of multiple dams, however, are still areas
of concern and active research and management.

Purpose and Scope

This report documents the development of regression-
based tools to estimate stream temperature in the Willamette
River and its major tributaries and the use of those predic-
tions to (1) better understand the range of stream temperatures
anticipated under historical climatic and streamflow conditions
and (2) investigate the potential for flow management to influ-
ence stream temperature.

Regression models documented in this report focus on
the main stem and sub-basins of the Willamette River basin
with formerly abundant anadromous fish populations affected
by USACE dams, including the North and South Santiam
River sub-basins, the McKenzie River sub-basin, and the
Middle Fork and Coast Fork Willamette River sub-basins
(National Marine Fisheries Service, 2008; Hansen and others,
2017). The regression models predict stream temperature
near USGS or other continuous data collection sites located
in the main channels of the Willamette, North Santiam, South
Santiam, Santiam, McKenzie, Coast Fork Willamette, and
Middle Fork Willamette Rivers. Regression models utilized
water temperature, air temperature, and streamflow data col-
lected from 2000 to 2018; data at a few sites were restricted
to more-recent years to ensure consistency with changes to
upstream dam operations that occurred in 2005 (McKenzie
River) and 2007 (North Santiam River). Use of the models to
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analyze the effects of climatic variability and flow manage-
ment were restricted to several key sites along the Willamette
River (Harrisburg, Albany, and Salem/Keizer). The effects of
flow alterations were analyzed by incrementally increasing or
decreasing modeled streamflow by a maximum of 1,000 ft*/s
relative to measured streamflows in 2018. The report includes
a discussion of the limitations of the models and their appli-
cation; however, generally, these models provide an easily
applied, relatively accurate, and computationally efficient
estimate of stream temperature when the application of more
detailed, process-based models may not be practical or when
there is a need to identify scenarios and conditions that war-
rant more evaluation from process-based models.

Definitions and Terms Used in this
Report

This report uses a variety of terms to describe stream
temperature conditions across different seasons and climatic
scenarios. To the extent possible, the following set of terms
and climatic scenarios are applied systematically across
the report:

» Seasons are defined according to the boundaries of the
seasonal regression models included in the smoothed,
piecewise annual regression:

Winter: Day of year 1-90 (Jan. 1-Mar. 31),
Spring: Day of year 91-151 (Apr. I-May 31),
Summer: Day of year 152-243 (June 1-Aug. 31),

Early autumn:Day of year 244-304 (Sept. 1-Oct. 31), and
Autumn: Day of year 305-365 (Nov. 1-Dec. 31).

* Year types are defined according to the air temperature
and streamflow quantiles across the period of analy-
sis (1954-2018). “Much below” and “much above”
normal (very cool or dry or very warm or wet) are
defined as the 0.10- and 0.90-quantiles of the data;
“below” and “above” normal (cool or dry or warm or
wet) are defined as the 0.33- and 0.67-quantiles of the
data; “normal” represents the median (0.50-quantile)
(National Centers for Environmental Information
[NCEI], 2020). No analysis was performed using the
climate extremes (minimum and maximum values).

When used in reference to an annual synthetic time
series, year type refers to a time series comprised of daily val-
ues representing the extreme of quantile range (for example,
in a “very cool and very wet” year, the data are comprised
of the 0.10 quantile of air temperature and the 0.90 quantile
of streamflow for the calendar day in question from 1954 to
2018). While the period of record for both air temperature
and streamflow at many sites extends prior to 1954, those
data were censored to exclude data before the implementation
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of summer flow augmentation by Willamette Valley Project
dam releases, most of which had been built and were operat-
ing by 1954.

When used in reference to a specific year or season, the
year type indicates that the record in question falls within the
defined quantile range; for example, streamflow at Salem in
summer 2016 was “below normal,” indicating that, on aver-
age, it was within the 0.33—-0.50 quantile range for June, July,
and August during 1954-2018.

Methods and Models

Model Development

Regression models quantify the relation between one or
more explanatory variables and a response variable by fitting
an equation to the observed data such that error in the result-
ing model is minimized. Approaches vary from simple linear
regression, which fits a linear model between a single explana-
tory response pair, to more sophisticated methods utilizing
multiple explanatory variables, piecewise approaches, or non-
linear methods. When developing a good regression model,

a priori understanding of controlling processes can help the
modeler select appropriate explanatory variables and deter-
mine the nature of their relation to response variables.

Because the largest fluxes of heat to and from a stream
typically occur across the air/water interface, air tempera-
ture and stream temperature tend to be closely correlated,
and the strength of that correlation tends to increase with
increasing travel time (distance) downstream from other
influencing factors such as tributary inputs, point sources, or
dams. Consequently, air temperature has been widely used to
approximate stream temperature with generally good accuracy
at weekly or monthly timescales, using both linear and logistic
regression equations (Johnson, 1971; Mohseni and others,
1998; see also, Caissie, 2006).

Stream temperature, however, is not solely a function of
heat flux inputs, for which air temperature often is used as a
surrogate. Instead, stream temperature is analogous to the heat
content or “heat concentration” in a system, where changes in
water temperature are known to be a function of the change
in heat content, the mass of water undergoing the temperature
change, and the specific heat of water. Using air temperature
as a surrogate for environmental heat fluxes (such as short-
wavelength solar radiation and long-wavelength atmospheric

radiation) and changes in heat content and using streamflow
as a surrogate for the mass of water and the time available for
heat fluxes to occur, it is reasonable that the temperature of a
stream should be proportional to air temperature and stream-
flow. A more detailed discussion of these concepts has been
published by Brown (1969), Poole and Berman (2001), and
Caissie (2006). The resulting function can be written as:

T, = AT, ), (1)

Ty is stream temperature,
T, is air temperature, and
QO  is streamflow.

The dependence of water temperature on the reciprocal of
streamflow is consistent with the fact that increases in stream-
flow would decrease the time available for environmental heat
fluxes to warm or cool the water and would increase the mass
of water in the stream to resist any changes in temperature.
Both effects suggest that changes in water temperature would
decrease as streamflow increases, a relation that is embodied
in the reciprocal transformation to 1/Q required to linearize the
relation between stream temperature and streamflow.

Maximum temperature criteria in the State of Oregon
water-temperature standard are defined based on the
7-day average of the daily maximum (7dADMax; Oregon
Department of Environmental Quality, 2020). At this time
scale, the relation between air temperature and stream tem-
perature in the Willamette River system can be reasonably
approximated as linear (fig. 3); however, some seasonal hys-
teresis! is evident. In addition, at the extremes of the tempera-
ture range, the relation appears to “level off,” suggesting that
stream temperature may be better approximated by a sigmoid
(or logistic) function. Relations between air temperature and
stream temperature for the 7dADMean show similar patterns
(fig. 4). Scatter plots relating the 7dADMean of the reciprocal
of streamflow (1/Q) to the 7dADMean or 7dADMax stream
temperature also show some definite relations; however, these
relations are more complicated than that of air temperature
with stream temperature. During spring, summer, and autumn,
the relation between 1/Q and stream temperature, while exhib-
iting substantial scatter, is reasonably curvilinear (figs. 5—-6).
From December through the winter, however, stream tempera-
ture appears to be relatively independent of the magnitude of
streamflow, as indicated by the scatter in the plotted relations.

'Hysteresis is a term indicating that the warming trajectory from winter to
summer on a graph of water temperature versus air temperature may take a
slightly different path than the cooling trajectory from summer to winter; such
hysteresis may be indicative of time lags in the seasonal heating and cooling
of the rivers (Mohseni and others, 1998, 1999).
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To account for the seasonal differences in the relations
between water temperature, air temperature, and particularly
streamflow, a piece-wise approach to model development
was applied. By separating each year into five distinct time
periods (or “seasons”) according to natural breakpoints in
the relations among water temperature, air temperature, and
streamflow, stream temperature within each time period can
be reasonably approximated using a multiple linear regression
approach, where:

b,

Tm = ﬁleA—’_a—’_ ﬂo; (2)

where
s is the seasonal time-period index,
Ty, is the estimated 7-day average daily mean
or maximum stream temperature, in
degrees Celsius,
T, is the 7-day average mean or maximum air
temperature, in degrees Celsius,
O  isthe 7-day average streamflow, in cubic feet
per second,
are regression coefficients, and

ﬂl\) ﬂz\

bo is the regression intercept.

g

Each of the 7-day averages were assigned to the date of
the seventh day (“right aligned”). Different seasonal break-
points and numbers of seasonal models were evaluated to opti-
mize the annual model. Based on this optimization analysis,
the final time periods for the seasonal model indices (s) were
chosen to be:

Winter: Day of year 1-90 (Jan. 1st-Mar. 31st),
Spring: Day of year 91-151 (Apr. 1st-May 31st),
Summer: Day of year 152-243 (June 1st-Aug. 31st),

Early autumn: Day of year 244-304 (Sept. 1st—Oct. 31st), and

Autumn: Day of year 305-365 (Nov. 1st-Dec. 31st).

