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Abstract 

The Jamestown and Port Gamble S’Klallam tribes of northwest Washington State rely heavily on 

salmonids and other fish species for economic, cultural, and subsistence practices. A changing climate 

has the potential to alter valuable fish habitat, particularly in mountainous watersheds. To assess 

freshwater habitat vulnerability in 15 watersheds which drain into the Hood Canal and eastern Strait of 

Juan de Fuca, the Point No Point Treaty Council has begun a multi-phase hydrologic modeling project. 

For phase I, the focus was on potential streamflow changes and how they differ by watershed and 

topography. Phase II, and the focus of this technical summary, expands the modeling to include stream 

temperature projections. Hydrological processes were simulated from 1950-2099 using the Distributed 

Hydrology Soil Vegetation Model (DHSVM) version 3.2 under two climate scenarios (RCP 4.5 and RCP 

8.5). The River Basin Model (RBM) was then used to forecast stream temperature changes throughout 

the 21st century. Local topography was found to play an important role in determining stream 

temperature changes throughout the 21st century, with a higher degree of proportional change in upper 

elevation areas as compared to historical base period simulations. Depending on stream channel size, 

size of the watershed, and topographic relief, the study watersheds varied greatly in terms of their 

response to climate warming. Low-elevation portions of the study area watersheds are likely to still have 

the warmest stream temperature magnitudes, as the air temperatures are warmer than at higher 

altitudes, but there are some exceptions. Many fish-bearing stream reaches in both low-lying and high-

relief watersheds are likely to regularly exceed safe migration and spawning temperature thresholds. By 

the end of the 21st century, the amount of stream habitat that annually exceeds safe temperature 

thresholds for salmonids is likely to more than double under a moderate warming RCP 4.5 scenario and 

more than triple for the high warming RCP 8.5 scenario. The projected warming has the potential to 

greatly reduce the amount of fish habitat available to migrating and spawning salmonids throughout the 

region. 
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About this Report 

The Final Technical Report is a synopsis of the methodologies and results from phase II of the 

climate change stream modeling project initiated by the Point No Point Treaty Council in 2016. The 

study covers fifteen watersheds in the Pacific Northwest that are part of the historic Treaty protected 

area for the Port Gamble S’Klallam and Jamestown S’Klallam tribes as well as other tribes in the region. 

Given the large scope of this project, this technical summary focuses on area-wide trends and notable 

results, highlighting certain watersheds to illustrate those findings.  

 The methods described herein were applied to each watershed in the study area unless 

otherwise noted. Most of the region-wide data was obtained from publically available sources and 

augmented with collected and/or derived data by PNPTC (see the Methods section). This research was 

carried out using the best available science at the time of study. PNPTC will continue to update the 

streamflow and stream temperature models as new data and methodologies become available. For 

additional information regarding this project or any of the methods and data used, please contact the 

authors at the Point No Point Treaty Council. 

The stream temperature results presented in this report are not intended to make predictions 

for exact times into the future but instead indicate the likely trends into the future as compared to the 

historical baseline conditions, using long time periods (generally 30 years or more). For example, some 

forecasts show what stream temperatures might look like towards the end of the 21st century. This is 

not an attempt to predict the exact temperature at any specific time or date, but rather to show what 

typical conditions are likely to be throughout a 30-yr timespan near the end of the century. 

The PNPTC Treaty area defined in this study should not be used for any purpose other than to 

ascertain the general area where PNPTC member Tribes are currently authorized for fishing activities 

under the Boldt decision and the Treaty of Point No Point. Authorized fishing areas can be subject to 

change and in no way should be considered to limit the Treaty Rights of the Treaty Council member 

Tribes.  
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Introduction 

Background: Climate Change, Streams and Natural Resources in the Pacific Northwest 

Native American tribes and their land play an important role throughout the Pacific Northwest 

(PNW) in regards to the management and care of natural resources. Because changes in the climate 

have the potential to affect natural resources, tribes and others are particularly concerned with how 

these changes might impact both cultural and economic ways of life in the region. Stream flow, stream 

temperature, water availability, habitat availability to fish, and changing weather patterns all play a 

pivotal role in determining the vitality of important species in the northwest ecosystem. The Point No 

Point Treaty Council (PNPTC) member tribes of the northwest have a long history in these lands, 

practicing subsistence ways of life long before western colonization. Place-based people still rely heavily 

on streams and the fish species they support for subsistence, cultural and economic uses. 

Climate records indicate that the PNW has already experienced an increase in mean annual air 

temperatures of approximately 1.3°F since 1900 and is continuing to warm (e.g., Abatzoglou et al. 2014; 

Mauger et al. 2015). Average annual daily minimum temperatures have increased at a greater rate than 

maximum daily temperatures (NCDC 2018). As a result of warming, spring snowpack has been declining 

overall throughout the region since the mid-1900s, although there is a great deal of inter-annual 

variability (Mote et al. 2018; Mauger et al. 2015; Snover et al. 2013; Stoelinga et al. 2009). Throughout 

the 21st century, average annual air temperatures are forecasted to increase by approximately 3-7°F 

regionally and total annual precipitation amounts are projected to change to a lesser extent (although 

seasonal changes are likely) with more winter precipitation and less summer precipitation (Mauger et al. 

2015). Winter precipitation changes are likely to include more extreme rainfall events, particularly in the 

higher greenhouse gas emission scenarios (Snover et al. 2013). These changes have already begun to 

impact streamflows in mountainous areas, primarily by shifting peak streamflows (i.e., snowmelt runoff 

events) to earlier in the spring season (Snover et al. 2013). Climatic changes have the potential to impact 

the hydrology throughout the region and change the stream flow and temperature regimes of major 

streams and their tributaries, potentially negatively impacting fish spawning and rearing habitat. 

 

Statement of Need and Study Area 

Concern has grown considerably over the potential impacts that climate change and its 

variability might have on traditional fishing areas and in particular, freshwater riverine habitats. Tribes 

are concerned about how stream temperature change will directly affect fish species in the near-term 
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and through the end of the 21st century. The Jamestown S’Klallam (JKST) and Port Gamble S’Klallam 

(PGST) tribes’ traditional hunting and fishing area encompasses a large portion of the interior and coastal 

landmass on the Olympic and Kitsap peninsulas, and much of the marine waters of the Strait of Juan de 

Fuca, Puget Sound, and Hood Canal (Figure 1A). These lands and waters provide natural resources such 

as fish, shellfish, wildlife, and plants that are both economically and culturally important to the Tribes.  

JKST and PGST, among other tribes in the PNW, rely on salmon and steelhead fish species (many of 

which are listed as endangered under the Endangered Species Act [ESA]) for subsistence, cultural, and 

economic practices. For the purpose of this study, the focus is on major fish-bearing watersheds draining 

the northeastern portion of the Olympic Peninsula and also several lowland watersheds along the 

eastern shores of Hood Canal (Figure 1A). 

 

 

Figure 1. PNPTC stream modeling study area. (A) Point No Point Treaty Council area (dashed outline) and the study area 

watersheds (shaded gray) in Northwest Washington State. (B) Elevation ranges (in meters) for the study area watersheds. 

Disclaimer: the PNPTC Treaty area should not be relied on for any purpose other than to ascertain the general area where the 

PNPTC member Tribes currently authorize fishing activities under the Boldt decision and the Treaty of Point No Point. 

