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EXECUTIVE SUMMARY
Water temperature has been highlighted as a concern for cold-water fish in the GreenDuwamish River. An Ecology-led Total Maximum Daily Load (TMDL) study of the Green
River below Howard Hanson Dam was completed in 2011 that determined the river lacked
sufficient riparian shade and that extensive riparian restoration would result in a reduction
in summer maximum temperature. The TMDL study was based in part on a detailed
sampling effort during the summer of 2006 and the development of a riparian shade and
river temperature model.

Record low spring Cascade snowpack and warmer than normal winter, spring, and early
summer air temperatures were observed in western Washington in 2015. These conditions
generally led to unusually low flows in unregulated streams and rivers and elevated water
temperatures. Early in 2015 a statewide drought was declared and some regional scientists
suggested that the 2015 water year might become a good proxy for future (mid-21st
century) conditions expected as the result of human-influenced climate change.

In order to gain a better understanding of what typical future conditions might look like,
monitoring resources of a number of tribal, federal and local agencies and utilities were
directed at a broader collection of temperature data in the Green-Duwamish River in the
summer of 2015. This report documents the temperature conditions throughout the GreenDuwamish River in the summer of 2015, including conditions at sites located above
Howard Hanson Dam. Comparisons of conditions in summer 2015 are also made to:
•
•
•
•

Relevant state water temperature standards

Water temperatures observed in 2006 below Howard Hanson Dam

TMDL model water temperature predictions for Existing Shade conditions under
“worst case” summer low flow and weather conditions

Temperatures observed above and below Howard Hanson Dam from 1992 to 2015
to evaluate the influence of the dam and dam operations on outlet temperatures

Previous temperature studies of the Green-Duwamish River, including temperature
modeling studies of Howard Hanson Dam reservoir were also reviewed to provide
additional context and insights as part of this study.

The 2015 low flow conditions and elevated air temperatures leading into the July-August
period when the highest water temperatures are typically observed, led to exceptionally
warm waters in the Green-Duwamish River in 2015. Water temperatures observed
exceeded relevant state temperature criteria consistent with previous Ecology Category 5
listings of the Green River as impaired by temperature and requiring a TMDL. The
maximum 7-day moving average of the daily maximum (7-DMax) temperatures observed
on July 4, 2015 exceeded the 22 oC threshold for potentially lethal conditions to cold water
fish species (including salmonids) provided in the State water quality standards. These
exceedances occurred at almost every mainstem location sampled from Flaming Geyser
King County Science and Technical Support Section
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State Park below the Green River gorge to the most downstream station in the Duwamish
River.

The maximum 7-DMax temperatures in the Green River below Flaming Geyser State Park
observed on July 4, 2015 were greater than the maximum 7-DMax observed on July 24,
2006. The maximum 7-DMax temperatures observed below Flaming Geyser State Park in
2015 were also generally greater than the TMDL “worst case” Existing Shade model
predictions.

The most severe high temperatures occurred downstream of Auburn where the river is
diked and riparian trees are largely absent producing low quality juvenile salmonid habitat
and likely an early exit of juvenile fish from the Lower Green River to cold water refuges. In
the Green River below Howard Hanson Dam, cooler water during summer can be found
where cold springs enter the river along the gorge between Palmer and Flaming Geyser
State Park. Below Flaming Geyser State Park, cooler water can be found in smaller
tributaries and some side channels. Colder water also can also be found in the brackish
bottom waters that enter the tidally influenced Duwamish River from Elliott Bay and Puget
Sound.

Data collected in 2015 above and below Howard Hanson Dam illustrated the effect of the
dam on river temperatures. The reservoir behind the dam becomes thermally stratified
during the summer with warm water on the surface and colder water at depth. Because the
main outlet used during summer months for the release of water downstream is near the
bottom of the reservoir, relatively cold water with much less diurnal variability is released
during the summer. As a result, the seasonal temperature immediately downstream of the
dam is different from the temperatures at the same point prior to construction of the dam
with colder water (relative to pre-dam conditions) in summer and relatively warmer water
in late summer and fall.

Reservoir temperature modeling (and the available outlet temperature data) suggests that
the outlet temperature can be affected by the changes in the amount of water stored (which
also affects the surface area and water depth in the reservoir) during summer. Greater
summer storage, as a result of the Additional Water Storage Project in 2007, may have
resulted in lower outlet temperatures during spring and early summer and warmer
temperatures during late summer and fall.

Although the evidence that the maximum temperatures observed in 2015 were
extraordinary is not conclusive, there is a high level of confidence that later this century air
and water temperatures will increase considerably across the Puget Sound region as a
result of global climate change. Stream temperatures are projected to increase by 2.2 to
2.5 oC (4.0 to 4.5 oF) by the 2080s (2070-2099) relative to the period 1970-1999.
Historically, management of water and aquatic resources has been conducted under the
assumption of stationarity—the idea that natural systems vary over an unchanging upper
and lower limit and whose properties can be estimated from a historical record of
observations. This assumption is commonly understood to be compromised by human
King County Science and Technical Support Section
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activities like flood control and water storage projects or land cover and land use changes.
At a minimum, salmon recovery planning for the Green-Duwamish River should
acknowledge that historical temperature records may not accurately reflect future river
conditions, raising questions regarding how salmon recovery plans might be altered to
accommodate nonstationary climate change effects on water temperature (and
streamflow).

Complex dynamics control river water temperatures, including co-varying effects of flow
and temperature. Therefore, it is recommended that the Green River temperature TMDL
model (or a comparable model calibrated to the available data) be used to evaluate
scenarios designed to isolate the potential effects of management options such as reservoir
release rates, outlet temperature, specific riparian restoration strategies, or groundwater
flow restoration (to name a few) on Green River temperatures, perhaps including the
potential climate change impacts. More detailed evaluation of riparian restoration
scenarios could also be conducted with the model. If river temperatures other than those
that occur during summer low flow are of interest, a dynamic continuous simulation model
may be required as the existing TMDL model is a steady state model limited to the
simulation of summer temperatures during periods of relatively steady flow.

The WRIA 9 Salmon Habitat Plan recommended adaptive management and monitoring that
included determining if water quality (including temperature) is improving in critical
reaches. To help ameliorate high temperatures, the WRIA 9 salmon recovery partners
developed a riparian revegetation strategy. The strategy identified priority areas for
planting trees to create shade along the mainstem Green River as well as tributaries. Being
able to make accurate assessments of temperature improvements due to management
actions such as tree planting will require more than a reliance on the existing monitoring
network designed for other purposes and supported by multiple and uncertain funding
sources.
It is recommended that the design of a focused Green River temperature monitoring
program begin with the development of key questions with which to design a realistic
management-relevant monitoring program. The program would ideally be focused on
temperature effects on relevant salmon life history stages and effects of management
(e.g., flow augmentation, riparian restoration, etc.) on river temperatures during relevant
life history stages.
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1.0 INTRODUCTION
Record low spring Cascade snowpack and warmer than normal winter, spring, and early
summer air temperatures were observed in western Washington in 2015. These conditions
generally led to unusually low flows in unregulated streams and rivers and elevated water
temperatures. Early in 2015 a statewide drought was declared and some regional scientists
suggested that the 2015 water year might become a good proxy for future (mid-21st
century) conditions expected as the result of human-influenced climate change. 1

To gain a better understanding of what typical future conditions might look like, a number
of tribal, federal and local agencies and utilities directed monitoring resources to collect a
broader set of temperature data in the Green-Duwamish River in the summer of 2015. This
report documents the temperature conditions throughout the Green River in the summer
of 2015. Comparisons of conditions in summer 2015 for the Green River below Howard
Hanson Dam 2 are also made to conditions observed in 2006—another year in which a
relatively high density of continuous temperature sensors were deployed. The 2006 data
were also used to calibrate Ecology’s Total Maximum Daily Load (TMDL) temperature
model (Ecology, 2011).

The interest in summer river temperatures stems from the listing of Chinook salmon, bull
trout, and steelhead as threatened under the Endangered Species Act. In 2005, the WRIA 9
Salmon Habitat Plan was developed to guide the protection and restoration of the GreenDuwamish and Central Puget Sound watershed ecosystem for both people and fish. 3 The
Salmon Habitat Plan identified elevated summer river and stream temperatures due to loss
of riparian vegetation and groundwater base flow (as well as other factors) as a limiting
factor for salmon recovery in the Green-Duwamish River. There is a concern that high
summer water temperatures in the river could be creating adverse habitat conditions for
juvenile salmonids and blocking or delaying summer spawning migration of adult summer
steelhead and Chinook (Kerwin and Nelson, 2000).

1.1

Background

Water temperature is perhaps the single most important parameter for aquatic biota,
affecting the distribution of species and life stages, reproduction and migration timing, and
growth (Poole and Berman, 2001; Caissie, 2006; Webb et al., 2008; Hester and Doyle, 2011;
Arismendi et al., 2013). Water temperature plays a dominant role in determining the rate
of many chemical, physical, and biological processes (Poole and Berman, 2001; Webb et al.,
2008; Mayer, 2012). Aquatic organisms tend to be more sensitive to temperatures above
than below their thermal maxima and fish are generally more sensitive than invertebrates
Pacific Northwest’s Winter, Warm and Wet, Is Climate Change Preview
http://www.circleofblue.org/2015/world/pacific-northwests-winter-warm-wet-climate-change-preview/
2 Howard Hanson Dam was became operational December 25, 1961 and was constructed for winter flood
control and flow enhancement for the benefit of fish in the summer:
http://www.nws.usace.army.mil/Missions/Civil-Works/Locks-and-Dams/Howard-Hanson-Dam/
3 Salmon Habitat Plan: http://www.govlink.org/watersheds/9/plan-implementation/HabitatPlan.aspx
1
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(Hester and Doyle, 2011). Water temperature also moderates the susceptibility of aquatic
organisms to toxins and disease, and exposure to extreme temperatures over a relatively
short period of time can result in mortality (Ecology, 2002; U.S. EPA, 2003; Richter and
Kolmes, 2005; Chiaramonte et al., 2016).

The natural variation of temperature within the stream and river network and across
seasons is typically referred to as the thermal regime (Mayer, 2012). Temporary alteration
of the thermal regime can cause behavioral and physiologic responses in aquatic
organisms. Permanent shifts of the thermal regime can cause formerly suitable habitat to
become unsuitable for aquatic species adapted to the natural variability of the historical
system (Poole and Berman, 2001).
Land use change, water resource management, and climate change increasingly impact
stream and river temperatures—more typically increasing rather than decreasing
temperature (Cristae and Burges, 2009; Mantua et al., 2010; Hester and Doyle, 2011; Isaak
et al., 2011; Cao et al., 2016). As a result of the relative ecological importance of stream
temperature, preventing or mitigating human-caused thermal alteration is a common
concern for resource management (Poole and Berman, 2001). While efforts to mitigate
thermal degradation are expected to grow in the future, the biological effects of humancaused thermal impacts and planned mitigation options are poorly quantified (Hester and
Doyle, 2011).
Within the Puget Sound lowlands, which includes the Green-Duwamish River, the
importance of summer water temperatures to salmonid production and overall ecosystem
health is widely recognized (e.g., Beechie et al. 2013; Booth et al., 2014). However,
Arismendi et al. (2013) highlighted the importance of a year-round perspective and the
consideration of several descriptors of the thermal regime—the magnitude, variability,
frequency, duration, and timing of thermal events throughout the year. Unfortunately, it is
not always obvious which temperature metrics are most relevant to particular fish life
history stages and hence management (Arismendi et al., 2013; Steel et al., 2016).
Criticisms have also been raised of the use of relatively simple temperature models for
planning leading to the selection of management alternatives constrained more by the
limitations and assumptions of the model than by the physical character of the stream
(Poole and Berman, 2001). The importance of being able to model the effect of floodplain
restoration, including restored floodplain connectivity and increased hyporheic exchange
for modeling the thermal regime of larger river systems has been highlighted (Poole and
Berman, 2001).

To date, models developed to simulate stream and river temperatures in the Pacific
Northwest (PNW) have not been explicitly capable of evaluating the effect of restored
floodplain connectivity, although many of these modeling efforts have focused on smaller
streams. These models include examples of the various types of temperature models
reviewed by Cassie (2006) and Benyahya et al. (2007). Mantua et al. (2010) developed a
non-linear statistical model of weekly average stream water temperatures across the PNW
predicted from weekly average air temperatures. Isaak et al. (2016) developed a spatial
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statistical stream network model that predicted mean August temperature from a small
number of landscape predictor variables. A mechanistic steady state river temperature
model of the Green River below Howard Hanson Dam was developed by Ecology (2011) in
support of the development of a temperature TMDL. A mechanistic dynamic water quality
model of the Green River (including temperature) was developed as part of the GreenDuwamish Watershed Water Quality Assessment (King County, 2004a). Cao et al. (2016)
applied a mechanistic continuous hydrology-stream temperature model to streams within
the Puget Sound basin.

Within the Puget Sound basin, there are few examples of studies that integrate the effects
of flow, temperature, and fish life history. Battin et al. (2007) developed a set of linked
models of climate, land cover, hydrology, temperature, and salmon population dynamics.
Beechie et al. (2013) applied a macroscale hydrologic and water temperature model of
Columbia River basin streams and the coastal drainages of Oregon and Washington to a
decision support process for adapting salmon recovery plans. Both of these efforts used the
models to evaluate the potential benefits of salmon restoration efforts in the face of climate
change.