This piecewise approach of using seasonal models can
create undesirable discontinuities in predicted stream tem-
perature at date boundaries of adjacent seasonal models. To
address this problem, logistic functions were used as multi-
pliers to smooth the transitions between seasonal regression
model predictions, as follows:

1 1
= <1+ efk(JDAY*b‘)><l+ e+k(JDAY—bM))’ (3)

M py4y,

where
is the transition multiplier function at day
JDAY for seasonal models,
e is the natural logarithm base,
k  is the steepness of the transition curve (a
value of 1 was used),

M pay,

Methods and Models 1

JDAY  is the day of year,
b, is the lower date boundary for seasonal model
s, expressed as a day of year (values 0.5,
90.5, 151.5, 243.5, 304.5), and
b, is the upper date boundary for seasonal model

s, or the lower date boundary for seasonal
model s+1, expressed as a day of year
(values: 90.5, 151.5, 243.5, 304.5, 365.5).

When the JDAY of interest is between and substantially
away from the boundary dates for a seasonal model, both
terms in equation 3 are near or equal to 1.0 and the overall
multiplier for that seasonal model is essentially 1.0. When
JDAY is outside the lower and upper date boundaries of one of
the five seasonal models, one of the terms diminishes toward
0.0, and therefore the multiplier is nearly 0.0 and the influence
of that seasonal model is eliminated for periods outside of its
date range.

When making predictions near the beginning or end of
the year, the final temperature prediction must account for
transitions across the year boundary, from the autumn model
of the previous year to the winter model of the current year
and from the autumn model of the current year to the winter
model of the next year. To incorporate these transitions, multi-
pliers from autumn of the previous year (JDAY +365) and for
winter of the following year (JDAY — 365) must be calculated.
Incorporating those transitions and combining equations 2
and 3, a final estimate of 7dADMean or 7dADMax stream
temperature can be calculated as:

5
21 T, mypuy + T, Mpayizes).
=

Wipay

(4)

+T, woy M UDAY-365),.,

where
is the 7-day average mean or maximum

Wopay

stream temperature on any day of the year
that accounts for all five seasonal models
and the transitions between them,

T is the 7-day average mean or maximum
stream temperature for each seasonal
model as estimated by equation 2, and

Myp,y  Is the season- and JDAY-specific multiplier as

defined in equation 3.

The next-to-last term in equation 4 accounts for the influ-
ence of the autumn model (season 5) on JDAYs less than 5 or
so, and the last term provides the influence of the winter model
(season 1) on JDAYs near the end of the current year.
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Data Sources and Processing

Regression models of the 7dADMean and 7dADMax
stream temperature were developed for 12 locations in the
Willamette River and key tributaries (fig. 1), as described in,
“Model Development,” above. Seasonal breaks were defined
uniformly across the river network. All regression calculations
were based on calendar day of year (JDAY); a sensitivity anal-
ysis indicated that leap years could be ignored (discarding day
366) when assigning JDAY to calendar dates without a mean-
ingful difference in the resulting goodness-of-fit statistics.
Final multiple linear regression models were calculated using
the /m function in R Statistical Computing Program Version
3.5.2, “Eggshell Igloo” (R Core Team, 2018). The /m func-
tion applies a least-squares method to estimate regression fits,
following the methodology of Wilkinson and Rogers (1973)
and Chambers (1992). Season-specific regression coefficients
and goodness-of-fit metrics are included in tables 1.1-1.12 of
appendix 1. Source data, models, goodness-of-fit statistics,
seasonal break definitions, the logistic multiplier function, and
supporting plotting, prediction, and scenario analysis R scripts
have been archived and are available from USGS Science
Base (Stratton Garvin, 2022).

The development of each regression model required three
datasets as inputs: (1) 7dADMean or 7dADMax air tempera-
ture, (2) 7dADMean or 7dADMax stream temperature, and
(3) 7dADMean streamflow. Air temperature, streamflow,
and stream temperature data for the 7dADMean and 7dAD-
Max stream temperature models were obtained from several
sources, including the National Oceanic and Atmospheric
Administration (NOAA), USGS, Portland General Electric
(PGE), and USACE, as detailed in table 1. For ease of use
when connecting these regression models with other tools and
models, the regression models employed mixed unit systems.
All streamflow data were measured and used in cubic feet per
second, and all air- and water-temperature measurements and
estimates were applied in the models in degrees Celsius.

To allow application in a real-time situation, all rela-
tions were based on right-aligned 7-day moving averages
(the average of the day in question and the 6 days prior) of
the daily mean or maximum derived from measured daily or
subdaily data, except for the Willamette Falls site (RM 26.6),
which required estimation of several data inputs. Streamflow
at Willamette Falls was estimated as the sum of the stream-
flows measured at USGS streamgages on the Willamette River
at Newberg (USGS site 14197900), the Pudding River at
Aurora (USGS site 14202000), the Mollala River near Canby
(USGS site 14200000), and the Tualatin River at West Linn
(USGS site 14207500; table 1). These streamgages account
for 97.6 percent of the drainage area to the Willamette River
at Willamette Falls but do not capture small volumes of
ungaged sources, particularly from small creeks and overland
flow during storms. Stream temperature data at Willamette
Falls were collected by the Oregon Department of Fish and
Wildlife (ODFW) at the Willamette Falls fish ladder from a
fixed, enclosed thermometer marked in 2-degree Fahrenheit

gradations. Readings were collected manually once daily,
generally on workdays (excluding weekends and holidays)
about 7:30 a.m. (Kevleen Melcher, Oregon Department

of Fish and Wildlife, personal communication, 2020). To
produce the time series used in this report, ODFW data were
compared to daily mean temperatures from Newberg (USGS
14197900) to produce an estimate of daily mean temperature
at Willamette Falls:

T, = 1.1244* T,

mean . meany 1.6211 > (5)
where
is the mean daily water temperature at

mean
Willamette Falls in degrees Celsius, and
T, is the mean daily water temperature at

| USGS site 14197900, Willamette River at
Newberg, in degrees Celsius.

The 7dADMax stream temperature at Willamette Falls
was estimated as:

max =T mean + (T maxy T, mean V) H (6)

where
mav,, 18 the daily maximum water temperature at
Willamette Falls in degrees Celsius,
mean,, 18 the constructed daily mean water

temperature from equation 5 at Willamette
Falls in degrees Celsius,

is the daily maximum water temperature at
USGS site 14197900, Willamette River at
Newberg, in degrees Celsius, and

is the daily mean water temperature at
USGS site 14197900, Willamette River at
Newberg, in degrees Celsius.

maxy

meany

The temperature estimates produced using equations 5
and 6 were compared to a continuous temperature dataset
from USGS 14207740 (Willamette River above Willamette
Falls), available for discontinuous periods from 2001 to 2003,
to verify that no bias was introduced by using the morning
temperature data collected by ODFW. Estimates of the 7dAD-
Mean and 7dADMax stream temperature at Willamette Falls
produced using a simple linear regression with the USGS data
yielded R? values of 0.99 (7dADMean and 7dADMax) and a
mean error (a measure of model bias) of less than 0.1°C for
both datasets. This relation indicates that both the 7dADMean
and 7dADMax stream temperature at Willamette Falls, as esti-
mated using equations 5 and 6, are reasonable approximations.
Air temperature data for the Willamette Falls model were
sourced from measurements collected at the Salem, Oregon
airport (WBAN site 24232; table 1), which resulted in a more
accurate model compared to one based on air-temperature data
from the Portland International Airport.
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14 Estimating Stream Temperature in the Willamette River Basin, Northwestern Oregon

Regression relations for the North Santiam River near
Mehama were based on water-temperature data collected at
USGS site 14183000 (North Santiam River at Mehama) from
2007 to 2009 and at USGS site 14183010 (North Santiam
River near Mehama) from 2009 to 2015, according to the
availability of temperature data. The site for temperature data
collection was moved from site 14183000 to site 14183010
in October 2009 after it was recognized that site 14183000
was too close to the upstream confluence of the Little North
Santiam River with the North Santiam River and that water-
temperature measurements at site 14183000 were more repre-
sentative of the Little North Santiam River when Little North
Santiam River flows were high (particularly in spring). Both
were included here to increase the length of record available.
Temperature data collected at site 14183000 prior to 2007
were excluded from this analysis because operations at Detroit
Dam upstream were different prior to 2007, and the pre-2007
operations resulted in water temperatures that had a different
seasonal pattern.

Streamflow and stream temperature data, in many cases,
were collected from measurement sites that were adjacent
but not co-located. The stream temperature model for the
Willamette River in Eugene is based on water temperature
data from USGS site 14158100 (Willamette River at Owosso
Bridge, river mile [RM] 178.8), whereas the streamflow data
are from USACE streamgage EUGO3 (as of 2016, synony-
mous with USGS streamgage 14158050, Willamette River at
Eugene; RM 184.5), approximately 6 mi upstream. Similarly,
the stream temperature model for the Willamette River at
Keizer is based on water temperature data from USGS site
14192015 (Willamette River at Keizer, RM 82.2), whereas the
streamflow data are from USGS site 14191000 (Willamette
River at Salem, RM 84.0). Finally, the temperature model for
the Santiam River near Jefferson uses streamflow data from
a streamgage located 3.4 mi upstream. The strength of these
relations depends on the absence of significant flow inputs
between the streamflow and stream temperature measurement
sites, which appears to be a reasonable assumption in each of
these cases. River mile designations used in this report are as
reported by NWIS water-year summaries (U.S. Geological
Survey, 2019); where no river mile is reported for a site or
streamgage, river miles were estimated from USGS topo-
graphic maps.