Authorized areas of fishing can be subject to change and in no way should be considered to limit the Treaty Rights of the Treaty 

Council member Tribes. 
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Many important fish species, including some ESA listed species, are found within the study area 

watersheds (Figure 2). Some of the species include bull trout, chum salmon, coho salmon, Chinook 

salmon, pink salmon, and Steelhead (SWIFD 2014; StreamNet 2012). The U.S. Fish and Wildlife Service 

(FWS) Quilcene National Fish Hatchery has operated on the Big Quilcene River since 1911 and primarily 

raises coho salmon for release into streams, for use in tribal net pen programs, and to provide eyed eggs 

for PGST use. The Washington Department of Fish and Wildlife (WDFW) operates two hatcheries in the 

Dungeness watershed which contribute to the fish populations of the region. The study area also 

includes several WDFW Intensively Monitored Watersheds (Big Beef, Little Anderson, Seabeck, and 

Stavis), where numerous long-term monitoring and fish population studies have taken place. Previous 

hydrology studies have highlighted potential impacts of climate change on some of these important fish 

habitats, but only at a regional scale (e.g., Beechie et al 2012; Littell et al. 2009; Mote et al. 2014; 

Mauger et al. 2015). PGST, JKST and PNPTC have growing concerns about the availability of finer 

resolution information, which can help inform natural resource management decisions. This report 

provides natural resources managers with high resolution stream temperature change projections for 

Phase II of the PNPTC stream modeling study. This study focuses on important stream habitats for fish 

that are not only in main river channels, but also in the smaller tributaries and other smaller watersheds 

which are often overlooked in regional studies. 
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Figure 2. Study area fish distribution maps for trout and salmonids. Documented, potential, and presumed trout 

and salmonid distributions (all species) are shown on the left and right respectively. Fish distribution data is from 

SWIFD, 2014. Note that the SWIFD stream network differs from the one used in the DHSVM modeling, so slight 

spatial variations may exist between the two. Changes in stream channels and fish passage barriers (e.g., culvert 

replacements) may have occurred since the SWIFD data was recorded, changing the fish distribution in some places. 

 

The study area is largely characterized by a mild maritime climate which receives substantial 

rainfall, averaging approximately 43 inches per year (over the 1901-2000 period) for the lowlands and 

foothills, with greater magnitudes in the higher mountainous elevations (NCDC 2018). Most rainfall 

occurs during the cooler months (fall/winter/spring) with little precipitation during the warm summer 

months. High elevations receive considerable snowfall during the winter, while lower elevation areas 

generally remain snow free for most of the year. The study area is unique because it contains streams 

within the rain shadow of the Olympic Mountains. The Dungeness River and Sequim areas, in particular, 

experience substantially less precipitation throughout a typical year than do the surrounding areas. 

Summer temperatures peak in August with average daily maximum temperatures for the month 

reaching 74°F for the Puget Sound lowland areas (NCDC 2018). Like much of the PNW, the El Niño-
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Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) are primary drivers of seasonal 

weather trends and patterns (Abatzoglou et al 2014). 

The 15 streams in the PNPTC study area typically experience mean July water temperatures 

ranging from 10-16°C near the watershed outlets (Table 1), but vary greatly between watersheds due to 

differences in topography, aspect, and local-scale climatology. The Big Quilcene, Dosewallips, 

Duckabush, Dungeness, and Hamma Hamma watersheds have mean elevations greater than 850m 

(2800ft.) and a relief of greater than 2000m (6500ft.) above sea level (Figure 1B and Table 2). Mid- to 

high-relief watersheds contain large areas that lie within the transient rain-snow threshold, making 

them particularly susceptible to climate variability and change (Elsner et al. 2010; Mantua et al. 2010; 

Mauger et al. 2015; Tohver et al. 2014). With an increase in temperature in the winter months, much of 

the precipitation is likely to fall as rain rather than snow, which impacts the amount of water preserved 

in snowpack and ultimately affects the amount of spring and summer streamflow that relies on 

snowmelt. Reduced snowpack not only has the potential to impact the stream flows, but also the water 

temperatures. The lower elevation watersheds, in contrast, are already rain-dominated and receive little 

snowfall annually so those areas are likely to be impacted by a changing climate in different ways (Elsner 

et al. 2010; Mauger et al. 2015). 

 

Table 1. Mean July observed stream temperatures by year for the 15 PNPTC study area watersheds from 

2005-2010. Dark gray shading indicates no period of record for that time in that watershed. Dark red indicates 

warmer conditions while dark blue indicates cooler conditions. These data were taken from the stream gauge with 

the most continuous data available. With the exception of Big Beef, Duckabush, and Hamma Hamma, most of these 

gauge locations represented in this table are near the stream mouths. 

  Mean July Observed  Stream Temperature (°C) 

Watershed 2005 2006 2007 2008 2009 2010 

Big Beef 13.2 14.1 14.8 13.7 12.7 13.3 
Big Quilcene 13.0 12.1 13.0 11.9 14.3 10.6 
Chimacum 15.5 15.4 16.3 14.3 15.6 15.1 
Dosewallips     11.6 11.3 13.8 9.7 
Duckabush 13.1 11.9 11.4 10.7 12.5 10.4 
Dungeness 14.0 12.2 12.4 11.9 14.0 10.3 
Hamma Hamma           7.4 
Jimmycomelately 14.0 14.5 14.5 12.9 14.0 12.3 
Little Anderson 10.9 11.0 11.2 10.5 10.8 9.7 
Little Quilcene 12.4 13.6 14.1 12.9 14.2 12.5 
Salmon 13.0 13.1 13.2 12.0 13.5 12.2 
Seabeck 11.1 11.4 11.6 11.1 12.1 11.0 
Snow 15.3 15.6 15.1 14.5 16.1 15.0 
Stavis 12.3 12.4         
Tarboo 14.7 15.2 15.6 14.9 16.0 15.1 
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Table 2. Physical characteristics of the PNPTC study area watersheds. Values presented here were 

approximated from USGS 1/3 arc second DEM data that was used in this study. Channel slope is the average slope 

of all the stream segments throughout the watershed stream network. Drainage direction is the approximate overall 

trend of the main channel from the headwaters to the watershed outlet. 

Watershed 
Approx. Area 

(km2) 
Approx. Relief 

(m) 
Mean Elevation 

(m) 

Average 
Channel 

Slope (deg) 
Drainage 
Direction 

Big Beef 39 390 149 0.03 Northeast 

Big Quilcene 176 2347 948 0.17 East 

Chimacum 96 277 104 0.02 North 

Dosewallips 303 2355 1108 0.18 East 

Duckabush 199 2030 963 0.19 East 

Dungeness 515 2370 1061 0.15 North 

Hamma Hamma 218 2082 884 0.14 East 

Jimmycomelately 39 1052 457 0.08 Northeast 

Little Anderson 13 168 116 0.05 Northwest 

Little Quilcene 96 1911 460 0.1 Southeast 

Salmon 54 1128 436 0.08 Northeast 

Seabeck 14 177 110 0.04 North 

Snow 60 1298 381 0.09 Northeast 

Stavis 17 174 116 0.04 North 

Tarboo 34 223 131 0.04 South 

 

 Stream temperature is affected by many factors, including air temperature, riparian shading, 

water velocity and volume, groundwater influence, slope, and aspect (e.g., Caissie 2006; Constantz 

1998; Lisi 2015). Air temperature, however, is perhaps the most important influence on stream 

temperatures, but the relationship is not always strictly linear and can be dependent upon elevation and 

stream type (e.g., Morrill et al. 2005; Mohseni and Stefan 1999). Snowpack and the role of topographic 

controls, such as slope and aspect, also play important roles in stream sensitivity to air temperature 

changes (Lisi 2015). Riparian vegetation canopy is one of the factors that can be controlled and altered 

by human activity over relatively short periods of time and can shade stream channels to potentially 

reduce some of the heating from the sun. Land use changes, such as logging and other deforestation 

activities, can expose areas of freshwater to more incoming solar radiation (Abbott 2002; NRC 2003). 