The importance of thermal refuges and thermal habitat diversity is another aspect of study
that has recently received more attention. This is due in part to the recognition that some
cold-water salmonids migrate through the warmer summer months to spawn and are likely
able to do so by using cold-water refuges (Torgersen et al., 1999; Torgersen et al., 2012). 4
In keeping with this understanding, the protection and restoration of cold-water refuges is
included in Oregon’s temperature standard (340-041-0028 Oregon Administrative Rule).
These refuges that occur at multiple spatial scales may be locations where future climate
effects are outweighed by local controls such as geomorphology, tributary inputs,
groundwater exchange, or riparian vegetation (Fullerton et al., 2015)

1.2

A Brief Overview of Previous Studies

As early as 1978, concerns were expressed regarding the temperature of the GreenDuwamish River and potential impacts on anadromous salmonids (King County, 1978). A
report by Ecology (1980) attributed exceedance of temperature standards throughout the
river during summer to low flow and lack of shade. A report prepared for the Muckleshoot
Indian Tribe (MIT) summarized temperature information available prior to 1984 and
concluded that high water temperatures in parts of the Green River could be creating
adverse habitat conditions for salmonids (Fishery Sciences, 1984). Another evaluation
report, this one conducted for the U.S. Army Corps of Engineers (USACE), indicated that
upstream migration of early-run fall Chinook was being impacted by elevated river
temperatures (Grette and Salo, 1986). Grette and Salo (1986) also indicated that elevated
summer temperatures might influence the utilization of the lower Green River by juvenile

Torgersen et al. (2012) defined refuges (plural) and refuge (singular) as either cold or warm patches of
water in relation to surrounding water that are collectively termed thermal refuges. This was done to avoid
confusion with the biogeographical definition of refugia and confusion regarding the spelling of the singular
form refugium.
4
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steelhead, Chinook, and coho salmon. The potential for Chinook migration delay was also
noted by Harper-Owes (1983), who suggested that fish accumulated in the lower saline
(and cooler) waters of the Duwamish in August (thereby also increasing exposure to
contaminants)5 and only began migration later in September as the river upstream began
to cool.

A temperature study of the Green River was conducted in the summer and fall of 1992,
which employed continuous temperature sensors at seven sites between the outlet of
Howard Hanson Dam and Tukwila (Caldwell, 1994). 6 The study also evaluated riparian
shade conditions throughout the study area and investigated temperatures in shallow
areas and pools above the confluence with Soos Creek and below Whitney Bridge. The
study noted that temperatures at the outlet of Howard Hanson Dam and at the Tacoma
Public Utilities (TPU) diversion near Palmer 7 were above temperatures preferred by
salmon, but well below lethal temperatures. However, in the lower Green River between
Tukwila and Whitney Bridge, maximum temperatures in the 22.5 to 24 oC range were
observed and Caldwell (1994) suggested that salmon would avoid waters in this
temperature range if possible.

Caldwell (1994) noted a difference in the duration that elevated temperatures were
observed, noting that temperatures above 18 oC were observed two and three times more
often at Tukwila than at the Whitney site. Caldwell (1994) reported that they did not find
cooler water at depth in the pools sampled and shallow stream margins tended to be
warmer than the main flow depending on whether the water was flowing or standing.

Another temperature study was conducted by King County in 1994, but the results were
not published. The study included instantaneous measurements of temperature, dissolved
oxygen and specific conductance at 21 locations between Tukwila and the CumberlandKanaskat Bridge below Howard Hanson Dam on six separate dates in August and
September. This study was followed by another unpublished King County study that was
conducted during the summers of 1995 and 1996. This study continuously monitored
summer water temperatures at nine locations between Tukwila and Howard Hanson Dam
(one station was added and one was dropped 1996). Continuous water temperature
monitoring was also conducted on Mullen Slough and O’Grady Creek in 1996.

During the mid-1990s, the U.S. Geological Survey (USGS) collaborated with King County as
part of the first cycle of the Puget Sound Basin National Water Quality Assessment
(NAWQA). Collaboration included additional continuous temperature monitoring locations
in the Green River basin in 1996 and 1997, including a site above Howard Hanson Dam
(Green River above Twin Camp Creek near Lester, Washington). These data also appear to

The Lower Duwamish Waterway Superfund Site:
https://yosemite.epa.gov/r10/cleanup.nsf/sites/lduwamish
6 The report also included in the References section, a citation for a temperature study that was conducted for
the MIT in 1987 (Quinton, 1988), but that study was not referenced or discussed in the report and a copy of
the report was not obtained before the completion of this report.
7 Tacoma Public Utilities Green River Watershed: https://www.mytpu.org/tacomawater/watersource/green-river-watershed/
5
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be unpublished, although summary data for sites sampled in 1995, 1996, and 1997 can be
found on the USGS website. 8

From 2000 to 2002, the Green River was one of several study reaches in a University of
Washington investigation of the usefulness of satellite-based thermal infrared (TIR)
sensors. 9 The study included a comparison of satellite and airborne TIR sensors conducted
on the Green River in August of 2001 (Cherkauer et al., 2005; Kay et al., 2005; Handcock
et al., 2006). Continuous temperature data were also collected for use in the study; a
number of thermistors were deployed in the Green River and in tributaries of the Soos
Creek basin in 2000 and 2001. King County sponsored additional post-processing of the
highest resolution airborne sensor data (5 m resolution data for August 25, 2001) by the
University of Washington Spectral Remote Sensing Lab (Russel, 2002).

As part of the Green-Duwamish Watershed Water Quality Assessment (GD-WQA), King
County led a collaborative continuous temperature study that included data collected by
King County, City of Kent, Tacoma Public Utilities (TPU), and the University of Washington
(the University of Washington work was already described above) (King County, 2004b). 10
The study resulted in the sampling of 86 discrete locations between July 2001 and
September 2003, with 17 of these on the mainstem of the Green River. The data were
evaluated primarily by comparing various temperature metrics (e.g., daily maximum
[1-DMax], 7-day moving average of the daily maximum [7-DMax]) to state water quality
criteria and determining the frequency of exceedances at each location as well as the
average degrees above each criterion. King County (2004b) reported that all 17 of the
Green River mainstem locations included in the study exceeded the criteria evaluated. The
report also noted that numerous stream segments, including the Green River mainstem,
were on the State’s Clean Water Act Section 303(d) list of water bodies impaired by
temperature exceedances and requiring the development of a Water Cleanup Plan (also
known as a Total Maximum Daily Load study).

In the summer of 2006, Ecology collaborated with King County, MIT, and others to conduct
a summer water quality study of the Green River. This study included continuous water
and air temperature and relative humidity monitoring to support the development of a
TMDL (Ecology, 2007). Ecology (2011) documented the development of a steady-state
temperature model of the Green River from Tukwila to the TPU diversion near Palmer
based in part on the 2006 study data. The model was then used to evaluate two key
scenarios; Existing Shade and System Potential Shade conditions. The Existing Shade model
represented 2006 shade conditions and “worst case” (conceptually a 1 in 10 chance of
occurrence) weather and flow conditions. The System Potential Shade model was intended
to represent riparian buffers completely restored with mature trees under the same “worst
case” weather and flow conditions. Based on the scenario modeling results, Ecology (2011)

USGS Green River Basin Temperature Sites: http://wa.water.usgs.gov/projects/pugt/green/greenmap.html
Final Report: Application of Remotely-sensed Data To Regional Analysis and Assessment of Stream
Temperature in the Pacific Northwest:
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.highlight/abstract/209/report/F
10 A preliminary draft report as part of this study was prepared in 2002 that provides more detailed
descriptions of several of the historical temperature studies described in this report (King County, 2002).
8
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concluded that a deficit in the amount of riparian shade existed throughout the river, with
the exception of the reach through the Green River gorge and that the shade deficit was
especially prevalent below the City of Auburn. The TMDL provided an allocation of solar
heat load to the river that would be achieved by restoring and improving the amount of
riparian shade throughout the river.

Ecology (2011) acknowledged that the current management of levees, which generally
precludes significant riparian vegetation, would limit the potential for decreases in
summer water temperatures. Ecology (2011) noted that the potential for temperature
improvement was particularly limited in the lower river where extensive levees are
present and the model predicted the highest 7-DMax. Recommendations were also made to
protect and improve cool water sources from sub-watersheds through riparian shade
restoration and protection of groundwater sources, primarily through low impact
development techniques that infiltrate runoff from development.
The effect of the construction and operation of Howard Hanson Dam on water temperatures
has also been the focus of previous studies. Anadromous salmon have been prevented from
accessing the Upper Green River above River Mile 61 due to the construction of the TPU
water supply diversion dam since 1911. The construction of the dam only further precluded
anadromous salmon migration in the Upper Green River.

The earliest assessment of the effects of the Howard Hanson Dam on temperatures just
below the dam and at a location downstream in Auburn was published by Collings (1973).
Interest in the potential effects of changes in dam operations coincided with a number of
management changes at the dam. 11 One change was the introduction of anadromous
salmon above the dam beginning in 1982 (Dilley and Wunderlich, 1992). Other changes
included the development of additional summer storage for flow augmentation and
additional municipal and industrial water supply in 2001 and 2007, respectively. Schneider
and Price (1988) evaluated the potential effect of raising the maximum conservation pool
by 40 ft on reservoir thermal properties and dam outlet temperatures using a vertical
1-dimensional model. Schneider and Price (1988) also evaluated the effect of using a
multilevel selective withdrawal system to meet downstream temperature objectives. A
similar study was conducted by WEST Consultants (2011) using a laterally-averaged,
2-dimensional model of the reservoir. A more detailed summary of these studies is provided
later in this report.
In addition to the specific studies described above, there are also a number of ongoing
routine continuous temperature monitoring efforts. 12 These include:

U.S. Army Corps of Engineers: http://www.nws.usace.army.mil/Missions/Civil-Works/Programs-andProjects/Projects/Howard-A-Hanson-Dam-Additional-Water-Storage/
12 This list is not intended to be comprehensive and includes repeated summer and year-round
measurements at a sampling frequency of 15-minutes to every hour. Each of these entities has also conducted
studies of shorter duration (i.e, less than one to several years). This list is meant to capture continuous
monitoring conducted systematically over many years.
11
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•
•

•
•

USGS
o Duwamish River at Golf Course, at Tukwila, WA (12113390)

USACE
o Station at USGS flow gaging station near Auburn (since August 2002)
o Station at Howard Hanson Dam outlet (since June 1992)
o Station at inflow to Howard Hanson Dam (since 2006)

Ecology

o Green River at Kanaskat (Since 2001, summer only)

King County 13

o Mill Creek at SR 18 (41a, 1999–present)

o Soos Creek at mouth (54a, 1995–present)
o Newaukum Creek at USGS gage (GRT09; 2001–2009; 44a; 2010–present)

•

o Green River at Whitney Bridge (GRT10, 2001–present; gap February 2010–
July 2013)
o Crisp Creek (40d, 1998–present)

Tacoma Public Utilities (stations all above Howard Hanson Dam)
o Upper Green River (2002–present; excluding 2004 and 2014)
o Sunday Creek (2004–present)

1.3

o Smay Creek (2004–present)
o Charley Creek (2002–present; excluding 2010 and 2011)

Purpose, Goals, and Objectives

The purpose of this study is to improve the understanding of potential future climate
impacts on river temperatures. The goal of this study is to evaluate 2015 summer
temperature conditions in the mainstem Green-Duwamish River and compare the results
to previous years; particularly to the more intensive data collection effort conducted by
Ecology in the summer of 2006 as part of the Green River temperature TMDL study.
Differences between the two data sets will be compared to differences in air temperature
and flow observed at reliable long term monitoring locations. The study objectives include:
•
•

Compilation and evaluation of data from a number of monitoring efforts at the end
of 2015
Compilation and evaluation of historical data from a number of monitoring efforts
prior to 2015 with an emphasis on data collected in 2006

The stations listed are just the ones with more than ten years of record, including data for the summer of
2015.
13
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•

•

•
•

Plot representative summer (Jul–Aug) 2015 longitudinal river temperature profiles
and compare to appropriate temperature standards and to similar profiles collected
in 2006

Evaluate differences between 2015 and 2006 profiles in the context of differences in
flow (using an index flow gauge—USGS at Auburn) and air temperature (index
weather station—Sea-Tac International Airport)

Prepare a draft report for review and comment and final report that incorporates
input from the review

Prepare an Access database containing the compiled temperature data that can be
shared with interested parties

In addition to the study objectives above, the effects of Howard Hanson Dam on water
temperatures is described based on historical data and reports as well as data collected in
2015 as these effects have not been more widely reported.

An initial evaluation of long term trends in river water temperature is also conducted and
recent literature on adaptive monitoring, specifically in the context of water temperature
and fisheries management is reviewed. The trend evaluation and review of adaptive
monitoring and management is meant to provide suggestions for creating a managementrelevant temperature monitoring framework for the Green-Duwamish River.

1.4

Report Organization

The following section (Section 2.0) of this report contains a description of the study’s
methods, including a description of the study area, a description of the locations sampled,
methods used to compile and manage the data prior to graphing and analysis, and a
description of the relevant state water temperature standards. Section 3.0 provides a
description of the 2015 study results, beginning with an overview of the hydroclimatic
conditions that characterized the unusual flow and temperature conditions observed that
year. The TMDL study conducted in 2006, which focused on the Green-Duwamish River
below Howard Hanson Dam, was the most recent comprehensive temperature study
conducted prior to 2015. The TMDL temperature model was also developed using the data
from the 2006 study. Therefore, the 2006 hydroclimatic conditions are described and
temperature conditions of the Green River mainstem below Howard Hanson Dam in the
summer of 2006 are compared to those observed in 2015. A comparison of the 2006 and
2015 maximum temperatures are also made to the TMDL model simulation of “worst case”
under existing conditions. The next section (Section 4.0) describes factors influencing
summer river temperatures with an emphasis on river flow as well as an evaluation of the
effects of Howard Hanson Dam. That section is followed Section 5.0 which provides an
initial analysis of temperature trends in the Green-Duwamish River and critically evaluates
the current temperature monitoring approach in the context of salmon recovery planning.
The report concludes with a brief summary of the results and suggestions for
improvements in temperature monitoring and modeling efforts in the Green River.
King County Science and Technical Support Section
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2.0 METHODS
2.1

Study Area

The Green River watershed drains about 484 square miles of land area within King County
(Figure 1). The headwaters extend from the crest of the Cascade Mountains near Stampede
Pass north of Mt. Rainier (maximum elevation of 5,750 ft) and the river finally reaches the
saline waters of Elliott Bay in Puget Sound after passing through the Duwamish estuary.

The Green River is typically divided into four main sections:
•

•
•
•

Upper Green River above Howard Hanson Dam (completed by the USACE for flood
control and low flow augmentation in April 1962)

Middle Green River between Howard Hanson Dam and the Auburn Narrows below
the confluence with Soos Creek
Lower Green River between Auburn Narrows and the confluence with the Black
River in Tukwila

Duwamish River—the tidally influenced and estuarine portion of the river between
the Black River confluence and Elliott Bay.