Although air temperature and streamflow data in the
Willamette Valley are available from the 1940s or earlier (for
example, USGS streamflow data are available as early as the
1890s at the Albany streamgage) and daily stream temperature
data may be available from USGS from the 1970s or 1980s
(U.S. Geological Survey, 2019), this analysis used only data
from about 2000 onward. Restricting model inputs to a more-
recent time period serves multiple purposes. First, a more-
recent time period coincides with the widespread availability
of reliable and accurate (+0.2 °C) sensors to collect subdaily
temperature data. Second, the use of more-recent data limits
the effect of any long-term trends in air temperature and in
the relation between air temperature and streamflow or dam

operations. These “modern” models, therefore, do not and can-
not account for any long-term effects such as the evolution of
river shading, surface and subsurface flow paths, channel com-
plexity and other geomorphic features, or trends in streamflow.
This limits the use of the models, without extrapolation, to the
range of data inputs for 2000-2018 and requires an assump-
tion of approximately “modern” river characteristics (see
“Discussion—Model Limitations” section for more discussion).

Model Evaluation

Seasonal boundaries and regression models were
developed iteratively to minimize model bias and error and
were subjected to standard regression evaluation measures.
Confidence in the final fit of the regression models was calcu-
lated using three metrics: the mean error (ME; eq. 7), the mean
absolute error (MAE; eq. 8), and the root mean square error
(RMSE; eq. 9), with a focus on the latter two.

ME = 33T~ T) @)

MAE = %ém— T (8)
2 (T‘e_ To)z

RMSE = \ Y ——— ©)

where
T,  is the model-estimated temperature, in
degrees Celsius,
T, is the observed temperature, in degrees
Celsius, and
n is the number of data points.

The ME is a measure of model bias. The MAE is an esti-
mate of the magnitude of the typical average prediction error
of the model. The RMSE is essentially the standard deviation
of the error distribution; therefore, if the model errors follow
a normal distribution, about two-thirds of the errors would
be smaller than the RMSE and about 95 percent of the model
errors would be smaller in magnitude than twice the RMSE.
Because the errors are squared prior to averaging, RMSE tends
to give higher weight to large errors than does the MAE.

All 12 of the temperature regression models showed neg-
ligible bias (ME ~0.0 °C) and resulted in annual MAE <1.0 °C
and RMSE <1.2 °C, and often less, at many locations (table 2;
figs. 7-8). The models for the Willamette Falls site showed
relatively poor performance, despite the location of the site
well downstream of any upstream dams; the higher model
error likely is attributable to higher uncertainty in the stream-
flow and water-temperature data used as input to those models.
Sensitivity testing showed that the steepness of the logistic
curve used to smooth seasonal models (£ in equation 3) did not
have an important effect on model error. A value of 1 was used
for k in the final model.
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Table 2. Goodness-of-fit statistics for the 7-day average of the daily mean (7dADMean) and 7-day average of the daily maximum
(7dADMax) stream temperature at 12 modeled locations in the Willamette River stream network, northwestern Oregon.

[Abbreviations: ME, mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius]

Location _ Ma_p_ 7dADMean 7dADMax
identifier ME (°C) MAE (°C) RMSE (°C) ME (°C) MAE (°C) RMSE (°C)
Willamette Falls A 0.0 0.9 1.1 0.0 1.0 1.2
Newberg B 0.0 0.6 0.8 0.0 0.7 0.9
Keizer C 0.0 0.6 0.8 0.0 0.7 0.9
Albany D 0.0 0.6 0.8 0.0 0.7 0.9
Harrisburg E 0.0 0.6 0.7 0.0 0.6 0.8
Owosso F 0.0 0.7 0.9 0.0 0.7 0.9
Jasper G 0.0 0.8 1.1 0.0 0.8 1.1
Goshen H 0.0 0.7 0.9 0.0 0.8 1.0
Jefferson I 0.0 0.8 1.1 0.0 0.9 1.1
Mehama J 0.0 0.7 1.0 0.0 0.7 1.0
Hayden Bridge K 0.0 0.5 0.6 0.0 0.5 0.7
Vida L 0.0 0.4 0.6 0.0 0.5 0.6
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comparison; a perfect fit would have all points fall on the 1:1 line. Colors indicate the month of the year. Letters correspond to map

locations on figure 1.
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comparison; a perfect fit would have all points fall on the 1:1 line. Colors indicate the month of the year. Letters correspond to map

locations on figure 1.
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Willamette River Temperature Regimes

Climatological Analysis of Predicted
Temperature

By modeling stream temperature across a broad range
of air temperature and streamflow conditions, the models
developed in this study can be used to better understand the
thermal regimes of the Willamette River system and how
stream temperature response to flow management varies
across the stream network. Using these models, estimates of
stream temperatures at Harrisburg, Albany, and Keizer were
predicted using annual synthetic time series representing the
0.10, 0.33, 0.50, 0.67, and 0.90 quantiles of the air tempera-
ture and streamflow distributions for each day of the year. The
quantile distributions were based on measured data from 1954
to 2018, which was after the construction of many of the large
dams of the Willamette Valley Project. These quantiles cor-
respond to the NCEI climatological rankings for a “normal”
(median), “below or above normal” (0.33 or 0.67 quantiles), or
“much below or much above normal” (0.10 or 0.90 quantiles)
year (NCEI, 2019). Any predicted stream temperatures below
zero (limited to January in scenarios “much below normal” for
air temperature) were replaced with zero. Not all conditions
would be expected to co-occur naturally with the same fre-
quency; additionally, no year is composed entirely of days fall-
ing into a single quartile. For example, while June in a single
year may be of “normal” air temperature and “above normal”
streamflow, November of the same year may have “much
above normal” air temperatures and “much above normal”
streamflows. Furthermore, by excluding the minimum and
maximum air temperature and streamflow records from the
analysis described in this section, extremes are not considered.
By examining the stream temperature response to air tempera-
ture and streamflow conditions ranging from “much-below to
much-above” normal (0.1-0.9 quantiles), however, valuable
insights can be gained into the range of possible stream tem-
peratures in the Willamette River basin.

According to the form of the regression models, cool
stream temperatures would be expected from a combination
of cool air temperatures and high streamflows, whereas high
stream temperatures would be anticipated from a combina-
tion of warm air temperatures and low streamflows. Thus, to
define the lower range of anticipated stream temperatures in
the Willamette River (excluding extreme conditions beyond
the range of reasonable model prediction), estimates of stream
temperature were calculated using time-series inputs from the
0.10 quantile of air temperature combined with the 0.90 quan-
tile of streamflow for each day to create a synthetic “very cool,
very wet year.” Conversely, the upper range of anticipated
stream temperatures was calculated using time-series inputs
from the 0.90 quantile of air temperature and the 0.10 quantile
of streamflow to represent a “very hot, very dry year.”

Summer water temperatures predicted across the range
of climate scenarios imposed from Harrisburg to Keizer
resulted in 7dADMax ranges of about 3 to over 5 °C, depend-
ing on location (fig. 9). Mean July 7dADMax under “normal”
(median) air temperature and streamflow conditions ranged
from 20.9 °C at Keizer to 18.7 °C at Harrisburg (table 3). At
Harrisburg, predicted mean June 7dADMax temperatures
range from 13.4 °C in very cool and very wet conditions to
18.8 °C in very hot and very dry conditions, a difference of 5.4
°C. In July, mean 7dADMax modeled temperatures increase
to 16.7 °C for very cool and very wet conditions and 20.8
°C for very hot and very dry conditions, with a similar range
0f 16.9 to 20.4 °C in August (table 3; fig. 9). At Albany and
Keizer, the range of modeled 7dADMax water temperatures
across these climate scenarios increases, probably reflecting
greater variance in summer streamflow between a very dry and
very wet year, in addition to having more time for the river
to warm during hot periods as the water moves downstream.
In July and August in very hot and very dry years, monthly
mean 7dADMax temperatures are predicted to exceed 22.1
°C at Albany and 23.7 °C at Keizer, whereas in very cool and
very wet years, July and August monthly average 7dADMax
temperatures are predicted to range from 17.8 to 19.1 °C at
Albany and Keizer (table 3).