Resulting increases in stream temperature can have profound impacts on fish habitat by degrading 

water quality parameters, such as dissolved oxygen, and directly increasing the risk of fish disease and 

mortality. 
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Many species of freshwater and anadromous fish, such as salmonids and bull trout, are highly 

susceptible to water temperature changes, and prefer cooler waters. Historically, the mountainous and 

even lowland watersheds in the Puget Sound region have provided ideal water temperatures, but 

climate change is threatening to change that (e.g., Wade et al. 2013). Adult migrating Pacific salmonids 

often experience health problems and increased risk of disease when weekly temperatures exceed 16°C, 

and temperatures above 21°C can be lethal depending on acclimation times (Table 3; Richter and 

Kolmes 2005; McCullough et al. 2001; Hicks 2000). Bull trout, which are usually found in the higher 

reaches of the watersheds, often require considerably cooler temperatures to thrive (McCullough et al. 

2001). Spawning temperature requirements are lower still, with salmonids (including Steelhead) and bull 

trout generally requiring water temperatures less than 13°C and 9°C respectively (McCullough et al. 

2001; Hicks 2000). It should be noted, however, that individual fish species and genetic stocks may have 

somewhat different temperature thresholds, making it difficult to determine exact ideal water 

temperature conditions for a freshwater system. 
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Table 3. Freshwater safe temperature thresholds for Pacific salmonids and bull trout. Temperatures higher 

than these values listed in this table have been shown to increase the risk of health problems and death in various 

salmonids in both laboratory and field studies. Note that these are general approximations for all Pacific salmonids 

and individual species and stocks may respond differently to temperature changes. Table adapted from Wade et al. 

(2013) with data compiled from McCullough et al. (2001), Hicks (2000) and Richter & Kolmes (2005). 

Species Freshwater Life Stage Temperature (°C) 

Salmonids and 
Steelhead 

Adult (incl. Migration)   

     Upper Threshold 21 

     Weekly Threshold 16 

Spawning  

     Upper Threshold 13 

     Weekly Threshold 10 

Rearing  

     Upper Threshold 17 

     Weekly Threshold 15 

Incubation  

     Upper Threshold 12 

     Weekly Threshold 10 

Bull Trout* 

Spawning 9 

Incubation 6 

Rearing 12 

Optimal habitat 12 

*Less information available for bull trout 

 

 

 In addition to studying projected stream habitat changes for fish, this study affords the 

opportunity to examine the influences of topography on projected climate change scenarios and assess 

how different types of watersheds are impacted by the same climate scenarios. Phase II of this project is 

summarized, which primarily illustrates the methodologies and analyzes the general study-wide trends. 

Phase III will incorporate both stream flow and stream temperature results from phases I and II to 

provide a more comprehensive evaluation of stream habitat changes to inform natural resources 

managers of likely changes to freshwater ecosystems. This study will ultimately give tribal resources 

managers and planners a better understanding of how climate warming can impact aquatic ecosystems, 

and also gives an indication as to which watersheds and topographies are most resilient to a warming 

climate.   
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Methods 

DHSVM Modeling Framework and Model Setup 

This study employs a coupled model approach using the Distributed Hydrology Soil Vegetation 

Model (DHSVM; Wigmosta et al. 1994) version 3.2 and the stream temperature River Basin Model (RBM; 

Yearsley 2009; 2012). The DHSVM is a high-resolution physically-based hydrology model that takes into 

account spatial heterogeneity and has been used extensively in the PNW (e.g., Alila and Beckers 2001; 

Cuo et al. 2009; Dickerson-Lange and Mitchell 2013; Sun et al. 2015; Murphy 2016). For specific 

information about the DHSVM and its setup for this project, see the PNPTC stream modeling phase I 

technical summary report (Murphy and Rossi 2019). The outputs from the DHSVM simulations were 

used as inputs for the RBM to project stream temperature changes. Stream temperature projections 

were simulated for the Big Beef, Big Quilcene, Chimacum, Dosewallips, Duckabush, Dungeness, Hamma 

Hamma, Jimmycomelately, Little Anderson, Little Quilcene, Salmon, Seabeck, Snow, Stavis, and Tarboo 

watersheds from 1950 to 2099, projecting future trends at 30-year intervals for 2010-2040, 2041-2070, 

and 2071-2099. 

There is a lack of historical weather station data throughout much of the study area due to its 

complex local topography and limited physical access. To account for this, gridded meteorological and 

climatological datasets are used as forcings for the DHSVM hydrology modeling. For calibration and 

historical simulations, a publically available statistically extrapolated historical meteorological 1/16 

degree gridded dataset (Livneh et al. 2013) is used and results are compared to observed streamflow 

and snow-water equivalent (SWE) measurements. Projected changes in watershed hydrology are 

estimated with the calibrated DHSVM forced with publically available downscaled forecasted climate 

grids from global climate models (GCMs) of the Coupled Model Intercomparison Project Phase 5 (CMIP5; 

CMIP5 2010). The selected GCMs have been downscaled using the Multivariate Adapted Constructed 

Analogs method (MACA; Abatzoglou and Brown 2012) and use the Livneh historical meteorological grid 

as a training dataset. Thus, internal consistency is maintained throughout the historical and forecasted 

model runs. Additionally, the gridded meteorological inputs allow control over the local variation and 

weather patterns and more efficient downscale processing, which can be cumbersome and time-

consuming when trying to achieve sub-watershed scale resolution. 

Version 3.2 of the DHSVM allows for the effects of riparian vegetation shading on downward 

solar radiation to be simulated, thereby providing a spatially distributed and process-based approach to 

modeling stream temperatures. At each time step, the DHSVM estimates hydrological and 
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meteorological conditions for each stream segment within the model domain. Estimations include air 

temperature, vapor pressure, wind speed, incoming long-wave and short-wave radiation, and 

streamflow (Sun et al. 2015). These results are then used by the RBM stream temperature model to 

simulate stream temperatures for each stream segment at each time step. 

 

RBM Model Framework and Setup 

The second component of the DHSVM-RBM modeling framework is the RBM stream 

temperature model. RBM uses the outputs of the DHSVM model to compute the stream temperatures 

for each stream segment. Specifically, the RBM model makes use of the stream network, simulated 

stream flow, and energy balance results from the DHSVM to estimate stream temperatures (Figure 3). 

This is accomplished by using a one-dimensional time-dependent approach to solve for the transfer of 

thermal energy across the air-water interface (Yearsley 2009; 2012). Specifically, a semi-Lagrangian 

scheme is used for particle tracking to estimate the stream temperature across the model domain for 

each time step (Yearsley 2009; 2012). The result is a timeseries of calculated stream temperatures for 

each segment in the stream network for each 3-hr time step of the simulation. Results can then be 

aggregated as necessary to make analysis more efficient. 
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Figure 3. Conceptual modeling framework for the RBM stream temperature model. A) The basic (and 

simplified) workflow of the coupled DHSVM-RBM modeling processes. B) An illustration of the stream channel 

geometry and energy balance processes used by the RBM. 

 

Model Calibration and Skill Assessment Techniques 

Calibration and validation included the comparison of historical modeling results to historical 

stream temperature observations from the WA Department of Ecology (DOE), United States Forest 

Service (USFS), Environmental Protection Agency (EPA), and S’Klallam tribes within each of the 

watersheds (Figure 4). The quality of data and length of record at each measurement location varied 

greatly, making the calibration difficult in places. In general, the DOE gauges had the longest period of 

record and included year-round measurements while the other stream temperature observations were 

restricted to summer measurements only. 

 

A B 
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Figure 4. Study area stream temperature calibration locations. Only gauges with a minimum of one continuous 

summer of data are shown. 
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Riparian vegetation canopy type was estimated remotely using the 2006 National Landcover 

Database (NLCD; Fry et al. 2012; Table 4). These land cover classifications were checked using aerial 

photography and known conditions from field studies and were adjusted as necessary. Riparian 

parameters such as canopy height, the amount of tree canopy, buffer width, canopy-bank distance, and 

light extinction coefficients were all adjusted per stream and used as an input option in the DHSVM. 