Other important features of the Middle Green River include the TPU dam and water supply
diversion near Palmer (completed in 1913) and the Green River Gorge. The gorge is a
relatively recent (post-glacial) feature approximately 13 miles long, cutting a steep, deep
(approximately 300 ft from the rim), sinuous, and narrow path through glacial and bedrock
deposits.

The four sections can also be distinguished as follows: the Upper Green River is a protected
watershed consisting of relatively high elevation second-growth coniferous forest with
snow cover in winter. The Middle Green River is relatively rural in character with a number
of small, generally cool, tributary springs entering the river below the TPU diversion and
through the gorge. Newaukum Creek is the second largest tributary to the river below the
dam and enters the Middle Green River downstream of the gorge. Soos Creek is the largest
tributary below the dam and enters the upstream end of the Lower Green River. The Lower
Green River has a relatively low gradient and is far more developed than the Middle Green
River passing through the cities of Auburn, Kent, Renton, and Tukwila. This section of the
river is heavily diked and leveed with very little shade producing riparian vegetation. The
Duwamish River is highly developed, including commercial and industrial development,
with limited amounts of shade producing vegetation. A salt-wedge extends almost to the
Black River confluence during high tides and the wedge is confined to the lower dredged
portion of the river during low tide. The denser saline bottom layer is typically cooler than
the overlying river water during summer. This section of the river is also highly
contaminated as a result of historical industrial activities and discharges.
King County Science and Technical Support Section
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For more detailed information about the river and the watershed, the reader is referred to
the watershed description in Ecology (2011).

Figure 1.

2.2

Map showing the locations of the 2015 continuous temperature monitoring sites
evaluated in this report.

Data Compilation and Management

An initial coordination effort determined that continuous temperature data would be
collected along the Green River mainstem and selected tributaries and side channels during
the summer of 2015 by seven separate agencies. Thermistors were deployed by MIT, Kent
and TPU during the summer of 2015 and existing routine continuous temperature
monitoring programs conducted by King County, USGS, Ecology and USACE also provided
continuous temperature data for this study. Data were obtained from each of the
monitoring groups and initially compiled and organized into a consistent format and time
standard in Excel spreadsheets before data were visually evaluated for anomalies. The
locations where data were collected and the group associated with collecting the data from
each location are summarized in Table 1.
King County Science and Technical Support Section
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Historical continuous temperature data collected by the King County, USGS, Ecology, and
USACE were also compiled for use in this study. However, compilation and evaluation of
continuous temperature data collected in previous years by MIT, Kent, and TPU was
beyond the scope of this study.
Table 1.

Locations where collaborators collected continuous temperature data in 2015,
including routinely collected data from King County, Ecology, and USGS used in
this study.

Group

Description

Station ID

Latitude

Longitude

MIT
MIT
MIT
MIT
MIT
MIT
MIT
MIT
MIT
MIT
MIT
MIT
MIT
MIT

42nd Ave S Bridge
42nd Ave Bridge-upstr
Codiga-river
Interurban -2
Interurban
Nr 180th St. Br.
180th St. Tukwila
212th
Meeker St. Fishing Hole
GR_Riverview
Horse Head-dwn ref reach
Dwnstr Auburn Golf Course
ab log jam nr SR18
Fenster-downstr end

RM7.9
RM7.9a
RM8.4
RM12.3
RM12.3a
RM14.4
RM14.5
RM17.9
RM21.2
RM23.8
RM26.1
RM28.6
RM33.1
RM31.8

47.4900
47.4899
47.4903
47.4652
47.4653
47.4399
47.4399
47.4122
47.3796
47.3703
47.3692
47.3419
47.3043
47.3065

-122.2802
-122.2789
-122.2708
-122.2482
-122.2481
-122.2459
-122.2459
-122.2647
-122.2683
-122.2458
-122.2265
-122.2055
-122.1818
-122.1998

King County
King County

13a
GRT41

47.5021
47.4900

-122.2993
-122.2803

GRT40

47.4654

-122.2483

King County
King County
King County
King County
King County

Duwamish River Tributary 0003
Green River under 42nd Ave S bridge
near Tukwila Community Center
Green River Under Interurban Ave
bridge near Fort Dent
Mill Creek at SR 181
Soos Creek at Mouth
Newaukum Creek at USGS Gage
Crisp Creek at Green River Rd
Green River at Whitney Bridge

41a
54a
44a
40d
GRT10

47.3676
47.3125
47.2741
47.2883
47.2821

-122.2492
-122.1653
-122.0563
-122.0672
-122.0537

TPU
TPU
TPU
TPU
TPU
TPU
TPU
TPU
TPU
TPU
TPU
TPU

NF Green River
Green River above Sweeney Creek
Green River at Koss
Charley Creek
Champion Creek
Upper Green
Sunday Creek
Green River at East Lester Bridge
Green River along 5900 Rd at 3.5 mile
Smay Creek
Gale Creek
Green River above Maywood Creek

NFGreen
GreenabvSweeny
GreenatKoss
CharleyCk
ChampionCk
UpperGreen
SundayCk
GreenatELesterBr
GreenalongRd
SmayCk
GaleCk
GreenabvMaywoodCk

47.2954
47.2280
47.2359
47.2593
47.2013
47.2134
47.2172
47.2099
47.2067
47.2269
47.2653
47.2248

-121.7689
-121.6804
-121.7195
-121.7791
-121.5504
-121.4334
-121.4486
-121.4814
-121.5545
-121.6070
-121.7228
-121.6191

King County
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Group

Description

Station ID

Latitude

Longitude

TPU
TPU
TPU
TPU
TPU
TPU

Green River at Flaming Geyser
Green River at Lones Levee
Lones Levee Channel
Coho Channel
Green River above Icy Creek
Green River above Neely Bridge

GreenatFlamingGeyser
GreenatLonesLevee
LonesLeveeChnl
CohoChnl
GreenabvIcyCk
GreenabvNeelyBr

47.2781
47.2758
47.2765
47.2764
47.2821
47.2880

-122.0388
-122.1121
-122.1141
-122.1248
-121.9800
-122.1586

Kent
Kent

Briscoe
Riverview

Briscoe
Riverview

47.4293
47.3721

-122.2618
-122.2472

USACE

GREEN RIVER BELOW HOWARD A
HANSON DAM
GREEN RIVER NEAR AUBURN

HAHW

47.2837

-121.7979

AUBW

47.3123

-122.2040

DUWAMISH RIVER AT GOLF
COURSE AT TUKWILA, WA
Green River at Kanaskat

12113390

47.4790

-122.2587

09A190

47.3193

-121.8935

USACE
USGS
Ecology

MIT = Muckleshoot Indian Tribe (30 minute sampling interval); TPU = Tacoma Public Utilities
(30 minute sampling interval), USACE = U.S. Army Corps of Engineers (hourly sampling
interval), USGS = U.S. Geological Survey (15-minute sampling interval), King County (15minute sampling interval, Ecology (30 minute sampling interval), Kent (15-minute sampling
interval).
Visual inspection of the data is a powerful tool for identifying anomalies (Sowder and Steel,
2012). Visual inspection was used to determine the time and duration of errors associated
with periods when thermistors were not submerged as a result of declines in stream flow
or displacement of the thermistor from the stream. When available, nearby air
temperature, flow, and/or nearby or previous year water temperature data were used to
help identify the beginning and end time of erroneous data (Sowder and Steel, 2012).
These data were removed prior to loading the data into the final Access database used as
the project data repository. Once the data were loaded into the database, any further
anomalies that were identified were flagged with an “R” in order to exclude them from
graphs and statistical analyses.
It should be noted that the thermistors for five locations were not deployed until mid-July
or later and missed the maximum 2015 water temperatures observed at the other stations
at the beginning of July. These stations were RM8.4, RM26.1, RM28.6, RM31.8, and RM33.1.
Other substantive issues that were encountered during the review include:
•

A set of explicit sampling protocols were not established across groups, although
some groups did have Quality Assurance Project Plans specific to their efforts [MIT:
R2 Resource Consultants (2012); Ecology: Ward (2005); USGS: Wagner et al.
(2006)].

King County Science and Technical Support Section
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•

•

Thermistors were set to record in a variety of time units (e.g., PST, PDT, UTC). The
data in the database have been stored in Pacific Daylight Time (PDT), which was the
most consistent time unit used by the collaborators participating in this study.
Not all thermistors were set to the same recording interval (15, 30 and 60 minute
intervals). Recording interval affects the accuracy of measurements of daily
maximum, minimum, and variance, but estimates of the mean are similar across
these recording intervals (Sowder and Steel, 2012).

There were several sites that might be considered field replicates due to the close
proximity of the thermistor deployments. Three of these were done intentionally as part of
the MIT effort, while three other field replicates were the coincidence of relatively similar
deployment locations by different monitoring groups. To provide an indication of the
potential field and monitoring group variability comparisons at these sites are presented
and discussed below.
The MIT deployed two thermistors about 300 ft apart in the Duwamish River near the 42nd
Ave S Bridge. MIT thermistors were recording data every 30 minutes on the half hour. The
average difference between each recording (RM7.9a–RM7.9) was 0.03 oC. However, the
range of differences was -3.4 to 1.0 oC. The large negative difference (temperature at
RM7.9a was lower than at RM7.9) occurred when a large spike in temperature was
recorded at RM7.9 on August 25 (Figure 2). These relatively large differences may be due
in part to the relatively large vertical thermal gradients within this tidally influence reach
(discussed later in this report). Although the differences in instantaneous readings are
relatively large, the difference in the 7-DMax is much less; averaging 0.006 oC and ranging
from -0.29 to 0.09 oC.
A second comparison can be made with the MIT thermistor at RM7.9 as King County
maintains a thermistor at essentially the same location (station GRT41) (Figure 3). The
average difference (GRT41–RM7.9) was 0.05 oC and the instantaneous differences ranged
from -3.1 to 3.0 oC. Again, the large instantaneous differences may be due to the strong
vertical gradients in temperature in the Duwamish. The differences in 7-DMax between
GRT41 and RM7.9 are similar to the differences between RM7.9a and RM7.9; averaging
0.02 oC and ranging from -0.23 to 0.11 oC.

The MIT deployed two thermistors within about 50 ft of each other near where Interurban
Ave S crosses the Lower Green River near Southcenter in Tukwila (Figure 4). The data from
these two stations were much more similar than the nearly co-located thermistors in the
Duwamish River with an average difference (RM12.3a–RM12.3) of -0.06 oC and
instantaneous differences ranging from -0.17 to 0.05 oC. The differences in 7-DMax
between these two sites were all less than 0.1 oC.
As with the other MIT sites, a second comparison can be made with the MIT thermistor at
RM12.3 (or RM12.3a) as King County maintains a thermistor at essentially the same
location (station GRT40) (Figure 5). The average difference (GRT40–RM12.3) was 0.07 oC
and the instantaneous differences ranged from -0.30 to 0.37 oC. Although the instantaneous
King County Science and Technical Support Section
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Figure 2.
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Plot comparing continuous temperature data recorded at stations RM7.9 and
RM7.9a in the Duwamish River during the summer of 2015.
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Figure 3.
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Plot comparing continuous temperature data recorded at stations RM7.9 and
GRT41 in the Duwamish River during the summer of 2015.
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Figure 4.
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Plot comparing continuous temperature data recorded at stations RM12.3 and
RM12.3a in the Lower Green River in Tukwila during the summer of 2015.
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Figure 5.
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Plot comparing continuous temperature data recorded at stations RM12.3 and
GRT40 in the Lower Green River in Tukwila during the summer of 2015.
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differences were somewhat higher, the differences in 7-DMAx between GRT40 and RM12.3
were all less than 0.1 oC.

The MIT deployed two thermistors about 150 ft apart in the Duwamish River near the
180th Street Bridge in the Lower Green River (Figure 6). The average difference between
each recording (RM14.5–RM14.4) was 0.04 oC. The range of differences was -0.12 to 0.05 oC.
The differences in 7-DMax were also relatively small; less than 0.05 oC.
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Figure 6.
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9/29/15

Plot comparing continuous temperature data recorded at stations RM14.4 and
RM14.5 in the Lower Green River in Tukwila during the summer of 2015.

Usable data (i.e., data representative of the temperature of the river at the sampling point)
were not collected at station RM21.2 at the beginning of July based on the expected smooth
diurnal fluctuation in temperature and comparison to the nearest upstream (Riverview)
and downstream (RM17.9) monitoring locations (Figure 7). It is unclear why the data at
RM21.2 were relatively low and somewhat erratic following the initial period of data
consistent with the upstream and downstream thermistor locations. It is possible that the
thermistor was displaced from the location in the main flow or perhaps happened to be in
the path of a nearby cooler water source. Regardless, the data collected between
6/14/2015 6:30 AM and 7/23/2015 5:30 AM were excluded from the analyses presented
in this report. Further investigations at this site (also occupied during the Green River
TMDL study in 2006—station 09-GRE-OLD) also known as the “Old Fishin’ Hole” near the
Meeker Street Bridge may warrant further investigation.
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Figure 7.

2.3

6/20/15

6/30/15

7/10/15

7/20/15

7/30/15

Plot comparing continuous temperature data recorded at stations Riverview,
RM21.2, and RM17.9 in the Lower Green River in Kent during the summer of 2015.

State Temperature Standards

In keeping with regional and statewide concerns for adverse effects of elevated water
temperatures on cold water fish species, Ecology revised the state water temperature
standards in 2003. Revisions included a change from instantaneous not-to-exceed values
for specific classes of water to standards based on continuous temperature data. The new
standards were also associated with uses of specific water bodies and seasons by different
life stages of salmon, trout and char (Chapter 173-201A Washington Administrative
Code). 14
The designated aquatic life stages/uses protected by the state water temperature
standards in the Green River basin include (Figure 8):

•

•

Salmonid rearing and migration only – this use protects salmon or trout spawning and
emergence that only occur outside of the summer season (September 16–June 14).
Other uses include rearing and migration by salmonids.
Core summer salmonid habitat – this use protects summer season, defined as June 15
through September 15, salmonid spawning or emergence, or adult holding; summer
rearing habitat by one or more salmonids; or foraging by adult and sub-adult native

Ecology Approved Surface Water Quality Standards:
http://www.ecy.wa.gov/Programs/wq/swqs/currEPAapprswqs.html
14
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•

•

char. Other protected uses include spawning outside of the summer season, rearing,
and migration by salmonids.