Summer 7dADMean stream temperatures under median
air temperature and streamflow conditions warm through early
summer before peaking in late July or early August and cool-
ing through September (fig. 9). At Keizer, the median (“nor-
mal”) predicted 7dADMean stream temperature for the month
of June under median streamflow and air temperature condi-
tions is 16.4 °C, increasing to 19.9 °C in July and 20.5 °C in
August (table 4). These monthly means, however, may vary
by more than 5 °C from a very cool, very wet year to a very
dry, very hot year. For example, the mean June temperature in
a very cool, very wet year is predicted to be 14.0 °C at Keizer,
while in a very hot, very dry year, it is predicted to be 19.5 °C
(table 4). The temperature range at Albany and Harrisburg,
upstream, is slightly greater, with a difference of up to 5.5 °C
between a very cool, very wet year and a very dry, very hot
year at Harrisburg in June (table 4). In a median streamflow,
median air-temperature year, mean 7dADMean temperatures
at Albany are >19 °C in July and August, while at Harrisburg,
mean 7dADMean temperatures in July and August are close to
18 °C. The range of predicted temperatures across air tem-
perature/streamflow scenarios decreases from June through
August, with the difference in predicted temperatures between
a very cool, very wet year and a very hot, very dry year only
3.5 °C in August at Harrisburg. This variation in the range of
predicted temperatures probably reflects a similar decrease in
the range of streamflow variation with the progression of the
summer dry period.
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Figure 9. Predicted 7-day average of the daily maximum (7dADMax) and 7-day average of the daily mean (7dADMean) water
temperature from regression models using a range of 7dADMean streamflow and 7dADMax or 7dADMean air-temperature conditions
to define a range of water temperatures for (A) Keizer, (B) Albany, and (C) Harrishurg along the Willamette River, northwestern Oregon.
The shade ribbons indicate predicted stream temperatures calculated using 0.90 and 0.10 air temperature and streamflow (very hot
and very dry) and 0.10 and 0.90 air temperature and streamflow quantiles (very cool and very wet). The air temperature and streamflow

quantiles were based on data from 1954 to 2018.

Model results indicate that, except in cool and very wet

years, the Willamette River is likely to exceed the State of
Oregon maximum water-temperature standard for sustained
periods during summer from Newberg to Harrisburg, and
possibly farther upstream. The regulatory criteria for tem-
perature in the Willamette River upstream of Newberg are
18 °C (to protect rearing and migration fish uses; measured
as the 7dADMax) for May 16th to October 14th, and 13 °C
(to protect spawning fish use) for the remainder of the year
(Oregon Department of Environmental Quality, 2003, 2005,
and, 2020). Model results indicate that, under the range of

climate scenarios modeled, the 7dADMax water temperature

in the Willamette River is predicted to exceed 18 °C as far

upstream as Harrisburg for much of the summer (fig. 9); how-
ever, the duration and degree of exceedance varies by location.
In a very hot and very dry year, the 7dADMax Willamette
River temperature at Keizer is predicted to exceed 18 °C for
as many as 133 days, whereas the number of exceedance days
at Harrisburg may be as many as 110 (table 5). The number of
exceedance days decrease progressively across cooler, wetter
climate scenarios; however, in a very cool and very wet year,
7dADMax temperatures are still predicted to remain above 18
°C for 38 days as far upstream as Albany, and the 7dADMax
temperature at Harrisburg is expected to remain at or slightly
below 18 °C for the duration of summer (table 5; fig. 9).
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22 Estimating Stream Temperature in the Willamette River Basin, Northwestern Oregon

Table 5. Number of days that the predicted 7-day average of the daily maximum (7dADMax) water temperature at Keizer, Albany, and
Harrisburg exceeds 18 degrees Celsius as calculated from designated climate scenarios, Willamette River, northwestern Oregon.

[“Much below” and “much above” normal are defined as the 0.10- and 0.90-quantiles of the data; “below” and “above” normal are defined as the 0.33- and
0.67-quantiles of the data; “normal” represents the median (0.50-quantile). The air temperature and streamflow quantiles were based on data from 1954 to 2018]

Streamflow quantile

Air temperature quantile Much below Below Above Much above
normal normal Normal normal normal
(very dry) (dry) (wet) (very wet)
Willamette River at Keizer
Much below normal (very cool) 83 65 61 57 46
Below normal (cool) 91 75 66 61 53
Normal 109 86 82 76 56
Above normal (hot) 123 96 91 89 72
Much above normal (very hot) 133 120 113 97 87
Willamette River at Albany
Much below normal (very cool) 79 62 58 53 38
Below normal (cool) 82 68 62 56 45
Normal 103 77 70 64 51
Above normal (hot) 117 91 87 75 57
Much above normal (very hot) 126 110 96 87 70
Willamette River at Harrisburg

Much below normal (very cool) 57 36 22 10 0
Below normal (cool) 69 51 37 32

Normal 73 60 54 46 30
Above normal (hot) 91 66 60 56 40
Much above normal (very hot) 110 81 68 62 51

Temperature Sensitivity to Flow Management:
2018

In addition to bracketing the range of temperature
variation across potential climate scenarios at sites in the
Willamette River system, the regression models can provide
an estimate of temperature sensitivity to specific flow manage-
ment strategies. Summer 2018 can be used as an interesting
example. NCEI ranked the 3-month average air temperature
from June to August 2018 in the Willamette Valley as 7 out
of 126 (1895-2019), or “much-above normal” (NCEI, 2020).
Using the same approach, the average streamflow at Salem
(USGS 14191000) from June through September of 2018
ranks 21 of 67 (1954-2020), near the “below normal”/“near
normal” threshold (22) (U.S. Geological Survey, 2019).
Summer 2018, therefore, might be classified as very hot
with near to below-normal streamflow. Predictions of mean
monthly 7dADMax stream temperature from the regression
models using 2018 inputs indicate that at modeled streamflows
that are £100 to &+ 1,000 ft3/s different from measured values,
stream temperatures at Harrisburg, Albany, and Keizer could
change by as little as <0.1°C or by as much as 1.4 °C in June,

July, and August (table 6) and that the influence of flow man-
agement varies by location, month, and the direction of flow
management (increase or decrease).

Using measured streamflows and air temperatures from
2018, the predicted water temperature in the Willamette River
reached a maximum 7dADMax of 20.8 °C at Harrisburg, 22.6
°C at Albany, and 24.3 °C at Keizer, with peak temperatures
occurring in late July and a late-season period of unseason-
ably warm weather increasing stream temperatures in October
(fig. 10; table 7). According to model predictions, increasing
streamflow by 1,000 ft3/s under 2018 conditions could have
decreased maximum 7dADMax stream temperatures by about
1 °C, to 19.8 °C at Harrisburg, 21.5 °C at Albany, and 23.5 °C
at Keizer, and could have decreased average July 7dADMax
temperatures at those sites to 18.3, 19.9, and 21.3 °C, respec-
tively. Smaller volumes of flow augmentation are predicted
to have proportionally smaller effects, with the addition or
removal of 100 ft3/s decreasing or increasing monthly mean
7dADMax temperatures at all locations by no more than 0.1°C
(tables 6-7).



Willamette River Temperature Regimes

Table 6. Predicted differences in the monthly mean of the 7-day average of the daily maximum (7dADMax) water temperature and
the change in the number of days in exceedance of the water quality standard at Keizer, Albany, and Harrisburg, Willamette River,

northwestern Qregon.
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[Predictions use the regressions models for each site, applying measured air temperatures from 2018 and variations from the measured 2018 streamflow condi-
tions. Temperatures are in degrees Celsius. Abbreviation: ft*/s, cubic foot per second]

Month -1,000 ft¥/s -500 ft3/s -100 ft¥/s +100 ft3/s +500 ft3/s +1,000 ft3/s
Willamette River at Keizer

April 0.1 0 0 0 0 -0.1
May 0.3 0.1 0 0 -0.1 -0.2
June 0.4 0.2 0.1 0 -0.2 -0.3
July 0.9 0.4 0.1 -0.1 -0.3 -0.6
August 1 0.5 0.1 -0.1 -0.4 -0.7
September 0.7 0.3 0 -0.1 -0.3 -0.5
October 0.6 0.3 0.1 -0.1 -0.3 -0.5
November 0 0 0 0 0 0

Change in exceedance days 12 6 2 -1 -2 -2

Willamette River at Albany

April 0.1 0.1 0 0 -0.1 -0.1
May 0.3 0.2 0 0 -0.1 -0.3
June 0.6 0.3 0.1 -0.1 -0.2 -0.5
July 1.3 0.6 0.1 -0.1 -0.5 -0.9
August 1.4 0.6 0.1 -0.1 -0.5 -0.9
September 1.2 0.5 0.1 -0.1 -0.4 -0.8
October 1.3 0.6 0.1 -0.1 -0.5 -0.8
November 0 0 0 0 0 0

Change in exceedance days 28 13 5 -2 -9 -17

Willamette River at Harrisburg

April 0.2 0.1 0 0 -0.1 -0.2
May 0.3 0.2 0 0 -0.1 -0.3
June 0.7 0.3 0.1 -0.1 -0.3 -0.5
July 1.4 0.6 0.1 -0.1 -0.5 -0.9
August 1.3 0.6 0.1 -0.1 -0.5 -0.9
September 1.2 0.5 0.1 -0.1 -0.4 -0.8
October 1.6 0.7 0.1 -0.1 -0.5 -0.9
November 0.1 0.1 0 0 0 -0.1
Change in exceedance days 63 34 8 -2 -8 -10
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Predicted annual maximum 7-day average of the daily maximum (7dADMax) and monthly means of 7dADMax water

temperature for 2018 at Keizer, Albany, and Harrishurg, Willamette River, northwestern Oregon.