These parameters represent an average over for the entire stream segment and as such, may 

misrepresent some of the stream reaches where riparian vegetation changes many times over short 

distances. Riparian vegetation coverage is assumed to remain static throughout the entire simulation 

period. 

 

Table 4. Breakdown of riparian canopy types and total area within the stream system riparian zone within all 

15 study area watersheds. These are estimated riparian coverages used in the modeling domain from the NLCD 

2006 dataset, averaged by stream segment and using a 50m resolution. 

Riparian Type 
Total Length 

(km) 
Percent of 

Total Length  

Large Conifer 1264 74.0 

Large Mixed Stand 98 5.7 

Broadleaf 35 2.0 

Shrubland 75 4.4 

Sparse/Agriculture 77 4.5 

Wetland 88 5.2 

Water 15 0.9 

Rock 19 1.1 

Developed 37 2.2 

 

Watershed characteristics can be adjusted and calibrated to fine-tune the stream temperature 

outputs. Riparian parameters can also be adjusted within the DHSVM setup files. Adjustable parameters 

within RBM include Leopold coefficients for stream speed and depth (Leopold and Maddock 1953) and 

Mohseni nonlinear regression parameters for initial headwater temperatures (Mohseni et. al. 1998). In 

addition, the stream channel geometry (i.e., depth and width) can be altered by segment before running 

the DHSVM, which can affect riparian shading measures and influence stream temperatures. Calibration 

parameters were all estimated from literature, GIS, aerial photographs, and field data. Where necessary, 

parameters were altered iteratively until modeled results matched observed results where appropriate. 
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Statistical techniques such as the second order Nash-Sutcliffe model efficiency coefficient (NSE; 

Nash and Sutcliffe 1970) and mean error were used to assess the model skill. Mean daily, monthly, and 

7-day average daily maximum temperatures (7DADMax) were the primary metrics used for calibration. 

Modeling results were visually compared to the observed data and residuals were examined to assess 

the model skill in terms of not only magnitude, but also timing. Where possible, the entire period of 

record for each temperature gauge was used for calibration to ensure that the model was reasonably 

reproducing watershed characteristics and its responses to typical meteorological changes, eliminating 

bias toward anomalous water years. Many of the gauges, however, have sparse records and some only 

have data for mid-summer months. As such, each watershed had a different calibration period and 

some stream segments within the same watershed had different calibration periods. All stream 

temperature observations used in this study were from post-1990. If calibration or validation results 

from the model were not accurately reproducing the observed data, sensitive parameters for both the 

DHSVM and RBM models were modified until realistic conditions were simulated appropriately. 

 

Stream Temperature Forecasting 

GCM forecasts are used to estimate the likely impacts of climate change scenarios on 

streamflow throughout the 21st century. To capture the variability in possible future climate scenarios, 

the MACA downscaled results from 10 GCMs under two RCP scenarios (the moderate warming RCP4.5 

and high warming RCP8.5; Table 5) were used. The 10 GCMs were selected based on their suitability for 

climate prediction in the PNW (Rupp et al. 2013). MACA climate data were downscaled using the Livneh 

et al. (2013) observational data as the training dataset. As such, the same Livneh grid points serve as 

locations for MACA climate forcings in the DHSVM and use the same lapse rates, elevation corrections, 

and additional model parameters used in the calibration process. Using the Livneh and MACA datasets 

ensures that any climate corrections to historical periods can also be applied to forecasting simulations 

in order to maintain internal consistency. 
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Table 5. GCM projections used for this study. The resolution listed below is the pre-downscaled native GCM 

resolution. 

 

 

 GCMs are developed by research groups who have different modeling criteria and research 

goals from one another. GCMs often rely on different assumptions and use different spatial resolutions 

and validation periods. This leads to significant variability between individual GCM projections, even for 

the same geographic location (e.g., Figure 5). To account for this variability, modelers often examine the 

combined results of an ensemble of models, rather than individual model runs (e.g., Tohver et al. 2014; 

Dickerson-Lange and Mitchell 2013; Mantua et al. 2010; Elsner et al. 2010). The same type of ensemble 

methodology is used in this project, where 10 model runs, each using projections from a different GCM, 

are averaged in an effort to eliminate variability and individual model bias. For better understanding of 

inter-model variability, many of the figures presented in this report also show the individual model run 

output range along with the ensemble results. 

 

Model Name Country of Origin Agency Ensemble Resolution (lat x long)

1 bcc-csm1-1-m China
Beijing Climate Center, China 

Meteorolocial Administration
r1i1p1 2.7906 x 2.8125

2 CanESM2 Canada
Canadian Centre for Climate 

Modeling and Analysis
r1i1p1 2.7906 x 2.8125

3 CCSM4 USA
National Center for 

Atmospheric Research
r6i1p1 0.9424 x 1.25

4 CNRM-CM5 France
National Centre of 

Meteorological Research
r1i1p1 1.4008 x 1.40625

5 CSIRO-Mk3-6-0 Australia

Commonwealth Scientific and 

Industrial Research 

Organization/Queensland  

Climate Change Centre of 

Excellence

r1i1p1 1.8653 x 1.875

6 HadGEM2-ES United Kingdom Met Office Hadley Center r1i1p1 1.25 x 1.875

7 HadGEM2-CC United Kingdom Met Office Hadley Center r1i1p1 1.25 x 1.875

8 IPSL-CM5A-MR France Institut Pierre Simon Laplace r1i1p1 2.5352 x 2.5

9 MIROC5 Japan

Atmosphere and Ocean 

Research Institute (the 

University of Tokyo), National 

Institute for Environmental 

Studies, and Japan agency for 

Marine-Earth Science and 

Technology

r1i1p1 1.4008 x 1.40625

10 NorESM1-M Norway Nowegian Climate Center r1i1p1 1.8947 x 2.5
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Figure 5. Projected study area temperature changes under 10 GCM conditions. Projected mean monthly 

ensemble temperature changes for the end of the 21st century (2070-2099) for the study area under the RCP 4.5 

scenario (top) and RCP 8.5 scenario (bottom). Values are derived from averaging the MACA downscaled gridded 

GCM projections (Abatzoglou and Brown 2012) across the study area and subtracting the historical 30-yr Livneh 

base-period temperature values. 

 

Hydrologic conditions and temperatures were simulated in major streams and their tributaries 

with the calibrated DHSVM-RBM model for water years 2010-2099 using 20 MACA climate scenarios as 

meteorological inputs (10 GCMs for two RCP scenarios each). To project long term trends in stream 

temperatures within the study area, 30-year intervals covering years 2010-2040, 2041-2070, and 2071-

2099 were examined. Mean monthly temperatures, 7DADMax exceedance frequencies, and seasonal 

temperature anomalies were calculated and analyzed. In this way, stream temperature changes could 

be compared to the baseline historical conditions to see the likely relative changes. 

Trends in projected stream temperatures are estimated by comparing forecasts to modeled 

historical stream temperatures (rather than historical observations) in order to maintain internal 

consistency and account for model biases. Since the physical processes, hydrological energy, and mass 

balance relationships remain consistent within the model through time, any bias or error is assumed to 

remain consistent. It should be noted that, because this study makes use of a 10-member model 
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ensemble (i.e. results are an average of the 10 different GCM-forced model runs), many extreme highs 

and lows and quick “flashy” events can be smoothed out during the averaging process. 