Salmonid spawning, rearing, and migration – this use protects salmon or trout spawning
and emergence that only occur outside of the summer season (September 16–June 14).
Other uses include rearing and migration by salmonids.
Char spawning and rearing – this use protects spawning adult or early juvenile rearing
by native char (bull trout and Dolly Varden), or use by other aquatic species that
similarly depend on cold water. Other protected uses include summer foraging and
migration of native char; and spawning, rearing and migration by other salmonid
species.

In the state water quality standards, the health of aquatic life is tied to upper not-to-exceed
temperature thresholds expressed as the 7–day average of the daily maximum temperature
(7-DMax) of a particular waterbody. The temperature criteria associated with the aquatic
life uses described above are summarized in Table 2.
Table 2.

Washington aquatic life temperature criteria applicable to the Green River basin.

Aquatic Life Use
Salmonid Rearing and Migration Only

Highest 7-DMax
17.5 oC

Core summer salmonid habitat

16 oC

Salmonid spawning, rearing, and migration

17.5 oC

Char spawning and rearing

12 oC

Note: See Figure 8 for the locations within the Green River basin where these criteria apply.
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Figure 8.

Map showing the Washington aquatic life use designations for the Green River
basin.

Note: Applicable temperature criteria for the Aquatic Life Beneficial Use Designations can be
found in Table 2.
In general, the 17.5 oC criterion applies to the Duwamish River and the Green River from
the confluence with the Black River at river mile 11 to the confluence with Mill Creek just
below river mile 24. Above Mill Creek, the 16 oC criterion applies to the mainstem Green
River, including the portion of the river above Howard Hanson Dam. The char spawning
and rearing criterion applies to uppermost tributary reaches in the Upper Green River
above Howard Hanson Dam (see Figure 8).

Special consideration is also given in the state’s standards to protect spawning and
incubation of salmonid species. In the Green River basin, supplemental spawning
protection is provided for the reaches identified in Figure 9. In these designated reaches, a
maximum 7-DMax of 13 oC applies to the period between September 15 and July 1 of the
following year.
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Figure 9.

Map showing the Washington supplemental spawning use designations for the
Green River basin.

In addition to standards intended to protect aquatic life from chronic effects of elevated
water temperatures, there are also guidelines in 173-201A WAC for protection from acute
lethal effects of warm water. These include maintaining the 7-DMax temperature at or
below 22 oC and the instantaneous maximum temperature (1-DMax) at or below 23 oC.

For additional details regarding the state temperature standards, including allowances for
human influence on water temperature (e.g., provisions for when natural temperature
conditions are warmer or cooler than the criteria), the reader is referred to Ecology
(2012). 15

In this report, observed 7-DMax temperatures are compared to the appropriate criterion in
Table 2, the 22 oC lethality threshold, and the supplemental criterion where appropriate.
The reference is to Ecology’s “easy to read” version updated in 2012. The following link is to the
Washington State Code Reviser version: http://apps.leg.wa.gov/WAC/default.aspx?cite=173-201A
15
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3.0 RESULTS
The 2015 temperature data compiled for this study were graphed and compared to the
relevant water quality criteria. Graphs for individual mainstem stations are provided in
Appendix A and graphs of tributary and side channel temperatures are provided in
Appendix B.

3.1

Putting 2015 in Context

The initial sign that 2015 might be an unusual year was the extremely low winter snow level
and the earlier disappearance of almost all snow in the central Cascades before April 1, 2015.
The amount of snow on April 1 is a standard water supply index. The relative amount of
snow in the Upper Green River basin during the winter and spring of 2014–2015 is
illustrated by the cumulative amount of snow (reported as snow water equivalent) and
precipitation observed in the headwaters of the Green River at the Stampede Pass SNOTEL
site compared to their historical averages (1981–2010) (Figure 10). The snow and
precipitation pattern observed in 2015 at Stampede Pass was consistent with conditions
observed throughout the region. There were near average levels of fall and winter
precipitation, but record warm temperatures led to winter rain rather than snow at higher
elevations.

2015 Snow Water Equivalent (in)
Median Snow Water Equivalent
(1981-2010) (in)
2015 Precipitation Accumulation (in)
Average Precipitation Accumulation
(1981-2010) (in)

Figure 10.

Plot of cumulative snow water equivalent and precipitation for the 2015 water year
compared to historical data observed at the Stampede Pass SNOTEL site.

The unusually warm winter weather was due to an unusually persistent high pressure
ridge (coined the Ridiculously Resilient Ridge) off the West Coast. This high pressure ridge
led to the development of an anomalously warm pool of surface water in the northeast
Pacific Ocean (coined “The Blob”) that effectively caused above normal air temperatures in
Washington state (Bond et al., 2015). An unusually strong El Niño in late 2015 signaled a
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significant shift in ocean and atmospheric circulation patterns, disrupting the persistent
ridge and allowing normal mixing of the northeast Pacific Ocean, bringing cooler water up
from below and a return to more normal regional temperatures. Although some research
has suggested that global climate change contributed to the prolonged formation of the
high pressure ridge off the West Coast (Swain et al., 2014), other researchers have found no
evidence of a connection (Funk et al., 2014). More recently, Mote et al. (2016) concluded
that both natural variability and human-influenced climate change contributed to the 2015
“snow drought” in Oregon and Washington, with natural variability contributing about
twice that of human influence.
As noted above, the amount of precipitation that fell in 2015 was relatively normal. To
illustrate this, daily precipitation totals measured at Seattle-Tacoma International Airport
since 1949 were plotted as cumulative totals for each year and compared (Figure 11).
Precipitation was very close to normal through mid-April followed by an extended period
of relatively dry weather that extended through the middle of August. As can be seen from
the historical cumulative precipitation plots, an extended summer dry period is not
unusual. Generally, most of the significant precipitation occurs between October and April
of the following year.
60
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Plot of cumulative precipitation totals measured at Seattle-Tacoma International
Airport for the 2015 calendar year compared to cumulative precipitation totals for
1949–2014.

That 2015 was unusually warm is illustrated by the comparison of the 7-day moving
average of daily maximum air temperatures observed over the period of record at SeattleKing County Science and Technical Support Section
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Tacoma International Airport (1949–2015) (Figure 12). Although the 7‐day average
maximum temperatures were not consistently record breaking in 2015, they frequently
exceeded the 90th percentile of historical observations on several occasions from January
through July 2015. The 7‐DMax exceeded the 90th percentile by as much as 5 oC, with much
less frequent and less substantial exceedances after July 2015. Most notable perhaps are
the substantial excursions above the 90th percentile in June and July.
40
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Figure 12.
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Plot of 7-day moving average of the daily maximum air temperatures measured at
Seattle-Tacoma International Airport for the 2015 calendar year compared to 7-day
average maximum temperatures for 1949–2015.

In 2015, although snowpack was low in the upper watershed, winter flows were not
unusually low and summer flow targets for extremely dry weather were met or exceeded
(Figure 13). Meeting the low flow season target was due in part to a decision to begin filling
the reservoir before March to provide adequate environmental conservation storage for
use later in the summer (Figure 14).
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Plot of daily average flow measured at the USGS Green River near Auburn gage for
the 2015 calendar year compared to daily average flow measured from 1962–2015.

Note: The solid blue line represents the lowest minimum instream flow requirement (225 cfs)
per the Muckleshoot Indian Tribe and the City of Tacoma 1995 settlement agreement
regarding the Green-Duwamish River system.
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Plot of daily average water surface elevation of the Howard Hanson Dam pool
measured by the USGS for the 2015 calendar year compared to daily average
elevations measured before and after the Additional Water Storage Project (1962–
2006 and 2007–2015).

Note: The Additional Water Storage Project raised the maximum conservation pool
elevation from 1147 to1167 ft.
It is somewhat more difficult to place Green River water temperature conditions in
historical context as there are only a few locations where continuous year‐round
temperature records have been collected for more than ten years and that include
measurements in 2015. One such station is located near the Whitney Bridge below Flaming
Geyser State Park and upstream of the confluence with Newaukum Creek (King County
station GRT10). Continuous temperature data have been collected at this location since
2001 (although there is a large gap from February 2010 to July 2013). Figure 15 compares
the 7‐DMax water temperatures observed in 2015 to previous years. The 90th percentile of
the historical 7‐DMax temperature observed for each day of the year is also plotted. Figure
15 illustrates that water temperatures through late May were similar to the 90th percentile,
while late May through the beginning of July experienced water temperatures that were
much higher than typical at this location and time of year. After the beginning of July, water
temperatures were typically less than the 90th percentile. The water temperature response
is consistent with the air temperature patterns already described above (see Figure 12).
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Plot of 7-DMax water temperatures for the 2015 calendar year measured by King
County at the Whitney Bridge station (GRT10) compared to 7-DMax temperatures
measured from 2001–2015.

Temperature Conditions Summer of 2015

In the Puget Sound lowlands, the highest stream and river temperatures are typically
observed in July and August (Booth et al., 2015). 2015 appears to have been somewhat
exceptional in that peak daily maximum water temperature occurred in late June (see
Figure 15). However, the maximum 7‐DMax occurred on July 3 or July 4 at most mainstem
and tributary stations with complete data. The 7‐DMax temperatures for July 4, 2015 are
shown as a longitudinal profile for the mainstem stations (Figure 16). The 7‐DMax
temperatures observed in tributaries and side channels are also shown in Figure 16 as well
as the appropriate mainstem water quality standard and lethality threshold. It can be seen
that 7‐DMax temperatures exceeded the relevant temperature standard throughout the
mainstem—upstream and downstream of Howard Hanson Dam. The one exception was the
location at the outlet of the dam, which was much cooler (7‐DMax = 12.1 oC) relative to any
other location due to the discharge of cool bottom waters from the pool behind Howard
Hanson Dam. 7‐DMax water temperatures below Soos Creek were very near or above the
22 oC lethality threshold. On the same day, tributary and side channel 7‐DMax
temperatures ranged from 9.0 oC in the North Fork Green above Howard Hanson to 24.5 oC
in Mill Creek.
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Figure 16.

Plot of 7-DMax and 7-DMin water temperature on July 4, 2015 for the Green River
mainstem, tributaries, and side channels.

Another feature of the July 4, 2015 longitudinal profile worth noting is the relatively rapid
rise in 7‐DMax temperature between the outlet of Howard Hanson Dam (12.1 oC) and the
next station approximately 6 miles downstream at Kanaskat (18.3 oC) (Figure 16). This
section is upstream of the Green River gorge. 7‐DMax temperatures rise slightly to the
station just upstream of Icy Creek within the gorge (19.0 oC). 7‐DMax temperature rises
again just beyond the gorge as measured at the station located in Flaming Geyser State Park
(22.2 oC). As noted previously, 7‐DMax remains relatively constant downstream of Flaming
Geyser State Park, with another increase below Mill Creek where 7‐DMax temperatures
reached 24.5 oC.
Also of interest are the nighttime minimum temperatures and the range in minimum and
maximum temperatures along the river mainstem, tributaries, and side channels. A
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longitudinal plot similar to Figure 16 that includes the 7-DMin for July 4, 2015 illustrates
that when water temperatures were warmest in July 2015, minimums were very near or
below 16.0 oC in the Upper Green mainstem and below Howard Hanson Dam to the location
above Icy Creek in the gorge (Figure 16). With the exception of the Lones Levee Channel,
Mill Creek, and the Duwamish tributary; the 7-DMin of tributary and side channel locations
on July 4, 2015 was at or below 16 oC.

The range between the 7-DMin and 7-DMax along the mainstem on July 4, 2015 was largest
in the Upper Green River above Howard Hanson Dam (4.0 to 6.4 oC) (Figure 16). The
smallest range was at the location just downstream of the outlet of the dam (1.1 oC), as a
result of the release of consistently cool bottom waters from the dam as noted previously.
The range increases at the next downstream monitoring location at Kanaskat (5.3 oC) and
then narrows again at the next location above Icy Creek within the gorge (2.8 oC). The
range increases again downstream of the gorge at Flaming Geyser State Park to the Neely
Bridge above the confluence of Soos Creek (5.0 to 6.1 oC). Downstream of the confluence
with Soos Creek in Auburn the range narrows to 3.9 oC. The range in 7-DMin and 7-DMax
narrows further between the monitoring location just above Mill Creek to just below the
Black River confluence in Tukwila (2.3 to 2.6 oC). The water temperature range increases
again at the most downstream locations near RM 8 (4.4 to 4.5 oC).

To further illustrate the changes in the minimum and maximum temperatures and the
range in temperatures observed along the Green River mainstem, six representative
continuous water temperature data sets collected in 2015 are presented in Figure 17. The
individual plots in Figure 17 are provided in a larger format in Appendix A. These
temperature data sets represent changes in the magnitude and range of temperatures
observed from just below Howard Hanson Dam to the most downstream location in the
Duwamish River. Starting with the upper right panel and moving left to right illustrates the
transition from relatively cooler waters with a narrow diurnal temperature range exiting
Howard Hanson Dam to progressively warmer waters with a higher diurnal temperature
range downstream. Elevated maximum temperatures and a large diurnal range are
observed at the Whitney Bridge site downstream of Flaming Geyser State Park and
upstream of the confluence with Newaukum Creek. Elevated maximum temperatures with
a narrow diurnal range can be noted in Auburn downstream of the confluence with Soos
Creek. At the next location downstream (Station GRT40 in Tukwila below the confluence
with the Black River) an additional increase in maximum temperature can be seen, but with
a reduced diurnal range. The final frame illustrates that maximum temperature increased
to the highest level in the lower Duwamish River, while the diurnal range increased.
The transition from upstream to downstream in minimum and maximum water temperature
and diurnal temperature range in the Upper Green River above Howard Hanson Dam is
illustrated in Figure 18. The individual plots in Figure 18 are provided in a larger format in
Appendix A. Starting with the upper right panel and moving left to right illustrates the
transition from already warm headwaters with a relatively narrow diurnal temperature
range in the Upper Green River with a progressive increase in the minimum and maximum
water temperatures and an increase in the diurnal temperature range from the upper river
reach to the point where the river enters the reservoir behind Howard Hanson Dam.
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Figure 17.