[Predictions use the regressions models for each site, applying measured air temperatures from 2018 and variations from the measured 2018 streamflow condi-

tions. Temperatures are in degrees Celsius. ft¥/s, cubic feet per second]

Period -1,000 ft3/s -500 ft¥/s -100 ft¥/s Actual +100 ft¥/s +500 ft¥/s +1,000 ft¥/s
Willamette River at Keizer
Annual 254 24.8 24.4 24.3 24.2 239 23.5
June 18.1 17.9 17.8 17.7 17.7 17.5 17.4
July 22.8 22.3 22.0 21.9 21.8 21.6 21.3
August 23.0 22.5 22.1 22.0 21.9 21.6 21.3
Willamette River at Albany
Annual 24.2 233 22.7 22.6 22.4 22.0 21.5
June 18.0 17.6 17.4 17.3 17.3 17.1 16.9
July 22.0 21.3 20.8 20.7 20.6 20.2 19.9
August 22.2 21.4 20.9 20.8 20.7 20.3 19.8
Willamette River at Harrisburg
Annual 22.3 21.4 20.9 20.8 20.6 20.2 19.8
June 16.4 16.1 15.8 15.8 15.7 15.5 15.3
July 20.5 19.7 19.3 19.2 19.1 18.7 18.3
August 20.5 19.8 19.3 19.2 19.1 18.7 18.3
Flow modifications of discrete magnitudes influence Dl sC ussion

stream temperature in proportion to the percent change in
resulting flow that the modification represents. As a result,
discrete flow modifications, such as might be implemented

at a particular dam, will produce a greater effect at upstream
locations where the change in flow represents a greater percent
of total flows. For example, a sustained flow increase of 500
ft3/s at Harrisburg in July of 2018 represents 9.6 percent of the
resulting streamflow and is predicted to produce an average
monthly decrease in the 7dADMax temperature of 0.5 °C
(table 6). Farther downstream at Keizer, however, 500 ft%/s

is only 6.6 percent of the resulting July flow and is estimated
to decrease the monthly mean 7dADMax temperature in

July 2018 by only 0.3 °C. Similarly, because a set increase in
streamflow represents a smaller percentage of the final flow
when compared to a set decrease in streamflow, the tempera-
ture effect of decreasing streamflow is magnified compared

to the effect of a similar streamflow increase. For example, a
sustained decrease in flow of 500 ft3/s at Harrisburg represents
11.8 percent of the resulting average monthly flow and pro-
duces a predicted temperature increase of 0.6 °C, as compared
to the 0.5 °C decrease predicted for a similar flow increase.
For streamflow changes of 1,000 ft3/s, the difference in effect
is greater, with a 1,000 ft?/s flow increase reducing tempera-
ture by 0.9 °C while a similar decrease in streamflow increases
stream temperatures by 1.4 °C for July at Harrisburg (table 6).

Regression-based models of varying form and input
requirements have shown good success in predicting stream
temperature across a broad range of landscapes and times-
cales (Johnson, 1971; Mohseni and others, 1998; Donato,
2002; Isaak and others, 2017). For example, using a nonlinear
regression model relating weekly air temperature to weekly
stream temperature, Mohseni and others (1998) reported an
RMSE of 1.64 +0.46 °C using data from 584 USGS gaging
stations. Donato (2002) used seasonal temperature fluctua-
tions, site elevation, total drainage area, average subbasin
slope, and the deviation of the daily average air temperature
from a 30-year normal average air temperature to calculate
daily average stream temperature in August and September
with a reported RMSE range of 1.3-2.1 °C. More recently,
research has been successful in applying a range of hydrologic
and geomorphic covariates to develop spatial-stream-network
models of mean August stream temperature at 1-kilometer
intervals, with a reported RMSE of 1.1 °C (Isaak and oth-
ers, 2017).
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The seasonally based, piecewise approach to multiple
linear regression with smoothed seasonal transition multipli-
ers, as applied in this study, has several advantages. First,
with only two covariates (streamflow and air temperature),
the models are relatively simple to construct and imple-
ment. Second, by applying a seasonal, smoothed piece-wise
approach, the models can produce an annual time series of
estimated temperature that accounts for seasonal variability in
the relations among water temperature, air temperature, and
streamflow. Seasonal model fits are good in winter, spring,
and summer and worse in early and late autumn (fig. 11;
tables 1.1-1.12), probably because of variation in the timing
and magnitude of winter storms in the Willamette River basin

A. 7dADMax

and the associated end of the summer low-flow season. The
resulting smoothed annual models produced annual MAE
values of 0.4-0.9 °C for the 7dADMean and 0.5-1.0 °C for
the 7dADMax (table 2), a range of uncertainty within the 1
°C maximum MAE benchmark typically used to character-
ize acceptable results from a mechanistic water-temperature
model. The use of a daily, week-averaged time scale by these
regression models coincides with the regulatory criteria appli-
cable to stream temperature in Oregon. The weekly time scale
also helps to prevent any substantial influence of lag times or
autocorrelation in the shorter time-scale (diurnal or shorter)
responses of stream temperature to covariate variation (see
Caissie, 2006; Letcher and others, 2016).
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shown in figure 1.



The accuracy of the regression models demonstrates that
air temperature and streamflow are reasonable proxies for the
processes influencing stream temperature in the Willamette
River and its major tributaries, but that the strength and rela-
tive importance of processes controlling stream temperature
vary seasonally and spatially within the river network. The
association between air temperature and stream temperature
is strongest during the warming and cooling seasons of spring
and autumn, while at the low and high ends of the air tempera-
ture range, the relation between air temperature and stream
temperature begins to curve and “flatten” out (figs. 3—4). The
“flattening out” at lower air temperatures has been attributed
in other studies to the influence of groundwater, which has
also been found to reduce the slope of the air temperature
to stream temperature relation (Mohseni and others, 1998;
Caissie, 2006). This theory is supported by comparing the
slope of the relation between air temperature and stream
temperature on groundwater- versus surface-water-dominated
streams. For example, the relation between air temperature and
stream temperature on the McKenzie River, which is domi-
nated by groundwater inputs (Conlon and others, 2005; Tague
and others, 2007), has a much lower slope than the same rela-
tion at non-groundwater dominated sites like Goshen on the
Coast Fork Willamette River (figs. 3—4). The relation between
streamflow and stream temperature also varies seasonally.
Stream temperatures are closely coupled to streamflow in the
spring through early autumn but relatively independent in late
autumn and winter, when streamflows are high (figs. 5-6).
Consequently, flow modifications during this cold winter
period are unlikely to have a substantial influence on stream
temperature. Additionally, the influence of flow augmentation
on stream temperature in summer and early autumn is greater
in most years than in spring and early summer. In spring and
early summer, while insolation (the amount of solar radiation
reaching a given area) is highest, spring snowmelt and runoff
are also typically high. In contrast, baseflow is typically low
in summer and early autumn. Flow modifications can thus
represent a greater percentage of total flow and have a larger
influence on stream temperature.

In the reaches immediately below USACE dams, stream
temperature is strongly controlled by the temperature of dam
releases, which in turn is determined by the timing and depth
of thermal stratification in conjunction with lake level, dam-
outlet depths, and dam operations (Rounds, 2007; Rounds,
2010). Water-quality studies conducted during the 1970s
noted that cold water released from Lookout Point Lake on
the Middle Fork Willamette River influenced stream tempera-
tures as far downstream as RM 120 (upstream of Albany), and
particularly upstream of RM 172 between Harrisburg and the
confluence of the Willamette and McKenzie Rivers (Hines
and others, 1977). More recent modeling work showed that
the effect of dam releases on downstream water temperature
can be as much as 4-5 °C in the Willamette River upstream
of the McKenzie River confluence at RM 174.9 but less than
1°C, under typical conditions, downstream of the Santiam
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River confluence at RM 108.5 (Rounds, 2010). This modeling
also showed that dam releases cause disruptions in the natural
seasonal warming and cooling patterns of downstream river
reaches, with slower warming and later cooling than under

a no-dam scenario (Rounds, 2010), a pattern that has been
observed in the data from streamgages across the United States
(Mohseni and others, 1998, 1999). Study locations that were
close to dams (for example, the Middle Fork Willamette River
at Jasper, which is 10.3 RM downstream of Fall Creek Dam
and 8.7 RM downstream from Dexter Dam) showed strong
seasonal hysteresis (figs. 3—4), which was probably indica-
tive of the lag in warming and cooling observed by previous
research. However, the delayed warming effect of dams during
spring may be confounded by the effect of spring snowmelt,
which depresses the rate of spring warming relative to autumn
cooling (Webb and Nobilis, 1999; Lisi and others, 2015).

The dependency of stream temperature on streamflow
and air temperature assumes that these metrics are reliable
proxies for the heat flux processes influencing stream tem-
perature at a given location. Thus, the regression methods
applied in this study could not generally be used to model
stream temperature with acceptable accuracy at locations
where dam operations may unpredictably change the tem-
perature of release from season to season or year to year.