 

Modeling Assumptions and Uncertainties 

Some assumptions are made within the modeling framework used in this study. For example, 

this model uses static vegetation/riparian canopies, land-use types, soil depths, soil types, and stream 

network geometries. The model assumes no stream morphology changes throughout the simulation 

period. Additionally, while the DHSVM is a fairly comprehensive watershed hydrology model and takes 

into account most of the pertinent mass and energy balance hydrological processes found in 

mountainous watersheds (e.g., shallow subsurface flow, snowmelt, canopy interception, 

evapotranspiration, etc.), it does not contain a true groundwater component. As such, stream systems 

that are significantly influenced by discharge or recharge to or from groundwater aquifers may not be 

simulated appropriately. Likewise, there is no reservoir or lake component to the model, so calculations 

in the water balance for watersheds with larger non-riverine waterbodies may contain errors and any 

warming or cooling effects from these waterbodies are not accounted for. 

 Potential uncertainties are introduced with the climate forecasts since each GCM makes 

generalizations about many climate parameters at a coarse resolution. Adjusting parameters for finer-

scale processes undoubtedly introduces assumptions that do not hold true in the natural climate system 

and may not be consistent between GCMs. Additionally, because the MACA downscaled climate 

forecasting relies on historical weather grids as the training dataset, some historical weather patterns 

and weather event regularities are assumed to remain consistent into the future. 
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Results 

Given the breadth of modeling results produced from this study, the results and discussion 

sections focus primarily on study-wide trends, with an emphasis on the RCP 8.5 warming scenario at the 

end of the 21st century, and uses examples from select watersheds.  

 

Model Calibration and Validation 

 The calibrated DHSVM-RBM modeling framework shows consistency and good skill throughout 

most of the study area, with minimal error in most watersheds. NSE scores are generally greater than 

0.9 and average errors are all less than 1°C at the observation locations with the greatest period of 

record (Table 6 and Table 7). Some watersheds, such as the Hamma Hamma and Duckabush, have 

inconsistent and short-term gauge observations which makes calibration difficult and negatively impacts 

results. The calibrated RBM estimates stream temperatures accurately throughout the entire water 

year, where gauging data is available (Figures 6-8; these examples are from the Little Quilcene River). 

Many locations in the mid to upper reaches of watersheds, however, only contain stream temperature 

observations for summers, and often only for one year, making calibration difficult. In cases where 

observations exist only for one location within the watershed, model setup was adjusted to ensure 

results were consistent with adjacent watersheds of similar type that do have a more robust 

observational record. 
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Table 6. RBM simulation NSE test scores for the PNPTC study area watersheds. Only the gauges with the 

longest period of record in each watershed are shown. For calibration results at the other gauge locations, please 

contact PNPTC. 

 
*Summer temperature observations only 

 
 

Table 7. RBM simulation mean error for the PNPTC study area watersheds. Only the gauges with the longest 

period of record in each watershed are shown. For calibration results at the other gauge locations, please contact 

PNPTC. 

 
 

Mean Daily Max Daily 7DADMAX Mean Monthly

Big Beef 2001-2010 0.87 0.85 0.89 0.91

Big Quilcene 2004-2010 0.87 0.85 0.89 0.92

Chimacum 2004-2010 0.88 0.88 0.92 0.92

Dosewallips 2007-2010 0.87 0.85 0.91 0.92

Duckabush* 2002-2010 0.38 0.24 0.56 0.66

Dungeness 2001-2010 0.84 0.85 0.88 0.87

Hamma Hamma* 2010 0.43 0.32 0.67 0.65

Jimmycomelately 2004-2010 0.89 0.87 0.91 0.94

Little Anderson 2006-2010 0.89 0.84 0.89 0.93

Little Quilcene 2004-2010 0.90 0.90 0.90 0.92

Salmon 2004-2010 0.92 0.89 0.93 0.96

Seabeck 2004-2010 0.89 0.85 0.89 0.93

Snow 2003-2010 0.89 0.88 0.91 0.89

Stavis 2005-2007 0.89 0.84 0.91 0.95

Tarboo 2004-2010 0.85 0.86 0.90 0.88

NSE score

Watershed Record

Mean Daily Max Daily 7DADMAX Mean Monthly

Big Beef 2001-2010 -0.50 -0.33 -0.33 -0.51

Big Quilcene 2004-2010 0.11 -0.11 -0.11 0.11

Chimacum 2004-2010 -0.49 0.05 0.04 -0.48

Dosewallips 2007-2010 0.23 0.24 0.25 0.24

Duckabush* 2002-2010 0.22 0.06 0.06 0.21

Dungeness 2001-2010 0.40 -0.14 -0.14 0.39

Hamma Hamma* 2010 -0.68 0.11 0.09 -0.78

Jimmycomelately 2004-2010 0.50 0.58 0.59 0.49

Little Anderson 2006-2010 -0.39 0.06 0.06 -0.39

Little Quilcene 2004-2010 0.01 -0.01 -0.01 0.01

Salmon 2004-2010 -0.19 -0.11 -0.11 -0.18

Seabeck 2004-2010 -0.37 0.27 0.27 -0.37

Snow 2003-2010 -0.28 0.18 0.18 -0.15

Stavis 2005-2007 -0.03 0.06 0.06 -0.03

Tarboo 2004-2010 -0.25 0.07 0.07 -0.25

Mean Error (deg C)

Watershed Record
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Figure 6. Mean daily RBM stream temperature calibration results for the Little Quilcene River at the DOE 

gauge near the stream mouth. For other calibration timeseries calibration results, please contact PNPTC. 
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Figure 7. 7DADMax RBM stream temperature calibration results for the Little Quilcene River at the DOE 

gauge near the stream mouth. For other calibration timeseries calibration results, please contact PNPTC. 
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Figure 8. Mean monthly RBM stream temperature calibration results for the Little Quilcene River at the 

DOE gauge near the stream mouth. For other calibration time series calibration results, please contact PNPTC. 

 

 Starting parameters for the RBM stream temperature model were estimated based on known 

historical conditions in the study area. Headwater air temperatures, for example, were estimated using 

PRISM (Daly et al. 1994) modeled temperatures. In most cases, these values did have to be adjusted 

iteratively to yield appropriate results. The lack of observations in some areas made this challenging for 

some watersheds, such as the Duckabush and Hamma Hamma. As such, confidence in modeling results 

is lower for these areas. 

 

Relationship between Stream Flows, Stream Temperatures, and Air Temperatures 

 There exists a strongly positive correlation between air temperature and stream temperature 

(Figure 9). A negative correlation exists between stream temperature and stream flow, although this is 

most likely due to the timing of high and low flows rather than the actual water volume. Summer 

months, which are the hottest months, tend to produce the lowest streamflows, while the reverse is 
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true for winter months. It is likely that the higher air temperatures during the low flow summer months 

play a larger role in determining the increased stream temperatures.  

 

 

Figure 9. Relationship between mean daily streamflow, stream temperature, and air temperature at the Big 

Quilcene DOE gauge from 1952-2010. Pearson’s correlation coefficients for stream temperature related to air 

temperature and flow are shown in the upper left. Note that the streamflow line has been smoothed using a Loess 

technique for illustration purposes. Statistics were calculated with the original results, not the smoothed ones. 

 

 Results from the hindcasting simulations indicate that, even under historical conditions, some of 

the stream reaches throughout the lower elevation portions of the study area are exceeding the 16°C 

7DADMax temperature threshold (Table 8). As much as 8% of the total stream length (or approximately 

135km) in the study area exceeds the 16°C 7DADMax threshold on a typical historical year. These peak 

water temperature events do typically occur in late July to early August, with lower elevation 

watersheds having peak stream temperatures earlier than the higher, snowmelt-driven watersheds.  
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Table 8. Length of stream reaches (in km) which exceed the 16°C 7DADMax temperature threshold for the 

indicated number of days. Both the historical and projected results are 10-member ensemble averages. 