Plot of 2015 instantaneous and 7-DMax and 7-DMin water temperatures for six
locations on the Green River mainstem between Howard Hanson Dam and the
most downstream station in the Duwamish River.

Note: Individual plots presented above are reproduced in a larger format in Appendix A.
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Figure 18.

Plot of 2015 instantaneous and 7-DMax and 7-DMin water temperatures for six
locations on the Upper Green River mainstem above Howard Hanson Dam.

Note: Individual plots presented above are reproduced in a larger format in Appendix A.
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To further illustrate the longitudinal patterns in summer 7-DMax water temperatures in
the mainstem Green River and to compare mainstem temperatures to tributary and side
channel temperatures, plots were created for each major section of the river. Beginning
with the Duwamish River, Figure 19 illustrates the general increase in 7-DMax
temperatures from the confluence with Mill Creek to about river mile 8 in the Duwamish
River at station GRT41. 7-DMax temperatures at all of the mainstem stations in this reach
of the river exceeded the 17.5 oC spawning, rearing and migration criterion until about
September 2, 2015. 7-DMax temperatures at all of the stations exceeded the 22 oC lethal
threshold for several days at the end of June and early July and the most downstream
stations exceeded the lethal threshold on two occasions, once in July and again at the
beginning of August. The 7-DMax temperature of a small tributary to the Duwamish River
(station 13a) was much lower than the 7-DMax temperatures observed in the mainstem,
but still exceeded the 17 oC criterion during the end of July, August, and early September.
Mill Creek (station 41a) enters the river at the upstream end of this reach and is notably
warmer than the Duwamish tributary–even warmer than the most downstream mainstem
locations at the end of June and the beginning of July.

Figure 20 illustrates the summer patterns in 7-DMax temperatures observed in the Lower
Green River above the confluence with Mill Creek where the 16 oC core salmonid habitat
and 13 oC supplemental spawning criteria apply. The upstream to downstream pattern in
this reach is not readily apparent, which is consistent with the longitudinal profile shown in
Figure 16. 7-DMax temperatures along the mainstem of this reach consistently exceeded
the 16 oC core salmonid habitat criterion until about September 2, 2015. No exceedance of
the 22 oC lethal threshold was observed, but data were missing for all but one station
(AUBW) in this reach during the warmest period at the beginning of July. Soos Creek
(station 54a) enters the upstream end of the Lower Green River. It was cooler than the
mainstem, but 7-DMax temperatures in Soos Creek still exceeded the 16 oC core salmonid
habitat criterion until near the end of August. 7-DMax temperatures also exceeded the
13 oC supplemental spawning criterion through July 1 and again at the end of the summer.
The longitudinal gradient in 7-DMax temperatures in the Middle Green River is illustrated
in Figure 21; in particular the large shift upward from upstream to downstream of the
Green River gorge at least until the beginning of September. As the Howard Hanson Dam
outlet temperature increased (station HAHW), the 7-DMax temperatures observed at the
station upstream of the gorge (09A190) began to match the temperatures observed
downstream of the gorge at the beginning of September. Interestingly, the temperatures
observed within the gorge just above Icy Creek remained lower than the 7-DMax observed
upstream or downstream in late July of 2015. All of the mainstem stations, including the
station just above Icy Creek consistently exceeded the 16 oC core salmonid habitat criterion
and the three stations in the Middle Green River below the gorge exceed the 22 oC lethal
threshold for several days at the end of June and beginning of July. The 13 oC supplemental
spawning criterion was also exceeded at all of the mainstem stations at the beginning and
end of the summer. Note that the supplemental criterion does not apply to the station just
below Howard Hanson Dam (HAHW). Crisp Creek 7-DMax temperatures were generally
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Plot of 7-DMax water temperatures measured during the summer of 2015 at
locations along the Duwamish River and in the Lower Green River up to the
confluence with Mill Creek and in two tributaries to this river section.

Mainstem temperature plots (solid lines) are ordered from downstream to upstream
followed by tributary temperature plots (dashed lines).
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Plot of 7-DMax water temperatures measured during the summer of 2015 at
locations along the Lower Green River above Mill Creek and one tributary to this
river section.

Mainstem temperature plots (solid lines) are ordered from downstream to upstream
followed by tributary temperature plots (dashed lines).
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Plot of 7-DMax water temperatures measured during the summer of 2015 at
locations along the Middle Green River and two tributaries and two side channel
locations in this river section.

Mainstem temperature plots (solids lines) are ordered from downstream to
upstream, followed by tributary temperature plots (dashed lines). The supplemental
criterion does not apply to Crisp Creek (40d) or the station below Howard Hanson
Dam (HAHW).
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low and below the 16 oC core salmonid habitat criterion. The Newaukum Creek 7-DMax
temperatures were above the 16 oC criterion, but lower than the 22 oC lethal threshold. 7DMax temperatures in the Coho Channel were quite low, less than 13 oC through much of
the summer, while the 7-DMax temperatures observed in the Lones Levee Channel were
higher exceeding the 16 oC criterion at the end of June and most of July in 2015.

The longitudinal gradient in 7-DMax temperatures in the Upper Green River above Howard
Hanson Dam in July and August is illustrated in Figure 22. 7-DMax temperatures increased
from the most upstream location in the Upper Green to the station nearest the Howard
Hanson Dam reservoir. Near the end of August, the 7-DMax temperature in the Upper
Green River above Maywood Creek departed from this pattern becoming cooler than sites
immediately upstream or downstream. 7-DMax temperatures downstream of the most
upstream site on the Upper Green River consistently exceeded the 16 oC criterion until the
beginning of September and the 7-DMax temperature at the most downstream station
exceeded the 22 oC lethal threshold for a few days at the beginning of July. The 13 oC
supplemental criterion was consistently exceeded at all mainstem Upper Green River
stations at the beginning and end of the summer. Tributary temperatures were consistently
cooler than mainstem stations, although all tributary stations exceeded the 16 oC criterion
at the end of June and in early August. The only tributary monitored where the
supplemental criterion applies was Sunday Creek. 7-DMax temperatures observed in
Sunday Creek exceeded the 13 oC supplemental criterion at the beginning of the summer
and for a few days at the end of the summer. 7-DMax temperatures observed in the North
Fork Green River, which discharges to the Howard Hanson Dam reservoir, were quite low,
generally less than 10 oC throughout the summer.
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Figure 22.
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Plot of 7-DMax water temperatures measured during the summer of 2015 at
locations along the Upper Green River and one tributary to this river section.

Mainstem temperature plots (solid lines) are ordered from downstream to upstream,
followed by tributary temperature plots (dashed lines). The supplemental criterion
applies to only one of the Upper Green River tributaries–Sunday Creek. Y‐axis
temperature scale is different in this graph in order to show the relatively low
temperatures observed in the North Fork Green River.
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3.3

Comparison to Summer 2006 Data and TMDL
Temperature Model Predictions

Unlike 2015, the 2006 snowpack was typical of historical conditions (Figure 23). Winter
precipitation was also close to normal (Figure 23) and calendar year 2006 precipitation
was above normal almost the entire year with a period of relatively dry weather between
June and mid-September as observed at Sea-Tac International Airport (Figure 24).

2006 was not particularly notable for being a warm year as illustrated by the comparison
of the 7-day moving average of the daily maximum air temperatures observed over the
period of record at Seattle-Tacoma International Airport (1949–2015) (Figure 25).
Nonetheless, there was a brief, but notable period of high temperatures in July between
7/21 and 7/24/2006 (Figure 25).

Green River mainstem flows in 2006 were not unusually low; lowest flows were observed
at the USGS Auburn gage in August and early September (Figure 26). Reservoir refill
operations were different in 2006. Even though precipitation was normal, reservoir refill
did not begin until May 2006 (Figure 27). The reservoir was also filled to a lower elevation
than in 2015; 20 ft lower on July 1 2006 compared to the same day in 2015.

Figure 23.

Plot of cumulative snow water equivalent and precipitation for the 2006 water year
compared to historical data observed at the Stampede Pass SNOTEL site.
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Plot of cumulative precipitation totals measured at Seattle-Tacoma International
Airport for the 2006 and 2015 calendar years compared to cumulative precipitation
totals for 1949–2015.

King County Science and Technical Support Section

38

May 2017

Green‐Duwamish River 2015 Temperature Data Compilation and Analysis

40

o

Air Temperature ( C)

30

20

10
1949-2015
2006
90th-percentile
2015

0

-10
Jan

Figure 25.

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Plot of 7-day moving average of daily maximum air temperatures measured at
Seattle-Tacoma International Airport for the 2006 and 2015 calendar years
compared to 7-day maximum temperatures for 1949–2015.
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Plot of daily average flow measured at the USGS Green River near Auburn gage for
the 2006 and 2015 calendar years compared to daily average flow measured from
1962–2015.

Note: The solid blue line represents the lowest minimum instream flow requirement (225 cfs)
per the Muckleshoot Indian Tribe and the City of Tacoma 1995 settlement agreement
regarding the Green‐Duwamish River system.

King County Science and Technical Support Section

40

May 2017

Green‐Duwamish River 2015 Temperature Data Compilation and Analysis

1200

1962-2006
2007-2015
2006
2015

1180

Elevation (NGVD 29, ft)

1160
1140
1120
1100
1080
1060
1040
1020
Jan

Figure 27.

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan

Plot of daily average water surface elevation of the Howard Hanson Dam pool
measured by the USGS for the 2006 and 2015 calendar years compared to daily
average elevations measured before and after the Additional Water Storage Project
(1962–2006 and 2007–2015).

Note: The Additional Water Storage Project raised the maximum conservation pool
elevation from 1,147 to 1,167 ft.
The water temperatures observed in the summer of 2006 were generally unremarkable
compared to 2015. This can be seen in the comparison of 7‐DMax water temperatures
observed at the King County Whitney Bridge station (GRT10) in 2006 compared to other
observations between 2001 and 2015 (Figure 28). However, 2006 7‐DMax water
temperatures did reach and slightly exceed the 90th percentile in early August, consistent
with air temperatures observed at Sea‐Tac International Airport described above (see
Figure 25 above).

Because no continuous temperature data collected above Howard Hanson Dam during the
summer of 2006 were compiled for this study, the comparison of Green River mainstem
maximum temperatures between 2006 and 2015 are limited here to data collected below
the dam (Figure 29).16 The maximum 7‐DMax temperatures observed downstream of the
Green River gorge were consistently higher in 2015 compared to 2006. This is consistent

16 The USACE has collected continuous Howard Hanson inflow temperature data since 2006 and Tacoma
Public Utilities has collected data at various locations above the dam prior to 2015, which includes data
collected in 2006. However, the compilation and analysis of the pre‐2015 TPU and USACE data collected
above Howard Hanson Dam was not within the scope of this study.
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with the 7‐day average maximum air temperatures observed at Sea‐Tac International
Airport associated with the dates of the 7‐DMax profiles presented in Figure 29. The 7‐day
average maximum air temperature was higher in 2015 (32.2 oC) than in 2006 (31.9 oC).
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Plot of 7-DMax water temperature for the 2006 and 2015 calendar years measured
by King County at the Whitney Bridge station (GRT10) compared to 7-DMax
temperatures measured from 2001–2015.
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Figure 29.

Plot of longitudinal 7-DMax temperature profiles for 2006 and 2015 as well as the
Green River TMDL model predictions for Existing Shade and System Potential
Shade.

The differences among years above the gorge (cooler in 2015 relative to 2006) is due at
least in part to the differences in the temperature of the water released from Howard
Hanson Dam. Although one might conjecture that differences in the temperatures of water
released from the dam in 2006 and 2015 might be related to differences in how the dam
was operated in those years17, the dates when the longitudinal maximum 7‐DMax
temperatures occurred were on different dates (July 24, 2006 vs July 4, 2015). One would
expect different outlet temperatures on the same date of different years and on different
dates within a year, even if they are only 20 days apart. Therefore, the limited data
presented here does not provide evidence of an effect of the Additional Water Storage
Project. The potential effect of a deeper summer conservation pool as part of additional
water storage at Howard Hanson Dam was studied by Schnieder and Price (1988). The
potential effect of the dam and the Additional Water Storage Project are described in
Section 4.3 below.
There was a deeper pool in 2015 relative to 2006 as a result of the Additional Water Storage Project
implementation in 2007 – see Figure 27 which shows that even though the fill did not begin until May 2006,
the maximum pool elevation was about 20 ft higher in 2015.
17
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The longitudinal 7-DMax temperatures predicted by the TMDL temperature model
described in Ecology (2011) for Existing Shade and System Potential Shade conditions are
also shown in Figure 29. The Existing Shade model represents 2006 shade conditions and
“worst case” (conceptually a 1 in 10 chance of occurrence) weather and flow conditions.
The System Potential Shade model is intended to represent riparian buffers completely
restored with mature trees under the same “worst case” weather and flow conditions.

The Existing Condition model predictions highlighted the potential for exceedance of the
22 oC lethality threshold in the lower river below Mill Creek. However, the data collected in
2006 and 2015 illustrate that the lethality threshold can be exceeded or nearly exceeded
throughout the lower river below the gorge (see Figure 29). The available temperature
data and the Existing Condition model predictions also illustrate that the river
temperatures exceed the relevant water temperature criteria a relatively short distance
downstream of Howard Hanson Dam to the Duwamish River. The System Potential Shade
model predictions illustrate that even with extensive amounts of additional shade along the
entire river, water temperatures would still likely exceed criteria under critical flow and
weather conditions. Overall, 2015 stands out as having the highest 7-DMax temperatures
below the gorge–higher even than the “worst case” Existing Condition Shade model.
While a number of conclusions might be drawn from this comparison (e.g., the “worst case”
model is wrong or future river temperatures may be much worse than expected), a great
deal of caution should be placed on making absolute comparisons between the model
predictions and observations. Any relatively complex mechanistic model like the Green
River temperature TMDL model includes a number of explicit and implicit assumptions
that embed uncertainty in the model, of which only a portion can be estimated (Oreskes,
1998).