The distance (or travel time) from a dam to a point at which
stream temperatures can be reasonably approximated by air
temperature and streamflow will vary seasonally and accord-
ing to local conditions. Variability in model fit at locations
relatively near dams can thus provide insight into the condi-
tions and heat flux processes at these sites. For example, given
their proximity to upstream dams (fig. 1), regression models
for the McKenzie River at Vida (approximately 16 mi down-
stream of Cougar Dam and 10.5 mi downstream of Blue River
Dam) would be expected to be relatively poor. However, with
a relatively small MAE of 0.4 °C for the 7dADMean, the
McKenzie River at Vida has one of the best model fits in the
basin (table 2). This good model performance, despite being
closer to some upstream dams than streamgages on other riv-
ers with poor fits, is explained by the facts that (1) the USACE
dam releases contribute a small percentage of the total flow

in the McKenzie River and (2) the upper McKenzie River is
highly influenced by large and relatively stable groundwater
inputs, which causes more stable temperature patterns that are
easier to reproduce from year to year. Elsewhere, the relatively
good model fit statistics for models applied at locations near
upstream dams (such as the Middle Fork Willamette River at
Jasper, 8.7 mi from Dexter Dam and 10.3 mi from Fall Creek
Dam) suggest that the influence of upstream dam releases
diminishes relatively rapidly with time and downstream dis-
tance at some locations or that they are very consistent from
year to year. This implies that heat exchange of these rivers
with the environment is potentially rapid and that the accumu-
lated environmental heat fluxes over several days can replace
much of the heat content of the water released at the upstream
dams. The rapid heat exchange in these reaches may in part
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reflect channel morphology and features, such as numerous
shallow riffles and a relatively large width-to-depth ratio, that
allow rapid adjustment to environmental heat fluxes.

In reaches sufficiently downstream that the influence of
dam release temperatures is minimal, model results indicate
that summer stream temperatures vary more at downstream
locations than at upstream locations from a very hot and very
dry year to a cool and very wet year (fig. 9). This pattern in
the results suggests that low streamflow and high air tem-
peratures may disproportionately affect downstream reaches
of the Willamette River, such as Keizer, as compared to
more-upstream locations such as Harrisburg. Conversely, the
thermal consequences of a discrete change in streamflow (for
example, £500 ft3/s) are greater at more-upstream locations
where that change likely represents a greater percentage of
total streamflow and thus has a greater relative effect on travel
time and thermal mass than it would at more-downstream
locations where additional tributary inflows would dilute the
effect (table 6). Although the warming effect of a constant
flow decrease at Harrisburg is predicted to be greater than at
Keizer, modeling results from 2018 suggest that the magnitude
of the difference can vary seasonally. As modeled, the influ-
ence of a flow increase or decrease on stream temperature
would have been relatively small and hard to detect until mid-
June, when a decrease in flow coincided with a large increase
in air temperature. After mid-June of 2018, opportunities to
affect stream temperature through flow management increased.
An examination of the seasonal model coefficients for air tem-
perature and streamflow for the Harrisburg and Keizer sites
(tables 1.3, 1.5) shows that the influence of air temperature on
the 7dADMean stream temperature decreases at Harrisburg
from spring to early autumn (coefficients decreasing from 0.51
to 0.37) but stays relatively constant at Keizer (coefficients
between 0.49 and 0.51). In contrast, the effect of streamflow
at Keizer is stronger in spring and decreases through sum-
mer and early autumn (coefficients decreasing from 49,852 to
28,876), whereas the streamflow effect at Harrisburg increases
slightly from spring to summer and then decreases somewhat
in early autumn (coefficients of 21,272, 22,176, and 14,082).
This implies that climate conditions may be more important in
controlling stream temperature at the more-downstream sites,
and streamflow management to modify water temperature may
be more effective at the more-upstream sites through summer
and early autumn, depending on the magnitude of streamflow.

Finally, model analyses of the historical range of air
temperature and streamflow conditions indicate that, under
current geomorphic conditions and flow-management strate-
gies, the Willamette River as far upstream as Harrisburg
likely will continue to exceed the State of Oregon maximum
water-temperature criterion of 18 °C from late spring to early
autumn for sustained periods and that flow management, while
effective, likely cannot prevent such exceedances. Cooler con-
ditions below 18 °C were predicted at Harrisburg only in cool
(below normal air temperature) and very wet (much-above
normal streamflow) years. Temperatures exceeded 18 °C for
much of the summer at more-downstream sites such as Albany

and Keizer even in cool and very wet years. For much-above
normal air-temperature conditions, model results suggest that
the mean July 7dADMax at Keizer could range from 21.2 to
23.7 °C, depending on streamflow, while average July 7dAD-
Max at Harrisburg could be as high as 18.7-20.8 °C (table 3).
As modeled for 2018, sustained flow augmentation of 1,000
ft3/s decreased the mean July 7dADMax at Keizer from 21.9
to 21.3 °C (table 7). If summertime air temperature continues
to warm in a changing climate, such changes will exacerbate
warm water-temperature conditions in the Willamette River
stream network (Chang and others, 2018).

Model Limitations

The models developed in this study provide a simple and
relatively accurate means of estimating stream temperature
at key locations along the main channel of the Willamette
River and its major tributaries; however, the accuracy of the
modeled stream temperatures is subject to several limitations.
First, because the models are statistical rather than mechanis-
tic, they are best used within the range of air temperature and
streamflow conditions use to construct the models; extrapola-
tion beyond that range will introduce an increasing amount
of uncertainty in the predictions. Data beyond the range of
that included in the models cannot be assumed to follow the
same pattern. In particular, confidence in stream tempera-
ture estimates from low streamflow conditions is limited by
the relative paucity of low-streamflow inputs to the models
(figs. 5-0); as a result, analyses of the effects of additional
withdrawals or of streamflow conditions below the typical
range used for model construction may represent extrapola-
tions and should be interpreted with care. For example, it is
important to remember that low-flow summer streamflows
in the Willamette River are roughly twice as high as those
prior to completion of several large dams in the early 1950s
(Rounds, 2010) and that extrapolation to such pre-dam stream-
flow conditions is not recommended with these regression
models. As an aid to determining the conditions under which
the regression models are valid at each location, figs. 1.1-1.2
depict the seasonal range of air temperature and streamflow
data included in the statistical model for each location. Stream
temperatures calculated using input values that plot outside
the range of measured data are subject to greater uncertainty
than those that plot within it; for example, stream temperature
predictions calculated using streamflows below about 3,700
ft3/s at Albany in the summer and early autumn are subject to
greater uncertainty than stream temperature predictions calcu-
lated using streamflows of about 6,000 ft/s.

Second, because air temperature and streamflow are
proxies for the environmental heat fluxes and other processes
influencing stream temperature, any substantial changes to the
river environment that may influence flow paths, residence
time, river width or depth, and (or) riparian shading likely will
alter the accuracy and suitability of the models developed in
this study and require the development of updated models.



This statement has two implications: first, although the models
developed in this study are relatively accurate for describing
temperature relations occurring in the river system as it exists,
such models cannot be applied with confidence to estimate
stream temperatures under substantially altered future condi-
tions, when the relation between various heat fluxes might

be altered enough that the model coefficients developed here
are no longer the best description of the relations between air
temperature, streamflow, and stream temperature. Similarly,
the regression models cannot be used to “hindcast” historical
conditions in the river when flow regimes, channel morphol-
ogy, riparian vegetation and sediment supply were signifi-
cantly different than they are today (Sedell and Froggatt, 1984;
Wallick and others, 2013).

Although the regression models provide an effective
means to investigate the sensitivity of stream temperature to
flow management, the simple model inputs (air temperature
and streamflow) cannot account for the direct influence of dam
release temperatures, the competing effects of adjustments in
flow releases from multiple upstream dam locations, and the
heat-content alterations that a water parcel undergoes while in
transit to a particular location; therefore, these models cannot
effectively predict all of the intricacies of flow management
strategies involving multiple upstream reservoirs. Additionally,
the greater error in regression models at sites closer to
upstream dams (for example, the North Santiam River at/near
Mehama or the Santiam River near Jefferson) provides evi-
dence that upstream dam operations influence stream tempera-
ture in ways not captured by these simple models. As a result,
while the regression models can be reliably used to estimate
stream temperature response to an additional 100 or 500 ft3/s
of streamflow in the Willamette River at Keizer, they cannot
be used to determine the implications of, for example, garner-
ing that additional streamflow from releases from Detroit
Lake in the North Santiam River basin versus Lookout Point
Lake in the Middle Fork Willamette River basin or the effect
of releasing water over the spillway versus through the power
penstocks of Detroit Dam. For these types of determinations, a
mechanistic model such as CE-QUAL-W2 (Wells, 2019) can
better account for the influence of variable boundary condi-
tions, the evolution of stream heat budgets with downstream
travel time, the effects of dam operations, and other processes
influencing heat fluxes on stream temperature (for example,
see Rounds, 2010; Buccola and others, 2013; Buccola, 2017).