  1951-2005 2011-2040 

Days of Exceedance Historical RCP 4.5 RCP 8.5 

> 100 11 (0.6%) 18.2 (1.1%) 19.1 (1.1%) 

> 80 16.1 (0.9%) 49.2 (2.9%) 59.2 (3.5%) 

> 60 37.2 (2.2%) 109.6 (6.4%) 116.9 (6.8%) 

> 40 67.7 (4.0%) 158.7 (9.3%) 163 (9.5%) 

> 20 125.7 (7.4%) 177.4 (10.4%) 182.8 (10.7%) 

> 10 135 (7.9%) 188 (11%) 194.5 (11.4%) 
    

  1951-2005 2041-2070 

Days of Exceedance Historical RCP 4.5 RCP 8.5 

> 100 11 (0.6%) 47.6 (2.8%) 97.5 (5.7%) 

> 80 16.1 (0.9%) 119.3 (7%) 152.7 (8.9%) 

> 60 37.2 (2.2%) 165.8 (9.7%) 184.2 (10.8%) 

> 40 67.7 (4.0%) 181.5 (10.6%) 222.7 (13%) 

> 20 125.7 (7.4%) 226.9 (13.3%) 272.7 (16%) 

> 10 135 (7.9%) 240.5 (14.1%) 306.5 (17.9%) 
    

  1951-2005 2071-2099 

Days of Exceedance Historical RCP 4.5 RCP 8.5 

> 100 11 (0.6%) 70.6 (4.1%) 161.1 (9.4%) 

> 80 16.1 (0.9%) 145.1 (8.5%) 213.2 (12.5%) 

> 60 37.2 (2.2%) 179.6 (10.5%) 285.2 (16.7%) 

> 40 67.7 (4.0%) 208.2 (12.2%) 345.1 (20.2%) 

> 20 125.7 (7.4%) 260.5 (15.2%) 415.6 (24.3%) 

> 10 135 (7.9%) 291.2 (17%) 470.2 (27.5%) 

Total modeled stream reach length for study area is 1708.9km 

 

Stream Temperature Forecasting Results 

For the RCP 8.5 warming scenario, study area mean stream temperatures for August are 

projected to increase by approximately 2.9°C on average by the end of the 21st century, with large 

amounts of variability depending upon the watershed and tributary (Table 9 and Table 10). Average 

August temperatures are likely to change by a similar amount as the daily maximums by the end of the 

century. RCP 4.5 ensemble results indicate a lesser change in mean August stream temperatures of 

approximately 1.8°C throughout the study area. Once again, the projected RCP 4.5 changes are highly 

dependent upon the specific location within the watershed and on local topography. In general, there is 

a uniform increase in stream temperatures throughout the water year in the lower elevation watersheds 
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(Figure 10), while snowmelt driven systems have more seasonal influence on stream temperatures 

(Figure 11). 

 

Table 9. Changes in mean August temperatures (°C), averaged by watershed, for the RCP 8.5 scenario 

through the 21st century compared to the 1951-2010 historical period. Historical mean August temperatures are 

shown while the projections (2010-2099) are deviations from these historical values. 

 Projected Increase (°C) 

watershed 1951-2010 2010-2040 2040-2070 2070-2099 

Big Beef 12.35 0.9 1.9 2.8 

Big Quilcene 10.57 0.6 1.3 2.1 

Chimacum 14.69 1.6 3.2 4.5 

Dosewallips 10.39 1.3 2.8 4.2 

Duckabush 11.40 0.5 1.3 2.2 

Dungeness 9.11 1.0 2.0 2.9 

Hamma Hamma 10.92 0.7 1.5 2.3 

Jimmycomelately 13.22 1.0 1.8 2.5 

Little Anderson 9.62 0.6 1.4 2.2 

Little Quilcene 10.96 1.1 2.3 3.4 

Salmon 13.54 1.4 3.1 4.8 

Seabeck 9.69 0.6 1.4 2.2 

Snow 11.73 0.7 1.6 2.6 

Stavis 11.41 0.6 1.3 2.1 

Tarboo 12.76 0.8 1.9 3.0 
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Table 10. Changes in August mean daily maximum temperatures (°C), averaged by watershed, for the RCP 

8.5 scenario through the 21st century compared to the 1951-2010 historical period. Historical August mean 

daily maximum temperatures are shown while the projections (2010-2099) represent deviations from these historical 

values. 

 Projected Increase (°C) 

watershed 1951-2010 2010-2040 2040-2070 2070-2099 

Big Beef 13.65 0.9 1.8 2.7 

Big Quilcene 10.97 0.6 1.3 2.1 

Chimacum 16.22 1.6 3.0 4.2 

Dosewallips 10.83 1.4 2.9 4.3 

Duckabush 12.06 0.5 1.3 2.1 

Dungeness 9.86 1.0 2.0 2.9 

Hamma Hamma 11.31 0.7 1.5 2.3 

Jimmycomelately 14.02 0.9 1.7 2.3 

Little Anderson 9.97 0.7 1.4 2.2 

Little Quilcene 11.82 1.1 2.3 3.8 

Salmon 14.35 1.5 3.1 4.8 

Seabeck 10 0.6 1.4 2.2 

Snow 13.42 0.8 1.7 2.7 

Stavis 12.29 0.7 1.4 2.3 

Tarboo 14.04 0.9 1.9 3.1 
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Figure 10. Projected RCP 8.5 increase in stream temperatures for 2071-2099 at the mouth of the Little 

Anderson River in Kitsap County, WA. Mean daily ensemble projected temperatures for the projection period are 

indicated in the top plot while average max daily ensemble projected temperatures are shown in the bottom plot. 
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Figure 11. Projected RCP 8.5 increase in stream temperatures for 2071-2099 at the mouth of the Dungeness 

River near Sequim, WA. Mean daily ensemble projected temperatures for the projection period are indicated in the 

top plot while average max daily ensemble projected temperatures are shown in the bottom plot. 

 

7DADMax temperatures are projected to increase greatly throughout the study area and exceed 

critical temperature thresholds for salmonid migration and health in many parts of the study area. The 

main channel of the Dosewallips River, for example, has historically not experienced 7DADMax 

temperatures in excess of 16°C during typical years from 1950-2000. By the end of the 21st century 

(2070-2099), the Dosewallips River is projected to experience greater than 70 days above this threshold 

for the lower reaches of the river, and exceedances in the mid to upper elevations of the stream as well 

(Figure 12 and Figure 13). The Dungeness River, having more upper elevation area than the other 
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watersheds, is projected to experience less exceedance of the 16°C threshold for the main channel areas 

(Figure 12 and Figure 14). The low elevation Dungeness River tributary, Matriotti Creek, is likely to 

exceed the thresholds regularly. This is also true for many of the other lower elevation streams in the 

study, such as Tarboo Creek (Figure 12 and Figure 15). 

 

 

Figure 12. Number of days where 7DADMax temperatures are projected to exceed 16°C near the watershed 

outlet for each watershed in the study area under an RCP 8.5 scenario for the 2071-2099 time period. 

Historical time period is 1951-2005 and is the median of the 10-member ensemble hindcast results. The exceedance 

days for the Big Beef watershed are projected for the DOE stream gauge just above the reservoir near river mile 5. 

Where no bar/color is shown, zero days of exceedance are simulated for that time period for that particular 

watershed. 
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Figure 13. Number of days in which the 7DADMax stream temperatures exceed 16 degrees in the Dosewallips 

River watershed for an average year in the period 2071-2099 under an RCP 8.5 scenario. 
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Figure 14. Number of days in which the 7DADMax stream temperatures exceed 16°C in the Dungeness River 

watershed for an average year for the historical period of 1950-2010 (left) and the projected period of 2070-

2099 (right) under an RCP 8.5 scenario. 