It is worth noting that the “worst case” conditions in the TMDL temperature model are
based on an assumption of “stationarity”, that is the mean and variance of observed data
are not changing over time. However, there is a high level of confidence that later this
century air and water temperatures will increase considerably across the Puget Sound
region as a result of global climate change (Mauger et al., 2015). Mauger et al. (2015) state
that stream temperatures are projected to increase by 4.0 to 4.5 oF (2.2 to 2.5 oC) by the
2080s (2070–2099) relative to the period 1970–1999.

Although a detailed reevaluation of the “worst case” TMDL temperature model
assumptions is beyond the scope of this study, it may be worth highlighting that the “worst
case” model solar radiation represents conditions on August 2, 2006. This is the date used
to calibrate the model and an approximate mid-point of the period when warmest stream
temperatures are observed in the Puget Sound lowlands (Booth et al., 2015). 18 However,

18 The phenomenon that results in a seasonal lag between the date of maximum insolation and maximum air
(and water) temperature is caused by the heat capacity (the amount of energy it takes to change the
temperature of an object by a given amount) of land and water which continues to emit outgoing longwave
radiation back to the atmosphere after the peak in incoming solar radiation has occurred. This same process
and lag occurs on a daily time scale – peak air and water temperatures occur later in the afternoon rather
than at solar noon.
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the daily maximum water temperatures observed in the Green River in 2015 occurred at
the end of June and the beginning of July, which is closer to when the incoming clear sky
solar radiation flux is near its maximum rate. The unusual warm weather period in 2015
included a series of record high air temperatures (observed at Sea-Tac International
Airport) on July 2 through July 5 (see Figure 12). 19 The combination of elevated air
temperature and peak incoming solar radiation may be the explanation for the earlier than
typical occurrence of peak water temperatures.

The observed 2015 extreme temperatures might be considered a preview of typical air and
water temperatures that the Green-Duwamish River might experience later this century.
However, it would be premature to consider that the timing of maximum summer water
temperatures will more typically arrive earlier in the future. The large difference in the
Lower Green River maximum 7-DMax temperature profile in 2015 compared to that
observed in 2006 along with the relatively large projected change in future water
temperatures highlights the potential non-stationarity of water temperatures in the Green
River over time.

Historically, management of water and aquatic resources has been conducted under the
assumption of stationarity–the idea that natural systems vary over an unchanging upper
and lower limit and whose properties can be estimated from a historical record of
observations. This assumption is commonly understood to be compromised by human
activities like flood control and water storage projects or land cover and land use changes.
There has also been a recent emphasis on the effects of natural and human-induced climate
variability on the assumption of stationarity (Milly et al., 2008). It is recommended that
salmon recovery planning for the Green-Duwamish River acknowledge that historical
temperature records may not accurately reflect future river conditions. Such an
acknowledgment might raise questions regarding how salmon recovery plans could be
altered to accommodate nonstationary climate change effects on water temperature (and
streamflow) (Beechie et al., 2013).

National Weather Service:
http://www.wrh.noaa.gov/climate/monthdisp.php?stn=KSEA&year=2015&mon=7&wfo=sew
19
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4.0 FACTORS INFLUENCING SUMMER
RIVER TEMPERATURE
The following section attempts to explain some, but not all, of the longitudinal features in
summer maximum and minimum temperatures in the Green-Duwamish River below
Howard Hanson Dam using the assumptions built into the Green River TMDL temperature
model. The second section attempts to address questions that were raised during the
development of this report regarding the effect of summer augmentation flow on river
temperatures. The third section looks at the effects of the summer storage of water behind
Howard Hanson Dam and subsequent bottom release on river temperatures and the effect
of the Additional Water Storage Project on the temperature of water released from the
dam.

4.1

Potential Insights from the TMDL Temperature
Model

The daily and seasonal variation in river water temperatures are the result of complex heat
and flow exchanges. Heat flux across the air-water interface is driven by incoming solar
radiation, net long-wave radiation, evaporation, and convection. Evaluations of the effect of
tree canopy cover have illustrated the dominance of solar radiation as a primary influence
on daily temperature fluctuations (Johnson, 2004). Substrate (e.g., bedrock vs alluvium)
and groundwater can also influence the relative effect of shading on summer stream
temperatures (Johnson, 2004). Air temperature is often used in statistical models as a first
approximation of these dynamic effects on water temperature (e.g., Mantua et al., 2010)
and statistical models have also included other variables, including flow (e.g., Letcher et al.,
2016).

Because the processes that determine the thermal regime at any particular place or time
are complex, it is difficult to identify with a high level of certainty the particular heat
exchange process controlling the magnitude and range of temperatures observed in the
Green River. Based on the river temperature modeling work conducted as part of the Green
River temperature TMDL, it is assumed that the downstream increase in maximum water
temperatures below Howard Hanson Dam is primarily due to the lack of riparian shade
(Ecology, 2011). Figure 30 illustrates the association of rising 7-DMax (and 7-DMin)
temperatures with riparian shade deficits estimated as part of the Green River
Temperature TMDL (Ecology, 2011). The increases in temperature associated with shade
deficits can be seen in the reach just below the Dam to the entrance to the Green River
gorge and below the Green River gorge from Flaming Geyser State Park to Tukwila.
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Figure 30.

Plot of 7-DMax and 7-DMin water temperature on July 4, 2015 for the Green River
mainstem compared to the estimated Effective Shade deficit determined as part of
the Green River Temperature TMDL [Source: Ecology (2011)].

Note: Effective Shade is the fraction (in percent) of potential solar radiation that is blocked
by vegetation and topography before it reaches the stream surface. Effective Shade
Deficit is the difference between the effective shade under mature riparian conditions
(often called the System Potential Shade) and the current riparian shade condition. In
this graph, the effective shade deficit has been aggregated over the 1 km TMDL model
reaches.
The underlying mechanisms controlling the changes in the diurnal temperature range
observed along the river during summer are more difficult to determine without more
detailed analysis, with the exception of the narrow variation in river temperature just
below Howard Hanson Dam. The main processes involved likely include water depth and
cold tributary and groundwater inputs. The relatively small increase in maximum
temperature in the gorge is likely due to topographic shading and the narrower
temperature range due to input of cold water via tributary springs (e.g., Palmer Springs, Icy
Creek) and groundwater. Figure 31 illustrates the estimated inputs of diffuse flow inputs to
the Green River estimated as part of the Green River Temperature TMDL. These estimates
were determined by measuring mainstem and tributary flows and specific conductance
along the river and adjusting diffuse flow and specific conductance estimates to match
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observations. The flow and conductance balance determined that the majority of diffuse
flow to the river likely originated in the Middle Green River, which was dominated by
inputs from several known cold springs (Ecology, 2011).
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Figure 31.

Plot of 7-DMax and 7-DMin water temperature on July 4, 2015 for the Green River
mainstem compared to the estimated diffuse water inputs (ungauged tributaries
and groundwater) estimated as part of the Green River Temperature TMDL
[Source: Ecology (2011)].

The increase in the diurnal range from Flaming Geyser State Park to just above Soos Creek
is likely due to the relatively shallow water depth through this reach coupled with the lack
of riparian shade. The narrowing of the temperature range below Soos Creek to Mill Creek
is likely due to increased hyporheic exchange along this portion of the river (Figure 32).
The higher hyporheic exchange flow was specified for this reach considering that there was
little evidence for large inputs of cold groundwater relative to upstream flow through this
reach. For example, NHC (2005) reviewed a study conducted to estimate monthly average
gains and losses along this reach using stream gauging data. That study identified only one
reach (River Mile 35‐31) and month (September) with a downstream flow greater than the
measurement difference confidence interval based on an assumed flow gauging accuracy of
±10 percent. However, there was a potential for large alluvial deposits associated with the
historical connection of the White with the Green River through this portion of the river,
which would provide for enhanced hyporheic exchange (Figure 33). The continued narrow
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range of diurnal temperatures from Mill Creek to Tukwila is likely due to the greater water
depths through this reach (Figure 34).
The relatively large range in temperature at the most downstream location in the
Duwamish River is likely due to the occasional immersion of the sensor in cooler estuarine
bottom water as the maximum temperatures were similar to those just upstream, but the
minimum temperatures were lower.
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Figure 32.

Plot of 7-DMax and 7-DMin water temperature on July 4, 2015 for the Green River
mainstem compared to the hyporheic exchange flow estimated as part of the
Green River Temperature TMDL [Source: Ecology (2011)].
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Figure 33.

Map showing the location of the historical confluence of the White River with the
Green River.
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Figure 34.

4.2

Plot of 7-DMax and 7-DMin water temperature on July 4, 2015, for the Green River
mainstem compared to the water depths estimated as part of the Green River
Temperature TMDL [Source: Ecology (2011)].

Evaluation of Effect of Flow

In response to a shift in the rating curve for the USGS gauge in Auburn during August 2015,
the amount of water released from Howard Hanson Dam was rapidly increased to meet
flow objectives. The increase was on the order of about 40 cfs with flow going from
approximately 130 cfs to 170 cfs in about two days (Figure 35). This relatively sudden
increase was considered to be a potentially useful natural experiment that might
demonstrate the effect of flow on river temperatures. Visual inspection of Figure 35
suggests that air temperature was the main driver of shifts in water temperature. The
increase in flow coincided with a period of lower air temperatures, which appear to be
associated with a period of lower water temperatures during the same period. Also note
that the water temperatures declined before the flow increased to 170 cfs. Although
perhaps not conclusive, this exercise highlights the difficulty in separating the effect of flow
and air temperature on water temperatures. It is very unlikely that either river flow or air
temperature would remain constant over an adequate length of time to provide for a
meaningful natural experiment.
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Plot of daily mean flow at the USGS gauge in Auburn during the first two weeks of
August 2015. Continuous water temperature measurements in the Green River and
continuous air temperature measurements made at Kanaskat also shown.

Note: Tw = Water temperature; Ta = Air temperature; AUB = Auburn; HH = Howard Hanson
To further evaluate the potential effect of flow on water temperature, a classification and
regression tree (CART) model was developed using weekly average air, water, and flow
measurements. CART models are non-parametric machine learning methods that are useful
for identifying important model variables and potential variable interactions (Crawley,
2013).

The long term continuous water temperature data collected at the King County Whitney
Bridge location (GRT10) was selected for analysis. Weekly average water temperature was
used as the response variable and weekly average air temperature (measured at Sea-Tac)
and weekly average flow (measured at the Auburn gauge) were selected as predictor
variables. The general relationship of these variables is illustrated using a scatterplot
matrix (Figure 36). Note the relatively linear relationship between weekly average air and
water temperature. Although there does appear to be a linear negative relationship
between flow and water temperature at lower flows, it can be seen that there is a similar,
albeit weaker, relationship between flow and air temperature. This suggests that at least a
portion of any relationship between flow and water temperature might be due to the
tendency for lower flows to occur when air (and water) temperatures are highest.
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.

Figure 36.

Scatterplot matrix of weekly average water temperatures (Tw in oC) measured at
GRT10 (Whitney Bridge), weekly average air temperatures (Ta in oC) measured at
Sea-Tac, and weekly average flow (Q in cfs) measured at the USGS gauge in
Auburn from 2001 to 2015.

The CART analysis bears this out to some degree (Figure 37). The model indicates that the
highest water temperatures occur when weekly average flow is less than about 680 cfs at
Auburn and air temperature is greater than about 17 oC.

Because of the complex dynamics that control river water temperatures and the co-varying
nature of flow and temperature, it is recommended that a river temperature model be used
to better understand the main drivers of river temperature at various spatial and temporal
scales. The temperature model (e.g., the TMDL model or a comparable model calibrated to
the available data) could be used to isolate the potential effects of various management
options. Management options that could be evaluated include the effects of reservoir
release rates, outlet temperature, specific riparian restoration strategies, or groundwater
flow restoration (to name a few). More detailed evaluation of riparian restoration scenarios
could also be evaluated with the model. If river temperatures other than those that occur
during summer low flow are of interest, a dynamic continuous simulation model may be
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required as the existing TMDL model is a steady state model limited to the simulation of
summer temperatures during periods of relatively steady flow.
Ta < 11.9 oC
If Ta ≥ 11. 9 oC

If Ta < 11. 9 oC
Highest river temperatures
predicted when weekly
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684 cfs and weekly average
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Figure 37.
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Classification and regression tree based on weekly average water temperatures
(Tw in oC) measured at GRT10 (Whitney Bridge), weekly average air temperatures
(Ta in oC) measured at Sea-Tac, and weekly average flow (Q in cfs) measured at the
USGS gauge in Auburn from 2001 to 2015.

Effect of Howard Hanson Dam

The construction of Howard Hanson Dam created a reservoir that becomes thermally
stratified during summer months, with warmer and less dense water on the surface and
colder, denser water at the bottom (Schneider and Price, 1988). Because the main outlet
used during summer months for the release of water downstream is approximately 40 ft
above the bottom of the reservoir, relatively cold water with much less diurnal variability
is released downstream during the summer (Figure 38). As a result, the seasonal
temperature immediately downstream of the dam is different from the temperatures at the
same point prior to construction of the dam with colder water (relative to pre-dam
conditions) in summer and relatively warmer water in late summer and fall.

This effect of the dam on water temperatures further downstream is not as easily examined
with the 2015 temperature data. However, Collings (1973) evaluated pre- and post-dam
construction temperature data collected at the USGS station in Auburn (12113000).
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Plot of 7-DMax (upper panel) and continuous (lower panel) water temperature
observed in 2015 at a site just upstream of Howard Hanson Dam (GreenatKoss)
and just below the dam (HAHW).
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Collings (1973) concluded that there was no statistically significant change in summer
maximum temperature at this location, but there was a 95-percent probable increase of 1.6
oC in the summer minimum temperature. Collings (1973) hypothesized that the increase in
the summer minimum temperature could be attributed to low flow augmentation water
warmed by retention in the reservoir. However, this explanation does not appear to be
consistent with the observation that summer augmentation flows released from the dam
are actually colder, rather than warmer than would occur before dam was built.