While the regression models developed in this study are
based on weekly averages and the State of Oregon maximum
water-temperature standard is based on the 7dADMax, a
weekly timescale obscures diel patterns and smooths anoma-
lous daily peaks in temperature that likely have ecological
importance. The regression models developed in this study are
simple tools that are valuable for garnering insights into the
potential effects of flow-management strategies or changes in
climate, and their simplicity allows for computationally fast
and efficient analysis of long datasets or coupling to other
models or decision-support systems, but the models also are
limited by that simplicity. With respect to spatial scales, the

Summary and Conclusions 29

regression models estimate stream temperature at the measure-
ment location of the streamgage, and the predicted tempera-
ture therefore can be assumed to represent the near-isothermal
and mixed conditions in the main channel. Depending on the
geomorphology of individual reaches, however, some sig-
nificant thermal heterogeneity (and diversity of fish habitat)
may occur in off-channel environments or in tributary plumes
that is not captured by these models. Furthermore, while the
assumption that the temperature data collected by USGS
streamgages represent well-mixed, isothermal conditions in
the main channel is reasonable, there may be variability in
temperature conditions in the main channel not accounted

for by these models or the data records used to build them.
Investigating cross-sectional variability in thermal conditions
in the Willamette River is beyond the scope of this study but
would be valuable future work.

Finally, while the accuracy of the regression equations
developed in this report varies by location, the regression
equations developed for Willamette Falls are unique and
should be applied with greater caution. Because the original
data used to build the regression equations for that site are
themselves derived from a regression with stream temperature
measurements at Newberg and an incomplete daily tempera-
ture dataset at Willamette Falls, the goodness-of-fit statistics
presented in tables 2 and 1.1 do not reflect a comparison with
actual measurements. Additionally, while correlation between
the data provided by ODFW and the limited USGS data avail-
able from Willamette Falls is good and appears to be unbiased,
the ODFW dataset may not meet USGS data-quality standards.
Thus, while the regression relations developed for Willamette
Falls can provide useful information, uncertainty in the rela-
tion at Willamette Falls is relatively high, and interpretations
made from temperature estimates for that site should be made
with care.

Summary and Conclusions

This report documents the development of regression
relations used to estimate the 7-day moving average of the
daily mean (7dADMean) and the 7-day moving average of
the daily maximum (7dADMax) stream temperature at 12
locations on the Willamette River and major tributaries down-
stream of U.S. Army Corps of Engineers dams. Regression
models were developed as tools to investigate the thermal
regimes of the river network and its sensitivity to weather
and climate variations and to better understand the potential
for flow management to influence stream temperature. Using
publicly available records of air temperature, streamflow, and
stream temperature, a smoothed and piecewise multiple linear
regression approach was used to build stream temperature
models with annual MAE ranging from 0.4 to 0.9 °C (7dAD-
Mean) and 0.5 to 1.0 °C (7dADMax) and RMSE ranging
from 0.6 to 1.1 °C (7dADMean) and 0.6 to 1.2 °C (7dAD-
Max). Goodness-of-fit statistics for the models show that air
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temperature and streamflow are reasonable proxies for the pro-
cesses influencing stream temperature in the Willamette River
stream network except at locations relatively close to upstream
dams where the temperature of dam releases is important.
These analyses suggest that environmental heat fluxes across
the river surface in the Willamette River system during spring
through autumn are large compared to the heat content of the
river, such that stream temperature in the Willamette River and
the lower reaches of its major tributaries is primarily con-
trolled by those environmental heat fluxes, and less so by the
temperature of upstream dam releases.

Modeled responses to flow management strategies in the
Willamette River system suggest that the sensitivity of water
temperature in the Willamette River to flow management
varies based on location. As modeled for 2018 (a very hot
year with average to below-average streamflow), changes in
streamflow ranging from £100 to £1,000 ft*/s produced mean
monthly temperature changes from 0.0 to 1.4 °C, depending
on the time of year. Large decreases in streamflow produced
larger changes in temperature than did similar levels of flow
augmentation. Although modeling of pre-dam conditions is
beyond the capability of these regression models because such
low streamflows would be well outside the range of calibrated
conditions, preferentially larger increases in stream tempera-
ture associated with decreases in streamflow imply that adjust-
ing to a more “natural” (non-augmented) flow regime during
summer would cause substantial warming in the river system.
However, model results suggest that flow augmentation can
effectively contract the duration of summer temperatures
exceeding 18 °C, particularly at more-upstream sites such as
Harrisburg where temperatures tend to be lower than at more-
downstream sites.

The regression models developed in this study indicate
that, because of the greater influence of changes in stream-
flow at relatively low-flow conditions, the potential for flow
management to influence stream temperature is (1) greater
at upstream locations as compared to downstream locations
and (2) likely to be more effective in summer and autumn
when streamflow is low, as opposed to during spring when
streamflow tends to be higher. Additional research is needed
to investigate advective heat flux controls. The dominance of
source-related advective heat flux on stream temperature in
winter and spring suggests that, as climate warms and winter
precipitation shifts to rain versus snow, spring warming may
show an enhanced response to climate change. Furthermore,
this effect may be compounded by a decrease in the spring
snowmelt signature.

Although the models developed in this study rely on
empirical relations to estimate stream temperature, a better
understanding of the relations among water temperature, air
temperature, and streamflow provides valuable insights into
the dominant controls on stream temperature in the Willamette
River, the seasonal variation of those controls, and the sensi-
tivity of stream temperature in the Willamette River system to
flow management. The simplicity of the statistical modeling
approach and the requirement of only two readily available

model inputs (air temperature and streamflow) allows for rapid
model development and deployment, and therefore can be eas-
ily applied to evaluate a wide range of management questions.
These results and insights are valuable for water-resource
managers, regulators, and scientists who may need to develop
strategies to evaluate and optimize flow management strate-
gies to improve the health, survival, and habitats of threatened
fish populations.
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Table 1.1. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location A) at the
Willamette River at River Mile 26.6, Willamette Falls, northwestern Oregon.

[Location A is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture strear_nf_low Intercept °C) °C) °C)
coefficient coefficient
7dADMean
Winter 0.55 10,604.99 2.81 0.00 0.96 1.25
Spring 0.54 71,744.03 3.24 0.00 0.68 0.86
Summer 0.44 54,494.18 6.55 0.00 0.85 1.06
Early autumn 0.60 34,186.90 4.32 0.00 0.82 1.05
Late autumn 0.63 15,082.22 3.35 0.00 1.18 1.49
7dADMax
Winter 0.45 -5,995.01 2.02 0.00 0.98 1.28
Spring 0.35 77,380.48 3.41 0.00 0.85 1.07
Summer 0.28 51,974.61 7.75 0.00 0.87 1.08
Early autumn 0.37 38,279.96 4.86 0.00 1.13 1.41
Late autumn 0.66 770.50 1.24 0.00 1.12 1.40

Table 1.2. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location B) at the
Willamette River at Newberg (USGS 14197900), northwestern Oregon.

[Location B is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept (°C) (°C) °C)
coefficient coefficient
7dADMean
Winter 0.51 13,508.97 3.70 0.00 0.59 0.75
Spring 0.56 54,000.98 3.33 0.00 0.55 0.70
Summer 0.47 42,265.73 6.17 0.00 0.68 0.85
Early autumn 0.55 28,411.58 4.96 0.00 0.60 0.77
Late autumn 0.57 9,727.19 4.48 0.00 0.88 1.11
7dADMax
Winter 0.41 71.24 3.09 0.00 0.64 0.83
Spring 0.38 56,952.27 3.30 0.00 0.72 0.90
Summer 0.31 39,465.31 7.35 0.00 0.71 0.88
Early autumn 0.35 31,177.13 5.20 0.00 0.87 1.07

Late autumn 0.59 -1,045.70 2.65 0.00 0.85 1.07
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Table 1.3. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location C) at the
Willamette River at Keizer (USGS 14192015), northwestern Oregon.

[Location C is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept (°C) (°C) °C)
coefficient coefficient
7dADMean
Winter 0.50 9,034.68 3.95 0.00 0.50 0.67
Spring 0.51 49,852.11 3.51 0.00 0.49 0.64
Summer 0.49 35,556.04 5.76 0.00 0.68 0.87
Early autumn 0.51 28,876.47 4.99 0.00 0.60 0.82
Late autumn 0.60 9,752.38 4.29 0.00 0.81 1.04
7dADMax
Winter 0.41 461.79 3.22 0.00 0.55 0.71
Spring 0.35 55,229.39 3.20 0.00 0.62 0.80
Summer 0.36 36,111.18 6.00 0.00 0.74 0.95
Early autumn 0.34 32,554.51 5.00 0.00 0.88 1.14
Late autumn 0.60 -1,012.40 2.59 0.00 0.82 1.00

Table 1.4. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location D) at the
Willamette River at Albany (USGS 14174000), northwestern Oregon.

[Location D is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nl_low Intercept (°C) °C) °C)
coefficient coefficient
7dADMean
Winter 0.51 4,381.44 3.96 0.00 0.57 0.73
Spring 0.52 26,018.60 3.86 0.00 0.61 0.77
Summer 0.41 26,503.57 6.28 0.00 0.52 0.65
Early autumn 0.45 17,528.32 6.14 0.00 0.53 0.67
Late autumn 0.60 4,707.82 4.29 0.00 0.84 1.08
7dADMax
Winter 0.40 -958.16 3.46 0.00 0.65 0.82
Spring 0.34 28,443.50 4.05 0.00 0.83 1.02
Summer 0.27 27,396.56 7.32 0.00 0.61 0.75
Early autumn 0.28 21,020.63 6.38 0.00 0.76 0.94

Late autumn 0.61 -1,112.68 2.55 0.00 0.84 1.05
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Table 1.5. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location E) at the
Willamette River at Harrisburg (USGS 14166000), northwestern Oregon.