 



 

32 
 

 
Figure 15. Number of days in which the 7DADMax stream temperatures exceed 16°C in the Tarboo Creek 

watershed for an average year for the historical period of 1950-2010 (left) and the projected period of 2070-

2099 (right) under an RCP 8.5 scenario. 

 

The stream reaches which exceed the 16°C 7DADMax temperature threshold for adult 

salmonids is expected to increase greatly (Table 8). For the RCP 8.5 scenario, ensemble results indicate 

that, for a 50th percentile year, greater than three times the stream area will experience an exceedance 

of 16°C 7DADMax temperatures for at least 10 days per year by the end of the 21st century compared to 

the historical comparison period (from 135km to 470km). This is approximately 28% of the entire study 

area stream network that will exceed the optimum temperature range for adult salmonids by the end of 

the century. Approximately 161km (or 9.4% of the total stream habitat area) is expected to exceed the 

16°C 7DADMax threshold more than 100 days per year. These areas of extreme water temperature are 

primarily located in the open, low-canopy lowland areas, such as Chimacum Creek. 

Local topography was found to influence stream temperatures, which often varied greatly even 

throughout individual watersheds. Higher elevation reaches are likely to have a greater proportional 
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temperature change compared to the lower elevation reaches through the end of the 21st century for 

the warmer summer months (Figure 16). For example, the Dungeness River watershed is likely to see 

mean August temperature increases of 1-2°C for the lower elevation tributaries, such as Matriotti Creek, 

whereas small upper elevation tributaries may increase by as much as 4°C. This does vary by month and 

season. It should be noted that many of the small first-order upper elevation tributaries have extremely 

low flow and realistically would dry up in some cases. There are exceptions to the elevation and stream 

temperature relationship, however, with the low-lying Little Anderson and Seabeck creeks projected to 

still be cooler than many of the main stems of the larger river systems (Figure 17 and Figure 18). These 

relatively cool stream temperatures in the smaller watersheds were seen in the historical observations 

as well (Table 1). 
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Figure 16. Estimated mean August stream temperature changes for 2071-2099 under RCP 8.5 compared to 

the 1951-2010 historical period. 
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Figure 17. Mean August stream temperatures in the PNPTC study area watersheds for 2071-2099 under the 

RCP 8.5 warming scenario. 
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Figure 18. Maximum mean weekly stream temperatures in the PNPTC study area watersheds for 2071-2099 

under the RCP 8.5 warming scenario. 
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 Riparian canopy cover does have an influence on stream temperatures and does play a minor 

role in determining how much temperature change is expected at a given location compared to the 

historical normals (Figure 19). In general, areas of more dense canopy coverage (e.g., large broadleaf 

and coniferous tree stands) are expected to have slightly less warming toward the end of the century for 

the warmer summer months. More open riparian zones, such as those without canopy cover, are likely 

to experience more warming. This is not the case in early summer and late spring months, such as May 

and June, where upper elevation temperatures are still cooler and some snowpack may still exist. Please 

note that the riparian type is influenced by a large number of factors, such as elevation and proximity to 

urbanized areas, which may also have an influence on stream temperatures. For example, the “Rock” 

riparian type is primarily found at cooler high elevations above the tree line, while the “Developed” type 

is found primarily at warmer low elevations and on flatter terrain. 

 

Figure 19. Projected mean monthly stream temperature changes by riparian cover type for 2071-2099 

compared to the historical baseline period 1951-2010.  
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Discussion and Implications 

 A great deal of concern has been placed on warming streams due to their importance as fish 

habitat. Salmonids, in particular, are susceptible to harm as water temperature influences their 

respiration, metabolism, size, mortality, egg development, and physiological development throughout 

their life-history stages (e.g., Hicks 2000; McCullough 1999; USFWS 2016). In addition to the direct 

effects on fish health, warm water temperatures can impact surrounding environmental conditions such 

as water quality and potential food sources. As air temperatures increase with a warming climate, 

stream temperatures are also expected to increase throughout the PNW, impacting freshwater fish 

habitat. There is a strong positive correlation between stream temperature and air temperature, with a 

less substantial but still significant negative correlation to streamflow. Assessing the direct impact of 

water volume on stream temperature can be difficult as the warm summer months are often the 

months with the naturally lowest streamflow, but a reduction in water volume can make stream 

temperatures more responsive to air temperature changes (e.g. Constantz 1998). What is clear, 

however, is that summer months by the end of the 21st century are expected to yield warmer stream 

temperatures that exceed safe migration and health temperature thresholds for many salmonids, 

primarily in lower reaches and in some smaller low-elevation watersheds. Upper reaches of the study 

area are also projected to increase in temperature, but there are still likely to be cool waters in most 

upper-elevation areas for species such as bull trout, although fish passage issues may exist. 

 Riparian vegetation cover plays an important role in mitigating stream temperatures throughout 

the study area, although ambient air temperature (which is directly influenced by elevation) is still the 

dominant factor. This study and others have found that areas with less shade, such as agricultural and 

shrubland areas, are generally warmer. For example, Sun et al (2015) examined riparian effects on 

stream temperature in detail and found that a loss of riparian vegetation in an urban lowland watershed 

accounted for approximately 4°C of warming for annual maximum temperatures. Urbanized and open 

areas, however, are often located at lower elevations where ambient air temperatures are generally 

warmer. In many cases, higher elevation areas with little to no riparian vegetation coverage, such as 

those reaches above tree line, are estimated to warm proportionally more than areas with more shade 

but still will be cooler in magnitude than the lower elevation reaches (e.g., Figure 16 and Figure 17). 

These findings indicate that riparian shading does have the potential to diminish the impacts of warmer 

air temperatures, but will certainly not eliminate the impacts of a warming climate. It should be noted 

that the riparian shading used in the PNPTC study was limited and static throughout the simulation 
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period. Further study will be needed to get a more robust understanding of the local impacts of riparian 

shading and the findings from this report should only be used for general informational purposes. 

 Multi-day exposure to high stream temperatures can be particularly detrimental to fish health, 

which is why we examine 7DADMax temperatures in detail, rather than solely analyzing single day 

temperatures. A number of studies have identified weekly safe temperature thresholds for salmonids 

and bull trout (16°C and 12°C respectively; Table 3), above which fish can be more susceptible to health 

problems. In a regional study, Beechie et al (2012) estimated that the PNW is likely to experience a 2-6°C 

increase in maximum weekly mean stream temperatures by the 2070-2099 period. This is in line with 

the findings of the PNPTC study, where the number of days where weekly temperatures exceeded safe 

thresholds for salmonids and other species, such as bull trout, increased greatly (Table 8). In many 

watersheds, stream segments which historically have not exceed these thresholds are projected to 

regularly exceed them into the future. By the end of the 21st century, approximately 470km (or 

approximately 28%) of the modeled stream network is likely to exceed the 16°C 7DADMax temperature 

threshold for at least 10 days on a typical year under the high-emissions RCP 8.5 scenario. Even under 

the moderate warming scenario of RCP 4.5, approximately 17% of the total modeled stream channel 

length is likely to regularly exceed published thermal thresholds for salmonids, as compared to just 8% 

for the historical time period. These findings signify a potentially substantial habitat loss for migrating, 

spawning, and rearing fish depending upon the exact timing of exceedance. 

For typical years, upper reaches in the higher elevation watersheds are still likely to remain 

within the published range of safe water temperatures in many cases. Results outlined in this study, 

however, are for a typical (50th percentile) year, so particularly warm years such as those under strong El 

Niño events are likely to be even warmer. While many watersheds still are likely to have good fish 

habitat, they may be inaccessible due to barriers such as culverts, waterfalls, or other natural barriers. 

Further examination of these barriers and their exact locations will be needed to make more detailed 

analysis within specific watersheds. 