The effect of the dam on monthly average temperatures just below the dam and at Auburn
can be illustrated by plotting the results found in Higgins and Hill (1973), which used the
methods of Collings (1973) to publish summary statistics for stream and river temperature
measurements in Washington prior to 1968. Based on Figure 39, it appears that the dam
had a relatively minimal effect on monthly mean temperatures at Auburn. A plot of
temperatures above and just below the reservoir collected for a period after the
construction of the dam (Figure 40) are consistent with the similar comparison of 2015
data above and below the dam in Figure 38 above. Currently, it does appear that changes in
dam outlet temperatures have much less influence downstream at Auburn as suggested (at
least with respect to 7-DMax temperatures) by the 2006 and 2015 longitudinal 7-DMax
profiles shown in Figure 29. The outlet 7-DMax temperature was much lower in 2015
relative to 2006, but the 7-DMax temperature at Auburn was higher in 2015 relative to
2006. The TMDL temperature model could be used to further evaluate downstream effects
of different outlet temperatures.

Green River near Auburn
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Figure 39.

Plot of mid-month average water temperatures for the USGS monitoring station in
Auburn (12113000) based on thermograph data collected before and after the
construction of Howard Hanson Dam.
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Plot of mid-month average water temperatures for the USGS monitoring stations
above Howard Hanson Dam (Green River near Lester 12103400; 1960–1964) and
below the dam (Green River below Howard Hanson Dam 12105900; 1961–1965) .

There have been at least two modeling studies that have evaluated changes in conservation
storage volume and/or the use of multi-port or selective withdrawal reservoir operations
to modify the outlet temperature (Schneider and Price, 1988; WEST, 2011). The study by
Schneider and Price (1988) used a calibrated vertical one-dimensional reservoir
temperature model (WESTEX) to evaluate the effect of raising the maximum conservation
pool by 40 ft (1,141 to 1,181 ft National Geodetic Vertical Datum or NGVD). A maximum
conservation pool elevation of 1,181 ft is 14 ft higher than the current maximum
conservation pool elevation of 1,167 ft. The modeling work suggested that a raised pool
scenario would result in earlier warming of surface waters (due to long residence times
and greater pool surface area receiving solar radiation). The modeling work also suggested
that the maximum hypolimnetic temperature would occur later in the fall due to the
greater available storage of cool bottom water. During the four years that were modeled,
release temperature was found to be most significantly altered during the spring and early
summer; less than one to over two degrees cooler from April to August relative to existing
conditions. The models predicted that release temperature in September and October
would increase a similar amount due to the greater heat content of the raised pool.
Although not conclusive, the 7-DMax outlet temperatures measured just below the dam
after the implementation of the Additional Water Storage Project in 2007 do appear to be
more typically lower during spring and early summer and somewhat higher during late
summer than temperatures observed in previous years (Figure 41).
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Plot of 7-DMax water temperatures observed below Howard Hanson Dam (HAHW)
before and after the implementation of the Additional Water Supply Project.

Schneider and Price (1988) also evaluated the ability of a selective withdrawal
configuration (i.e., optional withdrawal of water from more than just the bottom outlet) to
meet a downstream temperature objective (represented by a sine function with a
maximum temperature of 14.4 oC in July). The addition of an epilimnetic withdrawal
location to the reservoir indicated that the temperature target could be met by releasing
some warmer surface water in spring while conserving colder bottom water for release
later in the year.

Modeling work conducted by WEST (2011) was conducted using a laterally average two
dimensional model (CE‐QUAL‐W2). The calibrated temperature model was used to
evaluate the ability of two selective withdrawal options to meet a seasonally varying
temperature target with a maximum temperature of 16 oC between July 2 and September
14 and 13 oC during the rest of the year. One option was a multi‐port tower addition to the
existing outlets and the second option was a floating outlet combined with a single deep
outlet. The floating outlet performed best as it was able to meet the temperature targets
under a range of air temperature and average to below average flow conditions.
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5.0 TEMPERATURE TRENDS OVER TIME
Generally, trend monitoring is needed if there is a desire to detect improvement or
deterioration in management relevant monitoring parameters over long (decadal) periods
of time, to determine if water quality has changed because of natural or human causes, and
to explore potential causal mechanisms (Vecchia, 2003). Ideally, a cost-effective
temperature monitoring program that provided adequate spatial and temporal resolution
of the river would have been implemented before major European-American settlement in
the mid-1880s. This would have provided data to evaluate the effects of a variety of
changes that have occurred since that time. Changes that might have affected river
temperature include land cover change (particularly clearing and/or regrowth of riparian
vegetation), diversion of the White River from the Green-Duwamish to the Puyallup River
(1906–1911), diversion of water from the Green River near Palmer beginning in 1913 for
the City of Tacoma, the construction of Howard Hanson Dam (1962), channeling and diking
the river for flood control and improvement in navigation and agricultural drainage
beginning as early as 1895. 20

Research studies have also identified a relatively strong influence of decadal variability in
Pacific Ocean circulation patterns that influence Puget Sound lowlands air and water
temperatures (e.g., Arhonditsis et al., 2004; Isaac et al., 2012; Johnstone and Mantua, 2014).
The temporal scales of these oscillations are on the order of 20–30 years for the Pacific
Decadal Oscillation (PDO) and 2 to 5 years for the El Niño Southern Oscillation (ENSO),
which are associated with periods of wet/cold and warm/dry conditions that result in
phase shifts in stream flow and temperature (Isaak et al., 2012). Isaak et al. (2012)
indicated that a record of at least 50 to 60 years would be needed so as to include at least
the two recent opposing PDO phases. A record of that length may still be compromised as it
will tend to begin during the wet/cool phase (1947–1976) with the remaining records
occurring predominantly during a warm/dry phase that lasted from 1977 to 1998. 21 This
would reveal an upward trend in temperature that would be due at least partly to natural
variability (e.g., see Johnstone and Mantua, 2014).
To date, few temperature records have been collected in the Green River mainstem that are
consistent enough and long enough for trend analysis. Also, the available temperature
records are not likely sufficient in length or temporal and spatial resolution to begin to
unravel the myriad of potential natural and human effects described above. However, it
may be useful to perform an initial exploration of what can be done with available data as
well as make some suggestions for how the existing temperature monitoring effort might
be improved.

The USACE continuous temperature records downstream of Howard Hanson Dam (HAHW)
and near Auburn (AUWB) are the longest available. However, the records for AUWB only

This reflects some of the chronology of major river alterations identified in NHC (2005). Much of the
chronology of alterations of the Upper Green River watershed can be found in King County (2004c).
21 Pacific Northwest Climate: A Tale of Two Signals https://cig.uw.edu/learn/climate-variability/
20
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go back to 2002. Although the records for HAHW extend back to 1992, any trends in
temperature observed at that location may be due as much to changes in reservoir
operations (e.g., increasing storage) as to a number of other factors. These other factors
include effects of climate change, the amount of groundwater inflow, or loss or regrowth of
riparian vegetation in the Upper Green River watershed.

King County has collected consistent records of water temperature at one location on the
mainstem Green River since 1988, station B319 just upstream of the confluence with
Newaukum Creek, but the data are approximately monthly instantaneous (grab)
observations of temperature. Evaluation of long-term trends at this station were conducted
using non-parametric trend test methods recommended by Helsel and Hirsch (2002) as
environmental data rarely meet the statistical requirements of parametric trend test
methods. In general, trends on an annual average, monthly, quarterly (DJF, MAM, JJA, SON),
and summer (JJA) average were all negative (i.e., overall downward trend), and only the
quarterly average trend was statistically significant (Theil-Sen slope = -0.265 oC per
decade; tau = -0.1686; p = 0.0351) at the 0.05 level. The summer average water
temperature trend was not statistically significant after accounting for serial correlation
(Theil-Sen slope = -0.772 oC per decade; tau = -0.3267; p = 0.0991).
The trend in summer average temperatures at station B319 from 1988 to 2015 is shown in
Figure 42. Note that the summer average temperature observed in 2015 was the same as
observed in 1988 and in 1992 (16.1 oC); the highest average summer temperatures over
the 1988–2015 period. There is a moderate correlation with the summer average air
temperature reported at Sea-Tac International Airport (Pearson-r = 0.5317). The trend in
summer air temperature is upward over the period 1988–2015, although not statistically
significant (Theil-Sen slope = 0.325 oC per decade; tau = 0.1587; p = 0.3361).

The general lack of statistically significant trends is consistent with the analyses conducted
by Isaak et al. (2012) that evaluated daily temperature records from 18 regulated and
unregulated sites located in the northwest United States from 1980–2009. Statistically
significant temperature trends were found at the seven unregulated (and relatively
undeveloped) sites. Trends at the eleven regulated sites were not statistically significant
due to greater variation among sites resulting from local water management and effects of
upstream reservoirs. Arismendi et al. (2012) also saw mixed results when evaluating
temperature trends at sites across the western United States representing minimally to
highly human-impacted upstream conditions. Warming trends were most prevalent at sites
with data going back to the 1950s, while sites with a shorter length of record (1987–2009)
exhibited both warming and cooling trends (and more statistically insignificant trends) in
both minimally and highly impacted systems. Arismendi et al. (2012) identified a number
of factors that could be confounding trends expected as the result of climate change,
including homogenization of temperature caused by flow regulation and reservoir
storage/release, among site variability in groundwater contribution to streamflow, and
riparian vegetation cover.

Isaak et al. (2012) and Orr et al. (2015) have suggested that long-term trends in river water
temperature have not been well reported and suggested that this was due in part to the
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lack of long term continuous data from many sites. Orr et al. (2015) also noted that long
term temperature records tend to be associated with data collected as part of general
water quality monitoring networks designed to evaluate the effects of pollution and that
consequently network design and sampling frequency have not been optimized for trend
detection. This is generally the situation in the Green-Duwamish River basin, although a
number of continuous temperature monitoring stations have been established that if
maintained into the future will provide data for at site trend analysis.

Trend analysis, even when robust and statistically significant trends are detected, does not
provide in and of itself an indication of what is driving the trend (e.g., Isaak et al., 2012).
This requires an understanding of the major processes that could potentially cause
significant changes in river temperature and the coupling of data representing these
potential effects in an integrated and statistically robust monitoring program. Arismendi
et al. (2012), Isaak et al. (2012), and Orr et al. (2015a) have called for systematic
continuous temperature monitoring alongside routine recording of emerging ecosystem
responses. As an example, ecosystem monitoring might focus on the frequency of
occurrence and abundance of thermally sensitive species and underlying processes
hypothesized to influence water temperatures to better understand and predict future
changes.
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summer average air temperatures reported at Sea-Tac International Airport for the
same period.
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6.0 CONCLUSIONS AND
RECOMMENDATIONS
The 2015 “snow” drought and elevated air temperatures leading into the July–August
period when the highest water temperatures are typically observed, led to exceptionally
warm waters in the Green-Duwamish River. Although the water temperatures were
exceptionally high at the beginning of July 2015, the general longitudinal patterns in
summer maximum temperatures below Howard Hanson Dam were similar to those
observed in previous years. The maximum 7-DMax temperatures observed in July 2015
exceeded the 22 oC potential lethality threshold provided in the State water quality
standards at almost every mainstem location sampled from Flaming Geyser State Park
below the Green River gorge to the most downstream station in the Duwamish River. The
most severe high temperatures occurred downstream of Auburn where the river is diked
and riparian trees are largely absent.

Lethal and near-lethal temperatures likely caused juvenile salmonids to migrate out of
these mainstem reaches to cooler areas (e.g., tributaries or the deeper waters in the tidal
Duwamish River). Elevated temperatures may have also negatively affected early adult
salmonid migrants that had returned to hold in the river prior to spawning.

Ecology completed a TMDL study (Ecology, 2007) and temperature model (Ecology, 2011)
of the portion of the river from the TPU diversion near Palmer below Howard Hanson Dam
to the confluence with the Black River. Ecology (2011) determined that the river lacked
sufficient riparian shade and that extensive riparian restoration would result in a reduction
in the summer 7-DMax temperature, although temperatures would still likely exceed the
relevant criteria.

The TMDL model was also used in this study to provide some insights into the patterns in
maximum summer 7-DMax and 7-DMin temperatures observed in the Green River below
Howard Hanson Dam. In addition to the effect of lack of shade, there are other major
influences on river temperatures. These influences include the Howard Hanson Dam outlet
temperature, the input of relatively large amounts of cold springs and groundwater
through the gorge, hyporheic exchange between Soos Creek and Mill Creek, and the tidal
backwater effect in the river below Mill Creek to Tukwila. The data and historical studies
also indicate the presence of cooler bottom water found in the brackish salt wedge that
enters the river from Elliott Bay during high tides and recedes as the tide goes out.

Data collected in 2015 above and below Howard Hanson Dam helped illustrate the effect of
the dam on river temperatures. The reservoir behind the dam becomes thermally stratified
during the summer with warm water on the surface and colder water at depth. Because the
main outlet used during summer months for the release of water downstream is near the
bottom of the reservoir, relatively cold water with much less diurnal variability is released
downstream during the summer. As a result, the seasonal temperature immediately
downstream of the dam is different from the temperatures at the same point prior to
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construction of the dam with colder water (relative to pre-dam conditions) in summer and
relatively warmer water in late summer and fall.

Reservoir temperature modeling (and the available outlet temperature data) suggests that
the outlet temperature can be affected by the changes in the amount of water stored (which
also affects the surface area and water depth in the reservoir) during summer. Greater
summer storage, as a result of the Additional Water Storage Project in 2007, may have
resulted in lower outlet temperatures during spring and early summer and warmer
temperatures during late summer and fall.
The USACE has evaluated various selective withdrawal options that might enhance the
existing deep outlet. For example, an additional floating surface outlet might provide more
flexibility in meeting a particular downstream temperature targets. Retrofitting reservoirs
with selective withdrawal systems for downstream temperature control is not uncommon
and downstream temperature targets have often been the historical natural temperature
pattern (e.g., DeGasperi et al., 2000; Rheinheimer et al., 2014).

Isaak et al. (2012) have suggested that cold water releases could be timed to ameliorate
stresses on salmonids during critical biological periods. However, Olden and Naiman
(2010) highlight the importance of trying to reproduce the natural temperature regime
downstream of reservoirs. They caution against attempts to control downstream thermal
regimes in a manner that is inconsistent with natural climate variability; for example by
using cold water releases to offset climate warming effects. It is recommended that
temperature management through selective withdrawal approaches be carefully
considered. For example, increases in cold water releases in summer will potentially result
in releases of warmer water in late summer and fall with possible unintended biological
consequences.