[Location E is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept °c) (°C) (°C)
coefficient coefficient
7dADMean
Winter 0.44 2,862.14 431 0.00 0.48 0.62
Spring 0.51 21,272.47 3.36 0.00 0.50 0.63
Summer 0.43 22,175.88 5.13 0.00 0.46 0.58
Early autumn 0.37 14,082.05 7.36 0.00 0.56 0.73
Late autumn 0.50 6,264.40 4.95 0.00 0.93 1.20
7dADMax
Winter 0.37 -1,107.71 3.59 0.00 0.52 0.66
Spring 0.38 20,368.35 2.84 0.00 0.62 0.77
Summer 0.27 23,877.41 6.16 0.00 0.46 0.58
Early autumn 0.25 16,636.72 6.87 0.00 0.68 0.85
Late autumn 0.54 1,902.51 3.13 0.00 0.82 1.04

Table 1.6. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location F) at the
Willamette River at Owosso Bridge at Eugene (USGS 14158100), northwestern Oregon.

[Location F is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept (°C) °C) °c)
coefficient coefficient
7dADMean
Winter 0.44 2,084.87 4.13 0.00 0.59 0.76
Spring 0.49 7,898.67 3.70 0.00 0.58 0.78
Summer 0.38 11,531.50 5.31 0.00 0.65 0.82
Early autumn 0.18 11,542.95 9.37 0.00 0.55 0.68
Late autumn 0.53 1,655.67 5.72 0.00 1.23 1.55
7dADMax
Winter 0.39 1,005.58 3.11 0.00 0.59 0.73
Spring 0.37 7,635.78 3.45 0.00 0.69 0.91
Summer 0.28 10,532.90 6.20 0.00 0.61 0.78
Early autumn 0.15 11,341.30 9.33 0.00 0.57 0.73

Late autumn 0.59 302.95 3.37 0.00 1.09 1.35
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Table 1.7. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location G) at the
Middle Fork Willamette River at Jasper (USGS 14152000), northwestern Oregon.

[Location G is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept (°C) (°C) (°C)
coefficient coefficient
7dADMean
Winter 0.37 524.57 442 0.00 0.48 0.62
Spring 0.44 3,715.14 4.02 0.00 0.57 0.77
Summer 0.44 5,422.30 4.64 0.00 1.01 1.24
Early autumn 0.19 8,712.27 9.39 0.00 0.83 1.00
Late autumn 0.50 2,422.73 5.90 0.00 1.36 1.72
7dADMax
Winter 0.35 972.54 3.33 0.00 0.56 0.71
Spring 0.34 5,397.38 3.47 0.00 0.65 0.84
Summer 0.35 7,816.88 3.94 0.00 1.00 1.25
Early autumn 0.19 10,638.54 8.34 0.00 0.86 1.05
Late autumn 0.59 1,788.71 3.26 0.00 1.17 1.48

Table 1.8. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location H) at the
Coast Fork Willamette River near Goshen (USGS 14157500), northwestern Oregon.

[Location H is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra.ture strear_nf_low Intercept °C) °C) °C)
coefficient coefficient
7dADMean
Winter 0.47 462.03 4.65 0.00 0.65 0.80
Spring 0.56 1,150.17 4.60 0.00 0.46 0.64
Summer 0.57 572.49 6.38 0.00 0.65 0.80
Early autumn 0.40 -26.20 11.50 0.00 0.73 0.90
Late autumn 0.46 259.01 5.62 0.00 1.06 1.37
7dADMax
Winter 0.37 253.94 4.14 0.00 0.74 0.94
Spring 0.45 1,150.56 3.86 0.00 0.63 0.81
Summer 0.39 765.65 7.29 0.00 0.77 0.94
Early autumn 0.31 259.17 10.47 0.00 0.82 1.00

Late autumn 0.51 86.29 3.84 0.00 1.00 1.27
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Table 1.9. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location I) at the
Santiam River near Jefferson (USGS 14189050), northwestern Oregon.

[Location I is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Rir Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept °c) °C) °C)
coefficient coefficient
7dADMean
Winter 0.35 3,434.91 435 0.00 0.70 0.90
Spring 0.27 15,068.68 5.38 0.00 0.75 0.95
Summer 0.28 7,102.14 8.93 0.00 1.01 1.23
Early autumn 0.27 6,527.66 7.37 0.00 0.74 0.92
Late autumn 0.39 3,236.95 5.26 0.00 1.01 1.27
7dADMax
Winter 0.32 1,134.23 3.84 0.00 0.73 0.94
Spring 0.18 17,106.93 5.93 0.00 0.90 1.12
Summer 0.16 7,495.78 10.99 0.00 1.17 1.43
Early autumn 0.19 7,472.03 7.51 0.00 0.87 1.10
Late autumn 0.44 637.04 3.81 0.00 0.90 1.14

Table 1.10. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location J) at the
North Santiam River at/near Mehama (USGS 14183000/14183010), northwestern Oregon.

[Location J is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept °C) (°C) °C)
coefficient coefficient
7dADMean
Winter 0.31 -139.88 3.63 0.00 0.39 0.49
Spring 0.35 5,062.98 2.30 0.00 0.41 0.53
Summer 0.37 5,051.66 3.76 0.00 0.92 1.18
Early autumn 0.17 4,909.99 7.01 0.00 1.04 1.26
Late autumn 0.47 1,463.96 4.51 0.00 1.00 1.21
7dADMax
Winter 0.28 -501.51 3.08 0.00 0.43 0.56
Spring 0.31 6,318.79 1.68 0.00 0.53 0.66
Summer 0.33 5,428.28 3.43 0.00 0.92 1.20
Early autumn 0.18 5,726.83 6.07 0.00 1.04 1.25

Late autumn 0.50 345.35 2.83 0.00 0.84 1.02
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Table 1.11. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location K) at the
McKenzie River above Hayden Bridge, at Springfield (USGS 14164900), northwestern Oregon.

[Location K is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept °C) °C) °C)
coefficient coefficient
7dADMean
Winter 0.36 2,875.48 3.75 0.00 0.36 0.46
Spring 0.41 10,419.24 291 0.00 0.36 0.45
Summer 0.36 9,229.20 4.90 0.00 0.49 0.63
Early autumn 0.37 4,150.38 5.40 0.00 0.50 0.65
Late autumn 0.46 88.08 4.33 0.00 0.65 0.82
7dADMax
Winter 0.30 2,053.31 3.10 0.00 0.39 0.50
Spring 0.28 13,827.24 2.36 0.00 0.45 0.55
Summer 0.31 10,350.75 4.01 0.00 0.60 0.77
Early autumn 0.30 4,212.80 4.70 0.00 0.68 0.87
Late autumn 0.46 -1,869.69 3.08 0.00 0.60 0.78

Table 1.12. Regression coefficients and goodness-of-fit statistics for the water-temperature model for the study site (Location L) at the
McKenzie River near Vida (USGS 14162500), northwestern Oregon.

[Location L is shown in figure 1. All temperatures in the models were in degrees Celsius and all streamflows were in cubic feet per second. Abbreviations: ME,
mean error; MAE, mean absolute error; RMSE, root mean square error; °C, degrees Celsius; 7dADMean, 7-day average of the daily mean; 7dADMax, 7-day
average of the daily maximum]

Regression coefficients Goodness-of-fit statistics
Season Air Inverse ME MAE RMSE
tempe_ra_ture streal_nf_low Intercept °c) °C) °C)
coefficient coefficient
7dADMean
Winter 0.28 581.46 3.90 0.00 0.31 0.40
Spring 0.35 6,891.18 2.69 0.00 0.41 0.55
Summer 0.24 8,360.08 4.73 0.00 0.46 0.57
Early autumn 0.22 2,925.74 6.42 0.00 0.44 0.53
Late autumn 0.36 828.64 4.29 0.00 0.66 0.85
7dADMax
Winter 0.24 216.45 3.48 0.00 0.36 0.46
Spring 0.29 8,990.07 1.87 0.00 0.47 0.59
Summer 0.21 9,673.93 4.74 0.00 0.58 0.72
Early autumn 0.21 3,480.11 5.59 0.00 0.53 0.68

Late autumn 0.37 -564.81 3.24 0.00 0.61 0.76
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Figure 1.1. Graphs showing the source and range of the 7-day average of the daily mean (7dADMean) streamflow and 7-day average
of the daily maximum (7dADMax) air temperature data used to create each regression model. See table 1 for additional information on
location and data sources and time periods included in regression models.
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Figure 1.2. Graphs showing the source and range of the 7-day average of the daily mean (7dADMean) streamflow and 7dADMean air
temperature data used to create each regression model. See table 1 for additional information on location and data sources and time
periods included in regression models.
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