7DADMax temperature exceedances varied greatly by watershed, with the lower elevation 

stream systems exceeding temperature thresholds more often. The steepness of the watershed likely 

plays an important role in a stream’s vulnerability to changing stream temperatures, with faster draining 

and shorter streams being more resistant to warming. Snowmelt-driven streams with high relief and 

particularly short distances from the headwaters to the river outlet (such as the Dungeness River), are 

likely to experience less warming (at least in the main channels) than many other mountainous 

watersheds in other parts of the region, including parts of the Cascades (e.g., JKST 2013; Mantua et al 
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2009). This is likely due to how fast the cooler water originating from the high-elevation headwaters 

drains through the system. There is less time for warming to occur as water moves through the stream 

network (Caissie 2006; JKST 2013; Lisi et al 2015). 

One of the challenges with fish habitat studies is determining the exact effects that high stream 

temperatures are likely to have on various fish species, as different species (or even individuals within 

the same species) can respond differently to the same conditions. For example, historical stream 

temperatures throughout many streams in the PNW (e.g. parts of the Snake and Willamette rivers) 

regularly exceed published thermal tolerances for salmonids, yet many successful fish stocks still occupy 

these river systems (Beechie et al 2012). While one species of fish may be able to thrive under a wide 

variety of physical conditions, individual stocks within that species have typically adapted to historical 

stream conditions, and an increase in stream temperatures may alter the emergence time or growth 

rates (Bryant 2009; Mantua et al 2009). For example, Coho stocks that are reared at the Quilcene 

National Fish hatchery along the Big Quilcene River, are considered to be especially vulnerable to 

accelerated growth rates which may be brought about by increasing water temperatures (USFWS 2016). 

To complicate matters further, many published thermal tolerances differ from one publication to 

another. Ultimately, the long-term versus short-term adaptability of a fish species presents a unique 

challenge when assessing the vulnerability of fish habitat, highlighting the need to study individual fish 

stocks and their habitat needs. 

Watersheds in the eastern Olympic Peninsula and Kitsap Peninsula are likely to be less affected 

by increasing stream temperatures as compared to many streams in Eastern Washington and more 

southern portions of the region (such as many of the streams in Oregon or east of the Cascades). 

Beechie et al (2012) found that the northwestern portion of the PNW is likely to still contain stream 

habitat within the published tolerances for salmonids, which is in agreement with the PNPTC findings. 

Wade et al (2013) further states that, while stream temperature changes are likely to be somewhat 

more moderate in the northern PNW, changes to stream flows are likely to be widespread more so than 

in many portions of the southern PNW. Murphy and Rossi (2019) found that, of the 15 study area 

watersheds addressed here, the mid- to high-relief areas are likely to be drastically impacted by a 

change in both magnitude and timing of streamflow while the smaller lower elevation watersheds are 

not likely to be impacted to nearly the same extent. Thus, for some watersheds in the PNPTC study area, 

streamflow is likely to be the driving force behind habitat degradation, while in others it will be stream 

temperature or a combination of both. Watershed size and relief are of critical importance and greatly 

impact the effects of a warming climate, even on adjacent watersheds under similar climatic conditions. 
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Model setup varied by watershed, with even directly adjacent watersheds requiring different 

model setups. This is an indicator that heterogeneity exists throughout these watersheds both 

topographically and climatologically, resulting in varying impacts on stream temperatures. It should be 

noted that the results presented in this study represent the median stream temperatures from a 10-

member modeling ensemble. The averaging of multiple modeling runs has the tendency to smooth 

results and eliminate many extremes. Short-term extreme high temperatures, for example, are not 

characterized as well in this type of modeling. Future work on this project will focus on combining the 

results from the stream temperature and streamflow projection models to better assess specific areas 

of habitat vulnerability. Phases I and II of this study have indicated that drastic changes are likely to 

occur throughout the study area, but the exact timing and magnitude of these changes can vary greatly 

between watersheds. As such, fish habitat does need to be examined on a more local scale, within 

individual watersheds of interest. Phase III will attempt to address this issue and will include data and 

model improvements to obtain more specific modeling projections that can be applied to known 

productive fish habitat for specific species. 

 

Potential Sources of Error and Uncertainty 

As outlined in the methods section under Assumptions and Uncertainties, the DHSVM does not 

take into account dams, reservoirs, or groundwater aquifers (although it does simulate shallow 

subsurface flow in the soil column). For the majority of the watersheds in this study, these shortcomings 

are not of large concern since most of the stream networks are in steep, quick-draining mountainous 

terrains where very few large aquifers, lakes, and reservoirs exist. Some of the lowland areas of the 

study, however, do contain small reservoirs or ponds (i.e. Big Beef, Chimacum, and Little Anderson) and 

are heavily influenced by groundwater sources. This likely impacts the DHSVM-RBM model skill, 

particularly in relation to summer stream temperatures. Groundwater discharge from aquifers to 

streams can potentially cool stream temperatures during hot summer months, which was not taken into 

account in the DHSVM-RBM framework. 

As with many studies that make use of climate model projections, the largest sources of 

uncertainty lies in the GCMs and the downscaling process. Errors in the historical weather data can be 

replicated or even increased in the downscaling process. Additionally, many assumptions are made in an 

effort to estimate future global climate trends, but there remain uncertainties related to economic 

projections, technological advancements, and global population trends which all influence greenhouse 



 

42 
 

gas emissions. Results from multi-model ensembles are examined collectively instead of individually in 

an effort to reduce some of the variability between GCMs. However, uncertainty still exists with this 

method. As such, these results and conclusions should be used as a general guide to understand how 

climate change could potentially impact the study area watersheds given the current scientific 

understanding of climate projections and how these ecosystems might respond to these scenarios.   
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Conclusion 

Climate change has the potential to drastically alter the hydrology and the temperature of 

Pacific Northwest streams, likely to the detriment of the critical fish species (particularly salmon and 

steelhead) that rely on snowpack runoff, ample streamflow, and cooler stream temperatures for 

spawning and rearing. Numerical modeling results predict an increase in stream temperatures due to 

warming atmospheric conditions, often in excess of published salmonid safe temperature thresholds. 

Combined with a projected decrease in streamflow during warmer summer months this has the 

potential to have a profound impact on fish habitat availability in various watersheds throughout the 

region. The exact timing and magnitude of change, however, depends greatly on topography and 

watershed size. Natural resource planners and managers will have to take topographic as well as 

climatic influences into account when assessing habitat vulnerabilities for specific fish species. The 

PNPTC stream temperature model provides an initial set of projections to target the most vulnerable 

reaches and can help tribes and natural resource managers identify and prioritize those portions of the 

watershed. These results can be used in conjunction with current fish distribution datasets to identify 

vulnerable (ESA) populations and target those areas for further assessment. This study illustrates the 

need for long-term planning amongst tribes and agencies which manage and rely on valuable freshwater 

resources. 
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On-going and Future Work 

This paper presents the results from phase II of a multi part project to assess the potential 

impacts that climate warming might have on fish habitat within the Hood Canal and Strait of Juan de 

Fuca watersheds. Phase II estimated stream temperature changes in fifteen watersheds. These results, 

in conjunction with the Phase I (streamflow modeling) provide a more complete picture of the 

anticipated general trends in these watersheds. Further work will need to be carried out to improve the 

model fit and help to implement new climate projections as they become available. Additional bias-

correction techniques will also need to be examined to better simulate local climatologies and their 

impacts on watershed hydrology. In Phase III of the PNPTC stream modeling project, the goal will be to 

incorporate the results from phase I and phase II into a focused fish habitat study. Specific areas of 

vulnerability will be identified and will take into account not only stream flows and temperatures, but 

also fish passage barriers and other habitat impacts, to better identify potential climate change impacts 

on the existing fish species of the study area. Further applications of the modeling results will be carried 

out as needed into the future. 
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