Because of the complex dynamics that control river water temperatures and the co-varying
nature of flow and temperature, it is recommended that a river temperature model be used
to better understand the main drivers of river temperature at various spatial and temporal
scales. The temperature model (e.g., the TMDL model or a comparable model calibrated to
the available data) could be used to isolate the potential effects of various management
options. Management options that could be evaluated include the effects of reservoir
release rates, outlet temperature, specific riparian restoration strategies, or groundwater
flow restoration (to name a few). If river temperatures other than those that occur during
summer low flow are of interest, a dynamic continuous simulation model may be required
as the existing TMDL model is a steady state model limited to the simulation of summer
temperatures during periods of relatively steady flow.
An analysis of water temperature trends was conducted using data collected from 1988 to
2015 from King County station B319 just upstream of the confluence with Newaukum
Creek. The data are approximately monthly, instantaneous (grab) observations of
temperature. Trends were generally downward, although statistically insignificant
(p<0.05) for all but one of the trends evaluated. These results are consistent with recent
temperature trend studies conducted in the western United States that have found fewer
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statistically significant trends at sites with flow regulation by upstream reservoirs or for
sites with more recent records that begin in the late 1980s (Arismendi et al., 2012; Isaac
et al., 2012). Although there has been a relatively strong warming trend in air temperature
in the Pacific Northwest since the 1950s, trends over shorter periods through present are
less pronounced or even negative, depending on the period evaluated. 22

Continuous temperature data are being collected at a number of locations throughout the
river by various agencies that will be useful for identifying trends. However, these efforts
are not designed to evaluate specific management questions. Given potential management
effects on river temperature (e.g., dam operations, changes in riparian shade, and climate
change to name a few), a more integrated and well-thought-out monitoring design may be
necessary. A more integrated approach might help the current monitoring effort move
beyond evaluating trends at individual monitoring stations. Recent research on water
temperature trends in the western United States and the Pacific Northwest in the context of
managing salmonid populations (Arismendi et al, 2012; Isaak et al., 2012) concluded that
current monitoring networks are inadequate for a broad understanding of historical or
future management impacts on stream temperatures.
Although King County does maintain a three continuous monitoring locations along the
river, these records are still of insufficient length and typically contain data gaps due to
equipment loss or loss of funding. Funding is an ongoing issue as financial support for
stream flow and temperature monitoring is not guaranteed and comes from multiple
funding sources, which does not provide assurance that the data will be generated over a
long period of time. Although Ecology, USGS, and USACE are collecting long term
continuous data at a number of sites along the Green River, even their funding sources are
not guaranteed. For example, funding for the USGS gauge at the Golf Course in Tukwila
(12113390) was threatened in 2015. However, cooperative support was secured to
continue monitoring at this location.
The WRIA 9 Salmon Habitat Plan 23 recommended adaptive management and monitoring
that included determining if water quality (including temperature) is improving in critical
reaches. To help ameliorate high temperatures, the WRIA 9 salmon recovery partners
developed a riparian revegetation strategy (WRIA 9 Riparian Revegetation Work Group,
2016). The strategy identified priority areas for planting trees to create shade along the
mainstem Green River as well as tributaries. Being able to make accurate assessments of
temperature improvements due to management actions such as tree planting will require
more than a reliance on the existing loosely organized monitoring network designed for
other purposes and supported by multiple and uncertain funding sources.
It is recommended that the design of a focused Green River temperature monitoring
program begin with the development of key questions with which to design a realistic
management-relevant monitoring program. It is recommended that the program focus on
University of Washington Climate Impacts Group: https://cig.uw.edu/learn/climate-variability/
Green/Duwamish and Central Puget Sound Watershed Salmon Habitat Plan:
http://www.govlink.org/watersheds/9/plan-implementation/HabitatPlan.aspx

22
23
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the effects of temperature on relevant salmon life history stages and effects of management
(e.g., flow augmentation, riparian restoration, etc.) on river temperatures during relevant
life history stages.
Orr et al. (2015b) conducted a review of river water temperature monitoring efforts and
challenges in relation to relevant management issues. They provided some suggestions for
designing monitoring programs to better understand the distribution of thermal refuges,
spatial and temporal water temperature variations, and the impacts of changing water
temperatures on instream ecosystem processes and biota. The suggestions in Orr et al.
(2015b) may provide a starting point for discussions that might lead to the design of a
more integrated long term temperature monitoring program for the Green-Duwamish
River. Suggestions in Orr et al. (2015b) accompanied by some additional thoughts follow:
•

•

•

•

Develop a distributed network of continuous temperature sensors with stable
funding to ensure the maintenance of a long-term monitoring network beyond only
a very few sites.
o A network of continuous temperature monitoring sites already exists,
although the network consists of sites maintained by multiple agencies with
various objectives. Stable funding may be an unrealistic expectation, but it is
recommended that any monitoring plan articulate what critical information
will be lost if funding levels change.

Mapping stream network thermal habitat quality, including refuges, perhaps by
integrating discrete continuous monitoring data with data on catchment
topography, amount of shade vegetation, topographic shade, surface geology,
channel characteristics, etc. in a spatial statistical stream network model.

o Integrating monitoring data into a spatial statistical modeling framework has
been promoted as a way to extrapolate information from monitoring
locations to unmonitored portions of the stream network. Models like these
have been promoted as a way to evaluate climate change impacts and to
evaluate and potentially improve the stream monitoring design (e.g., Isaak et
al, 2016).

Develop physically based watershed scale water temperature models calibrated to
continuous monitoring data.

o A Green River temperature model already exists (the TMDL model) and this
model may be sufficient. The TMDL model is a steady-state model that is
suitable for modeling steady summer flow and weather conditions. However,
a dynamic model may be of interest if temperature predictions under
unsteady flow conditions or over more than the summer low flow period are
of interest. Options for continuous models would include the development of
a dynamic version of the Qual2Kw TMDL model. A temperature model that
included temperature modeling of tributary basin streams might also be of
interest (e.g., Cao et al., 2016).

Establish a community data-sharing platform providing open access to temperature
data over large spatial areas.
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•

•

o King County, USGS, Ecology, and USACE maintain and share data to the public
through separate web-based systems. An ideal system would provide a
consistent and single point of access to these data sets as well as provide
storage and sharing of data from other jurisdictions (e.g., MIT, TPU, City of
Kent).

Standardization of continuous temperature monitoring protocols across individual
jurisdiction’s programs to help ensure equivalence and quality of data.
o The lack of consistency in monitoring protocols and reporting has been
recognized as a major limitation to integrating data from multiple agencies
for long term trend analysis (Sprague et al., 2017).

A wider consultation and a review of evidence to determine thermal indicators with
biological significance (e.g., is it daily maximum, minimum, or mean temperatures,
diurnal or seasonal ranges that are most significant to salmon survival and
reproduction?).
o A consultation such as this might take the form of an initial evaluation based
on available data which could help inform the key management questions to
address with respect to monitoring. Consultations would likely continue as
new data are collected so as to identify and recommend any changes to the
monitoring program if warranted.

It should also be kept in mind that what and how we monitor depends on what we want to
know. With that in mind, it is highly recommended that any discussion of the development
of a more integrated long term monitoring program begin with the development of
carefully posed questions and objectives as well as a rigorous statistical (Lindenmayer and
Likens, 2009).
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Appendix A:
2015 Mainstem Station Water Temperature
Time Series Plots
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Figure A-1 Plot of continuous temperature data collected during 2015 at the Muckleshoot Indian
Tribe Station RM7.9 at the 42nd Ave S Bridge. The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure A-2 Plot of continuous temperature data collected during 2015 at King County Station
GRT41 under 42nd Ave S Bridge near Tukwila Community Center. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-3 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM7.9a at the 42nd Ave S Bridge near Tukwila Community Center. The 7day moving average of the daily maximum (7-DMax) and minimum (7-DMin) also
shown as well as relevant State temperature criteria.
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Figure A-4 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM8.4 at Codiga. The 7-day moving average of the daily maximum (7DMax) and minimum (7-DMin) also shown as well as relevant State temperature
criteria.
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Figure A-5 Plot of continuous temperature data collected during 2015 at U.S. Geological Survey
Station 12113390 Duwamish River at Golf Course at Tukwila. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-6 Plot of continuous temperature data collected during 2015 at King County Station
GRT40 under Interurban Ave Bridge near Fort Dent. The 7-day moving average of the
daily maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.

King County Science and Technical Support Section

A-7

May 2017

Green-Duwamish River 2015 Temperature Data Compilation and Analysis

Figure A-7 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM12.3a near Interurban Ave Bridge near Fort Dent. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-8 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM12.3 near Interurban Ave Bridge near Fort Dent. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-9 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM14.5 near 180th St in Tukwila. The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure A-10 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM14.4 150 yards upstream of the 180th St Bridge in Tukwila. The 7-day
moving average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as
well as relevant State temperature criteria.
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Figure A-11 Plot of continuous temperature data collected during 2015 at City of Kent Station
Briscoe near the Briscoe Levee in Kent. The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure A-12 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM17.9 50 yards upstream of 212th St Bridge. The 7-day moving average
of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant
State temperature criteria.
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Figure A-13 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM21.2 at the Meeker St fishing hole. The 7-day moving average of the
daily maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure A-14 Plot of continuous temperature data collected during 2015 at City of Kent Station
Riverview near the downstream end of Riverview Park in Kent. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.

King County Science and Technical Support Section

A-15

May 2017

Green-Duwamish River 2015 Temperature Data Compilation and Analysis

Figure A-15 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM23.8 at Riverview Park in Kent. The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure A-16 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM26.1 at Horse Head. The 7-day moving average of the daily maximum
(7-DMax) and minimum (7-DMin) also shown as well as relevant State temperature
criteria.
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Figure A-17 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM28.6 downstream of the Auburn Golf Course. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-18 Plot of continuous temperature data collected during 2015 at U.S. Army Corps of
Engineers Station AUBW in Auburn. The 7-day moving average of the daily maximum
(7-DMax) and minimum (7-DMin) also shown as well as relevant State temperature
criteria.
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Figure A-19 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM31.8 at the downstream end of Fenster Park. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-20 Plot of continuous temperature data collected during 2015 at Muckleshoot Indian
Tribe Station RM33.1 above log jam near SR 18. The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure A-21 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenabvNeelyBr (Green River above Neely Bridge). The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-22 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenatLonesLevee (Green River above Neely Bridge). The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-23 Plot of continuous temperature data collected during 2015 at King County Station
GRT10 at Whitney Bridge. The 7-day moving average of the daily maximum (7-DMax)
and minimum (7-DMin) also shown as well as relevant State temperature criteria.
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Figure A-24 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenatLonesLevee (Green River above Neely Bridge). The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteriaGreen River at Flaming Geyser State Park
(GreenatFlamingGeyser).
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Figure A-25 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenabvIcyCk (Green River above Icy Creek). The 7-day moving average of
the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant
State temperature criteria.
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Figure A-26 Plot of continuous temperature data collected during 2015 at Ecology Station 09A190
near Kanaskat. The 7-day moving average of the daily maximum (7-DMax) and
minimum (7-DMin) also shown as well as relevant State temperature criteria.
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Figure A-27

Plot of continuous temperature data collected during 2015 at U.S. Army Corps of
Engineers Station HAHW downstream of Howard Hanson Dam. The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-28 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenatKoss (Green River at Koss). The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure A-29 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenabvSweeny (Green River above Sweeney). The 7-day moving average of
the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant
State temperature criteria.
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Figure A-30 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenabvMaywoodCk (Green River above Maywood Creek). The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-31 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenalongRd (Green River along 5900 Rd at 3.5 mile). The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-32 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GreenatELesterBr (Green River at East Lester Bridge). The 7-day moving
average of the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as
relevant State temperature criteria.
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Figure A-33 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station UpperGreen (Upper Green River). The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Appendix B:
2015 Tributary and Side Channel Station Water
Temperature Time Series Plots
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Figure B-1 Plot of continuous temperature data collected during 2015 at King County Station 13a
(Duwamish tributary 0003). The 7-day moving average of the daily maximum (7-DMax)
and minimum (7-DMin) also shown as well as relevant State temperature criteria.
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Figure B-2 Plot of continuous temperature data collected during 2015 at King County Station 41a
(Mill Creek at SR 181). The 7-day moving average of the daily maximum (7-DMax) and
minimum (7-DMin) also shown as well as relevant State temperature criteria.

King County Science and Technical Support Section

B-3

May 2017

Green-Duwamish River 2015 Temperature Data Compilation and Analysis

Figure B-3 Plot of continuous temperature data collected during 2015 at King County Station 54a
(Soos Creek at mouth). The 7-day moving average of the daily maximum (7-DMax) and
minimum (7-DMin) also shown as well as relevant State temperature criteria.
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Figure B-4 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station CohoChnl (Coho Side Channel). The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure B-5 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station LonesLeveeChnl (Lones Levee Side Channel) The 7-day moving average of
the daily maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant
State temperature criteria.
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Figure B-6 Plot of continuous temperature data collected during 2015 at King County Station 40d
(Crisp Creek at Green River Rd). The 7-day moving average of the daily maximum (7DMax) and minimum (7-DMin) also shown as well as relevant State temperature
criteria.
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Figure B-7 Plot of continuous temperature data collected during 2015 at King County Station 44a
(Newaukum Creek at the USGS gage). The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure B-8 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station NFGreen (North Fork Green River) The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure B-9 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station CharleyCreek (Charley Creek) The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure B-10 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station GaleCk (Charley Creek) The 7-day moving average of the daily maximum (7DMax) and minimum (7-DMin) also shown as well as relevant State temperature
criteria.
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Figure B-11 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station SmayCk (Smay Creek) The 7-day moving average of the daily maximum (7DMax) and minimum (7-DMin) also shown as well as relevant State temperature
criteria.
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Figure B-12 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station ChampionCk (Champion Creek) The 7-day moving average of the daily
maximum (7-DMax) and minimum (7-DMin) also shown as well as relevant State
temperature criteria.
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Figure B-13 Plot of continuous temperature data collected during 2015 at Tacoma Public Utilities
Station SundayCk (Sunday Creek) The 7-day moving average of the daily maximum (7DMax) and minimum (7-DMin) also shown as well as relevant State temperature
criteria.
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